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Cover Image: The center and lower left galaxies are RGB composites of galaxies ID477328 and
ID562742 from the TNGS50-1 simulation of the [llustrisTNG project. The top galaxy is the edge-on
galaxy NGC 4565. The top plot corresponds to the radial distribution of the m = 1 amplitude of the

Fourier modes, Aj, described in Chapter [ The lower plot is the stellar surface mass density,
accompanied by a piecewise double exponential fit, described in Chapter 3] Both plots correspond to
actual measurements of the center galaxy 1D477328.

Credit: The center and bottom left galaxies were made using Py-SPHViewer Benitez-Llambay| (2015)),
the galaxy on the top is NGC 4565 from ESO. The image was built using the GIMPE] program.

Thttps://www.gimp.org
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Chapter 1

Introduction

This thesis is focused on the detailed analysis of the galactic stellar component of late type galaxies
to characterize their evolution as well as their connection with their inner dark matter distribution. By
analyzing the stellar distribution and populations within simulated disk galaxies, we aim to explore cru-
cial aspects of the physical processes that shape their evolution and formation. The analysis in this thesis,
based on state-of-the-art cosmological simulations, allows us to explore the coupling between the baryons
and the dark matter, and to characterize its impact on the galaxies dynamical structure, morphology and
stellar distribution. To accomplish this, we use different suites of cosmological hydrodynamical simula-
tions, focusing on a carefully selected sample of disk-dominated galaxies and Milky Way-like masses.

1.1 Formation and evolution of galaxies

The study of galaxy formation and evolution is one of the most fascinating and complex topics in astron-
omy, with new questions and challenges constantly arising. Prior to the formation of the first structures
and galaxies, the Universe was in its early epoch, characterized by a remarkable event known as the ”Big
Bang”. The Standard Cosmological Model describes this epoch, as well as other key events such as pri-
mordial nucleosynthesis and recombination. It also provides a fundamental framework for understanding
the history and structure of our universe. The currently accepted version of this model is the Lambda
Cold Dark Matter (ACDM) model (Peebles, |1980).

The ACDM model describes the density distribution of the Universe using three cosmological compo-
nents: dark energy, dark matter, and baryonic matter. Dark energy (£24) constitutes the fraction of the total
energy of the Universe, modelled as a repulsive force and linked to its accelerated expansion. Dark matter
(€2,) accounts for the density of cold dark matter, interacting with baryonic matter through gravitational
effects, which manifest in the formation of very large-scale as well as small-scales structures. Baryonic
matter, represented by €, denotes the fraction of the total mass of the Universe potentially composed of
observable matter, containing particles that can interact with photons. Considering a spatially flat Uni-
verse (2 = 1), the sum of these cosmological parameters is approximately 1 (i.e., Qx + Q.+ Qp =~ 1).
This indicates that dark energy, cold dark matter, and baryonic matter jointly constitute the contributors
to the Universe’s total energy density in distinct proportions.

The ACDM model considered a rather succesful model in cosmology, serves as a well defined framework
for describing various cosmological phenomena. An essential key to understanding the distribution of
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matter and energy in the early Universe is the Cosmic Microwave Background (CMB) (Penzias & Wilson,
1965} Boggess et al., |1992; Louis et al., 2017 Planck Collaboration et al., 2014} 2016, |2020). This radi-
ation has allowed us to measure the power spectrum of the primordial fluctuations, and thus to constrain
the parameters associated with the cosmological model. Moreover, the ACDM model successfully pre-
dicts the formation of the large-scale structure of galaxies, where the presence of cold dark matter plays
a significant role in shaping clusters of galaxies, galaxies, filaments, and voids (Peebles, [1980). Through
the Big Bang nucleosynthesis model also makes predictions about the abundances of hydrogen, helium,
and lithium that can be compared with astronomical observations obtained from stellar evolution models
and galaxy formation models (Peebles, |1966; Wagoner, |[1973;/Coc & Vangioni,[2017). The large number
of observational evidence and theoretical analysis highlights the robustness and comprehensiveness of
the ACDM model in explaining various cosmological phenomena.

fter the Big Bang

Figure 1.1.1: This illustrative image depicts the evolutionary timeline of the Universe since the momentous event
of the Big Bang. The early Universe, primarily composed of searing hot plasma, underwent an exponential expan-
sion phase termed inflation. As this expansion unfolded, the Universe gradually cooled, leading to the decoupling
of photons from baryons. This significant event resulted in the formation of the Cosmic Microwave Background
(CMB), a snapshot of the Universe’s earliest state. The cosmic journey continued as the Universe expanded and
cooled further, allowing gravity to sculpt the emergence of the first cosmic structures, including filaments and clus-
ters. The seeds of the first galaxies and stars took root and formed. Over time, the Universe evolved through an
intricate dance of mergers and interactions among galaxies. Within individual galaxies, stars matured, culminating
in dramatic supernova explosions, which enriched the galaxies with heavier elements. Credit: ESO

According to this paradigm, the basic timeline of the Universe can be described as follows (see Fig.
. During its first 10~* seconds, referred to as the Planck epoch (Barrow, 1983), the universe
was a hot (10?8 K), dense soup of energy in which the fundamental forces (electromagnetic, strong and
weak nuclear) were unified except for the gravitational force. Subsequently, in the first 10732 seconds
after the Big Bang, the Universe underwent a rapid expansion phase known as inflation (Guth, [1981).
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During inflation, the Universe expanded exponentially by a factor of at least 10?°, smoothing out any
irregularities and setting the stage for the formation of galaxies and other cosmic structures.

Following the inflationary epoch, the Universe continued to expand, albeit at a slower rate, known as the
radiation-dominated era. In this era, nucleosynthesis was primordial, where there was a dense plasma
of photons, electrons and protons. The Universe reached temperatures between 10° to 10'> K and the
formation of atoms was not possible, as the photons were in Thomson scattering equilibrium between
protons and electrons. As the Universe expanded and cooled, the plasma eventually condensed into atoms
in an event known as recombination. This milestone occurred when the Universe was approximately
380,000 years old and resulted in the release of a burst of photons, now observed as the cosmic microwave
background (CMB) radiation (Penzias & Wilson, [1965). The CMB serves as a snapshot of the Universe
when it was just 380,000 years old and is highly uniform across the sky, in agreement with the predictions
of the inflation epoch. However, it also contains small perturbations, which are believed to have been the
seeds for the formation of galaxies and other cosmic structures.

The subsequent stages of the Universe involved further expansion and cooling, leading to the clumping
of matter and the formation of galaxies, clusters of galaxies, and other structures. This ongoing expan-
sion and cooling process have persisted to the present day, yielding an estimated age of approximately
13.8 Gyr for the Universe Planck Collaboration et al.| (2020). Within this cosmic timeline, the small
perturbations present in the CMB were amplified by the force of gravity, particularly influenced by the
contribution of dark matter. As a result, baryonic matter collapsed gravitationally within these dark mat-
ter halos, eventually forming the first stars, galaxies, and clusters of galaxies. This gravitational collapse
of matter from the initial CMB perturbations has given rise to the filamentary structure known as the
cosmic web, which is a prominent feature of the Universe. Observations of galaxies and quasars in large
galaxy surveys have provided valuable insights into the existence and physical properties of this cosmic
web (Fontanelli, |1984; |[Fairall, {1995 Takeuchi et al., {1999).

The gravitational interactions between galaxies and halos are fundamental factors in the ACDM model,
playing a crucial role in the evolution and formation of galaxies. These interactions lead to the hierar-
chical growth of DM halos, ranging from small groups to massive clusters (see Fig[I.1.2)). According to
this hierarchical model, early galaxies frequently merged with others of similar mass. As the Universe
expanded and cooled over time, such mergers became less common, and interactions with galaxies of
different masses became more significant.

The hierarchical model of structure formation serves as a framework for understanding the origins and
evolution of galaxies, supported by observational evidence and cosmological simulations (Conselice
et al., 2003; Giocoli et al., 2010; Rodriguez-Gomez et al., 2015). And, as we will see later in this Thesis,
perturbations of galaxies DM halos, induced by such gravitational interactions, can play a very relevant
role on determining their present day dynamics, structure and overall evolution. Indeed, the galaxies
within their DM halos exhibit a variety of shapes, sizes, colors, and kinematics, leading astronomers
to develop different methods to classify them (Hubble, |1926; de Vaucouleurs, |1959; Zhu et al., 2018).
The most commonly used system for galaxy classification is the Hubble tuning fork diagram, which
was introduced by Edwin Hubble in 1926 (Fig. [I.1.3). This classification has allowed astronomer to
categorized galaxies according to four main types: ellipticals, spirals, lenticulars, and irregulars, each
displaying distinctive morphological features. Elliptical galaxies, characterized by the absence of visi-
ble spiral structures, tend to have an approximately elliptical shape, may be intrinsically oblate, prolate
or triaxial, depending on their symmetries, also tend to have a redder color compared to spiral galax-
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Figure 1.1.2: Diagram illustrating the progression of a dark matter halo’s merger tree through distinct time inter-
vals. The prominently shaded halos on the left symbolize the development of the central halo progenitor, incor-
porating ’satellite’ halos denoted as A, B, C, and D, thus initiating a set of subhalos. Satellite system D has also
undergone its own acquisition of satellite halos (a, b, and c) prior to being assimilated by the primary host halo.
Among these, those that persist (b and c¢) contribute to the formation of a secondary population of subhalos. Credit:

Giocoli et al.| (2010)
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Figure 1.1.3: The Hubble tuning-fork diagram is used to classify galaxies based on their morphology. Credit:
NASA & ESA

ies, implying an old stellar population and lack of star formation. In contrast, spiral galaxies showcase
prominent spiral arms and contain abundant gas and dust, their active star formation leads them their
bluer colors. Lenticular galaxies possess a disk resembling spirals but lack well-defined arms, and their
color can vary depending on their star-formation activity. Meanwhile, irregular galaxies not have a dis-
tinct regular shape, and do not fall into any of the regular classes of the Hubble sequence. Furthermore
they can display a wide range of colors depending on their recent star formation history. The study of
galaxy shapes offers valuable insights into the distribution of baryonic matter, their interactions with the
environment, and the dark matter halos. In this thesis primarily focuses on the analysis of spiral galaxies,
as we will discuss in detail, their stellar and gas distribution in theirdisk component provide unique in-
formation about very relevant process behind galaxy formation, such as star formation history, chemical
enrichment, dynamics and dark matter distribution, among others. In particular, we will primarily focus
on Milky Way-like galaxies, with the goal of placing our own Galaxy within a broader cosmological
context. In the following, we will give a brief description of the components of spiral galaxies.
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1.2 Spiral galaxies

Spiral galaxies represent approximately two-thirds of the massive galaxies in the present-day Universe
and, as such, they are the most common type of galaxy (Lintott et al., 2011; |Willett et al., 2013)). They
have a distinctive structure, typically with a spheroidal central component, known as the bulge, sur-
rounded by a disk of stars and gas. Within the disk we find spiral arms, regions of intense star formation.
Like all galaxies, spiral galaxies are enveloped with a stellar and dark matter halo, which surrounds the
galaxy and provides gravitational support.

The Hubble classification system divides spiral galaxies into two main types: classical spiral galaxies
(S) and barred spiral galaxies (SB). Classical spirals exhibit a central bulge and spiral arms, while barred
spirals showcase a central bar extending from the center, with spiral arms stemming from the ends of
the bar. Additionally, within the spiral galaxies classification, there are sub-classifications denoted as Sa,
Sb, and Sc for classical spirals, and SBa, SBb, and SBc for barred spirals. These designations denote
variations in the openness and definition of their spiral arms and the size relation between the bulge
and disk. Notably, Sa/SBa galaxies possess a prominent bulge with tightly wound arms, while Sc/SBc
galaxies feature loosely wound arms and a smaller bulge, with SBb or Sb galaxies falling in between.
Interestingly, Sa/SBa galaxies have a lower star formation rate, lower metallicity, and an older stellar
population compared to Sc/SBc galaxies.

As previously discussed, spiral galaxies are stellar systems with a substantial star formation rate, par-
ticularly concentrated in their spiral arms, where gas and dust are abundant. The stars can produce
supernovae events, expelling gas and dust from the galaxy. This ejected material then contributes to the
formation of new stars in a continuous cycle, leading to an enrichment of the galaxy’s metallicity of the
galaxy over time. This feedback of the stellar activity shapes the fascinating evolution of galaxies. The
stellar halo in disk galaxies provides valuable information about the assembly history of the galaxy itself,
as we will see in the next sections. Its dynamical and chemical properties can shed light on its accretion
history, mergers, gravitational interactions, dark matter distribution, and other aspects of its formation
and evolution (Tissera et al., 2013}, 2014; Monachesi et al., 2013, 2019; Conroy et al., 2021} |Khoperskov
et al., | 2023|).

1.3 The matter distribution ofdisk galaxies

1.3.1 Bulge and bar

The bulge and bar of a galaxy are important components that can have a significant influence on the
formation and evolution of the galaxy. The bulge takes the form of an ellipsoidal structure in the cen-
tral region of the galaxy, while other disk galaxies have a bar-shaped structure. Both components are
composed mainly of older stars, and are therefore reddish in color.

The formation of bulges and bars is a complex process that depends on various factors. Bulges can form
through violent processes such as galaxy mergers, where the gravitational interactions between galaxies
lead to the redistribution of stars and gas towards the center. Pseudo-bulges (or disk-like bulges, Athanas-
soula (2005)), on the other hand, could form through secular processes driven by the internal dynamics
of the galaxy and hierarchical evolution as mergers (Gargiulo et al., [2019; Brooks & Christensen, 2016;
Gozman et al., 2023)). Kinematically, these are hot components, having a velocity dispersion support
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greater than their rotational support. Furthermore, due to the lack of dust and gas component, bulges tend
to have almost no star formation. The distribution of light is described by a Sersic profile (Sérsic, 1963}
Sersic, [1968, usually n > 2 for bulges and n < 2 for pseudo-bulges, where 7 is the Sersic index). The
metallicity of bulges can vary depending on their formation mechanisms. Classical bulges are typically
metal-rich, similar to elliptical galaxies, while pseudo-bulges can have a range of metallicities, including
both metal-rich and metal-poor populations. Bars, on the other hand, are elongated structures that can
form through gravitational instabilities in the disc, or they can be triggered by interactions with compan-
ion galaxies. They are characterized by a distortion in the shape of the disc, with stars and gas moving
along elongated orbits. Bars play a crucial role in the secular evolution ofdisk galaxies. They redistribute
angular momentum within the galaxy, causing material to be emitted from the bar’s inner Lindblad res-
onance and absorbed by the spheroid and outer disk. Bars can also drive the formation of substructures
such as spirals and rings

The kinematics of bulges and bars are closely related to their formation and evolution. Bulges can have
a range of kinematic properties, including rotation and dispersed motions. Classical bulges often have a
more pressure-supported kinematics, while pseudo-bulges can exhibit both rotation and random motions
((B/T) = 0.16 in contrast to (B/T) = 0.41 for bulges, where (B/T) is the bulge-to-total ratio (Fisher
& Drory, [2008)). Bars are elongated, symmetric structures found in well-defined stellar disks. They
dynamically interact with other components such as the disk, the bulge, if present, and the dark matter
halo (Debattista & Sellwood, [2000).

1.3.2 Disc

The analysis of the stellar content in disks is one of the classical approaches to study the processes that
the galaxies have undergone during their formation history, as well as the evolution of their structural
information such as mass distribution, age, luminosity, chemical abundance, and others (e.g. MacArthur,
et al., 2009; Roediger et al., [2011; Sanchez-Blazquez et al., 2011} |Perez et al., |2011; Erwin et al., 2008;
Pohlen & Trujillol [2006). Early studies suggested that the stellar density distribution ofdisk galaxies
decreases exponentially with radius (Patterson, 1940; [Freeman, |1970). This has been suggested to be the
result of the initial angular momentum distribution of the gas cloud as it collapsed to form the disk (Fall
& Efstathiou, |1980; |[Dalcanton et al., [1997; Mo et al.| [1998). However, studies by |van der Kruit (1979)
found that such an exponential distribution does not extend to large radii for most galaxies. Indeed, later
studies by [Erwin et al.| (2008)); [Pohlen & Trujillo/ (2006) showed that in fact a majority of galaxies do
not have a well defined exponential behavior in their stellar distribution. In their study they defined three
classes of surface brightness behavior considering a double-exponential profile: Those galaxies that show
a deficit of light in the outer exponential with respect to the inner exponential (Type II), those galaxies
with an excess of light in the outer exponential with respect to the inner exponential (Type III). Finally,
the disk galaxies in the intermediate cases correspond to galaxies that display a pure exponential well
defined all radii (Type I). In chapter [3| we discuss the three classes of double-exponential profiles in disk
galaxies with respect to their stellar content.

The cooling of atomic hydrogen (HI) and the presence of warm molecular hydrogen (H2) serve as the
fundamental building blocks from which stars are born (Hodgel |1986; |Kennicutt, 1989, [1998|; Bigiel
et al., 2008). HI is particularly valuable for studying the kinematics of the disk due to its Doppler-
shifted line emission at 21 cm. The dominant motion in a spiral galaxy is rotation, with HI exhibiting a
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Figure 1.3.1: HI gas within NGC 7331, as captured by the Very Large Array (VLA) telescope, is presented. On
the left panel, the distribution of gas surface density is depicted. At a distance of d=14 Mpc, an observation reveals
a total of 11.3x10° M, of HI gas. The external contour delineates diffuse gas at Ny = 2.8x10'° cm~2; subsequent
tiers are at levels of 1.2, 3.3, 6.4, and 9.5x10%° cm~2. On the right panel, contours illustrate the velocity V; of the
gas, spaced at intervals of 30 km/s. Credit: M. Thornley and D. Bambi, L. Sparke and J. Gallagher

typical dispersion velocity ranging between 8-10 km/s. The distribution of HI gas can provide valuable
insights into the structure of the disk (Dib et al., 2021} [Vollmer et al, 2016). For example, in Fig[1.3.1]
we can observe the HI gas distribution in galaxy NGC 7331. The left panel displays the gas surface
density, while the right panel shows contours of gas radial velocity. This distribution map can be used
to trace asymmetrical distributions or signs of interaction with other galaxies (Phookun & Mundy, [1995;
Noordermeer et al.,2005; Holwerda et al., 201 1;|van Eymeren et al., 2011)). Observations of gas emission
with respect to radial velocity have also been used to study the distribution of dark matter in galactic discs.
The rotation curves of galaxies have revealed that the mass distribution in galaxies is not solely due to
visible matter. The observed velocities of gas in the outer regions of galaxies are higher than expected
based on the visible matter alone (Fig. [I.3.2)), indicating the presence of dark matter (de Blok et al.
2008). These observations have supported the development of the theory of dark matter, which posits
that the majority of matter in the universe is composed of non-luminous, or dark matter.

The chemical content within the disk stores important information about the formation history of the
disk and other processes, such as migration and interactions with bars or other galaxies. Gas flows are
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one of the mechanisms that shape the stellar metallicity in a disk galaxy, from gas accretion processes
that contribute to galaxy growth and chemical enrichment, to outflow processes such as Active Galactic
Nuclei (AGN) or supernova feedback. The composition of the gas may change due to mixing with the
diverse Interstellar Medium (ISM) or dilution caused by the inflow of pristine gases from the intergalactic
medium (e.g. |[Keres et al., 2005} |Brooks et al., 2007} |Gibson et al., 2013). For example, Tissera et al.
(2016)) analyzed the relationship between galaxy gas-phase metallicity gradients, stellar masses, and star
formation rates using simulated galaxies. They found that low-mass galaxies tend to have more diverse
gas metallicity gradients. Another mechanism influencing stellar metallicity is stellar migration, in which
stars change their positions due to orbital changes, including disk heating or radial migration driven by
bars or spiral arms (Binney & Tremaine, [1987)). This process is thought to influence the evolution of stel-
lar population gradients, although its efficiency has been challenging to quantify. Using galaxies from
the CALIFA survey, Sanchez-Blazquez et al. (2014) found no differences in metallicity or age gradients
between galaxies with and without bars. Stronger evidence for stellar migration processes comes mainly
from simulations and detailed studies of the Milky Way (MW), such as the work of Sellwood & Bin-
ney| (2002) and |Roediger et al.|(2012). External perturbations such as galaxy accretion, interactions, or
mergers can redistribute the positions and angular momenta of matter. Consequently, the merger history
plays an essential role in shaping the metallicity gradient of the entire galaxy, especially the halo (e.g
Hirschmann et al., |2014). Some studies suggest that metallicity gradients, Vg, in massive isolated
spiral galaxies, at least within the local Universe, exhibit a wide range of metallicity slopes (e.g. Lequeux
et al., [1979; [Zaritsky et al., |1994). Furthermore, studies with cosmological simulations show that the
oxygen gradient is clearly correlated with the gas disk size, resulting in shallower abundance slopes for
larger gas disk sizes (e.g. [I1ssera et al., 2019).

1.3.3 Halo

Galaxies reside within the gravitational potential well of their associated dark matter halos, highlighting
the important role of this component in the complex processes of galaxy formation and evolution. The
halo of a spiral galaxy extends far beyond its visible disc, encompassing a mixture of baryonic and dark
matter. With respect to the stellar disc, the stellar halo is composed stars that, typically, are older and more
metal poor, and shows a higher velocity dispersion. The distribution of dark matter in a galaxy’s halo has
been thoroughly studied using a variety of observational and theoretical methods (Cole & Lacey, 1996;
Gao & Whitel, 2006). Observational studies have used techniques such as stellar dynamics and gravita-
tional lensing to infer the complex distribution of dark matter within galaxies. In the case of gravitational
lensing, the bending of light due to the curvature of space-time around massive object provides valuable
insights into the mean density of dark matter, its relative density compared to baryonic matter, its size,
and even its interaction strength with various fundamental forces (Massey et al., 2010). Interestingly, a
local perturbation of the surface brightness distribution of the Einstein ring can be caused by the pres-
ence of a low-mass substructure in the lens galaxy (e.g., Vegetti et al.,2012). Furthermore, as discussed
in Section [[.3.2] the analysis of rotation curves and the kinematics of gas and stars helps to solve the
puzzle of the mass distribution of the dark matter halo. Although dark matter halos are often thought
to be spheroidal or ellipsoidal, their structures frequently undergo mergers or gravitational interactions
that can perturb their mass distribution. These perturbations can impact the baryonic distribution in its
interior and lead to perturbations in the position and kinematics of this component, suggesting a close
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connection between the dark and visible matter distributions.
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Figure 1.3.2: The data points represent the rotation profile of NGC 7331, derived from the HI map illustrated
in Fig. [.3.1] with the vertical bars indicating associated uncertainties. The CO gas distribution (dotted lines),
observed at a finer spatial resolution, portrays a swifter ascent. The lower solid curves delineate the individual
contributions to the velocity V(R) from the gas disc, the bulge, and the stellar disc. The sum of these components
does not agree with the observed velocities, which are compensated by an additional dark halo. Credit: M. Thornley
and D. Bambi, L. Sparke and J. Gallagher

Simulations have played an important role in understanding the dark matter distribution in the Universe
(see Sec. [2). In particular, hydrodynamical simulations allow us to carefully analyze the profound in-
fluence of dark matter halos on the baryonic components and their consequent evolution and galaxy
formation. These simulations provide a deeper understanding of the large-scale structure of the Universe
as predicted by the ACDM paradigm, including large structures such as galaxy clusters and filaments.
Modeling the density distribution of this of this galactic component is essential to understand the struc-
ture and evolution of a galaxy. Among the commonly used density profiles are the Navarro-Frenk-White
(NFW) profile (Navarro et al., [1995]1996) and the Hernquist profile (Hernquist, 1990). The NFW profile
(equation [I.3.T)) is an important profile that has been found to hold for a wide range of halo masses and
redshifts (Jing, |2000), implying that the shape of the DM halo density profile is universal. The NFW pro-
file is described by ps and R, which represent the normalization factor and the scale radius, respectively.
This equation can be divided into two regions: one describes the inner parts of a DM halo, between the
center of the halo and the scale radius. This region describes a shallow slope of p(r) o r~!. On the
other hand, the outer region has a steeper slope than the inner region and is described by p(r) o< r—3.
Furthermore, the equation [T.3.1] describes that halos with larger scale radii have small central densities,
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and viceversa. 0
S
p(r) RLS(H‘RLS)Z (1.3.1)
Similarly, the Hernquist profile shows a gradual decrease in density towards the edge of the DM halo,
described by the equation [[.3.2] The profile differs from the NFW profile only in the outer parts, where
it varies as p(r) oc 1%, )
S
p(r) RLS(1+RL5>3 (1.3.2)
In addition to the DM halo, galaxies host and additional spheroidal component know as stellar halo.
The stellar populations in these outer galactic components provide an unique window into the galaxies
merger histories. The composition of the stellar halo is often composed of the oldest and metal-poor stars,
providing a snapshot of the early evolutionary history of the galaxies. According to the ACDM model,
halos grow mainly by merging with smaller subhalos, while the disk of the galaxy undergoes kinematic
heating. As a result, the stellar halo takes on a diffuse structure that is intimately linked to the growth and
assembly history of the halo system. Stellar halos often exhibit low surface brightness, reaching about
u ~ 31 mag arcsec 2, and are often well described by a power-law density profile of »—3 (Zibetti et al.,
2004). Furthermore, studies by Monachesi et al.[ (2016, 2019) of six Milky Way-mass disk galaxies from
the GHOST survey showed that these galaxies extend to about ~50 kpc to 70 kpc. This extension is
correlated with their mass, with massive disk galaxies having very extended stellar envelopes beyond the
region where the disk dominates. The accreted stellar mass in the halo is also correlated with metallicity,
with massive halos tending to have higher metallicities. This can be attributed to the fact that most of
their stars are derived from a more massive, metal-rich progenitor (e.g. Harmsen et al.,[2017;|D’Souza &
Bell, |2018; Monachesi et al., |2019). Therefore, the stars in a halo are mainly contributed by the largest
(one or a few) merger partners. The disruption of satellite galaxies in the stellar halo by the host tidal
field results in significant substructure. This includes extended stellar streams and small satellite galaxies
(e.g.Johnston et al., 1996} Helmi & White, |1999; |Bullock & Johnston, [2005; Cooper et al.,|2010; Gomez
et al.,[2010, 2013} [Belokurov & Kravtsov,[2022)). In addition, stellar halos exhibit substantial halo-to-halo
variations in their properties due to stochastic variations in their merger history (e.g. Bullock & Johnston,
2005; De Lucia & Helmi, [2008; Cooper et al., 2010; Gomez et al.,[2012; Tissera et al., 2012} 2013, [2014;
Monachesi et al., 2019, 2016). The Milky Way’s halo has been extensively studied to unravel its history
and its interactions with neighboring galaxies. In particular, some observational and theoretical analyses
have focused on our neighboring galaxies, one of them being the Large Magellanic Cloud (LMC), and
its interactions with our Milky Way. These studies have provided compelling evidence that advances
our understanding of the galactic halo and sheds light on the complex interaction history of the Milky
Way and its neighboring galaxies (e.g. Weinberg, [1995; Kalberla & Dedes, 2008; |Gomez et al., 2015;
Garavito-Camargo et al., 2019; Besla et al., |2019; Patel et al., 2020). Despite these advances, their
nature, distribution, and connection to the baryonic and dark matter in galactic halos remain active areas
of research. In this Thesis, we explore the complex influence of the dark matter halo on the morphology
of disk galaxies.
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1.4 Perturbations in disk galaxies

Spiral galaxies evolve continuously, exposed to various perturbations. These perturbations arise from
interactions with neighboring galaxies, gravitational torques from perturbed dark matter halos, internal
processes within the galaxy itself, among other relevant mechanisms. Their deep influence reverberates
through galaxy formation histories, triggering alterations in morphology, size, and rotational features.
The comprehensive study of the perturbations within disk galaxies is of paramount importance, providing
insights into their evolution and formation. In particular, it allows us to explore the merger history of
galaxies and reveal the distribution of the dark matter that surrounds their baryonic components. In this
section, we delineate two distinct categories of perturbations: those that arise within the galactic plane
and those that manifest within the galactic halo.
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Figure 1.4.1: The lopsided galaxy M101 in their HI distribution (left panel) and stars distribution (right panel).

Credits: Jog & Combes| (2009) and [Swaters et al.| (1999)
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Figure 1.4.2: Surface number density distribution on the sky of RGB and AGB stars in the LMC from 2MASS
and DENIS data (left panel). The distance rysse; by which the center shifts depends on the semimajor-axis (right
panel). Credits: van der Marel| (2001)

Within the galactic plane, different types of perturbations can occur, both in the in-plane distribution
and in the vertical distribution. Such perturbations include lopsidedness, lopsided bars, warps, vertical
corrugations, rings, among others. A lopsided galaxy display an uneven disk mass distribution, with one
side extending farther than the other. This asymmetry can be seen in both the gas and stellar distributions
(see Figure[I.4.1)). One of the first studies of these perturbations were presented by Baldwin et al.| (1980),
who proposed a model to explain the rotation of matter and its long-lasting perturbation. They based their
model on a sample of 20 lopsided galaxies in the HI distribution. The lopsidedness could have significant
effects on the dynamics and evolution of the galaxy, including its star formation and black hole growth
(Jog & Combes, 2009). In fact, (Dolfi et al.,|[2023) found that simulated Milky Way-like galaxies that are
lopsided in their stellar distribution have a significantly different star forming history compared to non-
lopsided galaxies. The kinematics of lopsided galaxies also result in an asymmetric rotation curve (see
the bottom panels in Figure [I.4.1). This asymmetry is often measured using the m=1 Fourier amplitudes
(Ap) in the stellar surface mass density (Rix & Zaritsky, 1995} Zaritsky & Rix, [1997; (Quillen et al.,
2011). Early studies found that about 30 percent of late-type galaxies in the nearby Universe have this
perturbation (Zaritsky & Rix, |[1997; Bournaud et al., 2005). This suggests that lopsidedness is a common
perturbation. Furthermore, as we will show later in Chapter {] this morphological asymmetry could
provide information about the distribution of their dark matter halo, suggesting an interesting galaxy-halo
connection. The inner regions of disk galaxies can also show asymmetric distributions. For example, the
bar in the Large Magellanic Cloud (LMC) (Fig. is considered to be lopsided because of its off-
center position with respect to the disk (van der Marel, 2001; Jacyszyn-Dobrzeniecka et al., 2016). It
also appears to be asymmetric in its intrinsic shape. The strength of the bar in spiral galaxies can be
estimated by the m=2 Fourier amplitude, while the lopsided distribution of the bar can be measured by
the odd modes of the Fourier amplitudes (e.g., m=1, 3, 5). A recent study by fokas (2021) using the
TNG100 simulation from IustrisTNG (see Section found that the asymmetry of bars is a long-lived
feature. They also suggested two scenarios for the formation of lopsided bars: one involving a disk
galaxy interacting with a massive companion, and the other involving an off-center disk with respect to
its dark matter halo. According to the authors, the latter scenario is likely to be the most probably.

Regarding vertical perturbations, warps are deformations in the outer parts of disk galaxies that are per-
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Figure 1.4.3: UGC 3697, the "Integral Sign” galaxy, presents an edge-on spiral configuration marked by a distinct
warp in both its stellar and gaseous discs. Its neutral hydrogen gas, depicted in blue, overlays an optical star
image. Unusual to typical spiral galaxies, the highest concentration of neutral hydrogen is not situated near the
galaxy’s center but along its western periphery, where the Very Large Array (VLA) has identified a prominent,
expansive emission zone. Moreover, gas plumes extend significantly above and below the galactic disc. Credit:
NRAO/AUI/NSF

pendicular to the disc’s plane (see Fig. [1.4.3)). They are often observed in both neutral hydrogen (HI) and
optical light (Bosma, 1981 |Garcia-Ruiz et al., 2002). Warps can manifest as bending or twisting of the
disk plane. The study of warps is important because it can provide insights into galaxy formation, interac-
tions, dynamics, and mass distribution. Our current understanding of warps comes from statistical analy-
ses of observations and simulations, which have revealed a wide range of amplitudes and characteristics.
Early studies suggested that around 50 percent of stellar disks exhibit warps (Sanchez-Saavedra et al.,
1990). However, more recent analyses indicate that the prevalence of warps is higher, with approximately
70 percent of galaxies displaying warps and other vertical perturbations (Reshetnikov & Combes, [1998;
Ann & Park, 2006; Gomez et al., |2017). The recurring occurrence of warps suggests that they are either
continuously regenerated or are long-lasting perturbation (Sellwood, [2013a). Warps can have a complex
nature, and the observational characterization can be challenging. Their measurement of their main prop-
erties can be affected by factors such as such as inclination, measurement techniques, and morphology.
Traditionally, two types of warp morphology have been identified: U-shaped and S-shaped warps, with
the latter being the most common. However, there is another type of vertical perturbation known as the
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Figure 1.4.4: Representation of the corrugation pattern in the Milky Way disk (top panel). Maps of the mass-
weighted mean height of the galaxies in the simulated disk with a corrugated pattern (bottom panels). Credits:
Rensselaer Polytechnic Institute and |(Gomez et al.| (2017), respectively.

corrugation pattern (Fig. [[.4.4). This pattern involves an extended and oscillatory vertical displacement
of the disk with respect to the overall midplane of the disc. The importance of understanding corrugation
patterns in the context of galaxy dynamics is evident from studies based on cosmological simulations
(Gomez et al., 2016,2017). These simulations suggest that corrugation patterns are expected to be preva-
lent in late-type galaxies. Evidence for more complex corrugation patterns in external galaxies remains
very limited (Fridman et al., 1998} Alfaro et al., |2001; Sanchez-Gil et al., 2015; |Gomez et al., 2021}
Urrejola-Mora et al., 2022). This is because the morphological signatures of corrugation patterns can be
diluted due to projection effects, regardless of the disc’s inclination. A methodology that can be used
to unveil corrugation patterns is to analyze line-of-sight velocity fields, Vios. This approach takes advan-
tage of the expected phase difference of approximately 90 degrees between the local disc’s mean height
({(Z)) and mean vertical velocity ((V;)). In a recent study, (Gomez et al.[(2021) used this methodology
to analyze the 2D Vi field of the late-type galaxy VV304a, obtained through Hy Fabry—Perot observa-
tions. They found coherent and global motions consistent with corrugation patterns for VV304a galaxy.
Urrejola-Mora et al. (2022)) followed this method to analyze a sample of 40 nearby low-inclination disk
galaxies, using Hy, Fabry-Perot observations from the Waves in Nearby Disk galaxies Survey (WiNDS),
and found 8 new vertically perturbed galactic discs. Particularly, the Milky Way galaxy present a ring
structure called as Monoceros ring, which exhibits stream-like features and sharp edges formed by pass-
ing a satellite. Later studies linked this structures with a corrugation pattern that covers the outer disk
structure (Rgy 2 6 kpc), which could have been induced by the recent interaction between the Milky Way
and its satellite galaxy, the Sagittarius dwarf (Gomez et al., 2016} |Laporte et al., 2018b.a). These studies
provide new insights into the nature of corrugation patterns in spiral galaxy discs. Further research is



CHAPTER 1. INTRODUCTION 20

needed to understand the formation and evolution of these patterns, and their role in galaxy dynamics.
Ring galaxies offer a unique glimpse into galactic dynamics. They feature a distinctive circular arrange-
ment of stars and gas encircling a central nucleus. Ring galaxies can be formed by two main mechanisms
(Few & Madorel [1986): interactions or mergers with companion galaxies (P-types), or gas accumulation
at Lindblad resonances under the continuous influence of gravity torques from the bars (O-type). These
structures provide a valuable lens through which to understand the complex forces shaping galaxy forma-
tion and evolution. Ring galaxies are identified by analyzing their radial flux profile and distinguishing
them from other morphological structures. Studying ring galaxies is important to understand the forma-
tion and evolution of galaxies. They provide information about the physical features of galaxies, such
as their star forming history and dynamical structure. Hydrodynamical simulations, such as the EAGLE
simulations, have revealed that many ring galaxies emerge from interactions with companion galaxies,
where the drop-through collision with the companion(s) is responsible for diluting the metallicity and
pressure of the gas, forming the ring structure (Elagali et al., 2018). This deepens the understanding of
the complex interplay between gravitational forces, gas dynamics, and stellar processes, enhancing our
knowledge of galactic evolution.

Stellar streams are fossil signatures of accretion events, which can be used to study the merging history
of host galaxies. In observational surveys, the detection of external galaxies is often based on surface
brightness maps obtained from integrated photometry, and the frequency of detection depends on the
limiting surface brightness. In particular, for the Milky Way, the detection can be done photometrically,
through color-magnitude diagrams, analyzing the phase-space distributions of large number of stars (Gaia
Collaboration et al., [2018)), or chemically, thanks to large samples of stars observed spectroscopically
(Bundy et al., |2014; Sanchez et al., [2023). In theoretical studies, cosmological simulations are used
to interpret observations and connect observable quantities with the accretion history of galaxies. For
example, a study by Vera-Casanova et al. (2022)) used hydrodynamical cosmological simulations from
the Auriga project (Grand et al., 2017) to analyze the information that can be extracted from the brightest
streams progenitors (BSP) in each halo in regards to their host merging activity. They noted that stellar
streams are not detectable at surface brightness levels < 25 mag arcsec™2, becoming discernible between
28 and 29 mag arcsec 2. BSPs stem from diverse infall times spanning 1.6 to 10 Gyrs ago, with a majority
formed through early accretion events, while only 25 percent occurred in the past 5 Gyr. Additionally,
they observed that BSPs with larger infall masses tend to be accreted during later times, and in the
majority of cases, they do not constitute the primary contributor to the accreted stellar halo within their
galaxy sample.

In our own Galaxy, we can see the field of streams, shown in Figure This picture was taken by
Belokurov et al.| (2006), who analyzed data from the Sloan Digital Sky Survey II (SDSS-II). The area
is named “field of streams” for its numerous crossing trails of stars. The Field of Streams is dominated
by the Sagittarius Stream, which originates from the Sagittarius Dwarf Elliptical Galaxy. This stream
is a product of multiple orbits around the Milky Way Galaxy, and it exhibits a bifurcated nature. The
overlapping of the Sagittarius Stream with other stellar streams has provided invaluable insights into the
structural organization of dark matter within the inner halo of the Milky Way. The stream’s bifurcated
nature suggests that the dark matter distribution is spherical, rather than the flattened spheroid that was
previously expected (Fellhauer et al.,|2006). Recent studies, however, yielded divergent findings (Vasiliev
et al.,|2021))

However, not only does baryonic matter exhibit perturbations in its distribution within the halo. The
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Figure 1.4.5: A map of stars in the outer regions of the Milky Way Galaxy, extracted from SDSS images capturing
the northern sky, displayed in a projection reminiscent of Mercator. The color corresponds to star distance, while
the brightness signifies star density across the celestial expanse. Notable features depicted in this visualization
encompass streams of stars that have been dislodged from the Sagittarius dwarf galaxy, a smaller orphan’ stream
intersecting the Sagittarius streams, the "Monoceros Ring’ encircling the Milky Way’s disc, pathways of stars being
stripped from the Palomar 5 globular cluster, and aggregations of stars in excess within the Virgo and Hercules
constellations. Enclosed circles highlight newfound companions of the Milky Way, ascertained through the SDSS;
these include faint globular star clusters and modest dwarf galaxies. Credit: V. Belokurov and the Sloan Digital
Sky Survey.

dark matter halo can also be perturbed by merger events or by the passage of a satellite, for example.
Regarding the latter, satellite galaxies orbiting within the dark matter halos of their hosts can induce per-
turbations through dynamical friction (Chandrasekhar, 1943). Satellite galaxies have been studied to gen-
erate density wakes through direct gravitational interactions between particles. These interactions cause
the satellite to lose angular momentum and energy (Binney & Tremaine, 2008). Tremaine & Weinberg
(1984)) found that local gravitational scattering is a response to the resonant nature of the system, in which
resonances occur between the orbital frequencies of the dark matter particles in the halo and the satellite
galaxy. These resonances can induce a global exchange of angular momentum from the satellite to the
dark matter halo (White, |[1983; [Weinberg, |[1998). In its first orbit around a host galaxy, the satellite pro-
duces the classical conic wake (Chandrasekhar, |1943). As the satellite continues to orbit the host galaxy,
the orbital frequencies of its DM particles narrow, leading to resonances at specific frequencies. The
conic wake weakens, and these resonances create overdensities and underdensities within the dark matter
halo, affecting its kinematics. In |Garavito-Camargo et al. (2019) these perturbations are identified as the
Transient Response and the Collective Response. The first corresponds to the classical Chandrasekhar
wake (described in |Chandrasekhar, |1943) that follows the satellite galaxy. The collective response is
described as the overdensities and underdensities that do not trail the satellite, but are generated mainly
by the center of mass (COM) displacement of the halos. In particular, Garavito-Camargo et al. (2019)
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used eight N-body simulations to explore the global patterns of density and kinematic perturbations in the
stellar halo that are correlated with the orbital motion of the LMC-MW system and the identification of
the LMC dark matter wake. The associated torque of the wake, exerted on the embedded disc, can lead to
the formation of morphological disturbances seen in this section, such as vertical patterns (warps and cor-
rugation patterns, Weinberg (1998)); Gomez et al.| (2016)); |Antoja et al.| (2018)); |[Laporte et al. (2018alb))
and axisymmetric perturbations like lopsidedness (Zaritsky & Rix, 1997} |Varela-Lavin et al., 2023). This
suggests a strong connection between the kinematics and density distribution of the dark matter halo and
the disk galaxy, which we will explore in the next chapters.

1.5 This thesis

As we have observed, the distribution of stars in disks provides a valuable tool for understanding the
diverse physical processes that shape the different components of a galaxy. For example, they provide
insights into the distribution of dark matter, star formation history, metallicity, and chemical distribution.
Additionally, they can complement the study of the merger history and dark matter perturbations. In this
thesis, our goal is to study phenomena like radial stellar distribution and its different behaviors, seeking
connections with the stellar content of the galaxy and its environment. Furthermore, we will investigate
the relationship between the galaxy’s halo and its disk, focusing on morphological asymmetries. This
investigation will shed light on the properties of the dark matter halo, which remains invisible to current
light-based observations.

To accomplish this, we have harnessed the power of state-of-the-art cosmological hydrodynamical sim-
ulations from prominent projects such as EAGLE, IllustrisTNG, and Auriga. These simulations have
proven to be powerful tools for analyzing galaxy evolution in a statistical context. In particular, they
allow us to perform a comprehensive analysis of galaxies across different epochs and to explore differ-
ent components such as metallicity, stellar age, kinematical properties, and positional information of the
constituent particles, among others. By exploiting the capabilities of these simulations, we have exten-
sively studied the stellar distributions of central subhalos similar to those of the Milky Way, allowing us
to provide essential insights into the relationships we have previously discussed.

In Chapter 2, we provide a comprehensive overview of the simulations employed in this thesis. We ex-
plore the pivotal role of cosmological simulations, demonstrating their value as tools that offer crucial
insights into the formation and evolution of galaxies. These simulations serve as complements to obser-
vational astronomical data, significantly enriching our understanding of the intricate cosmic processes at
play. Moreover, we delve into the fundamental characteristics of prominent projects, such as EAGLE,
MlustrisTNG, and Auriga, highlighting the strengths and unique attributes of each.

Chapter 3 is dedicated to characterizing the diverse behavior of the outer regions of the radial stellar
distribution in disk galaxies within a statistical framework. This chapter explores a variety of properties
associated with stellar content, including mono-age distributions, star formation activity, and angular
momentum content. Through careful analysis, we unravel the relationship between the stellar content and
the diverse outer distributions surrounding disk galaxies. Additionally, we discuss how these distributions
are intimately linked to the surrounding galactic environment, further enhancing our comprehension of
the complex interplay that shapes these radial stellar distributions.

In Chapter 4, we undertake a thorough analysis of asymmetrical morphologies in disk galaxies, particu-
larly focusing lopsidedness. Using a carefully selected sample of galaxy models from the IllustrisTNG
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project, we perform a detailed statistical analysis. Within this chapter, we meticulously characterize
the key physical conditions that give rise to lopsided perturbations, exploring their structural properties,
self-gravitational cohesiveness, tidal interactions with massive satellites, dark matter distribution, and
angular momentum content. We also study the time evolution of these aspects, unraveling the different
processes that govern lopsided galaxies and contrasting them with those that do not exhibit this asym-
metry. This analysis provides insights into the structural complexity within disk galaxies, furthering our
understanding of their formation and evolution mechanisms.

In Chapter 5, we present our preliminary results, focusing on a sample of disk galaxies with Milky
Way-like halos obtained from the Auriga project. To do this, we employ the pyEXP code, a powerful
tool that uses Basis Function Expansions (BFE) to decompose the dark matter and stellar disk density
components into various modes and radial orders. This method allows us to estimate the gravitational
potential energy of particles based on the mass distribution profile. Our research goal is to explore how
dark matter overdensity wakes perturb the galaxy’s disk, and whether these perturbations are connected
to morphological features like lopsidedness and warps. We will study the impact of the torques induced
by the wakes in the halo on these asymmetrical features. Through this detailed analysis, we will gain
valuable insights into the dynamic interactions that shape the formation and evolution of disk galaxies, as
well as their intriguing relationship with the overdensities in their dark matter halos. Finally, in Chapter 6
we summarize the main conclusions of this thesis and discuss future work that could be done to improve
our understanding of the matter.



Chapter 2

Numerical models of cosmological galaxies

2.1 The role of cosmological simulations and some definitions

Cosmological simulations play an important role in contemporary astronomical analysis, providing valu-
able insights into various areas of astrophysical research. These simulations serve as powerful tools for
studying the dynamics and evolution of the universe, facilitating our understanding of a diverse range of
astronomical phenomena, among other things, they allow us to study the non-linear interplay that takes
between known relevant process during the formation and evolution of galaxies, such as star formation,
AGN, supernovae feedback, gas colling, etc. Cosmological simulations also allow us to interpret the gas
kinematics within galaxies and their intergalactic medium. The simulations incorporate stellar evolution
models allowing to follow the evolution of different stellar populations. Cosmological simulations are a
powerfull tool for understanding the distribution and properties of dark matter in the Universe according
to the ACDM model. By simulating the hierarchical growth of cosmic structure under the influence of
the gravitational pull of dark matter, we can gain insight into the large-scale distribution of dark matter
halos and their impact on galaxy formation and evolution. In summary, cosmological simulations are an
indispensable tool in astronomy, allowing the study of a wide range of astronomical phenomena and the
testing of theoretical predictions against observational data. These simulations bridge the gap between
theory and observation, advancing our knowledge of the structure, evolution, and fundamental properties
of the Universe.

In this Thesis, we use cosmological simulations that use two of the most prominent techniques to model
fluid dynamics: the Smoothed Particle Hydrodynamics (SPH) method and the AREPO (Springel, 2010)
adaptive mesh method. Smoothed Particle Hydrodynamics (SPH) is based on the representation of the
fluid based on a set of discrete particles that carry information about local properties such as density, pres-
sure, and temperature. These particles interact with each other through smoothing functions that allow
realistic modeling of the dynamics and evolution of astrophysical systems. An outstanding implementa-
tion of SPH in astrophysics is the GADGET-3 code (Springel, 2005), which is used to simulate processes
such as the formation of galaxies, the evolution of star clusters. On the other hand, the AREPO is uses
a fully dynamic and unstructured mesh, based on a moving and adaptive grid, as opposed to the static
grids used in other methods such as adaptive mesh refinement (AMR). This mesh adapts and changes in
real time as the simulation evolves. The traditional SPH formulation has certain inherent shortcomings
that can lead to inaccurate results, such as the artificial suppression of fluid instabilities. On the other

24
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hand, codes based on Eulerian grids, the most common alternative, also have disadvantages, such as the
lack of Galileon invariance in the fixed grids. In contrast, Arepo, a novel moving-mesh hydrodynamics
code presented by [Springel (2010), combines the advantages of SPH, such as Galileo invariance, with
accurate resolution of fluid instabilities by solving the Eulerian equations on a mesh that moves with the
fluid. Although there are similarities in terms of overall results, such as star formation histories and black
hole growth, detailed differences emerge in the gas morphologies between the SPH and Arepo simula-
tions, with SPH showing more pronounced hot halos and artificial cluster structures, while Arepo exhibits
greater effectiveness in dissipating clusters and cooling the gas from the hot halos. These distinctions are
crucial when considering the accuracy of the results in astrophysical simulations. However, gas tracking
is one of the disadvantages of AREPO. In SPH, the gas is represented as a collection of particles, so it is
relatively easy to track its motion. In AREPO, the gas is represented as an adaptive mesh, and the cells
can change shape and size as the gas moves. This can make it difficult to track the motion of the gas over
time. Also, AREPO could take ~30 percent more CPU time than SPH with the same initial number of
resolution elements, and both codes start from identical initial conditions [Torrey et al. (2012).

In the following sections, we describe the general characteristics of the cosmological simulations used
in this Thesis. All the simulations analyzed in this work used the same methodology that was applied
to identify halos and their corresponding galaxies. To identify haloes and their associated subhaloes,
the Friends of Friends (FoF) algorithm (Davis et al., [ 1985) and the SUBFIND algorithm (Springel et al.,
2001} |Dolag et al., 2009) are used. FOF is a tool for identifying groups of particles in a simulation. In
practice, the FOF algorithm creates networks of linked particles, taking into account a linking length
parameter. A given particle is directly bound to all other particles within a distance of the linking length
(its friends), and indirectly linked to all particles associated with its friends (its friend-of-friends). For
the next simulations, the linking length used is the standard 0.2 times the mean interparticle distance of
the dark matter (e.g. Frenk et al., [1988; [Lacey & Cole, [1994). The SUBFIND algorithm identifies and
isolates particles that belong to gravitationally bound structures within each FoF halo. The primary mass
component of each subhalo is the dark matter, then the baryons (gas, stars, and black hole particles) are
associated with nearest group of dark matter particles. These elements are exclusive to their respective
subhalos and do not overlap with material from other subhalos. Galaxies in this context are defined as
subhaloes with non-zero stellar mass, excluding those with less than 20 percent of their mass in dark
matter (see Section 5.2 of Nelson et al., |2019a). The sample of galaxies in these simulations includes
both central and satellite galaxies. A central galaxy typically represents the most massive subhalo within
its FOF halo, and may be associated with one or more satellites. Satellites are galaxies identified by the
SUBFIND algorithm that are part of their parent FOF group, regardless of their radial distance from the
group center. Thus, in this thesis, the terms “FOF halo” or “halo” all refer to structures designed by FOF.

9% ¢

The terms “subhalo”, “galaxy”, or “satellite galaxy” all refer to substructures identified by SUBFIND.

2.2 EAGLE simulations.

In this section, we provide a brief summary of the main characteristics of the EAGLE simulations |'| that
are used in the Chapter [3| For a more in-depth description of the cosmological simulation, readers can
refer to Schaye et al.|(2015) and|Crain et al. (2015). The EAGLE project is a set of cosmological hydrody-

Thttp://eagle.strw.leidenuniv.nl
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namical simulations, each variant varying in terms of volume, numerical resolution, and galaxy formation
subgrid models. A modified version of the N-Body Tree-PM Smoothed Particle Hydrodynamics (SPH)
code GADGET-3 was used to facilitate the execution of EAGLE (Springel et al., [2005). The modifica-
tions include the SPH formulation collectively known as ANARCHY (Schaye et al.,|2015; Schaller et al.,
2015), the utilization of the C kernel from Wendland| (1995), the pressure-entropy SPH formulation
from Hopkins| (2013)), the incorporation of time-step limiters by Durier & Dalla Vecchia (2012), the im-
plementation of the artificial viscosity switch by Cullen & Dehnen| (2010), and the integration of a mild
thermal conduction term following the form proposed by Price (2008)).

All simulations adopt a flat A-CDM cosmology with parameters taken from the Planck mission (Planck
Collaboration et al., [2014): Q5 = 0.693, Q,, = 0.307, Q;, = 0.04825, pg = 0.8288, h = 0.6777, ny =
0.9611 and Y = 0.248. In section we discuss that Qp, Q,,, Q; correspond to the cosmological
parameter of the average densities of dark energy, dark matter and baryonic matter in units of the critical
density z =0, pg is the square root of the linear variance, 4 is the Hubble parameter (Hy =/ 100 kms™1), ng
is the scalar power-law index of the power spectrum of primordial perturbations, and Y is the primordial
mass fraction of helium. Initial conditions were formulated using second-order Lagrangian perturbation
theory (Jenkins, 2010), supplemented by phase data extracted from the publicly available PANPHAISA
dataset (Jenkins, |2013)). The simulation was run over three cubic periodic volumes with box lengths of
25, 50, and 100 comoving megaparsecs (cMpc), as detailed in Table Furthermore, both baryonic
(gas, stars, and massive black holes) and non-baryonic (dark matter) particles were traced from an initial
redshift of z = 127 through to the present day.

Subgrid source and sink terms are implemented in the differential equations for processes not resolved
by the numerical scheme. These schemes are as simple as possible, depending only on the local hy-
drodynamic properties. This ensures that galactic winds develop without pre-determined mass loading
factorf] or directions, and without any direct dependence on halo or dark matter properties. The radia-
tive cooling, at T> 10* K, and photoheating implementations are described in Wiersma et al. (2009a)
for eleven chemical elements: H, He, C, N, O, Ne, Mg, Si, S, Ca, and Fe, in an element-by-element
fashion. Additionally, the time-dependent stellar mass loss due to winds from massive stars and AGB
stars, core collapse supernovae, and type Ia supernovae is tracked (Wiersma et al., 2009b)). Star formation
is implemented stochastically following the pressure-dependent Kennicutt-Schmidt relation (Schaye &
Dalla Vecchia, 2008)), accounting for a metal-dependent star formation threshold proposed by Schaye
(2004), in order to track the transition from warm atomic gas to the unresolved cold molecular gas. The
initial stellar mass function is that given by [Chabrier (2003). Following the method of Dalla Vecchia
& Schayel| (2012), the feedback from star formation events is implemented thermally and stochastically.
Black holes with mass 1.48x10°> M, are placed in the centers of haloes greater than a threshold mass
1.48x10'9 M, /h and tracked following the methodology of Springel et al.| (2005) and Booth & Schaye
(2009). A modified version of the Bondi-Hoyle accretion rate is implemented for gas accretion onto black
holes (Rosas-Guevara et al., 2015; Schaye et al., 2015). The implementation of feedback is performed
by employing the stochastic AGN heating scheme described in [Schaye et al. (2015), incorporating the
energy threshold described by Booth & Schaye (2009).

In Table we present a summary of the EAGLE database, which includes the comoving cubic

2This kernel inhibits particle pairing Dehnen & Aly (2012).
3The mass loading factor quantifies the efficiency of outflows in removing gas from the galaxy in comparison to star
formation. In low-mass galaxies, outflows can remove up to 10 times more gas than what is converted into stars.
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Table 2.2.1: Parameters describing the available simulations. From left-to-right the columns show: simulation
name suffix, comoving box size, total number of particles, initial baryonic particle mass, dark matter particle mass,
comoving Plummer-equivalent gravitational softening length, maximum physical softening length and the subgrid
model parameters that vary: ny o, 7, Cyise, ATagn control, the characteristic density and the power-law slope of
the density dependence of the energy feedback from star formation, the sensitivity of the BH accretion rate to the
angular momentum of the gas, and the temperature increase of the gas during AGN feedback, respectively.

Identifier L N mg Mdm €com €phys

[cMpc] [Mc] [Mo]  [ckpe]  [pkpc]
Ref-L0025N0376 25  2x376° 1.81x10° 9.70x10° 2.66  0.70
Ref-L0025N0752 25  2x752% 2.26x10° 1.21x10° 133  0.35
Recal-L0025N0752 25  2x7523 2.26x10° 1.21x10° 133  0.35
Ref-L0O050N0752 50  2x7523 1.81x10° 9.70x10° 2.66  0.70
AGNAT9-L0050N0752 50  2x7523 1.81x10° 9.70x10° 2.66  0.70
Ref-LO100N 1504 100 2x1504% 1.81x10% 9.70x10°  2.66  0.70
Identifier NH,0 Nn Cyisc ATAGN

[cm ™3] [K]
Ref-L0025N0376 0.67  2/Inl0 2n 1033
Ref-L0025N0752 0.67  2/In10 2n 1085
Recal-L0025N0752 025  1/In10  2mx10° 1020
Ref-L0O050N0752 0.67  2/In10 2n 1083
AGNdT9-L0050N0752 0.67  2/In10  2mx10? 1020
Ref-LO100N 1504 0.67  2/In10 2n 1085

box length, the baryonic and non-baryonic particle masses, and the gravitational softening lengths. The
simulations are identified by their box length (e.g., L0100) and the cube root of the initial number of
particles per species (e.g., N1504). For example, a simulation with a box length of 100 cMpc and approx-
imately 15043 particles is named LO100N1504. Note that simulations with the prefix “Ref-" correspond
to the primary run. For these simulations, three box sizes are run: 25, 50, and 100 cMpc, along with
three variations of total particles: approximately 376°, approximately 7523, and approximately 1504°.
The LO025N0752 simulation was performed with a re-calibrated subgrid model, denoted by the prefix
“Recal-". Additionally, the intermediate 50 cMpc simulation was re-run with a modification of the gas
temperature rise during AGN feedback, ATagn = 10° K, the increase of ATagn yield more energetic
feedbacks events, resulting in reduced radiative losses, also the ambient density of gas to the central
black hole of galaxies is greater than that of star-forming gas distributed throughtout their discs. This
simulation is denoted by the prefix “AGNdT9”.

In Chapter [3] we use the galaxy sample constructed by [Tissera et al.| (2019) from Ref-L100N1504 sim-
ulation. To summarize, this galaxy catalog includes only central galaxies (i.e., no satellite galaxies were
included) with more than 1000 baryonic particles and more than 100 star-forming gas particles in the
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The Eagle Simulations

EVOLUTION AND ASSEMBLY OF GALAXIES AND THEIR ENVIRONMENTS

The Hubble Sequence realised in cosmological simulations

Figure 2.2.1: Sample of galaxies simulated from Ref-L100N1504 EAGLE simulation showing the Hubble se-
quence. Images are made using a composition of the monochromatic u,g and r band SDSS filters, accounting for
dust extinction. Credit: EAGLE Website

disk component, resulting in a sample of 592 discs. The galaxy components have been dynamically
decomposed into bulge and disk using the method and criteria described by [Tissera et al.| (2012)).

2.3 IllustrisTNG project

In this Section we introduce the numerical simulations considered in the Chapter 4 which are taken from
the Illustris-The Next Generation project (IllustrisTNG hereafter Pillepich et al., |2018; Nelson et al.,
2018} 2019a; Marinacci et al., 2018; Springel et al., 2018; |[Naiman et al., [2018).

The IlustrisTNG project is a set of gravo-magnetohydrodynamics cosmological simulation, run with
the moving-mesh code Arepo (Springel, 2010). It comprises three large simulation volumes: TNGS50,
TNG100, and TNG300, enclosing volumes of ~ 503 cMpc, 1003 cMpc and 300° cMpc, respectively (See
Fig. [2.3.1). Each volume has a variation that includes baryonic and dark matter particles, and other with
only dark matter particles. All TNG simulations are evolved from z = 127 to the present day (z = 0)
considering the standard ACDM model, with parameters based on the |Planck Collaboration et al.| (2016)


http://eagle.strw.leidenuniv.nl

CHAPTER 2. NUMERICAL MODELS OF COSMOLOGICAL GALAXIES 29
Run Volume Lyox Ngas,pm NTRACER Mbaryon  ™MDM Mharyon MpM
[cMpc3]  [eMpc/h] - - [Ma/h]l  [Mg/R]  [106Mg] [106Mg]
TNG50-1 51.7° 35 21607 1x2160° 57x10% 3.1x10° 0.08 0.45
TNG50-2 51.73 35 10803 1x1080% 4.6x 105 2.5x105 0.68 3.63
TNG50-3 51.73 35 5403 1 x 5403 3.7x105 20x107 54 29.0
TNG50-4 51.7° 35 270° 1 x 2708 20 x 107 1.6x10% 434 232
TNG100-1 106.53 75 18203 2% 18202 94x10° 51x106 1.4 7.5
TNG100-2 106.53 75 0103 2 x 9102 76x 108 40x107 11.2 59.7
TNG100-3 106.5% 75 4553 2 x 4553 6.0 x 107 3.2x10% 892 478
TNG300-1 302.63 205 25002 1x 25003 7.6x108 4.0x107 11 59
TNG300-2 302.63 205 12503 1x 12503 59x107 3.2x10% 88 470
TNG300-3 302.6% 205 6253 1 % 6258 48 x 108 25x10° 703 3760
TNG50-1-Dark  51.7° 35 21603 " - 3T x 105 - 0.55
TNG50-2-Dark  51.73 35 1080° = . 29x108 - 4.31
TNG50-3-Dark 51.7% 35 5407 = . 2.3x 107 - 345
TNG50-4-Dark  51.73 35 2703 = . 1.9 x 108 - 275
TNG100-1-Dark  106.5% 75 1820% = . 6.0 x 106 - 8.9
TNG100-2-Dark  106.5% 75 010° 4 - 48 x 107 - 70.1
TNG100-3-Dark  106.53 75 4553 - - 3.8 %108 - 567
TNG300-1-Dark  302.6% 205 2500° 4 - 70x107 - a7
TNG300-2-Dark  302.6% 205 1250 = % 38x 108 - 588
TNG300-3-Dark  302.63 205 6253 4 - 3.0x10° - 4470
Run EAE)??, EDM,« Egas. min Teell,min Teell Teell ST nH,SF MH, max
[kpc] [ckpc/R] [ckpc/k]  [pc] [kpc] [pc] [em—2] [em—3]
TNG50-1 0.29 0.39 — 0.195 0.05 8 5.8 138 0.8 650
TNG50-2 0.58 078 =039 0.1 19 12.9 282 0.7 620
TNG50-3 1.15 156 —+ 078 0.2 65 25.0 562 0.6 80
TNG50-4 2.30 312 5156 04 170 50.1 1080 0.5 35
TNG100-1 0.74 1.0 —+ 05 0.125 14 15.8 355 1.0 3040
TNG100-2 1.48 2.0 1.0 0.25 74 31.2 720 0.6 185
TNG100-3 2.95 4.0 - 2.0 0.5 260 63.8 1410 0.5 30
TNG300-1 1.48 2.0 1.0 0.25 47 31.2 715 0.6 490
TNG300-2 2.95 4.0 = 2.0 0.5 120 63.8 1420 0.5 235
TNG300-3 5.90 8.0 — 4.0 1.0 519 153 3070 0.4 30

Table 2.3.1: Table of physical and numerical parameters for each volume variation of TNG simulations. The
physical parameters are: the box volume, the box side-length, the initial number of gas cells, dark matter particles,
and Monte Carlo tracer particles. The target baryon mass, the dark matter particle mass, the z = 0 Plummer equiv-
alent gravitational softening of the collisionless component, the same value in comoving units, and the minimum
comoving value of the adaptive gas gravitational softenings. Additional characterizations of the gas resolution,
measured at redshift zero: the minimum physical gas cell radius, the median gas cell radius, the mean radius of
star-forming gas cells, the mean hydrogen number density of star-forming gas cells, and the maximum hydrogen

gas density
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300 Mpc

Figure 2.3.1: The three IlustrisTNG simulation volumes: TNG50, TNG100, and TNG300. The images show
dark matter density distribution. Credit: TNG Collaboration.

results: Q,,= 0.3089, Qx= 0.6911, Q,= 0.0486, h= 0.6774, og= 0.8159, n,= 0.9667, with Newtonian
self-gravity solved in an expanding Universe. In the table[2.3.1] we show a summary of the physical and
numerical parameters for each of the resolution levels of the three flagship TNG simulations. TNG300 is
the largest volume simulation of the project. It allows to study galaxy clustering and provides unparalleled
statistics of the galaxy population as a whole. On the other hand, TNGS50 is the highest mass resolution
of the project, allowing the study small-scale structures, such as galaxies, in great detail
2019b).

The IllustrisTNGElis the successor of the Illustris project (Vogelsberger et al., |2014b|,|£|; Genel et al., 2014;
Nelson et al., 2015)), containing updated models for the physical processes that are relevant for galaxy for-
mation and evolution. The galaxy formation model includes several key components, such as stochastic
star formation based on gas density thresholds, the evolution of mono-age stellar populations represented
by stellar particles, chemical enrichment of the interstellar medium (ISM) tracing nine different chemical
elements (H, He, C, N, O, Ne, Mg, Si, Fe), and total gas metallicity. It also includes processes such as gas
cooling, heating, and feedback from supernovae in the form of galactic winds. Furthermore, the model
considers the seeding and growth of supermassive black holes, and the injection of energy and momentum
from these black holes into the surrounding gas. All aspects of the model, including parameter values and
the simulation code, are thoroughly detailed in the two IllustrisTNG method papers (Weinberger et al.,
2017; Pillepich et al.,[2018)) and remain entirely unchanged for our production simulations. One specific
numerical adjustment has been implemented for the TNG50 simulation, involving a modification to the
effective equation of state of star-forming gas. This change aims to rapidly convert high-density gas into

“https://www.tng-project.org
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Table 2.4.1: Summary of the numerical resolution for each level in Auriga project. The columns are: resolution
“level” of the run, dark matter particle mass, baryonic target particle/cell mass, softening length, and the number of
simulations available to the date (December 2023).

Level mpm ny, hb Ngim
(M) (M) (pc)
4.6x10° 8.5x102 94
3.6x10* 6.7x10° 188 7
29x10° 54x10* 375 39
24x10° 44x10° 750 5
20x 107 42x10° 1500 1

AN L AW

stars and thus avoid time steps as small as 10 years at the TNGS50 resolution. Importantly, this adjustment
is motivated solely by numerical considerations and does not impact galactic properties or statistics at
any cosmic epoch (refer to Section 2.2 of Nelson et al.| (2019a) for comprehensive details).

In this thesis, we focus on the model TNGS50-1 (Pillepich et al.l [2019; [Nelson et al., 2019b) and its
dark matter only counterpart. TNG50-1 (hereafter TNGS50) is the highest resolution run within the TNG
project. Its high resolution allows us to better analyze the azimuthal distribution of stellar mass in the
outskirts of Milky Way-like galaxies.

2.4 Auriga project

In chapter [5| we explore the dark matter halos simulated as part of the Auriga project (Grand et al., 2017).
The Auriga project provides simulations at 5 different resolution levels ( Level 2, 3, 4, 5, and 6). The
characteristics and differences between the resolution levels are summarized in Table 2.4.1] In Chapter
5] of this Thesis, we focus on the level 3 resolution simulation, which gives access to halos (Fig. 2.4.1).
At this resolution, the simulation has 3.6 x 10* and 6.7 x 10> M, per dark matter and baryonic particle,
respectively, with a softening length of 188 pc.

The Auriga simulations consist of cosmological zoom-in re-simulations focused on haloes with virial
masses in the range of 1 to 2 x 10'? solar masses. These halos are initially identified as isolated on
the z = 0 snapshot of the LI0O0ON1504 dark matter-only simulation of the EAGLE project (Schaye et al.,
20135)). Initial conditions for the zoom re-simulations were set at z = 127 following the Zel dovich! (1970)
approximation, the procedure for which is outlined in Jenkins (2010) and adopting the cosmological
parameters provided by |Planck Collaboration et al. (2014)): Q,, = 0.307, Q;, = 0.048, Qp = 0.693, ny, =
0.9611, pg = 0.8288, Y = 0.248, and a Hubble constant of Hy = 1004 km s_]Mpc_l, where h = 0.6777.
The halos are then re-simulated with full baryonic physics, with improved resolution around the primary
halo.

These simulations were conducted using the magnetohydrodynamic (MHD) code AREPO (Springel 2010)
and a comprehensive galaxy formation model, as described in Vogelsberger et al.|(2013); Marinacci et al.
(2014); \Grand et al.[ (2016). Gravitational and collisioless dynamics are estimated by standard Tree-PM
method (e.g. Springel, [2005) and discretized the MHD equations on a dynamic unstructured Voronoi
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Auw23

Figure 2.4.1: The face-on and edge-on projected stellar density at z = 0 for level 3 simulations from Auriga project
(simulation used in chapter ). The images are performed from a projection of the K-, B- and U-band luminosity
of stars. Younger (older) star particles are therefore represented by bluer (redder) colours. The plot dimensions are
50 x 50 x 25 kpc. Credit: |(Grand et al.|(2017))
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mesh. That equations are solvedwith a second-order Runge-Kutta integration (Pakmor et al., 2016).
The gravitational formation model encompasses various elements such as atomic and metal-line cooling
(Vogelsberger et al., 2013), a spatially uniform UV background (Faucher-Giguere et al., [2009), a subgrid
model for the interstellar medium and star formation (Springel & Hernquist, 2003), magnetic fields, and
self-consistent stellar evolution, including metal enrichment from various sources.

As in other models, each star particle represent a single stellar population (SSP), which is characterized
by a given age and metallicity. The initial stellar mass function that is include for each SSP is given
by (Chabrier| (2003)). The galaxy formation model used for this simulations incorporates feedback from
core collapse supernovae through a non-local effective wind model that transports energy, mass, metals,
and momentum from star-forming regions. The model also accounts for the growth, feedback, and seed-
ing of supermassive black holes (Springel, 2005). Gas accretion onto black holes is determined by the
Bondi-Hoyle-Lyttleton model (Bondi & Hoyle, 1944; Bondi, 1952), while thermal energy feedback is
injected into surrounding gas cells. Thermal energy is also provided to create hot gas bubbles in the halo,
based on the model of Nulsen & Fabian| (2000). The mass and metals are then distributed among nearby
gas cells with a top-hat kernel. A total of nine elements are tracked: H, He, C, O, N, Ne, Mg, Si, and Fe.
The Auriga model has demonstrated its ability to generate realistic spiral disk galaxies that align well with
various observations. These include factors such as the star formation histories, stellar masses, sizes, and
rotation curves of Milky Way-sized galaxies (Grand et al., 2017), the characteristics of stellar halos in
local galaxies Monachesi et al. (2019)), their HI gas distribution Marinacci et al.[ (2017), the occurrence
and main properties of stellar disk warps |Gomez et al. (2017), the attributes and prevalence of galactic
bars (Fragkoudi et al., 2020) and bulges (Gargiulo et al., |2019), as well as the properties of magnetic
fields within nearby disk galaxies (Pakmor et al., 2017, [2018]).

Overall, the AURIGA simulations provide a detailed and comprehensive approach to understanding the
formation and evolution of galaxies within a cosmological context. In chapter[5] we analyse the level 3 of
resolution in Auriga project, which is a set of six fully cosmological magnetohydrodynamical simulations
Milky Way-like galaxies. This simulation have around ~ 103 M, of baryonic mass resolution and ~
10* M, of dark matter resolution, which it is a perfect set of galaxies to study the stellar and dark matter
components with a great detail.

2.5 Resolution and numerical heating

In N-body simulations, artificial heating arises from two-body interactions between point-mass particles,
scattering them into orbits of higher random energy. Studies such as Fuji et al. (2011)) and Sellwood
(2013b) have shown that the amount of numerical heating is significantly affected by the simulation
resolution. Numerical heating is more pronounced in simulations with smaller numbers of particles. In
general, there is a consensus that simulations with N > 10° particles modeling the disk experience an
acceptable level of numerical heating, while smaller particle numbers are more susceptible to this effect
(e.g., Ludlow et al.| 2021). In addition, gravitational interactions are softened on small scales in these
simulations to avoid unphysical two-body scattering between nearby particles. This softening ensures
that the particle collection represents a smoothed density field, with various kernel-based smoothing
techniques implemented. In the following sections, we briefly and cursory discuss how numerical heating
and softening could affect the simulations used in this thesis, aiming to ensure that simulation resolution
and softening length do not play a significant role in the evolution of galactic disks.
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Figure 2.5.1: Left Panel: Relationship between galaxy size and stellar mass for galaxies at z = 0.1 in physical
kiloparsecs (pkpc). The depicted curves represent the median values of the projected half-mass radii for the simula-
tions, with shaded areas indicating the corresponding 16 scatter. Middle Panel: Specific star formation rate (SSFR)
for actively star-forming galaxies plotted against stellar mass at z = 0.1. Galaxies are categorized as star-forming
if their SSFR exceeds 1072 Gyr~!, as denoted by the horizontal dashed line. Simulation medians are illustrated by
colored curves, accompanied by shaded regions representing the 1 scatter. Right Panel: Tully—Fisher-like relation,
correlating the maximum rotation curve with stellar mass for late-type galaxies at z = 0.1. The colored curves
depict simulation medians, with dotted sections indicating values below the resolution limit of 100 stellar particles.
In cases where there are fewer than 10 galaxies per bin, individual objects are represented by filled circles. The
shaded regions convey the 16 scatter observed in the simulations. Credit;Schaye et al.| (2015

2.5.1 EAGLE project

Several analyses have been performed to study the convergences within the EAGLE simulations. Lud-
low et al. (2021)) studied the spurious collisional heating of simulated stellar disks, examining how the
resolution and mass of dark matter particles can affect the vertical and radial kinematics of disk stars,
and consequently the structure of their stellar distribution. The study proposes an empirical model to
describe these results and applies it to current cosmological simulations. In particular, they find that for a
Milky Way-type galaxy to remain unaffected by vertical collisional heating, it must have more than ~ 10°
particles, suggesting that dark matter particles should be < 6 x 10° M. In EAGLE’s Ref-L0O100N 1504
simulation, dark matter particles are 9.7 x 10°, and for a Milky Way-like galaxy with a ratio of vertical
velocity dispersion to the characteristic velocity of its dark matter halo fraction (Vo) greater than 0.1, it
has about 1.2 x 10° particles. According to the empirical model, EAGLE’s dark matter particles exceed
this threshold, suggesting possible effects of collisional heating. However, other studies have explored
the resolution effects in these simulations.

Schaye et al. (2015) performed several analyses comparing each EAGLE simulation with observational
results. One aspect studied was galaxy sizes. Figure left panel shows galaxy sizes (parameterized
by the half-mass radius, Rsp) in relation to their stellar mass. These relationships were compared with
the observations of Shen et al.| (2003) and Baldry et al. (2012) using SDSS and GAMA data, respectively.
While all simulations appear to be in agreement with observations at high masses, differences emerge
for low-mass galaxies, possibly due to resolution limitations or other deficiencies in the simulations or
halo finders, as well as observational effects such as neglecting variations in the stellar mass-to-light
ratio and dust extinction. [Schaye et al.| (2015)) also examined specific star formation rates as a function



CHAPTER 2. NUMERICAL MODELS OF COSMOLOGICAL GALAXIES 35

010

. — Recal-LO25NO752 o Hoetal 2015)

L A Zanisky etal (1994 4

0 05 - Fat-L100M1504 om Fupke et al, (2010} -
T L m Belliore el al. (2017} 4

Vo [dex kpc™]

0.5t ;

9.0 9.5 10.0 10.5 11.0
Log Mstar [M(E)]

Figure 2.5.2: Median V¢ y estimated for the star-forming disk components as a function of the stellar mass of
the EAGLE galaxies in for the Recal-L025N0752 run (black solid lines). For comparison, the simulated relation
for the discs in low-density environments of the Ref-L100N1504 are also shown (cyan lines) CreditiTissera et al.
(2019)

of stellar mass (Figure middle panel), revealing differences between intermediate resolution (Ref-
L100N1504) and higher resolution simulations. Although Ref-L100N1504 is statistically consistent with
(Bauer et al.l 2013) using GAMA data, the authors suggest that this may be a numerical effect. The
specific star formation rate then converges to higher-mass galaxies. In the right panel of Figure[2.5.1] the
authors test the Tully-Fisher relation (Tully & Fisher, |1977) by comparing the maximum rotation curve
as a function of stellar mass with Avila-Reese2008 observations. All simulations show good numerical
convergence, in agreement with observations for masses between 10° < M, /Mg < 1019, with differences
less than 0.03 dex. At larger masses the differences with observations increase to 0.12 at M, = 1013 M.
Schaye et al.| (2015) emphasize the importance of resolution by focusing on feedback effects from star
formation and AGN. They conclude that these processes can be effectively anticipated due to subgrid
model dependencies, spurious losses from limited resolution, and other factors. Despite the limitations,
they achieve relatively good agreement with several galactic and intergalactic metallicity observations,
pointing out the need for interpretation and highlighting resolution improvements to address issues such
as metallicity in dwarf galaxies.

Tissera et al. (2019) also explored resolution effects, focusing on metallicity profiles. They compared
metallicity gradients as a function of stellar mass in two EAGLE simulations with different resolutions,
Ref-L100N1504 and Recal-L025N0752, the latter being higher resolution (Fig. [2.5.2)). This comparison,
including observations, shows consistent trends, especially in high-mass galaxies. In Recal-L025N0752,
all selected galaxies belong to low-density regions, indicating consistent relationships, with smaller
galaxies showing more negative metallicity gradients, although Recal-LO25N0752 disks tend to have
slightly flatter gradients.

Lagos et al.|(2017)) analyzed the specific angular momentum as a function of stellar mass in three low-
volume simulations at different redshifts. Ref-L025N0376 has the same subgrid physics and resolution
as Ref-LO100N1504. Figure [2.5.3] illustrates this relationship, considering all stellar particles within
the half-mass radius (left column) and within a fixed 10 pkpc aperture (right column). Interestingly,
all simulations converge, with Ref-L025N0376 producing slightly smaller jg,(10pkpc) in low-mass
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Figure 2.5.3: The jyqs—stellar mass correlation is depicted at three distinct redshifts, z = 0,0.5,1.2, for the
simulations Ref-L025N0376, Ref-LL025N0752, and Recal-L025N0752, as indicated. Two measurement scenarios
are presented: one within the half-mass radius of the stellar component (left-hand panels) and the other within a
fixed aperture of 10 pkpc. Median relations are represented by lines, and the 16th—84th percentile ranges are shown
as shaded regions. The latter are displayed exclusively for bins containing <10 galaxies, while bins with fewer

objects are depicted as thin lines. Credit{Lagos et al.[{(2017)
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Figure 2.5.4: The resolved main sequence of star formation (rSFMS) is analyzed across diverse simulations to
assess the impact of numerical convergence and volume selection effects. The comparison between Ref100 and
Ref25 highlights the influence of volume effects, while the comparisons between Ref25 and RefHi25, and Ref25
and RecHi25 demonstrate ’strong’ and *weak’ convergence properties, respectively (see Schaye et al,2015). It is
observed that the rSFMS exhibits reasonably effective convergence. Credit{Trayford & Schaye|(2019)

galaxies, although not consistently across all redshifts, possibly due to statistical variations. The authors
explored this specific angular momentum-mass relationship with other measurements and found similar
agreements.

Finally, Trayford & Schaye (2019) presents the resolved star formation main sequence (rSFMS, Figure
[2.5.4)), which correlates the surface star formation rate with the surface stellar density, focusing on con-
vergence tests for Ref100 (Ref-L100N1504), RefHi25 (Ref-L025N0752) and Ref25 (Ref-L025N0376)
simulations. Overall, volume sampling and resolution effects have a minor influence on the rSFMS. How-
ever, a consistent shift of about 0.15 dex below the MANGA relation is observed, due to differences in the
integrated star formation rates in EAGLE galaxies compared to observational studies. Despite this shift,
the values and trends remain consistent with observations, indicating consistency within uncertainties.
These convergence tests in EAGLE simulations highlight that resolution can introduce variations in re-
sults that require careful consideration. In our case, the intermediate resolution Ref-L100N1504 simula-
tion shows some variations in the convergence tests, especially for low-mass galaxies and star formation
rate analyses, showing a slight deviation from certain observations. However, for higher-mass galaxies,
the convergence improves and even agrees with observations. This consistency is encouraging because
in Chapter (3, where we use the Ref-LO100N1504 simulation, we explore breaks in the stellar density
profiles in galaxies with masses in the range 10'%~!1> M. We also assume that these breaks in the
surface density profiles of galactic disks are global rather than local behaviors, and thus should not be
significantly affected by numerical heating due to simulation resolution.
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Figure 2.5.5: Median galaxy sizes varying with stellar mass in different resolution scenarios within the same
cosmological volume. Thicker, darker curves represent improved numerical resolution. Presented at three redshifts,
3D stellar half-mass radii (upper panels) and 2D Hg half-light radii (lower panels) show 1-6 galaxy-to-galaxy
variation in TNGS50. Dashed lines indicate three times the typical gravitational softening lengths. In IllustrisTNG,
size convergence occurs across mass scales and times, especially at higher redshifts. Galaxy sizes above a certain
stellar mass show a non-trivial softening length dependence. Credit: [Pillepich et al.| (2019)

2.5.2 IllustrisTNG project

As presented in Section [2.3] the IlustrisTNG simulations are distributed over three box volumes, each
with different levels of resolution. Additionally, each variant has its dark matter-only counterpart. In this
thesis, we use the TNGS50-1 simulation, which is characterized by the highest resolution within the set
(see Table[2.3.1). Previous publications on IllustrisTNG provide initial results for each simulation variant,
allowing comparisons in terms of resolution, subgrid physics, etc. This section focuses specifically on
resolution.

The [Pillepich et al. (2019) studies explored galaxy size, disk height, and kinematics across different
resolution variations of TNGS50 simulations. Among the different TNG50 variations, simulations such
as TNG50-2 and TNG50-3 can have resolutions similar to TNG100 and TNG300, while TNG50-1 has
a substantially higher resolution by factors of 16.4 and 132, respectively. The relationship between
size and mass at different resolutions for the same halo can be observed in Figure 2.5.5] The higher
resolutions are represented by darker, thicker lines. This relationship is shown for three representative
times, z = 0.5, z=1, and z = 2 (from left to right). The upper panels show sizes using stellar mass, while
the lower panels are calculated using 2D Hg, gas. For a given stellar mass for a fixed galaxy, the median
relations indicate that better resolution generally yields smaller galaxy sizes in both distributions for
low-mass galaxies (< 10°710 M,). At lower redshifts, a break is observed between low-mass and high-
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mass galaxies, possibly related to different star-halo ratios at different resolutions. Furthermore, lower-
resolution galaxies are more extended, which influences higher-mass galaxies due to their intrinsic size,
and galactic mergers with lower-mass galaxies contribute to this extension. In summary, the improved
numerical resolution of TNG50-1 allows reliable studies of galaxy structure. In Figure[2.5.5] the dashed
and dotted curves mark the location of three times the typical gravitational softening lengths for stellar
particles and gas cells in different simulations and galaxies. These curves indicate the boundary between
smoothed and fully Newtonian forces. The gas softening scale is related to spatial size, with low-density
regions being more affected. Despite the different trends over time, it is clear that softening does not
determine the physical dimensions of galaxies in the TNGS50 simulations, except at low masses and low
redshifts.

The analysis continues in Figure [2.5.6] which compares disk heights at different numerical masses and
spatial resolutions. The upper panel shows measurements based on stellar mass, while the lower panel
uses the Hq height. Similar to the previous figure, wider and darker lines represent better resolution.
The distributions of galactic disk heights for 10°~19 M at z = 0.5 are analyzed (left column). The
plots highlight the fundamental role of resolution in this mass range, with the authors concluding that
the resolution dependence on disk height is less pronounced at higher redshifts (z > 0.5). Moreover,
it is less prominent for more massive galaxies than those shown in Fig. Hy heights converge
more rapidly than stellar heights, regardless of resolution changes and at higher redshifts. Gravitational
softening lengths decrease with time, but disk heights do not follow the same trend in all cases. The
authors emphasize that the galactic structure is not directly related to the softening lengths. In Appendix
B of Pillepich et al. (2019), a test is performed to explore the effect of softening lengths on disk heights.
They find in some cases that reducing gravitational softening can increase both the height and size of the
disks in TNGS50.

The TNGS50-1 simulation used in this work shows convergence in size and height for galactic disks,
being less extended and thinner with better resolution. Despite the differences in resolution between
the variants, both the surface and morphological distribution of galactic disks should not be significantly
affected.

2.5.3 Auriga project

InGrand et al.|(2016), tests were conducted to explore the impact of resolution and numerical heating on
galactic disks in Auriga. Despite exceeding 107 particles in both the stellar and dark matter components
at the level 3 used in this thesis, it is crucial to ensure that resolution-dependent numerical heating does
not significantly affect galaxy evolution. Two additional simulations of the Au 16 halo were performed
at level 4, one with a high resolution increased by a factor of 8 compared to level 4, and one with a low
resolution reduced by a factor of 8. The results are presented in Fig. which shows age-velocity
dispersion profiles over a 10 Gyr range. The results show remarkable similarity, with deviations in the
vertical velocity dispersion of less than 8 km/s for each age. This suggests that Level 4 simulations
are not predominantly affected by resolution-dependent numerical heating, but rather by physical heating
mechanisms. This provides a favorable context for the analysis of our thesis, as we use a higher resolution
than level 4.

In Grand et al.| (2017), the studies focused on levels 3, 4, and 5. To assess convergence, three galactic
halos (Au 6, Au 16, and Au 24) were analyzed across the three resolution levels. Figure [2.5.8|shows the
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Figure 2.5.6: Galaxy heights in different resolution scenarios within the same cosmological volume: improving
resolution is indicated by thicker, darker curves. Stellar mass and Hg, light disk heights are shown at the top and

bottom, respectively. Credit: Pillepich et al.| (2019)
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resolution (red) and 8 times lower resolution (blue). Credit: |Grand et al.|(2016)




CHAPTER 2. NUMERICAL MODELS OF COSMOLOGICAL GALAXIES 41

surface density profiles and orbital circularity distributions, top and second rows respectively. Circular-
ities and total disk mass fractions are very similar for each halo at all three resolution levels, suggesting
that the kinematic structure of the disk and bulge remains relatively unchanged. Surface density profiles
show some variation in Au 6, while Au 16 and Au 24 appear to be relatively more stable. The study
also takes into account the star formation history, which remains consistent across all halos, with a slight
increase in star formation at higher resolutions (more details in Grand et al., [2017). In the third row
of Figure 2.5.8| evaluates the velocity curves of the halos, showing in particular sharper curves near the
center at higher resolutions, reflecting a more compact core. The authors attribute this to variations in
the highly nonlinear black hole accretion and feedback loops that help regulate central star formation.
In the lower part of Fig. 2.5.8] the vertical disk structure, estimated from the radial profile of the root
mean square height for stellar disk particles, is evaluated. It is observed that the disks are slightly thinner
at higher resolution, although they have similar height profiles. The authors conclude that the vertical
structure of the disk is well-converged. However, these slight variations could be due to the softening
lengths, which the authors test in Fig. 2.5.9] Here, the authors run the Au 6 simulation with ten times
smaller softening lengths (Au6lowsoft) and replicate the radial profile of the root mean square height,
and find that the difference in vertical thickness between the two simulations is negligible, both for the
young population and for all stars, demonstrating that shorter softening lengths do not lead to thinner
disks. The authors conclude that the softening length should not be considered as a resolution limit, since
gravity does not simply disappear below the softening length scale.

In conclusion, Auriga simulations are well converged at the resolution levels seen in these publications.
Within these simulations, the level 3 used in our thesis provides a solid framework for interpreting astro-
physical phenomena and understanding the evolution of galactic disks and their dark matter halos.
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Figure 2.5.8: Stellar surface density profiles (top row), orbital circularity distribution (second row), the radial
profiles of the circular velocity (third row) and the root mean square height (fourth row) for all star particles (dotted
lines) and for star particles younger than 3 Gyr (solid lines). Haloes Au 6 (first column), Au 16 (middle column)
and Au 24 (third column) at three different resolution levels. Credit: [Grand et al.| (2017)
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Chapter 3

Exploring the outskirts of the EAGLE disc
galaxies

Abstract]]

Observations show that the surface brightness of disk galaxies can be well-described by a single expo-
nential (TT), up-bending (TIII) or down-bending (TII) profiles in the outskirts. Here we characterize the
mass surface densities of simulated late-type galaxies from the EAGLE project according to their distri-
bution of mono-age stellar populations, the star formation activity and angular momentum content. We
find a clear correlation between the inner scale-lengths and the stellar spin parameter, A, for all three disk
types with A > 0.35. The outer scale-lengths of TII and TIII disks show a positive trend with A, albeit
weaker for the latter. TII disks prefer fast rotating galaxies. With regards to the stellar age distribution,
negative and U-shape age profiles are the most common for all disk types. Positive age profiles are deter-
mined by a more significant contributions of young stars in the central regions, which decrease rapidly
in the outer parts. TII disks prefer relative higher contributions of old stars compared to other mono-age
populations across the disks whereas TIII disks become progressively more dominated by intermediate
age (2-6 Gyrs) stars for increasing radius. The change in slope of the age profiles is located after the
break of the mass surface density. We find evidence of larger flaring for the old stellar populations in TIII
systems compared to TI and TII, which could indicate the action of other processes. Overall, the relative
distributions of mono-age stellar populations and the dependence of the star formation activity on radius
are found to shape the different disk types and age profiles.

IBased on Varela-Lavin et al.[(2022), published in MNRAS
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3.1 Introduction

Stellar populations store important information on the evolution of galaxies and the physical processes
that shaped their morphologies, star formation histories and chemical properties, among others. In the
case of spiral galaxies, powerful information can be readily obtained through their surface brightness
(SB) profiles. disk components are typically consistent with well-behaved exponential profiles (Patterson,
1940; Freeman,|1970). To first order, their formation can be explained by the so-called standard model for
disk formation (Fall & Efstathiou, |1980) which is based on the specific angular momentum conservation
of baryons. However, within the current cosmological paradigm, galaxy formation proceeds in a non-
linear way so that mergers and interactions with other galaxies, or with the global environment, can
disturb galactic disks causing a redistribution of angular momentum (e.g.|Pedrosa & Tissera, 2015; Teklu
et al., 2015} [Lagos et al., |2017), the formation of non-asymmetric features (e.g. Gomez et al., 2016,
2017, 2021 |Grand et al., |2016) and the loss of material via tidal stripping (Barnes & Hernquist, |1996),
among others. It has become clear that not all spiral galaxies can be described by a single exponential
profile extended to arbitrarily large radii (van der Kruit, |1979). Thus, while the SB distributions of
some disks can be well-described by an exponential profile all the way out (TI), other disks show a
brightness deficiency (TII) or excess (TIII) with respect to a single exponential profile. Such disks are
are better described by double exponential fits (e.g. |[Pohlen & Trujillo, 2006) with a characteristic break
radius (Ry; ). Observational studies suggest a correlation between the Hubble type and the disk type.
TIII systems are reported to be more frequent in early-type spirals while TII ones are more common in
late-type ones (Erwin et al., 2008; |Pohlen & Trujillo, 2006; Gutiérrez et al., 2011)).

Several theoretical and observational works have analysed the characteristics of outer regions of disk
galaxies (e.g|Roskar et al., 2008bja; Sanchez-Blazquez et al., 2009; Mincheyv et al., 2012a; Bakos et al.,
2008; [Yoachim et al., 2012 Ruiz-Lara et al., 2016). Yet, the origin of the deviation from a single
exponential disk is still unclear. Variations of star formation efficiency, migration, accretion of small
satellites, or a combination of all of them could be behind this. The main hypotheses formulated to ex-
plain “breaks” in the SB profiles are related to angular momentum redistribution (Debattista et al., 2006)
and to the existence of a star formation threshold (Elmegreen & Hunter, 2006). Additionally, several
works have reported a link between an outer upturn ("U-shape”) in the age profiles and the TII profile,
with the age up-turn causing the lack of light in the outer regions (Bakos et al., 2008; Roskar et al.,
2008a;; Sanchez-Blazquez et al., |2009; Martinez-Serrano et al., [2009; |Yoachim et al., 2012)). According
to Sanchez-Blazquez et al. (2009)), the origin of TII and TIII galaxies arises from a combination of two
processes: (1) an abrupt change of slope in the radial star formation profile and (2) the effects of stellar
radial migration inside-outside of Ry, . The first is due to a change in the gas volume density profile,
which would cause the bending down in the stellar density profile. The second is due to radial migration
of stars formed in the inner parts towards locations beyond Ry, . In addition, these authors proposed that
the different types of stellar density profiles could be a consequence of a variation of efficiencies of both
mechanisms. Ruiz-Lara et al. (2017b) reported different stellar age and metallicity inner gradients for
galaxies displaying TI, TII and TIII SB profiles. Those results are interpreted as outcome of a gradual
increase in the radial migration efficiency of stars from TII to TI and TIII galaxies.

Ruiz-Lara et al.| (2016) analysed 44 spiral galaxies selected from the CALIFA survey (Walcher et al.,
2014, see alsoRuiz-Lara et al[2017b). They compared the SB and age profiles in order to find differences
between profile types (I and II). They also reported a U-shape in the age profiles of 17 galaxies that were
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either TII or TI. However in their sample, the U-shape feature is only observable in light-weighted age
profiles. They claim that the mechanisms shaping the SB and stellar population distributions are not
directly coupled and that the U-shape in age profiles would be due to an early formation of the disk
followed by an inside-out quenching of the star formation.

On the other hand, [Herpich et al. (2015, 2017) investigated the role of the halo spin parameter (A) in
shaping the outer SB profiles by analysing a set of simulations of isolated controlled galaxies. They
found a clear transition from TIII galaxies, displaying low spin parameters to TII galaxies, showing
higher values. TI disks are reported to have intermediate values, A ~ 0.035. Recently, Wang et al. (2018)
found that the formation of TIII galaxies were linked to high Hl-richness and low spin A of the inner
stellar disc. Hence there are still open questions regarding the origin of these characteristics features in
the SB profiles. While the smooth formation of disks with global angular momentum conservation would
lead to a correlation between scale-lengths and spin parameter A (Mo et al., |1998)), these distributions
could be disturbed by variety of physical processes such as stellar migration, dynamical heating, satellite
accretion, bar formation, among others.

Clearly, the origin of the spread observed in the properties of galactic disc, such as surface density and
brightness profiles, is complex and involves the action of several physical mechanisms. As such, these
profiles can provide very rich information regarding the formation and evolution of galactic disc. For
this purpose, we analyse the stellar surface density of disk galaxies selected from the simulation with the
largest volume of the EAGLE Project (Schaye et al., 2015). The EAGLE simulations have been shown to
reproduce several galaxy relations such as the gas content of galaxies at a given mass (Lagos et al., 2015;
Bahé et al., 2016; [Crain et al., 2017), the evolution of the galaxy stellar mass function (Furlong et al.,
2013)), the scale-resolved metallicity-star formation relation (Trayford & Schaye, [2019), the metallicity
gradients as a function of stellar mass (Tissera et al., 2019, 2022) and the azimuthal variation of the
metallicity gradients at z = 0 (Solar et al., 2020). Our goal is to characterize the origin of the different
surface density and age profiles in a cosmological context. In this chapter, we focus on the analysis
of stellar populations and their age distributions in central disk galaxies. The stellar surface density
profiles, X(r), are statistically analysed with the goal of identifying correlation between the distribution
of mono-age stellar populations and the star formation activity.

The chapter of this thesis is organized as follows. In Section we describe the main characteristics of
the EAGLE simulations, the selected galaxy sample and the algorithm that is be applied to classify the
different X(r). Section [3.3|describes the analysis and results. In Section 3.4/ we discuss and summarize
our main findings.

3.2 Simulated galaxies

For this chapter we will use largest simulation (Ref-L100N1504) of the EAGLE Projectm (Schaye et al.,
2015; (Crain et al., 2015). The initial conditions are consistent with the Planck Cosmology parameters
(Planck Collaboration et al., [2014): QA = 0.693, Q,, = 0.307, Q, = 0.04825, 63 = 0.8288, h = 0.6777,
ng = 0.9611 and Y = 0.248 where Q,, Qn, and Q, are the average densities of dark energy, matter and
baryonic matter in units of the critical density at z = 0, o3 is the square root of the linear variance of the

'In http://eaglesim.org, http://eagle.strw.leidenuniv.nl a global description of the project as well as access to movies and
images and the database of galaxies can be found (McAlpine et al.|[2016).
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matter distribution when smoothed with a top-hat filter of radius 84~ cMpc, 4 is the Hubble parameter
(H, = h100kms "), ny is the scalar power-law index of the power spectrum of primordial perturbations,
and Y is the primordial mass fraction of helium. The subgrid physics parameters were calibrated to
reproduce the galaxy mass function and the observed sizes of galaxies at z = 0.1 (Schaye et al., 2015). In
addition, other variations of the subgrid physics were explored as presented in |Crain et al. (2015).

The Ref-L100N 1504 run simulates a cubic volume of side 100 Mpc. The setup of the initial conditions
provides a mass resolution of 9.7 x 10°M_, for dark matter and an initial mass of 1.81 x 10°M, for bary-
onic particles. The gravitational calculations between particles are computed with a Plummer equivalent
softening length of 2.66 comoving kpc limited to a maximum physical size of 0.70 pkpc (€gray). This
simulation provides a large number of galaxies formed in a variety of environments.

6 v T T
4 N, 1 1
N, 1 1
N 1 5 1
R &5 X : = :
Q3 <) e} ~. 1
2 2 : Qa4 \.\ :
° ) ° CONe
= £ i = N
W , W 4 1 . W 3 1
e I : ~. ) :
~ - 3 .
1 1
Type | Type Il H ,1Type ! \.
1{hi=2.94 kpc 3{hi=2.09 kpc H hi=1.87 kpc H N \
ho=1.29 kpc 1 ho=3.49 kpc| H .\

4 6 10 12 3 4 6 2 4 6 10

8 5 8
r [kpc] r [kpc] r [kpc]

Figure 3.2.1: Examples of typical TI (left panel), TII (middle panel) and TIII (right panel) £(r) profiles in the
EAGLE disks (black lines). The linear regression for TI and the double exponential fits for TII and TIII are also
shown (cyan, dashed dot lines). The characteristics scales, Refr (blue, solid lines), Rqp (green, solid lines) and
Ry (red, dashed vertical lines) are also depicted, together with the inner 4; and outer A, scale-lengths.

3.2.1 The simulated galaxy sample

We use the galaxy catalogue constructed by Tissera et al.| (2019) from the Ref-L100N1504 at z=0. Only
central galaxies within a given halo are analysed (i.e. no satellite galaxies have been included). The
spheroidal and disk components were separated by applying a dynamical criterion based on the angular
momentum content and the binding energy. This is done by estimating € = J,/J, max(E), Where J, is
the angular momentum component in the direction of the total angular momentum, and J, max(E) is the
maximum J, over all particles at a given binding energy E (see [Tissera et al., 2012, for details on the
procedure and conditions used). With this algorithm, the disk and bulge components are identified. The
disc-to-total stellar mass ratio (D/T) is used to classify galaxies according to their morphologies. In
order to analyze galactic disks with morphologies and environments similar to those of the Milky Way,
central galaxies with D/T > 0.5 are selected. Additionally, only those with disk components resolved
with more than 5000 stellar particles are considered. As a consequence, our sample comprises 1012 disk
galaxies with stellar mass within the mass range [10'°, 10!1°] M. For each galaxy we calculated the
optical radius, Rg}ftc , as the radius that enclosed ~83 percent of the stellar mass of a disk (Séiz et al.,
2001)), and the effective radius, Rq¢ , as the radius that enclosed half of the disk stellar mass.

Hereafter, the ¥(r) profiles of the disk components of the selected galaxies are defined by projecting the
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stellar mass onto the rotational plane of the disks, from 3€g,y to 1.5 Rop. This is performed after the
galaxies are rotated to have their z-axis aligned with the total angular momentum of the stellar disks.

To minimize potential issues due to numerical resolution or very local inhomogeneities, the £(r) profiles
are calculated using moving averages. In practice, for a given galaxy, the azimuthally averaged disk
surface density, X(r;), is estimated at the galactocentric distance of each disk stellar particle, r;. Here
i =1,...,Ngisc Where Ny is the total number of disk particles. To do so, we first sort all disk stellar
particles with respect to r; in ascending order. We compute X(r;) by selecting both the 10 percent of disk
particles that are located at r > r; and the 10 percent of disk particles that are located at » < r;. In other
words, a total of 20 percent of disk stellar particles are considered at each r;. We then add the mass of
all selected disk stellar particles and compute the surface density considering the area enclosed by the
selected subset?]
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Figure 3.2.2: Four different age profiles identified in EAGLE disks are shown for illustration purposes (black
lines). The linear regressions are also depicted (green dotted lines). The characteristics scales, Rer (blue solid
lines), Rop (green solid lines) are included. Additionally, for the U-shape and A-shape profiles Ry, and Ry, are
depicted (green short-dashed lines).

2Note that, to always use the same number of particles when estimating X(r;), for the first and last 10 percent of the sorted
disk particles, X(r;) is not computed.
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3.2.2 Break-Finder (BF) algorithm

In order to characterize the ¥(r) profiles, we follow a methodology similar to that established by previous
authors (Erwin et al., 2008; Munoz-Mateos et al., 2013), where X(r) profiles are presented as a double
power-law piece-wise joined by an inflection point (see Erwin et al., 2008, equations 5 and 6). For this,
we fit the profiles using the following piece-wise function:

log, %i(r) = log, To; — hi if <Ry (3.2.1)
i

log, Zo(r) = log,Z0, — hl if r>Ru, (3.2.2)
(6]

where the two parts are joined at the break radius, Ry, . Here /; and h,; inner and outer scale lengths, X ;
and X ,; inner and outer central densities and Ry, . Note that, the value of X , is set by the values of the
remaining four parameters. Equations [3.2.1/and [3.2.2] are used to characterize the inner and outer regions
of the disks, respectively.

Our BF fitting procedure considers star particles within 0.5 Regr to 1.5Rqp. The BF algorithm is sensitive
to breaks. A potential problem with the methods arises at the disk outer and inner most edges, where
spurious inflection point could be defined. To avoid spurious results we allow Ry, to only vary within
0.5 Refr to Rope. The remaining parameters are forced to be greater than 0. The parameter fitting is
performed using a robust least squares optimization method for bounded problems called Trust Region
Reflective algorithm [°, The best fit minimizes the sum of squared residuals, which is quantified through
the 2. The result is always a double exponential. The type of profiles are defined according to the criteria
described in section

3.3 Analysis

3.3.1 Stellar surface density profiles

We analyse the X(r) of the selected disk galaxies and classify them as TI, TII and TIII profiles. For this
purpose, the BF algorithm described in Section is applied to the X(r) of all galaxies in our sample.
The classification is performed by comparing the 4; and A, scales. The strength of the break is quantified
by defining

B=h;—h,.

Following Ruiz-Lara et al. (2017b), we define TII disks are those with B = 0.5 kpc, TII disks have
B < —0.5 kpc, and TI disks have with |B| < 0.5 kpc. This value corresponds to the quarter of § standard
deviation. Then, for TI disks, we perform a single power-law fit. In Fig. [3.2.1) we show the result
of applying the fitting algorithm to three typical examples. Clearly, TII and TIII disks show double
exponential profiles, with the inner disk defined for r < Ry, (the cyan, dashed vertical line), and the outer
disk for r > Ry,.

Finally, we use the % of the best fits to eliminate from the samples those disks that have more complex
structure and hence require more than two exponentials to describe the X(r). These disks are strongly

3We implement Trust Region Reflective algorithm using the CURVE_FIT function from the SCIPY library. More details can
be found at https://scipy.org
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Figure 3.3.1: Analysis of the gradients of the inner and outer age profiles for different disk types (top and bottom
panels, respectively). In the left panels, the age gradients for the inner (upper) and outer (lower) disks as a function
of disk types for our EAGLE sample are shown. The median age gradients for the strong types subsamples (blue,
yellow and red boxes for TII, TI and TIII, respectively and dashed black lines) are included. The size of the
boxes denote the 25" and 75" percentiles (open black circles show the outliers). For comparison the median
mass-weighted ages gradients for the inner disks reported by Ruiz-Lara et al.| (2017b)) for galaxies in the CALIFA
survey (dashed blue line) are also depicted (the error bars correspond to the dispersion as given by their table 4).
In the right panels, the median age gradients for the inner and outer disks are shown for TI, TII and TIII galaxies.
The shaded regions are enclosed by the 25 — 75™ percentiles of the corresponding distributions. The red and blue
vertical lines depict the medians of 3 for the TIII and TII profiles, respectively. These are used to define strong TII
and TIII types (Sec. [3.3.1). The results of Ruiz-Lara et al| (2017a) using the RaDES simulated galaxies (red and
blue open points) are also included).
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Table 3.3.1: Distribution of the disk types in the EAGLE sample.

Nt Nt1 Nt Nt
All Types 912 301 (33%) 116 (13%) 495 (54%)
Strong Types 607 301 (49%) 58 (10%) 248 (41%)

disturbed and are not suitable for the study of this Chapter. For this purpose, only galaxies with x> <
22+ G,2, where %2 is the median and G,2 is the standard deviation of the x? distribution for our total

sample. In this way, we eliminate the outliers of x> at 1 — ¢ level, and build a well-fitted subsample
of simulated galaxies whose X(r) can be described by either a pure or a double exponential. Our final
sample comprises 912 galaxies.

With the aim of analysing a more trustworthy sample, we quantify the strong TII and TIII types groups
by selecting the fifty percent of galaxies of each X type which have the strongest deviation between the
inner and outer disks. For this purpose, the median of the [ distribution for each X type is calculated.
Strong TII are galaxies that have 3 larger than [3 =1.02 kpc, while strong TIII galaxies have [ less than
ﬁ =-1.66 kpc. Of course, there are no strong types for TI disks. In Table we show the numbers
of members and percentages of galaxy types in the total and strong samples. We can see that TIII is the
most frequent type overall in the analysed sample. However TI are more frequent if we only consider the
strong TII and TIII subsamples. The less frequent galaxy type in both EAGLE samples is TII. Hereafter,
we will only consider the strong-type disks in the analysis with the purpose of disentangling clearly the
similarities and differences among them.

As can be seen from Table [3.3.1] TI and TIII are the most frequent types in our simulated sample. This
seems at odd with observations, which find TII to be the most common profile. However, observations
also suggest that the fractions of galaxies with different disk types vary with morphology and probably
with the environment. TII disks are reported to be more frequent in late-type galaxies while TIII disks
tend to be identified in early-types. For example, Pohlen & Trujillo/ (2006)) analysed a sample of 93
late-type galaxies and found a distribution of 10%:60%:30% for types TL: TIL: TIII, respectively. Using 66
early-type spiral galaxies, Erwin et al.| (2008) reported percentiles of 27%:42%:27%, and Gutiérrez et al.
(2011) also detected a trend for TII to be more frequent in late-type spirals using a sample of 47 face-on
early-type unbarred galaxies, they reported a global breakdown of 21%:50%:38%. As it will be discussed
in Sec. this dependence on morphology is reproduced by the EAGLE simulations. Although the
frequencies between our EAGLE sample and the observations are not similar, recent work with galaxy
triplets finds a high frequency of TIII galaxies in this environment. Members of such triplets typically
show signs of interactions, highlighting the relevance of environment (Tawfeek et al., 2021). We note
that, in our work, galaxies are located in different environments (Tissera et al.,[2019) and that this aspect
will be addressed in a forthcoming study.

3.3.2 Age profiles

To understand the origin of the different types of X(r) profiles, and to confront them with observations,
we also estimate age profiles for each galaxy. As for the X(r) profiles, the mass-weighted stellar age
profiles are constructed by using stars located between 3€g,y and 1.5 Rop and are estimated by using



CHAPTER 3. EXPLORING THE OUTSKIRTS OF THE EAGLE DISC GALAXIES 52

Table 3.3.2: Age profile type frequencies in TI, TII and TII disks. The fractions of galaxies with a given age
profiles in a given X type subsample are provided within parenthesis.

TI TII TIII
Negative  85(0.29) 13(0.22) 120 (0.50)
U-shape 101 (0.34) 25(0.43) 110 (0.46)
Positive 49 (0.17) 14 (0.24) 6 (0.02)
A-shape 59 (0.20) 6(0.10) 5(0.02)

moving averages. We note that the age profiles have been calculated within the same radial range used
for the surface density profiles in order to be able to correlate their trends.

Then a double-linear piece-wise function is fitted within the radial range [Regr ,I.SRSLS{’ ]E| using our BF
algorithm. The profiles were fitted using logarithmic scale. In this way the inner, a;,, and outer, agyt,
slopes and the inflection point are obtained (see Section [3.2.2). To classify the age profiles, we use the
ain and aqy slopes. We define four different behaviours by applying the criteria described below:

U-shape if ain < aout
ain < 0 . .
Negative if ain > aou

Positive if ain < dout
ain >0 .
A-shape if aip > aout

For the U-shape profiles, we refer the radial position at which the profiles with slopes a;j, and g, intersect
each other as Ry,j,. For the A-shape profiles this radial position is referred as Ryax. These definitions are
related to the position of the minimum and maximum age, respectively. Fig.[3.2.2]show typical examples
of positive, negative U- and A-shape age profiles. These different types of age profiles are found in
simulated disks regardless of their X(r) type (i.e. TI, TII and TIII). However, their frequencies change
for TI, TII and TIII disks as summarized in Table 2. On the one hand, the U-shape profile is found to be
the dominant class in TT and TII disks while for TIII disks the most frequent are negative and U-shaped
age profiles. On the other hand, positive and A-shape age profiles are the least frequent in TIII galaxies
(where together represent only 4 percent to the total TIII), but are more numerous in TI where they are
found in ~37 per cent of the total TI galaxies. Observationally, Roediger et al. (2012)) reported 15% of
the TT and 36% of TII and TIII to have U-shape profiles. They also reported 30% of TI to have negative
age slopes. Our estimations for the EAGLE galaxies are in general agreement with these observations.
Roediger et al. (2012) also found that more than 50% of galaxies in their Virgo sample had positive age
gradients regardless of the disk types, indicating the possible action of environmental effects. However,
we have not found any report of A-shape age profiles in observations yet.

We compare our results with Ruiz-Lara et al.| (2017a), where 214 spiral galaxies selected from the CAL-
IFA survey are analysed. They estimated both the light-weighted and mass-weighted age profiles. To

“4The radial range have been extend towards larger radii to ensure the detection of any change of slope in the age profiles
since they are found to occur at larger galactocentric distances than the Ry, .
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make a fair comparison with our simulated data, we adopted the slopes of the linear regression fits of
their mass-weighted age profiles. We also consider the definitions proposed by Ruiz-Lara et al.| (2017b)
to compute the inner and outer gradients. The inner disks are defined between 0.5R.¢ and Ry, for TII
and TIII disks, and between 0.5R¢r and 1.5Rq for TI disks. The outer regions in TII and TIII disks are
calculated form Ry, to 1.5Rp;. The inner gradients are normalized by the inner scale-length 4; and h,, for
outer gradients.

In the left panel of Fig. we display the age gradients for TI, TII and TIII, including the observational
results presented in Ruiz-Lara et al. (2017b). Our sample is represented by the colored boxes in the left
panels. As can be seen, the simulated age profiles for each X(r) type are within the observed range.
However, there is a trend for the simulated age gradients to be slightly shallower for TI and TII.

In the top right panel of Fig. [3.3.1] the median age gradients for the strong TII and TIII for our EAGLE
sample are displayed as a function of B and compared with the results of RaDES simulated disks (Ruiz-
Lara et al., 2017b, open circles). We note that these authors estimated light-weighted age profiles using
the r-band SDSS luminosities and this might introduce difference with our results. The EAGLE disks
show a weak correlation for TIII and anticorrelation for TII between the inner age gradients with 3. The
Pearson correlation factor of each one are 0.37 and —0.30 respectively. Regarding TIII disks, RaDES
reported an anticorrelation while EAGLE is consistent with the opposite trend. These differences could
originate by the different subgrid physics implemented in RaDES and EAGLE simulations. Hence, the
information stored in both age and X profiles could help to constrain the galaxy formation models.

In the lower panels of Fig. [3.3.1] we also include similar relations for the age gradients in the outer
regions using h,. This plot can be done only for TII and TIII disks. As can be seen the age profiles are
shallower/positive for TII, while the outer regions of TIII disks show stronger negative age profiles and a
trend for stronger TII to have more negative outer age gradients.

3.3.3 The angular momentum content

As mentioned in Section different mechanisms could simultaneously act to shape the (r) profiles.
Here, we explore the connection between disk type and degree of galaxy rotation. To analyse this, we
use the D/T ratio (Tissera et al., 2019), the stellar spin parameter, A, and the ratio between the rotational
velocity, v, and the dispersion velocity, 6, of galaxies, v/c (Lagos et al., 2018). All these parameters
can be used to quantify the degree of stellar rotational support of galaxies. We highlight that, while
D/T values are estimated using 3D information of the particle distributions and their angular momentum
content, the A and v/c are 2D parameters obtained from a mock catalogue constructed by Lagos et al.
(2018). From this catalogue, in this work we adopted the A and G values obtained when taking edge-on
orientations of the galactic disks. These parameters are r-band luminosity-weighted within half-mass
radius. Hence, A and ¢ provides a more direct comparison with observations while D/T ratios measure
the actual degree of rotation.

In Fig.[3.3.2] the D/T distribution for the three X types are shown. As can be seen, TII disks tend to have
larger contributions of galaxies with D/T > 0.70 while TI and TIII have larger number of galaxies with
D/T < 0.65. The median D/T for the three samples are: 0.64 +0.08, 0.68 +0.08, 0.63 +0.07 for TI,
TII, THI, respectively (the errors correspond to the standard deviation). These trends are in agreement
with observations that reported a trend for TII disks to be more frequent in late-type galaxies while
TIII profiles, in more dispersion-dominated disk galaxies (Erwin et al., 2008 |Pohlen & Trujillol 2006;
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Figure 3.3.2: Distribution of galaxies with TI, TII and TIII disks as a function of D/T (left upper panel), A (right
upper panel) and v/c (lower panel). The median values for each sub-sample are shown as indicated in the legend.
The histograms are normalized by the total number of elements in each subsample.

‘Gutiérrez et al, 2011} Debattista et al.,2017).

Values for the spin parameter A and the v/c distributions of galaxies for each disk type are taken from
Lagos et al. (2018)). Clear disc-dominated systems are expected to have A > 0.6 approximately. However,
in the middle panel of Fig. we can see an small tail towards lower A values which can be explained
by the fact that these two parameters are estimated along the line-of-sight of edge-on projections (see also
figure 4 in Rosito et al., 2019a). In Fig. we explore the relations between D/T and A for the three
types of disks. Which they trace each other very well with Pearson correlation factors of 0.65, 0.611, 0.67
for TI, TII and TIII disks, respectively. However, that the dispersion increases for decreasing D/T, i.e. as
the bulge component becomes more important to equal the disc. In this range of D/T~ 0.5 there is more
variation of A which could be due to projection effects. The v/G provides an alternative quantification of
the level of rotational support of galaxies. As can be seen from the middle panel of Fig. the three A
distributions are skewed to low A values, with the median values at 0.64 +0.15, 0.73+0.12, 0.70£0.1
for TI, TII and TIII, respectively. The errors correspond to the standard deviations of each subsample.
TII galaxies tend to have larger A parameters while TT and TIII profiles tend to have larger contributions
of galaxies with smaller A.
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Figure 3.3.3: Correlation between A and D/T for galaxies with TI (yellow), TII (blue) and TIII (pink) disks. The
medians are shown by solid lines and the 25-75th are used to determine the shade areas.

In the lower panel of Fig. the distributions for v/c are shown with similar results. The median
values of the v/c distributions are 0.85+0.3, 1 +0.32, 0.95+0.24 for TI, TII and TIIIL.

To assess the statistical significance of these findings, we applied a Kolmogorov-Smirnov test (KS test) to
the A, v/o, D/T distributions. Table [3.3.3|shows the p-values corresponding to the comparison between
the different distributions shown Fig. [3.3.2] It provides, for different parameters, an assessment of how
different/similar the samples are between them. In the case of D/T, the KS analysis is consistent with the
trend for TII to prefer disc-dominated galaxies.

TI and TIII show a trend to prefer galaxies less rotationally supported and, likely, with more significant
inner spheroidal components or bulges. Conversely, disc-dominated galaxies have a larger fraction of
TII profiles. We note that these are only global trends since there is a variety of galaxies with different
morphologies for a given disk type. This finding suggests that, although the angular momentum content
of the galaxies is relevant to shape the stellar mass distribution, and its disk scale-length, it is certainly
not the only physical mechanisms at play.

To get further insight into the relation between the degree of rotation and the disk types, in Fig. [3.3.4 we
show the inner scale-lengths, the outer scale-lengths and the Ry, as a function of A. We note that for TI
disks only one scale-length can be defined and hence, there is no Ry, for these galaxies. Similar trends
are found if v/c is used instead of A. From the upper panel of Fig. it is clear that, galaxies with
A 2 0.35, h; increases with increasing A, for all types of disks. This is the expected trend when disks
form under global angular momentum conservation (Mo et al.l [1998). However, the trends change for
A < 0.35 in TI disks, where an anticorrelation is detected. We estimated that the Pearson correlation is
r=0.55 for A 2 0.35 and r = —0.35 for A < 0.35, for TI disks. Galaxies in this last range of A have
less significant disks than bulges and they might have been more affected by mergers and interactions
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Table 3.3.3: Statistical analysis: p-values for the KS test applied to the A, v/c, D/T and stellar mass distributions
for each type disks:TI, TII and TIII.

disk type  p-value, p-value,/; p-valuep

TI vs TII 0.0006 0.0003 0.01
TI vs TIII 0 0 0.43
TII vs TIII 0.39 0.08 0.0003
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Figure 3.3.4: Median characteristic scales for the three disk types as a function of A: &; (upper panel), A, (middle
panel), and Ry, (lower panel). The shaded regions denote the 25-75™ percentiles.

(Lagos et al., [2018; [Rosito et al., [2019a). From this figure, we can also see that, at a given high A, &;
increases systematically from TI, TIII and TII disks. This suggests the action of various processes during
disk formation beyond the global conservation of angular momentum, such as the redistribution of gas
and/or stellar populations, e.g. due to the accretion of satellites, which inspire angular momentum into
the disc; also disk perturbations such as bars, spirals, and lopsided modes could be related to this trend
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(see discuss in section [4.4.4.T)). The tendency for /; to be larger in TIII than in TI is agreement with the
observational results reported by Gutiérrez et al. (2011).

Regarding TII and TIII disks, we can extend the comparison to %, and Ry, as shown in the middle and
lower panels of Fig. As can be seen, the h, for TIII disks are systematically larger than those
of TII disks at given A. The h, of both disk types increase with increasing A. However, the processes
that shape the X profiles in the outskirts of strong TII produce a different dependence of 4, on A. TIII
and TII disks show clearly correlations between A with &, and Ry, . We estimated Pearson correlation
factors of r ~ 0.51 for both relations for TIII disks and for TII disks, we obtained r = 0.48 and r = 0.44,
respectively.

The Ry, values are similar for TII and TIII profiles at a given A, in both cases, showing a positive trend, so
that more rotationally supported disks break at larger galactocentric radius. Larger galactocentric radius
could be linked to angular momentum increase from quiescent mergers as well as strong AGN feedback
(Grand et al., 2017). This could be connected to the discussion in section 4.4.4.1

Our results show that TII disks are preferentially found in galaxies which are strongly dominated by
rotation.

3.3.4 Distributions of R, Rmax and Ry,
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Figure 3.3.5: Distributions of Ryin/Ry, (left panel) and Ryax/Ryy (right panel) for U-shape and A—shape age profile,
respectively, in TII (cyan, dashed lines) and TIII (pink, dashed, lines) disks.

In order to better quantify the relative position of Ry, and R,k of the age profiles with respect to Ry, of
the X profiles, the distributions of these parameters are included in the next sections, we estimated the
ratios Rpyin /Ry and Rpax/Ry; for TII and TIII disks.

In Fig.[3.3.5 we show the probability density function (PDF) by using the Kernel Density Estimation. As
can be seen from the top panel, galaxies with U-shape age profiles have different values and distributions
of Rpin /Ry - TII disks show this ratio with a maximum frequency at Ry, /Ry, ~ 1 and the distribution
are more concentrated around this value. Conversely, TIII disks have a more extended distribution, which
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cover a larger values of Ry, /Ry, , indicating that in these disks the minima in the age profiles are located
further out in the disks with respect to Ry, . This means that the upward bend of the U-shape age profile
for TII galaxies is closer to Ry, than for TIII, as we will show in the next sections. The larger variety
of Rpmin /Ry detected for TIII disks, most of them larger than 1, suggest that the physical mechanisms
behind the change in age might not be directly related with the star formation process and hence, could
be more associated to environmental effects or migration.

Similar estimations were performed for Rymax/Rpy - As can be seen from the right panel of Fig.[3.3.5] the
distributions are very noisy because of the low number of galaxies with this particular age profile. There
is a weak trend for TII to have slightly larger values. However considering the low number of members
of this subsample, we prefer to be cautious and not draw a conclusion.
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Figure 3.3.6: Median X for TI (left column), TII (middle column) and TIII (right column) stacked profiles of disks
with different age profiles (grey shaded region). For comparison, the median X stacked according only to X profiles
are shown (violet shaded region). Shaded regions encompass the 25 — 75" percentiles (and each profile staked were
created between 0.5R.¢ to 1.5Rg§§ ). The medians and shaded regions defined by the 25 — 75t percentiles of Ry, ,

Rg})stc , Refr , Rimin, Rmaxare also depicted.
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3.3.5 Statistical analysis of X and the age profiles

As we mentioned above, three types of X and four different types of age profiles are defined and identified
in the EAGLE sample. In order to further explore the connection between characteristics of the X and
the distribution of stellar age in the disks, in Fig. [3.3.6] we show the median X for a given disk type
(violet lines and shaded region): TI (left column), TII (middle column) and TIII (right column). For
each disk type subsample, we subdivided and stacked the ¥ profiles according to the corresponding four
age profiles (rows panels). The resulting median of each subpopulation is shown by a black solid line
and shaded region. To perform the stacking of X profiles, they were first normalised by a characteristic
radius. For the double-exponential X, i.e. TII and TIII, the median distributions are normalized by Ry,
while for TI galaxies by Ros¢ ﬂ The vertical green and blue solid lines show the medians of Roye and
Regr , respectively. Ry, 1s shown with a dashed red line while both Ryi, and Rpyax ( depending on the X and
age type) with cyan dashed lines, respectively. These last two radii denote the location of the minimum
and maximum of the age profiles, respectively. All shaded areas shown in this figure are defined by the
25" and 75™ percentiles of the corresponding distributions.

As can be seen from Fig.[3.3.6 TI disks show very similar X for all age profiles. The positive and A-shape
profiles show slightly higher densities than the global stacked profile. Certain trends can be also noticed
in the distributions of the characteristic radii, namely Ry, , Rg;stc , Refr 5 Rinin and Rpax (the latter two only
correspond to the U-shape and A-shape age profiles, respectively). For TI profiles, both Ryyi, and Rpyax
tend to be located within Rgi,stc , whereas for TII and TIII these radii are located between R}, and RS;C .
In general, if we focus on the disks with the U-shape profiles, we note the upward bend of the age profile
for TII galaxies (see Ryin) is located closer to Ry, than for the TIII type, where Ry, tends to be at larger
radii on average (but still within Rg;stc ). These differences between the distributions of those scalelengths
are discussed in Sec. for TII and TIII. This suggests that TII disks with U-shape age profiles, where
Rnminis closer to Ry, in general, experience a sharp decrease of star formation rate giving rise to an outer
disk with older population. In the case of the TIII profiles the change of the star formation activity may
occur further out in the disks. As a result the TIII disks could be populated by younger/intermediate age
stars out to larger radii. In the following sections, we will analyse the distribution of stellar populations
by age and the star formation rate density. We also acknowledge the fact that that other processes such
as mergers, radial migration or environmental effects could also contribute with old stars to the outer

regions of TIII, particularly.

3.3.6 Distribution of the mono-age stellar populations

In order to understand the origin of the different X profiles in relation to the characteristics of their age
distributions, we compute the stellar mass fraction profiles for each galaxy by considering three different
age intervals: young stars (< 2 Gyr), intermediate age stars (2-6 Gyr) and old stars (> 6 Gyr). They will
be considered as three mono-age stellar populations. TI galaxies are normalised by Rgi,stc , while TII and
TIII galaxies are normalised by Ry, . In this way, they can be stacked according to galaxies disk types and
age profiles. For each subsample, the median stellar mass fraction for mono-age stellar populations is

estimated as a function of radius. The mass fraction is calculated with respect to the total stellar mass per

>The normalization of double-exponential galaxies aims to compare the differences between the inner and outer
regions relative to Ry, . Type I galaxies, which by definition have no Ry, , are normalized on the basis of their Rg;ff .
Nevertheless, we take this distinction into account in our comparisons.
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Figure 3.3.7: Median stellar mass fractions a function of the normalised radius for TI (left panels), TII (middle
panels) and TIII (right panels) disks, separated according to their age profiles: negative (upper panels), U-shape
(second upper panels), A-shape (third panels) and positive (fourth panel). Stellar populations are divided into three
age groups: young stars, < 2 Gyr (cyan lines), intermediate stars, 2 — 6 Gyr (olive lines) and old stars, > 6 Gyr
(orange lines). The shaded regions are defined by the 25 — 75" percentiles. The following median characteristics
radii are included: Ry, , Rgi,st" , Reft » Rmin, Rinax

radial interval. Figure [3.3.7] shows the stacked stellar mass fractions of disks for each of X type and each
age type. TI, TII and THI (left, middle, and right column respectively) and negative, U-shape, A-shape,
and positive age profiles (top/first, second, third, bottom/fourth rows, respectively). The corresponding
characteristics radii are also included. The shaded colored regions correspond to young, intermediate
and old age intervals (cyan, olive and orange regions respectively), and are enclosed by 25® and 75®
percentiles of the stacked profiles each subsample. For these stacked profiles, Reff , Rpr , Rminand Rpyaxare
the corresponding medians for each X and age types. Hereafter , we will only use these medians for
reference.

As can be seen from Fig. TI profiles with the U-shape and negative age profiles tend to have larger
mass fractions of old populations than intermediate ones in the central region. In fact, approximately 60
per cent of the stellar mass corresponds to old stars. The contribution of these mono-age populations
decreases rapidly for increasing radius. Meanwhile, the fraction of young stellar populations varies
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slightly within Rg;stc , Increasing systematically with increasing radius for disks with negative age profiles

so that it reaches 20% at Rgi,stc . For TI systems with U-shape age profiles, the fraction of young stars
are similar, with a weak increase around R,,;,. However, at this characteristic radius the contribution
of intermediate age stars is more important than the old stars, explaining the change in slope of the U-
shaped age profile with TI galaxies. For A-shape and positive profiles, the relative fractions of the old and
intermediate populations are dominant throughout the disks. However, they have higher concentration of
young stars in the central regions than the outskirts. This concentration diminishes significantly at about
Rmaxfor A-shape and close to Rg;stc for the positive profiles.

For TII disks with U-shape and negative age profiles, the old population represents the largest mass
contribution on the whole disc, representing more 60 per cent in the central regions. It is interesting to
note the change of trends in the old populations from R, in U-shape profiles. For instance, intermediate
age stars have an increasing contribution from the inner to the outer regions in U-shape age profiles,
while negative age profiles is almost constant. In particular, the mass fraction of young populations for
negative profiles tend to be almost constant within Rg%)stc . However, for systems with U-shape profiles,
there is clear decrease of the contribution of young population from R,j,. The latter suggests a drop in
star formation activity at large galactocentric distances. For galaxies with positive age profiles, there is an
important contribution of old stars populations in the outer region (r >Ry, ), and a decrease of young and
intermediate populations. Conversely, the mass fractions of young and intermediate stellar populations
increases in the central regions. However, we stress that for A-shape age profiles the number of galaxies
is very small to draw a robust conclusion.

For TIII disks with negative and U-shape age profiles we also find larger fractions of old populations in
the inner regions. The old disk decrease rapidly for r >Ry, while the intermediate age populations have
more contribution at the same radial range. This might indicate the presence of an old inner disk which
is more concentrated than TII galaxies. Furthermore, the outer disks are more dominated by intermediate
age stars from Rpj, in U-shape and from Rgiftc for negative age profiles. The young populations tend to
increase in the outer region, even are similar to the contribution of old stars in the very outskirt of the
disks. Similar to TII, the low number of galaxies in the A-shapes and positive age profiles are not enough
to draw a robust conclusion.

In summary, we find different contributions of mono-age stellar populations in the three defined disk
types, which modulate their X profiles. We note the physical meaning of Ry, in U-shape age profiles,
which might highlight the locus of a drop in star formation activity in TII profiles (and probably the origin
of the break in these types) and the dominance of the intermediate population, even over the old stellar

population for r >Ry, in TIII galaxies. We will explore this issue in more detail in the following section.

3.3.7 Statistical analysis of the star formation activity

In this section, we explore the star formation rate surface density, Xgpr, for galaxies with different ¥ and
age profiles to provide an interpretation on the origin of the behaviours described above. To estimate
the current star formation activity, the Xgrr is computed considering stars particles younger than 2 Gyr.
For this estimation, only galaxies with more than 500 young stars particles were considerecﬂ The Xsrg

®We acknowledge the fact that this is a relative large age interval. However, adopting a shorter one results in significant
reduction of the number of galaxies. Consequently, it would affects our statistics. On the other hand, 2 Gyr is the same
threshold assumed to define young stellar populations. This allow us to correlate the results of Fig. 6 and Fig. 7 more directly.
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Figure 3.3.8: Median Xgpr profiles for different types of ¥ and ages profiles (dashed blue lines). For compari-
son, the median Lgpr profiles of each disk type are included (gray solid line). The shaded regions cover 25-75"
percentiles of the corresponding relations (gray and cyan shaded areas). The characteristics radii, Ry, , Rgiftc , Refr s
Rumin, and Rpax, are included when corresponding.

profiles are estimated by using moving averages. The aim of this section is to analyse the changes of
Ysrr profiles between the inner and outer zones of the disks. qu TII and THI disks, Xsrgr profiles are
normalized by Ry, while for TI disks, they are normalized by RYSC . Then we fitted a linear regression

: opt
between 0.5R.¢ and 1.5Rg‘§§ for the TI galaxies, and applied a double linear regression to the TII and
TIII galaxies (see Section , within the radial range [O.SRgiftC - Ry ] and [Ry, - I.SRS};C 1. We

then estimate the median gradients and the 25® and 75" percentiles for each corresponding subsample.
The results of this procedure are shown in Fig. [3.3.8] The black solid lines show the overall median
Ysrr profile for TI (left panels), TII (middle panels) and TIII (right panels) type disks, and has been
included for reference. The blue, dotted lines show the median profiles obtained by subdividing the
samples according to their age profiles. The shaded regions (cyan) correspond to 25-75"* percentiles of
the corresponding subsample. Due to the low number of galaxies with enough young stars, TII and TIII
galaxies with positive and A-shape age profiles are shown individually.

As can be seen from Fig. [3.3.8] the negative and U-shaped age profiles show a slightly lower Xgpr in
the inner regions than the overall TI profile. This is agreement with our previous results that show that
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the old populations dominate the inner regions while the intermediate stellar populations become more
important in the outer regions as expected in a inside out formation model. Both types of age profiles are
the most numerous in TI. Indeed, the general shape for TI galaxies (black region) is mainly determined
by the U- and negative age profiles. We note that the Xgpr profiles in TI disks with U-shape age profiles
does not show a break, in agreement with Fig. [3.3.6] where we can see that the intermediate age stars
seem to be responsible of the shape of age profiles. TI disks with positive or A-shape age profiles show
a clear change in the median slope of Xgpr with respect to the overall TI profiles, indicating higher level
of star formation activity in the inner regions than in the outer parts. TI galaxies with A-shape show the
highest SFR density in the central regions and the lower one in the outskirts.

TII disks have mainly negative and U-shape profiles. Those with negative slopes have higher Xgpr profiles
than average for r > Ry, . These SFR profiles can be well fitted by a single exponential (the change in
slopes between the r > Ry, and r < Ry, 1s very small). TII systems with U-shape age profiles have a SFR
distribution consistent with X profiles, i.e. they show a clear break at about the Ry,j,. The higher star
formation activity in the central region keeps reinforcing the break in the X profiles. In TII disks there
is only one A-shaped age profile, indicating that the rest of the galaxies in this group have few young
stellar particles. These systems have higher SFR in the inner region and a sharp decrease for r > Ry, .
We emphasize that the change of slopes of the age profiles at Ryaxis due to higher contributions of the
intermediate and old stellar populations in the outer regions. Finally those disks with positive profiles
have higher inner SFR and slightly lower one in the outer parts.

TIII disks show Xgpr profiles with similar breaks and change of slopes for disks with negative and U-
shape age profiles. The change in slope is consistent with a slight increase of the SFR in the outer
regions, for r >Ry, , but the Rpyiyis further away from Ry, . This could suggest that U-shape profile might
be modulated by other processes beyond the star formation activity in the galaxy. Those with positive and
A-shape age distributions show again higher SFR in the central regions as expected. We recall that there
are fewer than 10 galaxies in these subsamples. Hence TIII tend to have negative and U-shape profiles,
as mentioned in the previous section. The U-shape in age profiles can be associated to both a decrease of
the SF activity with decreasing radius and the more significant contribution of intermediate age stars in
the outskirts as discussed in the previous section.

In summary, the Xgrr profiles vary differently for different disk types. TI disks have Xgrr gradients that
vary for different age profiles, being negative steeper for disks with positive gradients. The TII and TIII
disks have Sigmagrg profiles that change slopes according to their Sigma profile, with slopes breaking
slightly downward and slightly upward for r >rbreak, respectively. In the case of TIII profiles the break in
the U-shape age profiles are further out, overall, in comparison with the break in the ¥ profiles, suggesting
that the other mechanisms could contribute to shape them.

3.3.8 Statistical analysis of the median vertical height profiles

Radial migration via scattering by non-asymmetric perturbations or churning might have an impact on the
outskirt of disk galaxies (Debattista et al., 2017). The contribution of stellar migration to vertical heating
in the outskirts and secular evolution in disk galaxies could also lead to flaring (Minchev et al., 2012b),
although mergers and interactions are also proposed to be the main cause for the effects (Garcia de la
Cruz et al.,[2021}; Grand et al.,|2017). disk flaring increases with radius in older stellar populations, while
flaring in younger populations is reported to be weaker (Minchev et al., 2015). Thus, a thick disk compo-
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Figure 3.3.9: Distribution of the median height (< |Z| >) with respect to the midplane galactic as a function
of galactocentric distances. These profiles are stacked according to the X and age types. The shaded regions are
enclosed by corresponding 25-75" percentiles. The orange shaded regions correspond to the old stars with ages
> 6 Gyr and the olive shaded regions,to the intermediate age stars, 2-6 Gyr.

nent and a high velocity dispersion of the old stellar populations in the disk outskirts could indicate the
action of scattering (Minchev & Famaey, |2010) or radial migration (Minchev et al., 2012a)). Nevertheless
the effect of radial migration on disks is still a controversial issue with many works providing different
results (Roskar et al., [2013};|Grand et al., 2016).

While it is beyond the scope of this Chapter to study in detail the impact of these mechanismﬂ we can
assess the behaviour of the flaring in the median absolute heights, < |z| >, for different types of disks.
For this purpose we estimate the heights of the old (> 6 Gyr) and intermediate (2-6 Gyr) age stellar
populations with respect to the galactic mid-plane as a function of radius (normalized by Ry, in double
exponential types and Rgiftc for TT disks) for the different disk types. Then, the distributions are stacked
per X(r) and age profile types.

In Fig. we show the < |z| > profiles stacked for the old stars (orange regions) and intermediate stars

7We will not analyse in detail the displacement of stellar particles from their birth radius due to the low number of snapshots
available to follow the orbits. This introduces numerical noise which does not allow a clear estimation of the fraction of
migrated stars.
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(olive regions).

For TIII disks the old stellar populations tend to have the larger flaring with respect to other two disk
types. This trend is present for disk with different age profiles. disks with positive and A-shape age
profiles have larger variations due to the low number of members (i.e. less than 10 galaxies in the sub-
samples). TI and TII disks have similar level of flaring but TII systems show very low variety (quantified
by the 25-75" percentiles). These trend suggest that TIII would be more affected by radial migration or
by the accretion of satellites in the outer parts (Debattista et al., 2017).

3.4 discussion and Conclusions

In this Chapter we explored the shape of the surface density profiles, X, of disk-dominated galaxies
selected from the largest-volume simulation of the EAGLE Project. Our sample of simulated galaxies was
required to have D/T > 0.5 and their disk components were classified according to their X(r) as types TI,
TII and TIII. To obtain reliable results, we focused our statistical analysis on the so-called strong type,
i.e., those galaxies identified to have the strongest breaks on their density distribution.

We also analysed the age profiles, the SFR surface densities, the mono-age stellar distributions and vari-
ation of the vertical height and its dispersion of galaxies belonging to the three defined disk type. Our
main results can be summarized as follows:

» The EAGLE disks show the three expected X(r) distributions so that they can be classified as TI,
TII and TII disks. We find that, in this simulation and for mass-weighted (r), TIII and TI are the
more frequent types in our EAGLE sample. We note that the simulated galaxies can be located in
different kind of environment.

* Overall, there is a trend between the morphology (i.e. quantified by D/T) and the disk types.
TII disks are more frequent in late-type spirals, while TI and TIII tend to be detected in more
early-type spiral systems. These trends are in agreement with observations (Pohlen & Trujillo,
2006; Gutiérrez et al., 2011). However, we note that there is a large variety of morphologies for
galaxies with different disk types, which suggests the action of other physical mechanisms on the
distributions of the stellar populations in the disks.

e QOur analysis shows a clear correlation between the inner disk scale-lengths and the stellar spin
parameter, A for all three disk types with A > 0.35. Additionally, at a given A, there is a systematic
increase of the inner disk scale-lengths from TI to TIII and TII, in that order. Indeed, TII disks have
the larger inner disk scale-lengths in agreement with observations. Regarding the outer disk scale-
lengths, both TII and TIII disks show a positive correlation with A and that the outer scale-lengths
of TIII are systematically larger. This suggests that the outer disk regions in the TII disks might
have grown by a weak star formation activity, maybe fed by smooth accretion (Fig. [3.3.8)), whereas
in TIII disks other mechanisms associated with the local environment, such as galaxy interactions,
could have affected the distribution of stellar populations (Younger et al., 2007} Laine et al., [ 2014)
or stellar migration of intermediate age stars.

» Four types of age profiles are identified in disks regardless of their X type: negative, U-shape,
positive and the so-called A-shape age profiles. The U-shape is the most frequent type followed
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by the negative one. Together they represent ~ 70 percent of the strong types subsamples. The
positive and A-shape age profiles are found mainly in TI and TII galaxies, together accounting for
37 and 34 percent, respectively.

While U-shape, negative, and positive age profiles have been reported in previous works (e.g. |De-
battista et al., 2017), we also identify A-shape profiles in the few simulated disks. In this simulation,
this age profile is produced by a significant increase of the star formation activity in the inner disk
regions, together with a slight increase of the intermediate populations (2-6 Gyr old) in the outer
regions. However, we note that previous studies of dispersion-dominated galaxies in the EAGLE
simulations have also reported larger star formation activity in the central regions than expected,
which might suggest the need for a more efficient AGN feedback, which could prevent late star for-
mation activity (Rosito et al., [ 2019bja;; Lagos et al., [2020). This could be also true for our sample
which is composed by disc-dominated galaxies.

* TI disks show the distributions of mono-age stellar populations consistent with an inside-out for-
mation scenario, and have Ygpr profiles that decay systematically with increasing galactocentric
distances. The U-shape profiles can be associated to larger contributions of intermediate age stellar
populations. In fact, the minimum median age is statistically located at a radius from which the
frequency of intermediate stars surpass those of the others mono-age stellar populations. TI disks
with positive and A-shape age profiles have both similar fractions of old and intermediate stars
and more significant contributions of young stars in the central regions. The larger star formation
activity in the central regions is accompanied by a shirking of the SFR in the outer regions. The
overall median Xgpr is well approximately by a single exponential law but with a shorter typical
scale-length than TI with negative and U-shape age profiles. The triggering of star formation ac-
tivity in the inner regions could have been produced by recent interactions with nearby galaxies
that destabilized the gaseous disks, transporting material to the centre. This would feed the star
formation and the bulge component. This is consistent with the fact that TI disks tend to be found
in early-type spirals. These events together with radial migration could also explain the increasing
flaring detected in TI disks.

 TII disks tend to have mainly negative or U-shape profiles. The inner regions are dominated by
old stars whose fractions decrease steadily with increasing radius. Those with negative age profiles
have smaller fractions of young stars than those with U-shape ones. In the latter case, the median
Ry and Rpjnare very similar, indicating that the break in the density profiles is immediately fol-
lowed by a the change of slope in age distributions. This change is produced by a lower contribution
of young stars as a results of the sharper truncation of the star formation activity. The few TII disks
found to have positive/A-shape age profiles have larger star formation activity in the central region,
which is strongly truncated in the outskirts. Additionally, they have larger contributions of young
stars in the inner disks as expected. TII disks also show flaring in the heights but with the smallest
dispersion.

* The up-bending of TIII disks coincides with a sharp decrease in the fraction of old stars that dom-
inate within Ry, . For r > Ry, intermediate and young stars contribute more significantly than old
ones. In case of U-shape and negative age profiles the fractions of young stars are almost constant
as a function of radius. Additionally, the Xgrr for r > Ry, is higher than expected from a simple
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extrapolation of the inner Xgrg. The Rpi,of the U-shape age profiles are located further out in the
disks in comparison with those of TII disks. We also note that the fact that there are very few
positive age profiles in TIII disks suggests that these disks could be more stable to perturbations
that drive gas inflows to the inner regions and trigger central star formation activity, reinforcing the
speculation that accreted material from interactions or minor mergers in the outer regions could
be a crucial mechanisms to shape the X profiles (see also Fig[3.3.7] where the contribution from
different mono-age stellar populations are displayed).

We identified disks with the three expected X types in the EAGLE simulations, which can be associated
with different relative contributions of mono-age stellar populations, SFR activity across the disks and
angular momentum content of the galaxies. In a future work, we will focus on the role of environment,
mergers and interactions. In this chapter we explore the stellar content of the disk, looking in particular
at breaks in the stellar surface density profiles. These distributions, along with others presented, serve
as manifestations of baryonic matter influenced by interactions with neighboring galaxies, environmen-
tal effects, and other processes. Furthermore, such processes can induce morphological perturbations,
including lopsidedness and warps, in the baryonic distributions of the galactic disk. In the following
chapter, we will study the formation and evolution of lopsided galaxies and explore their relation to the
DM halo.



Chapter 4

Lopsided Galaxies in a cosmological context: a
new galaxy-halo connection

Abstract]]

Disc galaxies commonly show asymmetric features in their morphology, such as warps and lopsidedness.
These features can provide key information regarding the recent evolution of a given disc galaxy. In the
nearby Universe, up to ~ 30 percent of late-type galaxies display a global non-axisymmetric lopsided
mass distribution. However, the origin of this perturbation is not well understood. In this work, we study
the origin of lopsided perturbations in simulated disc galaxies extracted from the TNGS50 simulation of
the IlustrisTNG project. We statistically explore different excitation mechanisms for this perturbation,
such as direct satellite tidal interactions and distortions of the underlying dark matter distributions. We
also characterize the main physical conditions that lead to lopsided perturbations. 50 percent of our sam-
ple galaxy have lopsided modes m = 1 greater than ~ 0.12. We find a strong correlation between internal
galaxy properties, such as central stellar surface density and disc radial extension with the strength of lop-
sided modes. The majority of lopsided galaxies have lower central surface densities and more extended
discs than symmetric galaxies. As a result, such lopsided galaxies are less self-gravitationally cohesive,
and their outer disc region is more susceptible to different types of external perturbations. However, we
do not find strong evidence that tidal interactions with satellite galaxies are the main driving agent of lop-
sided modes. Lopsided galaxies tend to live in asymmetric dark matter halos with high spin, indicating
strong galaxy-halo connections in late-type lopsided galaxies.

IBased on |Varela-Lavin et al.[(2023), published in MNRAS
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4.1 Introduction

In the nearby Universe spiral galaxies, such as our own, show different morphological asymmetries such
as warps, lopsidedness and polar rings, among others. Lopsided perturbations in disc galaxies are one
of the most common. It is described as a morphological distortion in which a side of the disc is more
elongated than the other. Such global non-axisymmetric perturbation is typically quantified through a
Fourier decomposition of the mass or light distribution, focusing on the m = 1 mode, A (Rix & Zaritsky,
1995} Quillen et al.l [2011). Rix & Zaritsky| (1995) showed that, for lopsided galaxies, the amplitude of
A1 increases with radius in the outer galaxy regions. Clear examples of lopsided galaxies include M101
or NGC1637.

One of the first studies reporting this perturbation was presented by Baldwin et al.|(1980), who analyzed
the spatial distribution of HI gas in the outer regions of a sample of galaxies. Lopsidedness has been
studied in the stellar (Rix & Zaritsky, [1995) and HI gas distributions (Richter & Sancisi, |1994; [Haynes
et al., 1998) of galaxies, as well as on their large-scale kinematics (Swaters et al., 1999; Schoenmakers
et al., [1997; Khademu et al., [2021), and compared against numerical models (Ghosh et al., [2022; F.okas|,
2022). In the nearby Universe 30 percent of late-type galaxies show high values of A|(Zaritsky & Rix,
1997; Bournaud et al., |2005)). On the other hand, for early-type galaxies the frequency with which this
perturbation arises is close to 20 percent (Rudnick & Rix, [1998). This higher frequency of lopsidedness
in late-type galaxies was confirmed by Conselice et al. (2000), who analyzed a sample of 113 galaxies
both early and late-type. Lopsidedness in this sample was quantified using the 180° rotational asymmetry
measure, A1go. They found a strong relation between morphology and lopsidedness, showing that early-
type galaxies (elliptical and lenticular) tend to systematically have lower values of Agg.

A more recent study from Reichard et al. (2008, hereafter |RO8)) measured the asymmetries in galaxies
through A using their surface brightness distribution in three different bands. Their sample consisted of
more than 25000 galaxies from Sloan Digital Sky Survey (SDSS). They showed that the occurrence and
strength of lopsidedness has a strong dependency with galaxy structural properties. Disc galaxies with
higher A tend to have low stellar mass, concentration and high central stellar density. The latter is the
parameter that most clearly correlates with the lopsidedness. As inRix & Zaritsky|(1995)), RO8 shows that
the amplitude of the m = 1 mode is negligible in the very inner regions of galactic discs due to its strong
self-gravitating nature. However a systematic increase of the A; parameter with galactocentric radius is
observed in the outer galactic regions of lopsided galaxies. In addition ROS finds that the lopsided light
distributions are primarily caused by lopsided distributions in the stellar mass.

As discussed by Jog & Combes| (2009), lopsidedness can have very significant effects on the evolution
of galaxies. In particular, for disc galaxies it can induce the redistribution of stellar mass due to angular
momentum transport and the modulation of hosts star formation histories. In addition, the internal torques
induced by such m = 1 modes can result in the loss of angular momentum by the host gaseous disc, thus
affecting the growth of the central supermassive black hole. As a result, lopsided perturbations could
allow us to place important constrains on the recent interaction history of galaxies.

Several studies that have tried to characterize the main mechanisms driving lopsided perturbations. Pos-
sible proposed mechanism are minor mergers (Walker et al., |1996} Zaritsky & Rix, [1997; |Ghosh et al.,
2022)) and tidal interactions due to close encounters between galaxies of similar mass (Kornreich et al.,
2002). Indeed, low density galaxies and, in particular the outskirts of galactic disc, are likely to be
more susceptible to tidal stress. However, a study of 149 galaxies observed in the near-infrared from
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the OSUBGS sample (Eskridge et al., 2002) by Bournaud et al.| (2005) found that the amplitude of the
m = 1 mode is uncorrelated with the presence of companions. Instead, they suggested that asymmetric
gas accretion is an important driver of lopsidedness. Similarly, fokas (2022) used a sample of simu-
lated galaxies extracted from the TNG100 simulation of the IllustrisTNG project (Nelson et al., 2019a)
to study the origin of these perturbations. They concluded that the most frequent mechanism for the
formation of lopsided discs is asymmetric star formation, probably related to gas accretion. However,
they also observed that the distortions in the gas and stars were not strongly correlated. Recent studies
have reported the presence of lopsided galaxies or unwinding spirals in galaxy clusters, attributed to ram
pressure (Bellhouse et al., 2021; |Vulcani et al., [2022).

Another plausible mechanism driving lopsided discs relates to perturbations in the density field of the
underlying galactic dark matter (DM) halo. These asymmetries in a DM halo could be produced by a
resonant interaction between the DM halo particles and an orbiting satellite. The resulting asymmetry of
the DM overdensity field, or wake, can be thought of as a superposition of different modes excited by
such resonant interaction. The wake’s associated torque, exerted on the embedded disc, could lead to the
formation of strong morphological disturbances such as lopsidedness and warps, among others. Indeed,
Weinberg| (1998) showed that such perturbations can induce the formation of vertical patterns, such as
warps and corrugation patterns. These results were latter confirmed using fully cosmological hydrody-
namical simulations (Gomez et al., 2016) as well as carefully tailored simulations to study the response
of the Milky Way halo to a recently accreted Large Magellanic Cloud satellite (Laporte et al., 2018a;
Garavito-Camargo et al., 2019). Furthermore, as discussed by Jog (1999), these DM halo asymmetries
can also induce the formation of lopsided perturbations, and sustain them for long periods of time. Using
the Millennium simulation (Springel et al., [2005), |Gao & White| (2006) characterized asymmetries in
DM halos within a mass range of ~ 10'? to 10'> M,,. The asymmetries were quantified based on shifts
between the overall DM halo center of mass (CoM) and its center of density (cusp). Shifts between the a
system’s CoM and cusp can be though as the a dipolar component of a wake (Weinberg, 1998; Garavito-
Camargo et al., 2021)), and typically have the strongest amplitude of all modes. They showed that such
asymmetries were not uncommon and that the frequency with which they arose depended on the host
mass. While 20 percent of cluster haloes have CoM separated from their cusp by distances larger than 20
per cent of the virial radius, only 7 per cent of the Milky Way-mass haloes show such large asymmetries.
Despite all these studies, several questions remain to be answered regarding lopsided galaxies, including
the main driver and longevity of such perturbation. Additionally, we do not yet understand whether lop-
sidedness can be linked to fundamental properties of the structure and evolution of the host galaxy and
its halo. In this work we analyze a large sample of late-type galaxies, extracted from the Illustris TNG50
project (Nelson et al., 2019a; Pillepich et al., 2019) to shed light on these issues. This highly-resolved
fully-cosmological hydrodynamical simulation includes, in a self-consistent manner, the different physi-
cal processes that have been proposed as the main drivers of morphological perturbations. In particular,
we focus on Milky Way mass-like halos, whose stellar disc can be resolved with the available mass reso-
Iution. In Section 4.2 we discuss the details of the numerical simulation, as well as the selection criteria
for our galaxy sample. The methods to characterize the properties of the stellar discs, and to quantify the
presence of a lopsided mode on their density distribution, are introduced in Section In Section 4.4
we present our results. Our conclusion and discussion are summarised in Section [4.5]
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Figure 4.1.1: Stellar mass distribution of our selected sample (see Section 2.2). The solid line depicts a KDE of
this distribution.

4.2 Simulations

In this Section we introduce the numerical simulations considered in this work, which are taken from the
ustris-The Next Generation project (IllustrisTNG hereafter [Pillepich et al., [2018; [Nelson et al., 2018,
2019aj; Marinacci et al., [2018; |Springel et al., [2018; |[Naiman et al., 2018]). We also describe the criteria
applied to select galaxies from the corresponding large cosmological boxes.

4.2.1 The IllustrisTNG proyect

The IllustrisTNG project is a set of gravo-magnetohydrodynamics cosmological simulation, run with
the moving-mesh code Arepo (Springel, 2010). It comprises three large simulation volumes: TNGS50,
TNG100, and TNG300, enclosing volumes of ~ 503 cMpc, 100° cMpc and 300% cMpc, respectively. All
these TNG runs follow the standard ACDM model, with parameters based on the Planck Collaboration
et al.| (2016) results: Q,,= 0.3089, QA= 0.6911, Q= 0.0486, h= 0.6774, 63= 0.8159, n,= 0.9667, with
Newtonian self-gravity solved in an expanding Universe. The IllustrisTNGF_-I is the successor of the II-
lustris project (Vogelsberger et al., [2014bla; Genel et al., 2014} Nelson et al., 2015)), containing updated
models for the physical processes that are relevant for galaxy formation and evolution (Weinberger et al.,
2017; |Pillepich et al., 2018)), such as radiative cooling, stochastic star-formation in dense interstellar stel-
lar medium, and an updated set of sub-grid physics models for stellar evolution, black hole growth, stellar
and AGN feedback.

Thttps://www.tng-project.org
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Figure 4.1.2: Face-on and edge-on projected stellar density for eight galaxies from our TNG50 sample at z = 0.
The images at the top correspond to the most lopsided galaxies while those at the bottom to the most symmetrical
ones. The dashed circle indicates Ry 5. The solid circles represent the lower and upper radial limit considered to
compute A; , which are between 0.5R6 5 and 1.1Rg 5, respectively. More details in Sectionm

In this work, we focus on the model TNG50-1 (Pillepich et al., 2019; Nelson et al., |2019b) and its DM
only counterpart. TNG50-1 (hereafter TNGS50) is the highest resolution run within the TNG project. Its
high resolution allows us to better analyze the azimuthal distribution of stellar mass in the outskirts of
Milky Way-like galaxies. In Table we list the main parameters of this simulation.

The TNG50 database provides a catalogue of magnitudes in eight bands (SDSS g,r.,i,z, Buser U,B,V and
Palomar K) for each stellar particle. To estimate them, each stellar particle is assumed to represent a
single stellar population of a given age and metallicity, consistent with a Chabrier IMF (Chabrier, [2003).
Their energy spectral distributions (SEDs) are obtained from the Bruzual & Charlot| (2003)) populations
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synthesis models (e.g. Tissera et al., |[1997). We note that possible effects by dust obscuration have not
being considered.

4.2.2 Selection criteria

In this work, we seek to characterize the properties and main physical mechanism that give rise to disc
galaxies displaying a non-axisymmetric global mass distribution of type m = 1, better known as lopsided
galaxies (Jog & Combes, 2009)).

We built our sample focusing on host late-type galaxies embedded in DM haloes with a M>o9 between
1015 and 10123 M, where M»q is defined as the total mass of the halo enclosed in a sphere whose
mean density is 200 times the critical density of the Universe at z = 0. We considered only central
galaxies, so we do not consider satellites within our sample. To properly quantify lopsidedness in the
galaxies outskirts, we selected well-resolved galaxies with more than 10000 stellar particles, identified
and assigned to each host by the SUBFIND algorithm (Springel et al., 2001)). Finally, we selected disc-
dominated galaxies by requiring the Disc-to-Total mass ratio (D/T) to be greater than 0.5. This last
parameter was extracted from a catalogue provided by |Genel et al. (2015)), and represents the fractional
stellar mass within 10><R5 with a circularity parameter |€| > 0.7. That last parameter is defined as
€ =J;/J(E), where J, is the angular momentum component perpendicular to the disc plane of a stellar
particle with orbital energy E, and J(E) is the (estimated) maximum possible angular momentum for the
given E in a circular orbit (Tissera et al., 2012). That last selection about D/T place a strong limit on the
mass contribution of the spheroidal components to the simulated galaxies.

After applying the selection criteria, the final sample comprises 240 late-type galaxies at z = 0. In Figure
A.1.1] we show the total stellar mass distribution of the selected sample. The stellar mass distribution of
our TNG50 sample ranges from 10°> M, to 10'1> M. The mean stellar mass of our galaxy sample
is ~ 1013 M. In Section we expand our sample to compare with previous results from the
literature. Only for this purpose, we select central haloes with Mg ranging from 10! to 10'3 M,

4.3 Methods

4.3.1 Characteristic scales

To measure asymmetries in the mass and light distribution of the disc component of our simulated galaxy
suite, it is important to define the different radial scales within which the analysis will be performed. In
our work, these characteristic scales are estimated by using the projected stellar mass and light onto the
rotational plane of the disc. First, we generate radial surface brightness (SB) profiles in the V photo-
metric band. The SB profiles are created through the binning of the luminosity distribution of the stellar
particles in radial annuli of 0.5 kpc of width. For better accuracy, we have smoothed the SB profile with
a polynomial fit. This smoothed profile is used to define the position outermost edge of the disc, Ry 5, as
the radius where the SB profile falls to a magnitude of 26.5 mag arcsec™2. Ryg.5 is also known as optical
radius, and here it is used as a proxy of the size of galaxies. The Ryg 5 in our TNGS50 sample are within
the range [9.5, 46.75] kpc with a median of 22.53 kpc. In Figure we show examples of four lopsided

’The stellar half-mass radius, Rsq is defined as the radius that encloses 50 percent of the total stellar mass of a subhalo.
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Table 4.2.1: Main parameters of the TNG50 simulation: the comoving volume and the box side-length (1-2™"
rows), the number of initial gas cells and dark matter particles (2-4" rows), the mean baryonic and dark matter
particle mass resolution (4-6™ rows), the minimum allowed adaptive gravitational softening length for gas cells
(comoving Plummer equivalent) (7™ row) and the redshift zero softening of the collisionless components (8™ row).

Run Name TNGS50
Volume [chc3] 51.73
Lbox [cMpc/h] 35
NGas - 21603
Npm - 21603
Mbaryon [Mo]  8.5x10*
MpMm [Mo]  4.5x10°
€gas,min [pc] 74
€DM [pc] 288

and four symmetric discs galaxies in our sample (top and bottom panel, respectively). In this figure, we
also illustrate the sizes of the galaxies as measured by Rpg 5 (white dashed circles), illustrating how well
this parameter traces the size of disc galaxies with different characteristics.

From now on, we consider all star particles located within a sphere of radius Ryg 5, to estimate the
parameters in this subsection. We define the stellar half-mass radius, Rgo as the position that enclosed
the 50 percent of stellar mass, M5, of the corresponding disc. Similarly, we define Rg, as the position
that enclosed 90 percent of the disc stellar mass, Mgo. We find that R;-‘O varies between 2.02 and 13.69
kpc with a median of 6.57 kpc, while R, varies within 5.91 and 36.26 kpc, with a median of 15.81 kpc.
These parameters allow the estimation of the stellar concentration defined as C, = R, / R5,, and central

stellar density, u, = M3,/ nRgoz.

4.3.2 Quantification of m = 1 asymmetries

In order to quantify the asymmetry in the mass and light distributions of the disc stellar component of
our galaxies, we adopt the Fourier mode approach (Rix & Zaritsky, [1995; [Zaritsky & Rix|, [1997; van
Eymeren et al., [2011; Grand et al., [2016; Quillen et al., 2011). In particular, we focus our analysis on
lopsided perturbations, which can be characterized as a displacement of the center of stellar mass with
respect to its center of density. Such asymmetric perturbations can be quantified through the amplitude
of the m = 1 Fourier mode.

Within a given thin radial annulus, R;, the complex coefficients of the m Fourier mode can be estimated
from a discrete distribution as

N .
Cm(R;) = ZMi*e"m‘]’i (4.3.1)
1

where M and O, are the mass and azimuthal coordinate of the i-th stellar particle that belongs to the
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Figure 4.3.1: Left panel: Radial distribution of the amplitude m = 1 Fourier mode (A;(R)), for five galaxies
lopsided of A;(top sub-panel) and five symmetric galaxies (bottom sub-panel). The black dashed lines indicate the
lower and upper radial limits considered to compute a global mass-weighted mean of m = 1 Fourier amplitudes, A
for each galaxy. Note that lopsided cases show an increase of A(R) when increasing radius, and for symmetrical
cases Aj(R) approaches zero in the whole galaxy (see Section #.3.2]). Right panel: Radial distribution of phase
angle of the m = 1 component, ¢;(R). Similar to the top panel, we show five lopsided and symmetrical disc
examples. The lopsided galaxies show a nearly constant phase angle in their outer disc, in agreement with previous
studies (L1 et al., 2011} Zaritsky et al., 2013)).

j-th radial annulus in a given galaxy. the angle ¢; is defined as ¢; = atan2(y;,x;), where x; and y; are the
cartesian coordinates of the i-th stellar particle for galaxies oriented in a face-on conﬁguratiorﬂ Then we
define the amplitude of m-th Fourier mode as,

Bun(Rj) = \/am(Ri)? + b (R)? (4.32)

where ap, and by, are the real an imaginary part of Cy, (equation4.3.1). The amplitude By (R;) corresponds
to the strength of the m = 1 mode within a given j-th radial annulus. Finally, since each radial annulus
has a different total stellar mass, we express B (R;) relative to the corresponding m = 0 mode,

A1(R)) = Z])Eg’

where By is given by eqn. [4.3.2]for m = 0, and it is equal to the total mass in the given j-th radial annulus.
Thus, eqn. [4.3.3]corresponds to the mass-weighted amplitude of the m = 1 Fourier mode as a function of
radius.

In Fig. 4.3.T) we show the radial A profile (left panel) obtained from five of our most lopsided (top sub-
panel) and five of our most symmetrical models (bottom sub-panel). We note that all galaxies, indepen-
dently of whether they are lopsided or not, show very small A; values within R ~ 0.5 R4 5. However, for
lopsided galaxies, A; starts to rapidly increase after this galactocentric distance. The radial distribution

(4.3.3)

3atan2() is a function of two parameters that returns the phase angle of the position of a i-th star particle in the respective
quadrant, thus phase angles have values within the range — to 7.
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Figure 4.3.2: Distribution of the sample of global (mean) A parameter computed for each simulated galaxy in our
sample at z = 0. The solid blue line shows the A; distribution built using KDE method. The dashed red line is the
median of A; distribution, A; ~ 0.12, which is used to differentiate between symmetric and asymmetric galaxies,
the gray dashed line correspond to 0.1 threshold, typically used to defined lopsided galaxies, note that A; > 0.1,
this means that a little more than half of our sample has A; > 0.1 values. The blue and red shaded areas indicate
the first and fourth quartiles of the distribution, used to define the sub-sample of strong symmetric and asymmetric
groups, respectively.

of A (R) in our model is similar to that found in Rix & Zaritsky (1995)), who used near-IR observations
from a sample of 18 galaxies to characterise the properties of lopsided galaxies. Rudnick & Rix|(1998)
and Bournaud et al.| (2005) also found that the amplitude of the lopsided perturbations increases steadily
(A1 > 0.1) within the outer disc regions (radial range of ~ 1.5 to 2.5 exponential disc scalelenghts). Jog
(2000) suggested that the self-gravitational potential of the galaxy exerts a resistance to some external
gravitational perturbation. However, the resilience exerted by self-gravity is more significant at smaller
radii, and indeed the values of Aj(R) are low in the inner disc. For lopsided galaxies, the gravitational
pull by self-gravity is weaker at larger radii, so A;(R) grows. Otherwise, the symmetric cases could be
gravitationally more cohesive, and consequently the radial distribution of A(R) keeps lower values in the
whole disc. In Section[4.4.3] we explore this in detail.

In the right panel of Fig. we show the radial phase angle of the m = 1 component, ¢; (R). Note the
nearly constant value of ¢;(R) in the outer disc for lopsided examples, region where the corresponding
asymmetry becomes significant. This feature is typical in lopsided galaxies (Zaritsky & Rix| 1997} van
Eymeren et al., 2011} Ghosh et al., 2022). The radial variation of ¢ (R) is a useful tool for understanding
the nature of the lopsidedness and how long it takes to wind around the galaxy (Baldwin et al.| [1980).
Previous results (Saha et al., 2007;|Ghosh et al.,|[2022) suggest that, in lopsided galaxies, the outer galaxy
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region does not wind up as quickly as their inner region, suggesting a weak self-gravity in these galaxies.
Since the outer region of galactic discs is more prone to developing lopsidedness, we estimate, for each
galaxy, a unique global mass-weighted mean of the m = 1 Fourier mode, hereafter A;. This allow us to
compare the level of lopsidedness among galaxies in our sample. The global A; is computed by taking
the mean of the A{(R) in outer galaxy regions. We consider eight (8) radial annular region, of width
0.075R6.5, located within the interval 0.5R55 to 1.1Rp¢5. This region is highlighted by the dashed

lines in Fig. and the solid circles shown in Fig. 4.1.2)).
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Figure 4.3.3: Distribution of Disc-to-Total mass ratio, D/T, for the total sample (black line), only asymmetrical
galaxies (orange line) and only symmetrical galaxies (cyan). The red and blue dashed lines correspond to strong
asymmetric and symmetric subsamples, respectively. The distribution were obtained using a KDE method. Asym-
metrical galaxies tend to be more disc-dominated than their symmetrical counterpart. The medians for each group
are 0.61 and 0.64, respectively. A similar trend is observed for the strong sub-samples.

4.3.3 Estimating the asymmetries in DM haloes and stellar component

In this work we are interested in characterizing the origin and evolution of lopsided perturbations. A
possible mechanism triggering such perturbation is the response of the galactic disc to a distorted DM
halo. As discussed in Sec4.1] these halo distortions arise as a result of interactions between the host DM
particles and an external agent (Jog, 1997, 1999; Gomez et al., 2016; Gao & White, [2006; Laporte et al.,
2018b). To quantify such distortions in the DM halo of our numerical models, we focus on offsets of
the halo center of mass with respect to is density cusp. Typically, the dipolar response of the DM halo
density field is the strongest. Thus, it can be used to identify perturbed DM distributions.

Here we follow the analysis performed by |Gao & White (2006). First, we identify the DM halo density
cusp, rcusp, based on the position of the most bound particle of the central halo, given by SUBFIND. We



CHAPTER 4. LOPSIDED GALAXIES IN A COSMOLOGICAL CONTEXT: A NEW
GALAXY-HALO CONNECTION 78

then computed the DM halo center of mass, rpy, considering all DM particles located within the inner
three and five times Ry 5 We note that, as shown by (Gomez et al.| (2016), perturbations in the DM halo
at further galactocentric distances are not efficient at disturbing the embedded galactic disc. Nonetheless,
to compare with Gao & White (2006) we also compute rpy considering all DM particles assigned to the
main host halo by SUBFIND (Rqp). Finally we compute the offset of rpy with respect to reysp as

Arbyyv = [Teusp — "ol (4.3.4)

where the supra index i = 3R¢.5,5R26.5 and Ry indicates the spatial region within which rpy is calcu-
lated.

4.4 Results

4.4.1 General disc morphological properties

In this Section we analyze the main morphological characteristics of the 240 stellar discs, selected ac-
cording to the criteria defined in Section4.2] In Fig. {.3.2] we show the distribution of the global A pa-
rameter, which correspond to the average A (R) values computed within the radial range [0.5 — 1.1R 5]
(see Sec. [4.3.2)). We note that the distribution is similar to the one reported by RO8|(see their figure 10),
obtained using a sample 25155 galaxies from the SDSS. It is worth noting that, even though the stellar
mass range of our sample (Fig. is similar to that in RO8/ (108 — 10''M_,, see figure 8 in RO8), the
latter includes a population of early type galaxies, which are missing from our sample. Nonetheless, the
ROS| sample is dominated by late-type objects, allowing us to compare our results with the data. The
characteristic galaxy A values in RO8 were obtained by averaging over the radial range between Rs
and Rgg. The outer radius limit is imposed due to limitation with the observational data (see Sec. 2.2
of RO8 for more details). We have computed our distribution considering smaller outer limits, finding
no significant variation in our results. Similar results were obtained by previous works such as Rix &
Zaritsky| (1995)); [ Bournaud et al.| (2005)).

The red dashed line in Fig. [@] indicates the median of the A; distribution, which takes a values of
Al ~ 0.12. This A 1 1s used from now on to differentiate galaxies between symmetric (A; < Al) and
asymmetric or lopsided cases (A; > A;). We note that this value is only slightly larger than the 0.1
threshold, typically used to define lopsided discs (Bournaud et al., 2005} Zaritsky & Rixl [1997; Jog &
Combes, 2009). We further subdivide our sample into strongly symmetric and asymmetric cases by
selecting galaxies located in the first and fourth quartiles of the A; distribution, respectively. The strong
cases are highlighted in Fig. 4.3.2) with shaded areas.

We now explore whether there are correlations between the D/T (see Sec. of our simulated galaxies
and the symmetry of their azimuthal mass distribution. We recall that the parameter D/T allows the
quantification of the disc mass contribution to the galaxy’s total stellar mass. The black solid line in
Fig. shows the D/T density distribution obtain using the Kernel Density Estimation (KDE of the
D/T values obtained from our full sample. Note that our selection criteria imposes a lower D/T limit of

“We implement KDE using the GAUSSIAN_KDE function from the SCIPY library. More details can be found at
https://scipy.org
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0.50. The distribution has a median value of ~ 0.62, indicating a significant presence of strongly disc-
dominated galaxies in our sample. Interestingly, asymmetric galaxies tend to be more disc dominated
than their symmetric counterparts, with medians of 0.64 and 0.61, respectively. The blue and red dashed
lines show the same distribution, now for the strong-asymmetric and strong-symmetric samples. The
difference in the median D/T values are slightly more pronounced than in the previous subsamples, with
values of 0.64 and 0.58 for the asymmetric and symmetric subsamples, respectively. This suggests that
the presence of more significant central pressure supported component could be playing a role on limiting
the strength of lopsided perturbations. This is further explored in Section4.4.3

4.4.2 Structural properties of lopsided galaxies

As discussed in the previous Section, our sample of disc-dominated galaxies show different degrees
of lopsided asymmetry, as quantified by the value of their A; parameter. In this Section, R%,, stellar
mass concentration, C,, and central stellar surface density, u,, present significant differences between the
asymmetric and symmetric sub-samples.

To highlight the main differences between the asymmetric discs and their symmetrical counterparts, we
focus on the strongly symmetric and strongly asymmetric galaxy samples defined in Fig. {.3.2] The
left upper panel of Fig. shows the distribution of R%, and .. The distributions are represented
with a two dimensional kernel density estimation (KDE). The top and the right sub panels show the
marginalized 1D distribution for R, and g, respectively . Interestingly, both strong types show different
distributions in this plane. We find that asymmetric galaxies tend to have larger R, than their symmetric
counterparts. In addition, they tend to show lower values of u, at given R3,. These differences are
highlighted on the 1D KDE, with median values of RY, and y, for the symmetric and asymmetric sub
samples of (4.62,7.22) kpc and (1083°,1077%) M, kpc 2, respectively.

Following RO8, on the right upper and bottom panels we show 2D KDE of our simulated galaxy sample
in u, versus total stellar mass, M*, and in M* versus stellar concentration, C,, respectively. RO8| shows
that, among these structural parameters, the strongest correlation with A; is obtained for w,. Indeed, our
results are in good agreement with these observations. Note that the most pronounced difference between
the distributions of these strong types is obtained for u,. The marginalized C, distribution (bottom panel)
shows that both type of galaxies present nearly indistinguishable distribution of stellar concentration.
Interestingly, within the stellar mass range considered in this work, we find that symmetric galaxies
tend to be slightly more massive than lopsided galaxies. In addition, the lopsided sub-sample shows
a narrower distribution in M*. To quantify these results, we estimate Pearson correlations coefficient
between the previously defined parameters. In Table we show both the correlation coefficient
obtained using only the strong samples and also using all lopsided and symmetrical galaxies (fourth
column). As previously indicated, the strongest (anti)correlation is obtained between A; and . This
significant anti correlation is obtained for both the strong and the complete samples.

4.4.3 The role of the central mass distribution

As discussed in the previous Section, our sample of galactic models shows a significant correlation be-
tween A; and the central stellar density, u,. Galaxies with lower u, typically show higher values of
Aj. Additionally we also find that lopsided galaxies tend to show larger values of R,,. This suggest that



CHAPTER 4. LOPSIDED GALAXIES IN A COSMOLOGICAL CONTEXT: A NEW

GALAXY-HALO CONNECTION 80
0.20
1.54
5. 0.15 o
= £
2 0.10 4 % 1.0
OJ 3
© 0.05 & o5
9.5 9 9.5
—— Strong symmetric —— Strong symmetric
—— Strong asymmetric —— Strong asymmetric
— 9.01 — 9.0
7 B
1 8
kv 8.5 ; 8.51
o o -
= =
— 8.0 — 8.01
x x
3 3
= S
& 7.5 & 7.54
o o
7.0 4 7.0
T T T T T T T T T T T T T T T
0 2 4 6 8 10 0.0 0.5 1.0 9.5 10.0 10.5 11.0 11.5 0.5 1.0
R5*0 [kpC] Density |0910 M* [MO] Density

1.5
Fl
‘% 1.0
c
[
0054

—— Strong symmetric
—— Strong asymmetric

3.0
J 2.54 ] \
2.0

1.51

1.0

9.5 10.0 10.5 11.0 115 0.5

|0910 M* [Mo] Density

Figure 4.4.1: Left upper panel: Central stellar density, u,, as a function of stellar half-mass radius, R%, for the
strong symmetric and asymmetric sub-samples that are defined in Fig. #.3:2] Right upper panel: p.as a function
by the total stellar mass, ;0. Bottom panel: Stellar mass concentration, C,, as a function ;0. These panels were
built using KDE bivariate distribution for the central sub-panel, and simple KDE distribution for edge sub-panels.
The strong sub-sample was separated between strong symmetric (blue region) and strong asymmetric (red region).
Note that strong asymmetric galaxies tend to have their central regions more extended and slightly less massive
than symmetric galaxies. Furthermore, A clear difference between both sub-samples are in their central stellar
density, where in asymmetric galaxies tend to be lower ones.

galaxies with lower density and more extended central regions could be more prone to develop lopsided
perturbations.

Indeed, discs with denser inner regions are likely to be more gravitationally cohesive. To explore whether
the disc self-gravity plays a significant role in the onset and amplitude of lopsided perturbations we
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Table 4.4.1: Correlations coefficients for relations between the analysed parameters discussed in in Section m

and @

P1 P2 Correlation Coefficient
Strong sample All sample
logio A log 1o i -0.68 -0.54
logio A R%, 0.53 0.37
logio A C. -0.03 -0.01
logio A1 logio Msg/R3 s -0.72 -0.60
logio . logio Msg/R3 s 0.60 0.52

show, in Fig. the distribution of Msq/ R%ﬁs versus u, for all galaxies in the strong symmetric and
asymmetric samples. Here, M5 represents the total mass of all particles enclosed in a sphere of radius
R, and includes contributions from the stellar, the gas and the dark matter components. We note that
the quantity Msg/ Rgﬁs represents a proxy of the tidal force exerted by the inner galaxy region (R < R%)
on material located a distances equal to the disc optical radius, Ry¢5. As before, we focus on the strong
symmetric and asymmetric types. From this figure we observe that these two subgroup represent very
distinct populations in M5 /R%6_5 versus u, space. Present-day asymmetric galaxies exert a much lower
tidal field on their outer disc regions, where lopsided perturbations show the strongest amplitudes. This
is clearly shown on the 1D KDE histogram displayed in the top panel. Indeed, the (anti)correlation
between A1 and M5 /R%d5 is the strongest among the structural parameters explored in this work. This
is quantified in Table which also highlights that this anti-correlation is even greater than the one
found between A1 and u,. We emphasize that the anti-correlation is not limited to the strong subtypes,
and that it remains large even if we consider the all galaxies in the sample, as can be seen from the
rightmost column of Table {.4.1]

Several previous studies have explored different scenarios for the origin of lopsided modes based on
environmental interactions, such as fly-bys, minor and major mergers, perturbed underlying dark matter
density field, and misaligned accretion of cold gas, among others (Weinberg, 1994; Jogl (1997, 1999;
Kornreich et al., [2002; |Walker et al.l [1996; Zaritsky & Rix, (1997; Bournaud et al., 2005} Levine &
Sparke, [1998; Noordermeer et al., 2001} |Gomez et al., 2016; Garavito-Camargo et al., 2019). Our results
instead hint toward a population of galaxies susceptible to develop lopsidedness, and not to a particular
external perturbation source. In other words, galaxies with weakly cohesive inner regions could develop
a lopsided mode when faced with any sort of external perturbation. Indeed, as we show later in Section
the strong present-day connection between the strength of the lopsided modes and of the inner tidal
force field is independent of the past interaction history of our simulated galaxies with their environment.

4.4.4 Evolution of lopsided galaxies

Around the 30 percent of late-type galaxies in the nearby Universe show lopsided perturbations (Rix &
Zaritsky, 1995 Jog & Combes, [2009). This could indicate that either lopsided perturbations are long
lived, or that a significant fraction of galaxies are prone to develop such perturbations even in absence of
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Figure 4.4.2: Distribution of the proxi of the tidal force exerted by the inner disc on the its outskirts, Mso/R3, s,
versus central stellar density, u, , for all galaxies in the strong symmetric and asymmetric samples. The top and
right panels show the corresponding one dimensional distribution. All distributions where obtained using a KDE
method. A clear correlation between u,and Msg/ Rgﬁ.s is seen. Strong asymmetric galaxies tend to have a lower
values of M5/ R%m, suggesting that weakly gravitationally cohesive galaxies are susceptible to lopsided distortions
in their stellar distribution.

significant external interactions, as suggested in the previous Section. Here we explore the time evolution
of the main structural parameters that differentiate symmetric and lopsided galaxies, as well as the time
evolution of the amplitude of the lopsided mode.

4.4.4.1 Time evolution of structural parameters

As previously discussed, lopsided galaxies tend to show lower values of u, as well as larger R%, at the
present-day. In Fig. [#.4.3] we explore how these structural parameters evolved over time. As before we
focus on the strong types to better highlight the differences between perturbed and unperturbed galaxies.
The left panel shows the time evolution of the central stellar surface density, u,, over the last 6 Gyr. The
blue and red solid lines depict the median u, obtained after stacking the strong asymmetric and symmetric
subsamples, respectively. The shaded areas are determined by the 25th and 75th percentiles of both
distributions. It is interesting to note that, at the present-day, the difference in u, is very significant, and
that this difference increased over the last 6 Gyr. In particular, we notice a significant decay of u, over
time for the strong lopsided cases, while for the symmetric counterparts u, remain nearly constant. To
understand what is behind this decay, we show in the middle panel of Fig. the time evolution of
the stellar mass enclosed within the stellar half-mass radius, Mgo. We notice that, on average, lopsided
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galaxies tend to enclose less stellar mass within R3,. However the difference in M3, between symmetric
and asymmetric galaxies remains nearly constant over the last 6 Gyr. This is in contrast for the time
evolution of R%,, shown in the right panel. Note that 6 Gyr ago, both subsamples had, on average, very
similar values of R%,. However, lopsided galaxies experienced a significant growth of R5,while, for
symmetric galaxies, it remained nearly constant, specially over the last 3 Gyr.

The previous analysis shows that what drives the decay of u, for lopsided galaxies is mainly the growth
of the stellar disc size. Using the Auriga simulations, Grand et al. (2017) investigated the mechanisms
that set present-day disc sizes, and found that they are mainly related to the angular momentum of halo
material. In their models, the largest discs are produced by quiescent mergers that inspiral into the galaxy
and deposit high-angular momentum material into the pre-existing disc. This process simultaneously
increases the spin of dark matter and gas in the halo. On the other hand early violent mergers and strong
AGN feedback strongly limits the final disc size by destroying pre-existing discs and by suppressing gas
accretion on to the outer disc, respectively. Interestingly, they find that the most important factor that
leads to compact discs, however, is simply a low angular momentum for the halo. To explore whether
the halo spin, A (see eq. 12 |Grand et al., [2017) plays a role on the development of lopsided galaxies by
partially setting the size of the disc and thus their radial mass distribution, in Fig. [4.4.4) we show the
distribution of A versus Msq/ R36'5 for galaxies in our sample. The color coding indicates the strength of
the A} mode. Interestingly, we find that galaxies with high A typically show smaller values of Mso/ R§6_5
and high values of A|. On the other hand, galaxies with low A values are dominated by strongly self
gravitating discs and, thus, low A values. Interestingly, using the EAGLE and Fenix simulations (Cataldi
et al. (2021)) reported that haloes with less concentration tend to host extended galaxies. These results
highlight an interesting morphology—halo connection for late type galaxies.
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Figure 4.4.3: Time evolution of the central stellar density, the stellar half-mass, and stellar half-mass radius (from
left to right). Quantities are shown as a function of lookback time. The solid blue and red lines show the median
of the distributions obtained from the strong symmetric and asymmetric sumbsample, respectively. The shaded
areas highlight indicate the 25th and 75th percentiles of the corresponding distributions. The central stellar density
evolution of the strong asymmetric sub-sample tend to have a sharp decrease in time compared to strong symmetric
sub-sample. This is a consequence of the rapid growth of R, over time.
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Figure 4.4.4: Distribution of halo spin parameter, A, versus proxi of the tidal force exerted by the inner disc on
the its outskirts, Msq/ R36.5. The dots are colored according to the present-day value of A;. Which the palette of
colors was centered around A; ~ 0.12, while 0.08 and 0.2 values correspond to the 25% and 75t percentiles of A
distribution, used to define strong sub-sample. Note that asymmetrical galaxies tend to have higher halo spin than
their counterpart symmetrical.

4.44.2 Frequency of A;

As previously discussed, Fig. shows that, at the present-day, a 62 percent of our simulated galactic
discs are significantly lopsided (A;> 0.1). This suggest that this type of perturbations are either long-
lived (e.g. Jog & Combes, 2009), or short-lived but repeatedly re-excited by subsequent perturbations
(see e.g. \Ghosh et al.,[2022). We explore this by following the time evolution of our simulated galaxies,
and quantifying the fraction of time they present a significant lopsided perturbation over the last 6 Gyr. In
practice, we proceed as follow. We identify our galactic models in the 36 snapshots available during the
last 6 Gyr of evolution and compute, on each of them, the A; parameter. This parameter is calculated by
fixing the value of Ryg 5 at its present-day value. We have tested that our results do not significantly vary
if we take into account the evolution of the optical radius. In Fig. 4.4.5] we explore the distribution of A
in our sample over the past 6 Gyr (bottom panel). The median of Aj(green line) is around 0.125 during
this period. The green region cover the 25 to 75" percentiles of the A; distribution of our sample, which
does not exceed 0.2 for the 75™ percentile and does not fall below 0.075 for the 25" percentile. In the
top panel we show the fraction of galaxies that display a high amplitude of m = 1 component (A;> 0.1),
showing that around 60 to 70 percent of the galaxies in our sample exhibit high lopsidedness during this
time range. That suggests that lopsided perturbation is a very frequent phenomenon for disc galaxies.

Fig. shows the distribution of galaxies in u, versus Msg/ Rgﬁ.s space, colour coded according to the
fraction of time each simulated galaxies experienced A1 > 0.1 within the last 6 Gyr. Present-day lopsided
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Figure 4.4.5: Top panel: Fraction of galaxies that show A;> 0.1 during the last 6 Gyr. Bottom panel: Distribution
of A; in the sample in function of time. The green line correspond to the median of A; and the green region covers
the 25" to 75" percentile of the A; distribution. We see that the medians of A; are around 0.125 during the last
6 Gyr. Our sample show that the fraction of galaxies with high lopsidedness are between 60 to 70 percent in that
range of time

galaxies, defined as in Section [4.4.1] are shown with star symbols, whereas their symmetrical counter-
parts, with square symbols. In general, we find that symmetric galaxies (high u, and M5 /R§6A5 values),
show low A; values throughout the latest 6 Gyr of evolution. In other words, strongly gravitationally
cohesive galaxies have remained symmetric over most of the corresponding period of time (blue colors).
On the other hand, we find that lopsided galaxies (typically weakly gravitationally cohesive) have re-
mained lopsided (A; > 0.1) over a significant fraction of the latest 6 Gyr (red colors). There are however
several examples of galaxies that have been lopsided over most of this period, but at the present day
have a symmetric configuration (see red squares). Note as well that it is less common to find present-day
lopsided galaxies with low frequency of Aj.

Our results suggest that lopsided perturbation are typically long-lived, rather than short-lived but repeat-
edly re-excited. We further explore this in the following Section, where we follow the time evolution of
a number representative galaxy models.

4.4.5 Main driving agents

As discussed in Section several different mechanism have been proposed as main driving agents
for this type of morphological perturbation. The mechanisms range from direct tidal perturbations
from relatively massive satellites, torques associated with perturbed underlying DM halos, and the non-
axysimmetric accretion of cold gas, among others. In this Section we explore whether there is a dominant
mechanism driving lopsidedness in our simulated galaxies.
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Figure 4.4.6: Distribution of the central stellar density versus Mso/R3; <, which is a proxi of the tidal force exerted
by the inner disc on its outskirts. Galaxies are separated between symmetric (squared) and asymmetric (star), using
A1 at z=0. The symbols are colour coded according to the fraction of time they experienced of significant lopsided
perturbation (A; > 0.1) during the last 6 Gyr of evolution. Galaxies with lower M5 /Rgé.s tend to show lopsided
distortions for longer periods. Interestingly, there are symmetric cases at the present-day that have spent long
periods as lopsided (red squares). This galaxies typically show low Msg /R%ds. Conversely, it is less common to
see present-day lopsided galaxies with small A; > 0.1 frequency.

4.4.5.1 Individual examples

Before analyzing the whole sample of galaxy models in a statistical manner, we first analyze in detail a
couple of typical examples of present-day symmetric and lopsided galaxies.

We first focus on two examples of typical present-day symmetric galaxies. The top panels of Fig.
show that, as discussed in Sec 4.4.4.1] symmetric galaxies typically do not experience a substantial
growth in size over the last 6 Gyr of evolution. Both discs show nearly constant R3, and Ry, values over
this period of time. In the second panel (top to bottom) we show the time evolution of u,. As expected,
both galaxies show , values larger than the z = 0 median (red dashed line, &1, = 107-°%). In addition u,
show nearly constant values over this period of time. The large central surface density and small size
render strong cohesiveness and thus resilience to perturbations. Indeed, as shown in the third panel, their
A1 value remains mainly below the A; threshold, indicating that these galaxies have remained symmetric
over most of this period. We note, however, that the evolution of A; shows moderate increments over
short spans of times. For example, for galaxy S1, A; rises over A; at a lookback time, #, ~ 5 Gyr.
To explore the origin of this short-lived lopsided mode we quantify in the fourth and fifth panels the
interaction of this galactic disc with its environment. We first look at the time evolution of the offset of
the halo center of mass, CoM, with respect to is density cusp, A”f)M (fourth panel). Interestingly, ArfDM
peaks during the same period. This is noticeable when considering DM particles up to a distance of
S5Ry65. Note as well that this offset of the DM halo CoM is short lived and directly related to a strong
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Figure 4.4.7: Examples of two typical present-day symmetric galaxies, S1 and S2. From top to bottom, First
panel: Time evolution of the scale length parameters, RS, and R, during the last 6 Gyr of evolution. Second
panel: Evolution of the central surface density, t,. The red dashed line on the right side of each panel shows the
corresponding present-day median of u,. Third panel: A; as a function of time. The black dashed line correspond
to the A; threshold, extracted from the full sample distribution at z = 0. Fourth panel: Time evolution of the offset
between the DM halo center of mass and its density cusp, Arky,;. We show the evolution of Arl,, calculated within
two spatial regions, 3Rys5 and 5Ry5 (see Sec. @) Fifth panel: Time evolution of tidal field exerted on the
host galaxy by its 10 most massive satellites.Triangles indicate tidal field values that are above the Y-axis limit.
Symbols are colour coded as a function of the total mass of the corresponding satellite.
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Figure 4.4.8: As in Fig. for two typical present-day Lopsided galaxies, L1 and L2.

tidal interaction with a massive satellite galaxy. This is shown on the bottom panel, where we show the
time evolution of tidal field exerted on the host by its 10 most massive satellites as a function of time,
i.e. |asat| = GMgy/R},. Here Mgy and Rgy are the total mass of the satellite and the distance between
the satellite and its host galaxy. We notice that the galactic disc strongly interacts with a massive satellite
(Mo ~ 1019 My,) at 11y, ~ 5 Gyr. This strong interaction is behind the brief distortion of the host outer
DM halo, and the temporary onset of a mild A; perturbation. For this large u, simulated galaxy, and
in agreement with Ghosh et al.| (2022), the perturbation rapidly dissipates and the amplitude of the disc
m = 1 mode remains below A; for the rest of the period, even though a second significant interactions
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Figure 4.4.9: Fraction of time that a given host has strongly interacted with satellites of Mg, > 10°> M, during
the last 6 Gyr of evolution in function of self-gravity proxy. The color coding indicated the fraction of time
galaxies presented a strong lopsided perturbation (A1 > 0.1). The different symbols indicated whether galaxies are
symmetric or asymmetric at the present-day. Note that no significant correlation is found between the fraction of
time galactic discs display lopsided perturbations and the fraction of time they experienced significant satellite tidal
interactions.

takes place later on (fp ~ 2.5 Gyr).

In the right panels of Fig. we analyze a second example, S2, of a present-day symmetric galaxy.
As before, the galaxy shows small and nearly constant scale lengths over the whole the last 6 Gyr of
evolution. It shows as well a nearly constant u, value, but with a value larger than in the previous exam-
ple, S1. The A; parameter typically remains below A1, except for short periods where it slightly raises
over this threshold. When inspecting interactions with its environment, we observe that S2 experienced
two very strong interactions with a satellite galaxy of M, ~ 10'%> M@®. These interactions take place
at fip ~ 5.5 and 1.5 Gyr (fifth panel), and both resulted in significant perturbations of the host DM halo
(fourth panel). Yet, due to the large u,, no associated response is observed in the evolution of the A
parameter.

In Fig. we now explore two examples of strongly lopsided galaxies, L1 and L2. The top panels
show that, contrary to the symmetric cases, these galaxies experienced a consistent growth in size over
the latest 6 Gyr, which resulted in a decrement of their u,. As a result, the central surface density of
these simulated galaxies is significantly lower (second panels) than in the symmetric examples. The third
panels show that, in both cases, A; has mainly remained above our threshold, A, indicating long lived
lopsided modes. In particular, for L1 (left panels), we find that the galaxy experienced a relatively strong
tidal interaction with a satellite of Mgy ~ 1003 Mg at 1, =& 5 Gyr. Due to the low values of ., and
contrary to the S1 case, this interaction excited a strong lopsided mode as well as a shift of the DM
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CoM with respect to its density cusp. The lopsided perturbation slightly wanes over time, but it always
remains over A;. At i, =~ 2 Gyr the disc experienced a second significant tidal interaction (Mgy ~ 1010
M) that enhances the lopsided perturbation, raising the value of A; ~ 0.35 until the present-day. On
the other hand even though L2 (right panels) shows a value of A; > A; over most of the last 6 Gyr, it
did not experience any significant interaction with massive satellites (Mg > 10'9 My,)). Interestingly, the
CoM of outer DM halo shows a significant shift with respect to its cusp during this period, with values
Arls)lf\ffj as large as 20 percent of Ry¢ 5. Such perturbed DM halo could be behind the long lived lopsided
perturbation in this galactic disc (see e.g. Jog & Combes| |2009). We will explore in detail this particular
kind of models in a follow up study.

4.4.5.2 Statistical characterization of the impact of interactions

In the previous Section we discussed two examples of stellar discs that interacted with their nearby
environment and developed very strong lopsided perturbations. On the other hand, we also discussed
examples of galaxies that strongly interacted with their environments but did not develop significant
lopsided modes on their discs. The main difference between these two sets of objects is their central
surface density, u,, which set the gravitational cohesiveness of the disc outskirts. In this Section we
explore what are the main agents driving lopsided perturbations in low u, galaxies.

We start by quantifying significant tidal interaction with satellite galaxies within the last 6 Gyr of evolu-
tion. As in Section|4.4.5.1] for each galaxy in our sample, we compute |agy| as function of lookback time.
Based on Figures|4.4.7|and[4.4.8] and the results shown in|Gémez et al.|(2017)), we first quantify the frac-
tion of time galactic discs were exposed to |asy| > 10 from satellites with mass ratios My /Mhpest > 0.005.
Lower values of |ag,| do not yield to global perturbations in the discs. For a MW-mass host, the chosen
threshold in the mass ratio allows interaction with satellites of Mgy > 10% M;. Lower mass satellite
are unlikely to induced significant global vertical perturbations (Gomez et al., 2017). Figure 4.4.9|shows
our sample of galactic discs in satellite interaction frequency versus M5 /R%cs space. Points are color
coded by the fraction of time each disc presents a significant lopsided perturbation (see Sec4.4.4.2). As
before, we notice that galaxies with lower frequencies of A; > 0.1 (light colors) tend to have lower val-
ues of M5 /R%6.5. Interestingly we find no significant correlation between the fraction of time galactic
discs display lopsided perturbations and the fraction of time they experienced significant satellite tidal
interactions. In particular, a significant number of simulated disc galaxies (35 per cent of the full sample)
did not experience significant interactions during the last 6 Gyr, but nevertheless, have a long-lasting
lopsided perturbation over most of that period. This supports our conclusion that direct tidal interaction
with satellites galaxies is just one plausible channel for inducing lopsided perturbation, and not the main
driving agent. Our results are in agreement with those presented by Bournaud et al.| (2005) who shows
with a sample of 149 observed galaxies that the m = 1 amplitude is uncorrelated with the presence of
companions.

In addition to direct tidal torques exerted by satellites, galactic discs can respond to the gravitational
interaction with a distorted DM halo (Gomez et al., [2015}; \Garavito-Camargo et al., 2019; |Laporte et al.,
2018a)). One of the first attempts to statistically study asymmetries in the inner regions of dark haloes,
and their possible relation to the accretion of external material on to these regions, was provided by |Gao
& White| (2006, hereafter GW06). Based on the large statistic provided by the Millennium Simulation
(Springel et al., 2005), they studied asymmetries in the density distribution of DM halos, selected with
masses ranging from MW-mass to cluster mass hosts. They showed that such asymmetries are not un-
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common, and that the frequency with which they arise depends on host mass. While 20 per cent of
cluster haloes have density centres that are separated from barycentre by more than 20 per cent of the
virial radius, only seven per cent of MW haloes have such large asymmetries.

Following GW06, we examine the distribution of the offsets of central DM halos extracted from the
TNGS50-1 simulation and its DM only simulation counterpart. Our goal is to test whether we recover the
results presented in GW06, based purely on DM only models, and test whether the addition of baryons
has an effect on this statistics. Since our work in centered around late type galaxies, we focus on three
sets of models selected by halo mass, Mpy. The less massive set contains haloes with Mgy between
10! to 5x10!! M;; the intermediate set between 5x10!" to 102 Mg, and the more massive between 1012
to 5x10'> M. In the table we show the results of this selection for each simulation.

For each simulated galaxy, we compute Argf\%o (see Eq i at the present-day considering DM particles

within Rygo. In the top panel of Figure , we show the Argf\?[o cumulative distribution function
(CDF) for the three halo subsets. The solid and dashed lines show the results obtained from the full
hydrodynamical simulation and the DM only, respectively. To facilitate the comparison between these
different haloes, each Arpy; has been normalized by the corresponding Rygp. Our results based on
the DM only simulations are in good agreement GW06. We find that more massive haloes tend to
have larger asymmetries. Indeed, while ~ 8 percent of halos with 102 < Mago < 5 x 1012 Mg show
Argi(}lo > 20 percent, for haloes with 10'! < Mypy < 5 x 10'! M, only ~ 1.5 percent show such large
asymmetries. Comparison with the results obtained with the full-physics models shows that these trends
are not significantly affected by the addition of baryons. The shaded areas highlight the differences
between the DM only and the hydrodynamical simulations. Note that only the larger mass halo subset
shows a slightly larger fraction of halos with Argf\(}[" 2 0.15 in the hydrodynamical simulation. However,
this difference mainly arise from the low number statistics associated to mass birﬂ The similarities
between both simulations are better highlighted in the bottom panel of Fig. where we show the
difference between both CDFs.

As previously discussed in GW06, these DM halo asymmetries could be related to visible asymmetric
phenomena in galaxies, among them lopsidedness. To explore this, we show the Ar{)M CDF, now con-
sidering only galaxies selected by the criteria defined in Section 4.2.2] For this analysis we focus on
perturbations within the inner DM halo, 3 xRy 5 (Figure §.4.T1), since this is the region that can exert
significant torque on the embedded discs (e.g|Gomez et al.,|2016). We first explore the subset of galaxies
that are strongly symmetric and strongly lopsided. The corresponding CDFs are shown in solid red and
blue lines respectively. The vertical green line indicates the mean of the gravitational softening length,
€pm (see table [4.2.1)), obtained after normalizing epm by the Rys 5 of each galaxy. The shaded region
covers 25th and 75th percentiles of this distribution. The figure clearly shows that symmetric galaxies

tend to have small Ar%lijﬁ‘s, indicating very similar spatial location for the DM CoM of the center of

density. Only 5 percent of the symmetric galaxies show values of Arf)l;j“ > (0.05. The CDF for the

asymmetric galaxies shows a different behaviour. It is clear that asymmetric galaxies tend to show signit-
icantly large Ar%lfvzf‘s than their symmetric counterparts. Indeed, ~ 30 percent of the disc galaxies shows

Ar%lf\?j > (.05. Yet, as discussed in Section 4.4.5.1, we find a large number of lopsided galaxies show

very small Ar%%i“ , indicating that this is not necessarily the main driver behind their perturbations.

SWe have confirmed that his difference is due to low number statistics by repeating the analysis on the larger volume
simulations TNG100-1.
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Figure 4.4.10: Top panel: Cumulative distribution function of offset between the halo center of mass and their
density cusp, Arpy. The colour coded lines show the results obtained from different halo mass ranges. For this
calculation DM particles within each halo’s Rygg are considered. Solid and dashed lines show the results obtained
from the full hydrodynamical and the DM only simulations, respectively. Bottom panel: differences between
cumulative distribution function calculated from the full hydrodynamical and the DM only simulations.

4.5 Conclusions and discussion

In this Chapter, we have studied disc galaxies that display a global m = 1 non-axisymmetric perturbation
in their stellar mass distribution, more commonly known as a lopsided perturbation. We focused the
analysis on a sample of MW-mass like galaxies from the fully cosmological hydrodynamical simulation,
TNGS50 from ustrisTNG project. Our sample was built selecting central subhalos with Mg within the
range 10" to 10'2> M. To consider well-resolved disc-dominated galaxies we imposed a threshold in
the D/T ratio of 0.5, and only selected galaxies with more than 10* stellar particles within a subhalo. From
this criteria, 240 late-type galaxies with total stellar mass between 10% and 10'!2 M, were selected.
Lopsidedness in the discs were quantified by computing the amplitude of the m = 1 Fourier mode of the
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Table 4.4.2: Number of haloes for each My range between the two homologous runs; baryonic + DM simulation
and only DM.

TNG50-1
Baryon+DM DM only
10" - 5x10M M, 1251 1352
5x10' - 102 M, 190 185
10'2 - 5x10'2 M, 168 172
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Figure 4.4.11: Cumulative distribution function of the offset between the halo center of mass and their density
cusp, Ar%lf\ff's. For this calculation DM particles within each galaxy 3 xRy¢ 5 are considered. The dashed purple
(solid bule) and orange (red) lines show the results obtain from the (strong) symmetric and asymmetric subsamples,
respectively. The vertical green line indicates the median of the distribution obtained after normalizing the gravita-
tional softening, €pp, by the Rye 5 of each galaxy. The shaded green area encloses the 25th and 75th percentile of

the corresponding distribution.

stellar density distribution, A;. Based on this parameter, we classified our galaxies as symmetrical and
asymmetrical (i.e. lopsided) cases.

We find that in our simulated galaxy sample the main characteristics of such lopsided perturbations are
in good agreement with observations. In lopsided galaxies, the radial profile of the m = 1 mode ampli-
tude, A (R), increases with radius in the outer disc regions, while in the inner parts it remains flat and
close to zero. The radius at which the transition takes place is =~ 0.5R»¢ 5, in agreement with previous
observational works (e.g. Rix & Zaritsky, [1995; |Bournaud et al., [2005)). Furthermore, lopsided galaxies
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exhibit a nearly constant or midly varying radial distribution of phase angles, indicating a slow winding
of the phase angle in the outer disc (Saha et al., 2007 Ghosh et al., 2022). Based on this, we computed
for each simulated galaxy a characteristic A; value, which corresponds to the average of A|(R) between
0.5R65 < R < 1.1Ry65. We find that the distribution of this characteristic A| parameter is also in good
agreement with observations, that measured in large observational samples the A; distribution, consid-
ering similar galactic regions (Bournaud et al., 2005; Reichard et al., |2008). To highlight differences
between lopsided and symmetrical galaxies, we focus on the analysis on the first and fourth quartiles of
the A distribution. We call these subsets strong symmetric and strong asymmetric galaxies, respectively.
When analyzing the present-day structural parameters of our sample, we find that lopsided galaxies tend
to be more disc-dominated than they symmetrical counterparts. This trend suggests that the presence of
centrally pressure supported component plays an important role on setting the lopsidedness strength. This
is in agreement with previous works, which found that the fraction of lopsided galaxies increases with
galaxy Hubble type, being late-type galaxies the population with the highest fraction (Rix & Zaritsky,
1995} Bournaud et al., 2005} [Conselice et al., |2000). Following ROS8, we also characterized our sample
through the following present-day structural parameters: stellar half-mass radius, R, total stellar mass,
M*, central surface density, i, and stellar concentration, C,. Focusing on the strong subsamples, we
find that both lopsided and symmetric galaxies show very similar C, distributions. We also find that
strongly lopsided galaxies tend to have more extended central regions and to be slightly less massive than
their counterpart symmetrical. However, the most strong (anti)correlation we find is between u, and Aj.
Indeed, the strong subsamples show very different distributions of ., with lopsided disc systematically
showing lower u, values. These results are consistent with the observational findings from |R0O8, suggest-
ing that galaxies with lower central density could be more susceptible to different types of interaction
and, thus, more prone to the excitation of a lopsided modes. Based on these results, we show that what
regulates whether a galaxy develops strong lopsided modes is the self-gravitating nature of the inner
galactic regions. Discs with denser inner regions are more gravitationally cohesive and thus, less prone
to develop lopsided perturbations in their external regions. Hence, our results hint toward a population of
galaxies susceptible to lopsided perturbations, and not to a particular external driving source.

We have explored the time evolution of the main structural parameters that differentiate symmetric and
lopsided galaxies, as well as the time evolution of the amplitude of the lopsided modes. We focus on
their behaviour during the last 6 Gyr of evolution. We observed that the percentage of galaxies in our
sample with A;> 0.1 are between 60 and 70 during this range of time. Interestingly, we find that, while
for symmetric galaxies u, remains nearly constant through time, a significant decay of u, is observed in
lopsided galaxies. The main reason for this is the faster growth of the half-mass radius, R5,, displayed by
lopsided galaxies with respect to their symmetric counterparts. While both galaxies experienced similar
growth rates of their M5, lopsided galaxies grow faster in size thus reducing their inner self-gravitational
cohesion. Following Grand et al. (2016), we analyzed whether the halo spin, A, is behind this faster
growth rate of R, in lopsided objects. Interestingly, we find that galaxies with higher present-day A are
typically less cohesive and show higher values of Aj. On the other hand, galaxies with low A values are
dominated by strongly self-gravitating discs and, thus, low A values. Our results highlight an interesting
morphology—halo connection for late type galaxies.

We have also analyzed the main agents driving these perturbations. In agreement with previous studies,
we have shown that satellite interactions can excite lopsided modes (Weinberg, |1995;; Zaritsky & Rix,
1997} |Bournaud et al., 2005). However, we find that up to ~ 35 per cent of the sample galaxy shows
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significant lopsided perturbations but, during the last 6 Gyr of evolution, did not experienced interactions
with any satellite of mass ratio Mg,/ Mpos > 0.005. Interestingly those galaxies present low values of .
This supports the conclusion that direct tidal interaction with satellite is a possible channel for inducing
lopsided perturbation, but not the main driving agent. Our results are in agreement with those presented
by Bournaud et al.| (2005) who shows with a sample of 149 observed galaxies that the m = 1 amplitude
is uncorrelated with the presence of companions.

Several studies have shown that galactic discs can also respond to tidal torques exerted by global per-
turbations of the host DM halo density distribution (Weinberg, [1998; Gomez et al., 2016; |Laporte et al.,
2018alb; |[Hunt et al., 2021} |Grand et al., 2022) . To examine whether this mechanism is an important driv-
ing agent of lopsided perturbations in our simulations, we quantified the distribution of offsets between
the CoM DM halo and the density cusp, reusp , of our halos, Argf\‘/’lo. Previous studies based on the dark
matter-only Millenium simulations (Gao & Whitel 2006) found that significant distortions in the DM ha-
los are not uncommon, and that the frequency with which they arise depends on host mass. Our analysis,
based on simulations that incorporate a self-consistent treatment for the evolution of baryons, yielded
very similar results. While ~ 8 percent of halos with 10'2 < Mgy < 5 x 10'2 M, show Arga® > 20
percent , only ~ 1.5 percent of halos with 10'! < M5p9 < 5 x 10'! M, show such large asymmetries.
Given this result, we studied whether halos with large offsets typically host lopsided galactic discs. Inter-
estingly, we find that symmetric galaxies tend to have smaller distortions in their inner DM halos (within
3 X Ry¢.5) than their lopsided counterparts. While only five percent of the symmetric galaxies show values
of Ar%ff\j“ > 0.05, ~ 30 percent of the lopsided galaxies do so. This results place torques from DM halo
overdensity wake as another important mechanism behind the excitation of lopsided modes in galaxies
with low central surface densities. In a follow up study we will quantify such torques by decomposing
the density and potential distributions using basis function expansions (BFEs |Garavito-Camargo et al.,
2021} Cunningham et al., 2020; Johnson et al., 2023; |Lilleengen et al., [2023). Furthermore, we found
that lopsided galaxies tend to live in high spin dark matter halos. Using the same simulation suite Grand
et al. (2017) showed that the present-day size of a stellar disc is strongly related to the the spin of its halo.
High spin halos tend to host extended galaxies with lower central surface densities, thus prone to develop
lopsided perturbations. This result, together with the lopsided response of discs to overdensity wakes,
indicates a new direction for understanding the halo-galaxy connection in lopsided galaxies.

In this work, we have shown that lopsidedness is a very frequent phenomenon in the history of galaxies.
The discs of these galaxies are extended with low central surface densities. Their self-gravity makes them
cohesively weak, and therefore easily susceptible to any type of interaction such as tidal torques exerted
by distorted DM halos and minor mergers. Such galaxies tend to reside in high-spin and often highly
asymmetric DM halos, revealing a connection between the halos and lopsided discs.



Chapter 5

The effects of the DM overdensity wakes on
disk galaxies

Abstract

In this chapter we present preliminary results from on going project that explored the effects that over-

density wakes in dark matter halos can produce on their host galactic disks. We are set to quantify the
associated torques from such wakes and to explore the generation of morphological perturbations in disk
galaxies. To achieve this goal, we decompose the density and potential field of MW-like galaxies, ex-
tracted from the Auriga project, using basis function expansions (BFE). Our preliminary results discuss
the implementation of the BFE method to fully cosmological simulations and demonstrates its suitability.
We show how the basis function reconstructs the potential field at the present-day. We also explore the
stability of the constructed basis expansion as a function of time, by attempting to reconstruct DM density
field with a bases generated at either later or earlier times.

96
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5.1 Introduction

As previously discussed in Chapter 4] the earliest observations of HI gas in disk galaxies revealed that
their outer regions exhibit perturbations such as warping (Binney, 1992) or also lopsidedness (Baldwin
et al., [1980). These types of asymmetries show significant variations in amplitude and structure from
one galaxy to another (e.g., Reshetnikov et al., 2016; Rix & Zaritsky, 19935), indicating that several
mechanism behind such perturbations could be at play. Many explanations have been proposed for the
formation of perturbations in disk galaxies. Discussed mechanisms range from misaligned halos relative
to the disk, misaligned accretion of cold gas in the outer disk, mergers, and tidal interactions with other
galaxies or satellites (Weinberg, |1998; |Debattista & Sellwood,|1999; |Jiang & Binneyl, [1999; Roskar et al.,
2010; Aumer & Whitel |2013;|Gomez et al., 2016, 2017; Walker et al., [1996; |Zaritsky & Rix),[1997;Ghosh
et al., 2022; Varela-Lavin et al., 2023 Dolfi et al., 2023)). In particular, the Milky Way (MW) harbors
asymmetric features in its disk. For example, a global perturbation is described in Kalberla & Dedes
(2008)), where the HI distribution of the MW has a higher gas density in the southern region (210° < ¢ <
330°) compared to the northern part (30° < ¢ < 150°). In addition, the Milky Way exhibits a warp in its
outer disk region, characterized by a significant amplitude that extends to a height of more than 4 kpc at a
galactocentric radius of 25 kpc in the northern region.(Levine et al., 2006; Romero-Gomez et al., [2019).
Several authors have provided evidence of the presence of a corrugation patterns in our Galactic disk
(Widrow et al., [2012; |Widrow & Bonner, 2015} |/Antoja et al., 2018; Bland-Hawthorn & Tepper-Garcia,
20215 Xu et al., 2015). Such asymmetries and others may result from the tidal interaction between the
Milky Way and its satellites, the Large Magellanic Cloud (LMC), the Small Magellanic Cloud (SMC) and
Sagittarius dwarf spheroidal galaxy (Sgr) (Weinbergl |1998; |(Gomez et al., 2013} Laporte et al., [2018a,b;
Antoja et al., 2018}, [2022)

Interestingly certain morphological asymmetries can result from the response of the disk to a density
wake formed in the host dark matter halo by an orbiting satellite (Weinberg, [1998)). Resonance dynamics
between a satellite and its host dark halo can generate a wake that can exert a torque on a disk (Weinberg,
1998}, Weinberg & Katz, 2007; Gomez et al., [2016; Garavito-Camargo et al., 2019, |2021). The resonant
response within the halo depend on the orbital frequency and trajectory of the satellite (Cho1 et al.,
2009). Therefore, the precise orbit of the satellite must be taken into account when studying the dark
matter halo wake. The resonance orbit between a satellite and its DM halo can satisfy the expression
[3Qpers = 11821 + 1HQy, where ) and €, are the radial and azimuthal frequencies of the satellite’s orbit,
and Q. is the perturber’s frequency (satellite). Here /1, I, and /3 denote the resonance order, with
| L |< 13 =1and 0 < I3 =1, where [ is the spherical harmonic of the perturber. If /; = 0, then the only
resonance occurs at Qy = Q,,,, representing the strongest resonances associated with corotation. For
a more detailed discussion of perturbation theory and resonance dynamics, see [Iremaine & Weinberg
(1984) and (Choi et al.| (2009). The amplitude of the resonance decays by a factor of 1/r/, where r is the
distance from the satellite (Weinberg, 1989). This implies that lower resonances dominate the resonant
satellite torque. Indeed, in Choi et al.| (2009), a number of resonances were examined in terms of energy
and angular momentum, and it was found that the resonance /1 = —1, [, = —2 and /3 = 2 dominates in
their analysis. The dipole (I = 1) and quadrupole (/ = 2) resonances are the most relevant and give the
strongest response.

In this chapter we study dark matter overdensity wakes to understand how torques from resonances can
perturb the baryonic component of MW-like halos. We seek to explore the relation between such wakes



CHAPTER 5. THE EFFECTS OF THE DM OVERDENSITY WAKES ON DISK GALAXIES 98

and the morphological asymmetries in the galactic disk. To achieve this, we analyze the gravitational
potential and dark matter density distribution of MW-like central subhalos from Auriga simulations with
their satellites, using BFE. This method allow us to dissect the potential and density fields of dark matter
component in different angular and radial terms. In section [5.2) we give a theoretical description of the
BFE and discuss its relevance in this work. The data parameters of the Auriga project and information on
the simulations used in this study are described in the chapters[5.3]and [2.4] The analysis and preliminary
results of this work are presented in section[5.4] The summary and future work are gave in Sec. [5.5]

5.2 Basis-Function Expansions

To study the potential and density fields of perturbed DM halos, we aim to analyze their perturbations
using a set of basis functions that decompose the potential and density field. We aim to identify the partic-
ular functions that characterize the perturbations associated with the overall halo potential. This function
identification is relevant for a comprehensive analysis of the halo perturbations and their impact on their
disk. The analysis of potential and density fields is complex, and a simplified decomposition facilitates
the study. It is therefore necessary to be aware of various techniques for calculating the potential fields
and individual forces acting on particles within a system.

BFE is a method to calculate density and gravitational potential by decomposing the density distribution
using a set of biorthogonal basis functions represented as {¢,(x),d,(x)}. The biorthogonal natur of the
basis functions guarantees that their inner product is the Kronecker delta (see more detail |Petersen et al.
(2022)):

/ dx 9,(x) dy(x) = 4TGB,y (5.2.1)
with G the universal gravitational constant. They also satisfies the Poisson equation,
V29, = 4nGd, (5.2.2)
Then, the density and potential fields can be approximated using a total of S functions, given by
S
P(x) =Y aud,(x) (5.2.3)
u=1
and
5 S
0(x) = Y audu(x), (5.2.4)
u=1

respectively. In these equations, a, corresponds to the amplitudes of coefficients for the u-th functions.
Considering the density distribution in a system of N particles as described as

N
p(x) =Y mid(x —x;) (5.2.5)
i=1

where my; is the mass of the particle and 6(x — x;) is the Dirac delta function in x; position, so a, is
equivalent to

N
a, = / dx p(x)y(x) = ;mi%(x,-). (5.2.6)
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These equations can be utilized by any technique and are collectively BFE method (Clutton-Brock, 1972,
1973} |[Kalnays,, 1976} Hernquist & Weinberg, 1992} [Earn, [1996; Weinberg, [1999; Lowing et al., [2011).
Broadly, there are three methods of biorthogonal basis function construction. The first category involves
constructing biorthogonal functions using the eigenfunctions of the Laplacian in some conic coordinate
system (Fridman & Poliachenko, [1984; [Earnl [1996). Although this method requires a large number of
terms, it is quite straightforward. The second method is derived from the integral form of the Poisson
equation for flat discs. For example, Kalnajs (1976) used Green’s function kernel to find two biorthogonal
sets: logarithmic spirals and a Jacobi polynomial set. Clutton-Brock (1972, 1973) derived biorthogonal
sets for 2D and 3D galaxy models through a Hankel transform. Additionally, other biorthogonal sets are
based on the Clutton-Brock formalism, which are derived for specific profiles. An example of this is the
Self-Consistent Field (SCF) Method (Hernquist & Ostriker, |1992; Lowing et al., 2011)), with the zeroth-
order model being a Hernquist| (1990) density profile. The third method of biorthogonal basis-function
construction involves using the Sturm-Liouville equation (SLE) to derive an empirical set of biorthogonal
functions (Weinberg, [1999). The Poisson equation is a particular case of the SLE, which is defined as:

L 1o P 419(0) = Mlx)o) (527
where A is a constant, and the weighting function satisfy w(x) > 0. The ¢(x) is the unknown function and
p(x), g(x) and w(x) are parameter functions related to lower-order term of ¢(x). The eigenfuntions ¢,
and eigenvalues A, of the SLE form (eq. a complete basis. This formally infinite series in u can be
subjected to truncation, as described by Courant & Hilbert (1989). Each of the independent equations for
a system of coordinates that separates the Poisson equation is in Sturm-Liouville form and can be solved
efficiently by numerical methods (e.g. Ixaru et al.,[1999). The lowest-order eigenfunction is u(x) which
is constant by construction, assuming an eigenfunction of the form ¢(x) = ¢, (x)u(x), where ¢,(x) is the
unperturbed potential for the galaxy density. Consequently, the equilibrium is exactly represented by one
term. The higher order basis functions are conditioned on the equilibrium.

When considering the Poisson equation in spherical coordinates, one can separate the variables in the
angular and radial terms. The solution takes the form of spherical harmonics for the angular coordinates
and Sturm-Liouville equation for the radial equation. In spherical coordinates, the weighting function
w(x) can be can be chosen to be an equilibrium solution of the Poisson equation. In this chapter, we use
the EXP code (Petersen et al., 2022), which takes advantage of this flexibility by choosing a weighting
function w(x) in such a way that the equilibrium potential can be represented by a single term (see
Petersen et al., 2021). The lowest-order term is designed to match the unperturbed profile, of which they
can accurately represent the potential on selected scales using only a small number of higher-order terms.
It is possible to represent the potential with high spatial accuracy as long as the structure continues to
resemble the initial model. Considering a spherical system, such as an NFW or Hernquist halo profile,
the Poisson equation can be separated into spherical coordinates. The angular solutions are defined as
P, where [ and m represent the degree and order of the associated Legendre polynomial, respectively.
Meanwhile, the radial separation follows the form of Equation where x = r. In this equation,
w(r) o< po(r)do(r) is used to provide an equilibrium solution of the Poisson equation, representing the
parameter corresponding to the unperturbed model.

Now, for the Poisson equation, let’s consider that ¢(r) = ¢o(r)u(r). Consequently, the coefficients in
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Equation become as follow:

p(r) =r*5(r) (5.2.8)
q(r) = [[(1+ 1)o(r) — V7o (r)r] do(r) (5.2.9)
w(r) = —4nGrido(r)po(r) (5.2.10)

For each [ and m, there exists an eigenfunction u{ () that corresponds to a solution of Equation and
its lower-order eigenfunction with A = 1 is u),(r) = 1 by construction. As j increases beyond 0, uy, ()

acquires an additional radial node. As a result, the potentials become q){m o< 0o (r)uy, (r) =07, (r)Pum(0,9).
Furthermore, radial boundary conditions can be readily applied at specified locations. This allows for the
expansion of nearly spherically symmetric systems, such as dark matter halos, into a concise representa-

tion using a limited number of spherical harmonics and radial functions.

5.3 Simulation data

As described in more detail in Chapter [2.4] the high numerical resolution of the Auriga cosmological
simulations allows to study the dark matter and baryonic distribution of simulated galaxies in great detail.
As a result, it serves as an ideal laboratory to study the formation of DM density wakes and their effect
on the galactic stellar components. In this Chapter, we use six Milky Way-like halos with M>oo ranging
from 10218 to 10'># M, and R, ranging from 312.6 to 370.9 kpc at z = 0. These halos contain more
than 10 particles in both the DM and stellar components, and correspond to third resolution level of the
Auriga project (1vl3).

To analyse the disk perturbations and the structure of the DM halo, we first rotate each halo such that
the embedded galactic disk are projected edge-on. To achieve this rotation, we select all stellar particles
within a 10 kpc projection in the X-Y plane. The youngest stars are associated with regions of star
formation and the cold gas disk, making them ideal tracers of the galactic disk. To correctly rotate the
disks, we include stars younger than 5 Gyr, utilizing their angular momentum. The rotation process is
iterative, with each iteration including the rotation of both stars and dark matter particles. Eventually, the
rotation plane of the disk aligns with the X-Y plane, and the Z-axis represents height. This rotation is
important for analyzing morphological perturbations of the disk, such as lopsidedness and warp, while at
the same time studying the effect of wake overdensities in dark matter halos on the stellar component.

5.4 Analysis and results

5.4.1 Spherical density model

As mentioned above, the EXP code uses the BFE method to expand the potential field of a particle
ensemble. These derived basis functions are estimated from an input mass distribution, which can be
represented either by an analytical model, such as the NFW or Hernquist profile, or by an empirical
profile corresponding to the radial mass distribution profile of the halo.

IFor more details about this method and the mathematics behind it, see Petersen et al.[(2021},2022) and [this webpage


https://people.astro.umass.edu/~weinberg/papers/SL_http/node4.html
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Au2l

=== Sph Density model at z=0.95
Sph Density model at z=0.35
=== Sph Density model at z=0

0.0 0.5 1.0 1.5 2.0 2.5
logior

Figure 5.3.1: Spherical density profiles of the dark matter distribution of the Au21 halo at three different redshifts.
From these profiles the potential and cumulative mass profiles are estimated, which are used to build the basis
functions of EXP.

In this section, we explore how to build suitable basis for the reconstruction of the potential and density
fields of the simulated DM halos, at each time step of the simulation. To achieve this, we built three
empirical models, each of them based on the DM particles of the central subhalo as identified by Subfind
(see Fig. [5.3.1). In this analysis we focus on the results for the Au21 halo because of its interesting
satellite interaction activity observed in different snapshots. This halo has a virial radius of Rypp = 349.25
kpc and a virial mass of Mgy = 10232 M.

The solid lines shown in Fig. [5.3.1|show the density distribution of halo Au21 at three different redshifts,
7=10,0.35,0.95. Notice that, as expected the extension of the DM halo of Au21 increases with time.
The density of Au21 in the earliest snapshot reaches 116.67 kpc, while in the present-day it extends to
347.22 kpc. The profile cover the radial extent out to RQOOEI of the corresponding redshift. We first start
by exploring the stability of the constructed bases as a function of time. To achieve this goal, we will
generate basis function at the three different selected redshift.

5.4.2 Building basis functions

We start by reconstructing the potential and density profiles described in the previous section. Both
potential and density profiles are scaled with respect to their structural parameters, such as Rygp and M»qo,
and from this scaling we compute the unperturbed potential and density profile inputs, ¢,,,4/(r) and
Pmodel (1), respectively. The lowest order monopole function (I = n = 0) is tailored to match the density
unperturbed profile of the target mass distribution such that pj,,(r) = pooo(r) = Pmoder(r) (similarly
for the potential, ¢;,,,). The basis functions for density and potential are calculated by EXP taking into
account that the angular dependence is described by spherical harmonics (P") and the radial dependence

ZRadius of a sphere centered at the center of the halo whose mean density is 200 times the critical density of the Universe.
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Figure 5.4.1: Basis function for the potential, which is the basis function built using the spherical density model
at z=0,0.35,0.95 (top left, top right, and bottom panels, respectively). Each panel shows the basis for the order
1=0,1,2,3,4, distributed over the fifty radial orders. The build of those basis functions have a truncation radius of

Ry of the corresponding redshift.
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is described by the eigenfunctions of the Sturm-Liouville equation (equation[5.2.7)) indexed by n. Similar
to previous models (Weinberg & Petersen, |2021; |Petersen et al., 2022), we truncate the expansion at
Imax = 4 and npax = 15 for all input empirical models to yield statistically significant coefficients. An
Nmax ~ 16 minimizes the signal-to-noise ratioE| and sets the gravitational resolution scale at approximately
20 pc, which is adequate for representing self-gravitating features capable of driving secular evolution.
Figure[5.4.1|shows the potential basis functions for each harmonic subspace (I =0, 1,2,3,4) as a function
of radius for different radial orders, n. Each panel represents the basis functions at different epochs. In
each harmonic subspace, the number of nodes increases with radial order n. Also, the radial difference
between the nodes decreases with the number of nodes

5.4.3 Density field reconstruction

To verify that the basis function is able to reconstruct the density field of the dark matter halo and compare
it with the Auriga data particles, we first create a volumetric density map using the dark matter particles
from the Auriga simulation. We use a 3D histogram method to construct the volumetric density to
compare with the BFE reconstruction. We consider thin slices of 100x100 bins of these volumetric
densities. Each slide has a width of 5 kpc. For each bin, the volumetric density represents the total mass
per unit volume. To reconstruct the density of the dark matter halo using the EXP code, we obtain the
coefficient amplitudes (equation using the previously defined basis functions by giving as input
data the position of the corresponding particles. For this comparison, we focus on the halo at z =0 and
its corresponding basis functions at the same redshift. From the coefficient amplitudes, the EXP code
reconstructs the density field (equation @) using the terms up to [, and ny,.. The reconstructed
density field map by EXP is the median of the density field values for the bins using the 3D histogram
method. In Figure we show the comparison between the surface density map using Auriga DM
particles, pauriga (left panels), and the reconstructed density field map (considering all orders, }_;,,,,, P1mn)
using EXP, Pgxp (middle panels). The right panels show the residuals between the two density maps,
defined as:

PAuriga — PExp

Pres=—7 —
PAuriga
Each row in the Fig. [5.4.2] corresponds to different slices positioned at different heights. Interestingly,
we observe low residual values in the inner regions. However, the values increase at larger radii due to
the presence of satellites or more significant substructures. The ring-like shape (top panels in the top
region) is due to the fact that the particles identified by SUBFIND were selected based on their greater
gravitational binding to the host halo than to the satellite itself. As a result, particles outside the satellite
are incorporated into the host halo. Regarding the increased values at large radii, this is also likely due to
the fluctuating particle count in the outskirts, rendering the Poisson noise relevant. This is noticeable in
the simulated volumetric density panels (pauriga, l€ft panels). In contrast, the reconstructed density field
map (Pgxp, middle panels) shows a smooth behavior at larger radii. This is because the pgxp is a smooth
function provided by the basis functions used, while p Auriga represents a limited sample of the underlying
density of the system.

5.4.1)

3The signal-to-noise ratio is defined as the ratio of the rotated coefficients to the square root of the estimated variance
normalized by the number of partitions. The number of partitions is defined as the square root of the number of particles.
More details in |Petersen et al.| (2022)
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Figure 5.4.2: Reconstruction of the density field of the halo at z = 0. Each row corresponds to the slice height of
the Au 21 DM halo: -208.2< z <-203.2 kpc (top panels), -3.2< z <1.8 kpc (middle panels), and 126.8< z <131.8
kpc (bottom panels). The left panels correspond to the surface density map of the slice using Auriga DM particles.
The middle panels show the median density map reconstructed by EXP. The right panels show the residuals between
the Auriga surface density map and the EXP estimation. The residuals show low error values in the center of the
halo, the error increasing at the outskirts and in the presence of substructures.
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Figure 5.4.3: Reconstruction of the potential field of the halo at z = 0. The left panel corresponds to the median
potential map using the potential values extracted from the Auriga catalog. The middle panel shows the median
potential map reconstructed by EXP. The right panel shows the residuals between the Auriga potential map and the
EXP estimation. The residuals are less than 18 percent and correspond to the satellites interacting with the central
subhalo and the baryonic component in the center of the halo, the rest are less than the 5 percent difference.

5.4.4 Potential field reconstruction

We also explore how well the basis function can reconstruct the potential field of the Au21 dark matter
halo, we use EXP to compute the coefficients (as described in Equation [5.2.6). We use the all positions
of the DM particles from the Auriga simulation at z=0. The potential field is reconstructed from EXP
considering the equation [5.2.3] In Fig. [5.4.3] we present a comparison between both potential field
maps. The left panel shows the median potential map obtained directly from the Auriga simulations. The
middle panel shows the reconstructed median potential map obtained from the EXP code. In both plots,
we constructed the potential maps using a 2D histogram. The right panel shows the residual between
these two potential fields, defined as:

o q)Auriga - q)EXP
res — —

(5.4.2)
¢Auriga

Interestingly, we observe that the residual does not exceed 18 percent error. The largest differences are
found in the northwest region, where the most massive satellite in the halo is located. In addition, the
central region has large residuals for two reasons. First, due to the presence of a smaller satellite in the
southwest region and, second, due to the contribution to the potential from the baryonic component of
the the host galaxy. This is included in the potential extracted from the numerical model but not in the
EXP reconstruction. Nonetheless, we can see from the regions where the potential is dominated by the
DM distribution, the BFE reconstruction provide a good representation of the DM halo potential field.
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5.4.5 Stability of the basis reconstruction over time

Similar to previous sections, we compute coefficients for the density field from the EXP code. For
this analysis, we construct basis functions of the DM halo density field at three different redshift, z =
0,0.35,0.95. We then use each of these basis to reconstruct the density field of the halo at the three z.
As an example, a z = 0 we derive a reconstruction of the corresponding DM density field using the basis
functions obtained at z = 0,0.35,0.95. Our goal is to characterize whether a set basis function, obtained
at a given time, can be used to reconstruct the halo at different times. This allows us to check the stability
of the sets of basis functions in time, so we can capture and interpret the time evolution of the halos
through of coefficients. Conversely, if the set of basis functions changes in time, the interpretation of
the coefficients becomes non-trivial. Similar to section [5.4.3] we obtain the density fields through the
equation from EXP code. Figures [5.4.45.4.5]/5.4.6| show a slice of the DM density field crossing
through the halo center. The values shown here are the normalized by the monopole term, allowing to
highlight asymmetries in the distribution:

Ap=—L 1. (5.4.3)

Po0o
Here p represents the overall reconstructed density field, for all m,/,n, and pggo 1s the lower-order
monopole density (I =n = 0). With Ap we can visualize, for example, the overdensity that is produced in
the DM halo when a satellite passes through it, as well as the triaxiality of the halo, among others features.
Figure [5.4.4] shows the results obtained when considering the distribution of DM particles at z = 0. The

top panels shows the results of reconstructing the density field with the three different basis; i.e. Apzb‘lblh 0,

Apzbas‘S =035 ApzbaS‘S_O 3 The lower left panel of these figures is the density map of the halo, while the
middle and lower right panels highlights the differences between the three Ap. For simplicity, the nota-
tion of these maps is the difference of the overdensity field from the set of basis functions at z with those

reconstructed from other z, Rp¥: = = Ap. Sl _ ApZass  For example, the bottom middle and right
panels of Fig. |S. 4 4| the difference between the overdensity fields are R8'35 Apzb‘“l‘ Apz"‘““ 035 and
R} = Apz"‘lblb Apz"’“lb 095 respectively.

At z =0 (Fig. [5.4.4) we note that the set of basis functions computed at z = 0 and z = 0.35 can reconstruct
the overdensity ﬁeld more correctly than what is achieved with the basis at z = 0.95. This can be seen
from the bottom middle and right panels. Note that Apzbam =035 shows very small residual, except for the

very outer region of the DM halo, where a wake can be seen in Apzt’*‘s‘S . At z = 0.35 the halo is less
extended than at z = 0. As a result, the higher z basis fail to accurately reconstruct the outer regions z =0
density distribution. The residuals are even larger for ApraS‘S_O 9 As previously discussed, the extension
of the halo at z = 0.95 is even shorter and, as result, the basis function fail to reconstruct the outer regions.
Note in the top right panel of Fig. that the density reconstruction of the z = 0 density distribution,
reconstructed with the z = 0.95 basis, is basically consistent with the monopolar distribution, completely
failing to capture the existing asymmetries and perturbations. For the intermediate snapshot of Au2l
at z = 0.35 (Fig. |5.4.5) we see similar results to the previous figure, with Apib:"‘gf;o'gs not recovering
the density field correctly. Note however that z=0 basis can reconstruct the overall z = 0.35 density
field, albeit a series of high frequency residuals. These residuals are the result of imposing a common
maximum number of radial orders when computing the two basis. As a result, the z = 0 basis, associated
with a more extended halo, contains more extended radial orders. Finally, the halo at z = 0.95 (Fig.
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Figure 5.4.4: Reconstruction of the overdensity field, Ap, of the halo at z = 0 using three different set of basis
functions (top panels). The color code corresponds to the value of Apib:“g“, with the sub-index indicating the epoch
of the halo and the super-index is the set of basis functions that was used. Additionally, the color range is fixed
between -1 and 1. In the bottom left panel, we display the surface density distribution using the Auriga particles at
z =0, while the bottom middle and right panels show the differences between Ap?ﬁ?{zo and the other homologous
parameters.

is the less extended, when compared to the other two distributions at lower redshifts. We note that Ap
can be reconstructed by the three sets of basis functions in this z. Notice that the color code remains fixed
between |Apredshitt| < 0.8, but the contours often exceed this range.

From [5.4.4] [5.4.3] and[5.4.6] we can conclude that the basis functions at z = 0 can reconstruct the over-
density field better than the other set of basis functions at the three considered times. The main reason
for this is that the configuration used to build the basis functions at z = 0 covers a larger radial range
(up to Ryo) than the others. However, the reconstruction of the overdensity field using the z=0 cannot
effectively resolve the small scale structure of the halo. In all set of basis functions, nn.x = 15 is used,
but with different radial ranges (0 to Rpgg of the corresponding z). This leads to different distributions
of radial nodes for each basis function set. To correct this issue, it is convenient to increase the value of
nmax for higher z snapshots. In a future analysis, we will explore how the basis functions rebuild the halo
using a fixed truncation radius and particles belonging to the FoF halo for any time. Considering these
results, we can use the coefficients at z = 0 to capture the time evolution of the halo.

.95

Lasis =
=0

Ap
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Figure 5.4.5: Reconstruction of the overdensity field of the halo at z = 0.35, the description is the same that Fig.
Zhasis=0.35 __ . . .
-, but we compare Ap_*35 " with the other sets of basis functions.
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Figure 5.4.6: Reconstruction of the overdensity field of the halo at z = 0.95, the description is the same that Fig.
, but we compare Ap o5~ with the other sets of basis functions.
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5.5 Discussion and Future work

In this chapter, we present the preliminary results of a comprehensive study of the distribution of DM
halos and their response when interacting with massive satellite galaxies. The main goal of this study
is to identify overdensity wakes in DM halos using basis function expansion analysis, which allows
us to expand the potential and density fields of an ensemble of particles. This method allows us to
characterize the harmonic orders that contribute significantly to the perturbation. As shown in Chapter 4]
morphological asymmetries, such as lopsidedness, are associated with less cohesive gravitational forces
and asymmetric DM halos. Interestingly, vertical patterns, such as corrugations and warps, may be
associated with a torque exerted on the embedded disk by the wake overdensity (Weinberg, 1998; Gomez
et al., 2016, 2017). This suggests a satellite-halo-disk interaction (Vesperini & Weinberg, 2000), where
the passage of the satellite’s pericenter can lead to significant quadripolar distortions.

These findings have motivated us to study in more detail how the DM overdensity wakes induced by
the passage of a satellite, can exert a torque on the baryonic disk. Our goal is to study the effects
of these torques on the galactic disk and whether these perturbations in the DM halo are associated
with morphological asymmetries such as lopsidedness and warps. To this end, we used state-of-the-
art cosmological hydrodynamical simulations of six MW-like halos from the Auriga project at level 3.
These are high-resolution zoom-in cosmological simulations that allow us to study the disk and DM halo
perturbations in great detail. The halos have virial masses in the range of 1 to 2 x 10'> M.

To decompose the potential and density fields of the DM halo, we used EXP, a powerful tool that uses
the BFE method. As described in Section[5.2] the BFE method is a technique that computes the potential
and density fields by projecting particles onto a set of biorthogonal basis functions (Eq. [5.2.1)) that satisfy
the Poisson equation (Eq. [5.2.2). In particular, in EXP the biorthogonal functions are described by the
solutions derived from spherical harmonics for angular coordinates and by the solutions of the Sturm-
Liouville equation for radial coordinates when spherical coordinates are considered. Consequently, the
basis functions are determined by constructing the lower-order monopole function as input, which cor-
responds to the radial mass distribution of the DM halo. In this way, EXP construct the basis functions
and estimates the coefficients for an ensemble of particles, allowing us to obtain the potential and density
fields decomposed into several radial and angular terms.

In this chapter, we presented preliminary work, where we computed set of basis functions at three dif-
ferent times, for the Au21 halo: z = 0,0.35 and 0.95. These sets of basis functions were derived from
spherical density models truncated at their respective Roog values. We reconstructed the density fields
relative to the density monopole, Ap, to identify DM overdensities using these three sets of basis func-
tions and compared between them. We repeated this analysis at the three redshifts mentioned above. Our
results show that the set of basis function derived at z = 0.95 does not correctly reconstruct the DM over-
density fields for later redshifts ( z = 0.35 and 0.95), but it performs well at its corresponding redshift. On
the other hand, in comparison with the other sets of basis functions, the set of basis functions obtained at
z = 0 correctly reconstructs the DM overdensity field for all redshifts. However, their overdensity values
are high at z = 0.35 and 0.95, suggesting to explore other values of 14y, Imax and other parameters of the
basis configuration. For example, we observe that the truncated radial order at npy,x = 15 is not enough
to reconstruct small scale structures in the inner regions of the halo. This suggests increasing nyax for
higher z distributions would be required. Overall, these comparisons show that the BFE reconstruction
by EXP provides a good representation of the DM halo density and potential field.
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As mentioned above, the main goals of this project are to identify overdensity wakes in the dark mat-
ter halo and to understand how the torque induced by these wakes is linked to asymmetric features in
the baryonic component. To achieve this, it is necessary to aisle the overdensity wakes through time
and estimate the torque they exert on the embeded disc. Our results will significantly contribute to the
understanding of the halo-disk connection in the evolution and history of MW-like disk galaxies.



Chapter 6

Summary

The study of galaxy formation and evolution can be traced back to around 1920, during a significant event
known as the Great Debate, involving two astronomers, Harlow Shapley and Heber Curtis. This debate
was about the nature of our own Galaxy and the size of the Universe. Significant progress with regards
to those question was made years later thanks to the pioneering work of Edwin Hubble and Henrietta
Swan Leavitt, who measured distances using variable stars and their period-luminosity relationship. This
provided the fundamentals behind the definition of a galaxy as a bounded system of stars and gas, far
away from our “island universe” (now the Milky Way galaxy, MW), an "isolated micro-universe”.
Galaxies in the Universe exhibit a wide range of shapes, sizes, and colors, and they are arranged hierar-
chically. When we examine many of these galaxies, taking into account their velocity (using the Doppler
effect) and their distance, we observe a fundamental pattern: galaxies that are farther away are receding
from us at a faster rate than those that are closer. This observation not only indicates that the entire
Universe is expanding, at a rate of about 67.8 km g1 Mpc_1 (Planck Collaboration et al., |2020), but
it also implies that if we were to rewind time, we could infer that the distance between galaxies would
be closer, indicating a previous state of higher cosmic density. This phenomenon leads us to consider
the idea that at some point the universe experienced a state of greater compactness, initiated with what
we know now as the Big Bang. During this primordial era, the universe was extremely hot and dense,
but as it expanded, it also cooled (more details are discussed in Chapter [I)). One of the most iconic mo-
ments corresponds to the first recombination era, when the Universe had cooled enough for photons to
move freely, filling the Universe isotropically and homogeneously. This is now referred to as the Cosmic
Microwave Background (CMB) radiation (Penzias & Wilson, [1965). The CMB plays an important role
in astronomical observations because it provides information about the history and evolution of the Uni-
verse. It is a valuable window into the composition of the early Universe, providing insight into the initial
conditions of the universe. This information is crucial for understanding the formation and subsequent
evolution of galaxies, and therefore, it constitutes one of the fundamental hypotheses upon which this
thesis is built.

Throughout the 20th century, astronomers studied the structure, evolution, and properties of galaxies in
great detail, leading to the development of extragalactic astrophysics as a field in its own right. However,
as in all areas of astronomy, this would not have been possible without observational data. In recent years,
the amount of astronomical data available has increased exponentially. Remarkable galaxy surveys have
not only put theories and models to the test, but have also set the stage for further growth in the wealth
of information. In the coming years, we expect to explore the observable universe with unprecedented
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precision. This exploration will span a wide range of wavelengths and include deeper observations,
driven by the advent of groundbreaking galaxy surveys such as the Legacy Survey of Space and Time
(LSST; LSST Science Collaboration et al. (2009)) and the Sloan Digital Sky Survey (SDSS; York et al.
(2000)), which have pushed the limits of our empirical understanding of galaxy formation and evolution.
These surveys allow us to study the morphology of galaxies and the origin of their perturbations, a topic
closely related to the objective of this Thesis. The distribution of stars and their content is highly relevant
for understanding various physical processes and their interaction history. Surveys such as MANGA
(Bundy et al.,|2014) and CALIFA (Sanchez et al., 2012) allow us to explore chemical abundances, stellar
ages, kinematic properties, among others. This has allowed the community to characterize stellar density
profiles of external galaxies, and study their relation with the chemical and age distributions (e.g., Ruiz-
Lara et al.,|2016,[2017b)) incorporating diverse evolutionary histories of galaxies. Current and near future
observational studies of the kinematics and structure of the stellar halo, such as Gaieﬂ Gaia Collaboration
et al.| (2016, 2023), LAMOST (Cui et al., [2012; [Zhao et al., 2012), DESI (DESI Collaboration et al.,
2023), H3 (Conroy et al., 2019), among others, reveal the structure and kinematic state of the stellar
halo of the MW galaxy. The halo of the MW store relevant information about their merger history,
the interaction with other galaxies in the past and currently. The mentioned surveys offer us invaluable
information, allowing us to detect the kinematic signatures which could be induced by the response of our
dark matter halo (e.g.|Garavito-Camargo et al.,[2019) to the recent interaction with the Large Magellanic
Cloud. This drove the analysis presented in this Thesis with regards to perturbation in the DM distribution
and their gravitational perturbations.

At the same time, the development of galaxy formation models has progressed significantly over the last
few decades. Hydrodynamical simulations have evolved to the point where they can simulate substantial
cosmic volumes while self-consistently incorporating intricate algorithms for modeling complex baryonic
physical processes. New simulations such as EAGLE (Schaye et al., 2015)), Illustris-TNG (Nelson et al.,
2018, 2019b), and Auriga (Grand et al., 2017)) have revolutionized the study of galaxy formation and
evolution. These simulations provide an extensive numerical database for studying the birth and evolution
of galaxies in a wide range of environments, from isolated galaxies to massive galaxy clusters.

With all these technological advances, astronomy has advanced by giant leaps in many areas. It is con-
stantly trying to answer the fascinating questions we ask about the Universe and its components. As
one question is answered, another question arises. Much remains to be explored in the field of galaxy
formation and evolution, in particular the role of dark matter in the evolution and formation of galaxies,
or the role of the environment and how it affects galaxies. To understand the formation and evolution
of galaxies, it is therefore necessary to have access to both, high resolution observational and numerical
data. Such data can allow us not only to characterize in detail important overall properties of galaxies,
such as morphology, density and metallicity profiles, but also perturbations within them. For instance,
as discussed in this Thesis, lopsidedness, a form of morphological asymmetry where the disk display a
distribution of stars and gas more elongated on one side than the other. To study this asymmetry through
numerical models it is necessary to have well resolved galaxies, with a sufficient number of particles
allowing us to explore their outskirts. Lopsidedness is relevant to explore because it is one of the most
common morphological asymmetries in late-type disk galaxies, with about 30 percent of them display-
ing this perturbation. Indeed, observational results suggest that the Milky Way displays lopsidedness
(Kalberla & Dedes, 2008). Furthermore, the study of stellar populations in a disk galaxy, including stel-

Thttps://gea.esac.esa.int/archive/documentation/GDR3/index.html
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lar mass profiles, metallicity and age gradients, and others, provides valuable information to understand
the interaction history of galaxies with their environment. In this context, morphological perturbations
such as lopsidedness, warps, or vertical corrugations may result from interactions with other galaxies,
such as mergers, flybys by massive satellites, gas accretion, even the disk’s response to a density wake
formed in the host dark matter halo. Thus, both the content of the stellar populations and their morphol-
ogy may be related to the formation history of their galaxy. In this thesis, we address these research
questions using high-resolution cosmological simulations and contrast them with observational results.
With the goal of understanding the origin of the different stellar distribution on disk galaxies, in Chapter
B3] (based in [Varela-Lavin et al, (2022)) we studied the surface density profiles (X) of disk-dominated
galaxies selected from the largest volume simulation of the EAGLE project. Our goal was to explore if
different density profiles, £(r), can be associated with different evolutionary histories and present global
properties. To do this, we classified the sample of simulated galaxies into three different types (TI,
TIIL, and TIII) based on their X(r). We correlate these different density profiles with their morphology,
stellar age profiles, star formation rate (SFR) surface densities, mono-age stellar distributions, and the
variation in their vertical height and dispersion. The study showed that EAGLE disks have the expected
X (r) distributions, with TIII and TI being the more common types. It was found that there is a correlation
between morphology (quantified by D/T) and disk types, with TII disks being more common in late-type
spirals, while TT and TIII disks are commonly found in early-type spirals, in agreement with observational
findings. The analysis also revealed a correlation between the inner disk scale lengths and the stellar spin
parameter (A) for all three disk types, with TII discs having the largest inner disk scale lengths. We
also identified four types of age profiles in the discs: negative, U-shaped, positive, and A-shaped age
profiles. The U-shape age profiles were characterized by a significant increase in star formation activity
in the inner regions of the disc, along with a higher contribution of intermediate age populations in
the outer regions. In TI discs, dominated by U-shape and negative age profiles, the mono-age stellar
populations showed an inside-out formation scenario, with Xgrr profiles decreasing systematically with
increasing galactocentric distance. Star formation in the inner regions was attributed to interactions with
nearby galaxies and radial migration. TII discs showed mainly negative or U-shaped age profiles, with
the change in the slope of the age distributions resulting from a lower contribution of young stars. TIII
discs showed an up-bending of their profiles, accompanied by a sharp decrease in the fraction of old stars
within the Ry, . These discs appeared to be more stable to perturbations driving gas inflows into the inner
regions, possibly due to accreted material from interactions or minor mergers in the outer regions.

As just discussed, the study of galaxy morphology provides another way of analysing the physical mech-
anism that redistribute the stellar and gas material within them. A fundamental question in this context is:
“ What is the importance of the morphological perturbations in the galaxy history, and what distinguishes
galaxies that exhibit perturbations from those that do not?” With this in mind, in Chapter §] (based in
(Varela-Lavin et al., [2023)), our main goal was to explore lopsided perturbations in disk galaxies, i.e.
galaxies that exhibit a global m = 1 non-axisymmetric perturbation in their stellar mass distribution. We
focused our analysis on a sample of 240 disc- dominated Milky Way-like mass central subhalos obtained
from the fully cosmological hydrodynamical simulation, TNGS50, of the IllustrisTNG project. This sam-
ple contains stellar masses between 10° and 10'12 M. Similar to the observational studies, there is
an increase in their lopsided amplitude with radius in the outer disk regions (r = 0.5R»¢.5). In addition,
lopsided galaxies showed a nearly constant or slightly varying radial distribution of phase angles, indicat-
ing a slow winding of the phase angle in the outskirts. Contrasting symmetric and asymmetric/lopsided
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galaxies, we analysed their structural parameters such as stellar half-mass radius (R%), total stellar mass
(M,), central surface density (u,), and stellar concentration (C,). We found that lopsided galaxies tend
to have more extended central regions. We demostrated that lopsided discs systematically show lower
Uy values than their symmetric counterparts. This trend is also being seen at different redshifts. These
results are consistent with previous observations based on SDSS data (ROS)), and suggest that lower cen-
tral densities renders galaxies more susceptible to lopsided perturbations. We have further explored the
gravitational cohesiveness of the halos in which the sampled galaxies reside. For this purpose, we con-
sider their baryonic and dark matter components. We find that lopsided galaxies tend to have weaker
gravitationally cohesive halos compared to their symmetric counterparts. Interestingly, we also note that
the halos of lopsided galaxies tend to be asymmetric and have higher spin. The latter suggests that lower
usxand larger extended galaxies are more likely to reside in less gravitationally cohesive halos. In this way,
compact or strongly cohesive disks are likely to be associated with low spin in the halo. There are several
mechanism that can give rise to extended discs. As discussed in (Grand et al. (2017), large disks could
be formed by quiescent mergers, bringing high angular momentum material into the pre-existing disk. In
addition, it has also been shown that halos with larger spin are likely to host more extended discs. On the
other hand, strong mergers and strong AGN feedback can significantly reduce the final disk size by either
destroying the pre-existing disk or by inhibiting gas accretion to the outskirts. These results suggest that
weakly gravitationally cohesive galaxies are more likely to develop lopsidedness in their galactic discs.
Galaxies with these characteristics are susceptible to gravitational perturbations from various cosmolog-
ical events, such as minor mergers, fly-bys with other galaxies, among others. The study presented in
Chapter 4] suggest a intrincate connection between the disk and halo.

Disk galaxies can present a variety of morphological asymmetries, such as warps or corrugations. Some
studies suggest that these types of vertical distortions may be related to gravitational interactions between
a satellite and its host. These same interactions can yield resonances that affect the distribution of its dark
matter halo, causing overdensity wakes. In Chapter [5] of this Thesis we studied the DM distribution and
their response to satellite passages near central galaxies. The study aims to identify DM overdensity
wakes using basis function expansion of the DM potential-density pair to shed light on the harmonic
orders that contribute significantly to perturbations in the embedded galactic discs. More precisely, this
analysis also seeks to quantify the effects of the torques arising from these perturbations, and whether
they are associated with asymmetries, such as lopsidedness, warps, and others. The study uses state-
of-the-art cosmological hydrodynamical simulations of Milky Way-like halos from the Auriga project.
These simulations provide high-resolution data for halos in the mass range of 1 to 2 x 10'> M. To
decompose the potential and density fields of the DM halo, our study uses the EXP tool, which employs
the Basis Function Expansion (BFE) method. This method projects particles onto a set of biorthogonal
basis functions to compute potential and density fields, dissecting them in several terms with different
power. The preliminary results of this study indicate that the set of basis functions obtained by EXP at
z =0 can reconstruct the density and potential fields of the dark matter halo better than other sets of basis
functions generated at earlier time. This is because at earlier times halos are less extended. Thus, those
basis constructed fail to accurately reconstruct the outer region of the more extended halos at later times.
The results presented in these Thesis open several new paths to develop in the future. The preliminary
analysis presented in Chapter [5| has shown that BFE reconstruction of DM halos represent a powerful
tools to characterize the onset of density perturbations and their impact on galactic discs. As a result
it could allow us to understand the link between the torque induced by the wakes with morphological
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perturbation in the disk, such as lopsidedness, warps, vertical corrugations, among others. The BFE
method could also be applied to potential density pair associated with the host galactic disc. This would
allow us to explore the distribution of the barionic component in different terms or sets of basis functions.
As we discussed previously, highly gravitational cohesive galaxies could be correlated with strong AGN
activity, in contrast to less cohesive galaxies, which are associated with lopsidedness. It will be interesting
to study the correlation of AGN activity and galaxy morphology perturbations such as lopsidedness.

As presented in this thesis, we have explored the different behaviors of stellar density profiles and lop-
sidedness as a morphological perturbation in the stellar component. The physical processed driving these
galactic characteristics, as well as their connection with their environment, are likely to similar. There-
fore, it is important for future work to perform an analysis that connects both behaviors of the stellar
component in order to unravel the different evolutionary histories of these galaxies.
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