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Abstract
Active galactic nuclei and bursts of star formation are two distinct phenomena
that amply change their host environments. They are present in a signifi-
cant number of galaxies at all redshifts. In this thesis, we aim toward a bet-
ter understanding of the physical processes that allow for the formation and
maintenance of these two phenomena. We focus on the study of the physical
conditions of the interstellar gas in the central kiloparsec region of the barred
active galaxy NGC 1097 (Paper I). In Paper I we present different CO tran-
sitions and the consequent analysis realized in order to derive the molecular
gas content together with the molecular mass inflow toward the centre of the
galactic gravitational potential well. To completely understand the physical
processes that drive such gas rearrangement, a coherent picture for a dynami-
cal system has to be considered. We have developed a code,Paper II , in order
to model the dynamics of a predominantly rotating system with an arbitrary
mass distribution. The formalism we have used is based on analytical solu-
tions of the first order approximation of the equations of motion of a smooth
medium that may be subject to dissipation. The most important free parameter
to constrain the boundary conditions of the model is the angular frequency of
the perturbing pattern, which may be assumed virtually invariant over signifi-
cant ranges of galactocentric radii. We constrain the pattern velocity using the
Tremaine-Weinberg method (Paper III ). Hence, we have prepared all proce-
dures needed to comprehend the physical processes that sustain the nuclear
activity and bursts of star formation: the amount of gas in the region and the
dynamics of the system. InPaper IV, we model the neutral and ionized gas
kinematics in NGC 1097 and apply a combination of the methods described
in Paper II and Paper III to comprehend the rearrangement of gas in the
galaxy. In order to observationally discern the gas inflow in the nuclear region
at a higher resolution, we apply the methods developed and used in this thesis
to Cycle-0 ALMA observations of our target galaxy, and we confirm that we
are able to follow the streaming of gas from∼ 20 kiloparsec distances down
to ∼ 40 parsecs from its central central supermassive black hole (Paper V).
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1 Introduction

Among most interesting physical phenomena in modern astrophysics are in-
tense and sudden bursts of star formation and non-thermal activity in centres
of galaxies. It is commonly accepted that starbursts are enhancements of star
formation and the nuclear activity is generated by accretion of matter onto
a putative supermassive black hole at the galactic centre. These phenomena
are important because active galactic nuclei (AGN) are where new extreme
physics can be found, and starbursts are where the bulk of star formation in
the Universe is found. In this thesis, we want to understand which are the
physical processes that allow for these phenomena to happen in the Universe.
Mergers between galaxies are of course an important key since gravitational
interactions can enhance star formation, due to the collisions between gas
cloud in each galaxy. Mergers may also trigger nuclear activity as a conse-
quence of angular momentum during the merging process. However, not all
starbursts and AGN are found in merging systems. In isolated galaxies, bursts
of star formation and nuclear activity often occurs in the a thin plane of their
hosts, i.e., the galactic disc.

Observation of disc galaxies confirm the presence of large concentrations
of gas in their circumnuclear regions, however, galaxy formation models do
not always give rise to the observed central gas concentrations right after the
formation process is completed. A corollary of this picture is thus that post-
formation rearrangement of gas in a disc plane is connected to the enhance-
ment of star formation and/or non-thermal activity. Both of these phenomena
are particularly efficient in converting matter into radiation, and their baryonic
matter-to-light conversion may strongly depend on the rate at which they are
fuelled with interstellar gas and dust. However, quantitative measurements
of triggers and sustain circumnuclear starburst or nuclear activity remains a
challenge in modern astrophysics. This is mainly due to the problems with
separating the contribution from different phases of the interstellar medium,
but also due the challenges in obtaining direct measurements of the flows in
their surroundings.

Often, the observed gas reservoir in the centres of galaxies is large enough
to sustain even brighter active nuclei than observed. This brings up the prob-
lem of the efficiency of the fuelling mechanism, meaning that in some cases,
the models predict that too much gas reaches the central supermassive black
hole. This further complicates the measurements of the amounts of gas that
are being rearranged. On the other hand, bursts of star formation have been
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observed in nuclear rings and central regions (∼kpc and few tens of parsecs
respectively) of many galaxies, irrespective of whether they host an active
nucleus or not. This thesis aims at dealing with the gas motions needed to
transport mass toward the bursts of star formation and to further guide the gas
rearrangement to the corresponding galactic nuclei. We also study the regions
where bursts of star formation occur and the conditions that trigger them, in
particular the flows toward star forming rings driven by a galactic bar.

For this purpose we have chosen the barred Seyfert 1 galaxy NGC 1097,
an active galaxy that hosts a starburst nuclear ring that has proven to be the
ideal laboratory for studying the processes of interest to us. In order to study
the bursts of star formation along the ring and the gas inflow towards the
black hole, we want to measure the amount of gas in this region. There are
several procedures to measure the gas content: estimating the gas mass from
the observed emission from ionized gas; dynamical mass estimation; or the
use of molecular line ratios. InPaper I we analyse the molecular gas content
of the circumnuclear region of NGC 1097 using molecular gas line ratios from
different molecules and transitions. To complete this picture of NGC 1097, we
seek to find and quantify the dynamical process that relates the galactic-scale
flows to its circumnuclear region. Such gas flows are likely to be significant
drivers of the secular evolution of galaxies in general.

To carry out our study of the dynamics of gas in disc galaxies, we develop
a novel analytic model that treats the effect of bars and spiral arms on their
host galactic discs. We first test theEPIC5 code on another prototype barred
galaxy NGC 1365 (Paper II ). Our model is successfully tested on this proto-
type galaxy, and we show that we are able to analytically compute gas orbits
for any given gravitational potential.

In order to constrain this model we need to have boundary conditions since
there are some free parameters that need to be restricted. The most important
free parameter is the pattern speed of the galaxy, that is the angular frequency
with which the perturbing pattern is rotating. The pattern speed of a galaxy
can be constrained using several methods that are described in this thesis. One
of these techniques is the Tremaine-Weinberg method that we have applied to
analyse Hα velocity fields (Paper III ).

After estimating the amount of gas in the inner kpc of NGC 1097 and
preparing the tools needed in order to make a proper dynamical analysis, we
turn back to our main target of interest NGC 1097 and present a coherent dy-
namical model for this galaxy (Paper IV). In this model, gas motions on
large-scales and in the central kpc have been brought together. Thereby, we
are able to trace the interstellar gas from 18 kpc down to few tens of parsec
radius of the central supermassive black hole in a galaxy. We reproduce the
observations and the Tremaine-Weinberg method estimation for an observa-
tionally confirmed pattern speed. Moreover, we present new observations of
dense gas in the inner 200 pc inPaper V. We trace the bar-driven mass inflow
down to the inner 40 pc along nuclear spiral arms.
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As an introduction to the thesis, circumnuclear bursts of star formation
and AGN are briefly explained in Chapter 2. In Chapter 3, we describe an
overview on how the gas content in disc galaxies may be estimated. Finally,
Chapter 4 explains the dynamics of disc galaxies, where bars play an impor-
tant role together with the nuclear spirals as efficient AGN fuelling paths.

1.1 Contribution to the papers
Paper I: I participated in taking data, reduced the observations and performed
the analysis presented. I produced all the figures and wrote the first paper draft
which was revised by the co-authors and me.

Paper II : I helped P. O. Lindblad to solve the equations of motion presented
in the paper and to develop an old version of the Fortran code that performs the
calculations. I implemented the new analytical solutions in the Fortran code,
obtaining the new version ofEPIC5. I produced all the figures and wrote the
first paper draft which was revised by the co-authors and me.

Paper III : I participated in the observations and made a first reduction of the
data that was later revised by the first author. I also developed Tremaine-
Weinberg code that is the core of the analysis, and I applied the method and
realized the analysis described in Section 4 of this paper.

Paper IV: I carried out all the analysis in this paper and wrote the first draft
of the paper which was revised by the co-authors and me.

Paper V: I produced several sanity checks to the quantities derived in the
analysis section, and calculated one of the main results of this paper, namely
the disc height and mass inflow rate curve presented in Figures 3 and 4.
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2 Centres of nearby galaxies

Observations reveal two ubiquitous powerful features in the central regions of
galaxies: non-stellar activity in the form of accretion onto a putative super-
massive black hole, and bursts of star formation. Both are characterized by
strong radiation and both consume part of the gas reservoir in the galaxy lo-
cated in the correct place and at the correct moment. However, different mech-
anisms are involved. Active Galactic Nuclei (AGN) harbour a supermassive
black hole in their centre that accretes material at rates from 100 M⊙ yr−1,
in the most strong quasars, to less than 1 M⊙ yr−1 for the nearby AGNs. On
the other hand, starbursts form stars at higher rates than the rest of the galaxy
and/or the entire galaxy during its past, e.g. on the order of a few solar masses
per year in nuclear rings (e.g. Mazzuca et al. 2008).

2.1 Low Luminosity Active Galactic nuclei
AGNs are thought to harbour a black hole, BH, at their centre that is fed by
the material from its host galaxy. AGNs are distributed from high red-shift
to the nearby Universe. At earlier stages of the Universe, AGNs were very
luminous galaxies, such as quasars or classical Seyferts, that accreted material
at very high rates (arriving even to 100 M⊙ yr−1 in some cases). It is believed
that BHs were grown by this accretion in this bright AGN phase (e.g. Yu &
Tremaine 2002), and they evolved forming what it is observed in the nearby
Universe, galaxies that are home of AGN relics.

In the nearby Universe, BHs are found at the centre of most of massive
galaxies (e.g. Magorrian et al. 1998), the kind of galaxies we are interested in
in this thesis. These AGNs have much lower luminosities and mass accretion
rates than the bright AGNs found at high red-sift. They form an important
percentage of the total number of nearby galaxies, 43% (Ho et al. 1997b),
being around 50–70% of the nearby bulge/pseudobulge galaxies (E, S0, Sa,
Sb), going up even to 70% in Sa galaxies, and even a few cases in the Sc
and later galaxies (e.g. Ho et al. 1997a; Ho 2008). These properties, together
with the empirical correlations between the BH masses and some host magni-
tudes, bulge masses and velocity dispersions, can explain the evolution of the
distribution of BH masses (e.g. Marconi & Salvati 2002; Ho 2008).

These low luminosity AGNs (LLAGNs) are formed by Seyferts, LINERs
and transition objects between a LINER and a H II nuclei. The vast majority
of them are LINERs, being 2/3 of the total LLAGN population (Ho 2008).
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They differ from classical AGNs in: their luminosities (their Eddington ratios
areLbol/LEdd < 10−3 while for luminous AGN areLbol/LEdd ∼ 0.1–1); the
lack of a “big blue bump” in the optical and UV regime, characteristic of a
thin accretion disc in AGNs (e.g. Ho 1999; Vanden Berk et al. 2001; Shang
et al. 2005); the accretion rates and the radiative efficiency (mass accretion
rate in LLAGN galaxies is lower than 1 M⊙ yr−1). However, in LLAGNs the
fuel content in the proximity of the black hole and in the whole galaxy is large
enough for accounting for higher accretion rates (see review Ho 2008). The
knowledge of the dynamical mechanisms responsible for the relocations of the
material in the galaxy is crucial to understand the evolution and the growth
of the galaxy and the black hole, what it is not completely clear yet. Some
possible mechanisms, in large and small scales, are non-axisymmetries in the
gravitational potential (bars, warps, etc.) or interactions with other galaxies.
In particular, the case of bars is a feature that has been widely analysed. They
are an important mechanism since around 75% of the LLAGNs present bars
against a 55% in non-active galaxies (Knapen et al. 2000; Laurikainen et al.
2004).

In this thesis, we focus our study on finding the dynamical mechanisms
responsible for the relocation of the gas in massive large galaxies, at large and
nuclear scales. We study NGC 1097 which is a LLAGN and we want to be
able to quantify the gas that falls into its central supermassive black hole.

2.2 Star formation in galaxies
How and where stars are formed in galaxies is a question that also reveal im-
portant information about the secular evolution of galaxies. The connection
between star formation studied at small scales and large scales is very impor-
tant to generate a complete picture.

Looking at small scales, the creation of new stars is mainly influenced by
the local gas density. This well-known relation was originally studied by
Schmidt (1959), but it has been widely empirically investigated since then
(e.g. Kennicutt 1989, 1998b). The Schmidt law (also known as Schmidt-
Kennicutt law) scales the star formation rate (SFR) surface density as some
positive power,N, of the local gas surface density,Σgas

ΣSFR∝ ΣN
gas. (2.1)

When dividing the gas into its molecular and atomic component, this rela-
tion holds stronger for molecular gas (Wong & Blitz 2002; Kennicutt et al.
2007). This is not surprising since star formation takes place in molecular
clouds inside galaxies that collapse, probably triggered by shocks produced
by supernovas, collision between clouds, etc. (e.g. Shu et al. 1987).

Looking now to large scales in the nearby Universe, star formation takes
place mainly in discs of galaxies (e.g. van den Bergh 2002), either spread
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throughout the disc or concentrated in nuclear and circumnuclear regions,
few parsec and hundreds of parsecs respectively. Depending on the extent
of the star formation region, the physical conditions and the outcome may
differ significantly. For example, when star formation is distributed through-
out a large area (up to 30 kpc), the star formation rate may vary between 0
and 20 M⊙ yr−1, with bolometric luminosities of106–1011 L⊙, star forma-
tion timescales of 1–50 Gyr and a typical gas density of 1–100 M⊙ pc−2. On
the other hand, when the star formation is located in compact regions (0.2–
2 kpc), the gas density may be as high as102–105 M⊙ pc−2, with an SFR
of 0–1000 M⊙ yr−1, bolometric luminosities as intense as106–1013 L⊙, and
shorter star formation timescales (0.1–1 Gyr) (see review Kennicutt 1998a).
When the enhanced star formation is concentrated in central parts of a galac-
tic disc, it can either occur in one or several star forming knots, or it can have
more elaborated morphological shapes such as filamentary structures, spiral
shapes or the shape of a ring around the galactic centre (Telesco et al. 1993).

For the scope of the analysis in this thesis, star forming rings are of par-
ticular interest since they bear unique signatures that connect the physical
conditions of the ring with the galactic scale gravitational potential. Around
20% of the spiral galaxies in the local Universe, up to red-shift 0.008, present
a circumnuclear star forming ring (Knapen 2005) in the inner few hundreds
parsecs. The majority of these rings are hosted by intermediate type Sa–Sbc,
AGNs and barred galaxies, at the same time in most of the cases (Knapen
et al. 2004, 2006). Rings are also interesting from a dynamical point of view
as their formation is connected to the departure of the galactic potential from
axisymmetry. In the combined effect of a strongly non-axisymmetric potential
and sufficient concentration of mass toward the centre of the galactic poten-
tial well, rings may arise and stay supported near the location of the Inner
Lindblad Resonance (ILR) of the gravitational potential.

Star formation in these rings takes place during long periods of time,
long enough to form 108–109 M⊙ stellar masses in the ring, characterized
by episodic bursts (Sarzi et al. 2007). At least half of these rings have an
azimuthal age gradient along the ring. Two thirds of the rings hosted by
barred galaxies show a correlation between the youngest stellar populations
and points where the bar-driven dust lanes connect to the ring (Mazzuca
et al. 2008). Two different scenarios for the formation of stars in these
circumnuclear rings have been proposed. Firstly, stars are created in the
connection points, where gas is accumulated from the mass inflow produced
along the bar. The newly formed stars then migrate along the ring with the
rotation speed of the galaxy, forming an observed age gradient (Böker et al.
2008). Support for this scenario has also been found in NGC 1343 and
NGC 1530 (Mazzuca et al. 2008). Secondly, stars are formed randomly along
the ring due to gravitational instabilities that occur when a critical density
in reached (Elmegreen 1994). Random distribution of star forming knots
have been found for example in NGC 5905 or NGC 613. However, Mazzuca
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et al. (2008) have found support for the co-existence of these two scenarios,
complicating the generalization of the physical process for star formation
along rings.

For any scenario, the inflow rate of gas into the starburst region is impor-
tant to sustain the star formation in the ring. One possible mechanism to fuel
the circumnuclear regions are bars, where the shocked and torqued gas loses
its angular momentum and is transported to the inner regions of the galaxy.
For nuclear starburst there are contradictory statistical studies that relate them
to bars (see review Knapen 2004). However, there is clear evidence that con-
nects this mechanism with circumnuclear rings, since the majority of them are
located in barred host galaxies (Knapen et al. 2006).
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3 Gas in galaxies

In the regions between stars, galaxies host a significant amount of gas and
dust. These important constituents of galaxies are either found in clumps or
diffusely distributed throughout their hosts. The large-scale distribution of
the various components of the interstellar medium is best studied in external
galaxies, since they can be viewed as a whole and without the presence of
strong distortion due to the proximity of the interstellar gas in our own galaxy.
Of particular interest for our study is the interstellar gas, which constitutes
more than 95% of the total mass of the interstellar medium (the rest being
dust). Constituents of the gas include neutral and ionized hydrogen, neutral
and ionized atoms of other elements, molecules and energetic charged par-
ticles. All atoms and molecules will emit (or absorb) radiation of specific
wavelengths due to transitions between their various atomic and molecular
states. In the case of neutral hydrogen HI, the hyperfine transition emits or
absorbs atλ = 21.11cm.

In general, the atomic hydrogen component is more diffuse and more ex-
tended, in the sense that it reaches further out from the galactic centre as
compared to its ionized or molecular counterparts. Molecular gas, on the
other hand, is more concentrated towards central regions in around 50% of
the nearby spiral galaxies (see BIMA SONG survey, Regan et al. 2001; Helfer
et al. 2003). Molecular gas is mainly cooled and condensed in galaxies, form-
ing clumpy Giant Molecular Clouds (GMCs), where star formation takes place
(e.g. Shu et al. 1987). These self-gravitating clouds have typical sizes of a few
10 pc and masses around105 M⊙ (e.g. Rosolowsky & Leroy 2006). Finally,
there is also ionized gas that constitutes around 15% of the total interstellar
gas mass, although its density is lower than in the other two gas components
(Ferrière 2001). This gas may be ionized by ultraviolet photons produced in
star formation regions, nuclear activity, X-ray dominant regions or interstellar
shocks (such us Supernova remnants).

In this thesis, one of our interests is studying the molecular gas since it is the
most abundant at the centres of spiral galaxies hosting the features we want
to analyse: AGNs and circumnuclear starburst, see Section 2. To study the
molecular gas phase, we analyse different CO emission lines. We also study
gas motions throughout the host galaxy. For this purpose we use the emission
line Hα that traces the ionized component of the gas andHI that traces the
neutral component.
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3.1 Molecular Hydrogen
Molecular Hydrogen is very difficult to detect since it has no permanent elec-
tric dipole moment. Due to its large abundance, it is possible to observe its
weak quadrupole rotational transitions but only in warm clouds. This takes
place in shocks generated by stellar winds and regions illuminated by stars,
where the temperature is of the order of 103–104 K. The most commonly used
tracer of H2 is the Carbon Monoxide molecule, CO. This molecule is the sec-
ond most abundant molecule in galaxies that is easily detectable because it has
a permanent dipole moment ofµ = 0.112 Debye and hence emits intense elec-
tromagnetic radiation at radio frequencies. The CO molecule is easily excited
by collisions with H2, so it is possible to detect the corresponding emission
lines at low densities and low temperature regions. Other tracers, with perma-
nent electric dipole moment, used to derive the physical properties of molecu-
lar gas include HCN, HCO+, SiO. Each different tracer will give us different
information about the physical properties of the medium where their emission
is found depending on the critical density they have (density with which the
collisions start to be important). For example, HCN and HCO+ traces dense
gas since their critical densities in both cases are around 105 cm−3. Through-
out this thesis, we focus on the CO molecule and its isotopes.

3.1.1 Carbon monoxide

The most common method for estimating the mass of molecular hydrogen
from 12CO (1–0) is using theXCO conversion ratio. The main justification
for this conversion factor is based on a simple toy model where molecular
clouds are virialized and hence their velocity dispersion,∆v, is proportional to
√

GM/R, whereM the cloud mass andR its radius (e.g. Dickman et al. 1986;
Young & Scoville 1991). Under this assumption, since the CO luminosity
is LCO = D2∫ ∫

TCOdΩdv whereD is the distance to the cloud anddΩ the
solid angle, for a uniform and spherical cloudLCO = πR2TCO∆v, whereTCO

is the peak brightness temperature in the CO line, hence the cloud mass is
proportional to the CO luminosity

Mcloud= LCO

√

4ρ
3πG

1
TCO

=⇒ XCO ∝
√ρ
TCO

, (3.1)

and theXCO conversion factor is proportional to square root of the average
cloud density,ρ, over the peak brightness temperature.

Several techniques are used to measure the value ofXCO where the mass
cloud is obtained using different alternatives: (i) estimation of virial masses
from line-widths and cloud sizes (e.g. Solomon et al. 1987; Scoville et al.
1987), (ii ) measurements from gamma emission (e.g. Hunter et al. 1997;
Strong et al. 2004), (iii ) estimates of total gas density from visual extinction,
AV , (iv) measurement of H2 masses using higher transitions or different CO
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isotopes (e.g. Heyer et al. 2009; Israel 2009) or (v) estimation of the molecular
mass from kinematics analysis of the gas, which also allows to measure it as
a function to the radius (Paper I).

The XCO value estimated for clouds within our Galaxy is 1-
5 × 1020 cm−2 [K km s−1]−1 (e.g. Young & Scoville 1991; Dame et al.
2001), whereas, there is some evidence for different values in other galaxies.
XCO seems to be larger in low metallicity regions (e.g. Israel 1997; Boselli
et al. 2002; Feldmann et al. 2012) and it may vary depending on the
galactocentric radius. It is smaller in central regions of disc galaxies with
respect to its outer parts or the Milky Way (e.g. Digel et al. 1990; Strong et al.
2004; Israel 2009) and also in starbursts regions (e.g. Downes & Solomon
1998; Meier et al. 2010). This value may also depend on the spatial scale on
which the CO emission is averaged (Feldmann et al. 2012). Nevertheless, the
XCO conversion factor gives an easy and fast estimation of the total molecular
mass in clouds but it may not be completely realistic when used in external
galaxies.

For studying the physical properties in external galaxies, deeper analysis
using several spectral lines must been carried out in order to get more robust
estimations of their H2 content.

3.1.2 Radiative transfer

A better approach for the physical properties in molecular clouds is the mod-
elling of the radiative transfer in the medium. This process is governed by
the equation of transfer, eq. (3.2), where radiation is propagated at a distance
ds and with a specific intensityIν (energy passing through a surface normal
to the path, per unit time, surface, bandwidth and solid angle). Moreover,κν
is the linear absorption coefficient andεν the emissivity. Other important pa-
rameters such as optical depth,τν , and source function,Sν , may be introduced
in eq. (3.2) sincedτν ≡ κ(~r)ds andSν(~r) = εν(~r)/κ(~r), giving the equivalent
equation

dIν

ds
=−κν(~r)Iν + εν(~r)⇐⇒ dIν

dτν
=−Iν +Sν(~r). (3.2)

In order to solve this equation for a given spectral line, we need an ex-
pression for the emissivity and the absorption coefficient characteristic for the
molecule we want to study. For this purpose, the use of the Einstein coeffi-
cients (A j,i , Bi, j andB j,i) give the proper description of the transition respon-
sible for the spectral line.A j,i is the probability that an atom with energy level
E j returns spontaneously to the lower levelEi emitting a photon.Bi, j U is the
probability that an atom with energy levelEi absorb an photon, whereU is
the average energy density of the radiation field,U = 4πI/c. Finally,B j,i U is
the probability for a photon to be emitted by stimulated emission. Under this
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notation, the emissivity and absorption coefficients between energy levelsi, j
can be expressed for a stationary situation as

κν =
hνi, j

c
(Ni Bi, j φ(ν)−Nj B j,i χ(ν)) (3.3)

and

εν =
hνi, j

4π
Nj A j,i ϕ(ν), (3.4)

whereNi is the density of particles in the statei, hνi, j the energy difference
between levelsi, j andφ(ν), χ(ν) andϕ(ν) the line profiles for absorbed,
stimulated emitted and emitted radiation, respectively. If we assume that col-
lisional excitation dominates, then there is complete angular and frequency
redistribution of the emitted photons and henceφ(ν) = χ(ν) = ϕ(ν). Using
this assumption and the relations between Einstein coefficientsgiBi, j = g jB j,i

andA j,i = 8πhν3
i, j/c3B j,i , we can arrive at the expression

εν

κν
=

2hν3

c2 (
g jNi

giNj
−1)−1, (3.5)

wheregi is the statistical weight at leveli. It is common to express the source
function as the Planck function for an excitation temperature,Tex, such that
εν/κν = Bν(Tex), so that this temperature is defined, using eq. (3.5), as

Nj

Ni
=

g j

gi
e−

hνi, j
kTex . (3.6)

A relatively simple solution for this equation can be obtained when the Lo-
cal Thermal Equilibrium (LTE) is held in the neighbourhood of every point.
In this caseSν is described by the Planck function and all excitation tempera-
turesT for every transition in the molecule are equal. Hence, the population
of each level is given by

Nj =
N
Z

g j e
− Ej

kT , (3.7)

whereN is the total column density of the specific molecule andZ is the
partition function

Z = ∑
∀i

gi e
− Ei

kT . (3.8)

For LTE and warm clouds such thatkT > hB0, the partition function can be
simplified asZ = kT/hB0, whereB0 is the rotational constant of the molecule
such thatE j = hB0J(J+1). Then, ifNj is known, it is possible to plotNj/g j

for each transition against the energy of its upper level over the Boltzmann
constant,E j/k, in logarithmic scale and fit the points to a line to obtain the
column density and the temperature of the molecule.Nj can then be estimated
from the observed spectral line following
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Nj =
8πkν2

hc3A j,i

τ
1−e−τ

[

1− Jν(TBG)

Jν(Tex)

]−1∫

TBdv (3.9)

whereJν(T) = hν/k/(exp(hν/kT)−1), TBG is the background temperature,
TB is the brightness temperature anddv the differential of the line width in
units of velocity. For the simple case of an optically thin medium and assum-
ing TBG << Tex, this estimation is straightforward, since

Nj =
8πkν2

hc3A j,i

∫

TBdv. (3.10)

To carry out this type of study, one needs at least two spectral lines from two
different transitions of the same molecule. This kind of analysis is known as
population diagrams (e.g. Goldsmith & Langer 1999; Petitpas & Wilson 2003)
and has been used inPaper I for different transitions of CO (12CO (1–0) ,
12CO (2–1) ,12CO (3–2) ,13CO (2–1) and13CO (3–2) where it has been as-
sumed an optically thin disk, and subsequently the column density estimation
is just a lower limit).

If LTE can not be applied, all individual processes including their destruc-
tion and formation rate coefficients, have to be considered. Then

dNi

dt
=−Ni ∑

j
∑
y

Ry
i, j +∑

j

Nj ∑
y

Ry
j,i , (3.11)

whereRy
i, j is the transition probability for the transitioni −→ j caused by the

processy. For a stationary case where only collisions and radiation govern the
medium, eq. (3.11) results into

Ni(Ci, j +Bi, jU) = Nj(A j,i +B j,iU +Cj,i), (3.12)

whereCi, j is the collision probability for the transitioni −→ j. This equation,
together with the transfer equation and the expressions for the absorption and
emission coefficient, eqs. (3.3) and (3.4), will be used to obtain the tempera-
ture and density of the medium. In this situation, it is common to define the
kinetic temperature,TK , as

Ci, j

Cj,i
=

Nj

Ni
=

g j

gi
e−

hνi, j
kTK . (3.13)

If collision dominates (Cj,i >> A j,i), the kinetic temperature will equal the
excitation temperature that describes the system. One possible way to model
this non-LTE medium is using the Large Velocity Gradient (LVG) approxima-
tion described in the next subsection.
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3.1.3 LVG approximation

To obtain a better estimation of the properties in molecular gas, both radiation
and collisions have to be taken into account. For this, several spectral lines of
the same molecule have to be observed. Some of these lines will be optically
thick, τ > 1, as is the case for the lower transitions of12CO. For these cases
where LTE cannot be applied, is possible to use the LVG approximation.

Accordingly, eq. (3.12) will yield, whereU = 4π/c
∫ ∞

0 Iνϕ(ν)dν . It is as-
sumed that the cloud is spherically symmetric and possesses large scale sys-
tematic motions so that the velocity, much larger than the thermal velocity
of individual molecules, is a function of its radial coordinate,V = V0(r/r0).
Hence, the emitted photons only interact with molecules in their local proxim-
ity and do not influence any other point in the cloud. Under these assumptions,
U becomes

U = (1−β )Sν +β IBG, (3.14)

whereβ is the probability that an emitted photon will escape the cloud and
IBG is the background radiation.β is given by the optical depth for the specific
transition of the molecule and the geometry of the cloud as

β =
1
2

∫

1−exp(−τ(r,µ))
τ(r,µ)

dµ (3.15)

whereµ is the direction cosine. For example, for an expanding spherical shell
(Mihalas 1978), it becomes

β =
1−exp(−τ)

τ
. (3.16)

These relations give the possibility of modelling the temperature and den-
sity of the cloud. It accounts for photon trapping, a photon emitted by a
molecule is absorbed by another nearby molecule. Hence, optically thick lines
can arise easier in lower density regions, like12CO (1–0) , than the optically
thin transition, like13CO (1–0) , as it is observed. To use this model several
spectral lines are needed and the combination of optically thick and thin tran-
sitions is preferred. Comparing with the LTE analysis, several spectral lines
are needed, but since this analysis is not just a linear dependency as in the LTE
case, for the LVG analysis even more lines would be preferred.

In order to model observed molecular lines in clouds using this approxi-
mation, there is a free available code calledRADEX described in van der Tak
et al. (2007). This code has been widely tested and it permits to simulate the
emission line of many different molecules in a matter of seconds. We have
used this code to arrive at novel results about our test-bed galaxy, NGC 1097
in Paper I.
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4 Relocating gas in galaxies: from
the outskirts to the centre

4.1 Kinematics of discs
The majority of active galaxies and starbursts in the nearby Universe are
hosted by disc galaxies (e.g. van den Bergh 2002; Ho 2008, see also section 2
here). It is crucial to comprehend the dynamics of the whole system in which
these phenomena occur, in order to understand how the material needed to
trigger and sustain them arrives to these regions.

The theoretical foundation of the kinematics and dynamics of spiral galax-
ies has been worked out over the last century. Bertil Lindblad (1963, 1964)
conceived a picture of circulation of stars between the spiral arms of a quasi-
steady rotating spiral potential. Simultaneously, Lin & Shu (1964) presented
their density wave theory approaching the problem from a different theoreti-
cal point of view. Subsequently, Shu et al. (1973) and Roberts et al. (1979)
derived solutions for the circulation of the interstellar medium through such a
spiral potential and predicted large scale galactic shocks along the spiral arms.
These processes make bars and/or spiral arms potential actors to redistribute
the angular momentum.

Along with the theoretical studies and beginning with Holmberg (1941) in
the pre-computer era, a large number of simulations of development and evo-
lution of structure in disc galaxies have been made with a variety of computer
codes. These studies have often aimed at establishing the details of the flow
of gas in and around bars (e.g. Athanassoula 1992b), as well as the mecha-
nisms which trigger starbursts and nuclear activity in the centres of galaxies
(e.g., Shlosman et al. 1989). However, the quantitative comparison between
observed galaxies and simulations is complicated due to their large computing
times required.

4.1.1 Epicyclic approximation

The linear analysis can be a guide for a physical understanding of the kinemat-
ics of disc galaxies and give the possibility of a quantitative comparison with
observations. We describe here this analysis in order to make an introduction
to the kinematics and dynamics of disc galaxies.

To apply the epicyclic approximation, we have to assume nearly circular
stellar orbits in a circularly symmetric galaxy with a thin disc and a rotating
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perturbing potential (Lindblad 1927, 1958). We divide the potential into an
axisymmetric unperturbed part and a weak non-axisymmetric perturbation

Φ(r,θ) = Φ0(r)+Φ1(r,θ). (4.1)

We also assume a co-rotating frame with the potential, rotating with a pattern
speedΩp. Then, the equations of motion expressed in polar coordinates are
(see Binney & Tremaine 2008, p.189 orPaper II )

r̈ − r θ̇ 2 =−∂Φ
∂ r

+2r θ̇Ωp+ rΩ2
p (4.2)

r θ̈ +2ṙ θ̇ =−1
r

∂Φ
∂θ

−2ṙΩp (4.3)

where the second term of the right parts correspond to the Coriolis force and
the third term to the centrifugal force.

To analyse these equations, we divided the coordinates into the zero term
(circular motion) and the deviation from them,ξ andη

r = r0+ξ (4.4)

θ = θ0+(Ω0−Ωp) t +
1
r0

η (4.5)

where Ω0 is the circular angular velocity at a radiusr0 given by Φ0 and
eq. (4.2), considering only the zero-orders:

Ω2
0 =

1
r0

dΦ0

dr

∣

∣

∣

∣

r0

. (4.6)

Assumingξ andη to be small, and linearising the equations of motion by
neglecting higher order terms ofξ andη , first order approximation, we get

ξ̈ −2Ω0η̇ −4Ω0Aξ =−∂Φ1

∂ r
(4.7)

η̈ +2Ω0ξ̇ =−1
r

∂Φ1

∂θ
(4.8)

whereA is the Oort constant,A=− r
2

dΩ
dr .

To describe the motion of a gaseous medium, we assume a negligible ve-
locity dispersion since observations suggest that interstellar medium is con-
fined in a thin disc. This assumption facilitates the gas to follow streamlines
along periodic orbits. However, stellar periodic orbits may intersect while gas
streamlines cannot cross. To avoid it, we introduce in these equations a fric-
tional force proportional to the deviation from circular motion with a damping
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coefficient, 2λ (see Wada 1994; Lindblad & Lindblad 1994). This coefficient
damps every resonance but corotation, CR. We write the deviation from cir-
cular motion as

u= ξ̇

v= r(Ω0+
1
r0

η̇)− rΩ (4.9)

whereu is the radial andv the transversal deviation, note thatr(Ω0+
1
r0

η̇) is
the tangential andrΩ the circular velocity.v can be simplified byv≈ η̇ +2Aξ
sinceξ << r0. Hence, the frictional forces are

Ffric(u) =−∂ψfric

∂ r
=−2λu

Ffric(v) =−1
r

∂ψfric

∂θ
=−2λv

analogous to the Stokes’ formula (e.g. Yih 1979, p. 365), where the drag on
a sphere moving slowly in a viscous fluid is proportional to the first power of
the velocity. Now, the equations of motion can then be re-written as:

ξ̈ +2λ ξ̇ −2Ω0η̇ −4Ω0Aξ =−∂Φ1

∂ r
(4.10)

η̈ +2λ (η̇ +2Aξ )+2Ω0ξ̇ =−1
r

∂Φ1

∂θ
(4.11)

The solutions of the homogeneous part of these equations are

ξ = c1+c2e−αλ t eiκ(t−t0) (4.12)

η =−2Ac1(t − t1)+ i
2Ω
κ

c2e−βλ t eiκ(t−t0) (4.13)

wherec1, c2, t0 andt1 are arbitrary constants. We setc1 = 0 sincer0 is also
arbitrary.α andβ are functions ofΩ andκ, andκ is the epicyclic frequency

κ2 = r
dΩ2

dr
+4Ω2. (4.14)

This frequency is the frequency at which a particle oscillate radially along its
circular orbit. The coefficientλ in eqs. (4.13) and (4.12) damps the amplitude
of the deviation from the circular orbit with time.

To solve the equations completely, we suppose that the perturbing potential
can be expressed as

Φ1(r,θ) =−
n

∑
m=1

Ψm(r)cosm(θ −ϑm(r)). (4.15)
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whereϑm is the spiral phase andΨm the coefficient of the trigonometrical
series. Using this expression, eqs. (4.10) and (4.11) are

ξ̈ +2λ ξ̇ −2Ωη̇ −4ΩAξ =−∂Φ1

∂ r

=
n

∑
m=1

[

Cmcosm(θ −ϑm)+Emsinm(θ −ϑm)
]

η̈ +2Ωξ̇ +2λη̇ +4λAξ =−1
r

∂Φ1

∂θ
=−

n

∑
m=1

Dmsinm(θ −ϑm) (4.16)

where

Cm =
dΨm

dr
; Dm = m

Ψm

r
; Em = mΨm

dϑm

dr
.

In these equations the coordinateθ is given by eq. (4.5), and if the test particle
is far from the corotation, radius whereΩ0 =Ωp, we can assume thatη/r0 <<
(Ω0−Ωp), hence

θ ∼ θ0+(Ω0−Ωp) t. (4.17)

Together with the relationκ2 = 4Ω2−4ΩA, it is then possible to write the full
solution of the now linearised eqs. (4.16) as (seePaper II ):

ξ =ce−αλ tcosκ(t − t0)

+
n

∑
m=1

[

dmcosm(θ −ϑm)+emsinm(θ −ϑm)
]

(4.18)

η =− 2Ω
κ

ce−βλ t sinκ(t − t0)

+
n

∑
m=1

[

gmsinm(θ −ϑm)+ fmcosm(θ −ϑm)
]

(4.19)

The second terms on the right sides of eqs. (4.18) and (4.19) give the forced
oscillation due to the perturbing force. The first terms give the damped oscilla-
tion with the epicyclic frequencyκ around these guiding centra. Because, for
a positiveλ , these latter terms are damped and approach zero, we will leave
out these terms in what follows and just consider the motions of the guiding
centre.

We introduce these eq. (4.18) and eq. (4.19) into eq. (4.16), getting a system
of equations with the 4m unknown amplitudes,dm, em, gm and fm:
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−(ω2
m+4ΩA)dm−2ωmΩgm =Cm−2λωmem

−(ω2
m+4ΩA)em+2ωmΩ fm = Em+2λωmdm

2ωmΩdm+ω2
mgm = Dm−2λωm fm+4λAem

2ωmΩem−ω2
m fm =−2λωmgm−4λAdm (4.20)

whereωm = m(Ω0−Ωp). Solving for the 4m unknowns we arrive at:

dm =
(κ2−ω2

m)(ωmCm+2ΩDm)−2λ (κ2+ω2
m)Em

ωm∆

+
−4λ 2(ωmCm−2ΩDm)−8λ 3Em

ωm∆
(4.21)

gm =
−(κ2−ω2

m)
[

2Ω(ωmCm+2ΩDm)−
(

κ2−ω2
m

)

Dm
]

ω2
m∆

+
4λ

[(

κ2−ω2
m

)

A+2ω2
mΩ

]

Em

ω2
m∆

+
−4λ 2

[

(ωmCm+2ΩDm)(2Ω−4A)−
(

ω2
m+3κ2−8Ω2

)

Dm
]

+16λ 3AEm

ω2
m∆

(4.22)

em =
ω2

m

(

κ2−ω2
m

)

Em+2λ
[(

κ2+ω2
m

)

(ωmCm+2ΩDm)−2Ω
(

κ2−ω2
m

)

Dm
]

ω2
m∆

+
−4λ 2ω2

mEm+8λ 3ωmCm

ω2
m∆

(4.23)

fm =
2ωm

(

κ2−ω2
m

)

ΩEm

ω2
m∆

+
2λ

[

4ωmΩ(ωmCm+2ΩDm)+
(

κ2−ω2
m

)

(2ACm−ωmDm)
]

ω2
m∆

+
8λ 2ωmEm(Ω−2A)+8λ 3(2ACm+ωmDm)

ω2
m∆

(4.24)

where
∆ =

[

(

κ2−ω2
m

)2
+8λ 2(κ2+ω2

m

)

+16λ 4
]

(4.25)

With this expression for the potential,m is the azimuthal wavenumber of
the perturbation, e.g.m= 2 describes a bar or a bi-symmetric spiral per-
turbation. Although the epicyclic approximation does not give the complete
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Figure 4.1: Behaviour of the angular frequency showing the resonances for an
isochrone potential, where the circular velocity isv2

c = GMr2

(b+
√

b2+r2)2
√

b2+r2
. Shown

are the OLR, ILRs (outer and inner) and the Ultra harmonic resonance (form=4).

and realistic scene of gas kinematics in galaxies, it reproduces important sig-
natures, such as resonance radii, observed in simulations and observations
(NGC 1097 inPaper IV). These radii are derived from eqs. (4.21)–(4.24)
where singularities are located, either at CR whenωm = 0 or when∆ = 0. If
the damping coefficient isλ = 0, then∆ = 0 occurs whenκ2 = ω2

m, hence
Ωp = Ω0 ± κ/m. These singularities engender the resonant conditions in
the galactic disc. Well known resonances are the Inner Lindblad Resonance
(ILR), which occurs whenΩp = Ω0 − κ/2, and the Outer Lindblad Reso-
nances (OLR), whenΩp = Ω0+κ/2 (Lindblad 1958, see Fig. 4.1 as an ex-
ample).

To mitigate the effects of the singularities at these resonance radii, typically,
a damping coefficientλ is introduced to simulate viscosity in the gas, due for
example to collisions between giant molecular clouds.

Orbits derived form the equations of motion, eqs. (4.10) and (4.11), are re-
lated to how stars and gas are distributed in the galaxy. Periodic orbits give
an important description of the behaviour of the potential, since they are clas-
sified by different families that trap most of the non-periodic orbits. In the
case of am= 2 bar, the main orbit families arex1, x2 andx3 (e.g. families
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defined in Athanassoula 1992a). Orbits from the main familyx1 are ellipses
elongated along the major axis of the bar which lie inside the inner ILR, and
beyond the outer ILR and OLR. The innerx1 are more circular, the eccentric-
ity is increasing as a function of galactocentric radius until it rise a maximum
at the ILR. Thex2 andx3 families are perpendicular to the bar, with thex3

more elongated thanx2 orbits. Typically, they stay between the CR and OLR,
and when multiple ILRs are present, also between these inner resonance radii.
Moreover, these orbits are less eccentric than thex1 family. Some orbits from
these families can be seen in the Fig. 4.2, either considering or not the damp-
ing coefficient. With the inclusion of the damping coefficient, orbits rotate
slowly with respect to the bar at resonant radii, see Fig. 4.2 lower panel. The
orientation of the different families is the same, but each orbit is now rotated
at a different angle. This rotation gives the shape of the spiral arms emerging
at the resonance radius.

One can also study the behaviour of the gravitational potential at CR by
studying the Lagrangian points. There are five Lagrangian points: L1 and L2

that are saddle points, L3 located at the centre, the minimum of the potential,
and L4 and L5 being maximum in the potential. Considering small variations
of ξ , ξ̇ andη̇ butη and studying the case of L5, whereΩ0 =Ωp andθ0 = π/2,
we can simplify eq. (4.7) as (see Binney & Tremaine 2008)

(κ2−4Ω2)ξ −2Ωη̇ = 0.

Using this equation to eliminatėξ from eq. (4.8), we obtain

η̈
κ2

κ2−4Ω2 =− 1
r0

∂Φ1

∂θ

∣

∣

∣

∣

r0,θ0+η/r0

.

If we assume that a barred potential can be described asΦ1 = Φbcos2θ , then

η̈ =−2Φb

r0

4Ω2−κ2

κ2 sin2θ .

In general, it is true that4Ω2 > κ2 andΦb < 0, then

d2θ
dt2

=−p2sin2θ (4.26)

where

p2 =
2

r2
0

|Φb(r0)|
4Ω2−κ2

κ2

which is the equation of motion of a pendulum. Then the particles at corota-
tion, CR, oscillate slowly around L4 and L5 which are two stable equilibrium
points. With increasing distance from CR, the angular amplitude increases
until the orbit reaches the equilibrium points L1 and L2 and flips into a cir-
cumcentral orbit (see Figs. 16 and 26 in Lindblad et al. 1996).
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Figure 4.2: Orbits from the familyx1, x2 andx3. The different resonant radii (one
ILR, CR and OLR) are represented in blue colour. The orbits along the minor axis
of the bar belong to thex2 andx3 families. The bar is placed horizontally.Upper
panel: λ = 0. Lower panel:λ 6= 0. In the lower figure the sense of rotation is counter
clockwise.
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4.1.2 Estimating the pattern speed

The angular frequency with which the potential is rotating, i.e., the pattern
speed, determines important characteristics of a galaxy’s dynamics. However,
it is far from trivial to determine its value from observations. We describe
below some methods that have been worked out to estimate the pattern speed:

1. Comparing an observed velocity field with the velocity field obtained from
an analytical or numerical galactic model for different pattern speeds, and
if possible applying aχ2 fit (e.g. Lindblad et al. 1996; Kranz et al. 2003,
Paper IV). The kinematic measurements can be obtained by using stellar
absorption lines, neutral atomic gas emission lines, molecular gas lines, or
ionized gas emission lines. To compute the streamlines of the gas, the total
stellar gravitational potential can be derived from either full galactic-scale
stellar kinematic measurements or near-infrared images.

2. Rings in spiral galaxies are thought to have formed at resonances where
the net torque vanishes and gas accumulates (e.g. Buta & Combes 1996).
Accordingly, an outer ring would be located at the OLR, an inner ring at the
ILR or the ultraharmonic resonance (the azimuthal wavenumberm= 4) and
nuclear rings at the secondary or tertiary ILRs (e.g. Schwarz 1981, 1984a,b;
Byrd et al. 1994; Patsis et al. 2003). Then, for a weak perturbation, if it is
possible to estimate the rotation velocity of the galaxy, one can derive the
angular frequency and generate a graph similar to Fig. 4.1. By reading
the location of the resonances, from the location of morphological features
such as a ring, one can deduce the pattern speed.

3. The Tremaine-Weinberg method (Tremaine & Weinberg 1984) is a model-
independent method that gives a description of the pattern speed expressed
as a number of observable quantities.

Ωp =

∫ ∞
−∞ dx∑(x,y)vy(x,y)
∫ ∞
−∞ dx∑(x,y)x

(4.27)

where(x,y) are the coordinates of the inertial plane of the disc,∑(x,y) is
the surface brightness andvy(x,y) they-velocity component in the inertial
frame andvy = v‖/sin(i). Here, v‖ is the line-of-sight velocity relative
to the centre of the galaxy andi the inclination angle of the galaxy. This
equation, derived in Tremaine & Weinberg (1984), assumes a flat disc in the
galaxy, a well-defined pattern speedΩp, and that the continuity equation is
obeyed.
In principle, this last assumption is only satisfied by old disc stars. How-
ever, in spiral galaxies where the interstellar medium is governed by a
molecular phase, it is believed that a large fraction of molecular gas cannot
be rapidly created or destroyed and hence also obeys the continuity equa-
tion (e.g. Rand & Wallin 2004, present consistent estimates for six galaxies
using CO observations). Moreover, the Tremaine-Weinberg method has
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been applied to Hα observation for a large number of galaxies presenting
excellent agreement with the pattern speeds obtained from other methods
(Hernandez et al. 2005; Emsellem et al. 2006; Fathi et al. 2007; Gabbasov
et al. 2009;Paper III ; Paper IV). Although, strictly speaking, Hα does
not obey the continuity equation, in the galaxies presented inPaper III the
emission in the majority of pixels is due to diffuse ionized gas which is less
influenced by local effects such as wind produced by star forming regions
or shocks in the regions where the orbits intersect. Notwithstanding, since
CO and Hα emission lines are easier to observe, they have been success-
fully used by several authors to derive the pattern speed of bars and spiral
arms in few tens of galaxies.

4. Analysing the velocity field of a spiral galaxy, it is possible to locate the CR
by subtracting the axisymmetric component to the observed velocity field,
revealing the kinematic spiral residuals. Assuming that the spiral structure
is wave-based, inside the CR radius there should be only one spiral feature
in the residual velocity map, while outside there should be three spirals
(Canzian 1993). Locating this change, the CR is localized, and combined
with the frequency diagram (such as that shown in Fig. 4.1), one can deduce
the pattern speed.

5. Theory has confirmed that the non-rotational motion in spiral galaxies
change direction at the CR radius, going inwards inside CR and outwards
outside CR. Based on this, it is possible to locate the CR radius detecting
the expected direction reversals in observed velocity fields (Font et al.
2011; Paper IV). Combined with a frequency diagram, one can then
arrive at the pattern speed necessary to locate the CR at the observed
location.

In all these methods a well defined pattern speed is assumed, i.e. the po-
tential rotates at the same rate along a given radius. This is indeed the case in
the presence of a unique perturbation, but when multiple structures co-exist,
they may have different pattern speeds. Spiral arms may raise from multiple,
short-lived patterns that live together. Also, when spiral arms are present in
barred galaxies, they may or may not be coupled with the bar, and hence they
may have different pattern speeds (Sellwood 1993).

4.1.3 Velocity field: Fourier decomposition

Observed galaxies are projected on the sky plane. The disc component of a
galaxy is thus observed as an ellipse, a projection of an assumed circular disc.
This projection is determined by an inclination angle,i, measured from the
off-plane directionz-axis, and the position angleφ0, conventionally measured
from North to the major axis of the ellipse in the sky plane, see Fig. 4.3.

The observed velocity along line-of-sight (Vlos) is the projection of the ve-
locity in the galactic plane along the direction of the observer. Neglecting the
velocity dispersion, this velocity can be expressed as
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Vlos(r,θ) =Vsys+Vrot(r)cosθ sin i

+Vrad(r)sinθ sin i

+Vz(r)cosi (4.28)

whereVsys is the systemic velocity of the galaxy,Vrot the rotational velocity,
Vrad the radial velocity andVz the vertical velocity, which can be neglected if
the galactic disc is assumed to be thin (as we are doing throughout this thesis).
The line-of-sight velocity is given in the plane of the galaxy using the polar
coordinates(r,θ). These coordinates are related to the coordinates in the sky
plane,(x,y), by

cosθ =
−(x−X0)sinφ0+(y−Y0)cosφ0

r
(4.29)

sinθ =
−(x−X0)cosφ0− (y−Y0) sinφ0

r cosi
(4.30)

where(X0,Y0) are the coordinates of the centre of the galaxy in the sky plane.

Figure 4.3: Scheme of the sky plane and the plane of the disc of the galaxy as it is
observed, showing the definition of the position angle,φ0, and the inclination,i.
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This simple model for the line-of-sight velocity sometimes adequately de-
scribes the observed velocity field of the galaxy, where only circular velocities,
inflow and outflow are considered. However, in the majority of cases, where
bars, spiral arms or warps are present, more elaborated models are necessary
to describe the observations. In those cases, the perturbed velocity informa-
tion can be expressed as in eq. (4.15) andVlos as its Fourier series

Vlos(r,θ) =Vsys+
n

∑
m=1

[cm(r)cosmθ +sm(r)sinmθ ]sini (4.31)

wherem is the number of harmonics.
To obtain the Fourier decomposition of the observed velocity field, a tilted-

ring method is routinely applied. This method consist in dividing the galactic
disc into concentric rings with different radii and fit each of them to a har-
monic decomposition to obtain the best estimation of the position angleφ0,
inclination i, ring centre(X0,Y0), systemic velocityVsys, and the circular ve-
locity Vrot. Note that in the above equation, thec0 coefficient is the systemic
velocity andc1 ands1 are equivalent to the rotational and radial velocities,
respectively. With this decomposition, the unperturbed velocity component
can be separated from the perturbation (e.g. technique used in Sakhibov &
Smirnov 1989; Canzian 1993; Schoenmakers et al. 1997; Fridman & Kho-
ruzhii 2003; Fathi 2004; Wong et al. 2004) to study and model the galactic
gravitational potential and its dynamics.

The cm andsm coefficients are intimately connected to the underlying po-
tential. If the potential has a perturbation of harmonic numberm, then the
line-of-sight velocity field containsm−1 andm+1 harmonic terms (Schoen-
makers et al. 1997). The amplitude of them+1 term will be more significant
thanm−1 term outside CR, and the contrary whenΩ0 > Ωp (Canzian 1993).
This explains why a Fourier decomposition should be used instead of a sim-
ple model, when studying a perturbed disc. If the galactic potential presents
a weak perturbation ofm= 2 type, the velocity decomposition will show the
presence of components up to at leastm= 3. Thes1 ands3 terms also give
information about the dynamics. Roughly, a warped disc presents a variation
ds3/ds1 > 0, elliptical streamingds3/ds1 < 0 and gas inflow shows as3 ∼ 0
for any value ofs1. Spiral arms can present any of these three variations at
different, but in general they show a negative slope inds3/ds1. In the case of
bars, also a negative slope is the general behaviour although for radius inside
the ILRs3 is zero (Wong et al. 2004).

In Paper IV a Fourier decomposition has been used to study the dynamics
of NGC 1097.
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4.2 Bars
Around 70% of disc galaxies in the Universe present a bar feature crossing
its nucleus (Eskridge et al. 2000). These features are rectangular/elliptical
structures that mostly contain old stars, often also obscured by large quantities
of dust. These properties make bars better observed in infrared observations.
The gravitational effects driven by bars may also be responsible for the inward
transport of the galactic interstellar gas.

In numerical simulations, bars are naturally produced by non-axisymmetric
perturbations in the galactic gravitational potential. Once formed, they gov-
ern the large scale kinematics of the galaxy. Weak bars can be described by
the linear theory as explained in section 4.1.1 here. Strong bars, that consti-
tute about 60% of the total barred galaxies population (Eskridge et al. 2000),
present an important non-axisymmetric mass concentration in the disc com-
plicating the use of linear theory to describe their detailed kinematics. Still,
the epicyclic approximation often reproduces important dynamical features of
strong bars.

4.2.1 Strong bars

To study the dynamics of strong bars, analysis by means of weak potential
perturbations may not always suffice. However, families of orbits and as-
sociated resonances presented in the case of the epicyclic approximation are
consistent also in those present in strong bars. To get a all the details, one
has to rely on numerical integration of orbits for realistic barred potential (e.g.
Teuben & Sanders 1985; Athanassoula 1992a) or N-body simulations (e.g.
Sparke & Sellwood 1987), and these methods are particularly computation
time-consuming. In all studies done by both analyses mentioned above, most
of the stars in bars are located in thex1 family, which are elongated along the
bar inside CR, and thereby this family constitutes the backbone of a bar. The
shape of the bar predicted by simulations and observed are an intermediate
between a rectangle and an ellipse, and they often end at a radius close to CR,
with CR over bar radius ratio ofR = 1.2±2 (see e.g. Athanassoula 1992b).
Thex2 andx3 families are elongated and perpendicular to the bar, extend, at
most, to the bar minor axis. These two families of orbits exist if an ILR occurs
in the disc, forming the orbits around this resonance and disappearing as the
bar gets stronger (Teuben & Sanders 1985; Athanassoula 1992a; Sellwood &
Wilkinson 1993).

The linear theory used in this thesis is constructed for a thin galactic disc.
Thus, the non-axisymmetric features have large scales compare with the thick-
ness of the disc and stellar oscillations perpendicular to the disc do not couple
their motion in the disc. Moreover, there are not vertical instabilities such as
warps. However, in strong bars the last two assumptions are not necessarily
satisfied and hence the thickness of the disc has to be considered. Obser-
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vations show that around 40% of edge-on disc galaxies present a boxy or a
‘peanut shape’ central bulge (Lütticke et al. 2000). The preferred explanation
for the boxy structure is that it is a bar which major axis is perpendicular to
the line of sight. This is because observed kinematics in those is similar to the
characteristic kinematics of a barred viewed edge-on (Kuijken & Merrifield
1995; Bureau & Freeman 1999). The rest of the observed edge-on disc galax-
ies, that show bulges with elliptical isophotes, may either host bars which
major axis is placed along the line of sight or alternatively, they may be un-
barred. Three dimensional numerical simulations show that bars could evolve
with time and develop a vertical structure (e.g. Combes & Sanders 1981).
Along with the formation of the bar, vertical periodic orbits are developed and
they often bend out of the disc plane.

4.2.2 Dust lanes in bars

“... two dust lanes leaving the nucleus one on each side of the bar and ex-
tending into the spiral arms...”(Sandage 1961) are observed in most of barred
galaxies. Dust lanes are displaced in the bar along its leading edge, that is in
the direction of the rotation of the galaxy assuming trailing spiral arms. Dust
lanes are formed by shocks produced by the gas flows and, hence, they present
an enhancement of gas and dust (e.g. Sanders & Tubbs 1980, for theory). Ex-
pected observational signatures of the shocks are jumps of the observed veloc-
ity perpendicular to the direction of the dust lanes (e.g Teuben et al. 1986, for
NGC 1365) and CO or radio continuum enhancement emission. Dust lanes
are also characterized by absence of star formation that can be understood by
the shocks in the dust lanes, produced by strong shears and velocity gradients
(Athanassoula 1992b).

Dust lane morphologies can be grouped into two types: (i) straight and
rather parallel lanes (e.g. in NGC 1300 or NGC 5383), or (ii ) more curved
lanes (e.g. NGC 6782 or NGC 1433). The shape of the dust lanes are given
by the shock loci. They are expected to follow thex1 orbits at the outer radii
and thex2 andx3 orbits in the inner region, shifting from one family to the
other, as they go inward. When thex2 andx3 families are more populated, dust
lanes are more curled, and even more so when they connect to their associated
rings or nuclear spiral arms. Their curvature decreases as the bar becomes
stronger and hencex2 andx3 families start to disappear (Athanassoula 1992b;
Knapen et al. 2002; Comerón et al. 2009). As seen in section 2, the bar may
lead the gas from the outer parts to the nuclear rings and produce the observed
enhanced star formation.

Hence, dust lanes act as a highway for driving gas toward the central region
of their host galaxies. This explains the gas and star distribution along bars.
High densities of gas are located at the end of the bar, perpendicular to its ma-
jor axis, where spiral arms connect with the bar. In these points, HII regions
are observed and rapid star formation. From there, gas suffers an angular mo-
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mentum loss that transports the gas to smaller orbits, along the dust lanes till
the circumnuclear region. This angular momentum loss may be produced by
cloud collisional viscosity, dynamical friction of massive clouds or gravita-
tional torques (Shlosman & Noguchi 1993). Cloud collisional viscosity take
place since gas clouds collide with supersonic velocities in the shocks, where
the dissipation produces a decrease in the velocity dispersion and hence in the
angular momentum. The dynamical friction is produced because the rotation
of the gas is faster that stars and hence the gas velocity dispersion is smaller.
This means that big associations (stars and Giant Molecular Associations) are
affected by friction causing the angular momentum loss. However, the most
dissipative phenomenon is generated when the gas crosses the stellar distur-
bance. The non-axisymmetric perturbation in the stellar system removes mo-
mentum from the gas by a gravitational torque. By these mechanisms, gas is
carried to the inner parts of the bar and it arrives to the circumnuclear regions,
where frequently the torques are negligible and a nuclear ring is formed. In
these rings rapid star formation and HII regions are also observed as described
in section 2.

In some barred galaxies, gas and young stars are also accumulated in inner
and outer rings which occur at the resonances. The outer ring, less common
than the inner ring, is identified with the OLR of the bar (Schwarz 1981). Inner
rings, which are aligned with the bar and connected with its ending, have been
identified with CR or them= 4 ultraharmonic resonance (Patsis et al. 2003).

4.3 Driving gas toward the AGN
Spiral arms and bars enable transport of gas from the outer galactic radii to
the circumnuclear region (inner∼kpc), where a circumnuclear ring may be
formed. From this region, an additional mechanism must be involved in order
to continue driving gas towards the centre, about 5 orders of magnitudes lower
in radius.

Some possible processes that may cause a net gas inflow are stable accretion
by star formation, tidal effects of companions galaxies, nested bars or nuclear
spirals. In the first case, gravitational instabilities may produce star formation
in the circumnuclear region that may generate accretion via viscous processes.
The second mentioned mechanism is interaction between companion galaxies
or minor mergers that also can give an important portion of inward mass.
However, the most promising processes are nuclear bars and spirals since they
have been observed in the majority of disc galaxies, although with equal rate
for active and non active galaxies (Martini et al. 2003).

Nuclear bars and nuclear spiral can transport gas from∼1 kpc to 50 pc,
as observations indicate (e.g.Paper V), but the fuelling mechanism at this
scale is not clear due to the lack of high resolution observations. In this re-
gion, it is likely that other mechanism play a key role in the mass accretion.
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Hence, probably several mechanisms act together in the circumnuclear regions
of galaxies. In this thesis we focus on the inflow mass until scales of 50 pc.

4.3.1 Nuclear spiral arms

When studying dust morphology in centres of galaxies, nuclear dust spirals
have been found in the circumnuclear regions of many disc galaxies that host
an AGN. The density in the spiral is typically∼10% of the background in-
terstellar medium density (e.g. Englmaier & Shlosman 2000) and they do not
present any important sign of star formation. They are located in cold dense
inner discs. Morphologically, nuclear spirals are divided into two main cate-
gories, chaotic spirals, and symmetric or grand design spirals, for which dif-
ferent formation mechanisms have been proposed. Chaotic spiral arms could
be formed by acoustic instability (Elmegreen et al. 1998; Montenegro et al.
1999), whereas grand design spirals could form by density waves (Englmaier
& Shlosman 2000; Saijo et al. 2003) or by hydrodynamic shocks induced
by non-axisymmetric potentials (Maciejewski et al. 2002). Martini & Pogge
(1999) have shown that nuclear spirals are not self-gravitating, and that they
are likely to be shocks in the nuclear gas disks (e.g. Yuan & Yang 2006).
Maciejewski (2004a,b) has demonstrated that, if a central SMBH is present,
spiral shocks can extend all the way to its vicinity and generate gas inflow
compatible to the accretion rates observed in local active galactic nuclei.

Nuclear spirals are distinct from galactic-scale spiral arms as they seem to
have lower density contrasts and no associated star formation. One possible
ionization mechanism for the emission-line gas observed (e.g. in NGC 1097;
Storchi-Bergmann et al. 1996; Fathi et al. 2006, or NGC 2974; Emsellem
et al. 2003) are the spiral shocks, normally with velocities of the order of
≈ 100km s−1. Alternatively, in galaxies in which there is a radio jet, the cir-
cumnuclear interstellar gas can be ionized by the jet. Such ionized gas has
been found to be aligned or misaligned with the corresponding radio jet (e.g.
Ford et al. 1986; Cecil et al. 1995). One prominent example has been the case
of NGC 1068, where filaments associated with the observed radio lobe have
shown a redshifted kinematic disturbance on the order of 300 km s−1, which
could be explained as a consequence of the expansion of the radio plasma
(Capetti et al. 1997; Axon et al. 1998). Also the apparent spiral configuration
could be due to asymmetric edge-brightening. This mechanism has involved
many complex details such as the determination of the viewing angle of the
jet/accretion disk, the presence of a precessing jet, or the propagation speed
of the jet and the density of the interstellar medium (Veilleux et al. 1993).

4.3.2 Nested bars

Nested bars (also called secondary or tertiary bars) can be a stellar or a gaseous
structure, or a mix of both, typically extending out to some 10% of their pri-
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mary host bars. Stellar nested bars are presented in around 30% of all barred
galaxies (Erwin & Sparke 2002; Laine et al. 2002), but to date a statistical
analysis of gaseous bars is missing. Stellar secondary bars are supported by
regular orbits (El-Zant & Shlosman 2003). Due to the large percentage where
secondary bars are found, this feature must be long lived. However, according
to simulations, nested bars only form when the total mass in the circumnu-
clear region reaches a critical mass, and they are dissolved if the total mass
exceeds this critical value. Hence the mass of nested bar should be similar
to this critical value, which is a few percent of the total outer bar (El-Zant &
Shlosman 2003).

Studies of the pattern speed of nested bars typically place the CR of a nested
bar around the ILR of the large-scale bar, where gas is accumulated by the pri-
mary bar. This decoupling seems to be a normal process in the evolution of
the galaxy (Shlosman 2005). During the decoupling, gas losses its angular
momentum as a consequence of angular moment exchange between primary
bars and nested bars. This produces a rapid increase of the secondary pattern
speed together with a decrease of the nested bar length (Englmaier & Shlos-
man 2004).

There is observational evidence for molecular gas in nested bars (e.g.
Maiolino et al. 2000). Gas falls into the bar-bar interface from the primary
bar. Depending on the strength of the bar, this interface can be chaotic
or regular for weak and strong bars respectively. The flow there, is
time-dependent and rely on the angle between bars. Although nested bars
do not present accompanying shocks, characteristic of features that support
inflow, mass accretion driven by nuclear bars can fuel the inner few pc of a
galaxy.
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Sammanfattning

Aktiva galaxkärnor och utbrott av stjärnbildning är två artskilda företeelser
som genomgripande påverkar sin värdmiljö. De förekommer i ett signifikant
antal galaxer vid alla rödförskjutningar. I denna avhandling vill vi nå en bättre
förståelse av de fysikaliska processer som möjliggör bildandet och vidmak-
thållandet av dessa två fenomen. Vi fokuserar på studiet av de fysikaliska
tillstånden hos den interstellära gasen i området inom några kiloparsec kring
centrum av den aktiva stavgalaxen NGC 1097 (Paper I). I Paper I presen-
terar vi observationer av olika CO övergångar och den uppföljande analys som
genomförts för att härleda det molekylära gasinnehållet jämte det molekylära
massinflödet mot mitten av galaxens gravitationella potentialminimum. För
att helt förstå de fysikaliska processer som driver sådan strömning hos gasen,
måste en koherent bild av ett dynamiskt system behandlas. Vi har utvecklat
en kod,Paper II , för att modellera dynamiken i ett roterande system med en
godtycklig massfördelning. Den formalism vi använt bygger på analytiska
lösningar av den första ordningens approximation av rörelseekvationerna för
ett kontinuerligt medium som kan vara utsatt för friktion. Den viktigaste fria
parameter som begränsar randvillkoren i modellen är vinkelfrekvensen hos
den störande strukturen, vilken kan antas vara nästan invariant över ett bety-
dande intervall av galactocentriska radier. Vi avgränsar det uppskattade värdet
på vinkelhastigheten hos den störande strukturen med Tremaine-Weinberg
metoden (Paper III ). Därmed har vi färdigställt alla procedurer behövliga för
att förstå de fysikaliska processer som vidmakthåller den nukleära aktiviteten
och utbrott av stjärnbildning: mängden gas i regionen och dynamiken hos
systemet. IPaper IV, modellerar vi den neutrala och joniserade gasens kine-
matik i NGC 1097 och tillämpar en kombination av de metoder som beskrivs
i Paper II ochPaper III för att förstå omfördelningen av gas i galaxen. För
att observationellt urskilja gasinflödet i kärnområdet med högre upplösning,
tillämpar vi de metoder som utvecklats och använts i denna avhandling vid
Cycle-0 ALMA observationer av vår galax i fråga, och vi bekräftar att vi kan
följa gasströmning från∼ 20 kiloparsecs avstånd ner till∼ 40 parsec från
galaxens centrala supermassiva svarta hål (Paper V).





35

Resumen

Los núcleos activos de galaxias y estallidos de formación estelar, presentes
en un número importante de galaxias, son dos fenómenos capaces de cam-
biar el entorno donde habitan. Nuestro objetivo en esta tesis es mejorar la
comprensión de los procesos físicos que forman y mantienen estos dos fenó-
menos. Para ello, enfocamos nuestro estudio en las condiciones físicas del gas
interestelar que se encuentra en el kilopársec central de la galaxia barrada con
núcleo activo NGC 1097 (Paper I). En este artículo presentamos diferentes
transiciones de la molécula CO y el análisis realizado para derivar la cantidad
de gas molecular, así como su afluencia hacia el centro del potencial gravita-
torio galáctico. Para entender por completo los procesos físicos que conducen
esta redistribución del gas, hemos de considerar un esquema coherente del sis-
tema dinámico. Por ello, hemos desarrollado un código,Paper II , para mode-
lar la dinámica de un sistema que principalmente está rotando y que tiene una
distribución de masa arbitraria. El formalismo que hemos usado se basa en la
solución analítica de las ecuaciones del movimiento de un medio que puede
estar sujeto a disipación, asumiendo una aproximación de primer orden. El
parámetro libre más importante que nos da las condiciones de contorno en
nuestro modelo es la velocidad angular de la perturbación del potencial, la cual
asumimos que es invariante a lo largo del radio galactocéntrico. Construimos
este parámetro usando el método Tremaine-Weinberg (Paper III ). De esta
manera, hemos preparado todos los procedimientos necesarios para compren-
der los procesos físicos que mantienen la actividad nuclear y los estallidos de
formación estelar: la cantidad de gas que hay en dicha región y la dinámica
del sistema. En el artículoPaper IV, modelamos la cinématica del gas neu-
tro e ionizado de NGC 1097 y aplicamos una combinación de los métodos
descritos enPaper II y Paper III para comprender la redistribución del gas
en esta galaxia. Para observar la afluencia de gas hacia la región nuclear con
una resolución más alta, aplicamos los métodos desarrollados y usados en la
tesis en las observaciones realizadas en el ciclo 0 de ALMA de la galaxia es-
tudiada. Confirmamos que somos capaces de seguir la corriente de gas desde
∼ 20 kilopársec hasta∼ 40 pársec del súper masivo agujero negro central
(Paper V).
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