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Abstract

Galaxies are among nature’s most majestic and diverse structures. They can play host
to as few as several thousands of stars, or as many as hundreds of billions. They
exhibit a broad range of shapes, sizes, colours, and they can inhabit vastly differing
cosmic environments. The physics of galaxy formation is highly non-linear and in-
volves a variety of physical mechanisms, precluding the development of entirely an-
alytic descriptions, thus requiring that theoretical ideas concerning the origin of this
diversity are tested via the confrontation of numerical models (or “simulations”) with
observational measurements. The EAGLE project (which stands for Evolution and
Assembly of GalLaxies and their Environments) is a state-of-the-art suite of such cos-
mological hydrodynamical simulations of the Universe. EAGLE is unique in that the
ill-understood efficiencies of feedback mechanisms implemented in the model were
calibrated to ensure that the observed stellar masses and sizes of present-day galaxies
were reproduced. We investigate the connection between the morphology and internal
kinematics of the stellar component of central galaxies with mass M, > 10%° Mg, in
the EAGLE simulations. We compare several kinematic diagnostics commonly used to
describe simulated galaxies, and find good consistency between them. We model the
structure of galaxies as ellipsoids and quantify their morphology via the ratios of their
principal axes. We show that the differentiation of blue star-forming and red quiescent
galaxies using morphological diagnostics can be achieved with similar efficacy to the
use of kinematical diagnostics, but only if one is able to measure both the flattening and
the triaxiality of the galaxy. Flattened oblate galaxies exhibit greater rotational support
than their spheroidal counterparts, but there is significant scatter in the relationship

between morphological and kinematical diagnostics, such that kinematically-similar
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galaxies can exhibit a broad range of morphologies. The scatter in the relationship
between the flattening and the ratio of the rotation and dispersion velocities (v/o) cor-
relates strongly with the anisotropy of the stellar velocity dispersion: at fixed v/o,
flatter galaxies exhibit greater dispersion in the plane defined by the intermediate and
major axes than along the minor axis, indicating that the morphology of simulated
galaxies is influenced significantly by the structure of their velocity dispersion. The
simulations reveal that this anisotropy correlates with the intrinsic morphology of the
galaxy’s inner dark matter halo, i.e. the halo’s morphology that emerges in the absence
of dissipative baryonic physics. This implies the existence of a causal relationship be-
tween the morphologies of galaxies and that of their host dark matter haloes. Using
these tools, we also investigate the morphology and kinematics of central galaxies with
mass M, > 10%° M, and their globular cluster (GC) populations in the EAGLE spin-
off project E-MOSAICS that incorporates the MOSAICS model of stellar cluster for-
mation and evolution. We find that metal-poor and metal-rich GC populations (split by
a threshold at [Fe/H] = —1) exhibit differing characteristic morpho-kinematic prop-
erties. The former are significantly more elliptical and dispersion-supported than the
latter. In detail, the relations connecting the kinematic properties of the populations
with those of their host galaxy exhibit good agreement with available observations,
with the velocity dispersions of both metal-poor and metal-rich GC populations corre-
lating positively with that of the host galaxy. The rotational velocity of the metal-rich
globular cluster population also correlates positively with that of the host galaxy. The
relationship between the morpho-kinematics of the metal-rich globular clusters and
the host galaxy’s field stars exhibits a scatter that is sensitive to the relative ages of the
two populations: for fixed globular cluster kinematics, the field star population is more
disky/rotation-supported if they are younger. We confirm that the connection between
the morpho-kinematics of galaxies and their velocity dispersion anisotropy revealed in
EAGLE is also exhibit in the higher-resolution E-MOSAICS simulation. However, the
same behaviour is not seen in the metal-rich globular clusters, which we speculate is a

consequence of them not representing a self-gravitating system.
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Chapter 1

General introduction

Our world sits about halfway from the centre of a flat disky structure of stars that
most astronomers, over a 100 years ago, could barely conceive the nature of. And
the evidence was glaring: every human civilization has observed this bright band of
light stretching over the night sky, feeding their various mythologies. However, the
Milky Way, as we name it, is only one of a myriad of such galaxies and it was only
recently that we differentiated them from other nebulae - recognising them as so-called
“island universes”. After the start of the 20" century, great breakthroughs bolstered this

understanding, jointly with the debate over the expanding nature of the Universe.

Astronomers then had a vastly different perception of the cosmos: it consisted of a
single structure of stars that is the Milky Way, and what we observed as other galaxies
were interpreted as nebulae contained within it. But after Slipher (1913, 1915, |1917)
performed measurements of peculiarly high radial velocities for some so-called “spiral
nebulae”, the theoryﬂ according to which they were not part of the Milky Way strength-
ened. While |Curtis (1917) argued that the “island universe” hypothesis was supported
by contemporary detections of novae in some of these spiral nebulae, Shapley| (1919)
argued against it, showing that, inter alia, objects of the Milky Way had similar veloci-

tieﬂ The “island universe” hypothesis eventually settled after distance measurements

1already suggested centuries before (Wright, |1750; |[Kant, [1755))
’this disagreement leaded eventually to the “Great Debate” on April 26, 1920 between the 2 as-
tronomers at the National Academy of Science (Shapley and Curtis}, [1921]))



of various “nebulae” were achieved (Opik, [1922; Hubble, |1925] 19264, 1929b), esti-
mating the Barnard’s, Triangulum and Andromeda galaxies to be respectively at 214,
263 and 275 kpc from us, beyond the Small Magellanic Cloud, revealing them to be
other galaxies and unveiling also the first evidence for an expanding Universe through

the Hubble| (1929a)) law.

Indeed, cosmology has always been a field of study closely linked to galaxy formation,
and the former also was shaken up with the discoveries of Hubble| (1929a). By reveal-
ing that, the further away that they are, the faster galaxies move away from the Milky
Way, Hubble provided the observational foundation to the idea that the Universe was
expanding. However this challenged the prevailing idea of a steady-state cosmos in
theoretical cosmology that many defended. For instance, after he published his theory
of general relativity (Einstein, |1916)), Einstein (1917) added a constant A\ - famously
known today as the cosmological constant A - to his equations to keep its uniformly
matter-filled cosmological solution steady and finite. Similarly, while questioning this
constant, |de Sitter| (1917a,b) had proposed a solution for a matter-free Universe, but
intentionally using coordinates that kept it stationary. Nevertheless, a number of as-
tronomers grasped the potentially evolving aspect of the cosmos when solving these
equations: that was the case of Friedmann (1922) and Lemaitre| (1925)). Both inde-
pendently proposed this theoretical expanding nature, the former directly reducing the
equations of general relativity, the latter when modifying the de Sitter| (1917a,b)) solu-
tion into an exponentially expanding on these led to the Friedmann equations and
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric used today. Later, |[Lemaitre
(1927) would precede Hubble (1929a) by giving the first estimation of what would be
later known as the Hubble constant Hj: the rate of change of the rate at which galax-
ies recede faster the further they are from each other. Lemaitre (1931) then proposed
this expansion to take its origin in a singularity, which he would call the “Primeval
Atom”, forming the cornerstone for the Big Bang theory which would later establish

itself against the Steady State model of a non-evolving cosmos.

The Big Bang theory is an essential foundation for the understanding of galaxy evolu-

3that became known as the de Sitter Universe



tion in that the implied beginning for the Universe requires galaxies must have had a
formation process. The following decades of the 20" century saw a wave of develop-
ments supporting this model, most importantly the theory of big bang nucleosynthesis
explaining the cosmic element abundances (Alpher et al., |1948)) and the first detection
of the cosmic microwave background (CMB - Penzias and Wilsonl [1965)). This would
bring a physical framework to the study of the formation of large scale structures, aris-
ing from the collapse of primordial density fluctuations seen in the anisotropies within
the CMB. This ended up being tightly linked to another major modern astrophysical
field of research that had its impact in the study of galaxy formation: the hypothetical
missing gravitational mass also known as dark matter. During the second half of the
20™ century, the work of Rubin and Ford| (1970) and Rubin et al.|(1980) motivated the
apparent existence of this hypothetical form of mattelﬂ When looking at the veloc-
ity curves of various spiral galaxies, they appeared to rotate too fast with respect to
the gravitational influence of the visible luminous matter, suggesting that a significant
amount of mass might not be seen. Several observational works would later corrob-
orate this hypothesis and generalize it to the entire Universe (Ostriker and Peebles),
1973} [Einasto et al., 1974 |Ostriker et al., 1974} Mathews, |1978; Faber and Gallagher,
1979). Contemporaneously, cosmologists found an independent contradiction when,
assuming the cosmos was made of ordinary baryonic matter, models of galaxy for-
mation via gravitational processes were ruled out by the contemporary upper limits
of the CMB anisotropies (Sachs and Wolfe, |1967; [Silk, (1967, [1968; Peebles and Yu,
1970; IDoroshkevich et al., 1978} [Wilson and Silk, |1981; |[Uson and Wilkinson) [1984).
However, various works demonstrated that by splitting the content of matter between
baryonic and a dominant form of dark matter - more likely of the cold type - predic-
tions could eventually match those measurements and today’s large scale structures
(White and Rees| (1978}, [Peebles, (1982; (White et al., |1983; Blumenthal et al., [1984;
Davis et al., |1985; Frenk et al.,|1990). This discovery was a first step towards what is

today accepted as the standard model for cosmology: the ACDM model.

“already previously hypothesized by [Poincaré|(1906), [Kapteyn! (1922) and Zwicky|(1933)
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1.1 A consensus around the ACDM paradigm

The ACDM model abbreviates 2 concepts: CDM stands for Cold Dark Matter and A
stands for the cosmological constant of Einstein (1917). It describes the Universe as a
geometrically ﬂatﬂ expanding one, starting from a space-time singularity immediately
followed by a brief exponential expansion known as cosmic inﬂatiorﬂ after which
it follows the Friedmann equations within a FLRW metric. In its composition, the

Universe is made of various contributions to the energy-matter density:

* the first (€2;,) and least abundant matter contribution is the ordinary matter that

we are constituted of, often termed baryonic matter,

* the second contribution ({).), and most abundant form of matter, is a cold type
of dark matter, non-relativistic (moves slowly with respect to the speed of light),
dissipationless (cannot diffuse its thermal agitation via electromagnetic radia-

tion) and collisionless (only interacts gravitationally with itself or baryons),

¢ the third and today’s dominant contribution (£2,) is a form of energy called dark
energy, represented by A for its theoretical similarity with the cosmological con-
stant of Einstein (1917) within the equations of general relativity (it has negative

pressure and accelerates the late-time expansion of the Universe),

* and lastly, the cosmic microwave and neutrino backgrounds form a radiation

contribution, negligible today but dominant in the early Universe.

Latest CMB best-fit measurements from the Planck satellite (Planck Collaboration)
2018, Table 6) imply present-day estimates of each contribution at €}, ~ 4.9%, €. ~
26.5% and Q, ~ 68.4%, for a Universe that is 13.8 billion years old with a Hubble
constant today at 67.32 km s~! Mpc~'. Although it leaves fundamental open questions

in the description of our Universe (the fundamental nature of dark matter and dark

3a flat geometry is mathematically represented by a metric with zero curvature, which, for any 3
distinct points in space, the 3 angles that separate the 3 associated segments will always sum up to
exactly 180°.

balthough the cosmic inflation is not “part” of the ACDM model, it is today considered standard
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energy, the origin of the cosmic inflation, etc), the ACDM model has progressively

become established since the 1980s to become today’s paradigm for our cosmogony.

1.1.1 The cold dark matter structure formation

Despite the fact that among all hypothesized particle candidates for the composition
of dark matter, no detection of these has been reported to this day, the existence of
dark matter is strongly supported by the amount of phenomenologically-independent
observational problems it resolves in a compelling fashion. It helps to explain the dy-
namics of galaxies in various observed clusters (Zwicky, |1933] [1937), and the high
radial profiles of rotational velocities in the outskirts of galaxies which should oth-
erwise be lower and radially decreasing (Rubin and Ford, 1970; Rubin et al., [1980).
It fixes the necessary missing mass for causing the strong gravitational lensing seen
around large clusters (Tyson et al.,|1990). It acts as a convenient gravitational catalyst
for the collapse of baryonic matter in the early-Universe which otherwise would be
too efficiently supported by dominant radiation to form the seeds of the structures we
see today (Ma and Bertschinger, [1995). That said, another possibility could be that
no missing matter exist and our current paradigm for gravitation - general relativity -
is incomplete[kMilgrom, 1983), but most alternatives appear undermined by the study
of structures with dark matter that is either spatially displaced (Clowe et al., [2006)) or

seemingly absent (van Dokkum et al., 2018]).

As mentioned earlier, cosmologists in the 1980s understood the potential of a dark
matter dominated Universe to reproduce the observed CMB fluctuations. In this effort,
some first hypothesized that dark matter could be comprised of neutrinos because of
its weak interaction with luminous matter: an example of “hot” dark matter (HDM)
with ultra-relativistic velocities. Because of its high free streaming length, structures
would form first in a Zel’dovich| (1970) “pancakes” scenario, followed by the frag-

mentation into smaller clumps that form the galaxies (Bond et al., [1980; Doroshkevich

"which is very likely for different reasons that go beyond the scope of this thesis (need for a theory
of quantum gravity), but for the case of modified gravity models, those are not compelling enough due
to their ad-hoc executions or calibrations that require physical explanation.
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et al., |1981; Zeldovich et al.,|1982; Bond and Szalay, [1983). Concurrently, others pro-
posed non-baryonic dark matter models behaving less relativistically: “warm” (WDM
- Blumenthal et al., [1982; [Bond et al., [1982) and “cold” dark matter models (CDM
- |[Peebles, |1982). In these models, the formation of structures proceeds in a bottom
up fashion, with smaller structures forming first and merging together in a hierarchi-
cal way. Shortly after, [White et al.| (1983)) ruled out HDM by revealing simulations
of a neutrino-dominated Universe could not retrieve the observed clustering scale of
galaxies while Blumenthal et al. (1984)) showed their model of structure formation with

CDM have great predictive power in fitting the observed Universe.

1.1.2 Freezing quantum fluctuations through cosmic inflation

Simultaneously with the debate over the presence of dark matter in the Universe, and
its cold/warm/hot nature for the growth of observed structures, other cosmological
questions demanded solutions. First, because information cannot move faster than the
speed of light, distant positions in space should have had strong variations in density at
decoupling, but the CMB’s temperature appears paradoxically homogeneous - this is
the “horizon” problem. Secondly, within the framework of the Friedmann equations,
the evolution of the Universe with marginally non-zero initial curvatures should lead to
an extreme curvature at the present time (a re-collapse if positively curved or a stronger
expansion if negatively curved), implying that the initial Universe would have needed
to have a fine-tuned flat curvature - this is the “flatness problem”. To solve both of
these problems, a trick was proposed in the late 70s & early 80s: a brief temporary

phase of exponential expansion in the very early Universe, the cosmic inflation.

While various authors independently worked on inflationary-like solutions (Starobin-
sky, [1980; Kazanas, [1980; [Satol [1981)), it is accepted that|Guth (1981) was the first to
use the term of “inflation”, proposing a scenario attempting to solve both of these prob-
lems. His model was later modified by Linde (1982, 1983) and Albrecht and Steinhardt
(1982) to correct some of the issues |Guth! (1981) pointed at. Through inflation, the ho-

mogeneity of the Universe at decoupling is explained by the fact that, pre-inflation,
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all locations in today’s observable space were contained within a volume that made
them sufficiently causally connected to alleviate irregularities. Also, because of the
subsequent inflationary phase, any pre-inflation initial curvature is flattened, making
the post-inflation Universe flat enough to avoid curvature divergence during its life-
time, thereby resolving the flatness problem. A consequence of this is the freezing
of pre-inflation quantum fluctuations, inflating microscopic quantum fluctuations into
the macroscopic regime, which we now see in the CMB: the seeds that would later

collapse to form the present structures.

1.1.3 The accelerating expansion via dark energy

The \Guth| (1981) cosmic inflation phase is similar to a phase under the influence of
a cosmological constant as the result of the energy released by vacuum decay. Also,
cosmogonies with a cosmological constant A had been re-considered decades before
due to the observations of quasi-stellar objects with brightness to redshift relations that
could be explained with a positive A (Petrosian et al., 1967} Shklovsky, 1967} Karda-
shev, |1967). This had also led Zel’dovich! (1968)) to suggest that a quantum vacuum
state itself could hypothetically exhibit a non-null energy density similar to a cos-
mological constant - although his estimate differed from those of cosmologists by 45
orders of magnitude. Therefore, when evidence supported a total matter density param-
eter (), near 0.1, despite the flatness of the Universe ({2 = 1), this led some to propose
A as a solution (Turner et al., 1984). After cosmological simulations which included
this constant proved to be more consistent with the observed large scale structures
than those without a constant (Davis et al., 1985}, [Efstathiou et al., [1990), the ACDM

cosmogony was on its way to becoming the new paradigm.

The 90s would then bring further evidence supporting a non-null cosmological con-
stant value. With the Cosmic Microwave Background Explorer (COBE) satellite dis-
covery of anisotropy in the CMB (Smoot et al., [1992), Wright et al.| (1992), Efstathiou
et al. (1992) and [Kofman et al.| (1993) showed that a CDM model of structure forma-

tion including a non-zero cosmological constant normalized on the COBE detection
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may be consistent with large scale observational data. By the mid 90s, a set of strong
observational constraints made such a model more and more favorable (Ostriker and
Steinhardt, [1995). A conclusive direct detection was brought with the discovery of the
acceleration of the Universe’s expansion when Riess et al.| (1998) and |Perlmutter et al.
(1999) used type Ia supernovae as standard candles in distant galaxies for measuring
their distance independently of their redshift. Since then the ACDM theory has become
the current paradigm, and would later be corroborated by various observational cam-
paigns such as the 2nd generation CMB measurement satellite Wilkinson Microwave

Anisotropy Probe (WMAP; Spergel et al., 2003, [2007).

1.2 Galaxy formation and diversity

A first attempt in investigating the diversity of galaxies can be found in the work of
Hubble| (1926b) with its renowned morphology classification. It opened an entirely
new field of study to astronomers: the following decades to this day flourished with fur-
ther deepening and development of our understanding of how galaxies are distributed
and how they evolved into their present state over cosmic time. Today the leading de-
scription for their formation uses the ACDM paradigm as its main foundation with a
gravitational clustering of matter over time in a hierarchical bottom-up fashion. Matter
at the start of this process existed mostly in its cold dark form or in its baryonic form
as a diffuse gas. With the compression of gas as a result of this clustering, various re-
gions would become denser and turn into stars within protogalaxies. Those structures
would then merge later on into bigger ones, following the gravitational potential of a
multi-scale web of matter with filaments connecting into high density nodes where can

be found the largest clusters of galaxies.

All of this hierarchical merging happened in parallel with their baryonic processes,
such as supernovae, black hole formation and growth, or the formation of more stellar
content. Today, these processes are suspected to have been affecting galaxies during
their formation, and are known as feedback processes. The effects of such processes

were revealed when N-body simulations of large-scale structures based on collisionless
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non-baryonic dark matter could not reproduce distinct observed scaling or statistic laws
as we will detail it in Section[I.2.1] Galaxies are then sculpted by an intricate synthesis
of environmental processes, such as their merging history, and internal processes, such
as their star formation history, that need to be considered together without neglect of

one over another.

1.2.1 Hierarchical formation

As mentioned earlier, the hierarchical model of the formation of structures was pi-
oneered during the 1970s and 1980s (Press and Schechter, 1974; [White and Rees,
1978 [Fall and Efstathioul [1980; [Blumenthal et al.l (1982 Bond et al., [1982; Peebles|,
1982} Davis et al., [1985). In this scenario, overdensities that are dense enough are
not erased by the cosmological expansion and are gravitationally bound to collapse on
themselves. This occurs first for the cold dark matter overdensities, unaffected by radi-
ation, unlike baryonic matter prior to recombination. After this recombination initiated
the “dark ages”, an epoch named as such because of the absence of radiation emitting
sources like stars and the opacity of the neutral gas. The potential wells produced by
the dark matter from earlier collapse become strong enough to attract the baryons, now
in a neutral atomic state. This initiates the formation of protogalaxies and of the first
stars, leading to the reionization of their diffuse gas environment, giving its name to
the reionization epoch during which it happened. From then to this day, the rest of the
evolution results in a bottom-up merging of the past smaller haloes/galaxies into bigger
ones today. The way this process shaped the distribution of haloes can be found in the

mass function: the distribution of haloes/galaxies accordingly to their mass, illustrated
in Figure[I.1]

Specifically, the mass function shows at a specific epoch the number density of galaxies
of a given mass, with, in a hierarchical merging context, more massive structures being
less common than their lower mass counterparts. Over the years, a vast number of
galaxy surveys have been conducted and have yielded measurements of this function

at different lookback times using stellar masses of galaxies inferred over a wide range
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Figure 1.1: The difference between the halo mass function and the stellar mass function as
adapted from online material by M. Whittlel The blue line corresponds to the mass function
obtained from N-body simulations, its dashed counterpart represents the expected baryonic
mass function if all galaxies have an equal ratio of baryons, the black curve with dots sketches
the actual observed galaxy stellar mass function. The y-axis encodes the relative population
number per bin of mass in logarithmic scale. The x-axis encodes the stellar mass of the galaxy
in a logarithmic scale.
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of redshifts (Cole et al., 2001; Norberg et al., 2002; Bell et al., 2003; Baldry et al.,
2008; L1 and White, 2009; Ilbert et al., 2010; Baldry et al., 2012} Tomczak et al.,
2014). However, comparing those with mass functions generated from simple N-body
simulations reveals discrepancies as seen in Figure specifically in the profile of
this function. While simulated mass functions show consistently decreasing profiles,
observed stellar mass functions exhibit a two-regime profile with the decrease being
much steeper at higher mass, and more gradual at lower mass (Jenkins et al., 2001}
Yang et al., 2003)). The corollary is thus that galaxies must form in a markedly different
fashion to the dark haloes that form in N-body simulations and do not represent true
observed galaxies, and a naive 1:1 mass correspondence fails at matching both mass
functions. Clearly then, additional physics governing the evolution of the baryons must

be considered.

1.2.2 Star formation and colour bimodality

A galaxy will continuously change its gas content into stars, but this process can have
varying efficiency, which can be studied through the star formation history. Galaxies
can go through short periods of intense star formation, also known as “starbursts”, and
contrastingly, they can decline in star formation activity. The latter can happen when
a galaxy exhausts its gas content after forming stars, or gets depleted of it through
phenomena such as ram pressure stripping during merging, or when the gas state of
pressure and temperature is suddenly changed to conditions unsuitable for collapsing
into stars. In particular, when such phenomenon causes that decline in star formation
to develop quickly, it is commonly described as “quenching”. With recent surveys, it
has been shown that instead of being uniformly distributed among all colours, galaxies
tend to be found in 2 populations with blue or red colours (Strateva et al., 2001}; Blan-
ton et al., 2003; Baldry et al., 2004; Salim et al.,|2007; Baldry et al., 2012; Schawinski
et al., 2014) as illustrated in Figure that have subsequently been called the “blue
cloud” and “red sequence”, with a minority of galaxies showing intermediate colours,
forming a “green valley”. This suggests that slow quenching, with the galaxy transi-

tioning from the blue cloud to the red sequence through the green valley, is a rare case,
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Figure 1.2: Colour-stellar mass diagram as adapted from [Schawinski et al.| (2014) via the 2D
density function of observed galaxies. The y-axis encodes the colour (u — r) of a galaxy with
higher values representing redder colours and lower values representing bluer colours. The
x-axis encodes the stellar mass of the galaxy in a logarithmic scale.
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Figure 1.3: The galaxy stellar-to-halo mass ratio of central galaxies as represented by |Wechsler
and Tinker| (2018) from a compilation of data shown in [Behroozi et al.| (2018). The y-axis
encodes stellar-to-halo mass ratio of the galaxy in a logarithmic scale. The x-axis encodes
the halo mass of the galaxy in logarithmic scale. At the top are added labels that identify the
potential significant feedback processes that quench galaxies in the indicated mass range while
the bottom part illustrates each mass by a relevant existing observed galaxy.

with quenching being more often due to rapid events.

1.2.3 Galaxy feedback processes

The discrepancy previously mentioned between collision-less simulations’ mass func-
tions and observed stellar mass functions can be equivalently examined via the stellar-
to-halo mass ratio relationship with halo mass (Figure [I.3)). Instead of having a uni-
formly constant profile, which would reflect the idea that a galaxy’s stellar mass is
a fixed fraction of its halo mass, the profile increases with halo mass until a turning
point after which it decreases. This echoes with the observed two-regime profile of the

stellar mass functions, and indicates that some feedback processes act against a possi-
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ble harmonized co-evolution of a halo and its galaxy, depending on how massive it is.
Those feedback processes have been suspected to be physical phenomena that regulate
or even quench the galaxy’s capacity to form stars, altering the stellar mass function of

galaxies with respect to that of hierarchically-accumulated halo mass.

Several physical processes have been suggested to have such an influence, impact-
ing the stellar formation of molecular clouds in a violent way thermally and/or kine-
matically, and the contribution of these to the stellar-to-halo mass ratio profile can
be predicted. Populations of massive stars can regulate their neighboring interstellar
medium, typically through supernovae that can dramatically heat up and blow away
nearby diffuse gas (Dekel and Silk, [1986; Katz et al., 1996; Springel and Hernquist,
2003). Galaxies hosting a supermassive black hole in their centre can develop an ac-
tive galactic nucleus: when enough gas accumulates in the vicinity of the black hole,
a compact accretion disk forms in such conditions that intense quenching radiation is
emitted (Silk and Rees, [1998; [Kauffmann and Haehnelt, 2000; [D1 Matteo et al., 2005},
Croton et al., 2006; Bower et al., 2006). It has been accepted that stellar mass regula-
tion in low mass halos may be the work of supernova (SN) feedback during the course
of the galaxy’s life, while the higher mass galaxies may have undergone feedback from

active galactic nucleus (AGN) phases (see for observational review Fabian, 2012).

Nonetheless, other physical phenomena have been considered for their contribution to
the regulation of stellar formation in galaxies. As previously mentioned, after the for-
mation of the first stars came a period of reionization due to their emitted ionizing UV
radiation. When a gas cloud is ionized, the resultant high temperature and increased
pressure prevent it from collapsing, and its efficiency at forming stars is reduced. It
has been shown that the reionization of the first stars may have prevented the smallest
halos from producing more stellar mass, expelling by thermal pressure their gas leav-
ing them dark matter dominated (Bullock et al., 2000). In addition, as such pervading
radiation kept inter-galatic diffuse gas at a temperature of 10000 K, it also halted their
collapse into new proto-galaxies. Similarly, stellar wind influences are not only limited
to the reionization epoch, but continue through the lifetime of the Universe with the

most luminous stars. Lastly, merging itself can have a substantial role in the quenching
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Figure 1.4: The |[Hubble (1926b) tuning fork classification of galaxies as adapted from Wiki-
media Commons, with Hubble’s naming system. The left side represents elliptical/early-type
galaxies while the right side classifies spiral/late-type galaxies between 2 branches according
to whether they have a barred nucleus or not.

of a galaxy, whether by stripping away its gas content or by triggering a starburst that
quickly depletes it (Mihos and Hernquist, [1996).

1.3 Morpho-kinematics in galaxies

Galaxies are fascinating through the immense diversity of shapes they can display. As
previously mentioned, one of the foundational works in studying galaxies was the clas-
sification of morphology of Hubble (1926b) that is still used today as a reference (im-
proved by de Vaucouleurs, |1959). Despite the complexity of the galaxies he observed,
he found underlying similarities to build a forked classification which is illustrated in
Figure[I[.4] This separated ellipticals, ranging them on the single end of that fork, from
spirals, segregated according to whether or not they feature a central bar. Galaxies
that could not fit this classification would be then denominated as of the irregular type,
although many may have had their shapes disturbed by on-going merging interactions.
Theorists understood that, within the hierarchical scenario, spirals must be the result

of a slow and unperturbed angular momentum build up with a quiet merging history,
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while ellipticals might have undergone major mergers. On the other hand, observers
examined ways to quantify morphologies and studied their relation with other galaxy
properties, such as their colour/star formation (Strateva et al., 2001; [Schawinski et al.,
2014)), finding spirals and ellipticals to be respectively blue or red. Morphological
properties fall within the fundamental concepts of galaxy formation in which different

shapes can be the result of what stage galaxies are in their evolution.

1.3.1 Late and early type galaxies

Low redshift galaxies of distinct morphologies can not only look drastically different,
but they also diverge in a range of other properties. The stellar mass spectrum can
show strong variances in morphologies, with late-type galaxies primarily populating
the low and intermediary masses, while most galaxies found at higher masses are of the
early-type. This variety intertwines considerably with their star formation behaviours:
we mentioned that late-type galaxies tend to have bluer colours than their early-type
counterparts, suggesting that late-type galaxies undergo more recent star formation.
On the other hand most early-type galaxies tend to often be gas depleted, consistent

with their relatively low present-day star formation rates.

Massive early type galaxies may have resulted from the merging of the largest galaxies,
making them subject to the gas depletion that occurs post-merging and blowing it out
to leave it as a hot circumgalactic medium. They are composed of only old red stars
and cannot form many new blue young ones. Late type galaxies such as our own have a
more heterogeneous structure, between their bulge (barred or not), their disk and spiral
arms. They continuously accrete cold gas from their neighbourhood, or strip it from
lower mass satellite galaxies that interact with them through minor merging, giving
them the necessary fuel for star formation (Sancisi et al., 2008]). The substructures that
compose them such as spiral arms produce the necessary gravitational instabilities to

trigger their clumps of cold gas to form new young stars.
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1.3.2 Diversity in kinematics

When we talk about morphologies, it makes sense also to consider stellar dynamics
and the diversity of galaxies in this respect. After all, galaxy morphologies are mostly
revealed by the luminosity of their stars, which possess individually their independent
motion. The major form of dynamics that is seen in galaxies’ stars are their overall
rotational motion. If most of the stars are rotating around a single axis, we define the
galaxy as rotation-supported. On the other hand, if all the orbits of the stars are in

different orientations, we talk about dispersion-supported galaxies.

Those motions are greatly impacted by the gravitational interactions involved during
the merging activity of a galaxy. Isolated evolution can also result in galaxies ex-
periencing gravitational instabilities that result in the formation of substructures that
perturb surrounding dynamics and scatter the stellar content. For such reasons, mor-
phologies can be related to diverging forms of dominant dynamics. It has long been
assumed that most early-type galaxies appear to have dispersion supported dynamics,
while late-type galaxies exhibit more ordered, rotational motion. However, recent stud-
ies have revealed the need to revisit this correspondence, finding that observed galaxies
can exhibit a greater variety of dynamics than often expected, especially with early-
type galaxies, some of which having surprisingly high rotational support (Emsellem

et al., 2007; Krajnovic et al.,|2013; Cortese et al., 2016; |Graham et al., 2018)).

1.3.3 Morphologies vs. kinematics: simulations as a laboratory

The recent observation of more heterogeneity in the relation between morphology and
kinematics is the core subject of this work. We aim at getting a better understanding
of why and how stellar motion varies between galaxies exhibiting similar morpholo-
gies. Despite the strong advances in observational techniques, there are still significant
limitations to study in depth this matter, such as the incapacity to resolve individual
stars and to measure 3-dimensional properties for these. On the other hand, recent

development in simulations have resulted in significant progresses in computational
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cosmology, and many simulations have become able to reproduce the most funda-
mental observed scaling and statistical relationships in galaxies (Dubois et al., 2014
Vogelsberger et al., 2014} |Schaye et al., 2015} [Khandai et al., 2015} Dolag et al., 2015}
Hopkins et al., 2018)).



Chapter 2

Simulating the Universe:

computational cosmology

2.1 Introduction

In this chapter, after mentioning some general points on computational cosmology as
a whole in Section[2.2] we cover in detail the model of the cosmological simulation we
will use through this thesis in Section[2.3] As outlined in our introductory Chapter [T}
the physics that drives galaxy formation is particularly intertwined and demands con-
sideration of a variety of phenomena. Because such physics is strongly non-linear, and
analytic approaches fail to produce the necessary predictive tools, simulations must be
conducted to create a framework with which we can test existing theories. In this con-
text, two main techniques have emerged in the few last decades to study galaxy forma-
tion in a cosmological context: semi-analytic models and hydrodynamical simulations.
In the former technique, N-body collision-less simulations or Markov Chain Monte-
Carlo generators are first used to produce a representative population of dark matter ha-
los with their merging tree. Then, using the merging tree as a basis and assuming each
halo hosts a galaxy, galactic baryonic properties are estimated through semi-analytic
relationships i.e. phenomenological laws that have been obtained through either ana-

lytic approximations or empirical calibration. Despite successful predictions of vari-

19
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ous recent semi-analytic models, their prescription of baryonic interactions can appear
artificial of highly simplified in comparison with hydrodynamical simulations. This
second technique finds its strength in the treatment it brings to baryons by computing
both gravitational and hydrodynamical processes in a self-consistent way. Neverthe-
less, those also have a “semi-analytical flavour” as they need similar treatments to deal
with, for example, the physical feedback processes that regulate galaxy evolution and
which operate at scales below those resolved numerically: these are commonly known
as “subgrid models”. A crucial difference with respect to semi-analytical models is
that the latter are forced to impose their phenomenological treatments on halo scales,

whilst hydrodynamical simulations generally impose them on much smaller scales.

Recent years have been accompanied with a collection of groundbreaking cosmologi-
cal simulations projects adopting different hydro+gravity solvers coupled with subgrid
physics modules. We can notably quote the following projects for the breakthrough
they represent in their capacity at reproducing key properties of the galaxy popula-
tion: Horizon-AGN (Dubois et al., 2014), Illustris (Vogelsberger et al., 2014} Springel
et al., 2018)), FIRE (Feedback In Realistic Environments; Hopkins et al., 2014, 2018)),
EAGLE (Evolution and Assembly of GalLaxies and their Environments; Schaye et al.,
20155 |Crain et al. 2015)), Massive Black II (Khandai et al.l 2015) and Magneticum
Pathfinder (Dolag et al., 2015). Among these, we will later focus on the project EA-
GLE: the large size and vast diversity of its galaxy population, with the fact its model
enabled for the first time a cosmological hydrodynamic simulation to reproduce the
galaxy stellar mass function with galaxies of realistic sizes, make this project an ap-
propriate framework for studying the relationship between the morphologies and kine-
matics of galaxies. Owing to its success in yielding a realistic galaxy population, the
EAGLE model has also served as a foundation on which several spin-off projects are
built. We can notably cite the projects APOSTLE (A Project Of Simulations of The Lo-
cal Environment; Sawala et al., [2015, |2016; Fattahi et al., 2016)) that follows, in higher
resolution zoom simulations, 6 Local Group-like regions of EAGLE, Hydrangea/C-
EAGLE (Bahé¢ et al., 2017; Barnes et al., [2017) that does the same for 30 EAGLE

clusters with virial masses between 10'* and 10'>* M, (Oppenheimer et al. (2016)
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that produces zooms of 20 EAGLE Milky-Way-like halos implementing the tracing
of 136 ions and their associated physics (such as non-equilibrium cooling rates), and
E-MOSAICS (MOdelling Star cluster population Assembly In Cosmological Simula-
tions within EAGLE; Pfeffer et al., 2018) that includes the formation and evolution
of star clusters in zooms of 25 EAGLE Milky-Way-like halos. This legacy opens fu-
ture applications for the methods and results that this thesis develops, as shown for the

E-MOSAICS project in Chapter [5

2.2 Cosmological hydrodynamics: generic structure

Hydrodynamical simulations can exhibit several differences from the choice of subgrid
models, to the type of fluid dynamics solving algorithm. Nevertheless, despite these
differences, most hydrodynamical simulations maintain a similar procedural structure,
determining the matter configuration at each timestep from the previous one, starting
with an initial configuration commonly referred as “initial condition” generated ac-
cording to a chosen cosmology. This initial condition is usually the result of a 2 step
process: a first step through which is generated an unperturbed matter distribution -
one may choose between various existing kinds - and a second step where fluctuations
corresponding to the chosen cosmology’s power spectrum are simulated via pseudo-
random displacements of the material support, to produce a realistic early Universe.
The discretisation of time is chosen to satisfy precision requirements that vary from one
simulation to another. At each timestep, 3 treatments are computed within a Cartesian

space with periodic boundary condition{]:

* an algorithm that estimates the gravitational potential and accelerations induced

by the matter configuration,

* asolver that computationally resolves self-consistently hydrodynamics forceﬂ

'a space topology where all 3 directions are looping onto themselves also described as a three-torus

topology
%in some cases developing it into a magneto-hydrodynamics solver
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* and a combination of routines to simulate all subgrid processes which impact
galaxy formation, such as the radiative cooling of gas, star formation, winds and
mass loss due to stellar evolution, supernovae, black hole formation and growth,

and AGN feedback.

In this section, we present some general details about each of these three aspects.

2.2.1 Gravity solver

General relativity is our most complete and verified modern theory of gravitation, but
for purposes of cosmological galaxy formation, the Newtonian simplification can be
used after some adaptation. Given the simulated scales and timesteps generally used,
interactions can be well approximated within the Newtonian limit. Nonetheless, the
cosmological expansion needs to be considered: every timestep generally includes cal-
culations that depend on physical (rather than purely comoving) length scales through
an evolving cosmic scale factor (which growth depends on the chosen cosmology) in a

comoving/physical conversion framework.

Within this context, the gravitation solver estimates the gravitational potential pro-
duced by the simulated matter by solving Poisson’s equation, to calculate the induced
gravitational acceleration of the discretised mass elements sampling the matter distri-
bution. The simplest way to perform such a simulation is through a direct N-body
solving of a representative collection of known mass particles: the gravitational accel-
erations at each particle’s position is computed directly by summing those of all other
particles. Historically, early versions of it were inspired by simulations of electrostatic
interactions due to the similarity between Coulomb’s and Newton’s law. However,
while eletrostatic charges cancel each other at long distance allowing some perfor-
mance driven approximations such as ignoring in the computation forces applied at
long distance, masses do not and must be all considered no matter how far they are. In

consequence, this method bears a O(N?) computational scalin which is prohibitive

3commonly referred as computational complexity: we use however the term "scaling" for clarity

as the term "complexity" may alter the following message that reducing the computational complex-
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for large cosmological calculations due to the large number of mass elements. Decades
of research have focused on adequate approximations and optimizations to engineer ef-
ficient solvers, with a computational scaling of O(N log N) while keeping a suitable
precision. In most modern codes, the consensus appears to be found within the TreePM
scheme, a “best-of-both-worlds” implementation between a Particle-Mesh (PM) al-
gorithm to compute long-range forces and a hierarchical Tree assignation scheme at

short-scale.

The speed-up that Particle-Mesh algorithms bring relies on a standard optimization in
the computational field: the renowned fast Fourier transform scheme known to scale
as O(N log N). Poisson’s equation is a spatial differential equation that consists of a
Laplacian operator applied to the potential which needs to be found. As is commonly
done in differential analysis, converting this equation into its spatial-frequency domain
equivalent changes it into a simple linear equation. The potential can then be com-
puted through the inverse Fourier transform of the solution of this spatial-frequency
domain Poisson’s equation given the Fourier transform of the spatial mass distribution.
Therefore, by using fast Fourier schemes for each Fourier transform, the gravitational
calculation can be greatly optimized. This requires though to map the mass distribution
onto a mesh of cells (usually applying softening kernels to each particle), outputting a
tridimensional regularly-sampled estimate of the gravitational potential. The level of
sampling of this mesh then impacts greatly on the accuracy of the force estimate (com-
puting the potential finite-difference), and the large meshes required for good spatial

sampling can be very expensive in terms of the necessary memory footprint.

A trade-off is then necessary: it can be achieved by combining the PM scheme, for
the contribution to the gravitational acceleration on large-scales, with a Tree imple-
mentation for the short-scale sources. The latter implementation assigns particles to
a hierarchical octree structure: Cartesian space is recursively split into smaller cubes
until each of them is occupied by a specified maximum number of particles. With
the entire volume as a root and a recursion split dividing in 8 equal sized cubes, the

particle distribution is organized as a multi-level tree of successively split cell-nodes,

ity/scaling can be achieved by using a more sophisticated algorithm.
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with branches following those splits and reaching the smaller cubes, the cell-leaves. To
compute the gravitational acceleration at the position of a particle, the closest particles
are considered individually while more distant particles are grouped and represented
by their centre of mass within cell-nodes of lower levelﬂ yielding a similar force pre-
cision as a function of distance. To determine such configurations, we progress up
the tree, starting from the root, by keeping the centre of mass of nodes that satisfy a
given accuracy criterion, and opening the nodes that don’t. This process reduces the

computational scaling for all N particles to the O(N log N) category.

2.2.2 Inclusion of gas dynamics

On a macroscopic scale, gas is commonly modelled using the continuum-fluid frame-
work in which its properties are statistical measures from the local phase-space state of
elements composing it on the microscocopic scale. Using this framework, gas behaves
in accordance with the principles of fluid dynamics and satisfies the Euler equations.
There are two philosophies regarding its computational modelling based on the Eu-
lerian and Lagrangian specifications when looking at fluid motion. In the Eulerian
specification, the fluid is discretized in space, fixing a constant volume for all fluid
parcels. In the Lagrangian specification, all fluid parcels share the same constant mass,
discretizing the fluid along centroids disseminated in such a way their density function
follows the mass distribution. Both specifications exhibit strengths and weaknesses,
and numerous cosmological simulation projects have used each. In the Eulerian case,
most grid-based schemes have excellent accuracy for capturing shocks and instabilities
but they often fail at conserving scalar properties. In the Lagrangian case, Smoothed
Particle Hydrodynamics (SPH) has become the predominant choice and cannot suffer
incorrect conservation by design, despite its capacity for adjusting its resolution with
the flow, but it suppresses the development of shocks and instabilities. In this work,

we will focus on the SPH scheme.

Within the SPH implementation, the fluid is modelled by smoothed particles, i.e. parti-

4closer to the root
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cles in which the mass contribution is not “spatially contained” within their point-like
position but distributed over a spherically symmetric radial density profile or “ker-
nel”. These kernels possess a characteristic radius called the “smoothing length” which
varies from one particle to another and generally grows inversely to the density of the
region where the particle sits. They must meet a condition of finite volume so that their
profile must sum up to 1 when integrated over their spatial domain. Lastly, the resulting
collection of smoothed particles trace all necessary continuum field intensive proper-
ties (e.g. pressure, temperature, flow-velocity, etc) so that, with this framework, their
spatial profile can be retrieved by convolution with the particles’ kernels. The equation
of state of the simulated medium, named as such for that it relates its state variables
such as pressure, density, temperature or internal energy, can be chosen accordingly to

what fluid must be simulated.

The Euler equations are therefore conveniently changed from a spatial-differential set
of equations to a set of linear equations: indeed all differential operators applied to
such field properties can be linearly distributed to each term of the summed kernel-
convolution; because these terms are product of the traced properties and the kernel,
the former being constant with respect to position, these differential operators after
their distribution are applied as gradients to the kernels. The kernels’ gradients can
be determined from the function which has been chosen for the kernel, leaving the
traced properties as the ultimate variables of a system of equations. Consequently,
by choosing the kernel to be null outside of its smoothing length and by adapting
each particle’s smoothing length so that the corresponding sphere contains a (nearly)
fixed number of neighbouring particles, all kernel contributions for particles exterior
to that sphere may be ignored in all calculations. The nearest neighbour search can
be performed using the octree structure of the TreePM gravity solver (Section [2.2.1)),
which scales as O(NN log N), while the solution of the resulting set of Euler linear

equations scales as O(N): this yields an overall scaling of O(N log N).

For cosmological purposes, the SPH method is of great interest as it can be deployed

very conveniently alongside the particle-based TreePM gravitation solver; in that con-
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text, dark matter and baryons are represented by 2 different populations of particleﬂ
both participating in the gravity calculation, but in which only the baryonic particles
participate in the SPH calculation. For this reason, significant effort has been de-
voted over the years to the SPH implementation in order to mitigate its weaknesses.
For instance, it has been well established that SPH in its “standard” implementation
fails at modelling fluid mixing processes at discontinuities such as instabilities and
shocks (Morris, [1996; Dilts, {1999; Ritchie and Thomas, 2001; |[Marri and Whitel, [2003];
Okamoto et al., [2003; |Agertz et al., 2007; Kitsionas et al., 2009} Price and Federrath,
2010; |[Bauer and Springel, [2012; Stjacki et al., 2012). This problem may be due to
the explicit presence of the kernel-smoothed density in the SPH-version Euler equa-
tions (“density-entropy” formulation), which cannot be differentiated at discontinu-
ities. This can be adjusted by deriving from these equations a revised implementation
that depends on the pressure instead of the density (“pressure-entropy” formulation
Hopkins, [2013). Finally, since SPH intends to solve the Euler equation which can be
seen as a particular derivation for a non-viscous and non-thermally conducting fluid of
the more general Navier-Stokes equations, which themselves do not reflect magneto-
hydrodynamics, recent SPH implementations may include additional schemes to sim-
ulate relevant influences due to viscosity, thermal conduction and, very recently, ide-

alised magneto-hydrodynamics.

2.2.3 Subgrid physics

It must be appreciated that simulations are limited by the models they employ and
the scales over which they treat the included physics. For instance, in most imple-
mentations of the generic structure we just described, radiative processes are out of
reach and must be incorporated via subgrid methods, especially for cosmological pur-
poses in which isolated clouds of gas cannot cool another way. Similarly, since nuclear

processes are not modelled and because these happen at scales well below those com-

Sparticles of the baryonic type can also be divided in more types to treat the subgrid physics we
discuss in Section 2.2.3} in the case of the EAGLE model, those are the 3 types corresponding to
gaseous, stellar and black hole particles as we discuss it in Section
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monly used in cosmological simulations, aspects of stellar formation, evolution and
death that depend on nuclear fusion cannot be simulated. Lastly, as we mentioned in
Section [2.2.1] gravitation is legitimately approximated in the Newtonian limit, which
proscribes all relativistic phenomena such as the formation and growth of black holes
(BHs). Seeing that stellar and AGN feedback are vital for the formation of realistic
galaxies (Section [[.2.3)), stars and BHs must both have their respective prescription for

their inclusion in the simulation.

Whether the fluid dynamics solver adopts a Eulerian or Lagrangian approach, stars
and BHs are generally represented as particles: the SPH method holds an advantage
in this regard since it already makes use of particles. As a result, on one hand, star
formation can be integrated via the addition of a conditional treatment on gas particles
for their conversion into stellar particles which represent stellar populations. On the
other hand, BH creation treatment must be put in a cosmological context, where only
supermassive BHs must be considered: because little is known about the formation
of such BHs, these are usually integrated by the conditional addition of “sink” BH
particles that serve as a basis for further supermassive BH evolution models. This
ultimately creates a diversity of particles of 4 different types depending on whether
they represent dark matter (DM), gas, stars or BHs, an implementation that is now
widely used for SPH simulations (as shown in Figure [2.1). This framework lays the
foundation for the modelling of the phenomenological impact caused by all relevant

feedback processes through additional subgrid physics treatments.

From the population of stellar particles comes various feedback processes that must
be considered, such as stellar winds and mass loss, supernovae, and the subsequent
chemical enrichment of the interstellar medium (that becomes important for radiative
transfer consideration). From the population of BH particles comes another set of
feedback processes, notably an accretion treatment for nearby gas particles, a merging
treatment for adjacent BH particles, and most importantly an AGN feedback imple-
mentation. Regarding the modelling of radiative processes, 2 major treatments must
be considered, i.e. the radiative cooling and photoheating of gas which depends on its

chemical enrichment, and a reionization UV background scheme. All these treatments
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Figure 2.1: Example of the multi-component composition of a common cosmological hydrody-
namical simulation. Each panel shows the same view of the simulation but displaying column
densities of 4 populations of particles. The upper left shows the DM particles, the upper right
shows the star particles, the lower left show the gas particles that are cold and warm, and the
lower right shows the gas particles that are hot. Imagery taken from a rendering made with the
software we presented in detail in Appendix [A] and which was put together for the Lynx X-Ray
Observatory for public outreach purpose (link in footnote of Section @)
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(with the stellar formation and BH creation) result from both analytic and/or empirical
relationships constructed with a set of free parameters. These must be calibrated from
a restricted set of observed scaling and statistical relationships in order to make the

simulation as realistic as possible and to enable its predictive power.

2.3 Simulations

This thesis has been conducted through the exploitation of 2 cosmological simula-
tion projects: EAGLE (Evolution and Assembly of Gal.axies and their Environments;
Schaye et al., 2015} |Crain et al., 2015) through Chapters [3] and ] and E-MOSAICS
(MOdelling Star cluster population Assembly In Cosmological Simulations within
EAGLE; Pfeffer et al., 2018) through Chapter [5] In this section we develop the de-
tail about both simulations, starting with EAGLE in Section @ and following with
E-MOSAICS in Section @ Lastly, we will describe in Section @ how we iden-
tify a halo and a galaxy from the collection of particles that composes the simulations,

as well as sampling criteria for the following studies.

2.3.1 The EAGLE model

EAGLE (Schaye et al., 2015} (Crain et al., [2015) is a suite of hydrodynamical simula-
tions of the formation, assembly and evolution of galaxies in the ACDM cosmogony,
whose data have been publicly released (McAlpine et al., [2016). The EAGLE simu-
lations are particularly attractive for our purposes, because the model was explicitly
calibrated to reproduce the stellar masses and sizes of the present-day galaxy popu-
lation. Comparison with multi-epoch observations highlights that the stellar masses
(Furlong et al.,|2015), sizes (Furlong et al., 2017), metallicities (De Rossi et al., 2017)
and angular momenta (e.g. Swinbank et al.,[2017)) of EAGLE’s galaxy population also

evolve in a realistic fashion.

The EAGLE simulations adopt cosmological parameters from Planck Collaboration
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(2014), namely €2y = 0.307, 2, = 0.04825, 2, = 0.693, 0g = 0.8288, ny = 0.9611,
h = 0.6777,Y = 0.248. They were evolved using a version of the N-body TreePM
smoothed particle hydrodynamics (SPH) code GADGET3, last described by Springel
(2005). This version incorporates modifications to the hydrodynamics algorithm and
the time-stepping criteria, and includes a series of subgrid routines that govern, in a
phenomenological fashion, physical processes that act on scales below the resolution

limit of the simulations.

At ‘standard resolution’, the EAGLE simulations have particle masses corresponding
to a volume of side L = 100 comoving Mpc (hereafter cMpc) realized with 2 x 1504%
particles (an equal number of baryonic and dark matter particles), such that the initial
gas particle mass is m, = 1.81 x 10° M, and the mass of dark matter particles is
Mam = 9.70 x 10 Mg. The Plummer-equivalent gravitational softening length is
fixed in comoving units to 1/25 of the mean interparticle separation (2.66 comoving
kpc, hereafter ckpc) until z = 2.8, and in proper units (0.70 proper kpc, hereafter pkpc)
thereafter. The standard-resolution simulations marginally resolve the Jeans scales at
the density threshold for star formation in the warm and diffuse photoionised ISM.
Higher-resolution EAGLE simulations adopt particle masses and softening lengths that

are smaller by factors of 8 and 2, respectively.

The updates to the hydrodynamics algorithm, relative to traditional SPH implemen-
tations and which are detailed extensively in Appendix A of Schaye et al.| (2015),
comprise the pressure-entropy formulation of SPH of Hopkins (2013), the (Cullen and
Dehnen|(2010) artificial viscosity switch, an artificial conduction switch similar to that
proposed by |Price| (2008), the use of the Wendland| (1995) C? smoothing kernel, and
the Durier and Dalla Vecchial (2012)) time-step limiter. The influence of these develop-
ments on the galaxy population realised by the simulations is explored in the study of

Schaller et al.[|(2015b)).

Gas particles denser than a metallicity-dependent density threshold for star formation
(Schayel 2004) become eligible for conversion into stellar particles. The probability
of stochastic conversion is dependent on the gas particle’s pressure (Schaye and Dalla

Vecchia, 2008). Supermassive black holes (BHs) are seeded in haloes identified by



2.3. Simulations 31

a friends-of-friends (FoF) algorithm run periodically during the simulation, and they
grow by gas accretion and mergers with other BHs (Springel et al., 2005} |Booth and
Schayel [2009; |Schaye et al., [2015). The gas accretion rate onto BHs is influenced by
the angular momentum of gas close to the BH (see Rosas-Guevara et al., 2015) and

cannot exceed the Eddington limit.

Feedback associated with the evolution of massive stars (‘stellar feedback’) and the
growth of BHs (‘AGN feedback’) is also implemented stochastically, using the particle
heating scheme of Dalla Vecchia and Schaye| (2012). This heating creates pressure
gradients that drive outflows without the need to specify an initial wind mass load-
ing or velocity, or to temporarily disable radiative cooling or hydrodynamic forces.
The efficiency of stellar feedback is a function of the local density and metallicity of
each newly-formed stellar particle. This dependence accounts, respectively, for resid-
ual spurious resolution-dependent radiative losses, and increased (physical) thermal
losses in metal-rich gas. The dependence of the feedback efficiency on these prop-
erties was calibrated to ensure that the simulations reproduce the present-day galaxy
stellar mass function, and produce disc galaxies with realistic sizes (Crain et al.,[2015)).
The efficiency of AGN feedback was calibrated such that the simulations reproduce the
relationship between the stellar masses of galaxies and the masses of their central BHs,

at the present day.

The mass of stellar particles is ~ 10° M, so each can be modelled as a simple stel-
lar population (SSP). We assume an initial mass function (IMF) of stars of the form
proposed by (Chabrier| (2003), with masses 0.1 — 100 M. The return of mass and nu-
cleosynthesised metals from stars to the interstellar medium (ISM) is implemented as
per [Wiersma et al. (2009b)); this scheme follows the abundances of the 11 elements
most important for radiative cooling and photoheating (H, He, C, N, O, Ne, Mg, Si, S,
Ca and Fe), using nucleosynthetic yields for massive stars, Type Ia SNe, Type II SNe
and the AGB phase from Portinari et al.| (1998) and Marigo| (2001). The metallicity-
dependent lifetimes of stars are taken from |Portinari et al.| (1998)), whilst the ‘lifetimes’
of Type Ia SNe are described by an empirically-motivated exponential delay time dis-

tribution (Wiersma et al., [2009a). At each timestep, the mass and metals released
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from evolving stellar populations are transferred from stellar particles to neighboring
gas particles according to the SPH kernel, weighted by the initial, rather than current,
mass of the particle (see Section 4.4 of |Schaye et al., 2015). Following the implemen-
tation of Wiersma et al. (2009a), kernel-smoothed abundances are used to compute,
element-by-element, the rates of radiative cooling and heating of gas in the presence
of the cosmic microwave background and the metagalactic UV background due to the
galaxies and quasars, as modelled by |Haardt and Madau| (2001). For the purposes of
this calculation, the gas is assumed to be optically thin and in ionisation equilibrium.

Stellar particles inherit the elemental abundances of their parent gas particle.

The simulations lack the resolution to model the cold, dense phase of the ISM ex-
plicitly. They thus impose a temperature floor, T,.s(p), which prevents the spurious
fragmentation of star-forming gas. The floor takes the form of an equation of state
P,os o< p*/3 normalised so T,.s = 8000K at nyy = 0.1cm™>. The temperature of star-
forming gas therefore reflects the effective pressure of the ISM, rather than its actual
temperature. Since the Jeans length of gas on the temperature floor is ~ 1 pkpc, a
drawback of its use is that it suppresses the formation of gaseous discs with vertical
scale heights much shorter than this scale. However, as recently shown by Benitez-
[lambay et al. (2018), the primary cause of the thickening of non-self-gravitating discs
in EAGLE is likely to be turbulent pressure support stemming from the gas accretion
and energy injection from feedback, and the influence of the latter is likely to be arti-

ficially high. We comment further on the implications of this thickening for our study

in Section3.3.11

2.3.2 The E-MOSAICS simulations

The E-MOSAICS project (Ptfeffer et al.l 2018; Kruijssen et al., 2019) is a suite of
cosmological hydrodynamic simulations that also take account of the formation and
evolution of stellar clusters. It achieves it by incorporating the semi-analytic model
MOSAICS (MOdelling Star cluster population Assembly In Cosmological Simula-

tions; Kruijssen et al.,|2011) within the framework of the EAGLE model (described in
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Section[2.3.1)).

The implementation of the formation and evolution of stellar clusters is fully detailed
in Pteffer et al.|(2018]) introductory paper, but we present here a summarized overview.
The formation is implemented so that stellar clusters are generated in a sub-grid fashion
at each star formation event. Because many globular clusters are inferred to be very old
(> 6 Gyr), observations of their formation are difficult to access, inhibiting the con-
struction of authoritative formation models. Nonetheless, such models are developed
in practice by assuming that the conditions in which they formed is analogous to those
of the formation of young massive clusters (YMCs) seen in local galaxies, for which

observations are accessible. The E-MOSAICS model also adopts this assumption.

Each time a gas particle is converted into a star particle as part of the star formation
treatment of the EAGLE model, a fraction of its mass is assumed to be in clustered
form. That fraction depends on the pressure of the parent star-forming gas particle,
following a semi-analytic model calibrated on observations of the formation of YMCs
in the Local Universe. Additionally, this treatment implements this mass “clustered
fraction” as a population of globular clusters associated to the final stellar particle: the
globular cluster masses are randomly drawn so that, in the limit of infinite sampling,
they reproduce a Schechter| (1976) initial mass function (with a slope of —2) for which
a cut-off mass scale is considered, as a function of the pressure and gas dynamics from

the parent gas particle.

Thereafter, those clusters lose mass via the usual stellar evolution treatment imple-
mented within the EAGLE subgrid models, following the model of Wiersma et al.
(2009b)) using the stellar lifetimes from Portinari et al. (1998)), as well as via 2 dynam-
ical mass loss mechanisms that simulates the loss induced by local gravitational tides,
the strength of which we calculate at each timestep. Both treatments depend on the lo-
cal tidal field tensor and are implemented in such way that the lost mass is numerically
removed from the clusters to be added to the field star fraction in each stellar particles.
One of these dynamical mass loss treatments simulates the gradual cluster evaporation
due to two-body relaxation in the local tidal field, which rate depends on the cluster

mass and the local tidal field strength evaluated from the largest eigenvalue of the local
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tidal field tensor. The second treatment emulates the cluster disruption due to shock
heating, which rate depends on the cluster radius, the time since the previous shock
and the tidal heating parameter evaluated from the integration of the tidal field tensor

over the shock period.

The simulations are composed of the suite of 25 “zoomed-resimulations” mentioned in
Pfeffer et al. (2018) referred as ‘Halo_0XX’ (XX identifying with a number from 0 to
24), as well as an additional simulation with full size volume of box length L = 34 Mpc
with identical resolution (10343 particles): we refer to the latter as Recal-L34N1024.
All simulations adopt the Planck Collaboration et al.| (2014) cosmological parame-
ters, namely 0y = 0.307, €, = 0.04825, 2, = 0.693, 05 = 0.8288, ny = 0.9611,
h = 0.6777, Y = 0.248. Resolutions are identical to that of the parent simula-
tion of the Halo_0XX zooms (Recal-L025N0752 as named by Schaye et al., 2015),
with gas particles being initiated at m, = 2.25 x 10° M, and dark matter particles at

Mam = 1.2 x 106 M.

2.3.3 Identifying and characterizing galaxies

We consider galaxies as the stellar component of gravitationally self-bound structures.
The latter are identified using the SUBFIND algorithm (Springel et al., 2001} Dolag
et al., 2009), applied to haloes identified using the friends-of-friends algorithm (FoF).
The substructure, or ‘subhalo’, hosting the particle with the lowest gravitational po-
tential in each halo is defined as the ‘central’ subhalo, with all others considered as
satellite subhaloes, which may host satellite galaxies. The coordinate of this particle
defines the centre of the galaxy, about which is computed the spherical overdensity
mass, My, for the adopted enclosed density contrast of 200 times the critical density.
When aggregating the stellar properties of galaxies, we consider all stellar particles re-
siding within a 3D spherical aperture of radius 30 pkpc centered on the galaxy’s poten-
tial minimum; as shown by [Schaye et al.| (2015)), this yields stellar masses comparable

to those recovered within a projected circular aperture of the Petrosian radius.

We use the same sample of galaxies taken from the EAGLE volume Ref-L100N1504
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through Chapters [3| and 4| in the study of their morpho-kinematic properties. To sup-
press environmental influences on the morphology and kinematics of galaxies, we fo-
cus exclusively on central galaxies. Since the characterisation of these properties also
requires particularly good particle sampling, we require that galaxies have a present-
day stellar mass M, > 10%° M, which corresponds to a minimum of ~ 1700 stellar
particles. We further exclude from consideration galaxies with a resolved satellite
subhalo (i.e. comprised of 20 or more particles of any type) whose mass is at least 1
percent of the central galaxy’s total mass, and whose potential minimum resides within
the 30 pkpc aperture. These selection criteria are satisfied by 4155 present-day central

galaxies in Ref-L100N1504 which make our main sample through Chapters [3]and [4]

Through Chapter[5] we will be using instead galaxies from our suite of E-MOSAICS
simulations, namely the full box Recal-L34N1024 and all 25 zooms Halo_000 to
Halo_024. More details wil be given about specificities relative to particle popula-
tions representing globular clusters in Section[5.2.1] as well as that of the sample used

in that Chapter.

2.4 Summary

We have presented throughout this Chapter the framework of study of this thesis by
establishing the basics of computational cosmology and how to construct a simula-
tion, and then describing those used in this work. We saw in Section [2.2] that modern
cosmological simulations are mostly composed of 3 components: a gravitation solver,
a gas dynamics solver and a set of subgrid physics routines. We described through
Section the TreePM scheme and explained the optimization reasoning behind its
development. We followed with a presentation of the SPH implementation as one of
the two main approaches for solving hydrodynamics in Section [2.2.2]as well as its lat-
est improvements. We completed this structure by making a brief introductions to the
variety of subgrid physics and their calibration in Section [2.2.3] Then, we presented in
Section [2.3] the models of EAGLE and E-MOSAICS, the 2 simulation projects which
are used in this thesis, respectively in Sections [2.3.1] and [2.3.2] We finally described
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our definition of a galaxy with respect to those simulations in Section with the

criteria on which we define the samples in the following Chapters [3] [ and [5]



Chapter 3

Morphologies, kinematics and galaxy

colours

3.1 Introduction

The morphology and internal kinematics of galaxies are fundamental characteristics,
both of which have an established tradition as a means to classify the galaxy population
and infer aspects of its evolution over cosmic time. The two properties are closely re-
lated, with flattened, disky galaxies primarily supported by rotation, whilst spheroidal
or elliptical galaxies exhibit greater dispersion support (for recent observational find-
ings see \van de Sande et al., 2017, [2018bj; Graham et al., 2018]). Moreover, it is well
established that both quantities correlate broadly with other properties, for example
mass (e.g. Dressler, [1980; Baldry et al., 2006} Kelvin et al., 2014)), colour (e.g. Blan-
ton et al., 2003; [Driver et al., [2006) and star formation rate (Kennicutt, |1983; [Kauff-
mann et al., [1993), indicating that they encode information relating to the formation
history of galaxies. In particular, the recognition that the specific angular momentum
of stars is markedly higher in late-type galaxies than in early-type counterparts (Fall
and Frenkl, 1983 Romanowsky and Fall, 2012} Fall and Romanowskyl, 2018)) led to
the development of analytic galaxy evolution models in which the latter more readily

dissipate their angular momentum throughout their assembly (e.g.|Fall and Efstathiou,

37
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1980; Mo et al., [1998), for example as a consequence of a more intense merger history.

As mentioned in Chapter 2] several families of cosmological simulations of galaxy for-
mation have recently emerged that reproduce key characteristics and scaling relations
exhibited by the observed galaxy population (see e.g. Vogelsberger et al.,[2014;|Schaye
et al., 2015} Kaviraj et al., 2017; Pillepich et al., [2018)). Such simulations evolve the
dark matter and baryonic components self-consistently from cosmologically-motivated
initial conditions, and the morphological and kinematical properties of galaxies emerge
in response to this assembly. Crucially, the current generation of state-of-the-art cos-
mological simulations do not suffer from ‘catastrophic overcooling’ (Katz and Gunn,
1991} Navarro and Steinmetz, 1997} Crain et al.,|2009), a failure to adequately regulate
the inflow of gas onto galaxies, which results in the formation of a galaxy population
that is generally too old, too massive, too compact, and too dispersion-supported. This
success 1is in part due to improvements in the numerical treatment of hydrodynamical
processes, but more importantly is due to the implementation of feedback treatments
that effectively regulate and quench star formation (e.g. Okamoto et al., 2005; Scan-
napieco et al., 2008; Governato et al., 2009; Dalla Vecchia and Schaye, [2012; |Scanna-
pieco et al., 2012; |Crain et al.| [2015) and preferentially eject low angular momentum
gas from the interstellar medium (e.g. Sommer-Larsen and Limousin, |2010; Brook

et al., 2011;|Agertz et al., 201 1]).

Numerical simulations of large cosmic volumes therefore afford the opportunity to
examine the relationship between the morphological and kinematical properties of a
well-sampled population of galaxies, the origin of scatter about such a relationship,
and the connection between these properties and other observables such as mass, star
formation rate and photometric colour. The markedly improved realism of the current
generation of state-of-the-art simulations engenders greater confidence in conclusions

drawn from their analysis.

In this Chapter, we examine the morphology and internal kinematic diversity of galax-
ies formed in the EAGLE simulations (Schaye et al., 2015; Crain et al., 20135)), and their
connection with photometric colour. This Chapter also prepares the next in which we

will compare of the kinematic properties of EAGLE galaxies with quantitative mor-
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phological diagnostics. We have added the morphological and kinematical diagnos-
tics computed for this study to the public EAGLE database, enabling their use by the
wider community. This work complements several related studies of the morphologi-
cal and/or kinematical properties of EAGLE simulations, such as|Correa et al. (2017),
who show that the kinematic properties of EAGLE galaxies can be used as a quali-
tative proxy for their visual morphology and that this morphology correlates closely
with a galaxy’s location in the colour-stellar mass diagram; Lagos et al.| (2018)), who
investigated the role of mass, environment and mergers in the formation of ‘slow rota-
tors’; Clauwens et al.|(2018)), who identified three phases of morphological evolution
in galaxies, primarily as a function of their stellar mass; and Trayford et al.| (2019),

who explored the emergence of the Hubble ‘tuning fork” sequence.

This Chapter is structured as follows. In Section [3.2] we introduce the relevant nomen-
clature and provide a brief analytical derivation of the relationship between morphol-
ogy, kinematics and the anisotropy of the velocity dispersion from the tensor virial
theorem. We then discuss our techniques for characterising the morphology and in-
ternal kinematics of simulated galaxies. We first cover our morphological descriptors
in Section by showing a detailed description of their computation in Section |3.3.1
before showing their diversity in EAGLE in Section [3.3.2] In Section 3.4 we cover
our kinematics descriptors, presenting in Section [3.4.1]5 commonly used schemes in
simulations, and looking at how they compare to each other in Section We fi-
nally examine in Section [3.5]the relationship of these quantities with the location of the

galaxies in the colour-stellar mass diagram. We summarise and discuss our findings in

Section

3.2 Galactic dynamics modelling

Because the stellar content of a galaxy can be looked at as a collection of individ-
ual particles, it is usual to think of it in thermodynamics terms, making the analogy
between the stars constituting a galaxy and the molecules constituting a fluid. It is

particularly common to employ thermal language when talking about stellar motion:
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in this sense, a region in which stars have gained dispersive motion will be depicted
as having “heated up”. From there, modelling its statistical behaviour can be achieved
using the collisionless Boltzman equation framework: we define a probability density
function f(7, ¥, t) over the 6D phase-space of all possible positions 7 and velocities ¢
of the stars at the instant ¢, and using the continuity of the flow in phase-space we can

find that it satisfies the following equation:

0 — 0

—f+ﬁ.Vf—ﬁ-—f:o (3.1)
ot ov

where ®(7, t) represents the gravitational potential. From this equation can then be de-

rived the tensor formulation of the virial theorem, also known as tensor virial theorem,

which takes the following form in a steady state:

2K, + Wy =0, (3.2)

where K;; and WW;; represent the kinetic and potential energy tensors. Binney| (1978])
and Binney and Tremaine| (1987)) show that the tensor virial theorem provides an an-
alytical framework with which one can relate the morphology of oblate spheroids to
their internal dynamics. Starting from Equation the kinetic energy K;; can be split

into components denoting the streaming motion, 7;;, and the random motion 11;;:

YR

1

51Lij- (3.3)

For an oblate system rotating about its short axis, we can use the notation (v, 09, 0),

to be described fully in Section 0y yielding:

/2 0 0 10 0
1
Ty= oM | 0 1/2 0|30y =Mogfo 1 0 (3.4)
0 0 0 00 1-9¢



3.2. Galactic dynamics modelling 41

where v, represents the rotational velocity that is characteristic to the kinetic energy
invested in ordered rotation, o represents the line-of-sight velocity dispersion along
the (x,y) plane perpendicular to the rotation z-axis that is characteristic to the kinetic
energy component invested in random motion along that direction, and § represents
the dispersion anisotropy parameter that quantifies the anisotropy between the latter
velocity dispersion and that along the rotation axis (§ = 1 — 2 /02 which also equals
the anisotropy between the associated kinetic energies invested in random motion 1 —

I1,./11,,). These terms can be related to Cartesian components of the potential energy:

l]\4,\,’11130 + ]\4'*0'2 = _Wmm 2 W,
2 ° = Do 9(1 — §) =2 (3.5)
M, (1= 6802 =—W,, % >

where W, /W, is related to the flattening parameter, ¢ = 1 — ¢/a. For convenience
let us define the sphericity shape parameter s = 1 — € and the term e, such that s =
v/ 1 — €2, From Binney and Tremaine (1987, see also Roberts|1962; Binney|1978), we

have for an oblate body that:

Wea) 9 C Aa? .
<sz) = =27 GES (C’c?)’ (S being a constant)

(

o | A= ey
_ oV1—e? 1 rcsin
\ C=2 o2 (\/1_62 _acz e)
. (3.6)
thus A= e <avrf10_0i:; a 8)
_ s 1 arccos s
| =2 (1)
Wae 872 arccoss — sy/1 — s?
W.. 2 s5714/1 — s2 — arccos s

The dashed tracks overlaid on the left-hand panel of Fig. [3.1] show the relationship
between v,44/09 and € for 6 = {0,0.1,0.2,0.3,0.4,0.5,0.6}, derived using eq. (3.3)

and (3.6).

This theoretical framework serves as a backbone for the definition and analysis of our
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Figure 3.1: Curves representing the analytical relation between vyt /0 and € derived from the
tensor virial theorem (eq. for different value of the dispersion anisotropy § = 0.0 — 0.6 in
increments of 0.1.

morphological and kinematics descriptors.

3.3 Measuring shapes in simulations

Numerous techniques have been developed for quantifying morphologies in obser-
vations: notably among them are the Sersic index (Sérsicl 1963} 1968}, (Graham and
Driver, 2005)), the Bulge-to-Total light ratio (Schade et al., |1995] [1996; Ratnatunga
et al., 1999; Simard et al., 2002), the Gini coefficient (Abraham et al., [2003, using the
statistical framework of Gini|1912), or M20, the 2™ order moment of the brightest 20%
of the galaxy’s flux (Lotz et al., 2004). Contrarily to observations however, parameters
used in simulations can utilize the full potential of the 3D information that is available,
allowing deeper insights when studying morphological properties. Also, we are inter-
ested in a technique to estimate the flattening parameter ¢ = 1 — ¢/a that allows the

discrimination of oblate or prolate systems, as developed in our theoretical framework
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from Section Therefore, we decided to adopt morphological descriptions based
on the quadrupole moments of the mass distribution, in which we estimate the 3 axes
lengths of a characteristic ellipsoidal profile representing the mass distribution. We
explain in detail the approach we use in Section before presenting the diversity

of EAGLE galaxies within the 2-parameter framework of such approach.

3.3.1 Quadrupole moments of the mass distribution

As discussed in Section [2.3.1{and demonstrated by [Irayford et al. (2017)), disc galax-
ies in the EAGLE simulations are more vertically-extended than their counterparts in
nature. We therefore opt against performing a detailed structural decomposition to
characterise the galaxies’ morphologies, such as might be achieved by applying auto-
mated multi-component profiling algorithms (see e.g. Simard, 1998; Peng et al., 2002}
Robotham et al., 2017) to mock images of the galaxies. Instead, we obtain a quantita-
tive description of the galaxies’ structures by modelling the spatial distribution of their
stars with an ellipsoid, characterised by the flattening (¢) and triaxiality (1) parameters.

These are defined as:

e=1-S andT7=2"" 3.7)
a —_—

where a, b, and ¢ are the moduli of the major, intermediate and minor axes, respectively.
For spherical haloes, ¢ = 0 and 7' is undefined, whilst low and high values of T’
correspond to oblate and prolate ellipsoids, respectively. Clearly, these diagnostics are
poor descriptors of systems that deviate strongly from axisymmetry but, as noted by
Trayford et al.| (2019)), such galaxies are rare within the observed present-day galaxy
population. The axis lengths are defined by the square root of the eigenvalues, \; (for
v = 0,1, 2), of a matrix that describes the galaxy’s 3-dimensional mass distribution.

The simplest choice is the tensor of the quadrupole moments of the mass distributiorﬂ

I As noted elsewhere, the mass distribution tensor is often referred to as the moment of inertia tensor,
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(see e.g. Davis et al., |1985; Cole and Lacey, |1996; Bett, 2012}, defined as:

Mij _ Zpgpjzirp,j 7 (3.8)
p '

where the sums run over all particles comprising the structure, i.e. with r, < 30 pkpc,
rp,i denotes the component 7 (with ¢, j = 0, 1, 2) of the coordinate vector of particle p,
and m,, is the particle’s mass. However, we opt to use an iterative form of the reduced
inertia tensor (see e.g. Dubinski and Carlberg, 1991; Bett, | 2012;|Schneider et al., 2012).
The use of an iterative scheme is advantageous in cases where the morphology of the
object can deviate significantly from that of the initial particle selection, as is the case
here for flattened galaxies. The reduced form of the tensor mitigates the influence of

structural features in the outskirts of galaxies by down-weighting the contribution of

particles farther from their centre, i.e. with larger ellipsoidal radius, 7, (eq. [3.10):

2 Mp g e
p 72 Pilpy

>

P

M, = (3.9)
In the first iteration, all stellar particles comprising the galaxy (those within a spherical
aperture of r = 30 pkpc) are considered, yielding an initial estimate of the axis lengths
(a, b, c). Stellar particles enclosed by the ellipsoid of equal volume described by the

axis ratios:

) ) 7,2b TQC a2 2/3 )
S =1, + (b/p&)2 + (C/”C’L)Q < <E) (30 pkpc)?, (3.10)

are then identified, where the quantities 7, ,, r,5 and 7, . are the distances projected
along the directions defined by the eigenvectors calculated in the previous iteration,
and the axis lengths are recomputed from this set. This process continues until the
fractional change of both of the ratios ¢/a and b/a converges to < 1 percent. Such con-
vergence is generally achieved within 8-10 iterations, and the resulting median lengths

of the aperture’s major axis for galaxies of € ~ (0.2, 0.5, 0.8) are a = (34, 39, 50) pkpc

since the two share common eigenvectors.
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(stellar component only).

3.3.2 Diversity of ellipsoidal shapes

Fig. [3.2] shows with contours the 2-dimensional probability distribution of our sample
of central galaxies at z = 0 (see Section [2.3.3|for the description of our sample) in the
space defined by the triaxiality, 7, and flattening, €, shape parameters (see equation
[3.7). The galaxies are assigned to a grid with 20 cells in each dimension, and contours
are drawn for levels corresponding to the 50", 84" and 99" percentiles of the distri-
bution. The galaxies were then rebinned to a coarse grid of 8 x 6 cells, and a galaxy
within each cell was selected at random. Face-on and edge-on images of these galax-
ies, created using the techniques described by Trayford et al. (2015), were extracted
from the EAGLE public databaseE] (McAlpine et al., 2016) and are shown in the back-
ground of the plot to provide a visual impression of the morphology corresponding to

particular values of the shape parameters (¢, 7).

Oblate systems (7' ~ 0) are found towards the left-hand side of the figure, and prolate
(T ~ 1) to the righﬂ while highly-flattened discs are found towards the top of the
figure and vertically-extended galaxies at the bottom. The contours indicate that the
region of the (e, T") plane most populated by the galaxies satisfying our initial selection
criteria is that of flattened, oblate ellipsoids. The sample spans the full range of both
parameters, with high-7T" galaxies tending to be less flattened and hence significantly
prolate. The median values of € and 7" are 0.46 and 0.19, respectively. The plane fea-
tures two ‘zones of avoidance’, firstly at (high-¢, high-7") which requires that the entire
galaxy assume a bar-like configuration, and secondly at the very lowest flattening val-
ues (e < 0.1), which require that galaxies are almost perfectly spherical. The artificial
thickness caused by the lack of resolution in modelling the cold and dense phase of the
ISM as discussed in Section [2.3.1]results in the distribution being compressed against

too high ellipticities.

Zhttp://galaxy-catalogue.dur.ac.uk
3Ellipsoids with 7" ~ 0.5 are purely triaxial.
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Figure 3.2: Two-dimensional histogram of the sample of 4155 central galaxies in the param-
eter space defined by the triaxiality, 7', and flattening, €, shape parameters (see eq. [3.7). The
parameter space is sampled with cells of AT = 0.05 and Ae = 0.04, and the overlaid con-
tours correspond to the 50", 84" and 99th percentiles of the distribution. The background is
comprised of pairs of face-on and edge-on images of randomly-selected galaxies, 60 pkpc on
a side, drawn from the corresponding region of the parameter space to provide a visual impres-
sion of the morphology defined by the corresponding shape parameters. The most common
configuration is a flattened, oblate ellipsoid, but galaxies span the majority of the available
parameter space.
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The oblate galaxies exhibit axisymmetry about the minor axis, while prolate systems
are characterised by an intermediate axis that is significantly shorter than their major
axis, and thus resemble cigars. We note that the face-on and edge-on orientations of
the galaxy images were defined relative to the axis of rotation, rather than the struc-
tural minor axis; the two axes tend to be near-parallel in relaxed oblate systems but
are often mis-aligned in prolate systems, the majority of which rotate about the major
rather than minor axis (consistent with the observational findings of [Krajnovic et al.,
2018). As such, the images of prolate systems can appear poorly aligned. The im-
ages of several prolate systems also show evidence of tidal disturbance and/or merger
remnants, suggesting that prolate structure may be induced by interactions with neigh-

boring galaxies.

Inspection of Fig. [3.2]also highlights a qualitative trend: star-forming galaxies, which
are identifiable via blue, and typically extended, components in the images, are found
preferentially in the (high-¢, low-1") regime, characteristic of discs. Conversely, red
quiescent galaxies are preferentially located the low-e regime. However, we note that
the images of galaxies in the prolate regime exhibit blue, often asymmetric, structures,
indicating that the interactions with neighbouring galaxies that induce prolate structure
also induce star formation. [Trayford et al.| (2016) show that such interactions can
enable red galaxies to temporarily “rejuvenate”, and move from the red sequence back
to the blue cloud (see also e.g. Robertson et al.,|2006). In Section we explore the

consequences of this complexity in the (¢, T') plane in more detail.

3.4 Measuring dynamics in simulations

While morphological measurements of real galaxies can be achieved with a straight-
forward photometric approach, kinematics measurements require spectroscopic tech-
niques for obtaining velocities via the Doppler shift. Also, while for the former mea-
surements, CCD cameras alone could provide the necessary data, detailed kinematic
measurements need more sophisticated technologies such as the recent Integral Field

Unit (IFU) designs. These effectively combine independent spectrometers onto a ma-
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trix of receptors, and can be used to create high-resolution velocity maps of galaxies.
Recent years have seen the advent of panoramic surveys using IFUs, including the
surveys SAURON (de Zeeuw et al., 2002), ATLAS3P (Cappellari et al., 2011), SAMI
(Croom et al., [2012), CALIFA (Sanchez et al., [2012), KROSS (Stott et al., 2016),
MASSIVE (Ma et al., 2014), MaNGA (Bundy et al., 2015) and KMOS3P (Wisnioski
et al., 2015). These surveys approach the stellar medium in a similar modelling method
to our theoretical framework from Section [3.2] by mapping streaming and random mo-
tions separately (respectively with the Doppler shift peaks and widths). Our intention
is thus to use a descriptor adopting the same approach to conform with our theoreti-
cal framework, however many methods in use in the simulation communities must be
considered. We review in detail each of those methods in Section [3.4.1] and present a

comparative analysis in Section[3.4.2]

3.4.1 Characterising galaxy kinematics

Several diagnostic quantities are frequently used to characterise the kinematic prop-
erties of simulated galaxies. We briefly describe five of the most commonly-adopted
diagnostics below, and assess the consistency between them in Section [3.4.2] In all
cases, coordinates are computed in the frame centered on the galaxy’s potential min-
imum, and velocities relative to the mean velocity of star particles within 30 pkpc of
this centre. Unlike the calculation of the shape parameters, for which we consider par-
ticles within an iteratively-defined ellipsoidal aperture, the particle-based kinematic
diagnostics described here are computed using stellar particles within a spherical aper-

ture of r = 30 pkpc, for consistency with the existing literature.

Fraction of counter-rotating stars: The mass fraction of stars that are rotationally-
supported (which can be considered the ‘disc’ mass fraction) is a simple and intuitive
kinematic diagnostic. A popular means of estimating the disc fraction is to assume
that the bulge component has no net angular momentum, and hence its mass can be

estimated as twice the mass of stars that are counter-rotating with respect to the galaxy
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(e.g. Crain et al., 2010; McCarthy et al., 2012; Clauwens et al., 2018). We therefore
consider the disc-to-total mass fraction, D /T, to be the remainder when the bulge-to-

total mass fraction, B /7T is subtracted:

D B 1
—=1-==1-2— i 3.11
T T AP G-I
1,L,,;<0
with M, being the total stellar mass within 30 pkpc, and where the sum is over all
counter-rotating (L,; < 0) stellar particles within 30 pkpc, m; is the mass of each
stellar particle and L, ; is the component of its angular momentum projected along the

rotation axis, where the latter is the unit vector parallel to the total angular momentum

vector of all stellar particles with r < 30 pkpc.

Rotational kinetic energy: the parameter k., specifies the fraction of a particle’s total

kinetic energy, K, that is invested in co-rotation K, ;gt (Correa et al., 2017):

rot 2
Koo = K— K Z < ) (3.12)

1,L, ;>0

where the sum is over all co-rotating (L, ; > 0) stellar particles within 30 pkpc, and R;
is the 2-dimensional radius in the plane normal to the rotation axis. The total kinetic
energy in the centre of mass frame is KX = Z mlv again summing over all stellar

particles within 30 pkpc.

Correa et al.| (2017) used this diagnostic to characterise the kinematics of EAGLE
galaxies, and found that dividing the population about a threshold in x., provides a
means of separating the ‘blue cloud’ (k., > 0.4) of disky star-forming galaxies from
the ‘red sequence’ (K., < 0.4) of spheroidal passive galaxies in the galaxy colour -
stellar mass diagram. As those authors discussed, eq. differs slightly from the
usual definition of x (Sales et al., 2010), insofar that only corotating particles con-
tribute to the numerator. This results in a better measure of the contribution of rotation
to the kinematics of the galaxy, since the majority of counter-rotating particles are

found within the bulge component.
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Spin parameter: we use the measurements of the mass-weighted stellar spin parameter,
A, computed for EAGLE galaxies in a similar manner to the calculation of luminosity-
weighted stellar spin parameters presented by |Lagos et al. (2018). We create datacubes
similar to those recovered by integral field spectroscopy, by projecting stellar particles
onto a 2-dimensional grid to create a stellar mass-weighted velocity distribution for
each pixel. We fit a Gaussian function to this distribution, defining the rotation velocity
as that at which the Gaussian peaks, and the velocity dispersion as the square root of

the variance, and arrive at the spin via:

N V1T
*
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where m; is the total stellar mass of the pixel 7, v; is its line-of-sight velocity, o; is its

(3.13)

(1-dimensional) line-of-sight velocity dispersion, and r; is the pixel’s 2-dimensional
galactocentric radius. The sum runs over pixels enclosed within the 2-dimensional
projected stellar half-mass radius, 7, ; /2. We compute spin measurements from maps
in which the galaxies are oriented edge-on with respect to the spin vector. We note that
this observationally-motivated definition of the spin parameter differs from the classi-

cal definition (see e.g. Bullock et al., 2001)).

Orbital circularity: the parametelﬂg (see e.g. /Abadi et al., 2003}, Zavala et al., 2016)
specifies the circularity of a particle’s orbit by comparing its angular momentum to the

value it would have if on a circular orbit with the same binding energy:

]Z,i

§i=—"r~
]circ(Ei)

(3.14)

where 7, ; 1s the particle specific angular momentum projected along the rotation axis,
and je.(E;) is the specific angular momentum corresponding to a circular orbit with

the same binding energy F;. We estimate the latter as the maximum value of j, for all

“We use the symbol ¢ to denote the orbital circularity rather than the more commonly adopted € to
avoid confusion with the flattening parameter, €, defined in Section @
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stellar particles within 30 pkpc and E < FE;. Positive (negative) values of £ correspond

to co-rotation (counter-rotation).

An advantage of this method is that it can be used to assign particles to bulge and disc
components, thus enabling a kinematically-defined structural decomposition. How-
ever, to enable a simple comparison with other kinematic diagnostics, we assign to
each galaxy the median of the ¢ values, &, exhibited by star particles within 30 pkpc of

the galaxy centre.

Ratio of rotation and dispersion velocities: the ratio of rotation and dispersion veloc-
ities is often used as a kinematical diagnostic since, as noted in the discussion of the
spin parameter, both the rotation velocity and the velocity dispersion can be estimated
from spectroscopic observations of galaxies (van de Sande et al., 2017). We adopt a
cylindrical coordinate frame (r,z,0), with the z-axis parallel to the total angular mo-
mentum of stellar particles within 30 pkpc and the azimuthal angle increasing in the
direction of net rotation, and equate the rotation velocity of each galaxy, v,q, to the
absolute value of the ‘mass-weighted median’ of the tangential velocities, v ;, of its
stellar particles. We compute mass-weighted medians of variables by identifying the
value that equally divides the weights, i.e. we construct the cumulative distribution
of weights from rank-ordered values of the variable in question, and interpolate to the
value that corresponds to the ‘half-weight’ point. Since we weigh by particle masses,

this is equivalently the ‘half-mass value’.

To connect with observational measurements of the dispersion, which necessarily re-
cover an estimate of the line-of-sight velocity dispersion, we seek the velocity disper-
sion in the ‘disc plane’, i.e. the plane normal to the z-axis, which we denote oy. The
latter represents all remaining motion within the disc plane following the subtraction
of the ordered co-rotational component (quantified by its corresponding kinetic en-
ergy %M*vfot), which can in principle comprise coherent streaming with respect to the
centre-of-velocity frame, randomly-oriented elliptical orbits, or circular orbits that are
mis-aligned with the disc, including counter-rotation. This component can be com-

puted from the tensor virial equations: for an axisymmetric system of stellar particles
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in a Cartesian frame and rotating about the z-axis, 27, + I, + W,, = 0, with
Tyw = Ty, and T;; = 0 for ¢ # j, and similarly for both II and W. Here, W is the
potential energy and 7" and II are the contributions to the kinetic energy tensor, /,
from ordered and disordered motion, respectively, such that K;; = T;; + %Hij. Binney
and Tremaine (1987) show that 277, = %M*vfot (assuming rotation about the z-axis is

the only streaming motion) and 1T, = M,0?.

Since we seek the velocity dispersion in the disc plane rather than along the line-
of-sight, we exploit that the disc plane and vertical contributions are separable, i.e.

2T,, + 11, + W,, = 0 also, and use

rot

1
K-K, = §M*v2 + M, o}, (3.15)

which can be rearranged and solved for 0y, as K and K, are the total and vertical

kinetic energies of the system of stellar particles.

The disordered motion, II, can also be separated into its components along the vertical
axis (M*ag) and in the disc plane (M*crg); these are related via the parameter, J, which

describes the anisotropy of the galaxy’s velocity dispersion:

2
§=1— (“—) . (3.16)
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Values of 9 > 0 indicate that the velocity dispersion is primarily contributed by dis-
ordered motion in the disc plane, i.e. that defined by the intermediate and major axes,

rather than disordered motion in the direction of the minor axis.

3.4.2 A brief comparison of kinematical diagnostics

We show in Fig. [3.3] the kinematical properties of EAGLE galaxies, as characterised
by the diagnostics presented in Section From top to bottom, these are: the disc-
to-total stellar mass ratio, D /T’; the kinetic energy in co-rotation, k,; the stellar mass-

weighted spin parameter, \,; and the median orbital circularity, £. These quantities
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Figure 3.3: The relationship between v, /0 and other kinematic diagnostics commonly used
to characterise simulated galaxies, from top to bottom: D /T, k¢o, Ay and E The panels show
the 2-dimensional histogram of the 4155 galaxies in our sample, with the parameter space
sampled by 40 cells in each dimension. Cells sampled by at least 3 galaxies are coloured
to show their contribution to the distribution as a percentage of the total represented sample;
galaxies associated with poorly-sampled cells are drawn individually. Overplotted lines show
the binned median and 1o (16*M-84t") percentile scatter of the dependent variables. The 1-
dimensional distributions in each variable are shown as grey-scale linear histograms, with the
medians of these denoted by overlaid signposts. The four dependent variables each correlate
strongly with vyt/00, having Spearman rank-order coefficients, psp, of 0.98 (D/T), 0.97
(Keo)> 0.90 (A\,) and 0.98 (&).



3.4. Measuring dynamics in simulations 54

are shown as a function of the ratio of rotation and dispersion velocities, v, /0. The
panels show the distribution of the 4155 galaxies of our sample as a 2-dimensional
probability distribution function, with 40 cells in each dimension. Only cells sampled
by at least 3 galaxies are coloured; galaxies associated with poorly-sampled cells are
drawn individually. The overplotted lines show the binned median and 1o (162-84*"
percentile) scatter of the dependent variables. The 1-dimensional distributions in each
variable are shown via the grey-scale linear histograms. The median values of D/T,
Keos Aes € and v, /00, denoted by signposts on the grey-scale histograms, are 0.42,

0.40, 0.34, 0.27 and 0.62, respectively.

Reassuringly, there is a strong positive correlation between each of D /T, ko, A, and &,
plotted as dependent variables, and v, /0g. Since the correlations are not linear for all
values of v, /09, we quantify their strength with the Spearman rank-order coefficient,
psp» the values of which are unsurprisingly high: 0.98 for D /T, 0.97 for k., 0.90
for A,, and 0.98 for E The scatter at fixed v, /09 is greatest for \,, highlighting
the intrinsic uncertainty associated with the recovery of kinematic diagnostics from
surface-brightness-limited observations. In contrast, D /T, k., and &; all scale nearly
linearly with v, /0¢ in the regime v, /0o < 1, and £, in particular exhibits relatively

little scatter at fixed v, /00.

We conclude from this brief examination that the five kinematical diagnostics are
broadly consistent and can in general be used interchangeably. Following the sugges-
tion of |Correa et al. (2017) that division of the EAGLE population about a threshold of
Keo = 0.4 separates the star-forming and passive galaxy populations (which we show
later in Fig. [3.4), we infer that a similar outcome can be achieved by division about a
threshold of v, /0¢ =~ 0.7, which corresponds to D /T ~ 0.45, \, ~ 0.35 or E ~ (0.3.
Hereafter, we use v,4/0 to characterise the internal kinematics of EAGLE galaxies;
the main advantages being that it is derived using the same framework with which we
compute the velocity dispersion anisotropy, J, and that it is analogous to observational

measurements derived from spectroscopy.
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3.5 Correspondence with the colour-stellar mass rela-

tion

We now turn to a quantitative examination of the relationship between the morphology
and kinematics of galaxies, and their location in the colour-stellar mass plane. As
detailed in Section our sample only includes galaxies with stellar masses above
10%5 M. As shown by Schaye et al.| (2015)), galaxies below this threshold tend to be
unreliably quantitatively quiescent due to poor star forming gas resolution. The panels
of Fig. [3.4 show with contours the 2-dimensional histogram of the simulated galaxies
in the (u* — r*) colour - stellar mass plane, where the superscript * denotes intrinsic
colours, i.e. rest-frame and dust-free. In all panels, galaxies are binned onto a grid
with 20 cells in each dimension. As per the images shown in Fig. [3.2] broadband
magnitudes were retrieved from the EAGLE public database, having been computed
with the techniques described by Trayford et al.| (2015)), who showed that the (g — )
colours of the EAGLE galaxy population are consistent with the dust-corrected colours

of observed galaxies.

The dashed line overlaid on each panel corresponds to the definition of the ‘green
valley’ proposed by Schawinski et al| (2014), (u* — r*) = 0.25log;o(M,/My) —
0.495, which separates the blue cloud of star-forming galaxies from the red sequence
of passive galaxies. Trayford et al.|(2015,201°7) show that EAGLE’s galaxy population
naturally divides into these two populations, and we see here that, despite the omission
of satellite galaxies from our sample, which comprise a significant fraction of the low-
mass regime of the present-day red sequence, colour bimodality is still clearly visible

in the contours.

In the upper left-hand panel of Fig. [3.4] well-sampled cells are coloured by the median
value of the flattening parameter, €, of the galaxies within the cell. This plot is therefore
analogous to the colour-stellar mass diagram shown by Correa et al. (2017, their Fig.
3), in which the galaxies are coloured by ~.,. As noted in Section those authors

show that the blue cloud and red sequence can be reasonably well separated by a simple
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Figure 3.4: The (u* —r*) — M, relation at present day, using our sample of 4155 well-sampled
central galaxies. The parameter space is sampled with 20 cells in each dimension, and the
overlaid contours correspond to the 50", 84" and 99th percentiles of the distribution. In the
regime where cells are sampled by fewer than 3 galaxies, galaxies are represented individually
by points. The dot-dashed line corresponds to the definition of the ‘green valley’ advocated by
'Schawinski et al.| (2014)), separating the ‘red sequence’ from the ‘blue cloud’. Cells and points
are coloured by the median flattening, e, of the galaxies in the upper left-hand panel, the me-
dian triaxiality, T, of galaxies in the upper right-hand panel, by the median of the parameter oy,
(see main text) in the lower left-hand panel, and by the median rotation-to-dispersion velocity,
Urot /00, in the lower right-hand panel. The colouring shows that the blue cloud is preferen-
tially comprised of flattened, rotationally-supported galaxies with low triaxiality, whilst red
sequence galaxies tend to be spheroidal or prolate, and exhibit significant dispersion support.
The two populations can be differentiated with similar efficacy using thresholds of oy, ~ 0.5
or vyt /og ~ 0.7.
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threshold in x.,. As might also be inferred from inspection of Fig. we find here that
a simple threshold in € does not enable such a clean separation; whilst the blue cloud
is dominated by flattened galaxies € 2> 0.5, only the low-mass end of the red sequence
is dominated by spheroidal galaxies. Inspection of the upper right-hand panel of Fig.
3.4 in which the cells are coloured by the median value of the triaxiality parameter,
T, shows that the flattened galaxies populating the high-mass end of the red sequence
are prolate (7' ~ 1) rather than disc-dominated systems. An increasing prolate fraction
with increasing stellar mass was also reported by L1 et al.| (2018) based on an analysis
of the morphology of galaxies in the Illustris simulations, and recent observations with
the MUSE integral field spectrograph of massive galaxies corroborate this prediction
(Krajnovi¢ et al., 2018). Conversely, we find that the blue cloud is overwhelmingly
dominated by flattened systems with very low values of the triaxiality parameter, i.e.

disky galaxies.

Since neither € nor 7" alone affords a simple means of separating the blue cloud from
the red sequence, we construct a new morphological diagnostic that combines both
shape parameters, a,, = (€2 + 1 — T')/2. This heuristic approach allows us to access a
new single morphological parameter with a similar range to that of the ellipticity and
triaxiality parameters. While its specific form was not thought from a physical basiﬂ
it may be used for its characterization of the morphological parameter space. Notably,
this diagnostic separates by construction spheres and prolate spheroids, characteristic
of the morphology of early-type galaxies, from the oblate spheroids that characterise
the morphology of late-type galaxies. Cells are coloured by this quantity in the lower
left-hand panel of Fig. [3.4] showing that a simple threshold of ., ~~ 0.5, does a rea-

sonable job of distinguishing galaxies of the blue cloud from those of the red sequence.

In the lower right-hand panel of Fig. cells are coloured by the median v, /0 of
the galaxies in each pixel. Visual inspection shows that the blue cloud is dominated
by rotationally-supported galaxies, whilst the galaxies comprising the red sequence
are generally dispersion supported. As might be expected when considering the cor-

respondence between £, and v, /0 discussed in Section [3.4.2] a simple threshold

Salthough further work could help investigating a potential physical interpretation
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in the latter (e.g. v,0t/00 ~ 0.7) therefore differentiates the blue cloud from the red
sequence with a similar efficacy to the x., = 0.4 threshold advocated by |Correa et al.
(2017). Comparison of the lower two panels of Fig. [3.4] thus shows that the two popu-
lations can be differentiated with similar efficacy using morphological or kinematical
diagnostics, but only using morphology if one is able to measure both the flattening
and triaxiality of the galaxies. In general this is not the case for observational stud-
ies, making the spectroscopically-accessible v, /0o diagnostic a particularly effective
means of differentiation. For analyses of simulations, the x., diagnostic is attractive,
since it requires the calculation of a single quantity that is simple to interpret and which

takes values in the range of [0,1].

3.6 Summary and discussions

After introducing some necessary theoretical elements, we have presented diagnostics
used for characterising the morphology and internal kinematics of the stellar compo-
nent of galaxies in the EAGLE suite of cosmological simulations. We then investigated
their diversity and relation with galaxy colours. Our results can be summarized as fol-

lows:

1. Modelling EAGLE galaxies as ellipsoids described by the flattening (¢) and tri-
axiality (1) parameters (eq. provides a quantitative description of their stel-
lar morphology that is consistent with their qualitative visual appearance. The
sample exhibits a diversity of morphologies, including spheroidal, oblate and
prolate galaxies. The majority of the sample are oblate (7" < 0.3) and flattened
(€ 2 0.4), characteristics of “disky” galaxies (Fig. [3.2).

2. Comparison of five diagnostic quantities frequently used to describe the inter-
nal kinematics of the stellar particles comprising simulated galaxies, namely the
disc-to-total stellar mass fraction, D /T, computed assuming the bulge mass is
equal to twice the mass of counter-rotating stellar particles; the fraction of ki-

netic energy in ordered co-rotation, k.,; the mass-weighted spin parameter, \,;
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the median orbital ellipticity, £;; and the ratio of the rotational and dispersion
velocities, v,0/00, reveals that they are strongly correlated. This indicates that

such descriptors can in general be used interchangeably (Fig. [3.3).

3. The distribution of the shape parameters in the (u*-r*) colour - stellar mass
plane shows that star-forming central galaxies (comprising the blue cloud) are
typically flattened, oblate (rotation-supported) galaxies. The red sequence (of
central galaxies) is comprised primarily of spheroidal galaxies at low masses,
whilst the more massive regime is dominated by flattened, prolate (dispersion-
supported) galaxies. Since both the blue cloud and the red sequence are popu-
lated by flattened galaxies, a threshold in € does not separate the two populations
as effectively as as a kinematic criterion such as the k., = 0.4 threshold advo-
cated by |Correa et al.| (2017) (Fig. 3.4). We show that a diagnostic constructed
from both shape parameters, o = (€2 + 1 — T')/2, designed to separate spheres
and prolate spheroids from oblate spheroids, is able to separate the two popula-
tions with similar efficacy to a kinematic criterion. However we note that 7' is
not readily accessible from observations, making kinematical diagnostics such

as Uyot /00 preferable.

It had long been assumed that morphologies and internal kinematics tend to correlate,
with late-type galaxies being more rotation-supported and early-type galaxies being
more dispersion-supported. However, the relation between these properties and colours
reveals a disconnection: structural and dynamic properties represent differently the red
sequence and blue cloud. Accordingly, the next Chapter focuses on the correlation

between morphologies and internal kinematics.



Chapter 4

Stellar morpho-kinematics and halo

structure

4.1 Introduction

The relatively recent advent of large surveys conducted with wide-field integral field
spectrographs has enabled the compilation of large and diverse samples of galaxies in
the local Universe with well-characterised morphological and kinematical properties
(e.g./de Zeeuw et al., [2002; Cappellari et al., [2011; Croom et al., 2012; Sanchez et al.,
2012; Ma et al., 20144 Bundy et al., 2015). One of the prime outcomes of these endeav-
ours is the demonstration that there is a not a simple mapping between galaxy morphol-
ogy and internal kinematics, particularly within the family of early-type galaxies for
which the kinematics are not generally dominated by rotation (for a recent review see
Cappellari, 2016). Early-type galaxies with similar morphologies are found to exhibit
a diversity of kinematic properties, indicating that kinematic diagnostics may yield a
more fundamental means of classifying galaxies than purely morphological descrip-
tions (e.g. Emsellem et al., 2007; Krajnovic et al., 2013; |Cortese et al., 2016} Graham
et al., | 2018). Similarly, Foster et al. (2017) recently showed that the morphologies
of kinematically-selected galaxies are clearly correlated with the degree of rotational

support, but with a large degree of scatter. As seen in Section [3.2] analytic modelling

60
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of galaxies using the tensor virial theorem indicates that this diversity stems from dif-
fering degrees of anisotropy in the stellar velocity dispersion (e.g. Binney, |1976), but

the origin of the diversity in the inferred anisotropy remains unclear.

In this Chapter, we extend the analysis of Chapter 3 with an examination of the re-
lationship between the morphology and internal kinematics of galaxies formed in the
EAGLE simulations. The simulation also enables us to investigate the origin of scatter
about the relation between the two properties. We develop this relationship in Sec-
tion [4.2] in which we first study its connection with stellar mass. Then we investigate
further the origin of its scatter by isolating two subsamples: one made of prolate galax-
ies (Section and the other composed of oblate and spheroidal galaxies (Section
M.2.3). We notably reveal in the latter subsample the connection with the dispersion
anisotropy, to develop further in Section [4.3] its relation with dark matter morphol-
ogy. We focus first in Section on the relation between dark matter morphologies
and stellar morpho-kinematics, to conclude with the relation with stellar dispersion

anisotropy in section 4.3.2] We summarise and discuss our findings in Section 4.4

4.2 Relationship between morphology and kinematics

We now turn to the correspondence between the morphology and kinematics of EA-
GLE galaxies from Ref-L100N1504. In Fig. we show how galaxies populate the
Vrot /00 — € plane with contours corresponding to the 50, 84" and 99th percentiles
of the distribution. The background colouring denotes the characteristic stellar mass
of galaxies at each location in v, /0o — € space. [van de Sande et al.|(2018a) recently
demonstrated that EAGLE galaxies selected to mimic those targeted by the SAMI sur-
vey populate this parameter space in a similar fashion to the observed sample. The
upper panel of Fig. .| shows the distribution of all 4155 central galaxies comprising
our overall sample, whilst the lower panel shows the distribution for the sub-set of 2703
galaxies that are spheroidal (¢ < 0.3), or are oblate (7' < 1/3) and have their angular
momentum axis aligned with their structural minor axis to within 10 degrees. As might

be inferred from Fig. massive galaxies (i.e. M, > 10'%5 M) tend to populate the
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Figure 4.1: Two-dimensional probability distribution function in the vy /0¢ and flattening, e,
plane shown as contours corresponding to the 50", 84" and 99th percentiles of the distribu-
tion, drawn on a 30 x 30 grid. Well-sampled cells are colour-coded by their median stellar
masses, while galaxies associated with cells sampled by fewer than 3 galaxies are drawn and
coloured individually. The upper panel shows the full sample of 4155 galaxies, the lower
panel shows the sub-set of 2703 galaxies that are spheroidal (¢ < 0.3), or oblate (1" < 1/3)
and have their angular momentum axis aligned with their structural minor axis to within 10
degrees. Excision of the prolate and mis-aligned systems primarily eliminates a population
of dispersion-supported (vt /09 ~ 0) galaxies with diverse morphologies. The remaining
sample exhibits a strong correlation between the morphological and kinematic diagnostics, but
there is significant scatter in € at fixed vyot /0.
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high-€ regime, but exhibit a diverse range of v, /0 values since they can be rotating
discs or prolate spheroids with significant dispersion support. The excision of prolate
galaxies, and a small number of systems whose morphology and kinematics have been
influenced significantly by encounters with neighbours or recently-merged satellites,
therefore preferentially eliminates a population of dispersion-supported (v;o /09 =~ 0)

galaxies with diverse morphologies.

The remaining sample exhibits a strong correlation between the morphological and
kinematic diagnostics (Spearman rank-order coefficient of pg, = 0.72), but with sig-
nificant scatter in € at fixed v, /0¢. It is possible to identify galaxies with v,o4/09 =~ 1
and flattening parameters as diverse as € ~ 0.3 — 0.8. Similarly, flattened galaxies
with € ~ (.7 can exhibit rotation-to-dispersion velocity ratios between v, /0¢ =~ 0.5
and v /09 =~ 3.5. It is therefore clear that morphological and kinematical diagnostics
are not trivially interchangeable, indicating that the morphology of a galaxy is signif-
icantly influenced not only by v, /0g, but also by at least one other property. In this
respect the simulations are in qualitative agreement with the findings of surveys con-
ducted with panoramic integral field spectrographs that show significant scatter in the
Urot /00 - € diagram (Emsellem et al., [2011; [Fogarty et al., 2014} Cappellari, 2016; van
de Sande et al., 2017; /Graham et al., 2018]).

4.2.1 Numerical convergence test

Here we briefly assess the convergence of the kinematics (using the rotation-to-
dispersion velocity ratio, v,./00) and morphology (using the flattening, ¢) of EAGLE
galaxies with respect to resolution. We consider the ‘weak convergence’ testﬂ, com-
paring the properties of galaxies formed by the Reference model at standard resolution

with those of galaxies formed by the Recalibrated model at high-resolution.

In Fig. We show as a 2-dimensional histogram in v, /0o — € space the distribution
of the sub-set of 2703 galaxies from our main sample in the Ref-L100N1504 simula-

tion that are i) spheroidal (¢ < 0.3) or ii) oblate (7' < 1/3) galaxies and have their

'The concept of strong and weak convergence testing was introduced by [Schaye et al.| (2015).
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Figure 4.2: The relationship between vyt /0 and flattening, ¢, for central galaxies with M, >
10%5 Mg, and which are i) spheroidal (e < 0.3) or ii) oblate (T' < 1/3) galaxies and have their
morphological and rotational axes aligned to within 10 degrees. The 2-dimensional histogram
and orange dots represent the 2703 galaxies of Ref-L100N1504 that satisfy these criteria (as
per the bottom panel of Fig. [4.T)), whilst black crosses denote the corresponding 57 galaxies
from Recal-LO25N0752. Visual inspection suggests that the weak convergence behaviour of
Urot /0 and € is good, an impression corroborated by the two-sample Kolmogorov-Smirnoff
test in each case.

morphological and rotational axes aligned to within 10 degrees. The overlaid crosses
denote the 57 galaxies that satisfy the same selection criteria in the high-resolution
Recal-L025N0752 simulation. Inspection of the figure suggests that the distributions
of vyt /00 and € from the two simulations are similar. We obtain a quantitative measure
of this similarity using the two-sample Kolmogorov-Smirnoff test, to assess the hy-
pothesis that the values of v, /0 and € for galaxies in the Ref-L100N1504 and Recal-
L025N0752 simulations share similar distributions. In both cases the test indicates that
this hypothesis cannot be rejected; for v, /0o we obtain (D = 0.11, p = 0.23) whilst
for € we obtain (D = 0.11, p = 0.20), where D is the Kolmogorov-Smirnoff statistic
and p is the two-tailed probability value. These findings are unchanged if instead we

compare Recal-L025N0752 to Ref-L025N0376, to control against box-size effects.
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4.2.2 Prolate kinematically misaligned galaxies

Prolate galaxies constitute a minor component of our sample, but they are a signifi-
cant fraction of the dispersion-supported region of the morphokinematic distribution,
as shown by their excision from the latter. As they come in variously elongated con-
figurations, they contribute significantly to the scatter at low rotation-support of this
relationship. Recent observations have revealed the existence of such prolate galaxies
exhibiting rotation around their major axis (e.g. Tsatsi et al., 2017). Our kinematic de-
scriptors are defined from the angular momentum, the orientation of which may deviate
from the morphological ellipsoidal axes, which can make their comparison inapplica-
ble. We can study the relationship between our galaxies’ morphological orientation
and their stellar rotational orientation, for which we define a dimensionless rotational

. . —_|la=1
orientation parameter [ L] ._,:

L ja=t 1 [ Z(EL) Z(a@, L)
L= —F"+1—- —= 4.1
|_ —|||c:0 < 9()° + 9(° ( )

where / (i, ¥) represents the geometric measure of the angle between 2 arbitrary vec-
tors « and v. This geometric measure does not take consideration of the order of the
vectors but always evaluate the positive measure below 180° that separates those vec-
tors, contrary to the algebraic measure that can take the positive measure above 180°
or the corresponding negative measure above —180°. Also, because @ and ¢ are eigen-
vectors, their orientation can be freely chosen so that both (@, L) and Z(, L) are
acute angles comprised between 0 and 90°. With this specification, [E] Hg; varies
then between 0 and 1: it equals 0 if and only if Z(¢, L) = 0°& £(@, L) = 90° i.e. if
the galaxy rotates around its minor axis (later referred as oblate rotation), and it equals
1 if and only if Z(¢, E) =90° & 4(d, E) = (°1i.e. if the galaxy rotates around its major

axis (later referred as prolate rotation).

Figure[d.3|shows the relation between the rotational orientation parameter and the mor-
phological 2-dimensional diversity of galaxies for our full sample of 4155 galaxies.

Specifically, the colour-coding represents in bluer colours regions with a majority of
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Figure 4.3: Relationship between the distribution shown in ﬁgure and the rotational orienta-

tion parameter LE] ”Z;é . The parameter space is sampled as in ﬁgure with a colour-coding
reflecting the median rotational orientation parameter for well-sampled cells, while other galax-
ies are drawn and coloured individually. Contours illustrate the morphological distribution as
shown in figure 3.2}

galaxies with oblate rotation while redder colours associate to prolate rotation. While
a vast majority of our sample exhibit oblate rotation, the higher the triaxiality of a
galaxy, the more its rotation turns to a prolate rotation. This implies that the EAGLE

simulation is capable of forming prolate rotators, and as shown by Tsatsi et al.| (2017),

potentially via specific past merging configurations, which remain to be explored fur-

ther in EAGLE.

4.2.3 Oblate rotators and spheroids

The morphology and kinematics of collisionless systems are linked via the tensor virial
theorem. Its application to oblate, axisymmetric spheroids rotating about their short
axis, modelled as collisionless gravitating systems, is discussed in detail by Binney

(1978) and Binney and Tremaine| (1987). They show that such bodies trace distinct
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Figure 4.4: Left: The same sample of galaxies shown in the lower panel of Fig. with
colour coding of each cell denoting the median velocity dispersion anisotropy ¢ (eq. of
its associated galaxies. The alternately black and grey dashed curves represent as Figure [3.1]
the vyot /00 - € relation expected for 6 = 0.0 — 0.6 in increments of 0.1, from application of
the tensor virial theorem. The simulations reproduce the analytical predictions in both qualita-
tive and quantitative senses, with increased flattening at fixed vyo /0 clearly associated with
increased anisotropy. The inset panel shows the histogram of anisotropy values realised by
this sample (green hatching) and also separately for galaxies with M, > 101%-5 My, (yellow).
Right: the deviation of a galaxy’s flattening, ¢, from the median flattening for galaxies of sim-
ilar vyot /00, €[v,o, /oo]> @S @ function of §. The solid line and shaded region denote the median
and 1o (16'"-84 percentile) scatter about it, respectively, in bins of AJ = 0.05. The corre-
lation of these quantities has a Spearman rank-order coefficient of ps, = 0.72. Similarly, the
yellow dashed curve represents the median relationship for the high-mass end sub-population,
showing a correlation with a Spearman rank-order coefficient of ps, = 0.82.

paths in the v, /0q - € plane, for fixed values of the velocity dispersion anisotropy,
0 (see eq. [3.16)), offering a potential explanation for the morphological diversity of

galaxies at fixed v;01/00.

In the left-hand panel of Fig. we plot once again the v, /0o — € distribution of
the sub-sample of 2703 spheroidal and well-aligned oblate galaxies. Here, the colour
coding denotes the median velocity dispersion anisotropy of galaxies associated with
each cell that was shown in the bottom panel of Fig. @4.1] The overlaid dashed curves
represent the v, /0o — € relation expected from application of the tensor virial theorem
to collisionless gravitating systems with 6 = 0.1—0.6, in increments of 0.1. We remind
the reader that, as shown in Fig. {1.1] the high-e regime is dominated by more-massive
galaxies (M, = 10'%5 M), whilst the majority of the plane is sampled by galaxies

with mass closer to our selection limit of M, = 10° M.

The main plot demonstrates that the analytic predictions are a good representation of
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the behaviour of the simulated galaxies. At fixed v,./0(, more anisotropic galaxies are
clearly associated with a more flattened morphology; taking galaxies with v, /0g =~ 1
as an example, those with ¢ ~ (.45 exhibit a typical anisotropy of 6 ~ 0.2, whilst the
most-flattened examples, with ¢ ~ 0.7, exhibit  ~ 0.5. The inset panel shows the
histogram of anisotropy values realised by the sub-sample of 2703 (green hatching),
and also those of the 329 galaxies from this sub-sample with M, > 10 M, (yellow).
For the main sub-sample, the distribution is broadly symmetric about a median of (.34,
albeit with a more extended tail to low (even negative) values. A small but significant

fraction of galaxies in the sample (=~ 5 percent), exhibit 6 > 0.5. The sub-set of high-

mass galaxies spans a similar range in 0 but exhibits a lower median value of 0.29.

To highlight the influence of 4 on morphology more clearly, we compute €[y, /5], the
median flattening parameter of galaxies in bins of fixed v, /00, and plot in the right-
hand panel of Fig. as a function of ¢, the deviation of each galaxy’s flattening
parameter from this median, € — €, /o,]. The solid line and shaded region denote the
median and 1o (16" — 84" percentile) scatter of this deviation in bins of Ad = 0.05.
The two quantities are strongly correlated, with a Spearman rank-order coefficient of
psp = 0.72. The yellow dashed curve represents the trend of the sub-set of high-
mass galaxies; since these galaxies are largely confined to high-e values, we cannot
recompute €[, /4, from this sub-set, and use that of the main sample. As such the
median € — €}, , /o) at fixed ¢ for this sub-set is necessarily elevated. The morphologies
of the high-mass sub-set are even more strongly correlated with the anisotropy, with
a Spearman rank-order coefficient of pg, = 0.82. The physical interpretation one
may therefore draw is that the flattening of EAGLE galaxies, particularly those with
low and intermediate levels of rotation support (i.e. v,0/0¢ < 1), can be influenced
significantly by the anisotropy of the stellar velocity dispersion, with some galaxies

exhibiting anisotropy values as high as 6 ~ 0.5.
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4.3 The origin of the velocity anisotropy

The simulations enable us to examine the origin of the velocity anisotropy that, as dis-
cussed in the previous section, can have a significant influence on galaxy morphology.
Since the equilibrium orbits of stellar particles are strongly influenced by the struc-
ture of the gravitational potential, we focus on the relationship between the velocity
anisotropy of galaxies and the morphology of their dark matter haloes, since the latter

is a proxy for the structure of the potential.

In analogy with the morphology of galaxies, we quantify the halo morphology via
the flattening parameter, €q4,,,, in this case applying the iterative reduced tensor to the
distribution of dark matter particles. Since we are concerned with the structure of the
potential in the same region for which we have ‘tracers’ of the potential (i.e. stellar par-
ticles), we begin iterating the tensor on the set of dark matter particles located within
the same r = 30 pkpc spherical aperture, centred on the galaxy’s potential minimum,
that is applied to the stellar particles when computing the ﬂatteningﬂ €. We compute
the halo flattening for galaxies in the Ref-L100N1504 simulation, denoting this quan-
tity as e5f, and also for their counterparts identified in a simulation of the same vol-
ume, at the same resolution, but considering only collisionless gravitational dynamics
(DMONLY-L100N1504). This latter quantity, which we denote as e2M© is instructive
because it describes the intrinsic shape of the halo that emerges in the absence of the
dissipative physics of galaxy formation, and thus enables us to distinguish between
cause and effect. The haloes are paired between the Ref and DMONLY simulations
using the bijective particle matching algorithm described by Schaller et al.| (2015a),
which successfully pairs 2678 of the 2703 haloes that host spheroidal and well-aligned
oblate galaxies (99.1 percent; see Section 4.2| for the definition of the sample).

2We find that correlations between galaxy morphology or velocity anisotropy with the ‘global’ halo
morphology, i.e. considering all dark matter particles bound to the main subhalo, are weak. This
is perhaps unsurprising, since the galaxy is most directly influenced by the inner halo (Zavala et al.|
2016), and it is well established that the morphology and kinematics of central galaxies are not strongly
correlated with those of their host haloes (e.g. [Sales et al.,[2012).



4.3. The origin of the velocity anisotropy 70

4.3.1 Dark matter and stellar structures

Fig. shows the distribution of the matched galaxies in the v, /0y - € plane. Here,
the cells and points are coloured by the median value of €5 and €}M© in the upper
and lower panels, respectively. Both panels show a clear trend such that, in the regime
of intermediate rotational support, the flattening of the galaxy correlates significantly
with the flattening of the central regions of its parent halo, irrespective of whether eq,,

is measured in the Ref or DMONLY simulation.

The influence of the morphology of the halo on that of the galaxy is shown more
clearly in the upper panel of Fig. [4.6] where, in analogy to the right hand panel of
Fig. 4.4 we show the deviation of a galaxy’s flattening parameter from the median
flattening of galaxies with similar kinematics, € — €[,,, /4], here as a function of the
inner halo flattening. The red curve adopts <l as the halo flattening diagnostic, and
should be compared to the upper panel of Fig. whilst the blue curve adopts MO
and shows the correlation present in the lower panel of Fig. .5] As per the yellow
dashed curve of Fig. d.4b, dotted and dot-dashed thick lines here denote the median

relations constructed using the sub-set of galaxies with M, > 100 M.

The formation of stars following the dissipative collapse of gas drives dark matter
haloes towards a more spherical and axisymmetric morphology (e.g. [Katz and Gunn,
1991} Dubinski, 1994} Evrard et al., [1994; [Springel et al., 2004; |Kazantzidis et al.,
2004; Bryan et al., 2012, 2013), such that in general e2M© > Bl (see Fig. . The
two halo flattening diagnostics are strongly correlated (ps, > 0.5) but the fractional
deviation from the 1:1 relation correlates, as could be expected, with the halo’s stellar
mass fraction within 30 kpc. The morphological transformation of the halo by dis-
sipative physics therefore acts to compress the dynamic range in €g4y,, steepening the
gradient of the (€ — €y, /0o]) — €am and 0 — eqy, relations. However, the Spearman rank
correlation coefficients of these relationships are significantly higher when consider-
ing e&f; for the former we recover ps, = (0.38,0.55) for (MO lel) respectively,

whilst for the latter relationship we recover ps, = (0.21,0.46). The compression of

the dynamic range therefore does not preserve the rank ordering in €4,,, and indicates
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€dm
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Figure 4.5: The same sample of galaxies shown in the lower panel of Fig. but here the
cells are colour-coded by the flattening of the inner (< 30 pkpc) dark matter halo, eqy,. In the
upper panel, this quantity is equated to the flattening of the dark matter halo in the Reference
simulation, edRr‘;f , whilst in the bottom panel it is equated to the flattening of the corresponding
halo in dark matter-only simulation, eanl\l/IO. Irrespective of which measure is used, the most
flattened galaxies at fixed vyt /0 are preferentially hosted by dark matter haloes whose inner

regions are more flattened.
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Figure 4.6: The deviation of a galaxy’s flattening, € from the median flattening for galaxies of
similar vyot /og (6 — €lurot /a0]» UpPer panel), and the anisotropy of the stellar velocity dispersion
(9, lower panel), as a function of the flattening of the inner dark matter halo, e4,,. The solid
lines and shaded regions denote the median relations and the 1o (16t —g4th percentile) scatter
about them, respectively. The red curves adopt edRrif as the halo flattening diagnostic, the blue
curves adopt eanl\l/[O. Medians are drawn with dashed lines in bins sampled by fewer than 5
galaxies. Dotted and dot-dashed thick lines represent the corresponding median relations for
the high-mass (M, > 10'%% M) sub-population for which only bins sampled by more than 5

galaxies are drawn.
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that this property is, perhaps unsurprisingly, not the sole influence on galaxy morphol-
ogy at fixed vyt /09. Nonetheless, the panel shows that, irrespective of which halo
flattening diagnostic is considered, there is a clear positive correlation between the
morphology of the galaxy (at fixed v,0/00) and that of its host halo. The persistence
of the correlation when considering €2M© demonstrates that it is intrinsic, and does not
emerge as a response to the formation of a flattened galaxy at the halo centre. This
engenders confidence that there is a causal connection between a galaxy’s morphology
and that of its host inner dark matter halo, which agrees with the findings of Zavala

et al.|(2016)).

4.3.2 Dispersion anisotropy and dark matter

Having seen that the deviation of a galaxy’s flattening from the median flattening at
fixed vyo1/00, € = €ju,, /oo)» COITelates with both the anisotropy of the stellar velocity
dispersion, ¢ (see Fig. {.4), and the morphology of the dark matter halo, €4y (see
Fig. , we check the correlation between ¢ and €q,,,, shown in the bottom panel of
Fig. 4.6] Again, dotted and dot-dashed thick lines here correspond to the sub-set of

galaxies with M, > 10'%° M. There is a clear positive correlation between § and

DMO
dm

Ref

de > Indicative of an

€4m, Which again persists when one considers e rather than e
intrinsic rather than an induced correlation. We note that in the specific case of high-
stellar mass galaxies, haloes whose central regions are relatively unflattened induce
significantly less anisotropy than is the case for the broader galaxy population; this is
to be expected since high-stellar mass galaxies also exhibit high stellar mass fractions
(f. = M, /Mg, see e.g. Fig. 8 of Schaye et al.,|2015), mitigating the influence of the
inner halo. Nevertheless, the trend is qualitatively similar for galaxies of all masses,
and the corollary is thus that the anisotropy of a galaxy’s stellar velocity dispersion is
in part governed by the morphology of its inner dark matter halo, with flattened haloes
inducing greater anisotropy. The intrinsic morphology of dark matter haloes is likely
governed by a combination of their formation time and their intrinsic spin; Allgood

et al.| (2006) note that earlier forming haloes (at fixed mass) are systematically more

spherical, Bett et al. (2007) show that intrinsically flatter haloes exhibit a small but sys-
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tematic offset to greater spin values, and Jeeson-Daniel et al. (201 1) found that forma-
tion time (or concentration) and spin are the first two principal components governing
dark matter halo structure. These properties emerge simply from the distribution of

fluctuations in the initial conditions of the simulations.

4.4 Summary and discussions

We have performed a quantitative comparison between diagnostics for the morphology
and internal kinematics of the stellar component of galaxies in the EAGLE suite of
cosmological simulations, and investigated the origin of scatter in this relation. We
consider 4155 present-day central galaxies with stellar masses M, > 10%° Mg, and
in later analyses focus on the sub-set of 2703 spheroidal or oblate galaxies whose
structural and kinematic axes are well-aligned. Our results can be summarized as

follows:

1. Examination of the internal kinematics (quantified via v, /00) as a function of
morphology (quantified via the flattening, €) reveals a correlation between the
two: as expected from dynamical considerations, rotationally-supported galax-
ies tend to be flatter than dispersion-supported counterparts. However, for all
but the most rotationally-supported galaxies, there is significant scatter so that
the population of galaxies at fixed v, /00 exhibits a broad range of morpholo-
gies. The most massive galaxies (M, = 10'%5 M) tend to populate the high-¢
regime, being either rotationally-supported discs or prolate spheroids. Excision
of galaxies with prolate morphology and/or mis-aligned structural and kinematic
axes enables analysis of the morpho-kinematics of the remaining subsample with

the tensor virial theorem (Fig. {.1).

2. The tensor virial theorem (Section [3.2)) indicates that the flattening of a colli-
sionless system, at fixed v, /00, is governed by the anisotropy of its velocity
dispersion, ¢ (eq. [3.16). This prediction is borne out, in a quantitative sense,

by the simulated galaxies. At any v, /¢, more flattened oblate galaxies exhibit
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greater 9, for all galaxy masses (Fig. {4.4).

3. A similar trend to that shown in Fig. is seen if one correlates € at fixed v,o1 /00
with the flattening of the inner (< 30 pkpc) dark matter halo, eq4,,. This suggests
that a galaxy’s morphology is influenced in part by the morphology of its host
halo, which is a proxy for the structure of the potential in the region traced by
stellar particles. We verify that this is an intrinsic (rather than induced) correla-

tion by measuring €q,, in both the Reference EAGLE simulation (denoting this

Ref

quantity €;< ) and in a simulation considering only collisionless dynamics start-

DMO

ing from identical initial conditions (g,

(Fig. {.5).

), finding similar trends in both cases

4. The anisotropy ¢ correlates with the flattening of the inner dark matter halo,

regardless of whether one considers the flattening of the halo in the Reference

Ref

Ref 'orits counterpart in the dark-matter-only simulation, ™ (Fig.

simulation, €

76).

We point out that the link we have established between the shapes of galaxies and
the flattening of the inner dark matter halo complements in a fundamental way pre-
vious work on the alignments of galaxies with surrounding matter. Indeed, it is well
established both theoretically and observationally that galaxies tend to preferentially
align themselves with the (dark matter-dominated) large-scale potential (e.g., Deason
et al. |2011; Velliscig et al. [2015alb; Welker et al.[|2017, 2018). This leads to intrinsic
alignments of neighbouring galaxies, which acts as a major source of error in measure-
ments of cosmic shear (e.g.,/Hirata and Seljak 2004; Bridle and King|2007)). Our work
demonstrates that, not only do galaxies tend to align themselves in a preferential way,
but their actual shapes are also determined, to an extent, by the shape of the (local)

dark matter potential well.

Our finding that the anisotropy of the stellar velocity dispersion of galaxies correlates
with the intrinsic morphology of their inner dark matter haloes is intriguing. The find-
ing that the correlation persists when using the morphology of the inner halo in the cor-

responding dark matter only simulation is indicative of a causal connection (see also
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Zavala et al., 2016). In such a scenario, the formation of a dark matter halo whose in-
ner mass distribution is intrinsically flattened (in the absence of the dissipative physics
of galaxy formation) will foster the formation of a galaxy whose stellar velocity dis-
persion is preferentially expressed in the plane orthogonal to the axis of rotation. As
predicted by the tensor virial theorem, this anisotropy fosters the formation of a galaxy

that is flatter than typical for galaxies with similar internal v, /0.

The relationship between ¢ and e4,,, revealed by EAGLE is, in principle, testable with
observations. If one stacks galaxies of similar flattening in bins of v, /0, and mea-
sures the flattening of the total matter distribution (e.g. with weak gravitational lens-
ing), the simulations indicate that one should expect the latter to be systematically
greater for galaxies of lower v, /0g. We note that the overlap of the SDSS-IV/MaNGA
integral field survey with the deep imaging fields of the Hyper Suprime-Cam (HSC)

survey offers a potential means by which this might be achieved.



Chapter 5

Morpho-kinematics of globular cluster

systems and their host galaxy

5.1 Introduction

Globular clusters have been now shown to be a crucial class of astrophysical objects
in the study of galaxy formation. These are compact and massive roughly spheroidal
associations of stars, with half-light radii of a few parsecs for stellar masses ranging
between ~ 10* and ~ 10°® M, (Brodie and Strader, 2006). Extra-galactic observa-
tions of these objects have been recorded in a large number of galaxies, with stellar
masses as low as 10° M. Despite their origin being poorly understood, they are gen-
erally inferred to be significantly old (over 10 Gyr; Cohen et al., [1998]; Kissler-Patig
et al., [1998; Beasley et al., 2000, |2004; [Forbes et al., [2001; Brodie and Larsen, 2002
Schroder et al., 2002; |Puzia et al., 2005 Strader et al., 2005 Marin-Franch et al.,
2009; VandenBerg et al., 2013) implying that their formation occurred mostly in the
early Universe. Nevertheless, it is also suggested that their formation may also occur
at all epochs due to the observation of young massive clusters with the Hubble Space
Telescope (Portegies Zwart et al., 2010). Consequently, they are believed to provide

powerful diagnostics of their host galaxy assembly.

7
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Among the characteristics of globular clusters relevant to the study of their host his-
tory, their metallicity is a fundamental one. Usually interpreted from their colour in
observations (Yoon et al., [2006; Blakeslee et al., [2010), their metallicities are often
distributed in a bimodal fashion (Zepf and Ashman,|1993; Whitmore et al., [1995; |Geb-
hardt and Kissler-Patig), [1999; Kundu and Whitmore, 2001} Larsen et al., [2001; |Peng
et al., 2006} [Sinnott et al., [2010; Brodie et al., 2012)) suggesting the two populations
may exhibit different formation mechanisms that cannot yet be easily distinguished
owing to the limited precision of current age measurements (Rosenberg et al., |1999;
Strader et al., 2005; Marin-Franch et al., |2009; [Forbes and Bridges|, 2010;|Hansen et al.,
2013; |Leaman et al., 2013};|VandenBerg et al., 2013} Forbes et al., 2015).

Indeed, together with this bimodality, metal-rich and metal-poor globular cluster pop-
ulations diverge in other aspects. metal-rich globular clusters appear more centrally
concentrated within their host galaxy halo than their metal-poor counterparts (Geisler
et al., 1996} Bassino et al., 2006; |(Goudfrooij et al., 2007; Faifer et al., 2011} [Strader
et al., 2011}, |[Forbes et al., [2012). metal-rich and poor globular clusters also differ in
size with the former being smaller than the latter (Kundu and Whitmore, 2001; Jordan
et al., 2005; Masters et al., 2010). Their populations also show significant differences
in shape and dynamics, with metal-rich globular cluster populations more likely to be
flattened and rotationally supported (Lee et al., 2010; Strader et al., 2011} Park and
Lee, 2013 Pota et al., 2013). At the moment, the scenario that prevails for explain-
ing these differences suggests that metal-rich globular clusters are formed within the
galaxy they inhabit (formation in-situ), while metal-poor globular clusters are accreted
from interactions with former satellites (formation ex-situ) (Ashman and Zepf, 1992}
Zept and Ashman, 1993; Coté et al., [1998; |Beasley et al., 2002; Masters and Ashman,
2010; |Arnold et al.| [2011)).

We showed in Chapter 2] how the galaxy formation field has, in the last 5 years, taken a
leap forward with the development of realistic simulations that combine in a cosmolog-
ical context the self-consistent solution of gravitational and hydrodynamical interac-
tions with specific treatments for physics operating at unresolved scales. Some recent

simulations attempted to add such a treatment that follows the formation and evolu-
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tion of stellar clusters: this is notably the case of the E-MOSAICS project (Pfeffer
et al., 2018} |Kruijssen et al.,[2019). This project builds on the successes of the EAGLE
model in producing realistic populations of galaxies by incorporating the MOSAICS
(Kruyssen et al., 2011) semi-analytic model of the formation and evolution of stellar
clusters. One of their notable achievements was to demonstrate the ability to recover
the assembly histories of galaxies via the age-metallicity distribution of their globular

clusters.

Relative to that, an important observational finding was that not only do metal-rich
globular cluster systems show more flattened and rotational morpho-kinematics than
their metal-poor counterparts, but they also appear to trace those same properties of
the galaxy itself (Lee et al., [2010; Strader et al.| 2011} |Park and Lee, |2013;; Pota et al.,
2013). This observational finding is therefore a useful diagnostic with which to con-
front the E-MOSAICS simulations: we aim at verifying with its simulated galaxies if

this trend is also reproduced.

This Chapter is structured as follows. We describe in Section our numerical tools,
by giving an overview of the E-MOSAICS suite of simulations with our criteria for
characterizing globular cluster populations, as well as the techniques for computing
our morphological and kinematic diagnostics. Section [5.3]| focusses on the results we
present, notably our galaxy sample demographics according to their globular cluster
population morpho-kinematics, the velocity, kinematics and morphology correspon-
dence between the globular cluster and field star populations, and investigation of the
link between the morphology and kinematics in field stars and metal-rich globular

clusters. Lastly, we discuss and summarize our findings in Section[5.4]

5.2 Numerical methods

We presented in Section[2.3.2] an overview of the E-MOSAICS project (Pfeffer et al.]
2018}, Kruijssen et al., 2019), a suite of simulations that embeds the semi-analytic

model of stellar cluster formation and evolution MOSAICS (Kruijssen et al., 2011)
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within the gas-dynamic model of cosmological galaxy formation of EAGLE (Schaye
et al., 2015} |Crain et al| [2015). We describe in Section [5.2.1] the composition of a
subhalo within these simulations, as well as how we define globular clusters and our
sample criteria. We introduce our diagnostics for measuring simulated structures’ ro-

tational support and flatness in Sections[5.2.2]and [5.2.3]

5.2.1 Identifying galaxies and their globular cluster populations

The E-MOSAICS suite of simulations is built on the EAGLE model, and hence, as
there, matter is represented by particles that describe various matter components (star,
gas, dark matter and black holes). In that collection of particles, we first identify
haloes/groups through a friend-of-friends algorithm (FoF) applied to the DM distri-
bution, groups to which baryonic particles are attached depending on these particles’
nearest DM neighbour. We then identify galaxies through substructures we name ‘sub-
haloes’. Given the FoF set of particles that represent a halo, we identify its subhaloes
by applying the SUBFIND algorithm (Springel et al., 2001; Dolag et al., 2009), and de-
fine as galaxies the stellar content of each subhalo. The subhalo containing the particle
with lowest gravitational potential is defined as the ‘central’ subhalo, while all others
are considered its ‘satellites’. The position of that particle defines the halo centre of
potential. Notably, we use this centre to compute the halo spherical overdensity mass,
My, for the adopted enclosed density contrast of 200 times the critical density, as
well as the galaxy’s stellar mass, M,, summing all stellar particles enclosed within a

30 pkpc spherical aperture.

Specific to the E-MOSAICS model is a subgrid model governing the formation and
evolution of stellar clusters (SCs). Each stellar particle has some fraction of its mass
tracked in a clustered form: in practice, the implementation is done in such way that
each stellar particle traces a population of SCs. We define globular clusters (GCs) as
SCs with age older than 2 Gyr and with mass mgc > 10*° M. As we are interested
into averaged properties that represent all GCs of a population equally, we consider

them to have equal mass for the rest of this work. Additionally, we consider as metal-
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rich all GCs with metallicity ratio [Fe/H] > —1, and metal-poor if [Fe/H] < —1.

In this work we consider only central galaxies to avoid the complication of environ-
mental effects. Our sample is composed of the 25 galaxies in the zoom-simulations
presented by Pfetfer et al.| (2018)), and a selection of central galaxies from the peri-
odic volume simulation Recal-L34N1034 (Crain et al., in prep.). The latter selection
contains all central galaxies from Recal-L34N1034 with stellar mass M, > 109-° Mg,
except 2 poorly sampled cases for which our morphological diagnostic applied to ei-
ther the metal-rich GCs or metal-poor GCs could not converge (discussed in detail in
Section [5.2.2). This leaves us with 230 galaxies of which 80 are considered Milky-
Way (MW) mass-like, similarly to those selected for the zoom-simulations, with virial
masses Mo ranging between 7 x 10! and 3 x 102 M. These latter cases will be
explicitly highlighted throughout our study as a special MW-like sub-sample of 105

galaxies within our total (box+zooms) sample of 255 galaxies.

5.2.2 Characterising morphology

To characterise the morphology of a population of particles, we use the morphological
parameter o, constructed in Chapter[3] As we showed there, this diagnostic separates
the colour-mass diagram reasonably into its blue cloud and red sequence. As a re-
minder, it requires the use of the iterative form of the reduced inertia tensor in order to
estimate characteristic scale lengths a > b > ¢, respectively associated to the major,
intermediate and minor axes of the population of particles. At each iteration, those
are obtained from the squareroot of the eigenvalues and associated eigenvectors of the

tensor:
UL
Zp 72 I'pil'p.j

27
72
pry

where m,, and r, are the mass and position of each particle p, while 7, represents

M, = (5.1)

the ellipsoidal radius (see equation |3.10). The convergence of this method is globally
well achieved within 8-10 iterations, we note however that 2 cases failed to converge
because of poor sampling: during the iteration process, the ellipsoidal aperture result-

ing from the constant volume condition reached a configuration that would leave no
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particles inside. As explained in Section we removed these 2 cases from our
sample. From there, the ellipticity and triaxiality are computed as ¢ = 1 — ¢/a and

T = (a®> = b?)/(a® — ¢?) leading to oy, = (2 + 1 —T)/2.

In order to assess the effect of projection on morphological properties, we adapted
the above-described process to a two-dimensional case where only 2 scale lengths
a > b and associated major and minor axes are sought. While equation remains
unchanged (the indexes ¢ and j being associated to 2 axes instead of 3), the evaluation
of the ellipsoidal radius loses a term, and the constant volume condition becomes a
constant area one: )

= T;a + "pt 3

b/a)

Likewise, the iterative process terminates when the ratio b/a converges within 1 per-

~2
p

< %(30 pkpc)?. (5.2)

cent. We obtain from this process the projected ellipticity

b
prog = 1 = — (5.3)

This process requires the input particle positions to have 2 coordinates, those within
the plane perpendicular to the axis of projection. In our case, we are interested in
computing 3 projections along each of the 3 axe recovered by application of the
iterative reduced inertia tensor in its 3D form to the stellar particles i.e. the galaxy’s
minor, intermediate and major axes. Accordingly, after calculating the coordinates of
each particles along these 3 axes, we apply to each pair of coordinates the iterative

reduced inertia tensor in its 2D form.

5.2.3 Characterizing kinematics

Various techniques exist for quantifying the kinematics of a population in a simu-
lation. We showed in Section [3.4.2] that most conventionally used methods provide
equivalent diagnostics. Among all the methods we tested, the non-parametric ratio of

rotation and dispersion velocities v, /0 has the advantage of a convenient framework

Ithat represent an orthonormal basis of the 3D space
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for understanding the relationship between morphologies and kinematics via the ve-
locity dispersion anisotropy ¢ as shown in Chapter 4, Additionally, this framework
connects with recent observations where the v,,; and o velocity quantities of popula-
tions of globular clusters have been measured for a sample of galaxies, such as with
the SLUGGS survey (Pota et al., 2013; |Brodie et al.l [2014). We proceed with this
technique as described in Section [3.4.1]

5.3 Results

We first examine in Section [5.3.1] the distributions of morphological and kinematic
properties for each GC population. We then look at the relationship for various prop-
erties between GC populations and the galaxy in Section [5.3.2} we notably look at
different velocity properties, at kinematic properties, and at morphological properties.
In Section [5.3.3] where we discuss the relationship between morphological and kine-

matic properties, separately for field star and metal-rich GC systems.

5.3.1 Globular cluster demographics

Due to its large range of stellar masses, our sample of simulated galaxies exhibits a sig-
nificant diversity of GC system demographics, with GC populations ranging between
28 and 5848 members with a median value of 444 (807 for the MW-like sub-sample).
In terms of metal-poor/rich sub-demographics, metal-poor GCs are often in the minor-
ity with the 5™ and 95" percentiles of population ratios respectively at 6 and 49 percent
for a median at 17 percent. For this reason, the following results often show parameter
distributions for metal-rich GC populations that tend to be similar to those of complete

GC populations.

We show in Figure [5.1] the distributions of kinematic and morphological parameters
of various populations of GCs for the full sample of galaxies. Notably, blue, red and

yellow distributions represent, respectively, parameters computed for the metal-poor,



5.3. Results 84

250 T ==

200 T 1100

ot

150 T

N(< {X}aces)
Nhistogram

50 E
— Poor

J —Rich

I All

% 1 2 3 0.0 0.2 0.
{vrot/ 0} s

|

|

|

|

|==illl L
4

{

Figure 5.1: Globular cluster population kinematics - left hand panel - and morphology - right
hand panel - parameter distributions. Each panel presents the distributions of parameters com-
puted for each galaxy: metal-poor, metal-rich and complete GC populations are shown respec-
tively in blue, red and yellow colour. Distributions are shown with a non-parametric cumulative
distribution as coloured step curves in the foreground, and a binned histogram as desaturated
bar plots in the background. The cumulative distribution is scaled along the left hand side y-
axis, while the histogram is scaled along the right hand side y-axis. Lastly, the histograms are
computed from a selection of 12 bins linearly dividing the represented x-axis ranges, and each
population is presented as side-by-side bars in each bin.

the metal-rich and the complete GC populations. On the left hand panel are shown
distributions for the v, /0o parameter while the right hand panel exhibits the distribu-
tions for the oy, parameter. The distributions are shown in 2 ways: step curves in the
foreground represent cumulative distributions whose values are scaled on the left-hand
side y-axis, while the bars shown in the background represent the histogram whose
values are scaled on the right hand side y-axis (in grey). The cumulative distribution is
non-parametric i.e. each increment is dependent on the sample, while the histogram is
computed over 20 bins regularly distributed along the represented x-axis. For the latter,

each bin is split into 3 bars of different colours representing each GC population.

The kinematic distributions exhibit a globally skewed contiguous profile, with median
values of v, /09 = 0.20, 0.33 and 0.31 respectively for the metal-poor, the metal-rich
and the complete GC populations. Above those rotation-support values, skewed dis-
tributions expand towards 95™ percentile values of respectively v, /09 = 0.73, 1.58
and 1.36, corresponding to between 3.6 and 4.7 times the median values. These figures

confirm the trend that the cumulative distributions show more clearly: the kinemat-



5.3. Results 85

ics of metal-poor GCs appear more dispersion supported than those of the metal-rich
GCs. Also, the comparison with the complete populations reveals that the median
values of both ratios {vret/00}poor / {Urot/00} oy a0 {Vrot /00 } pien / {¥rot/T0} oy are
respectively 0.76 and 1.11, meaning that the kinematics of the complete population
is often between that of the metal-poor and metal-rich populations. These trends are
slightly more pronounced for the MW-like sub-sample, with these median values being
respectively 0.37 and 1.16, and median values of v, /0o being respectively 0.19, 0.77

and 0.69 for the metal-poor, metal-rich and complete populations.

On the right hand panel of Figure [5.1] the morphological distributions are contiguous
and not so strongly skewed. The morphological parameters have median values of re-
spectively oy, = 0.33, 0.46 and 0.45 for the metal-poor, metal-rich and complete pop-
ulations, and respectively 0.34, 0.54 and 0.53 for the MW-like sub-sample. Also, the
median values of both ratios {aw }p,., / {@m} Ay and {m g, / {Qm} Ay are respec-
tively 0.77 and 1.02, and 0.70 and 1.02 for the MW-like sub-sample. As was found
for kinematics, metal-poor and metal-rich GC populations have significantly distinct
morphologies, with the former being more elliptical and the latter being more disky,
while the complete populations have an intermediate morphology between those of the
sub-populations. The difference between the full sample and the MW-like sub-sample
is however not as pronounced for morphological properties as it is for kinematic prop-

erties.

5.3.2 Correspondence of GC and host galaxy properties

Velocity properties

We look in this section at the relationship between velocity properties of galaxies and
their globular cluster populations. To illustrate further those relationships, we included
the observational data from the SLUGGS survey (Pota et al., 2013) that presented mea-
surements of velocity properties for GC populations of 12 early-type galaxies. They

compiled their own spectroscopic measurements of radial velocities for their selection
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of GCs per galaxy, with long-slit spectroscopy and/or extragalactic planetary nebula
kinematic measurements from other works (van der Marel and Franx|, |1993]; [Bender
et al., 1994 [Fried and Illingworth, |1994; |Kronawitter et al., [2000; |Simien and Prug-
niel, |2000; Coccato et al., 2009; |Proctor et al., [2009; Weiymans et al., 2009; [Forestell
and Gebhardt, 2010), to compute the amplitude of the rotation and velocity disper-
sion (as per [Foster et al., 2011) within 3 times the effective radii. They applied this
technique to both red and blue GC populations, selected based on a colour bimodality
analysis, to obtain kinematic measurements for both populations: we will consider in
this work that red and blue GCs represent respectively metal-rich and metal-poor GCs

(Yoon et al.| [2006; Blakeslee et al., 2010).

In Figure [5.2] we show the relationships between the velocity dispersion oy of both
metallicity-split GC sub-populations, and that of the galaxy and the dark matter halo.
This 4 panel figure shares respectively y-axis and x-axis characteristics between pan-
els of the same row and of the same column. Horizontally, y-axes of panels on the
upper row show the metal-rich GC populations’ velocity dispersions {ao}giég, while
the metal-poor GC populations’ dispersions {Uo}g%)sr are scaled along the lower row
y-axes. The x-axes of panels on the left hand side columns scale the velocity dispersion
{00}, of the galaxies, while the dark matter halo dispersions {o },,, are scaled along
the right hand side x-axes. In each panel, we represent our sample in scattered dots,
coloured by the stellar masses on a logarithmically scaled colour map. The dots vary
between 2 sizes, with bigger dots representing galaxies from our MW-like sub-sample
while non-MW-like galaxies are shown as smaller dots. In the foreground of the left
column panels, grey error-barred dots are plotted according to Pota et al.| (2013)’s
SLUGGS survey observational data. Lastly, each panel has in the upper left corner the
Spearman rank correlation coefficient and p-value of our E-MOSAICS sample for the

associated relationship.

We focus first on the comparison between E-MOSAICS and SLUGGS data in the left
hand column panels. We note that E-MOSAICS GC or stellar populations tend to have
lower velocity dispersions than those of the 12 galaxies from SLUGGS (more of them

can be found at higher o than the represented range). On one hand, this could be due
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Figure 5.2: Relation between the velocity dispersion o of distinct content within galaxies with
their stellar mass. The upper and lower row y-axes respectively show the metal-rich and metal-
poor GC populations’ velocity dispersions {ao}}élgsl and {UO}EOCO; . The left hand and right hand
column x-axes respectively show the field star and inner halo dark matter velocity dispersions
{00}, and {00}y The relationships are presented as scatter plots of the full sample colour
coded according to the galaxy stellar mass, with large dots highlighting galaxies comprising
the MW-like sub-sample. Grey error-barred scatter plots are plotted in the foreground of both
left hand side panels to show observational measurements from the SLUGGS survey
2013). Each relationship shows strong correlations with Spearman rank coefficients of
respectively 0.89, 0.88, 0.83 and 0.94 for the upper left, upper right, lower left and lower right
panels.
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to the SLUGGS survey selecting massive early-type galaxieﬂ thus likely to exhibit
significantly higher velocity dispersions. On the other hand, our velocity properties are
estimated within an aperture of 30 pkpc while SLUGGS data depict kinematics within
3 times the galaxy effective radius: this often corresponds approximately to half of our
aperture, thus depicting inner kinematics that is more likely to be dispersion-supported.
Despite this, the agreement between simulated and observed data appears remarkable,

both for metal-rich and poor dispersions.

Regarding the relationships themselves in all panels, we find that all velocity disper-
sions correlate with each other to various degrees. In particular, correlations appear
slightly tighter in the upper left and lower right panels, namely, the relationships be-

tween metal-rich GCs and galactic dispersions {o }tcr and {o},, and between metal-

poor GCs and halo dispersions {oq }e and {0}y, With Spearman rank coefficients
of respectively 0.89 and 0.94. The 2 other relationships have slightly lower Spearman

rank coefficients (0.83 in the lower left panel and 0.88 in the upper right).

Globally, we can observe from the colour-coding that the galaxy stellar mass appears to
be generally well correlated with all velocity dispersions as colour gradients follow nat-
urally each correlation’s progression. We note especially that the lower right {ao}g‘gg
vs. {00}y relationship shows a particularly tight correlation. The latter appears more
discernible when examining how those gradients are profiled in relations displayed
in the lower left and upper right panels. In the lower left panel, namely {Jo}g(gg Vs.
{00} ,, the colour gradient appears to evolve along the {ao}gocf y-axis, perpendicularly
to the {0y}, x-axis. In the upper right panel, namely {00}2181; vs. {00 }py the colour
gradient similarly appears to evolve along the {0y}, X-axis, perpendicularly to the
{ao}gigsl y-axis. Indeed, Spearman rank correlation coefficients between M, and each

of the 4 dispersions {0y}, {00}2152, {00} and {0}y, are respectively 0.77, 0.87,

0.92 and 0.96.

In light of this relationship with stellar mass, it is natural that reducing to the MW-
like sub-sample reduces the range of dispersions covered. This causes correlations to

be slightly less robust, especially for the 2 previously ‘weakest’ ones, with Spearman

2K-band absolute magnitudes ranging between —22.4 and —25.4 with a median at —24.1
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rank coefficients of respectively 0.85, 0.65, 0.57 and 0.84 for the relations {Uo}gigsl Vs.

{00}, {00}cen vs. {00}, {o0}cer vs. {00ty and {00 vs. {00} pr-

Similarly to the way Figure showed the relation between velocity dispersions, we
examine in Figure[5.3|the relation between rotational velocities of distinct galactic pop-
ulations. However, while Figure [5.2]emphasized in its right hand column the relation
between GC properties and halo properties, Figure |5.3|has only a single column simi-
lar to the left hand one in Figure [5.2]to look only at GC vs. galaxy properties. As there
is little to no rotational ordered motion in the dark matter content, those plots would
demonstrate little significance (although, we note Spearman rank correlation coeffi-
cients of respectively 0.19 and 0.58 for the relations of {vot foee and {Vser o With
{Vrot }pap)- Therefore, the layout and characteristics between this Figure and Figure

left hand column are completely identical, except that are now shown the rotational ve-

locities v 1nstead of the velocity dispersions oy.

The relationship between rotational velocities of GC populations and the galaxy stellar
content shows greater differences than for velocity dispersions. Notably, between the
metal-rich and poor GCs, only the rotational velocities of metal-rich GC populations
show significant correlations with the stellar rotational velocities. The Spearman rank
correlation coefficient for the former relationship is 0.70 while that for the relation be-
tween metal-poor GCs and stellar content sits at a weak value, 0.27. The correlation of
the former (upper panel) is strongly scattered, with a visual link to stellar mass from
the colour-coding: at fixed {vyot},, {vmt}giég seems to increase with higher stellar
masses. SLUGGS data from massive galaxies seem to follow this trend, as they popu-
late mostly the higher {vmt}gigsl part of the relationship. In the lower panel, SLUGGS
data appear very different to the E-MOSAICS data, with half of its represented galaxies

showing higher rotational velocities in their metal-poor GC populations, with however

large measurement uncertainties.
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Figure 5.3: Relationship between the rotational velocity v, of metallicity split GC and
field star populations with galaxy stellar masses. As per Figure [5.2] left column, upper and
lower panel y-axes scale the metal-rich and metal-poor GC populations’ rotational velocities
{Vrot yoer and {vrot Yooy, while x-axes scale the field star rotational velocities {vyo },. Scatter-
plots are identical to Figure[5.2] colour-coded by stellar mass with larger dots for the MW-like
sub-sample, and the grey error-barred scatterplots represent data from the SLUGGS survey
(Pota et al.l 2013). Spearman rank correlation coefficients are respectively equal to 0.70 and
0.27 for the upper and lower relationship.
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Figure 5.4: Relationship between the kinematics parameter v,/ of galaxy metallicity split
GC and field star populations with the difference (Ageq ) — (Age,) between the GC and field
stars average age. All panels represent on the x-axes the field star rotation-support parameter
{vrot/00},, and the y-axes of the upper left and right hand panels scale respectively the metal-
rich and poor GC populations rotation-support parameter {vyo;/ ao}gigg and {vyot/ Jo}goé’sr .
As in Figures [5.2]and [5.3] y-x relationships in the upper panels are shown as scatter plots with
larger dots for MW-like galaxies, but colour encodes (Ageqc) — (Age, ), with a black dashed
line highlighting the 1-to-1 relationship. The lower panels display as a black curve the running
Spearman rank correlation between the y-axes and color-coding parameters at fixed x-axis of
each upper relationship (detail in text). The cleared area denotes {vyot /00 }, domains with sig-
nificance (specifically p below 0.1) in the correlation (positive curve) or anti-correlation (neg-
ative curve) between the y-axes and color-coding parameter deviations at fixed x-axis value.

Kinematic properties

In this section we focus on the rotation-support diagnostic applied to both metal-split
GC populations and to their comparison with the stellar rotation-support. From the
analysis of velocity properties presented in the previous part, it can be expected that
metal-rich GC populations trace suitably well the kinematics of the stellar galaxy con-
tent, contrarily to the metal-poor GC populations. Additionally, we look further in
these relationships by comparing them with the difference between the average GC

population’s stellar age and the average galaxy stellar age.

Figure [5.4] shows those relationships in a left/right-column layout, with the left hand

column illustrating the relationship between the metal-rich GCs and the field stars,



5.3. Results 92

and the right hand column illustrating that between the metal-poor GCs and the field
stars. Both upper panels display the relationship as a scattered plot in the same style
as Figures [5.2] and [5.3] where dot sizes are larger for MW-like galaxies, and with the
Spearman rank correlation coefficients and p-values in the upper left corner. GC prop-
erties are scaled on the y-axes while stellar properties are scaled on the x-axes, and
dots are colour-coded according to the age-average differences between GCs and field
stars (Ageqe) — (Age, ). Additionally, those panels are completed with a black dashed

line representing the 1-to-1 relationship.

Because the colour-coding of the upper row of panels reveals trends with the y-axis at
fixed x-axis, we apply in the lower row of panels a graphic technique we will hereafter
refer as “running Spearman rank” (also used in all 4 figures of Davies et al., 2019).
This technique illustrates in a quantitative sense the significance of those trends: it
does so by showing the profile of Spearman rank correlation coefficients between the
variations in colour-coding and y-axis quantities over windows along the x-axis. Given
the 3 quantities scaled by the x-axis, the y-axis and the colour-coding, we proceed as

follows:

* First, we apply the LOcally WEighted Scatterplot Smoothing (LOWESS; Cleve-
land, (1979, 1981} Cleveland and Devlin, 1988)) technique to get an estimate of
the median profile of a parameter (either the y-axis or the colour coding) at fixed
x-axis (here, the stellar rotation-support { v, /00 },). From the sample of (z;, y;),
we obtain for each element a smoothed y; estimated via a number of iterations
of successive local weighted linear regressions. These regressions are done over
a number of nearest neighbour elements in x; values corresponding to a fraction
of the full sample, and the weights are iteratively affected by the residuals from
the previous iteration. In our case, we use a fraction of 20 percent of the full

sample for the nearest neighbour elements, with 3 successive iterations.

* Then, after using the LOWESS technique on both the y-axes and the colour-
coding properties, we obtain for each (z;,y;, ;) element a pair of smoothed

(U3, ¢;). We use them for computing the local running Spearman rank correlation
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coefficients and p-value of a window of (y; — ¥;,¢; — ¢;) pairs of deviations.
We choose this window to correspond to 50 elements (for consistency with the
chosen 20 percent fraction of the full sample for the LOWESS method), and
we obtain for a series of x-axis positions Spearman rank coefficients pg, and

p-values.

We plot in the lower panel of each column the running Spearman rank coefficients
obtained by application of this technique to the upper panel triplet of properties: on
the left hand side column are shown {v,ot/00},, {Vrot/ 00}222, (Ageqos) — (Age,)
while {vr01/00},» {Urot /00 on s (Ageges) — (Age,) are shown on the right hand side
column. We emphasize the correlations’ significances by filling in grey regions where
the p-values associated with the running Spearman rank is higher than 0.1, leaving

cleared the parts of the curve where the correlation is significant.

As expected in comparing both upper panels, the rotation-support of the metal-rich GC
populations exhibits a stronger correlation with that of the field stars than the metal-
poor GCs. We observe a Spearman rank of (.65 for the former relation against 0.27 for
the latter. When reducing to the MW-like sub-sample, this difference is slightly more
pronounced, with ranks of respectively 0.72 and 0.21. Focusing on the relationship

between {vyot/ 00}2151; and {vy0t/00},, we note that the relation exhibits a significant

scatter: at fixed {vyo1/00},, there is a wide diversity of {vy1/00}oee- The relation
between this scatter and the difference of average ages between GC populations and

field stars may hint at the explanation to this.

As illustrated by the colour coding, galaxies tend to exhibit lower rotational sup-
port in their metal-rich GC populations at fixed stellar rotation-support with higher
(Ageqcs) — (Age,) i.e. when GCs are much older than the field stars. There is an anti-
correlation between { v,/ ao}ggg and (Ageq ) — (Age,) at fixed {vyo1/00},, which is
quantified in the lower panel: between, {v,ot/00}, = 0.6 and 1.6, the anti-correlation is
significant. Outside of this range, there is no correlation: in the higher end, this is due
to the poor sampling of the {v,0/0¢}, domain. For the lower end non-correlation, we

can understand it from what the anti-correlation suggests: specifically that difference
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of ages may drive the difference of rotation-support.

When a field star population is younger than its surrounding GC population, it is less
likely to have converted its ordered motion into random motion from random gravita-
tional encounters in comparison with the older surrounding GC population. With this
aspect in mind, we can understand why the lower {v,.:/00}, end does not show the
same anti-correlation: high (Age ) — (Age,) cannot populate the lower left corner
of the {vo1/ ao}gigsl vs. {Urot/00 }, relationship, and the non-correlation is reflective of
the {v,01/00 yoer. noise for a galaxy population with (Agegc,) =~ (Age, ).

Relative to the {v,q/ ao}g‘g vS. {0t /00 }, relation in the right column, we note from

the lower right panel that their relation to the age difference shows no equivalent trend.
While most of the {v,t/00}, range does not display significance in the running me-
dian, it includes only a narrow weak correlation range between {v,t/0¢}, = 0.6 and
1.0. The colour coding of the upper scatter plot shows no sign of a trend either, so we
conclude from this that the metal-poor GC population shows no significant kinematic

link with the field star population.

Morphological properties

The morphologies and kinematics of stellar populations are fundamental properties
that relate to each other often in a complex way. In the previous part, we have looked at
the relation between kinematics of both metal-split GC populations with the field stars
of E-MOSAICS galaxies, so we may wonder if such relations exist with morphologies.
We investigate this question in this section, in a similar manner to the way it was done

for kinematics.

Figure[5.5|represents our data as in Figure but replacing the kinematics parameters
with their morphological analogues. Similarly to the kinematic relationships, the mor-
phology of metal-rich GC populations is correlated with the morphology of field stellar
populations, with a Spearman rank coefficient of 0.64. Interestingly, the same relation-
ship for the metal-poor GC populations presents a weak correlation with a Spearman

coefficient of 0.45. The MW-like sub-sample presents slightly stronger correlations
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Figure 5.5: Relationship between the morphological parameter oy, of galaxy metallicity split
GC and field star populations with the difference (Ageq ) — (Age,) between the GC and field
star average ages. The layout and characteristics of this figure are identical to Figure [5.4] but
representing morphological parameters v, instead of kinematic parameter vyqt /0.

of Spearman rank 0.75 for the former {ozm}gié}sl vs. {amn }, relationship, and of almost
identical Spearman rank 0.46 for the latter {cv, } s Vs. {ou },. Galaxy metal-rich GC
populations remain suitably similar to their host galaxy in terms of their morphologies,

but metal-poor GC population distributions appear to be also affected to a lesser extent.

The left column {au, Joee vs. {aum}, also presents a similar trend with the age differ-

ence (Ageqcs) — (Age,). However, comparing the lower panels of both Figures

and[5.5]shows that this trend presents weaker correlations, with running Spearman rank

evolving around pg, ~ 0.4 against 0.7 for the former case. Nonetheless, galaxies are

more likely to have metal-rich GC populations that are more elliptically shaped than

their field star populations if their GCs are older than their field stars on average. On
Poor

the other hand, age difference trends in the {a,} e, VS. {aw}, relationship remain

null.

Because our diagnostics are based on three-dimensional properties, we wish to investi-
gate the way those morphological relationships behave from a projected point of view.
In Figure [5.6] we plot 3 reproductions of the 2 upper scatter plots in Figure [5.5] but

replacing the morphological parameter o, by the projected flatness parameter €,
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Figure 5.6: Relationship between the projected flatness parameter €p,0; along the intermediate
(upper row), major (middle row) and minor (lower row) galaxy stellar axes, of metallicity split
GC and field star populations, with the galaxy stellar 3-dimensional morphological parameter
{am},. Each row reproduces the layout and characteristics of the upper row of Figure
replacing the morphological parameters o, by their projected flatness analogues €;,,; and the

colour-coding by {aum},.
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along each of the 3 stellar axes (see Section[5.2.2)): along the intermediate axis in the
upper row, along the major axis in the middle row, and along the minor axis in the
lower row. Another way to appreciate these projections is the plane within which the
flatness 1s measured: data in the upper, middle and lower rows consider respectively
projections within the (minor,major)-axes plane, the (minor,intermediate)-axes plane
and the (intermediate,major)-axes plane. We chose to represent these 3 projections
only as they should be independent enough to generalize further results to any projec-
tions. Lastly, the colouring does not encode the age difference as per Figures and

but the stellar morphological parameter {ov, }, to illustrate the effect of triaxiality.

We note that once again, the left hand side column, representing relationships between
metal-rich GC and field star population properties, shows strong correlations, while the
right hand side column, showing relationships between metal-poor GC and field star
analogues, presents weak to no correlations. In particular, all left hand side panels have
scattered samples following the 1-to-1 dashed line, with Spearman rank coefficients
of respectively 0.63, 0.66 and 0.60 for the upper, middle and lower panels. On the
other hand, results in the right hand side column show a variety of Spearman rank
coefficients: the upper panel is the weakest, at 0.06, revealing no correlation, with
the middle panel being the strongest, at a 0.48 value, closer to its 3-dimensional 0.45
analogue in Figure [5.5] In summary, one can then expect that the relation between the
morphologies of metal-rich GC and field star populations should be similar along any

projection.

Because of the choice of projections shown in each row, it should be expected that flat-
ness from the upper row should be larger than that from the middle row. Indeed, if we
refer to a > b > c the major, intermediate and minor axes, upper row flatness should
be close to 1 — ¢/a and middle row flatness to 1 — b/a. This results in a larger spread
of €,r0j values in the middle row, leading to the higher Spearman rank coefficients
these panels present. Additionally, the colour coding appears almost identical between
the 2 upper rows, following the stellar €,,; progression, while it is found reversed in
the lower row. The 2 upper rows present flatness measured in 2 independent edge-on

views, while the lower row presents the face-on projections. In this latter projection,
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the highest o, corresponding to disk systems should show projected flatness €;,,; near
zero because of the strong circularity of disks. On the other hand, low a,,, corresponds
to ellipticals, with a significant fraction of prolate galaxies presenting stronger flatness

in their ‘face-on’ view.

5.3.3 Morpho-kinematic relationship

We focus in this Section on the relationship between the metal-rich GC and field star
population properties. Notably, we observed in Section that kinematic diagnos-
tics offer a stronger link than the morphological analogues between these 2 popula-
tions. This opens a question on the relationship between these 2 diagnostics in both
populations. As shown in Chapter ] theoretical work from Binney| (1978) and Binney
and Tremaine| (1987) revealed that for gravitationally bound oblate, axisymmetric sys-
tems rotating about their short axis, the relation between morphology and kinematics
depends on a third parameter, namely, the anisotropy of that system’s velocity disper-
sion. We also noted that in the case of the stellar content of a galaxy, its anisotropy
is correlated with both the flatness of the associated inner dark matter halo, and of the
inner halo from counterparts identified in a simulation of the same volume, at the same
resolution, but considering only collisionless gravitational dynamics (DMONLY). We
investigate if these trends are found in the field stars, as well as metal-rich GC popula-

tions, of the E-MOSAICS galaxies via Figure

Figure presents the relationship between the rotation-to-dispersion ratio and the
morphological parameter for the field stars in the left hand panel and metal-rich GC
populations in the right hand panel. The y and x-axes of each panel scales respectively
the rotation-to-dispersion ratio v,./0¢ and the morphological parameter cv,,. Simi-
larly to previous figures, our sample is represented as a scatterplot with larger dots
highlighting the MW-like sample. The colour-coding encodes the velocity dispersion

anisotropy of the population represented in the panel.

Examining the left panel and the relation for field stars, we note a trend in anisotropies

similar to that found in the EAGLE simulation in Chapter @ When applying the
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Figure 5.7: Relationships between the morphological parameter v, and rotation-to-dispersion
ratio vyo /0 with the dispersion anisotropy ¢ for populations of field stars - left hand panel
- and metal-rich GCs - right hand panel. Sample is represented as a colour-coded scatter-
plot, with dots of larger size for the MW-like sub-sample, and colour encoding the dispersion
anisotropy 9. oy, and vyt /0 are respectively scaled along the x and y axes.

LOWESS technique to estimate deviations from the median o, at fixed v,o /09, We
find a Spearman rank coefficient of 0.41 between these deviations and the anisotropy
values. This value corresponds to the full sample; if we apply the same cut as in
Section to isolate spheroidal and rotationally aligned oblate galaxieﬂ we get a
higher coefficient of 0.60. This shows good agreement with the previous trend of Sec-
tion [4.2.3] Figure .4 Given that E-MOSAICS has a mass resolution 8 times higher

than EAGLE, this confirms that this trend shows good convergence.

On the other hand, the right panel of Figure presents the same relation for metal-
rich GC populations. While the field star populations showed a trend in ¢ in their
morpho-kinematics space, metal-rich GC populations do not appear to present one.
Using the same LOWESS technique to estimate deviations from the median o, at fixed
Urot/ 00, those deviations show poor correlation with §, with Spearman rank coefficient

of 0.28 (or 0.38 for spheroidal and rotationally aligned oblate galaxies).

A reason for this difference is that the theoretical framework of Binney (1978) and

Binney and Tremaine (1987)) links the motion characteristics of a self-gravitating sys-

3¢, < 0.3, 0or T, < 1/3 with the geometric angle between the minor axis and the angular momentum
below 10 degrees.



5.4. Summary and discussions 100

tem to the shape of its potential, instead of the shape of a sub-system such as the stellar
population or metal-rich GC population. In the case of field stars, they often contribute
significantly to the material content in the central galactic region, and thus the poten-
tial, and our morphological parameter favours (by design) the material at the centre.
Therefore, in a first approximation, it is likely that field stars will satisfy this theoretical
framework (with a 2" order perturbative trend due to the dark matter shape as shown
in Section4.3.2)). On the other hand, metal-rich GC populations do not contribute sig-
nificantly to the potential: stated differently, it is unlikely that their shape should show

a similar trend to their motion characteristics.

5.4 Summary and discussions

We have examined the morphological and kinematic properties of various globular
cluster and field star populations from galaxies of the E-MOSAICS simulations. As
part of the analysis, we also investigated the relation between the morpho-kinematic
properties of metal-rich GCs and field stars, linking with our results of Chapter ] We
study a sample of 255 present-day central galaxies with stellar masses M, > 10%° M,
composed of a sub-sample of 105 galaxies with MW-like virial masses Mooy ranging

between 7 - 10" and 3 - 10'2 M. Our results can be summarized as follows:

1. GC system demographics are diverse due to the large range of stellar masses,
with 28 to 5848 GCs per galaxy, a majority of which are composed of 17 per-
cent or less of metal-poor GCs. This results in GC systems showing similar
morphological and kinematic properties to their metal-rich sub-population, both
being widely diverse. We note that this fraction is lower than is often esti-
mated for observed GC populations (Peng et al., | 20006); this is primarily owing to
the (known) under-disruption of metal-rich GCs in E-MOSAICS (Pfeffer et al.,
2018)). In any case, one may also consider our choice of metallicity threshold at
[Fe/H] = —1 to be somewhat arbitrary. Nonetheless, metal-poor and metal-

rich GC systems show, respectively, more elliptical/dispersion-supported and
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disky/rotation-supported morphologies/kinematics than the complete GC sys-

tems (Fig. [5.1).

2. A detailed examination of the relationship between the velocity dispersion of
metal-rich GC, metal-poor GC, field star and dark matter systems reveals that
all correlate to some degree, and tend to show good agreement with SLUGGS
observational trends shown in Pota et al. (2013). The correlation is strongest be-
tween the metal-poor GC and dark matter dispersions, which exhibit a Spearman
rank of 0.94. Also, both of the latter velocity dispersions correlate significantly
with the galaxy stellar mass, with Spearman ranks of respectively 0.92 and 0.96
for metal-poor GC and dark matter systems, against 0.77 and 0.87 respectively
for field star and metal-rich GC systems (Fig. [5.2).

3. While the velocity dispersions of all 4 components show good correlations, an-
alyzing their characteristic rotational velocities reveals different trends, with
only metal-rich GC and field star velocities correlating (Spearman rank of 0.70).
Nonetheless, this also shows good agreement with |Pota et al.| (2013) SLUGGS

observational trends despite the large measurement uncertainties (Fig. [5.3)).

4. As for the trends presented for the velocity dispersion, the rotation-to-dispersion
ratios replicate trends seen for the rotational velocity, with metal-rich GC and
field star ratios correlating, contrary to metal-poor GC and field star ratios (Spear-
man ranks of respectively 0.65 and 0.27). This correlation exhibits a wide scat-
ter, which correlates with the difference of average age between GC and field
star systems: at fixed {v,ot },, metal-rich GC systems exhibit more dispersion-

support when GCs are older than field stars (Fig. [5.4).

5. Likewise, the morphological parameter of metal-rich GC systems is similarly
correlated to that of the field stars (Spearman rank of 0.64), with a similar but
slightly weaker gradient in GC - field star age differences. On the other hand, the
morphological parameter of metal-poor GC systems displays a weak correlation
with that of the field stars (Fig[5.5). Both relationships appear to be followed

closely even when using projected flatness along the 3 independent axes of the
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field stars’ ellipsoidal representation (Fig. [5.6)).

6. Both metal-rich GC and field star systems have their morphological and kine-
matic properties well correlated at high rotation-to-dispersion ratio, but scat-
tered at lower ratio. However, while field star properties reproduce the morpho-
kinematics relationship shown in Chapter[5|with the dispersion anisotropy, metal-
rich GC properties do not exhibit a similar trend (Fig. [5.7)). This is likely due to
the non-contribution of metal-rich GCs to the gravitational potential, unlike field

stars.

Our finding that metal-rich GC systems tend to resemble field star properties in both
morphologies and kinematics, as has been shown in observational measurements, is a
strong corroboration of the E-MOSAICS simulations. It echoes with the recent years
of globular cluster observational searches and the findings of various studies (Lee et al.,
2010; Strader et al., [2011; [Park and Leel,2013};[Pota et al., 2013)). But the E-MOSAICS
simulation enables a deeper understanding of trends previously shown in observations.
In particular, our finding that the GC - field star age difference affects the efficacy with
which metal-rich GC properties mimic those of the field stars broadly corroborates the

current prevailing scenario for metal-split rich-in-situ/poor-ex-situ GC formation.

Indeed, having a GC system older than field stars allows a wider diversification of kine-
matics towards the dispersion-supported end for metal-rich GC systems with respect
to the kinematic type of field stars. That diversification depends on the extra time GCs
had for their motion to dynamically heat compared to that of the field stars. metal-poor
GC systems do not show such a trend on the other hand, due to their formation being
preferentially at earlier times (likely in previously merged galaxies), making such trend

unlikely to appear.

This work leaves open a question on the morpho-kinematic situation of these metal-
poor GC systems. We concentrated our focus on the relationship between GC and field
star system morphological and kinematic properties. But it is likely that, considering
the accreted scenario for populating galaxies with metal-poor GCs, the latter could

show some relation in morpho-kinematics with the dark matter halo. This conjecture
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could fuel future investigations.



Chapter 6

Conclusions and future works

Galaxies result from an intricate cosmological evolution mixing gravitational interac-
tions and fluid dynamics with a rich diversity of baryonic processes (Chapter [I)). Such
complex and interleaved physics influencing their formation requires us to develop,
run and analyze numerical simulations that compute those interactions together in a
self-consistent way (Chapter [2). Through this thesis, we looked at such simulations to
study the morphology and kinematics of galaxies, dark matter haloes and globular clus-
ter populations, motivated by the fact that those properties are fundamentally tied to
the formation history of the host galaxy. Examining their diversity and understanding
their origin is an essential step towards a better comprehension of galaxy formation.
As observational surveys are getting access to an ever-wider catalogue of objects, ever
more distant and with ever more detailed morpho-kinematics mapping, it is a perfect
time to develop predictions related to those properties. In particular, as simulations
are becoming more realistic, they have become an indispensable tool with which to
formulate and test theoretical ideas. With the predictive power of the EAGLE model,
we looked at the relationships between galaxy morpho-kinematics and galaxy colour
(Chapter [3)), between galaxy morphologies and kinematics, with respect to the dark
matter halo shapes (Chapter [)), and between the morpho-kinematics of galaxy globu-
lar cluster and field star populations (Chapter [5). We summarize below the discussion

presented in this thesis (Section and suggest some questions that this work opens
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up (Section [6.2).

6.1 Summary

In Chapter 1, we introduced the context of the work of this thesis. After a brief sum-
mary of the various achievements that shaped extra-galactic astrophysics through the
20™ century, we presented the current cosmological paradigm, the ACDM cosmogony,
in particular its historic construction and its 3 key evidential foundations. This al-
lowed us to introduce various crucial aspects of the formation of galaxies for our work,
namely their hierarchical formation, their internal star formation and their feedback
processes. Lastly, we discussed core concepts in relation to the morpho-kinematics of

self-gravitating systems and the necessity of numerical simulations to investigate them.

From this introduction we moved in Chapter 2| to a brief introduction to cosmological
simulations with particular attention to those that we use in this thesis. We started
with an overview of the generic structure of current state-of-the-art projects, detailing
their crucial elements, notably the widely used N-body TreePM gravity solver and the
smoothed particle hydrodynamics method for solving the fluid equations, as well as
an overview to the concept of subgrid physics. In the second part of Chapter 2] we
introduced in more detail the simulation projects EAGLE and E-MOSAICS, on which
our analyses are based. Lastly we described the criteria with which we define a galaxy

in those simulations and the main criteria defining our samples.

In Chapter |3| we discussed the relation between morphologies and internal kinemat-
ics with the colour of a galaxy. We first presented some elements of theory on the
morphologies and kinematics of self-gravitating systems, and used them to establish
definitions of the parametric tools we use throughout this thesis. Notably, we devel-
oped the framework presented by Binney (1978) and Binney and Tremaine| (1987)
linking the shape and dynamics of oblate galaxies. We then introduced our methods
to measure the flatness and the triaxiality of a system, using the scale-lengths of the

quadrupole moments of the mass distribution, and looked at how EAGLE galaxies
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are described by these two parameters. We then presented various parameters used
in simulations to characterise galaxies’ internal kinematics and compared them to the
rotation-to-dispersion technique we use throughout this thesis, a technique that also
provides a measure of the disperson anisotropy. We apply these diagnostics to a sam-
ple of central galaxies with stellar masses larger than 10°> M, drawn from the largest

EAGLE simulation (100 Mpc).

We showed that our sample of EAGLE galaxies exhibit a wide diversity of morpholo-
gies, with spheroidal, oblate and prolate galaxies. In particular, most of the sample
present oblate morphologies which are characteristic of “disky” galaxies. Thereafter,
we found that the 5 methods used for measuring rotation-support in simulated galaxies
yield remarkably consistent impressions of their internal kinematics, with strong corre-
lations between them. This suggests that they can be used interchangeably, and in our
case we used the rotation-to-dispersion ratio from there for its connection with the the-
oretical framework we discussed, and the use of the dispersion anisotropy. Lastly, we
investigated the relation between these morphological and kinematic parameters and
the colour-stellar mass diagram. We notably found that while kinematic parameters
appear to separate suitably the red sequence and blue cloud through a single rotation-
support measure, morphological parameters require more complexity as both flatness €
and triaxiality 7" are needed. This led us to define a new parameter a,, = (€2+1-T)/2
which proved to perform an equally effective separation of the colour split in the galaxy

population.

Investigating the relation between morpho-kinematics and the colour-stellar mass di-
agram motivated the investigation of the relation between morphologies and kine-
matics. Indeed, both have long been assumed to be correlated such that rotation-
supported and dispersion-supported systems respectively correspond to flattened and
spheroidal galaxies. Questioning this correlation has become even more important now
that the deployment of integral field spectrographs for panoramic surveys has become
widespread. Moreover, this correlation had been at the basis of a general practice for
assessing the morphologies of simulated galaxies from their kinematics, as particle

dynamics are simple and unambiguous to compute.
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We looked precisely at this relationship through Chapter 4, employing the theoretical
groundwork developed in Chapter [3] through our set of morpho-kinematics param-
eters. We revealed a tight correlation between ellipticity and rotation-to-dispersion
ratio for rotation-supported galaxies, but exhibiting a wide scatter in the dispersion-
supported regime. The origin of this scatter is investigated via two distinct avenues, one
of them being the existence of prolate galaxies, occasionally rotationally misaligned,
whose flatness may not be related to their internal kinematics. The second, and dom-
inant, contribution to this scatter (65 percent of the sample) is through spheroidal and
rotationally-aligned galaxies. Such systems are at the core of the theoretical ground-
work of Binney| (1978) and Binney and Tremaine (1987) with the predicted relationship
between the morpho-kinematics scatter and the velocity dispersion anisotropy. We find
that our sample of simulated galaxies reproduces this relationship faithfully: galaxies
are more flattened at fixed rotation-support if a greater fraction of their velocity disper-
sion is confined to motion in the plane of the disk, rather than in the direction of the

angular momentum.

The velocity dispersion anisotropy is intriguing as it relates to a difference of dispersion
intensity along 2 directions. The origin of this difference was assessed in the second
half of Chapter 4] Acknowledging the plausible influence of the shape of the potential
in driving this morpho-kinematic relation, we characterised dark matter halo shapes
with the same technique used to characterise galaxy morphologies. Comparing this
property with the v, /09 - € diagram, we observed an equivalent trend to that observed
with the dispersion anisotropy: that galaxies at fixed rotation-support exhibit more
flattened/spheroidal shapes if their dark matter inner halo is more flattened/spheroidal
too. This suggests a causal relationship, with the inner halo shape influencing the
galaxy shape via stellar dynamics, but to confirm that possibility, we needed to “remove

the baryons” from the picture.

Since simulations are built in a modular fashion, it is trivial to remove baryonic physics,
leaving only the collisionless dynamics of dark matter. Starting from identical initial
conditions, we can evolve a virtually identical dark matter only (DMO) Universe in

which halos are equivalent to those of the main simulation, but do not feel the effect of
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baryons. The shape of such haloes can thus be considered “intrisic”, specified by the
initial conditions of the early Universe. By comparing galaxies’ morpho-kinematics
with these intrinsic halo shapes, we observed an equivalent trend to that with the
baryon-influenced halo shapes. Moreover, we also revealed that both trends for intrin-
sic and baryon-influenced halo shapes could be linked to the dispersion anisotropy in a
correlated fashion. A conclusion from this is that the present-day dispersion anisotropy

has its origin partly in the shape of the dark matter inner halo.

The tools developed in this thesis are valuable additions to the simulator’s toolkit and
can serve the many spin-off projects that uses the EAGLE model as a basis. One such
project is the E-MOSAICS simulation, which adds to EAGLE a model for formation
and evolution of globular clusters. Recent years have seen a substantial research effort
devoted to the study of galactic and extragalactic globular clusters and their potential to
reveal galaxy assembly histories. The prevailing scenario for the formation of globular
clusters establishes 2 routes, leading to different metallicity signatures within these
objects, with metal-rich signatures generally corresponding to in-situ formation, whilst
metal-poor signatures are assumed to signal ex-situ formation. Our work in Chapter
5] contributes to this effort: by applying the tools we developed to a similar sample of
galaxies from the E-MOSAICS simulations, we study the morpho-kinematic properties

of metallicity-splitﬂ globular cluster systems relative to that of the field stars in galaxies.

Looking at their globular cluster demographics, we find that our sample of galaxies
host diverse populations of globular clusters, although those that are metal-rich appear
to dominate in each galaxy’s globular cluster populations. Their morpho-kinematics
are diverse with a tendency for metal-poor and rich systems to diverge respectively
towards the elliptical/dispersion-supported and disky/rotation-supported ends. Ana-
lyzing the velocity characteristics of both metal-split populations reveals that the ro-
tational motion of metal-rich globular cluster populations resembles that of the field
stars, despite the field stars and both metal-split GC systems (as well as the dark matter
halo) sharing identical dispersion motions (those dispersions appearing strongly corre-

lated with the hosting galaxy stellar mass). On this basis, by comparing the rotation-

lthreshold at [Fe/H] = —1



6.2. Future directions 109

to-dispersion ratios of each systems, we find that metal-rich globular cluster and field
star internal kinematics are well correlated, while metal-poor globular cluster systems
show no correlation with the latter. This is qualitatively (and to some degree quanti-
tatively) in agreement with observational measurements. This relationship also has a

strong dependency on the difference of ages between globular clusters and field stars.

Similarly, metal-rich globular clusters also appear to share more comparable shapes
to the galaxy they inhabit than the metal-poor globular clusters, both in 3-dimensions
and in projection, exhibiting an equivalent trend with the globular cluster - field star
difference of ages. This proxy property in morpho-kinematics supports the scenario
that metal-rich globular clusters are more likely to have formed in the main progeni-
tor of their galaxy rather than having been accreted through extragalactic encounters.
Interestingly however, while field star morpho-kinematics echo the relation previously
found with their dispersion anisotropy, metal-rich globular cluster morpho-kinematics
do not, despite exhibiting similar kinematics to their galaxy’s disc. This corroborates
the idea that the theoretical framework of Binney| (1978) and Binney and Tremaine
(1987) should not be expected to apply to all morpho-kinematic relationships equiva-

lently. In particular, it only applies to systems that are self-gravitating.

6.2 Future directions

The work presented in this thesis opens paths to future research directions. Below,
we suggest means by which our investigations might be extended, and also highlight

forthcoming projects to which the tools presented here might be applied.

6.2.1 Expanding our results

Among our results we summarized in Section[6.1] some particularly raised our interest.
For instance, when studying the relationship between the morphology and kinematics

of galaxies we noted the existence of galaxies with prolate morphologies exhibiting



6.2. Future directions 110

rotation around their major axis (Section4.2.2)). These so-called “prolate rotators” have
recently been detected in integral field surveys (Tsatsi et al., [2017), but little is known
about their origin. The most likely cause for their formation seems to be through very
particular merging configurations. A route that may lead to a better understanding of
these peculiar systems would be to isolate our cases found in the EAGLE simulation,

and examine their merger history.

On a similar subject, we ignored a small population of flattened systems whose mor-
phologies were purely triaxial, that is with triaxiality near 0.5. Indeed for staying
within our theoretical framework, it was necessary to examine only galaxies with a
high degree of circularity (equal major and intermediate scale lengths). We believe
such systems may feature nuclear bar structures which the EAGLE model successfully
produces (Algorry et al., 2017). Also, as a more general view, it would be interesting
to examine how our morphological diagnostics reflect the existence of a bar. In partic-
ular, it may be the case that some of those we identify as prolate may be so because of
a bar, since the inner structure has more weight in the reduced inertia tensor technique.
It is important to mention that, consequently, bars may also have an influence on the

dynamical heating and the dispersion anisotropy.

An important question we wish to assess is that of the proxy ability of metal-poor glob-
ular cluster systems to reveal the morpho-kinematic properties of the dark matter halo.
Indeed, since those clusters likely find their origin through the accretion of material
via extragalactic gravitational encounters, it is assumed that they tend to populate the
outer part of the galaxy, following the halo potential. During the course of this thesis,
we had a chance to start investigating this question, and found some positive leads.
We notably found a weak correlation between the morphology, quantified as per Fig.
5.5 of metal-poor globular cluster systems and the dark matter inner halo. However
that relation featured a large scatter around the correlation trend; in order to better un-
derstand the origin of this trend, it would be instructive to establish what drives this

scatter.
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6.2.2 Exploiting our tools

The tools developed through this work have the benefit of being versatile, and perfectly
suited for any EAGLE-like simulation. This was notably a particular advantage for our
study of globular cluster systems’ morpho-kinematics via the EAGLE-spin-off project
E-MOSAICS. In conjunction with this, many other such spin-off projects exist or are
under development which may require morpho-kinematic tools. In our case, we are
interested in 2 potential future projects which could be of direct interest for improving

the results shown in this thesis.

One of them is named EAGLE-XL; it aims to reproduce the observed galaxy popu-
lation with ever better fidelity than EAGLE, and within a volume a factor of ~ 30
greater. Typically, while the largest volume in the EAGLE suite of simulations has a
box size of 100 Mpc, EAGLE-XL should increase that length to 300 Mpc. This di-
rectly offers markedly superior statistics and enables searches for ‘rare’ objects. With
a larger number of galaxies, it is possible to access relations that could not be reached
with the EAGLE box. Notably, the lack of statistics prevented us from exploring fully
the variation of the relation between morphologies and kinematics for more defined

mass ranges. Such a larger volume would allow this.

As we discussed in Section the EAGLE model does not explicitly resolve the
cold, dense phase of the ISM. This results in simulated disc galaxies being artificially
thicker than their counterparts in nature. With the aim to improve other shortcomings
of the model, the EAGLE collaboration are now working on a project known as COL-
IBRE. Among the improvements that are proposed, revamping the modelling of the
cold, dense phase of the ISM is a key part of their agenda. Naturally, it would be inter-
ested to see how our results differ with this new simulation, with galaxies populating

much thinner morphologies.



Appendix A

Rendering cosmological simulations

As simulation data are usually generated in binary format, their interpretation require
to be done by processing them, altering them to compute representative measurable
quantities, allowing the analysis of potential correlations. But another way to ease the
interpretation is to render the simulated phenomena, for scientific or recreational pur-
pose, especially by producing flyby movies within the simulated Universe in the case of
computational cosmology. During a previous student experience in the summer 2014
with the University of Victoria, Canada, software was developed using the PYTHON
package PY-SPHVIEWER (Benitez-Llambay, [2015)) to allow in an ergonomic way the
computation of such movies with customizable trajectories from GADGET3-made sim-
ulations (some frames of these movie{] are shown in figure . We have used this
software, and upgraded it if necessary, to prepare and provide media contents for the
outreach activities of the Astrophysics Research Institute (ARI), and to contribute to

the press release that accompanied the publication of |Oppenheimer et al.| (2016)).

lavailable here: |https://vimeo.com/278487892 for dark matter, https://vimeo.
com/278494116 for gas, and https://vimeo.com/278494665|for stars
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A.1 Software development

A.1.1 PY-SPHVIEWER renderer

The software manipulates the PYTHON package PY-SPHVIEWER (Benitez-Llambay,
2015) which renders N-body + Hydrodynamics simulations with smoothed particles in
3 steps, with 3 specific PYTHON implemented classes of objects, Particle, Scene

and Render, which interface multi-threaded C-native routines.

* Particle prepares a framework of any number of smoothed particles when
given the coordinates and the masses of all these particles. It computes the
smoothing lengths associated to these particles via a distributed k-Nearest Neigh-
bor Search (ENNS) algorithm in which &k can be given as a parameter. As this
process is time consuming, if these smoothing lengths are already known, they

can be given to the object as an input to limit unnecessary computation.

* Scene uses the Particle object to prepare the scenery, given a Camera
object for which the parameters are the 3 coordinates of its target, the 3 pan-
ning/tilting/rolling camera angles defined according to the Tait-Bryan x —y' — 2"
intrinsic rotation fashion, the zoom of its field-of-view (FoV) and its horizontal
and vertical pixel-resolution. It isolates the particles that can be seen into the

related FoV and computes their projected coordinates and smoothing lengths.

* Render finally uses Scene to produce the raw array of intensities pixel by
pixel that are viewed in the Camera FoV by summing all the projected smoothed
particles. It has an optional native logarithmic scale that can be applied but we

choose to not use it, and apply our own logarithmic scale.

PY-SPHVIEWER is a fairly simple and intuitive package to use, but produces only
images and not videos yet; the software we detail in this appendix acts, in the context
of GADGET3-style outputs, as a wrapper of PY-SPHVIEWER to temporarily address
this need in wait of further development of the package (and for potential contributions

to it).
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Figure A.1: Illustration of PY-SPHVIEWER rendering performance by rendering 100000 iden-
tical particles, randomly positioned in a uniform 3D box, and duplicated in an environmental
stretched box to produce a background of particles in which the initial particle-made box is
immersed.
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A.1.2 Main scheme & and recent improvements

The wrapper runs through 5 major steps, leading to the encoding of the movie in an

exploitable format (with a configurable framerate and image resolution):

* Volume structure: The first step is a preliminary exploration of the file system,
having been given the root path where all the GADGET3 and SUBFIND outputs
are saved. It knows the syntax of file names of that structure (with the possibility
to adapt to any custom naming), and it creates a redshift sorted list of PYTHON
flag-objects that can be used to load arrays of data. It is also able to distinguish
snipshot and snapshot outputs (more details of this distinction in section 3 of
Schaye et al., 2015). In case the user requires additional data that are associated
to the particles but available in other files, as long as those adopt a similar file
structure, they can be added “on-the-fly” as a new list of PYTHON flag-objects

consistent with the resdhift sorting of the main list.

* Halo tracking: Although limited by the necessity to manually input the arrays
of subhalo position coordinates per snapshot prior to this PhD project, the halo
tracking now takes into account merger trees publicly made available online by
the EAGLE collaboration (McAlpine et al., 2016; |Qu et al.l, 2016). However, it
is also possible to provide any other target tracking as a list of coordinates per
snapshot. Once these are known, the software adapts them first to the snipshots
by linear interpolation of their values. Then, it filters those trajectories with a
Butterworth| (1930) low-pass discrete filter calibrated on the framerate to avoid
tracking that would be visually erratic (a switch parameter can be activated in
the tracking smoothing to take into account cyclic boxes - i.e. with periodic
boundary conditions). All considered haloes have an associated integer id for
identifying them in the next step, and their filtered trajectories are stored in a list

of halo tracking tables accordingly sorted by identified haloes.

» Suretarget: The last step before movie production consists of describing the
camera behavior and the choice of snapshot/snipshot for evolution movies. For

this, a function has been implemented (inspired by the graphic interface of the
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software Adobe After Effects E] and the independent preset Suretarget E[) to pro-
duce smoothed interpolated trajectory parameters and to choose relevant snap-
shots/snipshots from custom time-lined “anchor-points”. These “anchor-points”
are each associated with a specific movie frame ids and fix one or more param-
eters among the following: the redshift to explore, the subhalo to target, the
distance to the target, the 3 panning/tilting/rolling angles and the zoom of the
camera. The function treats first the redshifts, modifying the number of frames
between the anchor points if needed (EAGLE is limited by 400 snipshots/28 snap-
shots), and then, using the halo tracking tables at the right redshift, it interpolates
and filters, with the same [Butterworth! (1930) low-pass filter, the other parame-

ters to get the final exhaustive evolution of movie parameters.

* Frame rendering: These parameters are then loaded in a routine that exploits
PY-SPHVIEWER with the volume data structure produced in step 1 to gener-
ate the raw arrays of intensity at each frame of the particles of a chosen type
(Dark Matter, Gas, Star or Black Hole). Knowing the data structure of GAD-
GET3 files, it uses the coordinates and masses of particles of the chosen type,
and if available, the associated smoothing lengths. GADGET3-made simulations
often describe the mass of sub-components of a specific type, such as chemical
enrichment in gas particles, as fractions of the particle mass, the routine can ren-
der that sub-component if the path to that fraction in the data structure is given
as input. Similarly, the routine can replace all-together the mass used for render-
ing by another quantity of the user’s choice if the path to that quantity is given
as input. The routine considers also optional features like cyclic boxes (i.e. pe-
riodic boundary conditions), spherical apertures, quadratic fading with distance
of particle intensities, smoothing length cap, stereoscopic 3D movie production.

These arrays are then saved on the local data storage for the next last step.

* Video making: Finally, the raw images go through 3 layers of video processing

before being saved in a final image format, and encoded together in a single

Znttp://www.adobe.com/products/aftereffects.html
3http://www.videocopilot.net/presets/sure_target_2/
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movie: First, statistical analysis is made on each image (in order to avoid im-
ages to have their dynamic - i.e. their distribution of pixel intensities - to be too
skewed) to find proper logarithmic pivot values p;, that are averaged together
to find the logarithmic scale ), : X +—— log ((p;) + X)) that is uniformly ap-
plied to all images; Then, applying this logarithmic scale, it generates a list of
minimum and maximum thresholds, here again statistically estimated, to keep
an appreciable dynamic range of the image, and smooths these 2 lists of thresh-
old values through the same Butterworth| (1930) low-pass filter. The final step
applies a raised cosine scaling function to the log-scaled intensities, after their
normalization and clipping according to the minimum and maximum thresh-
olds, to enhance the dynamic contrast before saving the image with a pre-chosen

colourmap.

max min

min 1 1

Llog — Lo .

Trom = | B8 | 10 1) s~ (14 sin (7 (Znom — 0.5))) (ALD)
a:log _:Ulog 2

—0

Once all images are generated in a convenient image format (generally Portable Net-
work Graphics/PNG for a lossless compressed format or Tagged Image File For-
mat/TIFF for a deep-color format), they are encoded using the free suite of software

FFEMPEGH

A.2 Extrinsic applications

A.2.1 Oppenheimer et al. (2016) Press release

Our collaborators Oppenheimer et al.| (2016) were given the opportunity of a press
release associated with the publication of their research in the Monthly Notices of
the Royal Astronomical Society. To enhance this press release, we produced movies
of 2 of the 20 simulated halos that this research generated: a spiral and an elliptical

galaxy. We produced flyby movies of 4 components: dark matter, gas, star, and the

‘https://www.ffmpeg.org/
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Figure A.2: Frames from the z = 0 flyby movies produced during the original project that
led to the development of the software. The movies render the Local-Group alike volume V1
from the APOSTLE project (Fattahi et al.l 2016} Sawala et al., 2016). The upper, middle and
lower rows respectively represent the dark matter, gas and star components. The left, centre
and right columns represent distances from the camera to the main target - the main galaxy - of
respectively 36.8 Mpc, 8 Mpc and 3.6 Mpc.

ionized oxygen component. For each halo, we made availableE] the 4 single component
movies, a blended version of the gas and stars (with gas as an alpha channel with 40%
of transparency), and a quad-view with all 4 components being shown in each corner of
the same video file (screens are shown in figure [A.3)). The press release and our media

were featured in international media and on the front page of the LIMU Websiteﬂ

A.2.2 Fiske planetarium demonstration

Our collaborators at the Fiske planetarium of the University of Boulder, Colorado, had
the ambition to produce an outreach projection of the formation of a galaxy. Using a

simulation with high resolution in cosmic time, we used our software to generate such

Squad-view movies are available here https://vimeo.com/279215687 for the elliptical
galaxy and https://vimeo.com/279215384for the spiral galaxy
Snttps://www.ljmu.ac.uk/about-us/news/wasteful-galaxies
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Figure A.3: Frames from the rendering movies of 2 halos from Oppenheimer et al.| (2016).
Upper 4 panels represent the spiral galaxy while the lower 4 panels represent the elliptical
galaxy. In each set of 4 panels, the upper left is the dark matter component, the upper right
is the star component, the lower left is the gas component and the lower right is the ionized
oxygen VI component.
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movie. However, since PY-SPHVIEWER does not support planetarium style projec-
tions, we had to implement it into the PYTHON package. To achieve this, we had to
modify both Scene and Render object implementations and in particular their in-
terfaced C-native routines. In detail, we mentioned that Scene prepares the scenery,
using the Camera parameters, by isolating particles in the FoV and converting their
3D coordinates and smoothing lengths to projected ones. In this case, we needed to
add an option for forking that computation to a different projection scheme: the az-
imuthal equidistant projection, considering the spherical cap centred on the camera
position that the FoV projects onto. For customization, we also implemented a feature
that would allow the Camera target position to be shifted, so that it translates into a
shift in altitude onto the planetarium dome (as the target would be by default at the
planetarium north pole). A particularity of this projection is that it distort circles, and
as such, smoothing lengths projected on the spherical cap. To take into consideration
those distortions, we also added a forking in the Render implementation to deal with
those distortions based on the projected Scene properties. With this updated software
we produced 4 square movies in extreme resolution (4096 x 4096) for dark matter, star,
gas and hot gas components, which the Fiske planetarium production team edited to
blend them together in a single Vide(ﬂ This work also leaded to the production of the
movie mentioned in Figure 2.1 made as part of collaboration with the Lynx X-Ray

Observatoryf]

A.3 Future implementation ideas

A.3.1 Refining orientation interpolation

Currently, the interpolation scheme between anchor point orientations of the camera

is limited by its panning/tilting/rolling description. This is generally convenient, es-

final production has been featured on this link https://twitter.com/nonstopbenopp/
status/1111007465770905600

Sfeatured on this link https://twitter.com/astrogrant/status/
1085744244411621378
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pecially for creating a contiguous rotational movement of the camera. However it
limits versatility to particular cases such as orientate movies along edge-on or face-on
views. On that note, because structure morphologies and, by extension, 3-axes basis
descriptions (via the inertia tensor as in Section , evolve in time, and since the
panning/tilting/rolling camera orientation description translates to a 3-axes basis, we
need a scheme that can interpolate between bases. The Spherical Linear intERPolation
(SLerp) appears to be such a scheme. Generally used in computer graphics, it enables
the animation of 3D rotation via quaternion interpolations ﬂ Exploring this technique
would potentially enable us to adapt movies to the morphology of the evolving objects

that are meant to be rendered.

A.3.2 Higher framerate resolution

Another limitation of our current software relates to the way the evolution framerate
matches the timestep rate of the simulation. In other words, each successive frame
cannot represent timesteps that are between 2 successive snapshot/snipshot. If the
evolution that we want to observe is too fast despite each frame representing all snap-
shots/snipshots, the only option available is too slower down the movie artificially by
interpolating between the final images. This has very limited efficacy and generally
does not render a satisfying result. Such limitation could be overcome if instead of in-
terpolating between final images, the software could interpolate the particle properties
between snapshots/snipshots directly. While it would be straightforward for dark mat-
ter particles, baryonic particles, especially gas and star, are more elaborate. GADGET3
simulations convert on the fly gas particles into star ones, so interpolation schemes
would require particular care for these. Nonetheless, such addition would improve

greatly the software capability.

%the quaternion space is an extended 4D number system where the multiplication is down-compatible
with the 2D number system of the complex numbers; an interesting feature in our case is that unit
quaternion number translates to a rotation transformation of the 3D space.



A.3. Future implementation ideas 122

A.3.3 Additional projection schemes

The implementation of the planetarium projection feature opened the way for the addi-
tion of other projection schemes to the PYTHON package PY-SPHVIEWER. Currently,
three projections are available, namely the perspective projection (by default), the ax-
onometric projection (virtually similar to the perspective one, but placing the camera
at infinity) and the azimuthal equidistant projection. As virtual reality (commonly
referred as VR) medias are becoming more and more popular, the equirectangular pro-
jection scheme would be an excellent addition to the package. By default this scheme
projects an entire sphere onto a rectangle. Therefore, if considering the sphere centred
on the camera projection as a projecting surface of the entire space, we can project
via this scheme the entire space onto a 2D screen. This is done by considering a sin-
gle camera, but 3-dimensional perception requires a pair of two cameras. While the
calculation for a single camera is straightforward, particular care would need to be

considered for implementing this pair of two cameras.
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