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Abstract

Bars are truly common objects among disc galaxies. Even though it is now
commonly accepted that non-axisymmetric structures could deeply affect the
life of isolated disc galaxies, by shaping their stellar and gaseous distribution,
some fundamental aspects of their formation and growth are still debated.
In particular, only recently, numerical simulations have reached the needed
accuracy and technological level to detail such processes in a fully cosmological
context.

The following manuscript is divided in two parts, in which I contribute to
the study of bar formation and evolution through the use of state-of-the-art
hydrodynamical and cosmological simulations.

In the first part of my work, I investigate the influence of tidal encounters
on either unbarred, or already barred systems. To do this, I take advantage of
two specific simulations belonging to the Eris suite — ErisBH and Eris2k — which
evolve two Milky Way-sized barred galaxies in their cosmological volume. I
both analyse the direct output of these simulations, and run a sample of new
cosmological zoom-in simulations, by altering the original history of galaxy-
satellite interactions in the ErisBH run. I study the major dynamical events in
the evolutionary history of the galaxies, both to characterise the actual trigger
of a non-axisymmetric perturbation and to evaluate the response of an already
formed bar to subsequent encounters.

In the second part, I focus on the effect of the different feedback prescriptions
implemented in the ErisBH and Eris2k runs. The enhanced feedback in the
Eris2k case slows down the mass growth of the stellar disc and results in the
creation of a very different bar structure with respect to its ErisBH counterpart.

My conclusions depict a scenario where, once the disc has grown to a
mass large enough to sustain global non-axisymmetric modes, bar formation
is inevitable and tidal encounters have, in general, a destructive effect on the
two-fold overdensity, either by slowing down its growth, or by undermining
its structural integrity. In addition, the self-gravity of the disc and its interplay
with various internal processes (implemented in numerical simulations through
sub-grid receipts), seem to be the main drivers of bar formation and growth.
I confirm the importance of accurate feedback prescriptions in cosmological
zoom-in simulations on the investigated processes, and propose a possible use of
a statistical sample of barred galaxies to quantitatively assess this dependence.
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Introduction

mongst the wonders of the Universe, barred galaxies show some of
the most fascinating beauty, maybe because of their dominant sym-
metry within the galactic disc. Figure 1 depicts one of the most pop-
ular and representative barred galaxy ever observed, NGC-1300, in the Eridanus
Cluster, where all the elegance of this kind of objects immediately strikes the
observer. However, not every bar is a massive large-scale structure as NGC-1300.
Actually, they range from minimal nuclear structures, till the enormous systems
which completely dominate the host disc and which cannot be studied just as
simple perturbations of otherwise axisymmetric potentials. A wide variety of
properties, such as their extent with respect to the galaxy, the possible presence
of rings or spiral arms that directly arise from the bar itself, and the gaseous
content of the host system, are usually catalogued in order to characterize bars,
which can then be found in all types of disc galaxies along the Hubble sequence.
Since the seminal papers by Hub-
ble (1936) and de Vaucouleurs (1959),
bars have been considered major ac-
tors in the long-term evolution of spi-
ral galaxies (Binney and Merrifield,
1998; Elmegreen, 1998; Kormendy
and Kennicutt, 2004; Combes, 2004;
Kormendy, 2013). Indeed, they ex-
ert a significant torque over the ma-
terial orbiting in the disc and, thus,
allow both to redistribute angular mo-
mentum and to transport stellar and  Figure 1: SB(s)bc galaxy NGC-1300; Hubble
gaseous components on local and Space Telescope image.
global scales (Tremaine and Wein-
berg, 1984; Lynden-Bell and Kalnajs, 1972; Athanassoula, 2003). The frequent
occurrence of barred system, whose fraction measures more than 30 per cent of
massive galaxies (Laurikainen, Salo, and Buta, 2004; Nair and Abraham, 2010;
Masters et al., 2011; Lee et al., 2012; Gavazzi et al., 2015; Consolandi, 2016) when

xi



xii Introduction

observed in optical, but rises for near-infrared images (e.g. Eskridge et al., 2000;
Menéndez-Delmestre et al., 2007), has promoted a wealth of observational and
theoretical studies focussed on the effects that such non-axisymmetric structures
can have on the galactic constituents. These include pre-existing components
(e.g. Litticke, Dettmar, and Pohlen, 2000; Bureau and Athanassoula, 2005; Ko-
rmendy, 2013) and newly formed stars (Ho, Filippenko, and Sargent, 1997;
Martinet and Friedli, 1997; Hunt and Malkan, 1999; Laurikainen, Salo, and Buta,
2004; Jogee, Scoville, and Kenney, 2005), as well as diffuse gas (e.g. Sanders
and Huntley, 1976; Roberts, Huntley, and van Albada, 1979; Athanassoula, 1992;
Cheung et al., 2013; Fanali et al., 2015; Hakobyan et al., 2016) and dust (e.g.
Consolandi et al., 2017).

Even though, by now, the study of bars and of their complex interplay with
the host system has become a key factor in modern galaxy evolutionary theories,
we are still far from a complete understanding of the precise dynamical nature
of barred galaxies. Only today we are closing the technological gap which
had hitherto prevented numerical simulations from accurately investigating
some of the most puzzling problems. Moreover, the distance of the objects,
the impossibility to observe a galaxy with more than one line of sight, the
parametrization of the dark matter contribute, etc. remain hardly-to-overcome
issues and make even observations rarely able to provide the precise three-
dimensional mass distribution of a galaxy (hence its potential), thus leaving the
outcomes of the latest computational experiments still unconstrained.

In this work I contribute to the study of the processes of bar formation and
evolution, by means of state-of-the-art numerical simulations. In chapter 1, I
introduce the subject of galactic bars, starting from the Hubble morphological
classification and discussing both the main observational properties of bars
and their known effects on the host environment. In chapter 2, I provide a
brief analytical description of barred potentials in the epicycle approximation
and define some fundamental quantities needed for the following analysis. In
chapter 3, I outline the role of N-body simulations in modern-day investigations
and the latest theories about the origin and the growth of bars. The set-ups
of the cosmological simulations analysed are detailed in chapter 4, along with
the architectures of the adopted codes. The study of the simulation outputs
are presented in the following three chapers. In particular, in chapter 5 and
chapter 6, I focus on the effects that tidal perturbations have, either on an
axisymmetric galaxy, or on an already barred system, respectively. In chapter 7,
I study the influence of different sub-grid prescriptions on large-scale bars and,
tinally, I draw my conclusions in chapter 8.



Chapter 1

Barred galaxies: morphology and
observations

In this introductory chapter, I review the basic observed properties of bars
and their hosts. In particular, in § 1.1, I introduce the morphology classification
of galactic objects, which is necessary in order to discuss how the observative
campaigns contribute to our understanding of barred systems (§ 1.2). Finally, in
§ 1.3, I summarise the main effects induced by bars on their galactic hosts.

1.1 Classification

The morphological classification, proposed by Hubble in 1926 (Hubble, 1926),
completed in 1936 (Hubble, 1936) and then further developed (the final version
is shown in Figure 1.1), divides regular galaxies into three main classes based
on their visual appearance: ellipticals, lenticulars and spirals. There is also a

Figure 1.1: Enriched Hubble’s classification scheme.
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Figure 1.2: Three-dimensional scheme proposed by de Vacouleurs in 1959 for galaxy
classification (de Vaucouleurs, 1959).
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fourth class containing galaxies with an irregular shape. Ellipticals are marked
with the letter E and separated among them with a number ranging from 0 to 7
to identify the ellipticity degree (EO galaxies are almost spherical, while E7 are
highly flattened). Lenticulars, named SO and SB0, have a disc-like structure with
a central spherical bulge and do not exhibit any spiral pattern. Each of these
two types is further divided into three subclasses designated by the indices 1,
2, 3. The SBOs show a bar that crosses the nuclear region and their subclass is
defined according to the prominence of this bar; for the SOs, subclassification
is determined by the presence of gas and dust in the disk. Otherwise, spiral
galaxies are marked with letter S and divided into two families: the barred
spirals (SB) and the classic ones (S). Each of these classes is then characterized
by a letter to indicate the arms aperture and the bulge importance (from ‘a’
to ‘¢’ to mark an even increasing arms aperture and reduction of the bulge
size). Elliptical and lenticular galaxies form the category of early type galaxies,
while spirals belong to the late type galaxies. Although this nomenclature
could suggest otherwise, Hubble was not intended to indicate any evolutionary
scenario with his classification: this is still debated.

However, the great variety of morphological features found across all cate-
gories required the classification to be more precise and detailed. This is the case
of the classification scheme introduced by Gérard de Vaucouleurs in 1959 (de
Vaucouleurs, 1959) and widely used as an extension for the Hubble sequence.
In this system de Vaucouleurs (Figure 1.2) adopted Hubble’s main classification
into elliptical galaxies, lenticulars, spirals and irregulars, but introduced a more
elaborate organization for spiral galaxies based on three distinct morphological
features, namely the presence (or absence) of the bar, rings-like structures and
spiral arms. In the new description, though it remains still a subjective classifica-
tion criterion, the morphological bin has been refined admitting the intermediate
categories “ab’, ‘bc” and ‘cd” among the previous ones according to the tightness
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of the spiral arms; the notation SA is introduced to indicate the classical spiral
galaxies along with the barred ones (still identified by the Hubble’s notation
SB). It was also included an intermediate class (SAB) for slightly barred galaxies.
Even Lenticular galaxies are separated between Barred (SB0) and classic (SA0)
and notation S0 is exclusively reserved for those objects in which the presence
of a bar could not be detected (this is often the case of an edge-on observed
galaxy). Moreover, galaxies are also discriminated depending on the presence
of rings-like structures (r), their absence (s) or the usual intermediate case (rs).
The new classification includes different additional spiral classes (and their
relative barred counterparts): the Sd galaxies (5Bd), i.e. diffuse galaxies with
clumpy arms and a very tenuous central bulge, the Sm' galaxies (SBm), irregular
galaxies apparently without any evidence of a bulge and Im galaxies, or very
irregular galaxies with no recognizable structures.

In this work I will focus on disc galax-
ies, that are spirals and lenticulars.
These type of objects show sometimes
a more or less pronounced bulge,
mostly composed by older stars (Pop-
ulation I1%), but their main compo-
nent is a large rotating disc relatively
thin, consisting of young stars, vari-
able amounts of gas (mostly molec-
ular and atomic hydrogen) and dust.
All these peculiarities are evident in
Figure 1.3. The distinctive feature
of this kind of galaxies is definitely
the fundamental role of the angular
momentum, which gives the object
its characteristic axisymmetric shape,
separating it from the other morphological type, the ellipticals, whose mass
distribution is determined by the isotropic motion of the stars. Discs and bulges
are embedded within a dark halo which encompasses the vast majority of the
galactic mass. It extends well beyond the edge of the visible galaxy and is
connected to the neighbouring haloes through long dark matter (DM) threads.

Figure 1.3: Typical disc galaxy NGC-2903,
SB(s)d. Hubble Space Telescope
image.

The formation and growth of a flat astrophysical systems supported by
rotation, like the galactic disc of Figure 1.3, are slow, adiabatic processes (Choi
et al., 2006). They occurs through the dissipational collapse of a gas cloud
which originally had a non-zero initial angular momentum and for which
radiative cooling is very effective. Such a cloud will radiate away its binding
energy and shrink, approaching its lowest-energy state. If the radiation field
originated from cooling is roughly isotropic, it does not carry away much

IThe The “m” stands for “magellanic” since the prototype of this type of galaxies is the Large
Magellanic Cloud.

2Stellar population class is assigned through the analysis of the stars chemical composition. The
Population II stars are very ancient objects that formed in the early Universe, when it contained
only small fractions of elements other than hydrogen and helium.
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angular momentum, causing the cloud to conserve it during the contraction.
The final structure is a rotating disc, since in such configuration the angular
momentum of each mass element points in the same direction (the angular
momentum in the other directions has been cancelled out), whereas the density
distribution is determined by the efficiency of the angular momentum transfer
process (viscosity may play an important role in regulating this transfer; see, e.g.
Mo, van den Bosch, and White 2010).

Many disc galaxies own a central bulge, i.e. a smooth ellipsoidal® concen-
tration of stars, which stands out compared to the flatness of the disc. The
formation of the bulge is not fully understood, but today it is largely accepted
the difference between (i) classical bulges, resembling small elliptical galaxies
and presumably formed in an analogous way,* and (ii) pseudobulges (see, e.g.,
Kormendy and Kennicutt, 2004), slowly formed through secular dynamical
processes and strictly connected to the presence of a bar (see § 3.4.1).

Provided that the galaxy has enough time to evolve (without any violent
encounter with other comparable-mass objects), inner disc dynamical processes
could trigger a self-powered reaction which makes many stellar orbits precede
together, giving rise to some periodic patterns, such as spiral arms, or galactic
bars. From a structural perspective, bars can be viewed as a triaxial bulge,
hence the distinction between these two stellar systems is very fleeting. Indeed,
Hubble morphological definition depends basically on the view angle.

1.2 Observations

Since the first detections, it was therefore clear that self-gravitating discs
were able to sustain long-lasting structures such as bars. Over the years, the
development of observational techniques allowed to significantly improve our
knowledge of these common objects.

1.2.1 Imaging

Mapping the light distribution of a galactic objects gives a lot more than
a simple, albeit lovely, image, as those in Figures 1 or 1.3. Despite DM is an
omnipresent component, which dominates the galaxy dynamics in its outer
parts, the potential well remains effectively constrained by the visible matter in
the central kpc, and this is a great advantage to study the structures forming in
the inner disc.

Given the inherent asymmetry of a barred galaxy, some procedures, such as
the extraction of a luminosity profile and the deprojection of the image are much
harder for a strong barred object with respect to a completely axisymmetric
system. In general, the inclination of the system is deduced from the galactic

3Bulges and elliptical galaxies are frequently addressed as spheroidal stellar systems, even
though their shape is not necessarily close to mathematical spheroids.

#Le. through violent events, as mergers between two progenitors of comparable mass (major
mergers), when the release of orbital energy highly boosted the star formation (SF from now
on) rate in the gas clouds of the progenitors.
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axis ratio® in the outer regions, as far as possible from the bar influence range.
This can be made since the bar major axis is always shorter than the diameter
of the host galaxy, with a dependence on the morphological type (the earlier
is the type of the galaxy, the higher is the ratio between the bar length and
the host galaxy size; see, e.g. Athanassoula and Martinet, 1980; Elmegreen and
Elmegreen, 1985).

For similar reasons, even the extraction of the information on the bar (e.g.
the luminosity fraction of the stellar bar over the whole galaxy) within the
host disc is a delicate operation and does depend on the model used for such
the decomposition. Among the employed methods (e.g. Crane, 1975; Duval
and Athanassoula, 1983; Blackman, 1983), the Fourier decomposition of the
light distribution (that also corresponds to the main strategies applied in the
numerical simulations discussed in this work; see § 3.2) is one of the most
successful procedure (originally proposed by Elmegreen and Elmegreen, 1985),
since it does not assume any particular shape for the components and it easily
supplies some fundamental parameters of the non-axisymmetric structures
investigated, such as the strength and the size.

As discussed in § 1.1, in (near) face-on projected galaxies, the bar is easily

discernible and an analysis can be performed on the light distribution as a
function of the distance from the centre of the system. On the contrary, in edge-
on galaxies, even though the imaging would give fundamental information in
order to study the otherwise unknown vertical profile of the structure, a bar
would be unnoticed.
In this kind of objects, the central bulge (when this is present), is not always
identified with a simple spheroidal or ellipsoidal component, but frequently
appears to be more “boxy” or “peanut-shaped” (or even X-shaped in some
cases). It was proposed by Combes and Sanders (1981) that these particular
stellar overdensities are closely related to the presence of a bar when this is
seen edge-on. It was later suggested that these so called “boxy/peanut” bulges
are the direct result of a vertical instability, occurring within the bar itself
(Athanassoula, 2008a, e.g.), which thickens the central part of the structure and
decouples it from the disc (see also § 3.4.1.1).

1.2.2 Spectroscopy

The kinematics of galaxies is commonly investigated through spectroscopy by
subtracting the cosmological redshift and measuring the Doppler shift due to the
relative motions of emission (or absorption) lines from the gaseous and stellar
constituents. Whereas the multitude of emitting components in the system
(stars, dust and various molecules with different bound energy) allows to probe
the motions at different galactic radii,° when the gas fraction is prominent in

°It is assumed the galaxy to be a perfect circle with a certain projection angle. Nonetheless, this
is not always true, since the disc could be intrinsically elliptical or could bring the signs of
some dynamical perturbation.

®For instance the HI line at 21 cm is emitted farther with respect to the galaxy optical radius
and its observation is the techinique that permits to map the kinematics at the largest distance
from the centre.
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the galaxy (such as in a late-type galaxy), the kinematics is usually measured
via the bright emission lines of the gaseous medium. On the other hand, the
limited amount (if any) of gas in early-type galaxies forces to focus on the stellar
motion and this is done by measuring the width of the typical absorption lines
of stellar atmospheres such as the H, K lines or the Na, MgII or Call triplet.

Spectroscopic measures are often necessary in order to discriminate between
late and early-type galaxies. Although, it is clear that the former are rotationally
supported systems, the classification of early-type galaxies has not been always
straightforward because of the confusion among ellipticals and lenticulars.
Unless clear disc features (e.g. spiral arms or bars), a face-on projected elliptical,
supported by the random motion of its stars, would be indistinguishable from a
rotating disc, if the kinematics data are not available.

The main difference in the velocity fields between barred and unbarred
galaxies, is the presence, in the former systems, of significant non-circular
streaming motions, especially in the region dominated by the bar (Kormendy,
1983). Even though these features are clearly difficult to detail, for the non-
axisymmetric distribution of the mass (hence of the light), it is nowadays evident
that a bar can exert a sufficiently strong torque in order to force the stars and
the gas to flow on elongated orbits along the bar.

20
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Figure 1.4: Comparison between NGC-7321, SBc galaxy (top row) and the axisymmetric
NGC-1056, SAa galaxy (bottom row). From left to right: SDSS (igr) com-
posite images with a side of 2 arcmin, H,, velocity fields from the CALIFA
survey, and related two-dimensional fits. The complete figure is provided
by Holmes et al. (2015). The bar of NGC-7321 clearly induces non-circular
motions visible both in the H, velocity map and in the corresponding fit
with the "S-shaped’ feature along the minor axis in the central 20 arcsec.

The study of the kinematics of gas (rather than of stars, since gaseous
emission lines are easier to measure with respect to the weaker and broader
stellar absorption lines) produced in the years undisputed evidences of these



1.3. Bar effects 7

stream flows (see, e.g., Weiner, Sellwood, and Williams, 2001; Hernandez et al.,
2005; Spekkens and Sellwood, 2007; Sellwood and Sanchez, 2010).

A notable case is provided by Holmes et al. (2015), where the authors adopt
the software pIscrIT (Reese et al., 2007) in order to fit the H,, velocity maps of all
the intermediate-inclination gas-rich CALIFA” DR1 galaxies (Husemann et al.,
2013; Walcher et al., 2014).

The velocity maps (middle panels) of a barred (NGC-7321, top row) and
an unbarred galaxy (NGC-1056, bottom row) are compared in Figure 1.4, next
to their best fits (right-hand panels; see Holmes et al., 2015). In the non-
axisymmetric case, the best fit is a bisymmetric model which takes into account
the presence of non-circular flows along with the standard rotation of the disc.
The manifest ‘S-shaped” formation in the central region of NGC-7321, represents
an unequivocal trace of the gas inflows caused by the bar.

The peculiar density distribution in a barred galaxies makes it non-trivial
also the evaluation of the galaxy rotation curve. A common approximation is
applied by azimuthally averaging tangential velocities, but the method brings
important uncertainties both on the value of the rotation velocity and on the
position of the bar resonances. As a consequence, even orbital resonances are
hardly determined in barred galaxies.

In addition, a resonance expected according to the linear theory (when the bar
can be considered as a small deviation from axisymmetry) could be absent in
the case of a strong bar.

A fundamental step towards the characterization of a barred galaxy is the

measure of the pattern speed. The measure is quite problematic in general,
since only in a minority of cases it can be carried on directly. When this is
not possible, the continuity equation can be used for the purpose, according to
(Tremaine and Weinberg, 1984).
Although the procedure (that requires also a photometric light profile) works
both in simulations and observations, it has a high margin of error, since the
method depends, e.g., on the accuracy of the alignment and on the presence of
bright spots and dust patches in the disc.

1.3 Bar effects

Bars are now well accepted to be the main driver of secular evolution, which
is the slow evolution of a galactic system that does not suffer any collision
with other objects of comparable mass (see, e.g., Binney and Merrifield, 1998;
Elmegreen, 1998; Kormendy, 2013; Sellwood, 2014, for extensive discussions).

We have seen that, given their non-axisymmetric structure, bars can exert a
torque over the gas (especially in late-type galaxies) and the stars orbiting in
the disc (and also over the DM halo, as observed, e.g., by Athanassoula, 2005a;
Athanassoula, 2007; Colin, Valenzuela, and Klypin, 2006). As a consequence,

"The Calar Alto Legacy Integral Field Spectroscopy Area (CALIFA) survey uses the PPaK mode
of the Potsdam Multi Aperture Spectrophotometer (PMAS) IFU on the 3.5 m telescope at the
Calar Alto observatory.



8 Chapter 1. Barred galaxies: morphology and observations

strong gaseous inflows are triggered toward the centre of the galaxy, with all
the related effects on the potential.

The migration process is usually accompanied by the presence of dark
narrow lanes, where the dust gets denser, as it is clear for NGC-1073 in the left
panel of Figure 1.5. The bar produces shocks where it meets the interstellar
medium, which orbits slower than the bar pattern (i.e. at shorter radii than the
corotation radius, where the rotation curve of the whole galaxy equals the bar
pattern speed; see § 2.4). There the density of the material increases to several
times the normal value and produces strong emission (or absorption, in the case
of dust).

As it is clear from the beautiful composite images in Figure 1.5, the dis-
tribution of blue, young stars and HII regions is not homogeneous, but it is
concentrated near the galactic centre (e.g. Hummel et al., 1990) and at the ter-
minal edges of the bar. Some recent works show that both the past and the
current SF activity are higher in the central regions of barred galaxies with
respect to unbarred systems (see, e.g., Ellison et al., 2011; Coelho and Gadotti,
2011). Molecular gas accumulates where the bar ends and reaches density
levels high enough to trigger bursts of SF that rapidly degletes the remaining
material, making the region inside the corotation gas-poor® (see, e.g. Krumholz
and McKee, 2005; Krumholz, McKee, and Tumlinson, 2009; Daddi et al., 2010;
Genzel et al., 2010). A typical feature of barred galaxies, noticeable in the right
example of Figure 1.5, is the build-up of gaseous material in rings when the
gas inflow stops before reaching the very central part of the disc. As long as
new cold gas is brought in the area, these structures are active SF regions and
have been proposed as proxy for the position of the Inner Lindblad Resonance’,
since this would define the inner end of the bar (Combes et al., 2014).

On a longer timescale, once the gaseous reservoirs have been depleted, the
SF efficiency is locally quenched (Cheung et al., 2013; Gavazzi et al., 2015;
Consolandi et al., 2017; Khoperskov et al., 2018, e.g.). The evolution of isolated
galaxies' is regulated by an intricate interplay among the processes able to
consume (or remove) their reservoir of gas. Bars are major actors in this scenario
and are currently claimed to be a fundamental phase in the metamorphosis
from a star-forming blue galaxy to a “red and dead” object with very little gas
amounts.

The strong inflow of gas has also been proposed as possible a feeding
mechanism of the central massive black hole (MBH) (see, e.g., Simkin, Su, and
Schwarz, 1980; Noguchi, 1988; Shlosman, Begelman, and Frank, 1990; Combes,
2000; Jogee, 2006; Emsellem et al., 2015; Cisternas et al., 2015), but this idea is

8 As it will be discussed in chapter 2, the corotation radius represents the outer edge of the bar.
9The Inner Lindblad resonance (ILR) is an orbital resonance occurring where the epicyclic
frequency (the radial oscillations frequency of an element whose circular orbit has been
perturbed) of an object embedded in the potential is equal to twice the difference between the
angular speed, depending on the disc radius, and the fixed frequency of the bar. See § 2.4 for a
deeper explanation.
1%When a galaxy evolves in isolation, the effects of the environment, such as the ram pressure,
due to the intergalactic medium, or various tidal perturbation, exerted by companion galaxies,
are negligible with respect to the internal processes.
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Figure 1.5: SB(rs)c galaxy NGC-1073 (left) and SB(r)0 galaxy NGC—-6782 (right). Hubble
Space Telescope images.

still a matter of debate (see, e.g., Alonso, Coldwell, and Lambas, 2013; Cheung
et al., 2015; Goulding et al., 2017).

As previously discussed, when an ILR is present, the gas is likely to shock
around its radius, producing the characteristic ring. However, if the inflows
accumulate enough mass at the resonance radius, a possible newly formed
nuclear bar can eventually bring the gas closer to the galactic centre in a cascade-
like fashion (Shlosman, Frank, and Begelman, 1989; Maiolino et al., 2000).

Finally, one of the most relevant product of the bar-driven inflows toward
the galactic centre and of the resulting SF bursts is the creation of a central mass
concentration (hereafter CMC). Not only the funneled gas and the newly formed
stars contribute to this CMC, but a considerable amount of old stars are driven
inwards as well (Grosbel, Patsis, and Pompei, 2004). Such dynamical system
is often characterized by a thick disc-like shape, that rapidly rotates and is
therefore different from the classical, pressure supported bulges. For this reason,
it is called pseudobulge or discy bulge, given its resemblance to the progenitor
disc from which it originates (Kormendy, 1993; Kormendy and Cornell, 2004;
Kormendy and Kennicutt, 2004; Athanassoula, 2005b).

This structure should not be confused with the boxy/peanut-bulges that
arise via the direct vertical instability of the bar (see § 3.4.1.1).

In conclusion, bar-drive gas inflows strongly affect the inner galactic envi-
ronment. The process has been observed in both theoretical and observational
works (see e.g. Combes and Gerin, 1985; Athanassoula, 1992; Sellwood and
Wilkinson, 1993; Piner, Stone, and Teuben, 1995; Sakamoto et al., 1999; Rauti-
ainen and Salo, 2000; Regan and Teuben, 2003; Athanassoula, 2005b; Sheth et al.,
2005; Wozniak, 2007; Knapen, 2007; Kim et al., 2012; Cole et al., 2014; Fanali
et al., 2015; Emsellem et al., 2015; Sormani, Binney, and Magorrian, 2015) and
makes bars the main actors in secular evolution, which is expected to dominate
the growth of a galaxy after the peak of SF, occurring around z = 2.






Chapter 2

Bar dynamics

In this chapter I describe some fundamental topics of the dynamics of stars
embedded in barred potentials.

After a brief introduction on the n-body problem, I discuss the epicycle
approximation in axisymmetric systems in § 2.2. In § 2.3, I review the dynamical
case of bars in rotating potentials, defined as small deviations from axisymmetry.
In § 2.4, I conclude by deriving, in the same simple case, the orbital resonances.

2.1 Introduction

The density of stars in galaxies is globally very low and, for this reason,
the orbit of an individual particle is essentially not perturbed by the single
stars, but is determined only by the large-scale gravitational potential of the
whole system. A parameter is used to quantify the effect of the “granularity”
of a system over the star orbit: the relaxation time is the time taken to change
the velocity of a star, during an entire orbit, by an amount equal to the stellar
velocity dispersion of the galaxy. In this context, the general motion of the star
is determined by the main galactic potential, whereas the variation is due to the
cumulative gravitational perturbations induced by the random distribution of
the other single stars (Chandrasekhar, 1941). The relaxation time assumes an
enormous value in typical disc galaxy environments, thus the distribution of
stars can be well approximated by the Boltzmann collisionless fluid equation

opr oP
o TU VPV oo =0, 2.1)

where ¢ is the gravitational potential and the distribution function P(x,v,t)
is the mass in a volume element of phase space x, v, divided by the element
volume. The fluid approximation is valid by considering an arbitrarily large
number of stars with arbitrarily low mass.

11
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The connection between the potential ¢ and the distribution function is
obtained via the Poisson’s equation

V20 (x,t) = 4nGp(x, 1), (2.2)

with G, gravitational constant and p the volume density, which is the integral of
P in the phase space over the velocities as in Equation

plx,t) = /OO P(x,v,t)d*v. (2.3)

These equations are impossible to solve analytically for realistic, rotating,
non-axisymmetric potentials. For the related mass distributions, the stars do
not possess a number of integrals equal to the number of spatial dimensions.
As a consequence, bars can only be treated as near-integrable systems and the
equations solved numerically.!

2.2 Epicycle frequency and epicycle approximation

It is possible to provide an analytical simplified description of the orbits
in a barred potential for a weakly perturbed case (the following method is
based on Binney and Tremaine, 2008). Even though the problem of a strong bar
cannot be outlined within such a linear theory, the results do provide useful
and fundamental insights that are still valid in the more realistic cases.

Those stars whose motion is confined to the equatorial plane of an axisym-
metric potential (like a disc galaxy) experience a force directed toward the centre
of the disc. The radial coordinate R of a star affected by this force oscillates
between two extrema during its motion of revolution around the centre, and the
orbit forms a rosette figure as the one in Figure 2.1.

Before proceeding further, it is fundamental to introduce a few concepts
about the epicycle frequency.

A radially displaced object oscillates according to its epicyclic frequency
while it revolves. In axisymmetric potentials many stars follow nearly circular
orbits. For this reason, an approximate solution to their equations of motion
is usually adopted and I will apply the result to further simplify the case in a
rotating non-axisymmetric case (see § 2.3).

To derive the following relations it is convenient to neglect the motion of
stars perpendicular to the galactic plane.”

According to the obvious cylindrical coordinate system (R, ¢) in the plane,
let ®¢ be the standard effective potential defined as

1’ 2

z

Dest = (R, 2) + oR2

LA notable, although simplified, exception could be found in an integrable rotating Stackel
model (see Contopoulos and Vandervoort, 1992, and references therein).

2The study of such orbits in axisymmetric galaxies can be reduced to a two-dimensional problem
by exploiting the conservation of the z-component of angular momentum of any star.

(2.4)
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Figure 2.1: A general orbit in a spherical or axisymmetric potential forms a rosette
tigure.

where L, is the only non-zero component of the angular momentum in the
system.

The three-dimensional motion of a star in an axisymmetric potential ®(R, z)
can be reduced to the two-dimensional case on the (R, z) plane (called merid-
ional plane) with the Hamiltonian

1
Hegs = §(PR2 + 1.3 + Pegr(R, 2), (2.5)

where pr and p, are, respectively, the momenta on the radial and on the vertical
directions.

If Ry(L,) is the guiding-centre radius for an orbit of angular momentum L.,
defined as the radius for which

8(1)) L.> 5
— = = R,0%, (2.6)
(aR (Rg,O) R93 !

that is the condition for a circular orbit with angular speed ¢, a new variable
can be introduced as the difference between the radial position of the star and
its point of equilibrium:

r=R— R, (2.7)
Thus (x, z) = (0, 0) are the coordinates in the meridional plane of the minimum

for the potential of Equation 2.4 and, as a consequence, @ can be expanded in
a Taylor series about this point:

1 (92<I>eff 9 1 82q)eff 9 9
Degr = e (Ry, 0) + o ( ) x°+ - ( ) 22+ 0(xz%).  (2.8)
T 2N OB g 2\ 02 iy
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In this expression the first derivatives are null because the point is a minimum
of the potential, whereas the term proportional to xz goes to zero because the
potential @ is assumed to be symmetric near z = 0.

The general equations of motion then become very simple if it is applied the
epicycle approximation, i.e. an hypothesis that allows to neglect all terms of
order z2? or higher in the expansion 2.8.

By defining the quantities

9?°® 0*®
2 — eff 2 _ eff
H(R):( ) and V(R):( ) : (2.9)
’ O ] (r, 0) ) 02 ) (v.0)
the equations of the motion are
- 0P 0P
R=— a];ff = i=—r’c and i=— azeff = 7= -1z (2.10)

x and z have, respectively, the shape of two harmonic oscillators with frequencies
k and v. The frequency « is called epicycle or radial frequency, while v is the
vertical frequency.

From Equation 2.4 it follows that

O? Do B 9P _3L32
OR2 ) \OR2 R4

PP\ (0P
922 ) \ 022 )’

as the derivative with respect to z of L, is zero. In conclusion, the Equations 2.9
become

and

KA(R,) = (82—(1)) + 3L." _ <02(D> ;S (a_q>> (2.11)
TONOR g BY O NOR g ) By NOR )i,
O*®
V(R,) = <—> : (2.12)
RN
Since the circular frequency is given by
1 (00 L.’
Q*(R) = — (—> = = (2.13)
R\OR/ o R4
and so

(d92> _ @ (02@) o1
dR J (g, 00 B R OR? (Rg,o)’ '
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the epicycle frequency assumes the short form of

d0?
2 2
Ry) = | R—= + 40 . 2.15
R

It is interesting to discuss a consequence of the just derived approximation.

When a star is orbiting in the equatorial plane of an axisymmetric galaxy,
the orbital radius IR is a periodic function of time and the period of its radial
oscillations 7T'r is defined by

Ra
dR
Th =2 / , (2.16)
| VAE o) - I}/

where 71 and Rj are, respectively, the pericentre and the apocentre of the
orbit, I/ is the energy per unit mass of the object that performs the orbit (i.e.
the star), L is the module of the angular momentum per unit mass (which is
constant because the motion is bound in a plane) and ®(R) is the axisymmetric
gravitational potential. 7y is the time required for the star to travel back and
forth from apocentre to pericentre during its revolution.

In travelling from pericentre to apocentre and back, the azimuthal angle ¢
increase by an amount

Ra
dR
Ap = 2L / (2.17)
| RRE - e(R)] - IR

and the related oscillation frequencies are then

WR = 2n and w, = %, (2.18)
R Tr

because Ay is the displacement of the star during a whole radial oscillation.

The quantity Ay /27 is, generally, an irrational number and, for this reason,
the orbit does not return to its starting point even after an infinite number of
revolutions, drawing a rosette figure similar to the one shown in Figure 2.1.

If the frame is rotating with angular speed (2,, the azimuthal angle increases
in one radial period by Ay,, i.e.

App, = Ap — Q1. (2.19)

At this point, it is clear that there are some values of (), for which the orbit is
closed. If Ap, = 2mn/m, with n and m integers, the orbit closes exactly after
m radial oscillations each n revolution. Thus

Q=—[Ap—App|l = — " =Wy — — 7 :wa—EwR. (2.20)
m

In the result of the last equation wg and w, can be approximated by their
values for nearly circular orbits. Therefore the azimuthal frequency becomes the
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circular frequency €2, while the radial frequency becomes the epicycle frequency
K, yielding

Q,~0— —. (2.21)

Figure 2.2: In a frame which rotates with angular speed €2, = 2 — nx/m, the elliptical
orbits assume the forms displayed (Sellwood and Wilkinson, 1993, see). The
couple (n, m) represented are (1,+2).

In Figure 2.2 are presented some orbits for two different values of the couple
(n,m): it is clear that, in the case (n,m) = (1,2) (dotted line), the star executes
exactly two radial excursions while drifting forward with respect to the global
pattern during one complete revolution around the center.

Stellar orbits obeying to Equation 2.21 would describe a two-fold non-
axisymmetry following a bar-like structure, which rotates rigidly with the
pattern speed €2,. The typical values assumed by this precession frequency
along the galactic radius are provided in Figure 2.3 for our Galaxy.

If a potential has a particular shape in order to produce a plateau in the
precession frequency curve for a significant radial range, then the stars which
populate the nested orbits would precede together conserving their mutual
position for each following revolution. According to the distribution of these
orbits, the result can be the formation of a bar-like wave pattern, especially
when the gravitational attraction starts to add other stars to the initial structure.

2.3 Bars as small perturbations in a rotating
potential

Here I derive the equations of motion for a weak bar in the linear theory. In
the study of a galactic disc, the frame of reference (z, y, z) is the one in which

the potential ¢ is static, i.e. a frame that rotates steadily at angular velocity
Q, =Qé,.
p z
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Figure 2.3: Curves 2 —r/2, €2, and 2+ /2, computed through a numerically modelled

potential of the Milky-Way galaxy. The different colours refer to two slightly
different sets of parameters (see Widrow and Dubinski, 2005).

A general loop orbit® can be represented as a superposition of the circular
motion of a guiding center and small oscillations around it. For this reason

the description of orbits in weak non-axisymmetric potentials is closely related
to the epicycle theory of nearly circular orbits in an axisymmetric potential
described above.

Considering the general three-dimensional case, if the velocity in the corotat-
ing frame is &, the corresponding velocity in an inertial frame is & 4 Qp X @.
Therefore the Lagrangian is

1
c:§y¢+npxmyz—@(a;).

(2.22)
As a consequence, the momentum p is

oL
p= " =

aj:—:b+ﬂpxw:>d::p—ﬂpxw.

(2.23)
The associated Hamiltonian can be calculated through the Legendre transforma-
tion

HJ:p-a'c—E

1
=p-[p—9p><<v]—§p2+<1>(w)

1
=p2—p-(ﬂp><w)—§p2+‘1>(w)

(2.24)
2p2+<I>(m) —Q-(x Xp).

3A loop orbit is the orbit of a star which circulates in a fixed sense about the center of the
potential, while oscillating in radius.
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Equation 2.24 requires a vectorial identity*. H  is the Hamiltonian that governs
the motion in the corotating frame, while /1 = %pz +®, L = x X p and p itself
refer to the motion in a inertial frame. Consequently, it can be written

Hy=H-%Q,-L. (2.25)
Since ®(x) is constant in the rotating frame, H; does not depend on time
explicitly, so % = % vanishes’. As a result, H is an integral of motion and,

although in a rotating non-axisymmetric potential neither /7 or L is conserved,
this is the case for the combination / — €2, - L. From 2.24 it follows that the
constant value of H; could be written as

1 1
E;= §|;i:|2 + @ = 5[ x|?

1 (2.26)
= §|ﬂi3|2 + Detf,
where the effective potential has been defined as
1 2
D) = () — 5|0, x 2]
1
= 0(x) - 5182 x 2| - [$2 x 2]

(2.27)

=&(x) - %Hﬂp |l x| — Q) - x[|x - Q]
~ b(a) — L9 Plef - (@)

through another vectorial identity®. Equation 2.27 shows without equivocation
that the effective potential is composed by the sum of the gravitational potential
and the repulsive centrifugal potential.

Since

Vzla:(x X b)]=Vz[x:-(bxa)=>bxa,

for a and b three-dimensional vectors, applying Hamilton’s equation to Equa-
tion 2.24, the two quantities p and & can be calculated in the corotating frame:

0OH
p=-—5"=-VoipxQ=—Ve-Qxp,

o, 5 (2.28)
(B:%: —%[p (pra:)]:p—ﬂpxx,

where it can be recognized the same result of Equation 2.23.
Eliminating p between the two expressions in 2.28 and considering that (2,
does not vary with time, it follows that

tA.(BxC)=C-(Ax B)=B-(C x A),with A, B and C arbitrary vectors.
>This comes directly from %{ = %—gi + %—gﬁ + %1;1 = %—If.
*(Ax B)-(CxD)=(A-C)(B-D)— (A-D)(B-C),with A, B, C and D arbitrary

vectors.
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i = p— (9% @)
=—V®-Q,xp—Q,xx
:—V(I)—pr(:i:+ﬂpx:c)—§2p><a'c (2.29)
=—-Vb -2, x& —Q, x (Q, X x)
= VD —2Q, x & — (2, x)Q, + (- Q,)x
= —Vo& 20, x &+ |Q,[%r — Q,(Q, - x);

in the last calculation it was used the relation

Ax(BxC)=(A-C)B— (A-B)C.

In Equation 2.29 the term —2€2,, X & is the Coriolis force and —€,, x (€2, X x)
is the centrifugal force.
The gradient of the last line of Equation 2.27 is

Vet = VO — |Q,)°z + Q,(2, - ), (2.30)
and Equation 2.29 could be rewritten as
L =—Voy—2Q, x x. (2.31)

However, to describe the perturbation, it is useful considering a set of polar
coordinates in the corotating frame as (R, ¢), arranging the line ¢ = 0 to denote
the long axis of the potential.

The Lagrangian is given by Equation 2.22. Hence, it is necessary to perform
a coordinates transformation (z1, z9, x3) — (R, ¢):

ér = cospdy + sinpds + 0 &3,

R A . . (2.32)
€, = —sinpx + cospds + 03,
consequently,
x = RecospZ; + Rsingds + 0&3
= Reép, (2.33)
Wilkinson
& = (Rcosp — Rpsing)d; + (Rsing + R¢ cosg)ds + 0 &3
= R(cosy + sing) + Rp(cosp — sing)
= Rég+ Ryé,, (2.34)
considering that €2, has only a non-zero component on the z-axis,
Qp =021 +0xy + Qp’j}g, (2.35)

thus

Q, xx = (—QRsinp)&; + (R cosp)Ea + 0 &3
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0, R(cosp — siny)
QpRé,. (2.36)

As a result,

1. L. A .
§|a: +Q, x z|* = §|ReR + Rpé, + Q,Ré,|?
. (2.37)
- 5[RQ + R*(o 4+ )%,
and the Lagrangian £ becomes

L= %Rz + %[R(gb + Q)7 — (R, p). (2.38)

Similarly, the equations of motion in a rotating two-dimensional potential is
given by 2.29. Then, the same coordinates change leads to’

& = (Rcosp — Rpsing — Rpsing — R@sing — R cosp) &, +
+ (Rsing + R cosp + R¢ cosp + R cosp — Rp? sing) @y +
+ 03

= (R — Ryp*)(sing + cosp) + (2Rp + R)(cosp — sing)
(R — Rp)ér + (2Rp + Rp)é,, (2.39)

Q,xz = [0—Q(Rsing + R cosp)|@; + [Q,(Rcosp — Rpsing) — 0]@, + 03

= QpR(cosgp — sing) — Q, Rp(cosp + singp)
= Q,Ré, — Q,Rpénp.
In this way, Equation 2.31 becomes
(R— Rp*)ér + 2Ry + Rp)é, = 20, Rpér — 2, Ré, — Vo,  (2.41)

but @ is defined in the first line of Equation 2.27 and, since Equation 2.36 is
valid,

12, x x|? = Q,2R?, (2.42)
thus
(R — R@*)ér + (2R¢ + Rp)é,
=20, Rpép — 2Q,Ré, — V& + 1V (Q,*R?). (2.43)

To derive the equations of motion in the polar frame, every component must be
considered separately. Hence, with regard to the €z component, it follows that

it~ RGP = 20,Rp — 8 1 L0, = 20,Rp + 0, - 0

"The coordinates transformation for & has been already performed in Equation 2.34.

(2.40)
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= R = R(¢?*+ 20,9 + Q,°) — 92, (2.44)

and for the &, component the equation is

2Rp + Rp = =20 R — 192 + 55 (2" R?)
2RR(p + Q) + R?¢ = —52, (2.45)

in obtaimn§ both Equations 2.44 and 2.45 it was used the gradient in polar
coordinates®.

Finally, the equations of motion in a two-dimensional rotating potential,
described using a set of polar coordinates, are

- ) >
R=R(p+Q,) £y (2.46)
and
d 9 8<I>

Assuming the bar as a weak perturbation, the potential ®(R, ) can be
expanded as the sum of a principal component depending only on the radius,
and a perturbing non-axisymmetric part

(R, ) = Po(R) + P1(R, ), (2:48)

with |1 /®y| < 1. Hence, also R and ¢ could be expanded in zeroth and first
order

R(t) = Ro+ Ri(t) 5 () =po(t) + ¢1(t), (2.49)

with the assumption that the term Ry is constant with time”. Substituting these
expressions into Equations 2.46 and 2.47, it yields

Ry = (Ro + R1)(¢o + 1+ Q)

09 82@0 0P, 0P, (2.50)
— | == |- R1 — |- Rl,
OR ), \ ORZ OR ), \ OR*
and to
d ) ) 0P, 9*P,
u" —[(Ro + R1)*(bo + ¢1 + Q)] = ( 9% )@O o ( 52 )Wg(o]%o,) (2.51)

remembering that ®; does not depend on the coordinate ¢ and that the expan-
sion is about the radius Ry.
If the sum of the zeroth-order terms is set to zero, it follows that

09y
Ro(¢o+ Q) = | = 2.52
8The gradient in polar coordinates is given by V f(R, ¢) = 8f €r + égi o

°In a almost circular orbits, the star oscillates about a fixed radlus
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and to d
E[Rggbo +Q)) =0 = ¢y=const. (2.53)

The last is the equation for the centrifugal equilibrium at 1?y. Henceforth it
could be used the definition

Qo = QRy), (2.54)

to rewrite the angular speed equation of the guiding center (Ry, (), where

109,

is the circular frequency at I? in the potential ®(, identical to Equation 2.13.
Indeed, Equation 2.52 becomes

(20 + ) = /70 (55 g, = 2(Ro) = Qo
= Yo =0 —Qp, (2.56)

where, if {2 > 0 the orbits are prograde and retrograde for €2 < 0.
Setting the initial condition such that

wo(t) = (0 — Qp)t, (2.57)

conserving only the first-order terms and remembering the constraints 2.52 and
2.53, the Equations 2.50 and 2.51 become respectively

3} _ RO 0P,
Ry ~ (Ro+ R1)(Q0 + ¢1)% — (W)ﬁl — <W>Ro

92d 0P
~ (Ro 4 R1)(Q0® + 2Q0¢1 + ¢?) — ( 0)31 - (—1>
Ro RO

OR? or
0%, 0P,
~ R1Q0% + 2RyQopy — R, — [ —
1320" + 2Lvodlopr <8R2>Rol <8T>R’
. 02®,, 0P,
R Ry — RiQ%(Ry) — 2RoQ0p; = — | —
1+ (8R2 )Rol 1€2°(Ryo) 03£0%1 (8R >Ro
. 0*P . 0P
= Ry + ( aRQO - QQ);? —2RoQ0p1 = — (8_1>R0 ,  (2.58)
and 1 90
—[(Ro + R1)*(Qo + ¢1)] =~ — (—1>
dt Y/ po(Ro)
d _ 0P,
—[(Ro* 4+ 2RoRy + R1*)(Q + ¢1)] ~ — (_>
dt 5g0 QOO(RO)
d . 0D
E[ROQ% + 2Q0 Ry Ry] ~ — (—1> 5
® / o(Ro)
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reminding that Ry and {2y do not change with time,

Ro*¢1 + 20 Ro Ry = — (%%})

= @1+ 2QOR1 =L (@ (2.59)

Ro Oy >¢0(R0) ’

Let the perturbative, non-axisymmetric potential ®; has the analytical form

Q1 (R, ) = P,(R) cos(myp), (2.60)

with m, positive integer. This expression is very general since any potential
that is an even function of ¢ can be expanded as a sum of terms of this form'’.
In particular if m = 2, the same potential acts in the same way every half
revolution and it can be interpreted as a bar-like potential.

Operating the further approximation'! ¢; < 1, then (Qy — Q,)t ~ ©(t).
This hypothesis permits to substitute ¢ with ¢y in Equations 2.58 and 2.59:

. 0*d , 0P
Ry + ( 8R20 _ 92)1551 — 2RyQpp1 = — ( an)COS[ (Q0—Qp)t]  (2.61)

and

R @ (Ro) .
R 1;%02 msin[m(Qo — Q,)t]. (2.62)

Integrating Equation 2.62, it yields

f% dt = —2f de1 dt + 2% Ro)fsm[ (Qo — Qp)t] dt
cos[m(y — Qp)t] + const.  (2.63)

Q01 + 2@0

_ »(Fo)
= ¢ =20 — g s

Thanks to this last result, | can be eliminated in 2.61,

R1 + (aRQ —Q )Pq + 4R1§20 + 290 (3”(%))) cos[m(Qy — Q,)t] + const

- _ (%)}ggs[mmo — Q)]

= I+ (%2,?20 + 3{22)}31 + const (2.64)

2P, 9%,
= —2% cos[m(Qy — Q,)t] — (;;{) cos[m(Qy — Q)]

19Any more complicated potential can be thought as superposition of these potential with
different €2,,.

This means that the bar potential does not deviate too much from the main potential. So far
the assumption was that only the angular velocity ¢»; was small, not that ¢; was itself small.
However, allowing for large excursions in o is important in considering the resonances.
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According to 2.15, the second term of the the first member of Equation 2.65
can be interpreted as the epicycle frequency of the star with radius R?y. From

Equation 2.55
0 (0% 0 9 9 d0?
— | == | = =—=(RQ*) =Q — 2.65
aR(aR> g ) =+ Bop (2.65)
and therefore
02y dO?
+ 3QQ> = (R— + 4Q2> = Ko’ (2.66)
< OR? Ro dR Ro

At this point Equation 2.65 becomes

dd, 20,
+
dR ' R(Q—Q,)

cos[m(Qy — Q,)t] + const.  (2.67)

Rl = —Kole — l
Ro

This is the equation of motion of a harmonic oscillator of natural frequency xg
that is driven at frequency m(2y — €2,). The const could be not considered
because it represents only a shift from R; to R; + const.

The solution of Equation 2.67 is then easily found because the harmonic
oscillator is a standard dynamical system:

dd 2QP cos[m(Qy — Q,)t]
Ri(t)=K t - | =2 £ 2 2.68
1( ) 1COS(KJO +C) ldR + R(Q _ Qp>:|RO A ) ( )
where K and ( are arbitrary constants, and
A = kg —m*(Q — Q)% (2.69)
Since Equation 2.57 is valid, t = Qo(@ﬂp’ S0
o Ko¥o
Ri(pg) = Ky cos | =————— + (| + Ky cos(myy), (2.70)
Qy —Q,
where 1 [d® 2Q9
Ky=—— |2 L : 2.71
? AldRJFR(Q—Qp)LO 271

K, = 0 implies that R;(yp) is a periodical function of ¢y with period 27 /m.
Hence the related orbit is a closed loop orbit. The orbits with K # 0 are the
non-closed orbits parented by the one with K; = 0.

2.4 Resonances

The natural resonant frequencies of the stellar orbits represent an important
topic which is meaningful also to understand strong barred systems. In general,
if the gravitational field generated by a bar-like structure perturbs a stellar orbit
near one of its resonant frequencies, then the response of the orbit will be way
larger than the perturbing force.
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In detail, the closest loop orbit can be studied by setting K; = 0 in the
Equation 2.70:

_[dPy N 200, cos[m(€p — )]
dR R(Q - Qp) Ro /{02 — m2(ﬂo - QP)Q’
(2.72)

Ri(po) = Ky cos(mpg) =

and it is clear that it has singularities for some values of I%y. These are:

e Corotation resonance (CR).
If
Qo =, (2.73)

¢o = 0 and the guiding centre rotates at the same angular speed of the
potential. In a barred galaxy this corresponds to the radius where the
orbiting stars in the disc have the same angular velocity of the pattern. CR
is the most important resonance in the galaxy, because the mean position
of the star with respect to the global pattern never changes as long as (2,
is fixed.

e Inner Lindblad"? resonance (ILR).
If

Q, — Qp = +-2, (2.74)
m

the star overtakes the potential and encounters its crests at the resonant
frequency kg. Since the star has always the same phase in its radial
oscillation, when it has the same position with respect to the global pattern,
it interacts more strongly with the pattern near ILR than it does at other
radii in the disc.

e Quter Lindblad resonance (OLR).
If

wahz—%, (2.75)

the peaks of the potential evolve faster with respect to the star which does
two radial oscillations for every revolution backward around the centre.

A circular orbit has two natural frequencies: (i) if the star is displaced radially,
it oscillates at the epicycle frequency k¢, differently, (ii) if the stars is displaced
azimuthally, in such a way that it is still on a circular orbit (neglecting the radial
shift), then it will continue on a circular orbit displaced from the original one.
It follows that the star is naturally stable to this kind of displacements, i.e. its
natural azimuthal frequency is zero (the star does not oscillate azimuthally).
These resonances arise when the forcing frequency which drives the star, m(€2y—
€2,), becomes equal to one of the natural frequencies £« or 0.

Choosing m = 2 for a bar-like non-axisymmetry in Equation 2.70, it leads to

R1(¢o) = K cos Moo + (¢ ) + Ky cos(2p). (2.76)
Qo —Q,

12The resonances are named after the Swedish galactic astronomer Bertil Lindblad.
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R is the radius of the small oscillation about the mean radius Ry; it can
be inferred that the close loop orbit of a star is aligned with the bar pattern if
Ky > 0, while it is perpendicularly arranged when K3 < 0. When Ry crosses
a resonance the sign of K5 changes, therefore also the orientation of the close
loop orbit changes.

If K = 0, Equation 2.76 describes nearly circular orbits in a weakly barred
potential.

When R, approaches the radius of either a Lindblad resonance or the
CR, weak perturbation can produce a strong response, hence the value of 7
becomes too large and the approximation of small perturbation is no longer
valid. However, it is possible to modify the treatment to study the resonances
(Goldreich and Tremaine, 1981).

Given the destructive effect of the resonances on the orbit families that are
aligned with the bar structure (named x;), their radii seem to represent a critical
spatial limit for the extension of bars structure in disc galaxies (see, e.g., Con-
topoulos, 1980; Elmegreen and Elmegreen, 1990). In particular, orbital analysis
(Contopoulos and Papayannopoulos, 1980; Athanassoula et al., 1983; Contopou-
los and Grosbol, 1989) of simple galactic models shows that, approaching the
ILR toward the galactic centre, the favoured orbits become counter-aligned with
respect to the bar (named x5), undermining its structural integrity (e.g. Norman
and Hasan, 1990). For these reasons, to a first approximation, the ILR and the
CR respectively correlate to the inner and outer ends of the bar overdensity, as
they are inferred from observations.



Chapter 3

Bar formation and evolution

After an overall discussion about the currently adopted methods to numeri-
cally investigate barred systems (§ 3.1), and an introduction to some instruments
I employ in this work to analyse the simulatios (§ 3.2), I describe the fundaments
of the complex processes of bar formation (§ 3.3) and evolution (§ 3.4).

3.1 N-body simulations

As discussed in chapter 2, the complexity of barred systems cannot be
addressed through analytical strategies.

Notwithstanding the coarse set-ups of the first times,' the advent of N-body
simulations immediately appeared to be essential in order to tackle this problem
(see, e.g. Miller, Prendergast, and Quirk, 1970; Hohl, 1971; Ostriker and Peebles,
1973; Sellwood, 1980; Sellwood, 1981; Athanassoula and Sellwood, 1986; Combes
et al., 1990; Pfenniger and Friedli, 1991). Nowadays, the evolution of softwares
and the development of modern calculators have promoted a rapid progress in
investigating complex dynamical topics, such as the formation and the evolution
of galactic bars, and the trend continues uninterrupted.

N-body simulations? could be mainly classified into isolated (or dynamical)
runs, and cosmological runs. The former ignore the formation process of the
galaxy, since all the components are already in place and in equilibrium. These
kind of simulations allow to reach higher spatial and mass resolution, since they
reduce the problem to the minimum amount of particles to adequately describe
the analysed system. The computational burden is then significantly diminished
in a non-cosmological case and the same dynamical problem can be approached

IThe first numerical simulations had obvious limitations due to the emerging technology, such
as the crude resolution or the two-dimensional geometry.

2The rationale of N-body simulations is the representation of a dynamical system through an
ensemble of interacting mass elements. The total gravitational force is then calculated either
directly, or through some approximation, in order to reduce the huge computational load.

27



28 Chapter 3. Bar formation and evolution

multiple times with relatively small computer resources. For instance, isolated
runs allow to study in detail the influence of a single parameter (e.g. the halo
mass, the system triaxiality, the velocity distribution, etc), by producing suites
of simulations of the same system, each with a different implementation of the
investigated property in a idealized model.

On the other hand, cosmological simulations describe a system of cosmolog-
ical size, starting from the primordial DM fluctuations whose collapse results in
the formation of the structures. These runs have the great quality of providing
realistic boundary conditions for the analysed galaxies, and the properties of the
objects are, at any time, physically motivated according to the set of cosmological
parameters used. Unfortunately, the necessity to simulate a far larger volume for
a sufficient amount of time, while retaining the needed minimum resolution to
investigate the particular dynamical problem, represents an enormous obstacle
to the use of these techniques.

Cosmological zoom-in runs can mitigate this problem by selecting a region of

interest, such as a DM halo, and simulating it to a high precision, whereas the
neighbourhood of that region is left at a coarser resolution. The low resolution
neighbourhood provides a realistic tidal field for the highly resolved region of
interest. Thanks to this expedient, a single halo can be studied in great detail
analogously to isolated runs, and sub-grid recipes can be more localized and
physically motivated.
Although, zoom-in cosmological simulations are not without any opposition®,
they are the best and most efficient numerical models to study individual
galaxies and halos (see, e.g., Romano-Diaz et al., 2008; Guedes et al., 2011;
Scannapieco and Athanassoula, 2012; Kraljic, Bournaud, and Martig, 2012).

Hydrodynamical zoom-in simulations, where the baryonic components (gas
and stars) are evolved along with the DM, are the cornerstones of my work
and are detailed in chapter 4. The numerical applications employed, GASOLINE
(Stadel, 2001; Wadsley, Stadel, and Quinn, 2004) and CHANGA (Menon et
al., 2015; Jetley et al., 2008; Jetley et al., 2010), solve the Euler equations via
a Smoothed Particle Hydrodynamics (SPH) approach, where the fluids are
represented by means of a mesh-free particle distribution and their properties
are evaluated in each point by averaging the properties of a number of nearby
particles (see § 4.1.2, for the description of the SPH techniques implemented in
GASOLINE and CHANGA).

Simulating barred galaxies in a fully cosmological context has started only
recently, following the first zoom-in simulations that produced realistic late-type
galaxies. Indeed, both the combination of high resolution and effective stellar-
teedback prescriptions are required in order to prevent the accumulation of
central low angular momentum gas, allowing for the build-up of cold discs with
flat rotation curves, comparable with observations (Navarro and Benz, 1991).

The majority of these recent works merely acknowledges the presence of a
stellar bar within the galactic disc, since such structure does not represent the

3For instance, some criticisms are made about the number and distribution of galactic satellites,
the inner halo radial density profile, or on the formation of bulge-less galaxies (e.g. Silk and
Mamon, 2012, and references therein).
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main subject of their analysis (see, e.g. Robertson et al., 2004; Scannapieco et al.,
2009; Feldmann et al., 2010; Brooks et al., 2011; Bonoli et al., 2016; Sokotowska
et al., 2017). However, there are also some studies specifically aimed to the
analysis of the evolving non-axisymmetry (e.g. Romano-Diaz et al., 2008; Kraljic,
Bournaud, and Martig, 2012; Scannapieco and Athanassoula, 2012; Goz et al.,
2015; Okamoto, Isoe, and Habe, 2015; Spinoso et al., 2017; Zana et al., 2018c;
Zana et al., 2018a). Mass and spatial resolution significantly improved over
the years and this allowed to follow the investigated bar properties in ever
greater detail. An alternative approach has been offered by Algorry et al.
(2017) and Peschken and Lokas (2018), who perform statistical studies taking
advantage of the large-volume cosmological simulations EAGLE (Crain et al.,
2015; Schaye et al., 2015) and Illustris (Vogelsberger et al., 2014), respectively.
Nonetheless, the large sample of galaxies in these simulations has been achieved
by implementing lower mass and time resolution, consequently hindering the
study on sub-galactic scales.

A special mention has to be reserved for Governato et al. (2007), with a view
to chapter 7, where the authors implement different sub-grid prescriptions to
simulate three galaxy-sized haloes in hydro-cosmological runs with remarkable
resolution — a gravitational softening ranging from 0.3 to 1 kpc — but still not
optimal in order to properly characterise the evolving features of a sub-galactic
structure. Even though the focus of their work was essentially the study of the
formed galactic systems, the authors were the first to point out a direct effect of
the supernova (SN) feedback over the development of a stellar bar, finding that
the main effect of SN energy injection was to make the disc more stable against
bar formation, by contributing to the formation of a lighter stellar disc which
builds up more slowly over time.

The Eris-suite simulations (see § 4.2) provide an advantageous laboratory to
investigate this kind of systems in reasonable detail.

3.2 Bar analysis

Before discussing the birth and evolution of bars, it is convenient to define
some of the essential tools used in the next chapters to study the simulated
systems. Bar intensity and extent are estimated through a Fourier decomposition
of the stellar surface density when the host galaxy is projected face-on.

3.2.1 Bar strength

In the following work, the measure of the bar intensity is given by the ratio
between the second term of the expansion, which captures the strength of
two-fold structure, and the zeroth (axisymmetric) term through the relation

Z‘y mje2i9j

Ao(R) = —<=——" (3.1)
Zj m;

where m; is the mass of the j-th particle and ¢; the azimuthal angle of its

projection over the disc plane. The summation can be carried either over all
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particles enclosed within a cylinder of radius R, coaxial with the galaxy, and of
fixed height (see, e.g., Spinoso et al., 2017), or just over the particles within a
single shell around the cylindrical radius 1 (after the division of the disc into
annuli of equal width; see, e.g., Athanassoula and Misiriotis 2002; Valenzuela
and Klypin 2003). I indicate the first, “cumulative” case with the nomenclature
Ay(< R), whereas As(R) refers to the second “differential” case.

Both the approaches can provide an effective way to determine the strength of
a non-axisymmetry, albeit with some differences. Ay(< R) is usually evaluated
over a higher number of particles, thus, the signal-to-noise ratio is higher and
the profile is smoother with respect to its differential counterpart. The particular
shape of its profile, which increases as far as the stellar distribution is decisively
non-axisymmetric, decreasing gradually farther out, allows also to obtain an
estimate for the bar length (see § 3.2.2). Unfortunately, As(< R) depends on the
galactic CMC and can assumes different values depending, e.g., on the growing
rate of the central stellar system. Figures 5.2 and 7.4 provide two excellent
examples of how well the quantities A5(< R) and Az(R) trace the presence of a
bar-like overdensity in disc galaxies. As long as the bar grows, a more evident
peak in the As(< R) profile is visible (the galaxies in Figures 5.2 and 7.4 are
evolving from left to right). At a sightly smaller radius, an analogous feature is
present in Ay(R) thus, when the contribute of the m = 2 mode starts decreasing
with respect to the m = 0 mode, a fading non-axisymmetric structure can be
identified.

Both the estimates are useful in order to select the correct overdensities (for
instance, in the first panel of Figure 5.2, the As(R) profile shows some crests
for R > 4 kpc which do not belong to the bar; see also the method adopted in
§ 7.2 to find the correct bar structures). For these reasons, the maxima of the
two profiles As(R) and As(< R), Az max R and Ag max(< R) are estimates for
the strength of the bar, at any point of its evolution. However, since the value of
Aj max(< R) relies on the assembled central stellar mass within the radius R,
making it less precise than its differential counterpart, in the following chapters
Ag’maX(R> is used as the main estimator to characterize the bars.

3.2.2 Bar length

A very important part in the study of galactic bars is the evaluation of their
length. This is a very debated subject, since the body of the bar has no perfectly
defined boundaries. Moreover, it is extremely difficult to match numerical
results with observations, especially because many approaches used to evaluate
such property cannot be adopted in both these two fields of study (for further
details, see e.g. Debattista and Sellwood, 2000; Athanassoula and Misiriotis,
2002).

In the present works, I utilize a method to measure the bar length described
in Athanassoula and Misiriotis (2002).

A by-product of the Fourier decomposition is represented by the phase of the
Ay(R) component, defined as:
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P(R) = (3.2)

N | —

arctan [

Zj m; sin(29j)
> jmjcos(20;) |

where the summation is performed along each annulus of radius R, as before.
Since this phase is nearly constant in the range of the bar overdensity* and is
randomly oriented outside, the length of the bar can be defined as the radius
Rg of the outmost annulus with phase constant and equal to the phase of
the bar ®y,,. After this point, the phase ®(R) starts varying with the radius
(this is effectively exemplified by the middle row of Figure 7.4 on page 91).
Practically, this is managed by means of a tolerance parameter A¢, within
which the variation of ®(R) is considered negligible.

When a galaxy evolves in isolation, the major contribution to the phase of
the second Fourier component in the disc density is the bar itself, and beyond
its range the phase is usually averaged out. However, in the cosmological
simulations described in chapter 4, the initial disc instabilities, the formation
of a sporadic spiral arms, and the passage of some perturbers across the disc
plane have, occasionally, the effect of significantly altering the total phase of
the disc. In order to account for these issues, and guide the analysis to the
correct result, I do not compare ®(R) with the phase of the whole disc (as
performed in Athanassoula and Misiriotis, 2002), but I substitute the total disc
phase with the phase ®(R,,,x) as benchmark-phase, where R,y is the radius
where A ax (< R) occurs (see § 3.2.1).

Although, in the following works, I use R¢ as the main bar length estimator,
Rpax traces remarkably well the total extent of the stellar bar (see, for instance,
Figure 5.4). As a matter of fact, every annulus whose phase is coherent with
®y,,; contributes to the increase of the cumulative function As(< R). This results
in the monotonic growth of Ay(< R), which starts near the centre of the galaxy
and ends as soon as this contribution is averaged out in the outer part of the
disc and is no longer important (as it is exemplified in Figure 5.2).

The connection between Rg and R is further investigated in § 5.1.1.2,
through a Monte Carlo method. The results demonstrate how both the methods
agree in the evaluation of the size of a non-axisymmetric overdensity.

3.3 Bar formation

If a galactic potential produces a particular shape in the rotational velocity
curve, such that the precession frequency 2 — x/2 does not vary appreciably
over a certain radial range, there the elongated orbits, in which a star would
execute two radial excursions for every revolution around the centre, would
be almost closed in a frame rotating with a certain angular speed (2, and it
would be possible for the galaxy to support a nested set of these orbits with
the same phase, as long as the potential is not significantly perturbed. This is a
necessary condition for a potential to grow a bar. If the potential is bar-unstable,

4The possible fluctuations may depend on the mass resolution of the numerical simulation.
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an initial instability may trigger a self-sustaining gravitational process which
adds more and more stars to the growing bar.

However, other methods are commonly used to describe how a galaxy would
respond to a triggering fluctuation. Two parameters are considered (see, e.g.
Ostriker and Peebles, 1973, Combes and Sanders, 1981; Sellwood, 1981) for
stellar discs, the () parameter (Toomre, 1964), defined as

_ or(R)k(R)
QR) = 3.36GS,(R)’ 5:3)

where op is the radial velocity dispersion and « the epicycle frequency defined in
Equation 2.15, and the swing amplification parameter for an m = 2 perturbation
X (Goldreich and Tremaine, 1978; Goldreich and Tremaine, 1979), defined as

kai(R)R  K*(R)R
2 4nGY(R)’

X(R) = (3:4)
where At is the longest unstable wavelength (Binney and Tremaine, 2008) and
is defined by

Aerit = 27 ki = 4m*GE kw2 (3.5)

Although a precise threshold to discriminate between stable and unstable

systems is not available’, it can be said that larger values of these parameters
imply that the disc is more stable against local (()) and global (X)) instabilities.
The perturbations are immediately dumped when the random motion of stars
is high enough. Indeed, Athanassoula and Sellwood (1986) showed that an
embryonic bar in a dynamically hot disc (i.e. with high og, hence with large
()) can have an insignificant growth rate. Differently, the swing amplification
parameter gives an estimate of the disc self-gravity, which is necessary in order
to drive a bar instability (Efstathiou, Lake, and Negroponte, 1982; Christodoulou,
Shlosman, and Tohline, 1995; Sellwood, 2013).
Unfortunately, the growth of the initial instability is a very complex topic
and the link between the parameters () and X and some of the resulting bar
properties, like the strength or the length, is not a linear relation. Indeed, the
parameters are only valid in the tight-winding approximation (that is when the
perturbation has a radial wavelength much shorter than the galactic radius; see
WKB approximation in Binney and Tremaine 2008) and do not consider in the
computation every dynamical property of the disc, such as the vertical velocity
dispersion (Klypin et al., 2009), or the mass resolution (see Sellwood, 2013);

Another criterion introduced to measure sensitivity of discs to the growth of
non-axisymmetries is the parameter

Vmade
GMy '’

proposed by Efstathiou, Lake, and Negroponte (1982), where V.« is the peak
in rotation curve and R; and M, are the disc scale radius and the disc total

€ELN = (3.6)

5Various threshold have been proposed in different numerical studies (e.g. Toomre, 1964; Toomre,
1981; Goldreich and Tremaine, 1978; Goldreich and Tremaine, 1979; Bauer and Widrow, 2018).
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mass, respectively. According to Efstathiou, Lake, and Negroponte (1982), the
disc is prone to instability when egrn < 1 (Efstathiou, Lake, and Negroponte,
1982; Mayer and Wadsley, 2004; Governato et al., 2007). The criterion represents
another way to evaluate the self gravity of the system related to the stellar
components, but also to the DM halo through V},.x. The criticisms of egrn
are similar to those expressed for the () and X parameters. In particular,
Athanassoula (2008b) shows that, the velocity dispersion of the disc appears
to as important as the egp,N parameter, regarding the bar formation process. In
Appendix C, I provide the time evolution of Equation 3.6 for the simulations
ErisBH and Eris2k. The results do not disagree with the previous study of the
parameters () and X (see § 7.4), however they do not help in determining the
formation time of the related structures.

All the described criteria asses the ability of a particular galactic potential

to enhance an original fluctuation. However, there is not a full agreement on
the source of that seeding instability, starting the feedback loop, and several
processes have been proposed in order to explain its nature.
In general, the trigger could be found either in the small perturbations (some
simulations of isolated galaxies blame the shot noise; see, e.g., Efstathiou, Lake,
and Negroponte 1982) which naturally arises within the host galaxy (e.g. Hohl,
1971; Ostriker and Peebles, 1973; Sellwood, 2014), or outside the system, in the
tidal interactions with external perturbers, such as galaxies in mergers and close
flybys® encounters (Byrd et al., 1986; Mayer and Wadsley, 2004; Curir, Mazzei,
and Murante, 2006; Gauthier, Dubinski, and Widrow, 2006; Romano-Diaz et al.,
2008; Martinez-Valpuesta, Aguerri, and Gonzélez-Garcia, 2016; Peschken and
Lokas, 2018, e.g.) and galaxy clusters (Byrd and Valtonen, 1990; Lokas et al.,
2016).

Nonetheless, recent observational investigations reached contrasting results
regarding the role of environment in the bar formation process. Some studies
indeed found an excess of barred systems in dense galactic environments
(Skibba et al., 2012, e.g.), whereas other works support the idea that dynamical
perturbations have the primary effect of suppressing the formation of a bar (Li
et al., 2009; Lin et al., 2014).

The dichotomy has been also investigated through numerical simulations,
since they have become the primary tools to model these particular dynamical
problems: in a simulation the whole three-dimensional distribution of matter
is completely characterized at any needed time and it is, in principle, possible
to study the effect of every single interaction on every galaxy undergoing bar
instability (e.g. Moetazedian et al., 2017; Pettitt and Wadsley, 2018). However,
only recently (see § 3.1) the approach has been successfully extended to the
cosmological context, thanks to the modern technologies and computational
strategies.” When studying the effect of a gravitational interaction on a target

®A gravitational interaction between two galactic objects is defined as a flyby when, differently
from what happens in a merger, the interacting systems are still separated after the encounter.

7When the previous studies were not focussed on the formation of grand design spirals arms,
they were about idealized system already built in equilibrium (e.g. Gerin, Combes, and
Athanassoula, 1990), or even limited to the two-dimensional case (see, for instance, Noguchi,
1987).
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galaxy, it is not trivial to produce suitable initial conditions or physically-
motivated orbital parameters for the companion objects, and this represents one
of the key factors in favour of the cosmological approach.

Unfortunately, the number of works that focus on the study of bars in a fully
cosmological perspective, including the growth of the host galaxy through a
sequence of mergers as well as accretion of diffuse gas, is still limited, as they
require high spatial resolution < 100 pc, in order to properly resolve the stellar
dynamics (within the bar region) while evolving a large cosmological box (e.g.
Romano-Diaz et al., 2008; Kraljic, Bournaud, and Martig, 2012; Scannapieco
and Athanassoula, 2012; Kraljic, Bournaud, and Martig, 2012; Goz et al., 2015;
Okamoto, Isoe, and Habe, 2015; Spinoso et al., 2017; Algorry et al., 2017;
Sokotowska et al., 2017).

In chapter 5, I take advantage of one of these state-of-the-art cosmological
simulations, the ErisBH simulation (Bonoli et al., 2016) in order to constrain
the actual effect of various types of tidal interactions on the bar formation
process. Then, in chapter 7, I will discuss how this process is affected by the
stellar feedback in another modern cosmological run, the Eris2k simulation
(Sokotowska et al., 2017).

Although the encounters taking place in a cosmological simulation are more
realistic with respect to the isolated runs, it is immensely difficult to modify the
orbital parameters of the undergoing flybys in order to explore, for instance,
a particular region of the parameter space. This partially explains the small
number of high resolved cosmological simulation adopted to investigate such a
complex phenomenon, as the formation of a bar.

A different approach is provided by Peschken and Lokas (2018), on the
barred galaxies of the Illustris-1 simulation (Vogelsberger et al., 2014). Given
the numerous objects evolved in the simulated volume, the authors focus on the
statistical importance of dynamical encounters. Obviously, the large sample of
galaxies in the Illustris run is paid by with suboptimal mass and time resolution,
which limits the validity of a study on sub-galactic scale structures (see § 6.1.1,
for further details).

3.4 Bar evolution

Bars are transient objects: they form, evolve, dissolve and, possibly, form
again (see, e.g., Friedli, 1999). The evolution of the two-fold non-axisymmetric
structure can be (generally) outlined only in isolated galaxy, since in more
populated environments external perturbers could play a dominant role on the
bar life and death (see chapter 5 and 6).

3.4.1 Isolated galaxy

When a galaxy evolution is dominated by secular processes occurring within
its boundaries, bars growth is mainly determined by angular momentum transfer.
In particular, in a barred galaxy, the angular momentum is emitted from the
inner parts of the disc towards the regions outside the CR. The process is
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maximised in the neighbourhood of the resonances (mainly the ILR in the disc),
because, in those regions, the bar potential perturbs the orbiting material in a
coherent way during every consecutive revolution (see § 2.4). Analogously, in
the outer disc, the resonant material represents the most efficient absorber too
(the OLR is the main actor in this case, as well as all the other resonances outside
the CR radius and the CR itself). A fundamental role is played by the DM halo,
since it provides an immense reservoir of absorbing material. Athanassoula
(2002) showed that one of the most limiting feature in isolated simulations is
the absence of a live DM halo (i.e. an halo able to actively interact with the
other simulation elements, differently from a mere analytic potential) since it
cannot receive the angular momentum flowing from the inner galactic disc, thus
artificially reducing the growth of the bar. Within the DM halo the absorption
process again dominates at resonances, but the contribution per unit mass is
smaller with respect to the disc material, due to its higher velocity dispersion.
Indeed, the hotter is the absorbing or emitting material, the lesser is the transfer
efficiency (see Lynden-Bell and Kalnajs, 1972; Tremaine and Weinberg, 1984).
As long as the angular momentum is removed from the bar and is brought to
the outskirts of the galaxy, the bar keeps growing both in length and in strength.
This is because the bar, being located within the CR, has a negative total angular
momentum value and, thus, the further outflow of angular momentum enlarges
the bar-unstable zone and increases the distance of the CR radius from the
centre.®
In general, the angular momentum loss has a threefold effect on the evolution
of a bar-like structure: a bar can (i) simply reduces its pattern frequency,
or increases its extent and strength (ii) because some of its orbits become
more elongated and move outward their apocentres, or (iii) because some
nearly-circular orbits, that originally were not part of the bar, lose angular
momentum and increase their eccentricity, thus being incorporated in the bar.
In an isolated galaxy a combination of these effects takes place depending on
the local properties of the disc and the DM halo (Athanassoula, 2003). As
previously pointed out, since the velocity dispersion controls the efficiency of
the momentum transfer and, in turn, this determines the evolution of the bar
parameters (such as the length or the strength), it is evident that a higher velocity
dispersion in the gaseous or stellar component results in a weaker bar which
also grows slower.

3.4.1.1 Bar death: buckling instability

Before discussing the general effects that tidal interactions have on already
formed bars (see § 3.4.2), it is important to examine the possible fate of a bar
when it is exposed only to its self gravity and to the host potential.

Bars are not eternal. Many numerical simulations reveal that, if bars have
enough time to evolve, at a certain point, either they lose their structural integrity
or evolve to something more similar to a bulge. Then, it’s not a question of if,
it’s a question of when.

8This, in turn, increases the region in which the bar can extend (see § 2.4 and Contopoulos
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Figure 3.1: Stellar density maps of two very similar simulated barred galaxies seen
side-on and pictured with high-contrast colour map. The right panel shows
a more advanced stage in bar evolution, where vertical instabilities are
leading to the formation of a peanut-shaped bulge. The feature is absent in
the left panel.

After its formation, a bar starts evolving not only on the disc plane, but

also on the normal axis, via vertical instabilities. Soon it dismisses its original
density profile, inherited from the disc and buckles. The process, called bucking
instability, is characterised by the quick development of a progressive asymmetry
with respect to the galactic plane, which then results in the formation of a thicker
structure whose edge-on projection resembles the shape of a box, a peanut, or a
X (see, e.g. Combes et al., 1990; Raha et al., 1991).
Combes and Sanders (1981) were the first to point out that simulated bars
seems peanut bulges when seen side-on and boxy bulges if observed end-on,’
as it is clear from Figure 3.1. The X pattern is assumed to just traces the
maxima of emission of the peanut-shaped bulge. Successively, a joint analysis
of numerical simulations, photometrical and kinematical observations, has
confirmed the strong connection between these particularly shaped bulges and
bars (e.g. Kuijken and Merrifield, 1995; Liitticke, Dettmar, and Pohlen, 2000;
Bureau and Athanassoula, 2005; Bureau et al., 2006). These qualitatively different
profiles of edge-on disc galaxies arises from the same family of instabilities
which force the stars to orbit outside the galactic plane (see, e.g., Patsis and
Katsanikas, 2014). In particular, Patsis, Skokos, and Athanassoula (2003) show
that, various members of the x; family (see chapter 2), once destabilized, emerge
and bifurcate on the vertical axis. The boxy/peanut structure forms when stars
populate the trapped orbits around those members.

A possible mechanism proposed as trigger for this orbital evolution is the
“fire-hose” effect, that happens when the radial velocity dispersion becomes
significantly larger than its vertical counterpart, compromising the stability of

1980).

9When an edge-on galaxy is observed with the line of sight aligned with the bar minor axis, it is
called side-on, on the other hand, when the line of sight is perpendicular to the bar minor axis,
it is called end-on.
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the structure (Raha et al., 1991). This mechanism was originally applied by
(Toomre, 1966) as a destabilizing process in a non-rotating, infinite sheet model,
but was later put aside since axisymmetric galaxy was known to reach the
threshold values of radial velocity dispersion. The situation is quite different
for barred systems: the radial and vertical oscillations are generally decoupled,
and the induced stream motions along the bar major axis make the horizontal
motions assume higher values, the more evolved is the bar stage.

The asymmetric phase which leads to the formation of these structure is
accompanied by a serious decrease in the bar strength (Combes et al., 1990; Raha
et al., 1991; Debattista et al., 2004; Debattista et al., 2006; Martinez-Valpuesta and
Shlosman, 2004; Martinez-Valpuesta, Shlosman, and Heller, 2006; Athanassoula,
2008a). It is quite controversial if this weakening produces an actual destruction
of the bar. However, I will consider it a realistic outcome of the buckling process,
given the strict requirements I use to define a strong bar (see, e.g., chapter 7).

In § 7.3, I outline three different methods to estimate the buckling process of
the bar. They stem from either the analysis of the side-on projection of the stellar
density or from the study of the velocity dispersion within the bar structure.

3.4.1.2 Bar death: bar suicide

Another possible demise for a stellar bar is reached simply when the con-
ditions of the gravitational potential are no longer suitable to sustain a rigid
pattern with a fixed precession frequency. As discussed in § 1.3, the gradual
inflow of interstellar medium builds a CMC in the centre of the disc. This newly
formed mass sensibly perturbs the central potential, scattering the stars whose
orbits are aligned with the bar. As long as the CMC grows, the x5 orbits cover an
increasingly large phase-space volume at the expense of the x1 orbits. Since the
bar itself provides the means that drive the formation of the CMC, this process
is commonly called bar suicide, and it is observed both in numerical simulations
and in orbital analysis (e.g. Hasan and Norman, 1990; Friedli and Benz, 1993;
Hasan, Pfenniger, and Norman, 1993; Combes, 1994; Norman, Sellwood, and
Hasan, 1996; Berentzen et al., 1998). Also for the bar dissolution via CMC,
the mass thresholds are widely debated. The reasons lies in the enormous
type of galaxy profile available and in the complexity level required for the
numerical simulations. Some works try to estimate a critical value for the CMC
in percentage of the total disc mass (Norman, Sellwood, and Hasan 1996, 5 — 7
percent; Berentzen et al. 1998 2 percent; Combes 2004, 1 — 5 pecent) needed to
destroy the bar.

According to (Shen and Sellwood, 2004), a bar can even tolerate a soft central
mass of 10 percent, and it would be only weakened. In general, if a galaxy
shows in its central part a concentrated bulge, or even a supermassive black hole
(Hozumi and Hernquist, 1999), it is hard for the potential to sustain a system
of stars, preceding coherently, as a rigid body for a sufficient amount of time
(in order to make it grow). When these components form or grow in already
barred systems, the hosted two-fold structures are profoundly perturbed and
their stellar orbits are shuffled. Although it is not absolutely certain if the death
of the bar is a necessary epilogue of the process, since this depends also on how
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and how fast these components are assembled, the dissolution remains a highly
probable scenario and I will present a relevant case in chapter 7.

Finally, it is important to remark that the gaseous inflows triggered by the
bar torques are themselves a source of weakening for the bar intensity. The gas,
coming from the outer part of the galaxy, transfers its angular momentum to the
structure, which then reduces its length and strength (Bournaud and Combes,
2004). This zeroth-order effect can enhance the destructive influence of other
mechanisms and contribute to the complete extinction of the bar overdensity.

3.4.2 Tidal interactions

Since galaxies are never completely isolated in the Universe, it is wise to ask
what is the effect of the interaction with external objects on an already formed
bar, in analogy to what has been considered in § 3.3.

In this case as well, only the analysis of a simulation allows to trace the mo-
tions of every galactic component during the entire evolution of the system. For
this reason, numerical simulations are a necessary tool to connect observations
to analytical works.

Some studies have been carried out in isolated runs with idealized boundary

conditions and geometries (Gerin, Combes, and Athanassoula, 1990; Sundin and
Sundelius, 1991; Sundin, Donner, and Sundelius, 1993) and, recently, even on
a large sample of simulated galaxies, taking advantage of larger cosmological
simulations (e.g. Peschken and Lokas, 2018).
In detail, Gerin, Combes, and Athanassoula (1990) described the change in bar
strength and pattern speed of a strongly barred galaxy after a close encounter
between a barred galaxy and a satellite in isolated three-dimensional models.
They found that the interaction with a flyby induces a transient increase (de-
crease) of the bar strength and a corresponding decrease (increase) of the pattern
speed, depending on the angle 1), defined by

¢ = ¢bar - ¢sat7 (3-7)

where ¢, is the phase of the bar and ¢g,; is the angle of the perturber at the
moment of its pericentre, in the reference frame of the centre of mass of the main
galaxy.'” The following works by Sundin and Sundelius (1991) and Sundin,
Donner, and Sundelius (1993), argued that the orbital angular momentum of
the satellite is not the only variable to consider when studying the variation
of the bar properties. The authors performed some numerical tests in a two-
dimensional geometry and concluded that, despite the fact that the bar always
varies its angular momentum in the encounter, it may either gain or lose mass
depending on the position angle of the satellite pericentre. Thus, the cumulative
effect on the bar angular speed is a combination of the transfer both of mass and
angular momentum, which are triggered in different amounts depending on the
orbital parameters of the encounter. All these works produced interesting results

1%When 1 is positive (negative), the perturber is behind (ahead of) the bar; when ) = 490°,
the effect of the satellite is null, due to symmetry reasons.
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in the field of tidal interaction of barred system, however they are constrained
by obsolete technology to very simple models with huge approximations.

Diversely, Peschken and Lokas (2018) analysed a sample of 121 massive
galaxies in the Illustris-1 cosmological simulation (Vogelsberger et al., 2014),
which underwent a close encounter during their evolutionary history and found
a trace of that interaction in the evolution of the bar strength parameter. They
suggested that the effect of the perturbation on the structure would depend
both on the orbital angle (i.e. whether the approaching satellite is on a prograde
or retrograde orbit) and on the strength of the perturbation, quantified through
the Elmegreen parameter S (Elmegreen et al., 1991), i.e.

Msat ( Rgal )3 AT

g —
Mgal Rperi T’

(3.8)

where Mg, and Mg, are the total masses of the perturber and of the main
galaxy, respectively, whereas R is the distance of the perturbing satellite at
its pericentre and Ry, the barred galaxy size. The value of AT is given by the
time taken by the satellite to travel one radian around the galaxy centre of mass
near the pericentre. The rotation period in the outer part of the main galaxy 7’

is, instead, defined by
5 1/2
T — & : (3.9)
GMgal

On average, the overall effect of a weak tidal interaction in their sample is
to reduce the strength of the bar, whereas more intense perturbations result
in either an increase of the strength if the satellite orbit is prograde, or in a
decrease, when the orbit is retrograde.

However, it is important to stress that works based on cosmological volumes
are very valuable to study the demographics and general properties of barred
galaxies, but the much higher resolution (of order 0.1 kpc), possible with
cosmological zoom-in simulations of individual galaxies, is necessary to analyse
in detail the internal dynamics of bars and their resulting evolution.

3.4.21 Bar death: apparent

From § 3.4.2 it is clear that a sufficiently strong perturbation can, in principle,
lead a bar to its complete decay. A major merger would, most likely, be able
to significantly change the potential well of the galaxy making it bar-stable
(this kind of collisions significantly modifies the disc geometry, building an
elliptical galaxy; see § 1.1). However, an event of such violence is not necessarily
needed in order to shuffle the stellar orbits which make up the bars. A far minor
merger, in fact, or even a close unequal-mass could be enough to destabilize
the fragile equilibrium that holds the stars together. However, in this last case,
the galactic potential would not be excessively perturbed and eventually the
bar could reform with the same features it had before the encounter. For this
reason I refer to this event as apparent death, to differentiate it from an actual bar
destruction, when the gravitational potential is heavily affected (see § 3.4.1.1
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and § 3.4.1.2). Since the defaillance of the bar strength parameter could last for
a significant amount of time in the galaxy evolutionary history and low-mass
flybs are common events even at low redshift, a galaxy with a strongly bar-
unstable potential could be observed as an unbarred system with non-negligible
probability. It is important to study if the number of theses objects is relevant
and if the dependence from the environment has therefore to be consider when
evaluating the bar fraction over a galaxy population.

In chapter 5 and 6, I discuss my contribution to the study of the effect of
external interactions on to bars, by focussing on the impact of cosmologically
motivated flybys on the central galaxy of the ErisBH and Eris2k zoom-in sim-
ulation volumes. In particular, I will describe an overall destructive effect for
the tidal encounters on these strongly barred galaxies, including a case of bar
apparent death.



Chapter 4

The simulations

The interplay among the fundamental physical processes cannot be reduced
to simple analytical forms. We saw in § 3.1 that, for this reason, numerical
methods have become ever more important in astrophysics and indispensable
when investigating complex dynamical problems, such as bar formation and
evolution.

In the following, I discuss the numerical set-ups of the cosmological simula-
tions analysed in my works. In particular, after a brief introduction on the codes
adopted in § 4.1, in § 4.2 I describe the two main simulations, ErisBH and Eris2k,
sharing the same initial condition files, but implementing different prescriptions
of sub-grid physics. In § 4.3, I characterize another suite of cosmological zoom-in
simulations, produced using a snapshot of ErisBH as initial condition.

4.1 The codes

In this section, I outline the code CHANGA (Menon et al., 2015), which I
use to perform the simulations described in § 4.3 and its precursor GASOLINE
(Wadsley, Stadel, and Quinn, 2004), adopted to evolve the runs in the Eris suite
(see § 4.2).

CHANGA (Charm N-body GrAvity solver) is a program for cosmological
simulations derived from the tree-SPH code GASOLINE.

Both these codes compute gravitational forces through a hierarchical tree
algorithm (Barnes and Hut, 1986), and hydrodynamical forces using SPH (Gin-
gold and Monaghan, 1977; Lucy, 1977). The main difference between the two
codes lies in the parallelization approach which, in the case of CHANGa4, is
implemented via the high level parallel libraries Charm++, that allow to reach
extraordinary scalability performances on various computer architectures.

41
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4.1.1 Gravity

Gravity is the fundamental driving force in the majority of astrophysical
systems.

In numerical simulations the mass density p is represented by means of a
discrete distribution of matter. In order to solve Poisson’s equation 2.2 for the
gravitational potential ®, it is usually computed the acceleration on a single
body a; = V& given by the cumulative attraction of all other bodies:

=G Z (4.1)

itj |7 — rj|

where m; and r; are the mass and position of the j-th body, respectively, and
N is the total number of particles in the system. In collisionless systems, these
Equations are the characteristics of the collisionless Boltzmann equation.

Obviously, for large systems, the direct O(N?) summation on each body
would be impractical and a different approach has to be implemented, in order
to reduce the computational cost.

CHANGA and its predecessor GASOLINE evaluate gravity through a modified
version of the Barnes-Hut algorithm (Barnes and Hut, 1986). Both the codes are
based on a spatial binary tree, where the particles are arranged in a hierarchy of
groups. In computing the acceleration on a certain particle, the force exerted by
distant groups is approximated by a multipole expansion of the entire groups. In
this way, the computational cost for a complete force evaluation can be reduced
to order O(N log N) (Appel, 1985).

Operatively, the computational domain is recursively subdivided into a
sequence of nodes or cells, bisecting the longest axis of each cell in order to
keep their axis ratio close to one. The tree is constructed such that the root node
represents the entire simulation space and the children represent sub-regions.
The leaf nodes of the tree are buckets containing only a small amounts of
particles.

After the domain decomposition, which is stopped when ny,cket Or fewer
particles remain in a leaf, the codes calculate the force exerted by the node
onto each particle using the multipole expansion of the gravitational potential
produced by the particles within the node itself. This process is then iterated for
each node.

In particular, if 7oy is the centre of mass of the node, Equation 4.1 can be

written as
N
1

ai:G

4.2)
5 (
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and the Newtonian potential becomes

e Z - ' (4.3)
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Assuming that the position of each particle in the node is sufficiently close
to the node centre of mass, so that the position r; satisfies the condition
x| = |r; — rcm| > |rj — reuml, the denominator of Equation 4.3 can be Taylor
expanded. For instance, the first two expansion terms are

I _ 1 12" Blrew —mj)(rem — )" — (row — )| @
2+ row =yl el 2 2 N
(4.4)

The first term is the monopole moment and the second one is the quadrupole
moment. !

CHANGA and GAsOLINE use the fourth (hexadecapole) order multipole moments
to represent the mass distribution in cells at each level of the tree.

Since the particle ensemble is treated as a collisionless system, the codes
adopt a sphere around each particle where the particle mass is smoothed. The
radius of this spheres is the gravitational softening, €, and the smoothing for a
particle of mass m; is defined by

p(r) = mjw(q), (4.5)

where, in this case, ¢ = 7 /¢, and the smoothing kernel, from Monaghan (1992),
is a spline of the form

— 3¢ +2¢%,  0<q<1,
(2—q)°, 1<qg<2, (4.6)
; q>2,

\G][SV)
N[N

Kp
w(q) = WD

Orlm =

with D, number of dimensions, and Kp, normalization constant assuming
2 10

the values 3 T and % in one, two, and three dimensions, respectively. It is
clear that the convergence with Newtonian gravity is obtained at two softening
lengths.
In both the codes the same spline is also applied for SPH (see § 4.1.2).

The codes compute the gravitational force that acts on to each particle by
walking the tree structure and summing up the proper contribution from each

node. To do so, each cell is marked with an opening radius r,pen, defined as

QBmaX
Topen = W?

where B,y is the maximum distance of a particle within the node, and 0 is the
opening angle (see Figure 4.1).

When the codes walk the tree, they open only the cells whose opening radius
intersects the distance B;, for each bucket B;. If a cell is opened, the criterion
is tested again for the cell sub-regions. Otherwise the contribution of the cell
to the bucket B; is computed as a whole. Figure 4.1 exemplifies this opening
criterion.

An important feature provided by both the codes, in order to accurately
simulate a fraction of an infinite universe, is the possibility of performing

(4.7)

IThe dipole vanishes when the expansion is relative to the group centre of mass.
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Figure 4.1: Schematic representation of the opening criterion for the codes GASOLINE
and CHANGA. Here the opening radius of the cell intersects the bucket B,
but not the bucket Bs. (Figure from Wadsley, Stadel, and Quinn 2004).

the gravity calculation with periodic boundary conditions. The convergence
is rapidly obtained through Ewald summation (Ewald, 1921), implemented
similarly to Ding, Karasawa, and Goddard (1992).

4.1.2 Hydrodynamics

The use of SPH (Gingold and Monaghan, 1977; Lucy, 1977) is a natural exten-
sion for particle-based gravity codes. Indeed, among the Lagrangian approaches
to evaluate the hydrodynamic force, also this technique approximates the fluid
through a set of tracer particles.

CHANGA implements the same method of GASOLINE to solve the Euler
equations. The computation has two stages. In a first moment (i), for each
gaseous particle ¢, a hydrodynamical smoothing length h; is determined and the
neighbouring particles inside its smoothing radius are found. By varying the
smoothing length h; of each particle, this number of neighbours is kept either
fixed or, at least, roughly constant. Thus /;, adjusts to the local particle density
adaptively, leading to a constant mass resolution, independent on the density
of the flow. The procedure to find the neighbour particles, needed for the SPH
kernel sums, takes advantage of the already-built tree structure used for the
Barnes-Hut algorithm.

In the second phase, (ii) the hydrodynamical properties of the gas (i.e. the
density, the internal energy, and the pressure) and of the hydrodynamical forces
are evaluated.

A typical smoothed value for a certain quantity f at particle ¢, due to the
particles j at positions 7; is given by

frsmoothed = Y _ [iWij(|ri = ], hi, hy), (4.8)

j=1
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where IW;; is a kernel function symmetric for the conservation of energy and
momentum. CHANGA and GASOLINE employ the kernel-average proposed by
Hernquist and Katz (1989):

1 =\ 1 .
i j

Here, w is the same spline of Equation 4.6, with ¢ = Irizryl,

Once the hydrodynamical smoothing lengths and the list of neighbours have
been found for each SPH particle, the codes are able to evaluate the density at
the fluid particle 7, given particles j:

N
Pi = ijWij' (4.10)
J=1

The evaluation of the hydrodynamical force for the gaseous particles is
performed through the Euler equation

as VP i
al® = - (7) + a;™, (4.11)

visc

where — (%) is a term related to the gas pressure and a;"™° is the viscous

component of the hydrodynamical acceleration.
The codes assume ideal gasses, with equation of state

P, = (v — Dpius, (4.12)

where u; is the internal energy per unit of mass, and v is the polytrophic
index. Given the expression of the pressure, the force onto each SPH particle is
evaluated as follows:

s — ij ( ; + HU> VWi, (4.13)
Pi p]

where v; is the velocity, P is the pressure, and II;; contains the information
about the viscous component. This term is defined by

[—a%(ci-l-cj)/ﬁj-f-ﬂ/i?j] . o
I, = Ly if vij - 7ij <0 (4.14)
0 otherwise
Here, 11;; is given by the relation
(hi + hj)(vij - 74i5) (4.15)

Hig = )
J rfj + 0.01(h; + h;)?

where r;; = r; — 7, v;; = v; — v;, and ¢; (¢;) is the sound speed. & = 1 and
3 = 2 are parameters used to represent shear and Von Neumann-Richtmyer
viscosities, respectively.
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For highly rotating systems, the Balsara (1995) b; switch is added as a
multiplicative term, in order to suppress the viscosity in non-shocking, shearing
environments:

(V- vi)]
(Vo) | +[(V X vy))

The pressure averaged internal energy is set, for each gas particle, at the
beginning of the simulation and is evolved as follows (Evrard, 1988; Benz, 1989):

b=

(4.16)

du; P

dt p

4.1.3 Parallelization approach

The major improvement brought by CHANGA lies in the use of a new exten-
sive and innovative parallelization procedure, thanks to the parallel program-
ming system Charm++. The introduction of Charm++ allows to write extremely
complex parallel applications, independently of the machine architecture.

Cosmological simulations are challenging not only because of the vast num-
ber of particles, but also because of the way they assemble. Indeed, the evolution
of a dense system would require a shorter time-step in order to reduce the error
on the force evaluation, and this would contribute to enhance the computational
burden. In this context, CHANGA proved to be very versatile in evolving sig-
nificantly clustered datasets of particles, being able to investigate an immense
dynamical range and a great density contrast thanks to its algorithms of load
balancing. The computational load is more frequently subdivided among the
processors to optimize the resources and lower the number of idle processors.

During the tree building process, various decomposition techniques allow
to overlap the communication with the computation and the load balancing
teatures, thus greatly reducing the latency in the processes.

Charm++ runtime system is also able to efficiently overlap the communication
latencies of SPH with the gravity calculations.

Another interesting upgrade is the introduction of the Cache Manager, a soft-
ware able to speed up and optimize the communication among the processors,
when they share interacting particles in the tree.

CHANGA showed strong scaling results for uniform datasets on up to 512K
cores, and good performance on up to 128K cores for strongly clustered systems.
The notable efficiency of the code is well documented in Menon et al. (2015),
Jetley et al. (2008), and Jetley et al. (2010).

4,2 The Eris suite

The Eris-suite simulations (Eris, Guedes et al. 2011; ErisLE, Bird et al. 2013;
ErisBH, Bonoli et al. 2016; and Eris2k, Sokotowska et al. 2016; Sokotowska et al.
2017) succeeded in reproducing a set of realistic Milky Way (MW)-sized spiral
galaxies in zoom-in cosmological volumes, thanks to a smart management of
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the feedback receipts, and provide a fruitful laboratory to explore numerous
physical processes in a cosmological context.

My work is based on the analysis of two simulations of the Eris suite, Eris2k
and ErisBH, both run with the N-body, smoothed particle hydrodynamics code
GASOLINE (Stadel, 2001; Wadsley, Stadel, and Quinn, 2004).

All simulations in the suite share the same cosmological parameters (from the
Wilkinson Microwave Anisotropy Probe three-yr data: 2y = 0.24, 2y = 1—Qyy,
Q, =0.042, h = 0.73, n = 0.96, and og = 0.76; Spergel et al. 2007) and the
same cosmological box of (90 comoving Mpc)?, within which a low-resolution
DM-only simulation with 300 DM particles is run from redshift z = 90 down
to’ z = 0. After a target halo (with mass similar to that of the MW halo
and a quiet late merging history, i.e. with no major mergers — above a mass
ratio of 0.1 — after = = 3) is chosen, a zoom-in hydrodynamical simulation is
performed with 1.3 x 107 DM particles and 1.3 x 107 gas particles within a
Lagrangian sub-volume of (1 comoving Mpc)? around such a halo. The mass
and spatial resolution in the high-resolution region are given by the mass of
DM (mpy = 9.8 x 10* Mg) and gas (Mgas = 2 X 10* Mo) particles, and by the
gravitational softening of all particle species: ¢ = 1.2/(1 + 2) physical® kpc for
90 > z > 9 and 0.12 kpc for z < 9.

4.2.1 ErisBH: the parent run

ErisBH is similar to its predecessor Eris, by including Compton and atomic
cooling of primordial gas, heating from a UV background (UVB; Haardt and
Madau 1996, hereafter HM96), and metallicity-dependent radiative cooling
at low (< 10%K) gas temperatures (see Guedes et al. 2011 for more details).
Gas particles belonging to a converging flow that cross the star-formation
temperature (Igp = 3 X 10* K) and density (ngr = 5 atoms cm ) thresholds
can form stars of initial mass m, = 6 x 10° M, each representing a stellar
population described by a Kroupa, Tout, and Gilmore (1993) — hereafter K93 —
initial stellar mass function (IMF). Each SN exploding releases 8 x 10°° erg to
the neighbouring gas particles following the blastwave prescription in Stinson
et al. (2006), hereafter S06.

However, ErisBH differs from Eris by including prescriptions for the for-
mation and growth of MBHs and the feedback that these can exert on to the
galactic medium during accretion events (Bellovary et al., 2010; Bonoli et al.,
2016). In particular, a MBH can be seeded in a halo only when: (i) the halo
does not host any other MBH, (i7) the halo is properly resolved (by at least 100k
particles), and (i) it hosts a dense gas structure with more than 10 particles
exceeding a density of 100 atoms cm 2. Every MBH can accrete mass from the
surrounding medium following the Bondi-Hoyle-Lyttleton prescription (Hoyle
and Lyttleton, 1939; Bondi and Hoyle, 1944; Bondi, 1952):

2The Eris2k simulation has been halted at z /= 0.3. See also § 4.2.2 and § 4.2.3.
31n the rest of this work, unless otherwise specified, I always report the physical lengths.
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where Mpy is the mass of the MBH, and p, ¢, and v are the gas density, sound
speed, and relative velocity with respect to the MBH, evaluated over the closest
32 SPH particles, respectively. The maximum accretion rate is capped at the
Eddington limit (Eddington, 1916),

47TGMBHmp

norc

Mgqq = (4.19)

that is computed assuming a radiative efficiency of n = 0.1. Here, m,, is the
proton mass, o1 the Thomson cross section, and c the speed of light in vacuum.
The same efficiency is assumed when computing the radiated luminosity, a
fraction €; = 0.05 of which is coupled to the 32 gas neighbours as a thermal
energy injection (see Bellovary et al. 2010 for a detailed description of the
implementation of the MBH physics).

The MBH feedback has an impact on to the ErisBH galaxy at early times
(z R 2), in preventing the formation of a central baryonic overdensity, so that at
lower redshifts the galactic potential can sustain a central bar (contrary to the
Eris case, as discussed in Spinoso et al. 2017; see also Rodionov, Athanassoula,
and Peschken 2017). However, the effect of MBH growth at lower redshifts is
essentially negligible, as the central object grows at very low rates, for a total
accreted mass of only 14 per cent of its final value since z ~ 1.2. For these
reasons, in the investigations of chapter 5, I turned off accretion and feedback
from the central MBH.

As detailed in Spinoso et al. (2017), a strong bar is clearly observable in the
centre of the ErisBH disc galaxy at z = 0. The bar starts manifestly growing by
z & 1 and it is unclear whether the trigger of its growth could be associated
to a minor merger occurring at z ~ 1.2 (last minor merger, or LMM hereon),
that indeed imprints a clear non-axisymmetric perturbation in the (already bar-
unstable) central region of the galaxy. The merging satellite has a stellar mass
of M, ~ 1.2 x 10° M, and a dark component mass of Mpy ~ 1.5 x 1010 M,
to be compared to the dominant galaxy which has M, =~ 2.0 x 10*® M, and
Mpy ~ 1.1 x 10! Mg within a 20 kpc radius from the centre.* Other minor
perturbations are present at lower redshifts, the most significant being multiple
flybys of a relatively massive satellite at z ~ 0.65, 0.35, and 0.15. The stellar
mass of such satellite is M, ~ 2.1 x 10® M, whereas that of its DM component
is Mpy ~ 1.4 x 10° M. These values are computed shortly before the first
closest-approach point, at about 48.1 kpc from the main galaxy.

The ErisBH simulation provides a formidable laboratory in order to investi-

gate the influence of these satellites of cosmic origin and, thus, is the basis for
the “siblings” runs described in § 4.3.

The reported figures are estimated at z &~ 1.7, hence significantly before the merger.
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4.2.2 Eris2k

In Eris2k, it is assumed a uniform extragalactic UVB (Haardt and Madau
2012, hereafter HM12) and calculated the cooling rates either in non-equilibrium
(in the case of H and He) or in photoionization equilibrium (for the first 30
elements in the periodic table), using pre-computed tables made with cLoupy
(Ferland et al., 1998) and following the model of Shen, Wadsley, and Stinson
(2010) and Shen et al. (2013).

Gas particles are allowed to form stellar particles when the gas density
Pgas > 102 myg ecm ™3 (where my is the hydrogen mass), Tgas < 10* K, and the
local gas overdensity is greater than 2.63. When such requirements are met, gas
particles are stochastically selected such that dM, /dt = €, Mgas/tayn, where M,
and M, are the mass of stars and gas involved, respectively €, = 0.1 is the SF
efficiency, tqyn = (47TGpgaS)_1/ 2 is the local dynamical time (S06). At each SF
event, the newly formed stellar particle (of mass ~ 6 x 10° M) represents a
stellar population which covers the entire IMF by Kroupa (2001), hereafter KO1.
Metals and thermal energy are (turbulently) diffused according to the model
described in Wadsley, Veeravalli, and Couchman (2008) and Shen, Wadsley, and
Stinson (2010).

When a massive star (of mass between 8 and 40 M) explodes as a SN, mass,
iron, and oxygen are injected into the surrounding gas, together with Egn =
10°! erg, which is deposited as thermal energy, according to the “blastwave
model” of S06. In the case of SNae type II, radiative cooling is disabled for twice
the survival time of the hot low-density shell of the SN (McKee and Ostriker,
1977).

The simulation results in the formation of a strongly barred disc galaxy
which, at z = 0.3 (when the run has been stopped), has a gaseous, a DM, and a
stellar component of 1.7 x 101°, 1.2 x 10!, and 3.8 x 101° M, respectively
(evaluated inside a sphere of radius 20 kpc and centred in the centre of mass of
the galaxy). The Kron (1980) radius’ of the system at the same redshift is equal
to 3.3 kpc.

4.2.3 ErisBH vs Eris2k

The following is a discussion about the main differences between ErisBH
and Eris2k with the aim of providing the necessary context needed by chapter 7.

In the previous sections, one can infer that the original differences between
the ErisBH (run down to zenq = 0) and Eris2k (zeng ~ 0.3) simulations lie in how
(i) gas cooling, (ii) stellar models (including SF and feedback from SNae), and (iii)
black hole physics are implemented. Indeed, both simulations include Compton
cooling and primordial atomic non-equilibrium cooling in the presence of a
redshift-dependent cosmic ionizing background, (HM12 in Eris2k and HM96
in ErisBH). The modelling of metal cooling varies amongst simulations. In
ErisBH, cold gas (Tgas < 10* K) can cool from the de-excitation of fine structure
and metastable lines (C, N, O, Fe, S, and Si), and is maintained in ionization

The Kron radius is a mass-averaged galaxy radius, which I adopted in order to determine the
size of the disc in the main system of Eris2k. See § 7.1, for a formal definition.



50 Chapter 4. The simulations

equilibrium by a local cosmic ray flux (Bromm et al., 2001; Mashchenko, Wadsley,
and Couchman, 2008). In Eris2k, a look-up table is used, in which the cooling
rates for the first 30 elements in the periodic table are pre-computed as a function
of gas temperature (10 < Ty, < 10° K), density (107 < ny < 10* cm ™3, where
ny is the hydrogen number density), and redshift (0 < z < 15.1), using the
software cLOUDY and assuming photo-ionization equilibrium (PIE) with the
cosmic ionizing background. Cooling is stronger in Eris2k at all temperatures:
for Tyas > 107 K, the presence of metals can increase cooling rates even by orders
of magnitude (Shen, Wadsley, and Stinson, 2010); for Ty, < 10* K, it was shown
that PIE cooling is enhanced with respect to collisional ionization equilibrium
cooling (used in ErisBH, assuming that cosmic rays are unimportant), mostly
because PIE tables are computed under the assumption of an optically thin gas
and therefore overestimate the true metal cooling rates of low-temperature gas
(Bovino et al., 2016; Capelo et al., 2018).

As already specified, particles denser than psr, colder than 7gr, and with
a local gas overdensity > 2.63 are allowed to form stars, i.e. stochastically
converted into star particles according to S06. In particular, stars form in
a denser (psp = 10%my versus 5mpem—>) and colder (Tsp = 10* versus
3 x 10" K) gas environment in Eris2k than in ErisBH.

At each SF event, the new stellar particles (each of mass ~ 6 x 10® M) are a
proxy for a stellar population with a given IMF. The different IMF implemented
(K01 in Eris2k and K93 in ErisBH) translates into about three times more stars in
the mass range 8—40 M, in Eris2k than in ErisBH, for a fixed stellar particle mass
(Shen et al., 2013; Sokotowska et al., 2016). Such difference is relevant because
stars with mass within that range can explode as SNae, injecting mass, metals,
and thermal energy into the surrounding gas, according to the blastwave model
of S06. The energy from SNae (Esy = egy % 107! erg per SN, with egy = 0.8 and
esn = 1 for ErisBH and Eris2k, respectively) heats the surrounding gas particles,
which are then allowed to cool radiatively, but only after a cooling shut-off time
equal to the survival time of the hot low-density shell of the SN (McKee and
Ostriker 1977; in ErisBH) or twice that (in Eris2k), in order to prevent the gas
from quickly radiating away the SN energy because of the limited resolution.

In Eris2k, thermal energy and metals are turbulently diffused (Wadsley,
Veeravalli, and Couchman, 2008; Shen, Wadsley, and Stinson, 2010), whereas
in ErisBH this applies to the thermal energy only. When such mechanism
is implemented, the metallicity distribution in the interstellar medium, as a
function of the density, becomes smoother: both the formation of low-density
zones with high metallicity is prevented, and the total amount of metals inside
the galactic halo rises. The major consequence is that the cooling rate is further
increased in the galaxy disc, and the SF process is then (slightly) favoured (see
Shen, Wadsley, and Stinson 2010 for further details).

Lastly, differently from Eris2k (and from all other simulations in the Eris
suite), ErisBH includes additional prescriptions, in the form of seeding, accretion,
teedback, and merging of MBHs (see § 4.2.1).

Within this comparison and thoroughly in chapter 7, for different feedback I
do not refer only to the SN efficiency parameter egn, but rather to the “effective
teedback” given by the cumulative effect of all sub-grid parameters. On one
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Table 4.1: Differences between the ErisBH and the Eris2k runs.

Feature |  ErisBH Eris2k

MBH feedback Yes No
UVB HM96 HM12

nsg 5) 100

IMF K93 K01
Shutdown cooling S06 2x506
Metal cooling Low T' AT

Metal & energy diffusion || Not supported Turbulent

hand, the combined unresolved-physics prescriptions and parameters in Eris2k
with respect to ErisBH (enhanced cooling, larger SF density threshold, different
IME, increased SN energy, and longer cooling shut-off time) lead to a globally
increased stellar effective feedback in the former simulation (Sokotowska et al.,
2016; Sokotowska et al., 2017). On the other hand, the implementation of MBHs
in ErisBH leads to a potentially boosted feedback effect in the central regions of
the galaxy, although this strongly depends on the mass of the MBH, which in
ErisBH reaches ~ 2.6 x 10 Mg, at 2z = 0 (see § 4.2.1).

Both the runs result in the formation of a barred MW-sized disc galaxy of
stellar mass = 1019 M, showing no “classical” bulge component (see § 1.1).
The total virial mass of ErisBH (at z = 0) is 8.2 x 10*! M, within a virial radius
of 265 kpc, whereas the main galaxy in Eris2k (at z = 0.31) has a virial total
mass and radius of 7.5 x 101! Mg and 211 kpc, respectively.

The stellar surface density® ¥, and its decomposition into sub-components
are shown for the final snapshots of the two runs in Figure 4.2. The details of the
global properties of the galaxies, of their sub-structures and their dependencies
on the different baryonic-physics prescriptions will be the focus of § 7.1 and
§7.2.

6%, has been calculated by integrating the mass density in cylindrical bin of height 8 kpc,
to ensure that the entire galactic structure is included, minimizing at the same time the
contamination by other systems.
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Figure 4.2: Profile decomposition of the stellar surface density X, for the ErisBH (upper
panel) and Eris2k (lower panel) runs at their last snapshot. The black lines
mark the profiles of X, measured from the snapshots, whereas the yellow
lines refer to the best fits obtained with two Sérsic (1963) and Sérsic (1968)
components for ErisBH and 3 Sérsic components and an exponential profile
for Eris2k. Both galaxies require a stellar disc component (blue curve) and
a less extended component (red curve) associated with the stellar bar or,
possibly, to its central part inflated into a boxy-peanut bulge in the case of
ErisBH (see § 7.3). These two stellar systems are easily recognizable in the
closeups of Figure 7.6. Eris2k shows a third, central, component associated
to a recent burst of SF fuelled by bar-driven gas inflows (green curve; see
§ 7.3) and a fourth component (magenta curve) to fit the background. The
vertical solid lines mark the position of the scale radii of the corresponding
fits with the same colour code, whereas the black dashed lines show the
bar length (/73) defined in § 3.2.2. See Appendix A for a description of the
fitting method.
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4.3 The siblings

In this section I discuss the initial conditions produced from the ErisBH
simulation (parent run) and adopted to investigate the effect of tidal interactions
on the formation and evolution of its hosted bar.

-10?

-10°

-1072

[ Mg - pc™?]

104

Figure 4.3: Upper panels: stellar density map of the central 50 kpc region for the WM
(left panel) and NM (right panel) runs at 2 ~ 1.7. The colour scale is
logarithmic spaced with minimum value 3 x 10~® Mgpc~3 and maximum
value 300 Mgpc™>. Lower panels: same as the upper panels, for the gas
distribution. The original location of the companion that merges at z ~ 1.2
in the WM run is highlighted in each panel with a circle of radius ~ 5 kpc.

Taking full advantage of the ErisBH run (see § 4.2.1), in order to isolate
the influence of various dynamical events over bar formation and evolution
processes, I produced five slightly different initial-condition files, starting from
a snapshot at 2 ~ 1.8 in the evolutionary history of the original simulation.

All five runs share a number of differences with respect to ErisBH. In
particular, (i) I evolved a smaller number of particles (the system is cut at 4500
comoving kpc from the centre of mass of the dominant galaxy), (ii) the MBH
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accretion has been switched off to further simplify the setup, and (iii) I could
not retrieve whether the gas particles were recently subject to SN feedback.

Since these peculiarities may prevent an accurate comparison between ErisBH
and its modified replicas, one of the five runs evolved is a twin simulation of
ErisBH (hereon run WM), though with the differences noted above. This run
allows to check how the aforementioned differences bias the evolution of the
system compared to ErisBH.

Chapter 5 is focussed on the comparison between the siblings described be-
low and run WM rather than ErisBH itself, as in this manner the variations
introduced at restart can be cancelled out.

The other four runs were re-initialized modifying the initial conditions at

2z ~ 1.8, when the galaxy is already prone to bar instability but no central
asymmetries are evident (see Figure 3 in Spinoso et al., 2017), as follows.
In run NM, I removed only the satellite which merges at z ~ 1.2 in run WM. In
order to prevent numerical effects and to maintain the self-consistency of the
simulation, I removed the object when it was 40.1 kpc away from the galaxy
at z =~ 1.8. Figure 4.3 shows a comparison between the stellar and gas density
maps for the runs WM and NM in the vicinity of the primary galaxy, at z ~ 1.7.
The second largest perturbation to the primary galaxy consists of a flyby, i.e.
an object which in the WM run performs three close passages near the central
galaxy at z < 0.7. The position of this satellite at z ~ 1.7 is highlighted in the
left panel (density map of the gas component) of Figure 4.4, whereas a zoom-in
and its trajectory during the first pericentre are shown in the right panel of the
same figure (stellar density map). Run NF is a copy of run NM, except that I
also removed the flyby, forcing a dynamical evolution with no significant events
after z ~ 1.2.

g a0

3-10°8

Figure 4.4: Left panel: gas density map for the WM run at z ~ 1.7 in a box of side
554 kpc. Right panel: stellar density map of the central 55 kpc from the same
run, immediately after the first pericentric passage of the flyby (z ~ 0.65).
The colour scale is the same applied in Figure 4.3. The position of the flyby
location and its trajectory during the closest approach are marked in cyan.

[ Mo - pe™?]
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Table 4.2: Summary of the siblings runs.

Run Extended Name Details

WM  With Merger control run
NM No Merger no LMM

NF No Flyby no LMM & no flyby

PF Pushed Flyby  no LMM & flyby pushed
HF Heavy Flyby =~ no LMM & heavier flyby

In run PF, T allowed the formation of the flyby satellite, but I provided it with
a velocity radial component in order to push the object away from the central
galaxy. This method makes the flyby satellite reach a distance from the main
galaxy as large as ~ 500 kpc at z = 0.5, thus reducing its influence over the
main system.

Finally, in run HF, the orbital parameters of the flyby were kept as in run NM,
but I doubled the mass of its DM component. The main characteristics of these
five runs are summarised in Table 4.2.

The described initial conditions were evolved for a total of approximately
1.0 million CPU hours via the tree-SPH code CHANGA (Menon et al., 2015),
a program for cosmological simulations built on the tree-SPH code GASOLINE
and implemented with the parallel programming system Charm++ (for further
details, see § 4.1).

I investigated a temporal window from z ~ 1.8 down to z = 0, using the
same cosmological parameters adopted for the Eris suite. The selected volumes
host a total number of particles of about 3 x 107, subdivided in 1.2 x 107 SPH,
1.3 x 107 DM, and 4 x 10° star particles.

In order to preserve continuity with the parent run, both Compton and
atomic hydrogen cooling have been included in the adopted code. Moreover,
the energetic state of the gas takes into account the same UVB considered
in ErisBH (HM96). The process of SF and SN feedback follows again the
method described in S06 (efficiencies and other parameters remained unchanged.
However, no prescription for MBH accretion and feedback was implemented.
The gravitational softening in my suite was kept fixed to 120 comoving pc,
implying that the physical softening decreases for increasing redshift.






Chapter 5

The effects of tidal interactions on
bar formation

This chapter is addressed to the study of the effect that external perturbations
have over the debated process of bar formation (see § 3.3) in MW-like galaxies,
by means of state-of-the-art cosmological zoom-in simulations, including the
physics of gas dissipation, star formation, and supernova feedback. The target is
to characterise the actual trigger of the non-axisymmetric perturbation that leads
to the strong bar observable in the ErisBH simulation at z = 0, discriminating
between an internal/secular versus an external/tidal origin.

In particular, the work focusses on the analysis of several replicas of the
ErisBH simulation (Bonoli et al. 2016; see § 4.2.1 for a description of the sim-
ulation), a cosmological zoom-in run that led to the formation of a realistic
MW-like galaxy hosting a bar in its central few kpc. The properties of the bar
and its effect on to the host galaxy and its gas and stellar component have been
detailed in Spinoso et al. (2017). Interestingly, the gravitational potential of the
main galaxy becomes prone to bar instability in its central region before the last
significant merger (with a mass ratio < 0.05), but develops an observable bar
only at later stages (Spinoso et al., 2017). The susceptibility to bar formation
was convincingly inferred via the combination of the Toomre () and swing
amplification X parameters for the m = 2 mode. As discussed in § 3.3, in
collisionless systems, which cannot dissipate energy, these two criteria combined
are known to express a necessary condition for bar formation. The aim of this
investigation is to identify the actual trigger of the bar formation, in particular
whether or not the disc’s own self-gravity and structure are responsible for it, or
if is instead crucial the role of external perturbations (e.g. infalling satellites).

In order to do so, I analysed the growth history of ErisBH most massive
galaxy by identifying the most relevant mergers and flybys. Then I ran a suite
of ad-hoc simulations, either removing these interacting galaxies or changing
their parameters (orbital or structural, as explained in § 4.3), checked whether
a bar would form and, if so, I studied the details of its growth. The rationale
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behind “engineering” the simulations by changing a targeted aspect of the initial
conditions is similar to the approach followed by Pontzen et al. (2017), who
applied small changes in the initial conditions of zoom-in simulations in order
to produce different accretion histories leading to the same final mass and
environmental properties.

I find that the main effect of a late minor merger and of a close flyby is to
delay the time of bar formation and those two dynamical events are not directly
responsible for the development of the bar and do not alter significantly its
global properties (e.g. its final extension). In conclusion, once the disc has
grown to a mass large enough to sustain global non-axisymmetric modes, then
bar formation is inevitable.

The results of this chapter have been published in Zana et al. (2018c).

5.1 Analysis and results of the simulations

The main goal of this analysis is to assess the actual trigger of the bar
instability in the simulation suite described in § 4.3. Hence, I start by checking
whether significant differences amongst the five runs, other than the properties
of the satellites, actually exist. Since in four out of five runs I removed the LMM,
experienced by the central galaxy of ErisBH at 2 ~ 1.2, the mass of the primary
galaxy is not exactly the same in all simulations. Figure 5.1 quantifies the
redshift evolution of the primary galaxy mass in the different runs considered.
Small mass variations are indeed present, still the maximum relative difference
in stellar mass is S 7 per cent at both small and large scales, with the largest
difference observable in correspondence of the minor merger (the stellar mass
of the removed satellite represents ~ G per cent of the main galaxy stellar
component at z ~ 1.7; this value drops to ~ 0.9 per cent by z = 0). The gas
mass within 20 kpc shows larger variations (about 10 per cent between the
different runs).! However, the gas mass never exceeds 40 per cent (5 per cent)
of the stellar mass within 20 (2) kpc. Star formation from gas infalling through
large-scale cold streams (clearly observable in the left panel of Figure 4.4 on
page 54) is responsible for the galaxy mass growth during the last ~ 9.7 Gyr,
while mergers with smaller structures are a second-order perturbation to the
mass content of the galaxy for z < 1.5. The only notable difference with respect
to ErisBH (cyan line in Figure 5.1) is represented by the initially larger gas
mass within 2 kpc. The effect can be explained by considering that the new
simulations start without gas cooling shut-off by previously exploded SNae, so
that the resulting higher star formation rate leads to a rapid consumption of the
gas reservoirs.’

'The gas mass within 2 kpc shows even larger variations at late times. Differences at such
small scales are not related to gas-replenishment episodes driven by mergers/flybys, nor to
different properties of the large-scale gas streams fuelling the primary; rather, they stem from
the difference in the formation time of the bar. See the effect of bars on the interstellar medium
in §1.3.

2Although, T often show direct comparisons of my results with ErisBH, it is more meaningful to
compare them to run WM, given the actual differences discussed in § 4.3 between these two
simulations.



5.1. Analysis and results of the simulations

59

1010 ~
3 : -
= - WM—PF -
- 109 b NM—HF — _
™ = NF —ErisBH 3
Y N i
\ 2 O
a 108 E_ W\ W\\%‘ @"%Wﬁﬂwg& ‘QA\,.. N 3
= - A A
| | | | | | | | | | | | | | | | |
107 I I | I I I I | I I I I | I I I I
o _ .
Z
© ’x101
S
g
E 1 O 10 amﬁww&*t:@?ﬁ’a%
8><109 _I | | | | | | | | | | | | | | | | ]

Figure 5.1: Gas (upper panel) and stellar (lower panel) mass enclosed within spheres
of 20 (solid lines) and 2 (dashed lines) kpc radii. The comparison with the
ErisBH original run is provided by the cyan line. The effect of the LMM in
the ErisBH twin run (run WM; black line) can be observed in the sudden
stellar mass growth observable at z ~ 1.5, when the satellite crosses the 10
kpc boundary. The completion of the merger occurs at z ~ 1.2 (this last

event is marked with the red cross).
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5.1.1 Fourier analysis

Once checked that all the main galaxies share a similar mass evolution, I
assess whether different sequences of interactions with the satellites would
result in different morphologies of the primary galaxy.

5.1.1.1 Bar strength

The presence (or absence) and the intensity of a central bar have been
quantified by performing the Fourier decomposition of the stellar surface density
field detailed in § 3.2.1.
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Figure 5.2: The evolution of the As(R) profile (blue line) and its cumulative counterpart
As(< R) (black line) of the primary galaxy in run NM at three different
redshifts (upper panels) is reflected in the corresponding stellar density
maps (lower panels) of the central 25 kpc, with the same colour coding as in
Figures 4.3 and 4.4 (logarithmic colour scale ranging from 3 x 1078 Mgpe™3
to 300 Mpc2.). The major peak of As(R) at R ~ 9 kpc at z = 1.2 is due
to the lower density of the outskirts of the galactic disc.

Even though, the bar strength appears to be well represented by the trend of
the A cumulative profile (see Figure 5.2), it is worth noting that its value could
depend on the CMC of the galaxy. For this reason, it is important to provide
the result of the differential Fourier analysis As(R) as primary estimator for
the intensity of the two-fold non-axisymmetric structure. Both the values are
calculated according to Equation 3.1 on page 29, considering only stars within a
1 kpc height.
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Figure 5.2 shows for the NM run, at three different redshifts, the As(R)
profile (blue line) and its cumulative equivalent (black line) as a function of the
cylindrical radius R. Each plot is accompanied by the corresponding face-on
stellar density map. The plot shows the non-axisymmetric nature of the galaxy
disc at three different epochs along the galaxy evolution. It is clear how a
two-fold overdensity is evolving, gaining both amplitude and radial extent as
the galaxy approaches z = 0. This evolution is evident in both lines even if
it is also visible that the central density slightly biases the trend of Ay(< R)
at larger radii. Nevertheless, it is worth noting that the region of interested
is located in the innermost kpc of the galactic disc, where the bar actually
forms, and here both the local maxima of As(< R) and As(R), A2 max(< R)
and Ag’maX(R), respectively, provide a reliable estimate of the current strength
of the growing non-axisymmetry. The values of As(R) have been computed
over a much smaller number of particles (each annulus is just a fraction of the
total disc volume), thus even a slight variation in symmetry is highlighted in the
final result. As a consequence, the differential function fluctuates considerably
more than the cumulative one.

The evolution of A max(R) and A ax(< R) is shown in Figure 5.3 for all
runs, as well as for ErisBH.
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Figure 5.3: Redshift evolution of the bar intensity for the five modified runs, compared
with the ErisBH original simulation. The quantities Ag max(R) (upper panel)
and As max (< R) (lower panel) show almost the same trend, proving that the
study of the bar growth is not biased by the central mass concentration. The
time at which the minor merger occurs in run WM is highlighted with a red
cross, whereas the times of the first, second, and third pericentre passages
of the flyby are marked as circles, squares, and triangles, respectively.
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5.1.1.2 Bar length

The measure of the length of a bar is indispensable for an accurate study
of its evolution. Here I apply to every cosmological runs both the methods
examined in § 3.2.1, with the technical solution of using ®(Ry,,x) as bar phase.
The geometrical boundaries are the same adopted for the computation of the
strength (see § 5.1.1.1), whereas the phase ®I?, evaluated through Equation 3.2,
is considered constant if its variation is A® < arcsin(0.15).

The results of the two criteria are plotted in Figure 5.4 (17 on the top and

Rpax on the bottom) adopting the same colour code used in Figure 5.3. The
values of Ry at z = 0 are collected in Table 5.1. In the plots, the black lines
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Figure 5.4: Bar extent as a function of redshift: the upper panel shows the evolution
of Ry, whereas Ry ax is shown in the lower panel. The colour code and
the symbol legend are the same adopted in Figure 5.3. The agreement
between the trend of the two methods is excellent, though R is higher at
all redshifts.
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show the evolution of the inner non-axisymmetric component in run WM. They
keep the same qualitative features of ErisBH (cyan) discussed in Spinoso et al.
(2017).2 The single peak of Ry,.x at z &~ 1.2 is a tracer of the undergoing merger,
since, in this method, the approaching satellite determines the position of the
maximum asymmetry. This fluctuation is completely absent in the R¢-method.
Aside from this small difference, both strategies agree with the general growth
rate of the bar in all simulations. At this point, I quantitatively analyse the link
between the two methods. In particular, for each run, I evaluate the parameter «,
in order to maximize the agreement between the function aRy,ax(2) and R (2).
The results (for z < 1, where a clear bar is present) show that the parameters
computed for the different simulation are very close to each other and their
mean is equal to < a >= 1.61 £ 0.17. As an example, the functions Ryax(2)
(solid red line), Rg(2) (solid blue line), and aRpax(2) (red dashed line) for the
run WM are plotted in Figure 5.5.

It should be noted that the agreement factor o does (slightly) depend on the
tolerance parameter A®. The chosen value for A® is motivated by a number of
tests in which I tried to select only the real body of the bars, whilst avoiding
phase fluctuations. The low standard deviation, proving that the constant «
does not depend on redshift and on the specific run, demonstrates the affinity
between the methods.

A transient period of bar weakening in run WM for 0.4 < 2 < 0.7 is observed
both in Figures 5.3 and 5.4, and is possibly linked to the first pericentre of the
flyby. Such behaviour is consistent with a scenario in which minor mergers
trigger the formation of the bar, whose growth, however, may be delayed by the
flyby-induced perturbation. To test such conclusion, I analyse the other runs,
where the minor merger is absent. In such runs, despite the lack of the LMM,
the main galaxy develops a strong bar anyway, whose final length varies from
=2 4.3 kpc (run NM) to < 5.1 kpc (run NF). These parameters are summarised in
Table 5.1. Figure 5.6 offers a qualitative comparison amongst the fully developed
structures in each run at z = 0 (note that the stellar density map of the run NM
at z = 0 is provided in Figure 5.2 with the same colour code and scale). It is
clear how the bar formation process does not depend on the different dynamical
histories of the host galaxy.

The flyby seems not to have any major impact on to the primary galaxy,
either. While the first flyby pericentre could be possibly associated to the onset
of the bar growth (¢ ~ 0.7 in run NM), a strong bar is nevertheless already
in place at the same redshift in the PF run, where the flyby is still too far
(~ 700 kpc) to significantly perturb the galaxy. A similar evolution is observable
in the HF run, in which the bar starts developing well before the first close
passage. The flyby effect here is only a possible delay of the growth of the bar,
when the latter is already well formed.

3The differences with respect to the analysis performed by Spinoso et al. (2017) are due to the
differences between ErisBH and run WM, as mentioned in § 4.3.
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Bar length [kpc]

Figure 5.5: Extent estimators as a function of redshift: R,.x(z) (red solid line),
aRmax(z) (red dashed line), and Rg(z) (blue line). The constant factor
a = 1.58 (run WM) provides a remarkable agreement for z < 1, i.e. the
redshift range where a bar is clearly detectable [Ag max(< R) 2 0.1].
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Figure 5.6: Starting from the upper-left panel, face-on stellar density maps of runs WM,
NF, PF, and HF at z = 0. The colour code is the same used in Figure 5.2,
where also the map of run NM is provided.

5.1.2 Properties of the evolved disc
5.1.2.1 Stellar density profile

To check whether the bar evolution produces appreciable changes in the disc
profile, here I fit the stellar surface density maps of every galaxy at z = 0 using
a superposition of two Sérsic profiles (Sérsic, 1963). The indices of the profile
(listed in Table 5.1) result close to unity for all the cases, typical for barred discs.

Figure 5.7 shows the stellar surface distribution (black dashed line) as a
function of the radius for the runs WM and NF which host two bars at different
times of their development (bar growth in run NF has met fewer hurdles and
appears to be stronger and longer). The yellow lines, which are the sum of the
two Sérsic profiles, show notable agreement with the surface density profile,
whereas the red and blue lines follow the distribution of the inner and outer
disc components, respectively. The vertical solid lines show the positions of the
computed scale radii (red lines refer to the inner disc; blue lines to the outer

[ Mg - pe?]
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disc). The black dashed lines mark the position of ¢ at z = 0, to provide a
useful basis for comparison. It is not possible to state that there is an evident
correlation between the evolution stage of the bar (assessed by means of the
strength and length estimators) and the positions of the scale radii just by
assuming the five cases here analysed. In particular, bars in runs NM, NF, PF,
and HF have similar evolutions at lower redshifts (z < 0.25) and have similar
influences over the disc material. However, run WM, having the less evolved bar
in the sample (see Figures 5.3 and 5.4), shows the smallest scale radii and this is
in agreement with e.g. Athanassoula and Misiriotis (2002) and Valenzuela and
Klypin (2003). It should be noted that the difference in the disc scale radius and
extent could be linked to the mass accretion episode at z ~ 1.2.

5.1.2.2 Frequency maps

A useful aspect of the analysis is the study of the orbital frequencies of the
fully evolved galaxies (¢ = 0). Angular velocities and precession frequencies
depend only on the gravitational potential and describe its inherent suitability
to grow and sustain a bar (see § 3.3).

In dealing with bar-like structures, it is particularly interesting the study
of the precession frequency ) — /2, which defines those orbits which would
close exactly after two radial oscillations over a period, in a frame corotating
with the bar (see also § 3.3). Here, & is the epicycle frequency, which is linked to
the angular velocity 2(R) through Equation 2.15 in the epicycle approximation
regime (see § 2.2 for further details).

In Figure 5.8, I include the frequency maps for the same two cases (runs
WM and NF in the upper and lower panel, respectively) shown in Figure 5.7. In
each panel, the black curve shows the angular velocity as a function of radius,
whereas the red curve describes the trend of the two-fold precession curve
Q(R) — k(R)/2. The vertical blue line highlights the intersection between the
bar frequency ({2p,,, marked in the figure by the horizontal blue line) and the
curve §)(R). This point, the corotation radius Rcg, has a major role in orbital
theory and sets the upper limit for the bar extent (see Contopoulos, 1980). The
shape of the 2 — k/2 curve is typical for galaxies with low central concentration,
as in these cases. In both panels of Figure 5.8, (), crosses the red curve in two
points, since the frequency of the bar is below the peak of 2 — x/2: for these
values of R the galaxies have their ILR*

During the whole galaxy evolution, the bar absorbs angular momentum from
the inner regions and redistributes it to the outer disc and the halo (Lynden-Bell
and Kalnajs, 1972; Fuchs and Athanassoula, 2005). If the disc is not tidally
perturbed, in this process, the bar usually slows down and increases its extent,
as discussed in § 3.4.1.

As a direct consequence of this frequency analysis, it is possible to identify the
rate of bar rotation through the dimensionless parameter R = Rcr/ Rpar, where
Ryay is the bar length (defined as Rg in this work). As reported by Debattista
and Sellwood (2000), bars with 1.0 < R < 1.4 are called fast, whereas bars

4The runs NM, PF, and HF (not shown in Figure 5.8) all have a similar behaviour.
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Figure 5.7: Profile decomposition of the stellar surface density for the WM (upper panel)
and NF (lower panel) runs at 2 = 0. The black dashed lines display the
radial profile of the galactic disc as it has been calculated by integrating
the mass density in cylindrical bin of height 8 kpc. The yellow solid line
shows the trend of the best fit, whereas the red and the blue lines refer to
the inner and outer disc regions, respectively. The vertical solid lines mark
the position of the scale radii of the corresponding fits with the same colour
code. The black dashed lines show the bar length (Rg).
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with R > 1.4 are called slow. The ratio R at z = 0 is listed in Table 5.1 for each
run. It is clear that, at the final stages of its evolution, each bar can be easily
identified as slow, even if the dispersion of the values is large, emphasizing the
different evolution histories of the various runs.

300

200

100

0 2 4 6 8 10
R [kpc]

Figure 5.8: Frequency maps of the dominant galaxies in runs WM (upper panel) and NF
(lower panel). As in Figure 5.7, the black dashed lines refer to the bar extent
at z = 0. The black and red curves refer to the angular velocity Q(R) and
to the precession frequency Q(R) — k(R)/2, respectively. The horizontal
blue lines set the value of the bar angular velocities )y,,,, evaluated at the
end of their evolution, whereas the vertical lines highlight the positions of
the corotation radii, RcR.

5.1.2.3 Boxy/peanut bulge emergence

As argued in § 3.4.1.1, bars arise from the stellar disc and, therefore, at the
beginning, they share with it the same vertical density profile. Despite this, after
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Table 5.1: Summary of the most relevant properties of the final (2 = 0) bar for each
run. From left to right, columns contain the run identifier, the bar extent R,
the bar length in units of disc scale-radius, the ratio Rcr/ Rbar, the indices
of the Sérsic profiles adopted to fit the disc surface density, and the presence
of the boxy/peanut (B/P) structure.

Run Rs Rs / Ryisc R 7y ny B/P
WM 3.195 1.194 1.752739 090 1.05 no
NM 4.355 1.274 1.595867 0.94 0.86 yes
NF 5.135 1.753 1.674781 094 0.97 yes
PEF 4.485 1.642 1.884058 0.93 0.99 yes
HF 4.615 2.045 1.516793 0.84 1.11 yes

a few periods, bars experience some vertical instability processes when their
growth continues without interference. This dynamical evolution is considered
the cause of the so-called boxy/peanut bulges (see § 3.4.1.1).

In order to assess its development in the various runs, I first select the edge-
on projected density field with the bar aligned on the z-axis, for each run at
z = 0. I then subdivide the surface density field in rectangular bins on the
x-axis (in this work, the density on the y-axis is integrated over 15 kpc), and
evaluate the z-position of the median density in each bin in the positive and
negative z-directions separately (a similar approach has been used in Iannuzzi
and Athanassoula, 2015, and is the basis of the procedure applied to ErisBH bar
in § 7.3.). The z-positions of the median density as a function of the distance
from the centre of the galaxy are shown on the right of Figure 5.9 for each run
performed. In addition, each plot is accompanied by the corresponding surface
density map. The double-horned shape is clearly observable in almost all the
cases, with the only exception of run WM. The clearest structure is visible in
run NF. As mentioned above, the bar in run WM is the least developed in the
sample. On the contrary, the lack of significant perturbers in run NF favours
the monotonic growth of the structure. For this reason, in run NEF, the vertical
instabilities take place at earlier stages compared to run WM, resulting in a
more evolved X-shaped bulge. According to this scenario, the bar in run WM
would face a similar fate in its future evolution.

5.2 Discussion and Conclusions

In this analysis, I assessed the nature of the bar resulting from a fully con-
sistent cosmological simulation of a MW-sized galaxy. In particular, I analysed
its late evolutionary stages (¢ < 2), when the central regions are already prone
to bar instability, and I checked whether the seed perturbation that triggers
the actual bar growth is due to secular/internal processes only, or to tidal
perturbations exerted by the evolving background of satellite galaxies.

I ran multiple and different versions of the final phases of the ErisBH
simulation, allowing for a modification of the sequence of interactions amongst
the main galaxy and its satellites. More specifically, I removed the only minor
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Figure 5.9: On the left, the stellar surface density of the central galaxy is displayed
edge-on with the bar major axis parallel to the z-axis. The colour code is

logarithmically spaced and the units are Mg /kpc®. On the right, T show

the position of the median density as a function of the distance from the
centre of the galaxy, both for the region above (z > 0) and below (2 < 0) the
mid-plane. The scale on the x-axis is the same for the maps and the plots,
whereas the y-axis scale is enlarged in the right-hand panels in order to
highlight the variations. A developed X-shaped overdensity is immediately
recognisable in every run, except in the case of run WM.
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merger occurring in the galaxy evolutionary history after z ~ 1.8, and I changed
either the orbital or structural parameters of the closest flyby in the system,
or I simply avoided its formation in the galactic neighbourhood. Although all
the different runs start at the same point and with the same exact physics and
sub-grid physics modules, I did perturb the system to some extent by removing
or changing the location of a subset of particles, i.e. modifying the energy and
mass content in the box.

I demonstrated that the origin of the bar forming in ErisBH run is not linked
to any particular tidal event. Indeed, an even stronger and longer bar forms
when the merger does not occur at all. Furthermore, according to § 3.4.1.1, the
boxy/peanut shape reflects the bar evolutionary stage, which is more advanced
in the runs NM, NF, PF, and HF with respect to run WM. Analogously, the
outcome of my experiments shows that no relevant numerical artefact has
been introduced with the procedure as this would have had an impact on the
dynamical evolution and on the development of the bar itself. This last point is
also evident in Figure 5.1, where the primary galaxy evolves almost identically
in all cases, suggesting that the numerical noise introduced by the engineering
of the dynamical state of the system does not lead to any numerical instability.

Moreover, it seems that the flyby could delay the growth of a bar if such
structure is already present, but certainly this interaction cannot be considered
itself the trigger of the bar formation, and does not alter the further evolution of
the bar properties. The delay could be due to the increase in the stellar velocity
dispersion imprinted by the flyby, resulting in a more stable disc (Guedes et al.,
2013). This point is similar to what found in chapter 6, where the destructive
effect of a tidal perturber is assessed on the Eris2k simulation.

Another run was performed with different initial conditions. This case is
similar to the case of HF, but the dark matter component of the flyby has been
multiplied five times. I decided not to discuss it here, since its merger history (a
further merger takes place at z < 1) does produce a significantly different object
at z = 0 and, therefore, it cannot be directly compared with the other siblings.
Notwithstanding this, the case would fall into the category of the objects whose
bar has been strongly suppressed. As mentioned above, some studies claim
that the global effect of the gravitational perturbers could be summarised in a
growth/formation inhibition (e.g. Li et al., 2009; Lin et al., 2014).

It is interesting to compare my results to similar recent findings obtained by
Moetazedian et al. (2017), who detailed the effect of low-mass satellites on the bar
growth in a bar-unstable galaxy. The masses, tidal radii, and impact parameters
of the perturbers are inferred from the cosmological Aquarius-D simulation
(Springel et al., 2008). In agreement with my investigation, Moetazedian et al.
(2017) finds that the only effect of the satellites is to either slightly anticipate
or delay the bar growth (by at most ~ 1 Gyr), whereas the main properties of
the bar as well as its growth rate remain almost identical. My results and those
discussed in Moetazedian et al. (2017) complement each other. On one hand,
my study takes into account the full assembly history of the main galaxy as well
as the effect of gas, whereas both these aspects are not included in Moetazedian
et al. (2017). On the other hand, the idealised nature of the Moetazedian et
al. (2017) initial conditions results in an higher level of axisymmetry, which



5.2. Discussion and Conclusions 73

allows for a better characterization of the initial seeding of the bar. As an
example, Moetazedian et al. (2017) were able to follow the evolution of the
bar strength parameter Ay> down to fluctuations of the order of ~ 1073, well
below the physical noise due to the small substructures present in my study.
The consistency of the findings in such different studies strongly supports the
internal/secular origin of bars in field galaxies.

In summary, I proved that there is no need of a major external perturbation
for the formation of the bar in ErisBH. As long as the galactic potential is
prone to bar instability, as in the last stages of ErisBH (Spinoso et al., 2017),
a bar develops independently of any interaction (if these interactions are not
strong enough to considerably modify the galactic potential). This points to the
self-gravity of the disc and to its interplay with various internal processes, from
cooling to energy input by SN feedback, as the main driver of bar formation and
growth, similarly to what seen in simulations of secular evolution of massive
spirals (Debattista et al., 2006). In chapter 7, the importance of self-gravity as a
consequence of the feedback processes is analysed in detail.

At high redshifts, when galactic discs are still low in mass (hence weakly self-
gravitating) and perturbations by tidal interactions and mergers with massive
satellites are much more frequent, the role of tidal triggering in bar formation
and growth might be more important, as suggested by Guedes et al. (2013) and
Fiacconi, Feldmann, and Mayer (2015). Massive spiral galaxies at z < 1 should,
instead, belong to the same regime studied in this chapter. This means that the
standard scenario of secular evolution does hold, at low redshifts, even in the
complex context of hierarchical galaxy formation.

Note that the parameter defined as Aj in this work is equivalent to Ay/Ag in Moetazedian
et al. (2017).






Chapter 6

The effects tidal interactions on bar
evolution

It has been proposed that close interactions with satellite galaxies can signifi-

cantly perturb the morphology of the main galaxy (see § 3.4.2). Unfortunately,
the dynamical response of an already formed bar, following the interaction with
the external environment, has not been studied in detail in a fully cosmological
context with sufficient resolution.
In chapter 5, I discussed the possible delaying effect of a tidal perturbation on a
forming bar. Indeed, almost each analysed galaxy among the siblings (see § 4.3)
showed no significant axisymmetry deviations preceding the LMM or the first
peripassage of the flyby!, making the results of the chapter valid only for the
process of formation of the bar.”

In this chapter, I contribute to the study of the effect of external interactions
on to bars, by focussing on the repercussions that cosmologically motivated
flybys have on already developed stellar bars. In order to do so, I analyse the
state-of-the-art cosmological zoom-in simulation Eris2k (Sokotowska et al. 2016;
Sokotowska et al. 2017; see § 4.2.2 for a detailed description of the run). A disc
galaxy forms in the centre of the high-resolution region, showing a strong stellar
bar extending over more than 5 kpc since z ~ 1. Within the Eris suite (see
chapter 4), the Eris2k run has the most developed bar both in strength and in
length. A deeper comparison between Eris2k and ErisBH (the only other run
with a discernible stellar bar; Spinoso et al. 2017) is the topic of chapter 7. The
exquisite mass resolution of Eris2k is of paramount importance for this study;,
since it allows to analyse the effect of a very unequal-mass flyby passing well
within the main stellar disc. Such close interactions have been proposed to be
the strongest perturbations to the evolution of bars in isolation (Moetazedian

LA minimal exception is found in the runs WM and HF, which measure a length of 1.8 kpc both
and an Ay (R) strength of 0.34 and 0.35, respectively.

1t should be noted that, subsequent passages of the flyby could have had a negative influence
on the already growing structure (see, for instance, Figures 5.3 and 5.4).
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et al., 2017). A coarser resolution would indeed strongly underestimate the
number density of small structures which, being more common, have a higher
(non-negligible) chance to experience close pericentric passages at low redshift,
after the initial phase of bar growth.

I characterize the evolution of the bar strength and length showing that the
perturbation exerted by the flyby shuffles the stellar orbits for less than one Gyr.
After this time, the bar shows a remarkable resilience, reforming with properties
comparable to those it had before the interaction. This work shows that close
unequal-mass encounters, the most frequent interactions occurring during the
evolution of cosmic structures, have (i) an overall minor impact on the global
evolution of the bar in the long term, still (ii) their effect is destructive and (iii)
a very weak interaction is sufficient to dismantle a strong bar leading to its
“apparent death”. As a consequence, due to the non-negligible duration of the
bar-less period, a fraction of observed spiral galaxies classified as non-barred
could be prone to bar formation.

All the results are published in Zana et al. (2018a).

6.1 Analysis and results of the simulation

Similarly to what done in chapter 5, I check for the appearance of a stellar bar

and for the evolution of its strength by performing a two-dimensional Fourier
analysis of the face-on stellar surface density, as explained in § 3.2.
In particular, I apply Equation 3.1 on page 29 both in its differential version,
i.e. carrying out the summation over all particles within a shell around the
cylindrical radius R, and in its cumulative form, considering every stellar
particles from the centre to the radius 1.

In addition, I constrain the length of the structure by employing both the
methods described in § 3.2.2, i.e. Ryax, from the position of A yax(< R), and
Rg from Equation 3.2, adopting A® = arcsin(0.15) and @pay = P(Rpax)-

Operatively, the Fourier decomposition is performed within 2 = 12 kpc by
dividing the stellar disc in linearly spaced cylindrical annuli of height 2 kpc.

The evaluation of the bar properties for the main galaxy in Eris2k run is far
from straightforward, since the stellar surface density does not show a smooth
profile, as in the cases analysed in chapter 5, and presents sometimes more
than one non-axisymmetric feature. Thus, the analysis requires some additional
steps in order to retrieve the correct bar parameters. The detailed procedure to
overcome this problem is described in Appendix B. Here, I merely outline the
result as a function of the redshift.

The evolution of the two strength parameters and of the two bar lengths for
2 < 1.5 are shown in Figure 6.1. A strong bar [i.e. a bar having A yax(R) > 0.2]
forms at z ~ 1.1, rapidly increasing its size up to a considerable fraction of the
stellar disc: at 2 ~ 1, Ryax < 4 kpc and Rg =~ 6 kpc, whereas the Kron radius®
is & 3 kpc. The bar keeps growing in intensity with an approximately constant
length until the end of the run at z ~ 0.3, with the only exception of a transient

3 A mass-averaged galaxy radius. See Equation 7.1.
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Figure 6.1: Redshift evolution of the bar properties. From top to bottom: the local
intensity As max(R) of the bar, its cumulative intensity As max(< R), the
radius Rpyax at which the cumulative intensity peaks, and the bar length Rg
(see text for details). The horizontal, dashed green line in the uppermost
panel marks the threshold Agmax(R) = 0.2. The sudden decrease in
both the bar-intensity parameter and in the two bar length-scales is clearly
observable immediately after the pericentre of the orbit of a satellite (a flyby),
marked with a vertical, dashed blue line at z ~ 1. The bar length-scales
estimated when Ag’maX(R) < 0.2 (i.e. when a strong bar is not present) are
highlighted with green dashes. The four black arrows refer to the snapshots
pictured in Figure 6.2 as notable stages in the bar evolutionary history.
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weakening at about 0.95 & z & 0.8. The weakening corresponds to a lower
coherence of the bar structure, making the measurement of the bar extent in
this phase more difficult and less significant (this is marked in Figure 6.1 by
the dashed green-red lines). However, a clear decrease in the bar extent is still
observable in the same redshift interval.

The physical trigger of the transient fading of the bar is the gravitational
perturbation of a satellite galaxy undergoing its pericentre at 2 ~ 1 on a
prograde orbit, well within the stellar disc (Rperi =~ 6.5 kpc). The apocentre-
to-pericentre ratio of 6:1 agrees very well with the cosmologically expected
value derived by Ghigna et al. (1998). The total (baryonic plus DM) mass of the
perturber immediately before the pericentric passage (evaluated at a separation
of about 20 kpc) is Mg,y >~ 1.1 X 10® Mg, whereas the main system has a total
mass M. ~ 1.5 x 101 M. It is important to note that the stellar mass ratio,
Gx >~ 4.5 X 1073, albeit low, is larger than the total mass ratio since the perturber
is not DM-dominated, contrary to the main galaxy.* After the bar has formed,
the aforementioned perturber is the most massive amongst those objects with
similar Rperi.S

The effect of the satellite’s passage on to the main galaxy is shown in
Figure 6.2 for the four redshifts marked with arrows in Figure 6.1. The upper
left panel shows the galactic morphology after the bar formation, but before
the satellite’s pericentre. A stage close to the pericentric passage is shown in
the upper right panel, with the position of the satellite highlighted with a large
circle and its position in the three previous snapshots marked with smaller filled
circles. The perturbation alters the orbits of the bar’s stars, and the bar loses its
coherence (see the lower left panel) for ~ 900 Myr.

The bar reforms with a size and strength very similar to those before the
encounter, and this is observable in the lower-right panel. This is because the
potential of the galaxy is almost unperturbed by the satellite passage, as shown
in Figure 6.3 through the profiles of the orbital {2 and precession §2 — r/2
frequencies® before the strong interaction (2; = 1.023; upper panel in Figure 6.3
and upper-left panel in Figure 6.2) and during the faded-bar phase (22 = 0.815;
middle panel in Figure 6.3 and lower-left panel in Figure 6.2). Q — r/2 is
particularly suited for this test, since its shape is extremely sensitive to small
variations in the potential and, for this reason, it is used to determine whether a
non-axisymmetric perturbation has Lindblad resonances.” The potential profile
remains unchanged because the perturbation does not lead to a significant
variation in the mass distribution of the disc. I also verified that neither a CMC

“Note that, while the satellite’s DM halo is strongly affected by tidal stripping, almost its whole
stellar component is preserved during the flyby.

SA perturber of similar mass and similar R, is observed at z ~ 0.35, concurrent with a
small bar-strength decrease. However, in this case, (i) the weakening can be explained with
an increasing in the CMC (see § 7.3), and (ii) it is not possible to confirm if the bar would
completely disappear in the near future (either permanently or temporarily), since the run
ends before z = 0.3.

®See § 3.2.2 and Equation 2.15.

"For instance, the () — k/2 profile has been also used to constrain the mass of central massive
black holes even when their influence radii are not resolved (see Combes et al., 2014).
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Figure 6.2: Stellar surface density maps (viewed face-on) of the main galaxy at four
different redshifts, also marked in Figure 6.1 (black arrows). The upper
left panel refers to = = 1.023, before the flyby pericentre. The upper right
panel (2 = 0.964) shows the satellite (highlighted with the large circle) soon
after its pericentre passage (¢ = 0.972). The positions of the satellite in
the previous three snapshots (created every 33 Myr) are highlighted with
smaller filled circles. The lower left panel shows the galaxy at z = 0.815,
when a clear bar is not discernible (in response to the tidal perturbation),
whereas the lower right panel shows a later snapshot (2 = 0.658), after the
bar has re-assembled.
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grows, nor the bar undergoes any vertical instability during the flyby passage.
We have seen in § 3.4.1.1 and in § 3.4.1.2 that these two are competitive processes
as bar weakening mechanisms.
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Figure 6.3: Frequency plot for the main galaxy. Upper panel: angular frequency (2
(solid black curve) and precession frequency 2 — /2 (solid red curve) at
z1 = 1.023, before the satellite’s pericentric passage (see the upper left panel
of Figure 6.2). The vertical, dashed black line marks the length R¢ of the
bar at that time. Middle panel: angular frequency 2 (solid black curve)
and precession frequency ) — / 2 (solid red curve) at zo = 0.815, after the
satellite’s pericentric passage (see the lower left panel of Figure 6.2). For
an easier comparison, the 2 and 2 — k/2 values evaluated at z; are also
shown (dashed blue curves). Lower panel: relative variations of 2 (black
curve), defined as [Q2(z1) — 2(22)]/€2(21), and of 2 — £/2 (using the same
definition; red line).
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6.1.1 Comparison with previous works

This work strengthen the results of previous analysis performed on isolated

simulations as discussed in § 3.4.2. Gerin, Combes, and Athanassoula (1990)
studied the variation in bar strength and rotational speed due to external gravi-
tational perturbations and concluded that the general effect of the perturbation
could be summarised with the sign of the angle 1) between the bar and the
perturber at the moment of its pericentre (see Equation 3.7). In Eris2k, it is hard
to evaluate the precise moment of the pericentre, given the temporal resolution
of about 33 Myr (the cosmological nature of the simulation prevented a more
frequent sampling of the galactic evolution). In the snapshot with the shortest
distance between the perturber and the centre of mass of the main system (the
one adopted to compute R.i), ¥ = 82°, which is very close to the neutral
angle of £90°, leaving a considerable uncertainity on the interpretation of the
interaction. On the other hand, in the snapshots immediately before and after,
the angles are equal to ¢ = —54° and ¢ = —79°, respectively, and these results
are compatible with the conclusion of Gerin, Combes, and Athanassoula (1990).
Moreover, the results are not in disagreement with a slight increase of the bar an-
gular velocity (see the last panel of Figure 7.3), but the trend is not obvious at all,
as the variation is small and I do not have a reference simulation of the galaxy
evolving in isolation in order to evaluate the phase difference (as performed in
Gerin, Combes, and Athanassoula, 1990). However, whereas the pericentre in
my case is similar to the values they investigated (from 5, to 17 kpc), the mass
ratios Mgy /Mgal they used (0.5 and 1) are far greater than mine (7 x 107%).
It follows that, in Eris2k, the perturbation is minimal with respect to those
studied in Gerin, Combes, and Athanassoula (1990), but I found that this is
sufficient to lower the bar strength parameter (see Figure 6.1) by about 70 per
cent of its own value before the satellite pericentre.

It is also interesting to discuss how the statistical study of Peschken and
Lokas (2018) on the barred systems in the Illustris-1 simulation is related to
my work. In order to provide a quantitative comparison, I compute the angle
3 between the plane of the orbit of the satellite galaxy and the disc of the
main system, along with the Elmegreen tidal strength parameter S through
Equation 3.8. The perturbation in Eris2k run is very weak, given the really
small mass ratio, yielding S = 4.8 x 1073, In close proximity of the pericentre,
the orbit is almost completely coplanar with the primary galaxy disc, with
cos(8) = 0.96. These values are in agreement with what the authors found
in the Mlustris run, confirming the scenario of small perturbations that work
against the bar growth, independent of their orbital angular momentum.

6.2 Conclusions

I investigated the effect of the interactions between a growing disc galaxy
and its satellites in the cosmological zoom-in simulation Eris2k, focussing on
the impact that these interactions have on the persistence of the bar in the
main galaxy. I identified the main interaction after the bar appearance as an
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unequal-mass satellite (¢, ~ 4.5 x 1073) which undergoes a close pericentric
passage (Rperi ~ 6.5 kpc, of the order of the bar length).

The perturbation shuffles the orbits of the stars which make up the bar,
weakening and shortening the bar for about 900 Myr. The bar then reforms with
strength and length comparable to those before the interaction. The reason for
such bar resilience is due to the fact that the profile of the gravitational potential
of the main galaxy and, as a consequence, that of its orbital and precession
frequencies are not significantly affected by the perturbation.

This study thus provides a further indication that close unequal-mass en-
counters (most common during the cosmological evolution of structures) have a
small impact on the internal evolution of field disc galaxies, where bars form
spontaneously from small seed deviations from axisymmetry (see chapter 5).

However, due to the non-negligible duration of the bar-less period, a fraction
of observed spiral galaxies classified as non-barred or weakly barred could
be prone to bar formation. These galaxies could have hosted a strong bar in
the (recent) past and currently be undergoing a bar-regrowth phase after a
close flyby. I further speculate that, during such phase, a weak deviation from
axisymmetry, in the form of lenses/ovals could be observed® and misinterpreted,
for instance, as the sign of a “bar suicide” (see § 3.4.1.2 and references therein),
if no analysis of the host potential is performed. The frequency of close flyby
occurrences and their relative impact in the fraction of lensed /ansaed spirals
cannot be assessed with a single cosmological zoom-in simulation. Moreover,
the bulge-to-disc ratio, as measured through the stellar surface density fitting,
decreases when the bar is suppressed, similarly to what has been observed
during mergers in Guedes et al. (2013).

Due to the very unequal-mass ratio of the encounter, the disc potential
remained basically unperturbed by the satellite passage (this is clearly shown in
Figure 6.3). As a consequence, the current case does not result in the definitive
disintegration of the non-axisymmetric structure. The cause for the “apparent
death” of the bar in Eris2k is a minor and temporary energy exchange induced
by the close tidal interaction (see also § 3.4.2.1). Even a small amount of energy
is sufficient to azimuthally perturb the orbits in an almost-axisymmetric disc
potential and, for this reason, the general effect of the flyby in the upper right
panel of Figure 6.2 is to undermine the coherence of the orbits which contribute
to the body of the bar, blurring its structural integrity. Once the perturbation has
ceased, the self-gravity of the bar relic resumes the bar overdensity by slowly
dissipating the energy of the encounter. Therefore, the bar is restored, but
initially it appears to be puffier and less defined, as shown in the lower left
panel of Figure 6.2.

An analogous fate has been observed in the previous chapter. Depending
on the development stage of the bar, either its growth can appear delayed, as
in chapter 5, or its whole structure can be destroyed (if the bar is fully grown
and established) for a limited period, as shown in this work. The recurrent

8A central oval/lens is observable in the lower-left panel of Figure 6.2, but I caution the reader
that a more detailed analysis (including the modelling of mock images) is needed to prove the
actual observability of this morphological structure.
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weakening of the bar due to encounters with satellites could be more important,
and eventually critical, at higher redshift, as the interaction rate is supposed to
increase.






Chapter 7

The importance of feedback

The study of the properties of the bar and of its complex interplay with the
host system is a key factor in modern galaxy evolution theories. When N-body
techniques were first applied to stellar dynamical problems, many significant
steps forward were taken on the way to investigating the formation and growth
of non-axisymmetries.

In the following chapter, I analyse and describe the outcome of the two
simulations ErisBH and Eris2k which mainly differ in the prescriptions em-
ployed for gas cooling, star formation, and feedback from supernovae and black
holes, as detailed in § 4.2.3. The enhanced stellar feedback in Eris2k, due to
the collective effect of the different micro-physics implementations, results in a
galaxy which is less massive than its ErisBH counterpart till = ~ 1. However,
when the stellar content is large enough so that global dynamical instabilities
can be triggered, the galaxy in Eris2k develops a stronger and more extended
bar with respect to ErisBH. In particular, I detail the global-scale differences
between the main galaxies, forming in the two above-mentioned cosmological
runs (§ 7.1), the formation and growth of their bars (§ 7.2), and the following
deaths of the same sub-structures (§ 7.3). § 7.4 presents a dynamical analysis that
links the observed differences to the different stellar-physics and sub-resolution
prescriptions. Finally, I present my conclusions in § 7.5.

I demonstrate that the structural properties and time evolution of the two
bars are very different and strictly connected to the unresolved physics imple-
mented. The results highlight the importance of accurate sub-grid prescriptions
in cosmological zoom-in simulations of the process of galaxy formation and
evolution, and the possible use of a statistical sample of barred galaxies to assess
the strength of the feedback mechanisms.

The results described in this chapter are about to be published (Zana et al.,
2018b).

85
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7.1 Feedback effects on global scales: galaxy
growth histories

As discussed in § 4.2.3, ErisBH and Eris2k share the same cosmological
initial conditions and, as a consequence, are hosted in extremely similar large-
scale DM haloes. Only the central regions of these DM haloes differ one from
the other because of the unequal evolution of the baryons that dominate the
central dynamics (see the two lowermost panels in Figure 7.1). This is mostly
due to the different implementations of the IMF in the two runs, which result
in a considerable disparity in the energy input into the interstellar medium
via SN feedback. Indeed, the specific SN feedback energy input in new stars
is 3.9 x 10% and 1.0 x 10*¥erg M_' in ErisBH and Eris2k, respectively' (i.e.
the SN energy per unit mass is more than 2.5 times higher in the Eris2k run).
Concurrently, the difference in the SF thresholds used in the two simulations
produces only a second-order effect. The minimum density ngr has the greatest
impact on the timing of SF, rather than on the resulting total mass of formed
stars. From a collapsing gas cloud of sufficient mass, a higher SF threshold
would be still reached, though later in time. Indeed, some recent works showed
that the total stellar mass is only minimally affected by the variation of ngr (see,
e.g. Lupi, Volonteri, and Silk, 2017).

The enhanced effective feedback in Eris2k (see § 4.2.3) results in a larger
fraction of the gas being preserved from forming stars, and thus, in a delayed
stellar mass growth, as shown in the two uppermost panels of Figure 7.1. The
steady increase of stellar mass produces, in turn, an increment of the DM
component within the inner 20 kpc (of about 10'° M, with respect to ErisBH),
caused by the consequent adiabatic contraction (e.g. Blumenthal et al., 1986).

Interestingly, the radial extent of the galaxies is less sensitive to the different
amount of SN feedback.

Due to the large (and varying) number of components needed to accurately fit
2, in the two runs, and the uncertainty associated to the fitting of an inherently
elongated structure (the bar) with an axisymmetric component, it is preferable
not to estimate the disc extent directly from the scale length of the fitted disc
component (see Figures 4.2 and A.1 for two examples of such decomposition).
I decided instead to compute the Kron (1980) radius Rk, i.e. a mass-averaged
radius of the galaxy:?

fOR Y(x)xdx

FxcB) = fORE(x)xd:C 7

(7.1)

evaluated at the radius R where dRyx /dR < 0.03.3

!The quantities are calculated by integrating the high-mass tail of each IMF from 8 to 40 Mg,
and considering the related efficiency esn.

ZNote that the original formulation of the Kron radius weighs the radii using the stellar surface
brightness, whereas here the focus is on the actual mass distribution. The two approaches are
equivalent under the assumption of a R-independent mass-to-light ratio.

3Such definition is needed to prevent the contamination by stars not associated to the main
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Figure 7.1: From top to bottom: Gas (first panel), stellar (second panel), and DM (third

and fourth panels) masses enclosed within spheres of 20 (solid lines) and 2
(dashed lines) kpc radii. The blue lines refer to the ErisBH run, whereas the
red lines to Eris2k. The galaxy in the Eris2k simulation, from z = 3, till the
end of the run, approximately quadruples its stellar mass within both the
analysed spheres, whereas the evolution is more modest in the ErisBH case.
The peak in DM mass within 20 kpc at 2 ~ 1.5 in both runs corresponds
to the close interaction with a satellite. The black solid line in the second
panel refers to the knee mass in the relation between specific SF rate and
stellar mass in Gavazzi et al. (2015; the errors are indicated by the shaded
area), who proposed it as a threshold for the growth of stellar bars (see the
discussion in § 7.5).
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The Kron radius grows during the evolution of the discs from about 1 to
about 4 kpc in both the runs and, at each redshift, the difference between
the two Rk remains within ~10 per cent of each other. On the other hand,
the stellar mass of the two galaxies (both within 2 and 20 kpc) can differ by
almost a factor of two. This hints to a far smaller effect of the different stellar-
physics prescriptions over the disc extent, compared to other fundamental
properties, such as the stellar mass. A comparison between the two runs at
different times is presented in Figure 7.2. It is worth emphasizing here a
fundamental difference between the studies of idealized isolated disc galaxies
and cosmological studies: whereas in the former case the galaxies evolve for up
to ~ 10 Gyr (e.g. Athanassoula, Machado, and Rodionov, 2013) as if they formed
from a monolithic collapse at the dawn of times, here each galaxy undergoes a
significant evolution in mass and size, even during the last evolutionary stages
when a growing bar is present. This gives us the unique opportunity to link the
evolution of sub-structures, in particular the bars, to the cosmological growth
history of the galaxies.

7.2 Feedback effects on sub-structures: the
different lives of bars

In order to quantify the formation epochs, strengths, lengths, and angular
speeds of the bars forming in the two simulated galaxies, I perform a Fourier
decomposition of the face-on view of the stellar surface density >, as explained
in § 3.2. More specifically, I compute the local strength of any bar-like de-
viations from axisymmetry through the the quadrupole-to-monopole ratio of
Equation 3.1.

Analogously to what done in chapter 5 and 6, I provide both the value of
the differential As(R) profile (considering only the particles in each annulus
built around the radius R, and the cumulative As(< R) profile (extending the
summation over every particles from the centre of the system to R?). The disc
within 12 kpc is divided in 1000 linearly spaced cylindrical annuli of height
2 kpc. The maxima of the two profiles — Ay ax(R) and A jax (< R) — are the
estimates of the bar strength, and their evolution with time is shown in the two
uppermost panels of Figure 7.3.

The sizes of the growing bars and their angular speeds are obtained through
the radial profile of the angular phase of any two-fold asymmetry, given by
Equation 3.2.

Wherever a bar-like structure (i.e. a straight m = 2 mode) is present, the
profile of ®(R) shows a plateau (see, for instance, the middle row of Figure 7.4).
As described in § 3.2.2, the length R of such asymmetry, whose evolution is
shown in the third panel of Figure 7.3, has been estimated by checking for the
extent of such plateau. Operatively, R¢ is defined as the radius at which ®(R)

galaxy.
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Figure 7.2: Comparison between the stellar density maps of the main galaxies in ErisBH
(first and third rows) and Eris2k (second and fourth rows) simulations. The
boxes measure 40 kpc per side and have a fixed logarithmic colour scale,
ranging from 10 to 10! M@kpc_?’. In the first block on top (six panels), I
show, from left to right, the systems at z = 3, 2, and 1.14, which is when
the bar starts growing in Eris2k (see § 7.4). In the lower block (five panels),
the redshift are z = 0.74 (the ErisBH bar formation time), 0.31 (the last
snapshot of Eris2k), and 0, which is present only for the ErisBH simulation,
since the Eris2k run has been halted at z &~ 0.3. In order to better appreciate
the growing bars, Figures 7.5 and 7.6 provide the three projections of the
central 12 kpc of the disc at the time of bar formation and at the end of the
two simulations, respectively.
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Figure 7.3: Redshift evolution of the bar properties. From top to bottom: maximum

strength of the two-fold deviation from axisymmetry measured in thin
radial annuli (first panel) and averaged within any given radius R (second
panel); radial extent of such deviation (third panel), and its corresponding
angular frequency (fourth panel). The shaded areas mark the redshift
ranges where it was impossible to retrieve the bar properties for the galaxy
in Eris2k. The purple lines show the Eris2k values for the overdensities
marked as bars when |®(Rpeak) — P(R)| < AP = arcsin(0.3), as opposed
to AP = arcsin(0.15) in all other cases.
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Figure 7.4: Three snapshot of ErisBH, with increasing time from left to right. The
evolution of the Ay (R) profile (blue lines) is shown along with its cumulative
counterpart As(< R) (black lines) in the uppermost row, whereas the
profiles of the phase ®(R) (blue lines) are shown in the middle row as
they are computed through Equation (3.2). The black vertical lines mark
the positions of the bar length estimator 2¢. As the redshift approaches
2 = 0, the peaks of both the A, functions become higher (the bar gains in
strength) and move farther out (the bar gains in length). At the same time,
the plateau in ®(R) becomes longer. The growth of the structure is echoed
in the corresponding stellar density maps (lowermost row). The logarithmic
colour scale ranges from 108 (black) to 10 Mg kpc ™2 (white) and the side
of each panel measures only 12 kpc, in order to focus on the bar region.
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deviates from ®(Rcak) by more than arcsin(0.15), where Rc.i” is the radius
corresponding to A yax (< R).

Figure 7.4 exemplifies how the Fourier decomposition method allows to
follow the growing non-axisymmetries of this analysis, showing, for three
ErisBH snapshots of decreasing redshift (from left to right), both the As(R) (blue
lines) and the Ay (< R) (black lines) profiles (uppermost row), the phase profile
®(R) (middle row) and the corresponding stellar density maps (lowermost row).
The longer and clearer the barred overdensity becomes, the higher the peaks in
both the profiles of Az are and their positions move toward larger radii. A clear
evolution is also visible in the progressive straightening of the phase, which, in
turn, results in a gradual increase of the length R (black vertical lines in the
middle row).

Whereas the procedure to identify the bar is applied without restrictions on

the ErisBH run, the bar in the Eris2k simulation appears less defined and the
related surface density profiles are, in general, more noisy. As a consequence,
the associated analysis requires some additional steps, which are detailed in
Appendix B.
The sudden drops of the red lines of Figure 7.3, like the one at ~7 Gyr,
are signs of the “clumpiness” of the Eris2k surface density map (see Fig-
ure 7.2). Some of them are absent in the purple lines, which provide an
alternative estimate for the quantities As ymax(R), A2 max(< R), and Rg, using
|P(Rpeax) — P(R)| < arcsin(0.3), instead of arcsin(0.15). Even if the differ-
ences between the two estimates are minimal, it is clear that the drops are just
numerical and can be removed, e.g. by increasing the maximum variation AP
allowed to ®(R). Unfortunately, this comes at the price of losing accuracy in
the determination of Rg, hence I maintain A® = arcsin(0.15) as preferred
criterion.

Whenever a bar is present, its angular speed (2, (lowest panel of Figure 7.3)
is computed using the values of ®y,, [obtained by averaging ®(R) over the
annuli that are part of the bar] between consecutive snapshots.

In order to avoid possible effects due to the sub-optimal resolution or to
misinterpret transient deviations from axisymmetry (caused, for instance, by a
self-gravitating object not originated from the disc), I impose very conservative
requirements for the detection of a strong bar in the analysed runs. In particular
a strong bar is identified when

1. AQ,maX<R) > 0.2;
2. Ry > 1 kpc (about 10 softening lengths for 2 < 9).

These criteria result in a bar formation epoch of z ~ 1.14 for Eris2k and
z ~ 0.74 for ErisBH" (the conditions are also briefly met at 2 ~ 1.2, but this
is due to the last minor merger; see chapter 5). Figure 7.5 shows the stellar

“Differently from § 3.2.2, the name Ryeak is used here instead of Ryyax, because the Ay (< R)
profile shows often more than one peak.

> A small (barely resolved) non-axisymmetric structure can be detected even at higher redshift,
especially in the case of ErisBH; see also Guedes et al. (2013) for a similar result in the case of
the Eris simulation.
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density maps of both the galaxies at the epoch of bar formation, according
to our constraints. In the central regions of both galaxies the origins of two
elongated overdensities are recognizable, especially in face-on viewed maps
(left-hand panels). The evolutions in strength, length, and speed of the two
forming bars are remarkably different. Eris2k has a significantly faster growth,
with the bar length reaching a close to constant value in less than 1 Gyr. The
sudden drop in the strength and length of the bar at z ~ 0.95-0.8 has been
studied in chapter 6, and is caused by the temporary shuffling of the orbits
of the stars building the bar, due to the close passage (pericentric distance of
~ 6.5 kpc) of a small satellite (Mg, ~ 1.1 x 10°> Mg,). As discussed in § 6.1, the
satellite passage does not modify substantially the primary potential profile nor,
as a consequence, {1,,;, and the bar regains its pre-interaction properties within
~ 900 Myr. Only close to the end of the run (age > 9 Gyr in Figure 7.3), the
Eris2k bar starts to weaken and shorten, due to a bar-driven strong inflow of
gas as in the bar-suicide scenario (see § 7.3).

The ErisBH bar, on the other hand, shows a later start and a slower evolution,
with strength and length gradually increasing till z ~ 0, when the growth
in A2(R) and As(< R) slows down due to the vertical instabilities and the
consequent buckling of the bar (see § 7.3).° (., shows a slow and approximately
constant decrease, as commonly found in isolated systems (see § 3.4.1).

7.3 Feedback effects on sub-structures: the
different deaths of bars

The weakening and shortening of the Eris2k bar at 2 < 0.4 is related to the
strong bar-driven gas inflow within the central 400 pc observable in the middle
panel of Figure 7.7. It must be noted that, at higher redshift, the mass of the
galactic nucleus in Eris2k remains significantly lower than in ErisBH, due to the
same higher impact of SN feedback that delays the overall growth of the galaxy
with respect to its ErisBH counterpart. Only when the galaxy potential well is
deep enough and the bar is already fully developed, the gas flowing toward the
central regions of the galaxy can efficiently form a central stellar knot. This gas
transfer leads to the so-called bar-suicide process (see § 3.4.1.2 and references
therein), which is when the fast differential precession at different radii unravels
the stars in the inner regions of the bar, decreasing its strength.

The effect of such a dense stellar nucleus is clearly observable in the ra-
dial profile of the precession frequency Q(R) — k(R)/2 of a test particle on
(little-)eccentric orbits in the disc plane (see § 3.3). As discussed in chapter 6,
Q(R) — k(R)/2 is strongly sensitive to any central mass concentration and has
been already used to put constraints on the central MBH mass of a disc galaxy,
even when the black hole influence radius was poorly resolved (Combes et al.,
2014).

®The difference between Ay(R) and A (< R) is hardly noticeable in Eris2k, whereas it is clearer
in the ErisBH run. This is due to the different mass concentrations in the stellar-dominated
galactic nuclei: the stellar mass within 400 pc is up to three times larger in the ErisBH case
(see § 7.3), affecting the monopole term of the Fourier development.
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Figure 7.5: From left to right: face-on, side-on, and end-on projections of the central
region (12 kpc per side) for both the simulations ErisBH (top row) and
Eris2k (bottom row) at the time of formation of their bar, according to the
criteria discussed in the text. The logarithmic colour scale ranges from
108 (black) to 101t M kpc_3 (white). The bars are barely discernible in
these snapshots, but they soon increase their strength and length, following
the evolution examined in § 7.2, to culminate in the fully grown structures
visible in Figure 7.6.

The profiles of 2(R) and 2(R) — x(R)/2 are shown in Figure 7.8 for the last
snapshot of the two runs. Eris2k shows a central cusp in Q(R) — x(R)/2, that
drops only at radii comparable to the gravitational force resolution. Such peak
is not present before the above-mentioned gas inflow, and, as a consequence, no
inner ILR was found until 2 = 0.43, as shown in the bottom panel of Figure 7.7.7

The precession frequency profile is considerably different in the ErisBH case,
where the increase of (2(R) — k(R)/2 toward the centre starts earlier in time
and at larger radii, due to the large mass concentration already present at high
redshift, but does not keep growing to the smallest resolved scales, probably
due to the MBH feedback implemented in this run.®

"The combined mass of the newly formed stars (of about 3.7 x 107 Mg, within 0.2 kpc and
6.2 x 107 M, within 0.4 kpc) after 2 = 0.43 is almost equal to the variation of the total stellar
mass in the same regions and in the same period. It follows that the gaseous inflow is fully
responsible for the increase in the central mass concentration.

8The influence radius of the MBH in ErisBH is far from being resolved. If it was resolved,
Q(R) — k(R)/2 would show a central divergence at pc scales and an ILR would always be
present at such scales.
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Figure 7.6: Same as Figure 7.5, but at the final snapshots of the two simulations. The
colour scale and size are kept identical to those of Figure 7.5 in order to
facilitate the comparison. At the represented times the bar (semi-)length
Rg are 3.7 kpc in ErisBH and 5.5 kpc in Eris2k. The cyan rods correspond
to twice Rg. The fully evolved structures almost fill the related panels,
whereas the characteristic X-shaped pseudobulge is noticeable in the centre
of both the galaxies as an index of the bar development stage. This is larger
in the case of ErisBH, which also shows the signs of a progressive vertical
asymmetry, completely missing in Eris2k (see § 7.3, for a discussion of this
process).

As a consequence, the ILR in ErisBH appears only when the bar has slowed
down enough to intersect the Q(R) — k(R)/2 profile, as shown in the bottom
panel of Figure 7.7.

The slowing down of the bar growth in ErisBH is not associated to any gas
inflow, as demonstrated in Figures 7.7 (the stellar mass within 400 pc even
shows a decrease at low redshift) and 7.8, but it is due to the buckling of the
central regions of the bar, when the radial motions get partially converted into
vertical motions above the disc plane, breaking the symmetry of the stellar
distribution with respect to the disc plane and weakening the bar (see § 3.4.1.1
and references therein).

As originally suggested by Raha et al. (1991), the buckling is expected to
occur when the ratio between the vertical and the radial velocity dispersion
02 /0% decreases below a given stability threshold. I follow Martinez-Valpuesta,
Shlosman, and Heller (2006) by computing 02 /0% on the stars that are in the
bar only, i.e. by selecting only particles within 2 kpc from the disc plane and
within 2 kpc from the bar’s major axis.

Isolated numerical models set the buckling-unstable threshold to 02 /a% = 0.6
(Sotnikova and Rodionov, 2005). The evolution of 2 /0% is presented for ErisBH
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Upper two panels: comparison between the central stellar (red lines) and gas
(blue lines) masses in ErisBH (first panel) and Eris2k (second panel). Yellow
lines refer to newly formed stars only (i.e. stars formed within 33 Myr, in
between two snapshots). Solid and dashed lines refer to the mass within 0.4
and 0.2 kpc, respectively. The time when the ILR starts to arise is marked
with a vertical black dashed line (see the discussion in the main text). The
mass in stars formed after z = 211,r (yellow vertical segment in the figure)
is a significant fraction of the final stellar mass in the nucleus at z ~ 0.3.
Lower panel: evolution of the ILR radii for ErisBH (blue line) and Eris2k
(red line).
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Figure 7.8: Frequency maps of the main galaxies in ErisBH (upper panel) and Eris2k
(lower panel) at the end of the two runs. The black and red curves refer to
the angular velocity (2(R) and to the precession frequency Q(R) — x(R)/2,
respectively. The horizontal blue lines refer to the bar angular velocities
Qpar. The green lines show a smoothing of the precession frequency curves
that have been used to find the intersections with {},,,. The black dashed
lines refer to the bar extent (/2¢), whereas the other vertical lines highlight
the positions of the corotation radii Rcgr (blue dashed lines) and of the ILR
(solid red lines; see § 2.4).
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in the upper panel of Figure 7.9, showing a decreasing trend as a function of
time down to the above-mentioned threshold at z ~ 0.1. Martinez-Valpuesta,
Shlosman, and Heller (2006) performed a Fourier decomposition of the side-on
stellar surface densi’cy9 and selected the m = 1 (over the m = () mode as an
estimate of the degree of buckling, according to

‘Zj mjei¢j

ijj ,

where the sum is performed only over the bar stars with the same geometrical
limits adopted for the computation of 02/0%. The time evolution of A; .,
estimated within zp,x < 1 kpe, A; (< 1 kpc), is shown in the middle panel
of Figure 7.9. A net increase in the buckling parameter is clearly observable as
soon as the galaxy becomes buckling-unstable, due to the breaking of symmetry
with respect to the disc plane. This bump corresponds to an increase in o,
(hence in the 02/0% parameter) observable in the upper panel at late times.
The richness of small sub-structures of both cosmological and internal origin
produces the fluctuations present in the evolution of A; .(< 1kpc).

I therefore provide a new quantitative estimate for the degree of buckling: at
any value of z, I first compute the height above and below the disc plane within
which 90 per cent of the stellar mass is included [dubbed 2" (z) and 2~ (z),
respectively], applying again the same geometrical boundaries used to compute
02/0% and Aj .. I then quantify the buckling asymmetry by computing the
z-averaged relative difference of the 2™ (z) and 2z~ (x) profiles:

Aj (2 < Tpax) = (7.2)

8 kpc + - d
5= o)~ [ )
Cskpel 2T (@) + 27 (2)])d

The evolution of § is shown in the bottom panel of Figure 7.9, where a
clear prominent peak is observed at z < 0.1, in agreement with the other
estimators. The buckled part of the disc does evolve close to the end of the
run into a boxy/peanut bulge, decreasing the asymmetry as observable both
in A; .(< lkpc) and 6, as already detailed for the ErisBH case in Spinoso et al.
(2017) (see § 3.4.1.1).

9Here, the position on the bar major axis is indicated with x.
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Figure 7.9: Evolution of the buckling-instability estimator 02 /0% (uppermost panel), of
the m = 1 Fourier-based buckling-strength parameter A; ,(< lkpc), and of
the newly defined buckling-strength parameter 9, for the ErisBH run.
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7.4 Dynamical interpretation of the different bar
properties

In § 3.3, I described the role of the parameters () (Equation 3.3) and X
(Equation 3.4 on page 32) to determine the susceptibility of a stellar disc to
develop a bar. Moreover, even if )¢ from Equation 3.5 cannot directly measure
the perturbation wavelength for a non-axisymmetric mode such as m = 2, it
does provide an estimate of the scale size of the disc region that can become
unstable to its own self-gravity.

As previously discussed, there are no precise values for () and X to deter-
mine the onset of a non-axisymmetric instability. However, a common assump-
tion (that I adopt in the following) is that spiral waves and bars can form for
1< @< 2and X S 3 (e.g. Toomre, 1964; Toomre, 1981).

To assess the conditions for bar formation in Eris2K and ErisBH, I estimate (),
X, and M\t as a function of R for different redshifts, from z = 1.75, when the
bar is not formed yet, down to z = 0.34. The different quantities are reported
in Figure 7.10 (ErisBH) and Figure 7.11 (Eris2K). Both () and X depend directly
on the galactic potential, hence on the stellar distribution within the galaxy.
Differences in these parameters are directly associated to the different (both in
time and space) SF histories in the two runs, as discussed in § 7.1 and § 7.2.

In ErisBH, () (top panel) does not vary significantly over the redshift range
considered, showing a shallow radial profile with () & 2.5 between R = 1
and R = 4 kpc. In Eris2K, on the other hand, () monotonically decreases with
redshift, settling around () ~ 1.5 for R < 4 kpc and remains always lower than
the ErisBH values.!” Here, the flattening in the profile of ) occurs when the
bar forms, with () & 3 only above R ~ 5 kpc, corresponding roughly to the
extension of the bar (see Figure 7.3). Assuming a critical value Q)uit ~ 2 for
global instabilities to develop, the observed trends confirm indeed that the bar
in Eris2K, at formation time, is already larger and stronger than that in ErisBH,
which is limited to the central kpc only.

Aarit (middle panels) and X (bottom panels), on the other hand, show a
completely different evolution. As the galaxy evolves, Auit (X) in ErisBH
exhibits a slow decrease (increase) that limits the maximum extension the bar
could possibly reach during its evolution. In Eris2K, instead, both quantities
remain (almost) constant, witnessing a negligible change of the bar properties.

A comparison of the two figures shows that the (slightly) later formation
time and the initial extension of the bar in ErisBH can be easily explained in
terms of () and X, that are ~ 1.5-2 times larger, for R < 4-5 kpc, than in
Eris2K, making the disc in the latter case prone to stronger instabilities able to
trigger the formation of a stronger and more extended bar.

During the evolution of the bar, the stability parameter analysis remains
consistent with the picture in Figure 7.3. In particular, the bar in ErisBH is
initially small (() < 2 only within the central kpc), and grows up to Re ~ 4 kpc
by z = 0. The maximum extension in this case is limited by the decrease of

19The only exception in the evolutionary trend of Eris2K appears at z < 0.4, and is compatible
with the bar weakening (see § 7.3).
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Acrit, Which peaks around 4 kpc at z = 0.34. The bar in Eris2k, on the contrary,
is fully developed from its start, because of () < 2 up to R ~ 4 kpc and A
peaking around 6-7 kpc, but does not evolve significantly with redshift. The
only exception is z = (.34, when the bar starts to dissolve, and the disc becomes
stable also at smaller scales () and X start to increase and At drops to less
than 4 kpc).

It should be noted that Toomre’s stability criterion (Equation 3.3), as well
as the swing amplification criterion (Equation 3.4) are derived in the Wentzel-
Kramers—Brillouin (WKB) approximation,11 which is only reliable when At is
short compared to the length of the system, or if X > 1. Although the previous
discussion is only aimed at the comparison of the evolving properties of the two
simulations, from Figures 7.10 and 7.11 it is clear that the WKB approximation is
not satisfied for R < 1. The description of instability waves in these conditions
would require a more advanced method in non-linear theory, which is beyond
the scope of this work.

In § 3.3, I discussed the use of the ELN criterion in order to evaluate the
disc responsiveness to non-axisymmetric instabilities. The ELN parameter egp,N
has been computed for both the simulations here stuidied, but does not add
any information to the investigation of the bar formation process. However, the
results are presented in Appendix C.

Mn linear perturbation theory, the WKB approximation assumes that the long-range gravita-
tional coupling is negligible with respect to local interactions, so that the response can be
locally described (Binney and Tremaine, 2008).
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Figure 7.10: Stability parameters for ErisBH (from top to bottom): Toomre parameter
(), critical wavelength \.i;, and swing amplification parameter X. The
profiles are evaluated from the centre of the galaxy till 10 kpc, over 1000
equally-spaced circular bins of height 8 kpc. The different colours refer
to different cosmic times, as it is reported in the upper panel with the
corresponding colour-code (from red to violet, the time is monotonically
increasing).
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Figure 7.11: Same as Figure 7.10 but for Eris2k.

7.5 Conclusions

In this study, I presented a detailed comparison of the differences between
two distinct cosmological zoom-in simulations starting with the same initial
conditions. The different physical prescriptions on unresolved scales assumed
in the two runs resulted in the formation of two disc barred galaxies whose
bars show very different properties. A bar forms early (z ~ 1.1) in Eris2k,
reaching a size of < 6 kpc within a very short initial growth phase of ~ 1 Gyr.
After such sudden growth, both the bar length and precession velocity remain
approximately constant up to the final stages of weakening due to a bar-triggered
gas inflow as in the bar-suicide scenario. Large and fast bars, like that of Eris2k,
are not uncommon in the Universe. Some examples are provided, for instance,
by NGC-266, NGC-1530, NGC-2595, or NGC-7479 (Font et al., 2017, see
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Figure 7.12). On the other hand, the bar in ErisBH starts forming at slightly
later times (2 ~ 0.7) and keeps increasing its size (and decreasing its precession
velocity) until the end of the run. The bar in ErisBH remains always smaller
than its Eris2k counterpart, reaching a maximum size of ~ 4 kpc at z ~ 0, when
it stops growing due to a buckling event.

Figure 7.12: SB(rs)b galaxy NGC-1530 (left, Adam Block-Mount Lemmon SkyCenter)
and SB(s)c galaxy NGC-7479 (right, Hubble Space Telescope). Both galaxies
show an enormous (about 16 and 11 kpc, respectively) and very fast
rotating (R = 1.17,1.14, respectively; see § 5.1.2.2) bar. Data are provided
by Font et al. (2017).

In chapter 5, I demonstrated that the last minor merger in the ErisBH
simulation does not provide the initial trigger necessary to the formation of
the bar. However, the encounter can induce a delay in the formation time. The
difference between the bar formation epochs of ErisBH and Eris2k, being of the
same order of magnitude of such a delay, could also be explained by a dynamical
perturbation external to the galactic environment. As a consequence, it is not
clear whether the overall feedback produces any variation in the bar formation
time, but it surely sensibly controls its structural properties by moulding the
disc potential both on small and large scales.

The distinct bar evolutions and features are due to the different mass growths
of the galaxy. The stronger stellar feedback in Eris2k has the effect of initially
pushing the gas out of the galaxy, more effectively reducing the SF, and results,
in turn, in an initial stellar mass smaller than that in ErisBH. The pushed-away
gas flows back onto the main galaxy but, only when the disc is massive enough
to prevent SN-driven massive gas ejections, Eris2k starts forming stars with
high SF rate. The more efficient removal of low angular momentum gas at early
times in Eris2k results in a lower CMC with respect to ErisBH. Such central
stellar nuclei contribute in shaping the overall gravitational potential of the two
galaxies, initially determining the size of the bar-unstable regions and, on the
long run, the bar evolutions.

A recent study by Gavazzi et al. (2015) has observationally proved a link
between a knee mass (Myyee) in the specific SF rate versus stellar mass plane
for local star forming galaxies and the occurrence of strong bars at 2 ~ 0. They
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turther speculated that the increased probability of forming a bar at high masses
could explain the correlation they found between M. and z. The paucity
of sufficiently high angular resolution images of stellar discs at cosmological
distances prevents the statistical confirmation of such conjecture. Interestingly,
the bars in ErisBH and Eris2k form when the galaxies become more massive than
Mynee(z), as shown in Figure 7.1. A larger statistical sample of high-resolution
cosmological simulations of disc galaxies could populate the bar-formation-mass
versus z plane, to theoretically probe the redshift-dependent mass threshold for
bar formation proposed by Gavazzi et al. (2015).

It is noteworthy how well the feedback prescriptions can be connected to the
different bar morphologies. Although the rigid constraints chosen to identify a
strong bar (which are the subject of this investigation) are not fulfilled in the
ErisBH run for z > (.7, a small non-axisymmetric overdensity could anyway
be observed, surely more pronounced with respect to the Eris2k equivalent
galaxy (at the same redshift; see Figure 7.3). Despite the presence of this possible
proto-bar (that can also be due to spurious numerical effects, as stressed in § 7.2),
it is clear that the evolved bar at lower redshift remains close to the nuclear
region, in contrast with the grand-scale bar of Eris2k. These differences could
be attributed to the distinct domains of the feedback mechanisms: whereas the
effect of MBH feedback is confined to the region < 1 kpc, the strong stellar
feedback in Eris2k acts on a global scale.

Even though the analysis is limited to only two cosmological zoom-in simu-
lations, it is enticing to speculate on the general relationship between feedback
and bars. From the results presented in this work, one can expect that, at low
redshift (z < 1), bars are generally stronger and longer when the feedback is
enhanced. Since strong/long bars are easier to observe, especially at z = 0.5,
the number of observed bars could give us some hints on the strength of stellar
feedback during the cosmological build-up of galaxies. However, this compari-
son is possibly degenerate with other physical phenomena, such as the global
merging history and environment.

In conclusion, this study clearly highlights a link between the structural
properties of bars (and of the whole discs) and the sub-resolution physics
implemented in simulations. This connection could be exploited to constrain
and better tune the parameters of such implementations, possibly breaking the
degeneracy with other free parameters such as, e.g. spatial and mass resolution
or MBH physics. A large number of high-resolution cosmological simulations
would be necessary for the purpose, also to isolate the influence of the external
perturbations on to the processes of bar formation and evolution (see, chapter 6
for an example on the Eris2k case).






Chapter 8

Conclusions

Bars play undoubtedly a fundamental role in disc galaxy evolution. They
indeed can alter considerably the stellar and gaseous distribution in the disc
and the signs of bar-driven transformation are visible long after the demise of
the bar structure itself.

Despite all the efforts to determine the complex interplay between bars and
their host environment, some aspects of bar formation and evolution remain
today still unconstrained. N-body simulations represent the main tool to probe
these intricate dynamical problems, but only recently the hardware performance
and code scalability have allowed to replicate highly resolved systems, with
realistic boundary conditions.

In this thesis, I have contributed to the investigations of two essential topics in
bar formation and evolution: the effects of tidal encounters and the importance
of sub-grid physics. All the analysis have been performed over zoom-in cosmo-
logical simulations which succeeded in reproducing realistic Milky Way-sized
galaxies within their resolved region.

8.1 The effects of tidal interactions

In chapter 5, I focussed on the origin of the strong bar visible in the ErisBH
galaxy at z = 0. I tested whether the initial perturbations responsible for the
two-fold structure formation was either due to internal processes only, or could
be found outside the galactic environment (in the form of a tidal encounter).

To do so, I ran different versions of the last stages (¢ < 2) of the ErisBH run,
each time with a slight modification of its interaction history. In particular, after
re-simulating the unchanged ErisBH system as a control sample, I

e removed the LMM at z ~ 1.1;

e removed the LMM and avoided the formation of the satellite that would
have undercome the closest passage at z ~ 0.7 (closest flyby);
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¢ removed the LMM and provided the flyby with a radial velocity component
in order to reduce its gravitational influence over the main system;

¢ removed the LMM and doubled the DM mass of the flyby, to increase the
perturbing effect of the satellite over the main galaxy.

The results confirm that a strong non-axisymmetry is visible at z = 0 in every
simulated case. As a consequence, I did not find the trigger of bar formation
in any of the tidal encounter analysed. As a matter of fact, an even stronger
and longer bar forms when the merger and the flyby do not occur at all, and
it appears to be more pronounced and evolved in the least perturbed cases.
Similarly, Moetazedian et al. (2017) found that a satellite could, at most, postpone
or anticipate the formation of the bar, without affecting the main properties of
the structures. A galaxy will develop a bar after it has become bar-unstable
(which is the case of the main galaxy in ErisBH simulation after z < 2; Spinoso
et al. 2017), regardless of its interactions with external objects. The main driver of
bar formation seems to be more connected to the galaxy self-gravity and to how
this property influence the disc secular evolution processes (in agreement with,
e.g. Debattista et al., 2006). Obviously, the situation would be very different if the
perturbation is violent enough to significantly modify the galactic potential well.
For instance, a major merger would be able to completely alter the morphology
of the system, transforming it to a pressure-supported spheroid, incapable to
host a stellar sub-structure with proper precession frequency (a similar case was
the outcome of a last run performed, but not analysed, where the DM mass of
the flyby has been further increased; see § 5.2).

Once the bar is formed and fully established, the flyby appears to have a
delaying effect on the bar growth. The reason could lie in the increase of the
stellar velocity dispersion induced in the close interaction and resulting in a
more stable disc (Guedes et al., 2013). However, a still wide region of the orbital
parameter space must be investigated and, in particular, the effect of the satellite
orbital angular momentum could be a crucial factor on the perturbation effect
(see § 8.3.1).

In chapter 6, I deepened the subject of flyby-induced perturbations on
barred system. The analysis has been performed over the Eris2k cosmological
simulation, where the strongest interaction after the formation of the bar is the
passage of a companion galaxy with very unequal mass ratio and relatively
close pericentre. The perturbation, in spite of the satellite low mass content,
is able to considerably shuffle the orbits which contribute to the bar structure,
promoting in this way a phase, where the bar disappears for almost 1 Gyr. After
this apparent death (see § 3.4.2.1), the bar reforms with almost the same strength
and length it had before the interaction. The bar is resilient because the galactic
potential did not experience any appreciable modification and the disc remains
strongly bar-unstable. When the galaxy starts over to evolve in isolation (when
the perturbation passes), the energy of the interaction is dissipated and the
self-gravity of the bar relic quickly re-assembles the previous structure. The
main conclusions of this analysis can be summarized with the following:
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1. a highly unequal-mass perturber is able to deeply modify the appearance
of a disc galaxy (short-term effect). The interaction can also change the
morphological type of the object (from barred to unbarred);

2. the (completely) disappearance of the strong bar can be only temporary
and the features of the re-assembled bar are almost identical to the the
structure before the pericentre: it is not a new bar, but the same orbits
in the same old (nearly) unchanged potential are repopulated (long-term

effect);

3. however, the non-negligible duration of the bar-less period may be impor-
tant in, e.g., a survey to determine the fraction of barred system. Indeed, a
strongly bar-unstable galaxy could be classified as non-barred or weakly
barred during the phase of orbit-shuffling or bar-regrowth. In addition,
some occasionally observed structures, such as lenses or ovals could be
produced during this latter stage;

4. finally, the overall effect of the perturber is destructive on the bar structure.

Point 4 describes a scenario in which tidal interactions are likely to be antag-
onistic to bar formation and evolution. This is in agreement with chapter 5,
where the general influence of the perturbations (resulting either in a merger, or
just in flyby) was to delay or slightly inhibit the formation or the growth of the
structure.

The additional sibling run performed (see § 5.2), where the DM mass of the flyby
has been further increased, resulted in a later major merger which profoundly
changed the nature of the target system. Even though I did not analyse the
output of this simulation, for it has produced a far different outcome with
respect to the other siblings, the case would anyway contribute to the same
scenario of point 4. It is interesting to note that, some observative works (see,
e.g. Lin et al., 2014) found that barred galaxies prefer less dense environment,
where mergers and close encounters in general are less probable. In conclusion,
depending on the development stage of the bar, either its growth can appear
delayed, or its whole structure can be destroyed (if the bar is fully grown and
established) for a limited period.

Most works finds a decreasing bar fraction toward higher redshift (Sheth
et al., 2008; Melvin et al., 2014; Simmons et al., 2014). When the Universe was
younger, spiral galaxies were less massive, according to the hierarchical forma-
tion of structures. This is compatible with the hypothesis that self-gravitation is
the main driver of bar formation, since smaller galaxies could have not reached
yet the needed mass necessary to host a strong bar. However, at higher redshift
the also increasing rate of tidal interactions (e.g. Hammer et al., 2009) would
represent a competitive process in order to justify the reduced population of
barred galaxies with respect to z = 0.

It must be considered that the orbital angular momentum of the interact-
ing companion may play a major role on the outcomes of the gravitational
perturbations discussed. For instance, Peschken and Lokas (2018) distinguish
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the encounters according to the orbital angular momentum of the approaching
satellite, and conclude that strong interactions on prograde orbits could even
enhance the intensity of the non-axisymmetric structure in the target galaxy.
Even if the results has to be taken with caution because of the low time, mass
and spatial resolution adopted to describe such a sub-galactic scale phenomenon,
the effect must be tested in high resolution zoom-in simulations in order to
generalize the claimed impact of external perturbers (see § 8.3).

8.2 The effects of sub-grid physics

In chapter 7, I carefully compared the outputs of the two simulations ErisBH
and Eris2k, focussing on the impact that different sub-grid physics prescriptions
can have on the processes of bar formation and evolution.

The different effective feedbacks implemented (from stars and MBH) produce
two distinct accretion histories in the galaxies. At z 2 3, the larger number
(mainly due to the implementation of K01 instead of K93 as IMF) of more
efficient (due to the higher egn) SNe, expel the weakly bounded interstellar
medium from the Eris2k disc. The gas is re-accreted on to the disc at later
time as the galactic potential well increases. As a consequence, the Eris2k run,
compared to the ErisBH central system, starts its evolution with a lower amount
of stars (and DM), but slowly reaches (at = ~ 1) and exceeds the mass level
of ErisBH. Moreover, even though the MBH feedback in ErisBH succeeds in
reducing an otherwise large CMC (as in the Eris original run, according to
Bonoli et al. 2016), the Eris2k galaxy, due to the overall stronger feedback, is
able to evolve as a pure disc with no bulge component prior to the onset of the
bar (as shown by the analysis of both stellar density and stellar kinematics by
Sokotowska et al. 2017).

The consequent differences in the shape of the galactic potentials are then
reflected in the creation of two distinct bar structures: a shorter and slow-
evolving bar in ErisBH, and a more extended and almost static bar in Eris2k.

The main conclusions of chapter 7 can be summarised in the following:

1. the major difference between the bars do not lie in the formation epochs,
but in their structural properties. According to chapter 5, once the disc
has become bar-unstable, the initial instabilities can be searched within the
host system, possibly in the chaotic nature of its own environment, rather
than among external perturbations. The delay in the formation times of the
structures could be explained by a dynamical interaction which temporary
increases the random motion of the stars (as it appears to be the general
influence of external perturbations). On the other hand the bars show
very different masses and sizes, which, in turn, affect their evolutionary
histories (a more massive bar has a higher inertia against its evolution);

2. both the bars form when the stellar mass of the galaxy becomes higher
than the Myyee(2) provided in Gavazzi et al. (2015). This further support
the scenario of galactic self-gravity as major driver of the bar formation
process;



8.3. Future prospects 111

3. beyond the obvious effect on the global mass distribution produced by the
feedback, there is a clear correlation between the size of the bars and the
physical regions where the feedback mechanisms dominate. Whereas the
MBH activity affects only the first kpc in the ErisBH galaxy, the enhanced
stellar feedback of the Eris2k simulation is distributed all over the disc,
and the two bars lie in the nearly corresponding “bar-unstable zones”;

4. the relationship between sub-grid physics and bars could provide a further
independent tool to investigate the two phenomena. If bars are truly
stronger and larger when the feedback is enhanced, resolving a bar struc-
ture in the local Universe could give information about, e.g., the rate of
SN explosions or the past MBH activity. Moreover, since strong and more
extended bars are easier to identify and to observe, bar fraction alone
could provide an indicator of strength of the stellar feedback in the sample.
Finally, the relation could also be exploited when designing the newest
zoom-in cosmological simulations, in order to produce more or less strong
barred systems. Unfortunately, the effects of feedback are degenerate
with other factors, such as the merging history of the systems and more
numerical studies should investigate this aspect (see § 8.3.3).

In conclusion, an external trigger is not necessary in order to form a bar
when the disc is already bar-unstable, instead, tidal encounters have, in general,
a destructive effect on to bar structures whether forming or evolving. The mass
seems to be the main requirement in order to trigger bar formation, at any given
value of the radial velocity dispersion, and the feedback play a major role in
shaping the galactic potential, in order to make a disc bar-unstable.

8.3 Future prospects

The recent developments in computational astrophysics created a series of
exciting conditions for the cosmological investigation of barred systems.

8.3.1 Dependence on the angular momentum

As previously discussed, the orbital angular momentum of a perturber has
been proposed (e.g. Gerin, Combes, and Athanassoula, 1990; Romano-Diaz
et al., 2008; Lang, Holley-Bockelmann, and Sinha, 2014; Lokas et al., 2016;
Peschken and Lokas, 2018) to have considerable importance on the outcome of
its tidal interaction with a barred galaxy.! However, what is missing is a full
cosmological study with the needed resolution to proper address the problem.

In order to generalize the results of chapter 5 and 6, a natural follow-up of
my work would be the analysis of other systems, analogous to those described
in chapter 4, with different orbital parameters for the interacting flyby. The
strength of this work would rely both on the solid cosmological framework of

INot only the orbital angular momentum, but also the relative position of the satellite at the
pericentre with respect to the bar; see § 3.4.2.
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the Eris suite simulations, and on the high spatial and mass resolution provided
by the zoom-in nature of the runs.

The orbit of the flyby in chapter 5 is more or less retrograde, whereas it is almost
completely prograde for the small satellite of chapter 6. Although the two orbits
are substantially different, I found the effect on the growing structure to be
nearly the same. However, the strength of the perturbation can have a significant
part in determining the reaction of the growing bar (see, e.g. Peschken and
Lokas, 2018). A more numerous sample of interactions would also allow to
investigate the dependence on the intensity of the perturbation.

8.3.2 Very large zoom-in cosmological simulation

One of the main limits of zoom-in cosmological simulations is the lack of
statistics. To strengthen the results of the study of the effects of tidal interactions,
a higher number of barred systems has to be analysed. A possible solution is to
run a larger cosmological box with multiple refined zones, centred on different
galaxies with similar properties. In this context, I would follow the onset of the
bar instability in various field disc galaxies with different evolutionary histories
and final masses. More objects in the same cosmological volume would allow,
on the one hand, to deeper sample the space of the dynamical parameters linked
to bar formation and evolution and, on the other, to save time and optimize the
computational efforts.

This ambitious approach would be possible only thanks to the latest parallel-
computing strategies and hardware facilities. In particular, in agreement with
the original work described in chapter 5, I would take advantage of the last
version of the state-of-the-art SPH /N-body code CHANGA (see § 4.1.3), which
proved to be very stable and versatile with highly clustered datasets. Indeed,
the code showed almost perfect scalability up to 128K cores for a multi-stepping
run with 2 x 10? particles (Menon et al., 2015).

A larger statistical sample of highly resolved disc galaxies could also con-
tribute to theoretically test how the mass threshold for bar formation evolves
with redshift and if it has the trend proposed by Gavazzi et al. (2015).

8.3.3 Feedback

Focussing on the sub-grid physics effect, it is important to further populate
the bar formation versus feedback plane to quantitatively investigate the relation.
Given the complexity of the topic, various external influences has to be isolate
in order to verify the role of feedback on the formation of sub-structures, such
as the interaction with the galaxy satellites and the environment.

A deeper analysis of the central stellar system in the Eris original simulation
could confirm or improve the results of chapter 7, since the run has the same ini-
tial conditions but different sub-grid methods. In particular the Eris simulation
does not implement any BH accretion prescription, whereas the stellar feedback
has a much lower intensity with respect to the Eris2k run. After this, a new
zoom-in hydrodynamical and cosmological simulation of a field barred galaxy;,
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can be performed adopting a further enhanced stellar feedback (provided that
the higher injected energy will not significantly change the disc morphology).

Engineering these modern state-of-the art simulations proved to be a fruitful
way of probing the particular topics of my analysis. Providing an advantageous
cosmological laboratory, this approach still has a huge potential for the study of
galactic dynamics.






Appendix A

Fitting method

In this section, I provide a brief explanation of the adopted method to
produce the one-dimensional fits of the stellar distributions, exemplified in
Figure 4.2 for the final snapshots of the two runs, and in Figure A.1 at z = 1.03.

First, a stellar surface density profile is extracted from each snapshot by
dividing the disc into 20 pc-wide concentric cylindrical bins, starting from the
galactic centre. The height of the bins measures 8 kpc in order to ensure that
the entire galactic structure is included and the external contaminations are
minimized. The results are the black dashed lines of Figures A.1 and 4.2 on
page 52.

The decomposition procedure is based on a fitting algorithm from Press et al.
(1993) included in an iterative procedure discussed in the following.

For the case of ErisBH, the profiles are simpler with respect to Eris2k, and
are typical of a disc galaxy with a small bulge/bar. For this reason, I use a
superposition of two Sérsic functions (Sérsic, 1963; Sérsic, 1968) in order to
represent these two components (see the red lines in the top panel of Figure A.1).
The evolution of the galaxy is less disturbed by random encounters and its
surface density shows a more predictable development. Accordingly, the method
is almost completely automatised and flawlessly allows to find a satisfactory
fit for each snapshot. Once the first snapshot at z = 0 is successfully fitted,'
the resulting parameters are used as the initial guess for the previous (in time)
contiguous snapshot and so on, towards higher redshift, when the trend of the
density profiles becomes less and less trivial.

For Eris2k, given the higher complexity of the stellar mass distribution, a
two-components fit is not sufficient, hence I select a four-components fit for the
vast majority of the snapshots (see the bottom panel of Figure A.1) and a three-
components fit for a few remaining snapshots at higher redshift. Operatively,
(i) I first fit the galaxy outskirt only (for R > 15 kpc), using an exponential
profile (blue solid line in the bottom panel of Figure A.1). Then (ii) I fit the

!The decomposition starts from the last temporal snapshot, since it is, in general, easier to fit.
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Figure A.1: Example of the fitting procedure applied onto the ErisBH (top panel) and
Eris2k (bottom panel) main galaxies at z = 1.03. The agreements between
the surface density profile 2, (black dashed lines) and the best fits (yellow
solid lines) show the goodness of the fit. The red solid lines refer to
the Sérsic components, whereas the blue solid line in the bottom panel
represents the exponential function we use to fit the stellar background in
Eris2k.
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inner regions with three (two for a few cases) Sérsic profiles, keeping fixed the
exponential background, previously extrapolated. In this case as well, I initially
focus on the last snapshot (at z = 0.31), since its components are far more
recognizable. Hence, the procedure is mostly automatised (with minimal or
no user intervention), by adopting the outcoming fitting parameters of each
snapshot as the initial guess for the next snapshot to analyse.

The method is applied recursively more than once for each profile, in order
to achieve an even better final agreement.






Appendix B

Finding the bar in Eris2k

As anticipated in § 6.1 and § 7.2, the larger inhomogeneities and the overall
higher granularity of the stellar distribution in the Eris2k run, mostly due to
the specific feedback prescriptions implemented, result in density profiles less
obvious to interpret (see also Appendix A). As a consequence, a clear bar is
not always evident in every snapshot, for the A3(R) and the Ay(< R) profiles
have likely more than one peak within the investigated radial range. Figure B.1
shows two typical As profiles coming from the Eris2k run. Differently from the
ErisBH case, where almost every profile is unambiguous (as it is exemplified
by the three snapshots shown in Figure 7.4), Eris2k offers numerous surface
density profiles similar to the one in the left-hand panel of Figure B.1, where
both As(R) (blue line) and Ay(< R) (black line) display more crests.

The various peaks could be due, for instance, to a deformation of the bar
structure, to the growth of other disc instabilities, or to the presence of a stellar
cluster. Thus, the real structure could be linked to any/none (or even more than
one) of them.

In order to properly follow the evolution of the two-fold non-axisymmetry;,
regardless of the environmental disturbances, and to retrieve its correct parame-
ters in the Eris2k main galaxy, I first collect, for each snapshot, a list of all the
peaks in the As(< R) profile (black lines in Figure B.1), that correspond to as
many m = 2 overdensities. Then, for each peak, I check the phase-shift of its
corresponding overdensity through Equation (3.2), after smoothing the phase at
the peak @(Rpeak) with a small kernel in order to obtain a more representative
value for that overdensity. In detail, I select the structure only if the overdensity
has constant phase, i.e. if |®(Rpeax) — P(R)| < arcsin(0.15), over a radial range
AR > 0.6 Rpeak. When more than one overdensity survives this selection, I
choose the one with the highest value of As(R).
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Figure B.1: Typical outcomes of the Fourier decomposition applied to the Eris2k pri-
mary galaxy. The colour code is the same used in the upper panels of
Figure 7.4. The As(R) profiles (blue lines) of two non-consecutive snap-
shots are superimposed on their relative As(< R) profiles (black lines). The
presence of various maxima in both the lines of the left panel requires an
additional study (see text for more details).
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Additional analysis

7
3.0 2.0 1.0 0.5 0.2 0.0
— | | |
4 -
E i
23
~ |
27
IU -
oo}
g |
o <
(o]
-
v,
1 ]
ErisBH —
N | | | || ErisEk
2 4 6 8 10 12

Age [Gyr]

Figure C.1: Time evolution of the Kron radius (Equation 7.1) for the ErisBH (blue line)
and Eris2k (red line) simulations.

As discussed in § 7.1, the Kron radii of the two simulations (Figure C.1) are
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very similar and show almost the same trend (the differences are within ~ 10
per cent of each other). Also for this property, Eris2k (red line) has a lower
evolution in redshift with respect to ErisBH (blue lines), once the bar has formed
(~ 5.3 Gyr). The fluctuations in the blue line at ~ 5 Gyr are due to the merger
in ErisBH.
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Figure C.2: Evolution of the egr criterion for the two simulations analysed in chapter 7
with the same colour code adopted in Figure C.1.

Figure C.2, shows the time evolution of the egpn criterion (Efstathiou, Lake,
and Negroponte, 1982) computed via Equation 3.6, considering all the stellar
particles within a cylinder of radius 5 times the corresponding Kron radius and
height of 4 kpc.

Although the criterion does not consider the stellar velocity dispersion, it
provides a quantitative estimate of the disc self-gravity. Using the threshold of
e ~ 1 (see § 3.3), it is clear that both the galaxies are bar-unstable till z ~ 0.2
(the galaxy in the Eris2k run is always under the threshold). The result does not
help in order to determine the formation time of the bars, however the criterion
is undoubtedly fulfilled in both the systems when the instabilities start growing.
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