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ABSTRACT

In this study I analyse the formation and evolution of a stellar bar and
the gas inflow processes linked to this structure in isolated spiral galaxies.
Stellar bars are a common feature in massive disc galaxies and play a
fundamental role in galactic evolutionary scenarios. In particular, a bar
can exert a significant torque on the gaseous disc, causing its inflow from
galactic scale toward the center of the galaxy. On a theoretical ground
bars are a natural consequence of the secular evolution of massive discs
(Toomre, 1964; Ostriker and Peebles, 1973; Fall and Efstathiou, 1980;
Mayer and Wadsley, 2004). The response of gas to a bar is generally
thought to produce inner substructures such as off-axis shocks, nuclear
rings and spirals in the gas distribution (Kim et al., 2012; Emsellem et al.,
2015), to cause nuclear starbursts and, possibly, AGN activity once the
perturbed gas reaches the central super-massive black hole.

My work is divided into two main parts: by means of high resolution
numerical simulations I detail the purely dynamical effects that a forming
bar exerts on the isothermal gas of an isolated disc galaxy. The galaxy
is initially unstable to the formation of non-axisymmetric structures, and

within ~ 1 Gyr it develops spiral arms that eventually evolve into a central
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stellar bar on kpc scale. A first major episode of gas inflow occurs during
the formation of the spiral arms while at later times, when the stellar
bar is established, a low density region is carved between the bar co-
rotational and inner Lindblad resonance radii. The development of such
“dead zone” inhibits further massive gas inflows. Indeed, the gas inflow
reaches its maximum during the relatively fast bar formation phase and
not, as often assumed, when the bar is fully formed. I conclude that the
low efficiency of long-lived, evolved bars in driving gas toward galactic
nuclei is the reason why observational studies have failed to establish an
indisputable link between bars and AGNs. On the other hand, the high
efficiency in driving strong gas inflows of the intrinsically transient process
of bar formation suggests that the importance of bars as drivers of AGN
activity in disc galaxies has been overlooked so far. I finally prove that
the conclusions are robust against different numerical implementations
of the hydrodynamics routinely used in galaxy evolution studies. The
main results of this analysis are published in A&A and MNRAS journals
(Gavazzi et al., 2015; Fanali et al., 2015).

The second step of my work involves the simulations of the same galac-
tic disc including more physical processes (namely cooling, star formation
and stellar feedback). The evolution of this system is very similar to what
found in the aforementioned runs. However, in this last case much of the
gas inflow happens when the bar is a stable structure rather than when the
bar is forming. This aspect can be explained through the possible effects
of star formation and related feedback on the gas, which might delay the
inflow process. These simulations also allow us to study the distribution
of new stars formed during the evolution and verify that they faithfully
follow the spatial distribution of stellar disc.

A further step in this work has been the study of the potential exercised
on the gas to find an analytic function able to describe the bar perturbation

and implementing this results in the simulation of a 2D gaseous gas.
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CHAPTER 1

INTRODUCTION

There are circumstantial evidences that massive black holes lurk at the
centre of most massive galaxies. Their gravitational influence extends for
a very small radial scale (of the order of pc). Since in a disc galaxy the gas
is distributed on the whole disc plane, the central supermassive black hole
cannot be the cause of the gas inflow from the outer regions of galaxies
(on the order of kpc). Figure 1.1 represents two disc galaxies: in the first,
NGC 4321, the gas mapped by young and blue stars is not limited to the
inner part of the galaxy, but it extends in the whole radial scale of the disc.
Similarly, the other two images represent M51 galaxy and, in particular,
the right panel shows the CO emission from this galaxy, demonstrating
that the gas trace the spiral arms trend. A possible solution for the fueling
issue is the presence and the development of non-axisymmetric structures,

like stellar bars.

The fraction of disc galaxies showing a well developed stellar bar in the
local Universe is substantial, up to 2 30% for massive (M, 2 10%5My)
systems (Laurikainen et al., 2004; Nair and Abraham, 2010; Lee et al.,

9



10 Introduction

Figure 1.1: Optical image of NGC 4321 from SDSS (upper left panel).
Optical image of M51 from HST (lower left panel) and the corresponding
CO emission (lower right panel).

2012a; Gavazzi et al., 2015). Galactic bars are considered a product of
secular evolution throught interactions with the disc and the halo of a
galaxy. Once a bar formed in an isolated and gas free disc, it rotates
steadily with no tendency to evolve (Miller and Smith, 1979), but interac-
tion with gas and other mass components of the galaxy can change the bar
and the galaxy properties. Several studies demonstrated that models of
rotationally supported stellar discs are globally unstable (Kalnajs, 1972;
Jalali, 2007). In general, this instability appears like a two-arm spiral

which transforms in an elongated structure in the inner part of the disc
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and the spiral winds up and disappears in the outer region. The instability
causes a significant rearrangement of the angular momentum in the disc
and the azimuthally-averaged mass profile changes with an over density
in the center (Hohl, 1971).

The effectiveness of bars in modifying the dynamics of gas has been
recognized since decades (e.g. Sanders and Huntley, 1976; Roberts et al.,
1979; Athanassoula, 1992). In particular, gas within the bar corotational
radius (R, i.e. the radius at which the angular velocity in the disc plane
Q(R) equals the bar pattern precession speed €)p) is driven toward the
centre of the galaxy because of the interaction with the bar itself. To
understand the process of gas inflow due to a bar structure, in Figure 1.2
I consider a first test in which I run a disc of gas (10° particles) subjected to
the analytical potential from Wada (2001) describing a weak perturbation,

such as a bar:

Op(R,¢,t) = e(R)P(R)cos2(¢p — Qpt), (1.1)

where €(R) is the amplitude of the perturbed potential and it is a func-
tion of radius chosen such that the perturbed force everywhere remains a
small fraction of the total axisymmetric force, ®(R) is the axisymmetric
potential and €2 is the angular velocity of the bar. The system temporally
evolves for about 15 Myr following the rows from the upper left panel to
the lower right panel. In this panels I selected a single gas particle to show
its path through the center of the disc during the evolution. At first, the
gas particle is quite unperturbed. Then, the disc develops two spiral arms
and it interacts with the bar potential and with its iterative passage. As a
result, the orbit of the gas particle is modified: it is captured by the bar,
it loses angular momentum and falls down through the center of the disc
up to a few parsec from the center, where it lies on a ring orbit. Early

theoretical studies suggested that such inflows could be responsible for
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nuclear starbursts and, if the gas is able to reach the very central regions
of the galaxy, AGN activity (e.g. Shlosman et al., 1989; Berentzen et al.,
1998).

From the observational point of view the connection between bars
and enhanced nuclear star formation has been extensively proved (e.g.
Ho et al., 1997; Martinet and Friedli, 1997; Hunt and Malkan, 1999; Lau-
rikainen et al., 2004; Jogee et al., 2005). The link between bars and AGN
seems less clear: while barred galaxies host AGNs more frequently that
their non-barred analogous (making bars a good candidate for the trig-
gering of nuclear activity, e.g. Laurikainen et al., 2004; Oh et al., 2012), it
is still matter of debate whether the presence of bars is one of the main
drivers of AGNs (as suggested by, e.g. Knapen et al., 2000; Laine et al.,
2002; Alonso et al., 2013) or not (see e.g. Ho et al., 1997; Mulchaey and
Regan, 1997; Hunt and Malkan, 1999; Lee et al., 2012b; Cisternas et al.,
2013)

In order to have a comprehensive understanding of the gas dynamics in
barred galaxies many numerical studies have been put forward, including,
for example both 2- or 3-D simulations, and different schemes for the gas
hydrodynamics (smoothed particle hydrodynamics, SPH, vs grid codes).
I consider particularly meaningful to divide the different efforts in three

main classes:

1. Isolated galaxies with analytical bars (e.g. Athanassoula, 1992;
Regan and Teuben, 2004; Kim et al., 2012). In this class of sim-
ulations (often restricted to a 2-D geometry) bars are represented
by analytical potentials that do not evolve in time (but for their
rigid body rotation). These simulations, although quite idealized,
allows for extremely high resolutions and precise evolution of the

gas dynamics.

2. Fully evolving isolated galaxies (e.g. Berentzen et al., 1998, 2007;
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Villa-Vargas et al., 2010; Cole et al., 2014), where bars are modeled
(as the rest of the galaxy) as evolving structures, that can change

their extents, rotational patterns, etc.

3. Cosmological simulations (e.g. Romano-Diaz et al., 2008; Scan-
napieco and Athanassoula, 2012; Kraljic et al., 2012; Goz et al., 2014;
Fiacconi et al., 2015; Bonoli et al., 2015). In these simulations the
galaxies form from cosmological perturbations, and are free to ac-
quire mass and angular momentum through large scale gas inflows
and galaxy mergers. In this approach the initial conditions are not
arbitrary, but, because of the large boxes simulated (even in zoom-in
runs), the spatial and mass resolution is usually significantly coarser

than in isolated simulations.

Simulations of the first kind have confirmed the analytical prediction
that, in many galactic potentials, bar-driven gas inflows fail to reach the
very centre of the galaxy. The gas shocks around the outermost inner
Lindblad resonance (ILR) radius (R r) of the bar, defined by the equality
Q(R) — k(R)/2 = where & is the epicyclic frequency, i.e. the frequency
of small radial oscillations. At Ry the gas shocks, forming nuclear rings
that are often observed as star forming regions in barred galaxies (e.g. Ko-
rmendy, 2013, and references therein). Simulations that fully evolve the
bar potential do show similar results as soon as they reach a quasi-steady
state, i.e. after the bar growth transient!. If the gas inflows accumu-
lates enough mass at ~ Ry the central region can dynamically decouple,
possibly forming nested non-axisymmetric structures (e.g. nuclear bars).
These structures can eventually bring the gas closer and closer to the
galactic centre in a cascade-like fashion (Shlosman et al., 1989).

In this work I propose a new set of fully evolving isolated galaxies

runs. I start with an unbarred galactic disc composed of stars and gas,

! Although promising, the coarse resolution of cosmological runs makes hard to fully
resolve the nuclear region where the ILR is expected to occur.
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embedded in an evolving dark matter halo. I check the dependences of the
gas dynamics on different numerical implementations, varying the magni-
tude of an artificial viscosity (if present) and the numerical resolution (see
section 4.2 for a full description of the different runs). At first, I run sim-
ulations without implementing any gas radiative cooling, star formation
and stellar feedback prescriptions (usually referred to as sub-grid physics),
in order to perform a clean test of the basic numerical method used, and
to highlight the physical and purely dynamical effect of the forming sub-
structures (stellar spirals and bar) onto the gas. Then, I start from the
same initial system, adding physical phenomena to compare results with
the first set of runs. After this analysis I study the potential which influ-
ence gas particles in the simulations and I find an analytical function to
describe it.

After an outline on barred galaxies and their properties described in
Chapter 2, I illustrate the codes used for the different set of simulations.
Then, I report in detail the set-up of initial conditions and the features of
the simulation suite in Chapter 4. I present the main findings in Chapter

5, and I finally discuss them and derive conclusions in Chapter 6.
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Figure 1.2: Gaseous disc simulation with the implementation of an ana-
lytic potential representing the bar. The colour gradient maps the gaseous
surface density on a logarithmic scale. Each panel measures 2 bar radial
scale box.
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CHAPTER 2

BARRED GALAXIES

2.1 Galaxy classification

As soon as identified as entities separated from generic nebulae, galaxies
have been classified depending on their morphology, in order to separate
them into classes, in spite of the enormous variety of forms. The most
important classification is the Hubble tuning fork, a morphological scheme
for galaxies suggested by Hubble in 1926 (Hubble, 1926, 1936). He divided

regular galaxies into three main classes based on their appearance:

e cllipticals E, from 0 to 7 to identify the ellipticity degree for which
EO are galaxies almost spherical, while E7 are highly flattened;

e lenticulars SO and SBO, a disc-like structure with a central spherical
bulge. They are not characterized by any spiral pattern. The SBO
galaxies show a bar that crosses the nuclear region and their subclass
is defined according to the prominence of this bar; in the SOs, sub-
classification is dependent on the presence of gas and dust in the

disc;
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18 Barred galaxies

e spirals (S), divided into two families: barred spirals (SB) and un-
barred spirals (S). Each spiral galaxies is characterized by a letter
which corresponds to the arms aperture and the bulge importance
(from ‘a’ to ‘c’) to mark an even increasing arms aperture and re-

duction of the bulge size;
e irregular, thanks to their discontinuous shape.

In Figure 2.1 is represented this classification.

.
E0O E3 E5 E7 S0
—o_o-*-«-.\

. - " -

Ellipticals

SBc

e

Figure 2.1: Hubble classification scheme for galaxies.

In 1959 de Vaucouleurs introduces a new classification (de Vaucouleurs,

1963) that represents an extension of the Hubble one. This scheme has an



2.2 Spiral galaxies 19

additional degree of freedom and on the major axis are placed ellipticals,
S0, spirals and irregular galaxies. The notation SA was introduced to indi-
cate the classical spiral galaxies along with the barred ones (still identified
by the Hubble’s notation SB). An intermediate class (SAB) has been in-
cluded for weakly barred galaxies. Even Lenticular galaxies are separated
between Barred (SB0) and classical (SA0). The classification of galaxies
depends also on the presence of rings-like structures (r), their absence (s)
or an intermediate case (rs). The new classification includes different ad-
ditional spiral classes and the relative barred counterparts: the Sd galaxies
(SBd) characterized by clumpy arms and a very slight central bulge, the
Sm galaxies (SBm) which are irregular galaxies apparently without any
evidence of a bulge and Im galaxies, or very irregular galaxies with no
clear structures such as those specified before. This complex scheme is

represented in Figure 2.2.

2.2 Spiral galaxies

In the field about 60% of all galaxies are spirals, while in dense regions
like galaxy clusters they are less than 10%. Spiral galaxies are composed
of a core, characterized by a very high density of stars, a bulge containing
the core, made of old and red stars, and a large rotating disc hosting
spiral arms of young and blue stars, in which the star formation is very
effective. Spiral galaxies produce young and blue stars mostly because of
their higher fraction of cold (atomic and molecular) gas respect to other
galaxies, e. g. ellipticals.

In Figure 2.3 all these component are clearly visible. This whole struc-
ture is believed to be embedded in a large and invisible dark matter halo
which encompasses the vast majority of the galactic mass and extends well
beyond the edge of the visible galaxy.

As well as stars and dark matter, spiral galaxies contain dust, atomic
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gilipticals lenticutars spirais irregutars

b
r-shaped f

N

borred /
g8

e

Figure 2.2: De Vaucouleurs 3D classification scheme for galaxies.

and molecular gas visible at different wavelengths. The typical radial
scale for the disc in spiral galaxies is about 10 — 15 kpc and it is extremely
thin (about < 10% of radial scale). The main feature of these galaxies
is the substantial role of the angular momentum which gives the object
its characteristic axisymmetric shape, respect to other galaxies (e. g.
ellipticals, which have a geometry of the mass distribution defined by the

isotropic motion of the stars).

2.3 Bar dynamics

Up to > 30% for massive (M > 10%° M) systems in the local Universe
developed a bar (Laurikainen et al., 2004; Nair and Abraham, 2010; Lee
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Figure 2.3: Optical image of M83 galaxy from HST. The gas is traced by
the blue and younger stars on the spiral arms and in the whole galactic
disc. In the central part of the galaxy is the bulge, composed by red and
older stars.

et al., 2012a; Gavazzi et al., 2015). These structures are believed to be
strongly related to the secular evolution of their host spiral galaxies: the

most efficient way a disc galaxy evolves is throught forming a bar via disc
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instability which facilitates the redistribution of energy and angular mo-
mentum between the disc, dark matter halo and classical bulge (Debattista
and Sellwood, 2000; Athanassoula, 2003; Saha et al., 2012). As the bar
grows stronger, it goes through buckling instability and form boxy/peanut
bulges, demonstrated in several N-body simulation studies (Combes and
Sanders, 1981; Saha et al., 2012). However, the mechanisms which trigger
bar formation have not been completely understood. Possible solutions
can be initial perturbation caused by unequal mass mergers (where the
mass ratio between the two galaxies is gga1 < 0.1) or tidal interactions
with companion galaxies. Several numerical simulations show that the
process of bar formation is self-sustaining and the bar continues to attract
ever more stars to populate the orbits which is made of. The evolution of
the bar and the disc in a spiral galaxy is very correlated, because of their
potential can influence each other: the evolution of bar changes the orbits
of the disc particles and those can be captured by bar thanks to their
interaction with the bar potential. The bar interacts with galactic mate-
rial and distorts galactic orbits which in particular conditions experience
dynamical resonances with the bar. For this reason, many studies show
that bars can efficiently transport gas from the outer regions of galaxies
to the central kiloparsec (Athanassoula, 2003; Debattista and Sellwood,
1998; Weinberg, 1985).

Morphologically, a bar is an elongated structure and in the Hubble
formalism its definition depends on the angle of view (in Figure2.4 the
galactic bar of NGC 1300 is shown). Because of its shape, it is difficult
to observe bars in edge-on view of galaxies and their thickness is not
well determined. However, since bars are so common, some limits may
be obtained from the apparent thickness of the central regions of edge-on
spirals. Such limits suggest that most bars are very flat, probably as flat as
the discs themselves, but the bulges complicate this line of argument and

it is possible that some bulges (for example, the peanut-shaped bulges)
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Figure 2.4: Optical image of NGC 1300 galaxy from HST. In this figure
the bar is the elongated structure which connects the two spiral arms in
a kpc scale.

are the edge on view of the central and thick part of bars (Wozniak and
Michel-Dansac, 2009; Yoshino and Yamauchi, 2015; Saha and Gerhard,
2013; Athanassoula, 2015).

2.3.1 Weak bar in a rotating potential

Considering a galactic disc in the frame of reference in which the potential
® is static (i. e. corotating with the precessing bar), a star moving in a
fixed sense about the center of the potential and oscillating in radius makes

a loop orbit. This kind of orbit can be described as the superposition of
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a circular motion and small oscillations around it. If the velocity in the
co-rotating frame is &, the velocity in an inertial frame is & 4+ €2 X x,
where (2 is the angular frequency of the bar. With these assumptions,

the Lagrangian is

1

L:§|a'c+ﬂb><w|2—<b(m). (2.1)

The momentum p can be written as
oL
and using the Legendre transformation the Hamiltonian in the co-rotating
frame is
Hy=p-@—L

_ 1,2

_ 2 : 1.2 :

=p° —p( X x) — 5p° + O(x)

_ 1.2

=50+ ®(x) - Q- (z xp),
and the Hamiltonian referred to the motion in a inertial frame is

1 2
Then,
Hy=H-- L. (2.5)

Because of ®(x) is constant in the rotating frame, H; is not dependent
on time and % = ag? = (. This means that H is an integral of motion

and H or L are not conserved. From eq. 2.3, the constant value Hj can
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be written as

EJ = %‘a’:‘Q —|—® — %|Qb X 33‘2

= 3|&[* + ey, (2:6)

where the effective potential has been defined as

Dopp(x) = O(x) — 3| x |
() — 5[12% x x| - [ x ]
= O(x) — 5[] - Q| - x| — | - @2 - Q]
O(x) — 5[] |2 — (2 - x)?].
(2.7)

Equation 2.7 shows that the effective potential is composed by the sum
of the gravitational potential and the repulsive centrifugal potential.

Applying Hamilton’s equation to eq. 2.3, & and p can be calculated
in the co-rotating frame as

p=22= Vo 4+pxQ=-Vd-Q xp,

0H; 0

) 2.8
:cza—p:p—a—p[p-(ﬁbxaz)]:p—bezc, (2.8)

as in eq. 2.2. If we eliminate p from equations 2.8 and remembering that

Q) is independent on time, we have

&=p—2(Q x )
:—V(I)—bep—ﬂin
=-Vo-—Xx(x+xx)— Y X
:—V(D—QQbXdZ—QbX(QbX$)
:—V(I)—QﬂbX:E—(bew)ﬂb—f—(ﬂb-ﬂb)w
:—V<I>—2Qbxd3+|Qb|2x—Qb(Qb-w);
(2.9)

in this equation we can distinguish the Coriolis force —2€2, x & and the
centrifugal force — x (€2 x ). The gradient of the last equation in 2.7
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is
Vesp = Ve — [z + (- @), (2.10)

and equation 2.9 becomes
T = —V(I)eff — QQb X . (2.11)
Finally, to describe a perturbation, we can consider polar coordinates in

the co-rotating frame (R, ), with ¢ = 0 the long axis of the potential. In

this configuration, €2, has only a non-zero component on the z-axis, so

Qy x & = (—QRsinp)T; + (wpRcosp)Ts + 023
= (O R(cosp — singy) (2.12)
= (W Re,.

Now the Lagrangian is

L= %RQ - %[R(@ + )" — @(R, p), (2.13)

and the equation 2.11 now is
(R—Rp*)ép+(2Rp+Rp)e, = 2% Rpér—20Ré,—Vd.pr. (2.14)
where @, is defined in 2.7 and thanks to eq. 2.12:

|y x x|? = QIR?, (2.15)

and

(R — R@*)ér+ (2R¢ + Rp)é,

- 2.1
— 20 Rpép — 20, kRé, — VO + LV(Q2R?). (2.16)

Now we derive the equation of motion in the polar frame, consider each
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component separately. For the ér component we have:

R— Rp?* = 20,Rp — 9% + L0 (Q2R?)
= 20 Ry + 92 — (2.17)

R R(QD + 29?)90 + Q2) 8R’

and for the é, component we have:
S, S - 1 3<I> 1 3 2 2

2RR(¢ + ) + R*p = 83;.

(2.18)

Then, the equations of motion in a 2D rotating potential in polar coor-

dinates are:

R=R(p+ W) - 6R

LR+ )] = — 2 (2.19)

2.3.2 Epicyclic frequency and resonances

We can now consider a disc galaxy with a weak bar. Assuming that the
bar rotates at some steady pattern speed €2, in the frame that rotates
with its potential, the equation of motion in polar coordinates (R, ) are
derived in eq. 2.19. The total potential of the galaxy is composed by
the axisymmetric disc contribution ®y(R) and the non-axisymmetric bar

contribution ®;(R, ¢), such as

(R, ) = Po(R) + 1(R, @), (2.20)
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where |®o/®;1| < 1, since the bar is a weak perturbation. We divide R

and ¢ into zeroth- and first-order parts (assuming quasi-circular orbits)

R(t) = Ro+ Ra(t);  o(t) = wolt) +pu1(t);  (2.21)

with the assumption that the term Ry is constant with time. Substituting

these expressions into eq. 2.19, it yields

- ) ) od
Ry =(Ro+ R1)(go + ¢1 + ) — (6_RO>
Ry

82®0 09, 0°d,
- (am )BORI - (ﬁ) - <8R2 );f“
d

.. 0P, 9*P,
Bl 2 o) = — [ 2= —
dt[(Ro + R1)*(Po + 1 + )] ( 90 ) - ( 0 ) (RO)%,
(2.23)

and to

remembering that ®; does not depend on the coordinate ¢ and that the
expansion is about the radius Ry. If the sum of the zeroth-order terms is

set to zero, it follows that

. dd
iR ) ;.

and to

d .
E[R%goo + ] =0 @ = constant. (2.25)
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It corresponds to the equation for centrifugal equilibrium at Rg. Defining

Qo = Q(Ry) where the circular frequency at R in the potential @ as

Q(R) = i,/%%, (2.26)

o = Qo — Ly, (2.27)

the eq. 2.25 becomes

where prograde orbits occur for 2y > 0 and retrograde ones for 2y < 0,

assuming €2 > 0. The origin of time is set as
polt) = (2 — Y. (2.28)

So, from the equations of motions in eq. 2.19 we obtain

Y

Ry + <§§; — 92) Ry — 2RyQopy = — (%%)
Ry

Ry
G+ 2001 = —%(%%) |
Ro
(2.29)
Now we can choose a specific form of ®;
1(R, @) = By( R)cos(me), (2.30)

with m a positive integer number and m = 2 means have a barred poten-

tial. Assuming that o1 < 1, ¢(¢) is close to (29 — p)t. If we replace ¢
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by ¢ in the expression for % and % we obtain:

Rl + (% — Qz) Ry — 2Ry =
Ry

() com@ o, 23D
. Ry
1+ 2005 = "2 sin[m () — )],

Integrating the second equation we have:

. Ry ®y(Ro)
= —2Q)— — Qo— )t tant.
01 "Ry TR = Qb)cos[m( 0 — {2)t] + constan
(2.32)
If we eliminate ¢ from the first equation of 2.31, the result is:
3 D, 20,
&+ﬁm:—[ + ]
’ dR ~ R(Q— Q)] g, (2.33)
cos[m(2y — )] + constant,
where
Ko = 0, +30%) = Rd—Q2 + 402 (2.34)
"\ dR? r \ dR Ay '

is the epicyclic frequency. Equation 2.33 is the equation of motion of

a harmonic oscillator of natural frequency kg that is driven at frequency



2.3 Bar dynamics 31

m(Qo — Q). The general solution to this equation is

dd, 20d,,
Ry (t) =Chcos(kot + o) — +
aR " RO= )5, (55
cos[m(Qy — p)1]
A Y
with C and « arbitrary constants, and
A = kE—m2(Qo — > (2.36)

Using the eq. 2.28 to eliminate ¢ from the eq. 2.35 we find

Ri(po) = Clcos( U T a) + Cycos(myy), (2.37)

Qo —
with 1 [dd 20
c2=_— |20 b . 2.38
A[dR+R(Q—Qb)]RO (2.38)

If C; = 0, Ri(po) is periodic in ¢¢ with period 27/m and the orbit
corresponds to a closed loop orbit.
When the epicyclic frequency is synchronous with the relative motion of
the bar in the absence of gravitational forcing by the wave, a phenomenon
called resonance occurs. In this formalism this happens when the right
side of eq. 2.38 for R; becomes singular, such as for some values of Ry

and we can distinguish three different group of resonance:

e Corotation resonance (CR). When

Qo = Oy, (2.39)
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po = 0 and it corresponds to the radius where the stars of the disc

orbit at the same angular velocity of the bar.

e Inner Lindblad Resonance (ILR). When

m(Qo — Q) = +ko, (2.40)

the frequency of stars exceed the frequency of the bar at the reso-
nant frequency xg. When stars iteratively are in the same position
respect to the bar, they interact increasingly strong with it near this

resonance.

e Outer Lindblad Resonance (OLR). When

m(QQ — Qb) = —K, (2.41)

the frequency of stars is slower then the frequency of the bar at the

resonant frequency k.

The ILR and OLR are connected. A circular orbit has two natural fre-
quencies: if the star is displaced it oscillates at the epicycle frequency
ko. If the star is displaced but it is still in a circular orbit, it continues
on a circular orbit displaced from the original one. Then, its natural az-
imuthal frequency is zero. The two different resonances originate between
the forcing frequency seen by star m(£2y — €2;) and the two frequencies rg
ad 0.

2.3.3 Particle orbits

In a spiral galaxy, stars and gas travel in nearly circular orbits in the
equatorial plane. Their radial coordinate R wobble periodically because

of the perturbations due to the gravitational effects of other objects and
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to initial, random velocity components of the molecular cloud from which
they formed. If these orbits are closed, they are elliptical and they are
called epicycles. The particles move inward and outward in the disk with
a epicyclic frequency and the oscillations are due to the conservation of
angular momentum, operating through the Coriolis force: if a particle is
going slower than the average motion at that radius it falls inward because
of its centrifugal force cannot balance the gravitational force of the inner
galaxy. Once the particle falls inward, the Coriolis acceleration is directed
in the opposite sense and the particle increases its circular speed. This
causes an increase in the centrifugal force on the gravitational one and the
particle moves outward. The result of this process is a regular inward and
outward, forward and backward oscillation in its orbit. In Figure2.5 the

epicyclic oscillation of a particle in the disc is represented.

In the vicinity of the bar, stellar orbits are very different from those
in the disc plane. Figure 2.6 shows the orientation of star orbits inside
a bar. Inside the ILR, orbits are perpendicular to the bar and they are
called xo. Outside the ILR, orbits are parallel to the bar and they are
called x; orbits. Their behaviour can be explained by eq. 2.37, where
for m = 2 the closed loop orbit is aligned with the bar whenever Cy > 0,
and is aligned perpendicular to the bar when Cy < 0. When Ry passes
through a Lindblad resonance, the sign of Cy and the orientation of the

closed loop orbits change.

The bar potential also influences the path of gas in the disc, modifying
its orbits. Through this mechanism, several kind of peculiar shapes are
created, often in correspondence of the resonance phenomena. For exam-
ple, the end of spiral arms is assumed to be near the OLR because it is
a resonance radius according to rotation curve and pattern speed fits to
several design galaxies. An other feature are rings, close to the ILR: the
gas moves to the center of the galaxy influenced by the bar and stops its

falling, lying in a ring orbit. In Figure 2.7 these main features are shown
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Epicycle

Figure 2.5: Representation of an epicyclic oscillation. The arrows repre-
sent the relative directions of rotation of the disc and epicycle.

for a real galaxy.
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ILE

Figure 2.6: Orientation of star orbits inside a bar. Inside the ILR, orbits
are perpendicular to the long axis of bar (xg orbits) and outside ILR are
parallel (x; orbits).

Figure 2.7: Optical image of NGC 3351 galaxy from HST. This galactic
disc presents evident spiral arms populated by young stars. In the inner
part of the disc when spiral arms stop, a circular structure is visible,
corresponding to the ILR ring.
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CHAPTER 3

NUMERICAL METHODS

In astrophysics, numerical simulations are the most powerful tool to study
very complex systems and non-trivial issues, comparing results with ob-
servations or predict their evolution and behaviour.

In this work I used two codes: GADGET2 (Springel, 2005) and GIzZMO

(Hopkins, 2014) and in the next sections I describe their main features.

3.1 GADGET2

GADGET2 (GAlaxies with Dark matter and Gas intEracT, Springel (2005))
is a public Smoothed Particle Hydrodynamics (SPH) tree-code direcly de-
rived from the simulation code GADGET-1 (Springel et al., 2001). Differ-
ently from traditional Eulerian methods, which discretizes space and rep-
resents fluid variables on a mesh, GADGET2 presents a Lagrangian meth-
ods that discretizes mass using, for example, a set of fluid particles to
model the flow. Lagrangian methods like SPH are particularly well-suited
to follow the gravitational growth of structure, and to automatically in-

crease the resolution in the central regions of galactic haloes, which are

37
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the regions of primary interest in cosmology.

Gravitational forces

GADGET2 evaluates gravitational forces using the tree method, according

to which particles are in a hierarchy of groups.

The force of which each particle is affected by distant groups is approx-
imated by its lower moments of a multiple expansion. Then, the computa-
tional cost for the acceleration is O(NlogN) (Appel, 1985). The code con-
siders only the monopole moment to develop calculations (Springel, 2005).
The gravitational acceleration of particles is computed as follows: the com-
putational domain is hierarchically subdivided into a series of cubes (Fig-
ure 3.1). Each cube contains eight sub-cubes with half the side-length of
the previous. These cubes are the nodes of the tree structure. Each node
contains a single particle or is progenitor for other nodes. In GADGET2
each node carries the acceleration exerted by the single particle contained
within the total monopole moment of all the particles located inside the

cube.

Once the division has been carried out, the force exerted by the node
onto each particle is evaluated using the monopole term of the gravita-

tional potential produced by the particles inside the corresponding node.

The system of particles is considered a collisionless system. For this
reason the code defines a sphere around each particle in which the mass
is smoothed. The so called gravitational softening () is the radius of this

sphere and the smoothing is defined as
p(r) =m;W(r/e), (3.1)

where the smoothing kernel used is a spline of the form Monaghan and
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Figure 3.1: Representation of the Barnes & Hut oct-tree in the two-
dimensional case (from Springel et al. 2001).

Lattanzio (1985)

1 — 6u® + 6u?, 0<u<y,
W(u)=—714 2(1—-u)3 i <1
(U) 7T€3 ( U) ’ 2 <u —
0, u > 1;
(3.2)
where u = r/e. In the general softened gravity case the function becomes
1
g(r) = —;WZ(U)v (3.3)
where
qu2—4g8u4+%u5—ﬂ, 0§u<%,
Wa(u) = %u*1+3—;u2—16u3+%u4—%u5—%, 1<u<l,
—ut, u > 1.
(3.4)

Then, the gravitational force acting on each particle is evaluated by

travelling the tree and summing the different contribution of force derived
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from each node considered.

Hydrodynamics

The code estimates the hydrodynamic force and the variation of internal
energy determining new smoothing lengths h; for gas particles and for each
of them the neighbouring particles inside their respective smoothing radii
are found. By varying the smoothing length h; of each particle, the number
of neighbours is kept exactly equal. Once smoothing lengths are computed,
the hydrodynamical properties of the gas (i.e. pressure, internal energy

and density) and the hydrodynamical forces can be evaluated.

In GADGET2, the density computation of a gaseous particle is evaluated

as:

N
pi =Y m;W(|ryl, ha), (3.5)
j=1

where rj; = rj — rj is the distance between ¢ and j particles and W (r, h) has
the same form of the smoothing kernel of equation (3.2). The smoothing
length h; of each particle is the radius of a sphere containing gaseous
mass, i.e. the smoothing length and the estimated densities respond to

this equation:
4

3

where Ngpy is the typical number of smoothing neighbours, and m is an

hipi = Nspum, (3.6)

average particle mass.

The particle pressure is given by P; = A;p], where A; is the entropy
of each particle, which remains constant in absence of shocks and external
sources of heat, and v is the polytropic index of gas. However, flows
of ideal gas can develop discontinuities and entropy can be generated by

microphysics. These shocks are captured thanks to the implementation of
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an artificial viscosity, that results in a viscous force:

dvl-

dt

N
= —ij HVsz, (3.7)
j=1 ij

visc

where Wij is the arithmetic average of the two kernels Wj;(h;) and
Wij(h;), while [],; > 0 is the Gingold and Monaghan (1977) form of the

artificial viscosity of the form
II = (cacimi; + B /iy i vy -7y <0 (3.8)
(]

and zero otherwise with

(3.9)

hi; and p;; are arithmetic means of the corresponding quantities for ¢ and j
particles, while ¢;; is the mean sound speed. The strength of the viscosity
is regulated by the parameters a and [, with typical values a ~ 0.8 and
B = 2« in the runs. In the equation of motion, the viscosity acts like
an excess pressure assigned to particles not explicitly depending on the
smoothing length, but on w/c where w is the relative velocity projected

onto the separation vector.

The internal energy evolves as:

dy 1 P P T 1 1
==Y my | 5+ +]] i—v;) | 5 ViW (rij; hi)+5ViW (rij; h
a " 22 m; 2 + P + | (v v,)[2v (rij )—|-2V (1353 hs)

(3.10)

and is set at the beginning of the simulation for each gas particle.
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3.2 GIZMO

GIZMO is a meshfree code that captures advantages from both SPH and
grid codes: it preserves the Lagrangian structure of SPH codes, but at the
same time solved directly the Fuler equations among different regions of
the computational domain without requiring the implementation of any
artificial viscosity. I used it in its finite-mass variant, in which there is
not mass flux among the regions belonging to different particles, keeping
the mass of each gas particle fixed. This code includes star formation,
radiative cooling and many additional physics and the evaluation of grav-
itational forces derives directly from GADGET2, explained in Section 3.1.
G1ZMO also allow to consider cosmological scenarios but in this work is not

required.

Hydrodynamics

The Euler equations are a set of conservation laws of mass, momentum
and energy which form a system of partial differential equations in a frame

moving at a velocity v frqme of the form:

?Z—FV'(F—’Uframe@U) =S, (3.11)
where S is a source function for U, the “state vector” of conserved vari-
ables,

)
p p PUz
U = pv | = pv = PUy s (3.12)
pe pu + 5p|v?| pU-

pu + 5p|v°|
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where p is mass density, e is the total specific energy, u is the specific

internal energy and the tensor F' is the flux of conserved variables

pv
F=|pvov+PI|, (3.13)
(pe + P)v

with P the pressure and I the identity tensor. Multiplying equation 3.11
by an arbitrary test function ¢ integrating over the domain €2 and evalu-

ating the integration by parts of the ¢V - F' term we obtain:
0= / (Up—F -V — S¢)dQ + / (F) - fipnddQ, (3.14)
Q oN

where 7150 is the normal vector to the surface 6€2. If fluxes and/or ¢ vanish

at infinity, integrating the term Ugb by parts results:

0= /Q(U(ac, 0o+ F(U,2,1)- Vo + S(w, 1)) d xdt. (3.15)

The domain volume onto a set of particles ¢ with coordinates x; can
be discretized considering a differential volume d”x at arbitrary coordi-
nates  and divide this differential volume fractionally among the nearest
particles through the use of a weighting function W, i. e. associate a
fraction 1;(x) of the volume d”a with particle i according to a function
W (@ — 2:), h(x)):

Ui(X) = —W((@ — ), h(x)) (3.16)

w(X) = Z W((x — z;), h(x)) (3.17)
J
where h(x) is the “kernel size” that enters W. The weighting function

determines how the volume at any point & should be partitioned among
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the volumes associated with the tracer points i (Gaburov and Nitadori,
2011). An example is shown in Figure 3.2 where this method (left panel) is
compared with the volume partitions used in moving-mesh (central panel)
and SPH methods (right panel).

Figure 3.2: Representation of differences between the method used in this
code (left panel), the mesh methods (central panel) and the SPH method
(right panel).

Including this volume partition into equation 3.15, Taylor-expanding
all terms to second order accuracy in the smoothing length h(x) and ap-

plying this to the integral of an arbitrary function we obtain:

/f(a: .'1,'—Z/f:m/1Z cc—Zfz:z:Z /¢d”a:+0 (x4)?)

’ (3.18)

where V; = [9;(z)d”z is the effective volume of particle 4, such as the

integral of its volume partition over all of space and f is an arbitrary
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function. Then, for equation 3.15 we obtain:
0= /dt Z(Vz’Uiéi) + ViF; - (V@) z=a, + ViSi¢i) (3.19)

where F; - (V@) g=z, refers to the product of the matrix F' with the gradi-
ent of ¢ evaluated at x;. Considering the second-order discrete gradient
estimator described in many previous numerical studies (Gaburov and Ni-
tadori, 2011), inserting it in equation 3.15 and integrating by parts again,

we have

0= / dty o ( - %(%Ui) = DVIFP G (@) = Vi ()] + visi>.
(3.20)

The expression inside the parenthesis must vanish because eq. 3.20 must

hold for any arbitrary test function ¢. So

d ~ -
7 (VU + 3 _IViFP O3 (@0) = ViFf ¢ ()] = Vi (3.21)
J

Taking the flux functions F' at the particle location and time of ¢ or j would
require some ad-hoc artificial dissipation terms (for example viscosity) to
be stable, then the fluxes can be replaced with the solution of an appropri-
ate time-centered Riemann problem between the particles ¢ and j, which
includes the dissipation terms. So, defining the flux as FN’ij that replaces
F;, Fj and the vector A;; = |A]iinj where A7, = Vﬂﬁf(mz) — Vi (),

the equation becomes

d -
(VUi + > F,;-Ai; = VS (3.22)
J

The term V;U; is the particle-volume integrated value of the conserved

quantity to be carried with particle 4, its time rate of change is given by
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the sum of the fluxes F‘ij into/out of an effective face area A;;, plus the
total integral of source terms over the volume associate to the particle
Vi S;.

3.3 GADGET-2 vs GIZMO

For the simulations presented in this work I use two different codes:
GADGET-2 and GIZMO. GADGET-2 is very useful to study astrophys-
ical systems using the SPH method for the hydrodynamics of gas with
a Lagrangian approach. Anyway, the Eulerian equations are solved in
differential form and they vanish when the fluid has discontinuities (e.g.
shocks). To correctly solve these discontinuities, the integral form should
be used. For this reason it is necessary to implement an artificial viscosity
term with the effect of dissipating relative motions of the fluid into heat,
converting kinetic energy of gas particles in internal energy.

On the other hand, GIZMO solves explicitly the Eulerian equations,
without requiring any artificial viscosity term. Furthermore, in this code
we can implement physical processes such as cooling, star formation and
stellar feedback. This kind of code allow us to study the effect of these phe-

nomena on gas and supposedly approach to the simulation of real galaxies.



CHAPTER 4

SIMULATIONS

In this chapter I describe the features of the runs. I start with an unbarred
isolated galactic disc composed of stars and gas, embedded in an evolving
dark matter halo. I check the dependences of the gas dynamics on dif-
ferent numerical implementations, varying the magnitude of the artificial
viscosity (if present) and the numerical resolution. First, I run simula-
tions without implementing any gas radiative cooling, star formation and
stellar feedback prescriptions (usually referred to as sub-grid physics), in
order to perform a clean test of the basic numerical method used, and
to highlight the physical and purely dynamical effect of the forming sub-
structures (stellar spirals and bar) onto the gas. Then, I run simulations
implementing physical processes and I compare the corresponding results

with the first set of simulations.

4.1 Initial conditions

I simulate the isolated disc galaxy model Lmd2c12 described by Mayer and
Wadsley (2004), in order to reproduce an initially bulgeless, bar-unstable

47
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disc galaxy. The galaxy model is made of three different components: a
dark matter halo, a stellar and a gaseous disc.
The dark matter halo follows the Navarro et al. (NFW 1996, 1997)

density profile:
ph(T‘) _ Pecrit ¢
(r/rs)(L+7/rs)*

where 7¢ is the scale radius of the halo, p¢.t is the critical density of the

(4.1)

Universe today!, and:

200 5
=20 , 4.2
> 3 log(1+¢)—c/(1+c¢) (42)

depends only on the concentration parameter ¢ = ro0/rs. 7200 is the
radius that encompasses an average density (p) = 200 pcrit and defines the
outer radius of the dark matter halo. The mass of the halo is therefore
Moo = 200 perit (47/3) T‘S’OO. I adopt ¢ = 12 and a scale velocity vogg =
\/m = 75 km s~!, which corresponds? to Mayy = 1.4 x 10!
Mg, r200 = 100 kpc and s = 9.2 kpc. Both stellar and gaseous discs are
modeled as a radial exponential disc with a vertical structure modelled as

an isothermal sheet (Hernquist, 1993):

px(R,2) = 47:\;%2* exp(—R/R,) cosh™? (2) , (4.3)
where R, = 3 kpc is the radial scale length and z, = 0.3 kpc is the vertical
scale height. The stellar disc has a total stellar mass M, = 1.4 x 10'Y Mg
and extends up to 10R,. The gas component has a mass Mgas = 0.05M, =
7 x 10% M, and its density profile is characterized by the same parameters
R, and z,. The gas has a uniform temperature 7o = 10000 K and I

T assume Hp = 71 km s™! Mpc™!, compatible with the Wilkinson Microwave
Anisotropy Probe 7/9 years cosmology (Komatsu et al., 2011; Hinshaw et al., 2013)

2These numbers are slightly different from those reported by Mayer and Wadsley
(2004) because of the different cosmology assumed. However, this does not affect the
evolution of the galaxy model.
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assume that it is composed of a mixture of ionized hydrogen and helium
with a mean molecular weight u ~ 0.59. All the parameters are chosen in
agreement with the galaxy-halo scalings predicted by the A-CDM model
(e.g. Mo et al., 1998).

I build the initial conditions using the code GINCO3. GINCO ini-
tializes quasi-equilibrium galaxy models following Hernquist (1993) and
Springel et al. (2005). The polar/spherical coordinates of the particles
that belong to each component are randomly sampled using the density
profiles as probability distribution functions. Then, polar/spherical an-
gles are randomly drawn and they are used to determine the Cartesian

coordinates of the particle positions.

The velocities are sampled from local Gaussian approximations of the
true distribution function (Hernquist, 1993). The position-dependent pa-
rameters of the Gaussians are computed solving the steady-state Jeans
equations with some closure assumptions on the velocity dispersion tensor
(see e.g. Binney and Tremaine, 2008). For spherical components (i. e. the
dark matter halo, since the simulated system is bulgeless), I assume that
the velocity dispersion tensor is isotropic (i.e. of the form o2(r) I, where I

is the identity matrix), with the 1D velocity dispersion given by:

+o0
o?(r) = 1/ p(x) di):f)t (x) dz, (4.4)

where p(r) is the density profile of the considered component and Py is
the total gravitational potential. The spherical components have no net
rotation. The potential of the halo is an analytic function; instead, the
potential of the disc is computed as a first-order vertical perturbation of

the potential of a razor-thin exponential disc, namely ®4(R, z) ~ ®o(R) +

3GINCO (Galaxy INitial COnditions, http://www.ics.uzh.ch/~fiacconi/software.html)
has been written by Davide Fiacconi.
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®(R, z). The razor-thin disc has the potential:

GM,

Po(R) = — R Y [Ho(y)K1(y) — Ii(y) Ko(y)] , (4.5)

where y = R/(2R,) and I; and K, are modified Bessel functions; the

first-order vertical perturbation is (e.g. Binney and Tremaine, 2008):

®(R,z) = 47TG/0 dz'/0 d2"pu(R, 2")

= 47G p(R,0) 22 log [cosh <ZZ>] . (4.6)
*

I use this strategy to maintain all the evaluations of the potentials and
of their derivatives analytic; this makes the code faster and reduces the
required memory. Once I compute o(r), I can sample the magnitude of
the velocity of each particle in a spherical component from a Maxwellian
distribution with variance o?(r). Finally, I randomly draw the spheri-
cal angles (6, ¢) as above to ensure isotropy and I assign the Cartesian

components of the velocity.

Both the stellar and the gaseous disc velocity structure is characterized
by a velocity dispersion tensor of the form diag(o2, Ji, 02). The vertical

velocity dispersion is (Hernquist, 1993; Springel et al., 2005):

2 _ 1 /+oo ! 8CI)‘cot / /
o:(R,z) = B ). px(R, 2" P (R,2') dz
GM,z, R
N —opa XP (—> , (4.7)

where the last approximation holds when the disc is geometrically thin
and the vertical gradient of the potential around z ~ 0 is dominated
by the disc. The radial component is chosen to be 02 o o2, with the

normalization enforcing a minimum value of the Toomre parameter Q ~
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1.1 at r ~ 2.5R, (Mayer and Wadsley, 2004). The whole profile of Q for
the initial conditions is shown in Figure 4.1. The azimuthal component is
set using the epicyclic approximation, 03) = 0?2 k2/(492). Unlike the dark
matter halo, the disc has a net rotation, i.e. an average azimuthal velocity
(vg) given by (Hernquist, 1993; Springel et al., 2005):

2
o =240 (1= 4 = ) (48)
where V; is the circular velocity in ®io. Finally, I sample the (v,,vg,v,)
components of the velocity of each disc (both star and gas) particles
from Gaussian distributions with mean (0, (vy),0) and standard deviations
(0r,04,0:), respectively, and I finally transform then into the Cartesian
components.

I checked the stability of initial conditions studying the evolution of
the stellar surface density profile as a function of time (upper panel of
Figure 4.2) during the first Gyr, i.e. before the development of strong non-
axisymmetric perturbation (see below). After a short transient phase due
to the non-exact equilibrium of the initial conditions (highlighted be the
yellow line in figure) the system re-adjust on a profile similar to the initial
one, with the surface density at ¢ = 1 Gyr (red line) differing by 20% at
most with respect to the initial conditions (within the disc scalelength).
Similar conclusions about the stability of the stellar disk can be drawn

from the evolution of its Lagrangian radii (lower panel of Figure 4.2).

4.2 Simulation suite

I run a suite of numerical simulations of the reference model described in
the previous Section in order to explore the effects of resolution, numerical
implementation, parametrization of the artificial viscosity and feedbacks

associated to different physical processes (when present). In Table 4.1 I
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Radius [kpc]

Figure 4.1: Radial profile for the Toomre parameter of the initial stellar
disc.

summarize the sample of 3D runs presented in this work. I build two

realizations of the initial conditions at two resolutions:

1. low resolution (LR): the halo is sampled with 10° particles with
mass my = 1.4 x 10> Mg, while the stellar and gaseous discs are
sample with 9.5 x 10° and 5 x 10* particles, respectively, with mass
My = Mgas ~ 1.5 X 10* M. The gravitational softenings (setting
the spatial/force resolution of the gravitational interaction) for dark
matter and baryonic particles (equal for stars and gas particles) are

65 pc and 20 pc, respectively;

2. high resolution (HR): the halo is sampled with 8 x 10% particles with

mass my, = 1.6 x 10* My, while the stellar and gaseous discs are
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Figure 4.2: Upper panel: surface density profile of the stellar component
in the first Gyr. Black, yellow, cyan, green, blue and red curves correspond
tot =0, 0.2, 0.4, 0.6, 0.8 and 1 Gyr, respectively. Lower panel: Lagrangian
radius at different stellar mass fraction in the first Gyr. Black, red, blue,
green and magenta lines represent 10%, 30%, 50%, 70%, 90% of stellar
mass, respectively.
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sample with 7.6 x 10% and 4 x 10° particles, respectively, with mass
My = Mgas ~ 1.7 x 103 M. The gravitational softenings for dark

matter and baryonic particles are 30 pc and 7 pc, respectively.

At first, I report low and high resolution simulations for a bar-unstable
disc mainly using the code GADGET2. I ensure that the particles in the
disc (star and gas) have all the same mass, preventing any spurious relax-
ation/mass segregation. All the simulations assume an isothermal equa-
tion of state to simply model an effective atomic radiative cooling keeping
the ISM in the disc plane at an almost constant temperature < 10* K.
Metal line and molecular cooling would reduce the gas temperature fur-
ther, allowing for dense clumps to form and to trigger star-formation.
Feedback from stars would then re-heat the gas, resulting in the forma-
tion of a multi-phase medium (e.g. Wada, 2001; Wada and Norman, 2001).
Because of the lack of cooling and star-formation physics, I keep an high
temperature to prevent the sudden fragmentation of the gaseous disc. 1
test the robustness of the results against two different implementations
of the hydrodynamics. Most of the simulations are performed with the
Tree/Smoothed Particle Hydrodynamics (SPH) code GADGET2 (Springel,
2005), which uses an oct-tree structure to speed up the gravity calculations
(Barnes and Hut, 1986) and deal the hydrodynamics with the density-
entropy SPH approach proposed by Springel and Hernquist (2002). The
SPH formalism requires the introduction of an artificial viscosity in order
to capture shocks correctly (e.g. Monaghan, 1992; Balsara, 1995; Mon-
aghan, 1997). Therefore, I explore the effect of different choices of the

4. comparing the results with

value of the artificial viscosity parameter «
a simulation using the code G1zMO that solves the evolution of the gas on
an unstructured grid and does not require any explicit artificial viscosity

term.

4The 8 parameter in the Monaghan-Balsara formulation is equal to 2 « in all our
runs.
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Finally, I analyze analogous low and high resolution simulations per-
formed with the code Gizm0 (Hopkins, 2014). The public version of the
code only provides basic gravity and hydrodynamics. In the simulations I
included cooling, star formation and stellar feedback implemented in Lupi
et al. 2015 (in prep.): radiative cooling is computed by means of the
GRACKLE® chemistry and cooling library, which provides both equilibrium
and non-equilibrium chemistry for primordial species and metals (Bryan
et al., 2014; Kim et al., 2014). Gas is eligible for star formation when three
conditions are fulfilled: the density exceeds p = 10 cm™3, the temperature
drops below T = 2 x 10* K and the gas particles belong to a converging
flow. I set the star formation efficiency to 0.05. Gas is converted into stars
according to the Schmidt law (Kennicutt, 1998), following the stochastic
prescription described in Stinson et al. (2006).

Each stellar particle represents a population described by the Chabrier
Initial Mass Function (IMF) (Chabrier, 2003). Stars with masses in the
range 8-40 Mgexplode as type II SNae after a typical lifetime obtained
from Hurley et al. (2000) for stars with different masses and metallicities.
In order to model non thermal processes energising the SNa associated
blastwave, the code implements a cooling shut-off recipe like the one de-
scribed in Stinson et al. (2006), which temporarily inhibits radiative cool-
ing for gas particles within the SNa maximum extension radius Rp, as
defined in Chevalier (1974). In the simulations I consider a shut-off time
of 5 Myr.

Shttp://grackle.readthedocs.org
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Table 4.1: Summary of simulations characteristics. Columns: (1) name of
the simulation, (2-3) resolution, (4) code used, (5) artificial viscosity a.
Name  Barion particle DM particle Code «
softening (pc)  softening (pc)

LR 20 65 GADGET2 0.8
LRV16 20 65 GADGET2 1.6
LRV04 20 65 GADGET2 0.4
LRGiz 20 65 GIZMO -
HR 7 30 GADGET2 0.8
LRPh 20 65 GIZMO -

HRPh 7 30 GIZMO -




CHAPTER b

RESULTS

I run a suite of hydrodynamical simulations of an isolated disc galaxy
model in order to explore the effect of resolution and physical processes.
In this chapter I present the main results. In section 5.1.1 and 5.1.2 I
propose low and high resolution simulations for a bar-unstable disc mainly
using the code GADGET2. In section 5.2.1 and 5.2.2 I show low and high
resolution simulations implementing cooling, star formation and stellar
feedback using the code G1zm0. Finally, I pay particular attention to the
central region of the galaxy and the boxy-peanut like structure formed in

these systems.

5.1 Isothermal runs

5.1.1 Low resolution simulations (LR)

Figure 5.1 shows the distribution of stars and gas observed in the LR run
at three different times, ¢t = 1, 4 and 7 Gyr on the left, central and right

panels respectively. The stellar surface density is shown in the upper and

57
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middle panels (edge-on and face-on views, respectively), while the face-on

view of the gas surface density is shown in the lower panels.

During the first 2 Gyr the bar-unstable system evolves from an ax-
isymmetric configuration to a barred disc, passing through the formation
of transient multi-arm spirals. In particular, a three arm spiral structure
is observable in the stellar density distribution at ¢ = 1 Gyr in the left-
middle panel of Figure 5.1. From 2 Gyr on, the disc shows a clear bar
structure (with a diameter size of about 8 kpc) in its central region. From
the bar-formation time (¢ ~ 2 Gyr) on, the bar tends to slow-down, as
shown in the upper panel of Figure 5.2. At ¢ < 3 Gyr the bar makes almost
2.8 full precessions per Gyr, while the frequency decreases down to < 2.3
precessions per Gyr at t &~ 7 Gyr. The bar slow-down, already extensively
discussed in literature (e.g. Sellwood, 1981; Combes and Sanders, 1981;
Halle et al., 2015), results in a Ry g growing in time, from ~ 1 kpc up
to ~ 1.4 kpc at the end of the run, as observable in the lower panel of
Figure 5.2. The bar forms thin, and buckles in its centre as the time goes
by, as observable in the edge-on view of the stellar disc at t = 4 and 7
Gyr. At the end of the simulation a boxy-peanut bulge like structure is

observable within the central few kpc of the disc.

The dynamics of the subdominant gas component is dominated by the
underlying stellar dynamics. During the first 2 Gyr the gas distribution
resembles the stellar one, with clear spiral arms observable (almost co-
spatial with the stellar ones, see the example in the left lower panel of
Figure 5.1 at ¢t =1 Gyr). After the formation of the stellar bar, the gas
within the bar corotational radius (R¢ & 4-5 kpc depending on the age of
the bar, as will be discussed below) is driven toward the galaxy centre, and
forms a dense knot of gas clearly observable in the central and right panels
in the bottom row of Figure 5.1. The torquing effect of the spiral arms
before and the stellar bar afterwards sweeps the almost totality of the gas

between R¢ and the central dense knot. A small amount of low dense gas
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Figure 5.1: LR simulation. Upper (middle) panels: edge-on (face-on)
views of the stellar disc at ¢t =1, 4 and 7 Gyr (left, central and right panel,
respectively). The colour gradient maps the stellar surface density (in
units of My kpc™2) on a logarithmic scale. Bottom panels, same as the
middle panel for the gas surface density.
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t=7 Gyr (lower panel).
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is still observable in this “dead region”, in particular in the form of two
inflowing streams connecting the outer galactic disc with the central dense
knot, often observed in simulations as well as in real galaxies (e.g. Regan
et al., 1999).

The upper panel of Figure 5.3 quantifies the effect that the bar for-
mation process has onto the gas. The surface density of the gas in the
“dead zone” decreases by up to ~ 1.5 orders of magnitude at ¢ 2 3 Gyr
(blue, yellow and red lines) with respect to the initial conditions (black
line). The shaded areas in figure trace the evolution of Rc (green) and its
outermost inner Lindblad resonance radius (Rypr pink), from when a clear
bar structure is observable and its angular frequency is measurable (¢ ~ 2
Gyr) to the end of the simulation. The gas within R¢ is dragged toward
scales of the order of Ry R, fuelling the formation of the central knot of
gas on sub-kpc scales (in agreement with a wealth of previous studies, e.g.
Sanders and Huntley, 1976; Shlosman et al., 1989; Athanassoula, 1992;
Berentzen et al., 1998; Regan and Teuben, 2004; Kim et al., 2012; Cole
et al., 2014), where the surface density increases by up to almost 2 orders

of magnitude.

A clear although less obvious result of the LR run consists in the
efficiency of the “dead zone” formation. Most of the inflow from R < R¢
to R < Rir happens during the first 2 Gyr, as observable comparing
the cyan (t =1 Gyr), green (t =2 Gyr) and blue (¢t =3 Gyr) lines with
the initial conditions and the end result of the simulation in the upper
panel of Figure 5.3. The fully formed bar does indeed play a role in
further decreasing the gas surface density on the “dead zone”, and most
importantly, in preventing new gas to refill the central regions by pushing
the gas immediately outside the CR toward the outer Lindblad resonance

radius (Rorr).! However, it is instead the formation of the bar which is

! Although harder to be noticed in a log-log plot, the gas surface density decreases
in the Rc < R < RoLr region, and the material accumulates just outside RoLr.-
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Figure 5.3: LR simulation. Upper panel: surface density profile of the
gaseous component. Solid black, cyan, green, blue, yellow and red curves
correspond to t =0, 1, 2, 3, 5 and 7 Gyr, respectively. The shaded magenta
and green areas mark the region span by Ryrr and Rc, respectively. Lower
panel: gaseous mass inflow as a function of time. Red and blue lines
represent the accretion rate computed at 0.3 and 1 kpc from the center,
respectively.
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efficient in driving substantial gas inflow. The fundamental importance of
the torques acting on the gas during the build-up of the bar, before this
has been fully developed, is highlighted in the lower panel of Figure 5.3, in
which I show the gas accretion rate M as a function of time. In particular,
the red and blue lines refer to M through surfaces at 0.3 and 1 kpc from
the centre, respectively. At both scales M shows a first prominent peak at
t =~ 1 Gyr, well before the formation of any significant bar-like structure.
A second peak of similar magnitude is observable at ¢ ~ 2 Gyr, just
after the bar has formed, while the central fuelling drops immediately
afterwards. Although this simple simulation does not include any star
formation prescription, such omission has little impact on the evolution of
the gas from Rc down to the nuclear knot, since the majority of the inflow
happens on a few (up to ~ 10 close to Ry r) orbital timescales. The time
evolution of the accretion flows through the two surfaces is quite similar

at all times.

Viscosity test

As recently reviewed by Sellwood (2014), the gas angular momentum
transport in SPH simulations could be at least partially affected by the
artificial viscosity used. Differently from grid based codes, in which a
numerical viscosity is intrinsically related with the discretization of the
space domain, in SPH codes the numerical viscosity is explicitly taken
into account through a viscosity parameter c. The shear and bulk viscos-
ity in SPH simulations scale linearly with « (e.g. Murray, 1996; Lodato
and Price, 2010).

In this section I test the effect of the artificial viscosity through the
comparison of run LR with three different simulations. Two of these,
LRV04 and LRV16, are exact copies of the LR run, but for the value of
the o parameter, that is half and double of the a = 0.8 value used in
LR. The third simulation (LRGiz) has been run using the GIzMO code
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(Hopkins, 2014), that solves the evolution of the gas on an unstructured
grid and does not require any explicit artificial viscosity term.

The results of the test are shown in Figure 5.4 and Figure 5.5. Fig-
ure 5.4 shows the comparison between the surface density profiles of the
four runs (LR in red, LRV16 in green, LRV04 in blue and LRGiz in cyan)
at four different times, ¢ =1 Gyr (upper left panel), 3 Gyr (upper right
panel), 5 Gyr (lower left panel) and 7 Gyr (lower right panel). Similarly,
Figure 5.5 shows the face-on projection of the gas surface density map
for the four runs at t = 1 Gyr, to allow for a comparison of the non-
axisymmetric structures forming. The comparison between the three SPH
runs shows that the exact value of the viscosity parameter a plays a little
role in the gas dynamics. The removal of gas from the forming “dead zone”
and the formation of a dense central gas knot are completely dominated
by the gravitational torques due to the formation of non-axisymmetric

structures. The LRGiz run shows some very minor differences too.

5.1.2 High resolution simulation (HR)

I run an increased resolution version of the LR simulation (HR). Because
of the higher spatial resolution and of the isothermal equation of state
implemented, the gas in the HR run forms extremely dense and compact
clouds in the galaxy nucleus, slowing down the simulation enormously
after the first episode of major gas inflow. For this reason I have run
the HR simulation only up to ¢t = 3 Gyr, and I limit our analysis to the
response of the gas to the initial spiral and bar formation.

Figure 5.6 shows the face-on views of the stellar (left panels) and
gaseous (right panels) surface density. Similarly to the low resolution
simulation, during the first Gyr, the system develops stellar spiral arms
(upper left panel) which evolve in a stable bar like structure (lower left
panel) at about ¢ = 2.5 Gyr. The gas follows a similar dynamics as ob-

served in the lower resolution run, following the stellar spiral arms during
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Figure 5.4: LR simulation. Surface density profile for low resolution
isothermal simulations with different viscosity. Upper left, upper right,
lower left and lower right panels refer to t = 1, 3, 5 and 7 Gyr, respec-
tively. The solid red, green and blue curves are obtained from the gas
particle distribution for simulation with o = 0.8 (run LR), o = 1.6 (run
LRV16) and o = 0.4 (run LRV04). The cyan curve corresponds to the gas
particle distribution for simulation using G1zmo (LRGiz). The dashed ma-
genta and green lines mark the positions of Ry g and R¢ at the different
times.
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Figure 5.5: LR simulation. Logarithmic face-on views (in units of Mg
kpc—?) of gas surface density for low resolution simulations with different
values of a at t=1 Gyr: a=0.4 in the left upper panel, a=1.6 in the right

upper panel, a=0.8 in the left lower panel and low resolution simulation
using GIZMO in the right lower panel.
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Figure 5.6: HR simulation. Right panels: logarithmic face-on views of the
stellar surface density (in unit of Mg kpc=2) at ¢t = 1 Gyr (upper panel)
and t = 2.5 Gyr (lower panel). Left panels: same as right panels for the
gas surface density.

the first evolutionary phase and being driven toward the centre during
and after the bar formation. In the central region of the galaxy (within
the bar extent) a “dead zone” forms, with very low density gas present in

between the outer disc and the nuclear gas knot.

Figure 5.7 shows a comparison between HR and LR runs. The up-
per panel shows the gas surface density profiles in the two runs for four
different times. The biggest difference is observable at t ~ 1 Gyr, when
in the low resolution run (dashed lines) the disc is already significantly

perturbed, while in the HR run (solid lines) the gas profile is still quite
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unperturbed. The gas profile in the high resolution run is more similar
to its low resolution analogous at later times, but for a slightly more pro-
nounced “dead zone” in the HR run due to the better resolved profile of
the stellar bar, that results in a more effective action of the bar itself onto

the gas.

The main difference observed in the profiles at ¢t &~ 1 Gyr is due to the
later growth of non-axisymmetric perturbations (first in the form of spiral
arms, turning into a central bar) in the higher resolution simulation. This
is clearly observable in the accretion rate through the central 0.3 kpc (lower
panel of Figure 5.7). In HR run the peak of M occurs at t ~ 1.5 Gyr,
about 0.2-0.3 Gyr after the peak observed in the LR run. Again, in the
high resolution simulation the M peak has a larger intensity (by almost
a factor of 2) with respect to the low resolution case, due to the more

efficient cleaning of the “dead zone” during the bar formation process.

The later growth of non-axisymmetric structures in the higher resolu-
tion run is probably due to the lower shot noise in the initial conditions:
a higher number of particle MonteCarlo sampling results in a lower sta-
tistical noise, from which structures can grow (see also the discussion
in Sellwood, 2014). An extensive and time consuming study aiming at
numerical convergence is neither feasible (within the currently available
computational facilities) nor useful, as a simulation with a order of mag-
nitudes larger number of particles could result in a degree of symmetry
significantly larger than any real disc galaxy observed. The dependence
of the M peak and of the time at which spirals and bars form on the
number of particles used demonstrate that these should not be taken as
physical values. Only the gas response pattern is similar in all the runs
analysed, independently on the viscosity prescription adopted, of the nu-
merical resolution achieved, and of the algorithm used to solve the gas

dynamics.
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Figure 5.7: LR and HR simulations. Upper panel: surface density profile
of the gas. Solid lines refer to the highest resolution run HR. The results of
the low resolution run LR are reported with dashed lines for comparison.
Black, cyan, green and blue curves refer to ¢t =0, 1, 2, and 3 Gyr, respec-
tively. Lower panel: gaseous mass inflow as a function of time. Black and
red lines represent the inflow rate computed at 0.3 kpc from the center in
run HR and LR, respectively.
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Dynamics of the nuclear inflow

The high resolution achieved allows us to resolve sub-kpc scales, and to
investigate the detailed causes of the nuclear gas inflow through the search
of stellar and gaseous nuclear structures. In this section I focus on two
times, just before (0.8 Gyr) and right at the beginning (1.1 Gyr) of the
major gas inflow event. The properties of the stellar and gaseous distri-
bution at the two times are highlighted in the upper and lower panels of
Figure 5.8.

The left panels represent the surface density contrast for the stars

within the inner 3 kpc, defined as:

_ E*(R, gb) - <E*(R, ¢)>¢

ds, (R, 0) (X(R, 0))o ’

(5.1)

where R and ¢ are the radial and azimuthal coordinates on the disc equa-
torial plane, ¥, (R, ¢) is the stellar surface density and (X.(R, ¢)), is the
average stellar surface density evaluated in annuli. The central panels
show the gas density contrast

_ Peas(R; @) — (pgas(R, 9))

PR 0) = T RN (5:2)

evaluated on the disc mid-plane. The right panels show the intensity of
the radial motions.

Before the major inflow event (upper left panel) a single three arm
spiral structure is visible down to scales of about 300 pc. The gas is
affected by the stellar non-axisymmetric structure and develops shocks
at the edge of the stellar spirals, as observable in density contrast map
(upper central panel). Clear shock fronts develop in the gas distribution,
the gas dynamics is perturbed and radial motions are triggered (upper
right panel).

A different picture is present at the triggering of the strong gas inflow



5.1 Isothermal runs 71

episode (lower panels). At ¢t = 1.1 Gyr the inner part (within ~ 1 kpc)
of the stellar three arm spiral structure decouples from the outer spiral
structure, still evident at large scales (~ 3 kpc), as clearly visible in the
lower left panel. Such decoupled structure is clearly observable in the gas
density (lower central panel) map. The interplay between the outer and
inner spiral structure increases the radial velocity of the gas in the central
regions as well as the region participating to the radial inflow (lower right
panel). By the time a clear bar forms, all the gas affected by the nuclear

spirals formed the central nuclear knot.

Nuclear disc

I devoted the last part of the analysis to the structure of the gas nuclear
system forming during the major inflow event. In particular I focused on
the gas properties well after the nuclear structure formed and reached a
stable configuration.

Figure 5.9 shows the density contrast of gas in the inner 3 kpc (left
panel) and in the inner 400 pc (middle panel), and the radial velocity map
(right panel) at about 2.5 Gyr. The orientation of the bar is traced by
the inflowing streams of gas that connect the outer regions of the galaxy
with the inner gaseous structure. The gas in the inner few hundreds of pc
forms a rotating disc. Within the disc nuclear spirals are observable down
to few tens of pc, traced by local gaseous overdensities (lighter regions in
the central panel) corresponding to inflowing gas (blue and green regions
in the right panel). A careful analysis of the stellar distribution does not
show any central structure (neither in the form of spirals nor of bar). I
therefore interpret the central two armed spirals as the effect that the
outer bar has onto the gas within its ILR, as discussed analytically in
Maciejewski (2004a) and observed in numerical simulations of the response
of gas to a bar-like analytical potential (Maciejewski, 2004b).

As a note of caution I stress that the accretion rate at late times and,
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more in general, the long-term evolution of the central gaseous concentra-
tion would be significantly different if the gas would be allowed to form

stars, possibly forming a pseudo-bulge like structure.
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Figure 5.9: HR simulation. Gas density contrast in the inner 3 kpc (left
panel) and 500 pc (central panel). The right panel shows the radial velocity
for gas in the inner 500 pc at 2.5 Gyr. See text for details.

5.2 Cooling-star formation and stellar feedback

runs

5.2.1 Low resolution simulation (LRPh)

I used the code Gizmo (Hopkins, 2014) including the implementations of
star formation, cooling and stellar feedback to simulate a new suite of runs
of the bar-unstable disc (see Section 4.2 for details). Similarly to previous
sections, Figure 5.10 shows the distribution of stellar and gas disc observed
in the LRPh run at three different times, ¢t = 1, 4 and 7 Gyr in the left,
central and right panels respectively. The stellar surface density is shown
in the upper and middle panels (edge-on and face-on views, respectively).
During the first 2 Gyr the bar-unstable system evolves from an axisym-
metric configuration to a barred disc, passing through the formation of
three arm spiral structure (visible in the stellar distribution at ¢ = 1 Gyr
in the left-middle panel of Figure 5.10). At about ¢ = 2 Gyr, the disc
presents a clear bar structure (with a diameter size of ~ 8 kpc) in its cen-
tral region. From 4 Gyr on, the bar thickens and buckles in its centre, as
observable in the edge-on views of the stellar disc at ¢t = 4 and 7 Gyr. At

the end of the simulation a boxy-peanut bulge like structure is observable
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within the central few kpc from the centre.
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Figure 5.10: LRPh simulation. Upper (middle) panels: edge-on (face-on)
views of the stellar disc at ¢ =1, 4 and 7 Gyr (left, central and right panel,
respectively). The colour gradient maps the stellar surface density (in
units of Mg kpc™2) on a logarithmic scale. Bottom panels, same as the
middle panel for the gas surface density.

The dynamics of the subdominant gas component is dominated by
two processes: the underlying stellar dynamics and star formation. The
face-on view of the gas surface density is shown in the lower panels. As

in the previous case, the gas is affected by the stellar structures forming
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Figure 5.11: LRPh simulation. Upper panel: mass of gas in My as a
function of time. Lower panel: mass of new stars in Mg as a function of
time.

in the disc. However, in the gas distribution blast waves are also evident,
due to the supernovae explosions. Then, the disc is significantly perturbed
respect to the first suite of runs. When the bar is formed, the gas is driven
toward the galaxy centre, forming a dense knot of gas clearly observable

in the central and right panels in the bottom row of Figure 5.10. At
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the same time, the gas is subjected to cooling processes which remove
the thermal support resulting in high density structures, enforcing star
formation. Figure 5.11 represents the mass of gas (upper panel) and new
stars (lower panel) as a function of time. During the evolution, an increase
of the star component corresponds to a gas component decrement.

The upper panel of Figure 5.12 quantifies the effect that the bar forma-
tion process has onto new stars (red lines) and gas (blue lines) at different
time with respect to the gaseous disc at initial condition (magenta dashed
line). The black line in figure represents the surface density profile of the
sum of new stars and gas. In particular, gas density profiles increase up
to =~ 1 order of magnitude from ¢ = 1 to 5 Gyr in the centre of the galaxy
because of the influence of the bar potential on particles. New stars den-
sity profiles increase up to & 1 order of magnitude from ¢t = 1 to 5 Gyr,
too. Such a central enhance of the newly formed star density is caused by
the gas migration toward the inner regions of the galaxy, where a fraction
of it is transformed in new stars.

Differently from the first set of simulations presented in section 5.1,
most of the gas inflow happens at ~ 3 Gyr, when the bar is a stable
structure, as shown in the gas accretion rate M in the inner 0.3 kpc as a
function of time, in the lower panel of Figure 5.12. We can also notice that
the peak of M is lower respect to the isothermal simulations. This might
mean that physical processes like star formation and stellar feedback could
hinder or delay the inflow of gas to the center of galaxy. In particular,
peaks and drops are visible: the latter correspond to high temperature
in the inner region of the disc caused by recent SNae explosions, where
the high pressure halts the inflowing gas. In the extreme case where the
pressure overcomes gravity, the gas is swept outwards. Due to the high
density in the central region, radiative cooling is particularly efficient in
reducing gas temperature (and pressure as well) and this leads to a new

phase of gas inflow, represented by peaks.
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Figure 5.12: LRPh simulation. Upper panel: Surface density profile of
the gaseous component (blue lines) and new stellar component (red lines)
at t =1, 2, 3, and 5 Gyr, respectively. The black lines correspond to the
surface density profile of the sum of new stars and gas. The magenta
dashed lines represent the gaseous disc at initial conditions. Lower panel:
gaseous mass inflow as a function of time within 0.3 kpc from the center.
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5.2.2 High resolution simulation (HRPh)

For comparison, I run an high resolution version of the LRPh simula-
tion (HRPh). Figure 5.13 shows the edge-on and face-on views of stellar
(upper-middle panels) and gaseous (lower panels) surface density at t =
1, 4 and 7 Gyr. Similarly to the low resolution simulation, during the first
Gyr, the system develops stellar spiral arms (middle left panel) which
evolve in a stable bar like structure at about 2 Gyr. The gas follows a
similar dynamics as observed in the lower resolution run, along the stellar
spiral arms, driven toward the central region of the galaxy.

The upper panel of Figure 5.14 presents the surface density profiles of
new stars (red lines) and gas (blue lines) at different time respect to the
gaseous disc at initial condition (magenta dashed line). The stellar and
gas density profile increase up to = 1 order of magnitude from ¢ = 1 to
5 Gyr. The black line in figure represents the surface density profile of
the sum of new stars and gas. Comparing this figure to Figure 5.12, it is
evident that there are no significant differences: the trends of gas and new
stars are completely in agreement with the low resolution simulation.

Similarly to the LRPh simulation, most of the gas inflow happens at
~ 3 Gyr, when the bar is a stable structure, as shown in the lower panel
of Figure 5.14. This delay in the gas inflow respect to the HR simulation
(lower panel of Figure 5.7) could be due by the presence of feedback and
star formation which hide and hinder the inflow of gas, as explained in the
analysis of LRPh simulation.

To study the distribution of new stars respect to the stellar disc, I
consider stars formed during the evolution of the system. Figure 5.15
shows the face-on and edge-on view of stellar density at ¢ = 1, 2, 3 and
5 Gyr. The contours of new stellar component are placed on and it is
possible to notice that they faithfully follow the trend of old stellar disc.
A natural consequence is that stellar discs distributions (both the original

and the new stellar disc) are purely dependent on the bar potential rather



80 Results

z [kpcl

y [kpel

y [kpe]

Figure 5.13: HRPh simulation. Upper (middle) panels: edge-on (face-on)
views of the stellar disc at ¢ =1, 4 and 7 Gyr (left, central and right panel,
respectively). The colour gradient maps the stellar surface density (in
units of Mg kpc2) on a logarithmic scale. Bottom panels, same as the
middle panel for the gas surface density.
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Figure 5.14: HRPh simulation. Upper panel: surface density profile of the
gaseous component (blue lines) and stellar component (red lines) at ¢ =1,
2, 3, and 5 Gyr, respectively. The black lines corresponds to the surface
density profile of the sum of new stars and gas. The magenta dashed lines
represents the gaseous disc at initial conditions. Lower panel: gaseous
mass inflow as a function of time within 0.3 kpc from the center.
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then any physical processes implemented in the system.

Nuclear disc

Similarly to the previous section, I analyse the structure of the gas nuclear
system forming during the major inflow event. Figure 5.16 shows the
density contrast of gas in the inner 3 kpc (left panel) and radial velocity
map (right panel) at about 2.5 Gyr for gas in HRPh simulation. These
images are quite different compared with the Figure 5.9: the gas in the
centre does not form a clear disc. However, the orientation of the bar is
traced by weak overdensities (lighter regions in the left panel) in the gas
density contrast, more visible in the radial velocity map corresponding to
the gas inflow (blue and green regions). The lack of nuclear structures is
probably due to the presence of physical processes like cooling and star

formation which perturb the system.
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Figure 5.15: HRPh simulation. Face-on views of the stellar disc at ¢ =1,
2, 4 and 5 Gyr. The colour gradient maps the stellar surface density (in

units of M kpc™2) on a logarithmic scale. The black contours represent
the new stars surface density.
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Figure 5.16: HR simulation. Gas density contrast (left panel) and radial
velocity for gas in the inner 3 kpc at 2.5 Gyr. See text for details.

5.3 Boxy-peanut bulge

As I have already shown, the evolution of the systems proposed in the
previous sections presents three different phases: during the first 2 Gyr
the stellar disc evolves from an axisymmetric configuration to a barred
disc, passing through the formation of transient multi-arm spirals. From
2 Gyr on the disc shows a clear bar structure in its central region and
from 4 Gyr the bar tends to slow-down and buckles in its centre in a
boxy-peanut bulge like structure. This structure is easily recognizable in
the upper right panels of Figure 5.1, 5.10 and 5.13 which represent the
edge-on views of the stellar disc at ¢ =7 Gyr. It is interesting to study
the distribution of new stars formed during the evolution of the system,
respect to the stellar disc. Figure 5.17 shows the edge-on views of the
system at ¢ = 1, 2, 3 and 5 Gyr (from upper left to lower right panel).

Each panel is composed of two images: the first represents the stellar
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Figure 5.17: HRPh simulation. Edge-on views of the stellar disc at ¢t =1,
2, 4 and 5 Gyr. The colour gradient maps the stellar surface density (in
units of M kpc™2) on a logarithmic scale. The black contours represent
the new stars surface density.

density and the contours of new stellar disc are placed on in black. The
second represents the distribution of new stellar component, in red. From
this figure it is possible to notice that in addition to following the trend of
stellar disc, new stars faithfully trace the boxy-peanut bulge like structure,
influenced by the presence of the bar potential which causes 3D orbits, far
form the disc plane.

An other way to identify the boxy-peanut bulge like structure is to
analyse the x-z projection (edge-on, with the bar perpendicular to the line
of sight) as follows: I computed their x coordinates to calculate the median
height of stars from the disc plane. This result is plotted in Figure 5.18:
the two peaks corresponds to the over-densities due to the boxy-peanut

bulge.
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Figure 5.18: HRPh simulation. Median height of stars from the disc plane.
The red line corresponds to old stars, the green line corresponds to new
stars at t = 5 Gyr (left panel) and ¢t = 7 Gyr (right panel).



CHAPTER 6

CONCLUSIONS

In this work I studied the gas response to the formation and evolution of
a stellar bar in an isolated disc galaxy. Bars have been proven to be good
candidates as responsible for the feeding mechanisms needed to transport
mass in the central region of galaxies and trigger the consequent inner
star formation. The simulation of this kind of system is very interesting
to better understand the physical dynamics of bars and their effects on

the other galactic components.

In the models, the galaxy is an un-barred isolated galactic disc, com-
posed of stars and gas embedded in an evolving dark matter halo. This
system is initially unstable to the formation of non-axisymmetric struc-
tures. First, I run simulations without the implementation of gas radiative
cooling, star formation and stellar feedback prescriptions in order to test
the basic numerical method used and the physical and dynamical effect of
the forming substructures onto the gas (Isothermal simulations). Then,
I run the same system implementing the physical processes mentioned

above and I compare the corresponding results with the first set of sim-
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ulations (Cooling star-formation and stellar feedback simulations). Both
simulation suites have low and high resolution configurations, depending

on the number of particles involved.

Isothermal runs

The system evolves for ~ 7 Gyr. During this time I distinguished three

different phases in the behaviour of stellar and gaseous disc evolution:

e the stellar disc is bar-unstable and during the first 2 Gyr evolves
from an axisymmetric configuration to a barred disc, passing through
the formation of transient multi-arm spirals (at about 1 Gyr). From
2 Gyr on, the disc shows a clear bar structure extended from the
center of about 4 kpc in radius. From the bar formation time on
(2 Gyr), the bar tends to slow-down, decreasing its frequency. In
this phase, the bar forms thin and buckles in its center developing a
boxy-peanut bulge like structure in the central few kpc of the disc,

visible in the edge-on view of the system.

e the gaseous disc, forced by the stellar potential, is dominated by
the underlying stellar dynamics. During the first 2 Gyr the gas
distribution is similar to the stellar one and presents clear spiral
arms co-spatial with the stellar ones. Then, the gas within the bar
corotational radius (4 — 5 kpc from the center) is driven toward the
galaxy center and forms a dense knot of gas. The torquing effect
of the spiral arms before and the stellar bar afterwards sweeps the
almost totality of the gas between the corotational radius and the
central dense knot, except for two inflowing streams connecting the
outer galactic disc with the central dense knot, often observed in

real galaxies (Regan et al., 1999).
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I checked the results against the numerical viscosity used, and I demon-
strated that the gas dynamics is little affected by the exact value of the
viscosity parameter in the SPH runs, and by the exact hydrodynamical
treatment of the gas. I also studied the dependence of the results on the
numerical resolution. I found that, although the qualitative evolution of
the gas is resolution independent, the exact time at which the non axisym-
metric structures develop and the actual maximum inflow rate at small
(but completely resolved) scales do depend on the resolution achieved. As
discussed above, the difference in the timescales for the inflow and for the
bar formation are probably due to a lower shot noise in the highest resolu-
tion initial conditions. The difference in the magnitude of the maximum
inflow rate, instead, is due to the fact that the bar itself as well as all the
non-axisymmetric structure are better resolved in the highest resolution

run, resulting in a more effective torquing of the gas.

The main result from this set of simulations consists in the efficiency of
the “dead zone”, such as the internal region depleted of gas. Most of the
inflow in this region happens during the first 2 Gyr, when the bar is not
completely formed yet. The fully formed bar does indeed play a role in
further decreasing the gas surface density in the “dead zone” and in pre-
venting new gas to refill the central regions by pushing the gas immediately
outside the corotational radius toward the outer Lindblab resonance ra-
dius. However, it is instead the formation of the bar which is efficient
in driving substantial gas inflow. In this phase the major episode of gas
inflow takes place, larger by a factor of 2 3 than any other inflow event
after the bar formation. The analysis of the higher resolution simulation
shows that the trigger of the major inflow is the decoupling of the nuclear
regions of the three armed spiral from the outer counterpart. At later
times, when the stellar bar is already established, a low gas density an-
nulus (here defined as the dead zone) between the bar corotational radius

and the inner Lindblad resonances Rypr S R S Re is clearly observable
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in the simulations. The “dead zone” described above is often observed in
local samples of barred spiral galaxies, as extensively discussed in Gavazzi
et al. (2015). In Figure 6.1 three snapshots of the stellar and gas surface
densities for HR simulation at t=1,4 and 9 Gyr are shown in the central
columns with three images of real galaxies (NGC 3596, NGC 5921, NGC
5701 from top to bottom) for comparison. Although this simulation does
not include any prescription for star formation, the extreme gas density
in the nucleus and its short dynamical time ensures that most of the gas
mass is must be converted into stars in a burst on nuclear star formation,
likely resulting in the formation of a pseudobulge. After the short tran-
sient starburst event, the gas density and the star formation rate drops.
At ~ 9 Gyr, the stellar bar has swept the quasi-totality of the gas within
the corotational radius and the simulation reproduces the properties of a
centrally quenched galaxy as NGC 5701. This study demonstrates that the
central regions of barred galaxies are, on average, quenched with respect

to the corresponding outer parts.

The explanation of such result is twofold: (1) since bars are quite
efficient in driving the gas within their corotational radius toward the
centre, after few bar orbits the central region of the galaxy is mostly
gas free (as already noted by Berentzen et al., 1998), and there is no
remaining gas to be torqued by the bar; (2) in the simulations the forming
bar slows down as the galaxy evolves, increasing its ILR and corotational
radii (in agreement with, e.g. Sellwood, 1981; Combes and Sanders, 1981;
Halle et al., 2015). As a consequence, the gas that is perturbed by the
early fast-precessing bar reaches regions significantly more nuclear than
gas perturbed at later times. The low efficiency of large, long-lived and
easy to spot bars in fuelling the very central regions of galaxies can explain
why many observational studies do not find significant links between bars
and AGN activity. The high efficiency of the bar formation process in

driving strong inflows toward the very central region of galaxies hints, on
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Figure 6.1: Left column: RGB images (SDSS) of three galaxies with in-
creasing stellar mass (NGC 3596, NGC 5921, NGC 5701 from top to bot-
tom) showing a regular spiral galaxy (top), a well-developed bar (middle),
a barred ring (bottom). Second and third columns: face-on views of HR
simulations of stars and gas densities from t=1 to t=4 Gyr showing a
spiral disc galaxy (top) that becomes bar unstable (middle). Inside the
corotation radius, the gas in conveyed towards the center and quickly con-
sumed. Outside the corotational radius, the gas is unperturbed and feeds
peripheral star formation. At the latest step (7 Gyr), the galaxy fully
develops the bar and the central region is completely evacuated of gas.
A ring of gas is left outside and feeds the star formation, as confirmed
by the righ column showing Ha images. When the bar is well developed
(two bottom panels), the star formation is suppressed inside the bar co-
torational radius, but it is ongoing in the outer parts. From Gavazzi et al.
(2015).
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the other hand, at a possibly underestimated importance of bar driven
AGN activity in disc galaxies.

Finally, the analysis of the long lived nuclear gaseous disc shows that
the outer, large scale, bar keeps on exerting a dynamical effect onto the
gas within few hundreds of pc. A two armed spiral can be observed both in
the gas density distribution and in the gas dynamics, as already discussed
by Maciejewski (2004a) and Maciejewski (2004b).

As a final note, I used the results of the 3D runs (in particular the
potential generated by the stellar and dark matter components) to build
an analytical approximation of the barred disc potential. I then performed
the analysis of a set of 2D runs in which the gas evolves isothermally
under the effect of such analytical potential, and I checked that i) the
results are similar to those obtained in the full 3D runs, and i) that the
gas evolution is mainly driven to the torques exerted by the bar onto
the gas, intrinsically linked to the non-axisymmetric nature of the bar
itself, and not the evolution of the (azimuthally averaged) radial profile
of the potential (which does evolve in time during the bar formation and

evolution). A full description of such test is presented in Appendix A.

Cooling-star formation and stellar feedback runs

The system evolves for ~ 7 Gyr and I divided the evolution of the disc in

three phases, similarly to the isothermal runs:

e the stellar disc history corresponds to the isothermal one: up to 2
Gyr it evolves from an axisymmetric configuration to a barred disc,
passing through the formation of transient multi-arm spirals. Then,
it presents a clear bar structure which elongates from the center for
about 4 kpc and remains stable up to 4 Gyr when it buckles in its

center and develops a boxy-peanut bulge like structure.
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Isothermal runs

Physical runs

Phase 1 (t< 2 Gyr)

STARS: spiral arms

STARS: spiral arms

GAS: spiral arms GAS: clumpy
distribution
Phase 2 (2 <t< 4 Gyr) | STARS: bar STARS: bar

GAS: “dead zone”

GAS: “dead zone”

Phase 3 (4 <t< 7 Gyr)

STARS: boxy-peanut
GAS: “dead zone”

STARS: boxy-peanut
GAS: “dead zone”

Table 6.1: Main features for the two set of simulation in the three different
phases of evolution.

e the gaseous disc distribution is quite different from the stellar one.
Already in the first 2 Gyr the gas does not follow the spiral arms
clearly visible in the stellar disc component. It is subjected to phys-
ical phenomena such as cooling, star formation and stellar feedback
which perturbed its distribution hiding any possible formation of
non-axisymmetric structures (e.g. spiral arms). The effect of the
bar is still evident, especially after 2 Gyr, when the distribution of
gas is very similar to the isothermal case: within the corotational
radius, it is driven toward the galaxy center and forms a dense knot
of gas. The region between this overdensity and the corotational ra-
dius is empty by the torquing effect of the spiral arms and the bar.
The gas, subjected to the star formation process and conveyed to
the center of the galaxy, heats and partially transforms in new stars.
For this reason, at the end of the simulation the central overdensity
is weaker then in the second phase and part of the gas has been

replaced by new stars.

A comparison of the main features observed in the isothermal and physical
runs are summarized in Table 6.1.
Similarly to the isothermal runs, I checked the dependence of the re-

sults on the numerical resolution and I found that the development of
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different structures does not depend on it. The main difference from the
previous set of runs consists in the time at which the gas inflow takes
place: most of the gas inflow happens during the second phase, between 2
and 4 Gyr, when the bar is completely formed. Compared to the isother-
mal runs, the implementation of physical phenomena such as cooling, star
formation and stellar feedback seems to affect the behaviour of gas and
its distribution in the system, hindering and delaying the inflow toward
the center of the galaxy. The evolution of this kind of simulations is sub-
ject to several variables which tune the physical processes implemented.
Different values of such parameters could lead to different results. At
the present stage of investigation we cannot discriminate between the two
following scenarios: ¢) the runs implementing radiative cooling and star
formation related physics do represent a good description of the real evo-
lution of an isolated spiral galaxy undergoing bar instability. In this case
the above-mentioned parameters (set in agreement with previously pub-
lished investigation at significantly coarser resolution (Hopkins, 2014)) and
the feedback associated with the stellar evolution keeps the gas supported
during the first phase of bar formation; ii) the effect of stellar feedback is
overestimated in the physical runs, and the actual parameters that would
properly reproduce the evolution of an isolated galaxy in simulations at
pc-scale resolution have to be constrained starting from a comparison be-
tween the results of high-resolution runs and observations resolving similar
scales. This second possible scenario would explain why the gas morphol-
ogy and dynamics in the isothermal runs traces so well the properties
of gas and star formation in real barred galaxies in the local Universe
(Gavazzi et al., 2015). I plan to perform a detailed study of the effect of
the implemented physics and a thorough comparison with observations in

a future investigation.



APPENDIX A

2D SIMULATIONS

In this chapter I analyse the potential which influences gas particles in 3D
simulations discussed above and I find an analytical function to describe
it.

A.1 Potential fit

Gas particles are subjected to an axisymmetric potential from dark matter
halo and disc components, and a non-axisymmetric potential due to the

bar. As a result, the total potential is defined as:

Piot = P (DM dise) (1) + Prar (R, ). (A.1)

as explained in eq. 2.20. Figure A.1 shows the total potential of stellar
disc for the LR simulation during the evolution of the system: green and
blue points correspond to the potential at initial condition (before the bar
formation) and 4 Gyr (after the bar formation). The red line corresponds

to the theoretical potential trend of dark matter halo. Before the bar
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a [km?/s?] | b [km?/s?] | c [km?/s?] d [kpc™] f
—3.471-10% | —=3.631-10% | —1.754-10* | 6.212- 1072 | 7.437- 102

Table A.1: Coeflicient values for theoretical dark matter-disk potential
(eq. A.2) at every time.

formation (green points) the stars potential is in agreement with the the-
oretical one because the disc is essentially dominated by the dark matter
halo and the bar is not present. After the bar formation (blue points)
the stars potential change its trend, especially at small radius. This is
different from the theoretical prediction because of the presence of the
bar which exerts its non-axisymmetric potential on the particles up to its
corotational radius, at about 4 kpc from the center.

At every time, the contribution of dark matter and disc is well fitted by a

quadratic logarithmic transform 2D function:
Pprisdisk(R) = a+ b[In(dR + f)] + c[ln(dR + £))?, (A.2)

where R is the radius and coefficient values are listed in Table A.1.

By subtracting this function to the total potential of stars, I obtain the
remaining radial dependence of bar potential. Similarly to the contribu-
tion of dark matter and disc, I fit this component to describe the radial
potential of bar with an analytical relation, such as the double exponential
function:

Opor (R) = g exp(IR) + m exp(nR). (A.3)

Coefficient values at different time are listed in Table A.2. T limit the fit to
the corotational radius of the bar, since out of this radius the force of the
bar is flat and the dark matter-disc component dominates the potential. In
Figure A.2, left panels show the total potential at 4 and 7 Gyr from stars
(black points) and ®pyiiqise fit (green points). Right panels represent
the bar potential from stars (black points) and the corresponding fit (red
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Figure A.1: LR simulation. Potential of particles: green and blue points
correspond to the potential of stars at initial condition and 4 Gyr. The
red line corresponds to the theoretical potential from dark matter halo.
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t [Gyr] | g [km?/s?] 1 [kpc1] m [km?/s?] n [kpc—]
1.027-107 | —=1.599-10"1 | —1.028 - 107 | —1.602- 10~ L
7 1.178 -10* | —5.409 - 102 | —3.106 - 10* | —2.490 - 10!

Table A.2: Coefficient values for theoretical bar potential (eq. 5) at 4 and

7 Gyrs.

points).
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A.1 Potential fit
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The bar potential is non-axisymmetric, then it has an angular dependence.
In this work I use the Sanders et al. (1977) formalism, so the bar potential

can be finally written as:
Duur(R, @) = [g exp(IR) + m exp(nB)cos2(p — Qpurt),  (A)

where Qy,; is the angular frequency of the bar.

A.2 Simulation suite

I simulate 2D gaseous disk, in order to test the influence of potentials
fitted in the previous section. The disc is modelled as a radial exponential
disc from Hernquist (1993) (see Section 4.1 for more details) with a radial
scale length of 3 kpc and a vertical scale length of 0.3 kpc. The gas
component has the same mass of previous simulations, it has a uniform
temperature Ty = 10000 K and evolves isothermically. This system is
composed of 5 - 10* gas particles with a softening length of 15 pc and it
evolves using the smoothed particle hydrodynamics (SPH) code Gadget2
(Springel 2005) for about 7 Gyr. The accelerations implemented on the

code are directly derivable from the potential equations A.2 and A.4:

. dq)tot 4+ détot
~ dR dyp

(A.5)

a

The evolution of the system is composed by different phases:

e up to 1 Gyr the disc evolves dominated by dark matter potential and

the umperturbed disc which remains constant for all the simulation
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evolution;

e from 1 to 2 Gyr the bar is forming: the bar potential grows linearly

with time;
e from 2 to 4 Gyr the bar is formed and is a stable structure;

e from 4 to 5 Gyr the bar linearly grows to form its final stage: the
boxy peanut bulge;

e from 5 the bar stops growing and becomes a stable structure again.

A.3 Results

I find the fits for the contribution of disc-dark matter and bar potentials.
I run the gaseous system described to study the inflow of gas subjected
to the fitted potentials and compare results with those in the isothermal
simulation. Figure A.3 represents the face-on distribution of gas observed
at three different times, t = 1, 3 and 5 Gyr on the left, central and right
panels respectively. During the first 2 Gyr, the system is subjected to
the disc-dark matter potential and to the growing bar potential. The
gas responds to these components with the formation of 2 weaks spiral
arms. After 2 Gyr the bar potential remains stable and the gas inside the
corotational radius (setted at 4 kpc) is driven toward the galaxy center
and forms an overdensity evident in the central and right panels. The
influence of the bar sweeps the gas between the corotational radius and
the central dense knot.

The Figure A.4 shows the surface density profile of gas. Solid black,
cyan, green, blue and yellow curves are obtained from the gas particle
distribution at ¢t = 0, 1, 2, 3 and 5 Gyr, respectively. Comparing this
figure with the left panel of Figure 5.3 it is possible to notice that gas

inflows are very similar in the two different cases: at small radius the
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Figure A.3: Surface density profile in the 2D simulation of a gaseous disc
subjected to disc-dark matter and bar potential described in eq. A.2 and
A4 at 1 Gyr (left panel), 3 Gyr (central panel) and 5 Gyr (right panel).

surface density increases form the initial condition (black line) to the end
of evolution (red line). The most gas inflow happens between 1 and 2 Gyr
(cyan and green lines). I can conclude that the total potential from eq.
A.2 and A.4 is a good fit to describe a system composed by a gaseous disk

subjected to a bar component.

To verify that the visible gas inflow is due to the symmetry breaking
introduced by bar component (and not simply due to the deepening of
the central azimuthally averaged potential), I simulate the system imple-
menting the disc-dark matter potential fit and the bar radial potential fit,
excluding the angular part (eq. A.3). The Figure A.5 shows the surface
density profile of gas. Solid black, cyan, green, blue and yellow curves are
obtained from the gas particle distribution at ¢ = 0, 1, 2, 3 and 5 Gyr,
respectively. I can compare this figure with Figure A.4 and notice that
the gas inflow is very different: at small radius the gas surface density
does not increase. This can be explained by the lack of the angular com-
ponent in the bar potential implementation which causes torques on gas

and support the inflow toward the center of the galaxy.
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Figure A.4: Surface density profile in the 2D simulation of a gaseous disc
subjected to disc-dark matter and bar potential described in eq. A.2 and
A.4. The solid black, cyan, green and blue curves are obtained from the
gas particle distribution at t=0, 1, 2, 3 and 5, respectively.
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Figure A.5: Surface density profile in the 2D simulation of a gaseous disc
subjected to disc-dark matter and bar potential described in eq. A.2 and
A.3. The solid black, cyan, green and blue curves are obtained from the
gas particle distribution at t=0, 1, 2, 3 and 5, respectively.



A.3 Results 105

Mass inflow [M, yr—1]

Time [Gyr]

Figure A.6: Gaseous mass inflow as a function of time. Black line repre-
sents the accretion rate computed at 0.3 kpc from the center, while the
red line corresponds to the LR simulation trend in the same range.

To quantify the gas inflow visible in Figure A.4, I plot the gas accretion
rate M as a function of time in Figure A.6. The black line refers to
M throught surfaces at 0.3 kpc from the centre for the 2D simulation
discussed above, while the red line corresponds to the LR simulation in the
same range, for comparison. The plot shows a prominent peak between
1 and 2 Gyr, during the linear growing of the bar potential, then the
trend weakens progressively during the evolution, according with the LR

simulation proceeding.
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A.4 2D vs 3D

Comparing the gaseous systems in Figure 5.1 and Figure A.3, I can make
some considerations. First of all, it is inevitable to have differences in
the distribution of gas between 2D and LR simulations: in the LR run,
I consider a gaseous disc subjected to the influence of a bar unstable
stellar component. In this case, the dynamics of the gas is dominated
by the underlying stellar dynamics. Conversely, in the 2D run, the gas
is subjected to the implementation of the bar potential fit derived from
LR simulation. In spite of it can be considered a good approximation, it
depends on distinct parameters, such as the different values listed in Table
A.1 and A.2 and on the different phases chosen for the evolution of the
system.

Anyway, especially in the second part of the evolution (after 2 Gyr),
the two simulations are very similar to each other: both present a clear
overdensity in the center of the disc and a cleaning zone inside the corota-
tional radius, evidence of the presence of the bar that sweeps the almost
totality of the gas in this region. Similarly to LR run, in the 2D simula-
tion the gas surface density and the mass inflow rate present a peak fully
comparable with those in the LR one.

From these analysis I can conclude that the equations A.2 and A.4 rep-
resent quite closely the effect that a bar has on the gas, therefore they can
be considered a good approximation to describe a gaseous disc subjected

to bar instability.
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