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1
Introduction

On a typical clear night in the north of Chile, like the one captured in Fig. 1.1, it
is possible to see in the sky above the Atacama desert an elongated dark cloud

covering a bright kind of bulge, surrounded by countless stars. This white and fuzzy
bulge, simply appreciated with the naked eye, is the center of our Galaxy, the Milky
Way (translation of the Latin Via Lactea). As described in the original picture∗,
taken by Stéphane Guisard (in his work Los Cielos de Chile), Fig. 1.1 shows the
Southern Cross and Coal bag in the far top right corner, and the Galactic Center,
Scorpius and Sagittarius constellations in the middle of the picture. The dark lane
obscuring the Galactic center is formed by numerous clouds of interstellar gas and
dust found in the spiral arms and bar of the Galaxy (e.g., Churchwell et al., 2009).

Figure 1.1: The Southern Hemisphere Milky Way and Echinopsis Atacamensis (cactus specie) with
the rich Galactic center in the middle of the picture, as seen in the sky above San Pedro de Atacama, in
the north of Chile. This is a 2 minute one-shot image taken with a digital camera by Stéphane Guisard,
for his work Los Cielos de Chile.

∗ http://www.astrosurf.com/sguisard/Pagim/Milky-Way-Echinopsis-Atacamensis.html
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The center of the Milky Way (MW) is seen nearly edge-on from the Earth, since
the Galactic plane is inclined by about 60 degrees to the ecliptic (the plane of the
Earth’s orbit). Therefore, all the interstellar medium that fills the Galactic disk,
obscures the bright Galactic center and the light emitted from stars that lie within
the Galactic plane. Indirect methods, and observations at other wavelengths than
the visible region of the spectrum (e.g., mm and sub-mm wavelengths, infrared,
and X-rays), are required to study the center of the Galaxy.

Estimates of the motions of material around the Galactic center suggest the
presence of a compact object of very large mass at the center of the MW (e.g., Jones
& Lambourne, 2004, and references therein). The Galactic center is commonly
considered to be demarked by the radio source Sagitarious A∗ (Nord et al., 2003).
This source has recently been confirmed to be a supermassive black hole using
X-ray observations (e.g., Aharonian et al., 2008, and references therein).

Most galaxies are believed to have a supermassive black hole at their center
(e.g., Blandford, 1999), and they show different levels of brightness, star formation
activity and accretion rates of matter into their black holes. However, the MW is
less bright and active than many other galaxies undergoing strong star formation
activity and emitting large amount of non-thermal radiation from their nuclear re-
gions (e.g., Robson, 2004; Carroll & Ostlie, 2006). This can be interpreted as either
the MW has already gone through an episode of strong star formation and accre-
tion activity, and that nowadays is in a rather quiet state, or that it will eventually
become more active in the future. Intense star formation, black hole accretion and
the coalescence of active galactic nuclei are crucial phases in galaxy evolution. Dif-
ferent types of active galaxies and their connection with star formation activity are
briefly described in Sec. 1.4.

The irradiation by UV and X-ray photons, as well as other thermodynamical
processes (e.g. turbulence and shocks) occurring in the star forming regions and
near the center of active galaxies, drive the excitation of atomic species, as well
as the formation of several molecules (cf., Maloney et al., 1996; Martin-Pintado
et al., 1997; Hollenbach & Tielens, 1999). Studies of atomic and molecular emission
triggered by these processes can advance our understanding of the interaction (and
feedback) of these processes in galaxy centers, and the impact that they have on
the (mostly dense, molecular) interstellar medium and star forming gas.

Most interstellar molecules are detected by spectroscopic analysis (see Secs. 1.1
and 1.2) that measures absorption or emission at radio, (sub-)millimeter and mi-
crometer (IR) wavelengths, rather than those corresponding to visual light. Single-
dish and interferometer, (sub-)millimeter and IR facilities, both ground- and space-
based, provide a wealth of new data. These observations reveal a wide range of
physical conditions ranging from the cold, pre-collapse stage, where key molecules
are depleted onto grains, to warmer, more evolved phases where ices evaporate
and drive a rich chemistry (see Sec. 1.3).

High spatial resolution observations of Galactic star-forming regions (e.g., Orion
Nebula, M17, S140) and the Galactic center are particularly important since molec-
ular clouds of the size of maps (∼ 3 × 3 pc2) recently reported (e.g., Kramer et al.,
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2004; Pérez-Beaupuits et al., 2010) will be resolved spatially by ALMA∗, at the dis-
tance of nearby galaxies like the prototypical Seyfert NGC 1068 (∼ 14 Mpc away).
As such, star-forming regions in our own Milky Way can serve as a direct compar-
ison for such regions in active galaxies that will become observable with ALMA in
the coming years.

The following sections describe the main theoretical tools applied in the studies
presented in this thesis. They are meant to give the casual reader the basic knowl-
edge needed to understand the purpose of the observations performed, and for
the interpretation, analysis and modelling of the data reported. A comprehensive
introduction to each particular study is given in the respective chapters.

1.1 Spectroscopy: a powerful diagnostic tool

Atomic and molecular line observations are of great importance in astrophysics.
They show the existence of certain chemical compounds in the interstellar medium
(ISM). Several reaction chains have been proposed as the origin for the observed
molecular species like [N II],[C I],12CO, and HCN (e.g., Turner & Ziurys, 1988;
Herbst, 2005, and references therein). Atomic and molecular lines can be used
to probe the physical conditions of the ISM.

The density and the temperature of the interstellar gas are quantities that must
be known for any succesful modelling. These two parameters influence differently
the chemistry of molecular clouds, which introduces uncertainties in the interpreta-
tion of the measurements. These uncertainties can be reduced by observing several
species or several transitions of a single species.

The intensities of the emission lines obtained with a spectrometer correspond
to a measure of the number of molecules in, say, each rotational state (level popu-
lation). By seeing how the molecules are distributed among the rotational energy
states, so the relative intensity of the different emission lines, the temperature and
density of the gas can be deduced. The sum of all the level populations, which
can often be deduced from observations of just a few lines, gives the total number
of molecules along the line of sight (the column density). Using observations of
several emission lines, the temperature, density and column density of the gas can
be estimated with radiative transfer algorithms (e.g., Hogerheijde & van der Tak,
2000; Poelman & Spaans, 2005, 2006; Elitzur & Asensio Ramos, 2006; van der Tak
et al., 2007). The Doppler shift and shape of spectral lines yield information about
the motions of the gas.

1.2 Radiative transfer

The essential physical ideas behind radiative transfer can be showen through the
problems related multi-level line formation. The formulation discussed here fol-
lows the prescription given by Rybicki (1984), with some additional contributions

∗ http://www.almaobservatory.org/
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inspired by Rybicki & Lightman (1986) and Kutner (1984). Further information and
treatment of more complicated cases can be found in, e.g., Chandrasekhar (1950);
Kourganoff (1952); Sobolev (1963); Rybicki (1972); Mihalas (1978); Kalkofen (1984);
Rohlfs & Wilson (2004), and references therein.

Solutions of the multi-level line formation problem allows one to infer the num-
ber of molecules in the levels involved in the transitions of interest (i.e., the level
populations). In general the excitation and radiative transfer are strongly coupled
and special methods are needed in order to solve the system of coupled equations
(e.g., Stutzki & Winnewisser, 1985; Hogerheijde & van der Tak, 2000; Juvela et al.,
2001; Poelman & Spaans, 2005, 2006; Elitzur & Asensio Ramos, 2006; van der Tak
et al., 2007; Hegmann et al., 2007).

In the excitation calculations it is assumed that the level populations respond
mainly to the temperature and density in the ISM. Generally two sources of exci-
tation are considered: (1) the kinetic energy of the gas, to which the molecules
are coupled by collisions, and (2) a radiation field like line emission (photon trap-
ping) and background continuum (IR pumping), to which the molecules are coupled
by the emission and absorption of photons. The level of excitation of a particular
species is determined by the relative coupling to these sources.

1.2.1 Equations of statistical equilibrium

In the multi-level line formation it is assumed that the net transition rate out of
each level is balanced by the net transition rate into that level. This leads to the
equations of statistical equilibrium for a multi-level molecule. For each bound level
i, with population ni, and energy Ei, there is an equation of the form

ni
∑
j

Rij =
∑
j

njRji, (1.1)

where the sums are over all other bound levels j. The rate coefficients Rij from
level i to level j are given by

Rij =

 Cij +BijJ
t

ij +Aij , Ei > Ej ,

Cij +BijJ
t

ij , Ei < Ej .
(1.2)

The total collision rate coefficient Cij (per molecule in state i) is usually assumed
to be governed by H2, the most abundant interstellar molecule. This coefficient
settle the coupling between the excitation and the kinetic energy of the gas, and is
defined as Cij = n0〈vσij(v)〉, where n0 is the number density (cm−3) of the collision
partner, v is the speed (cm s−1) of the colliding particle and σij(v) is the collision
cross section (cm2) for a transition from the state i to the state j. These cross sec-
tions are very important for the excitation calculation, but theoretical and empirical
values are available only for the simpler interstellar molecules. The 〈〉 indicates an
average over the velocity distribution of the colliding particles, thus introducing
the dependence of the excitations on the kinetic temperature (Tk) of the gas. The
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product 〈vσij(v)〉 is the parameter usually given in atomic and molecular databases
(e.g., the LAMDA∗ database; Schöier et al. 2005).

1.2.2 The radiation field

The coupling to the radiation field is governed by the Einstein coefficients, Aij
and Bij . The spontaneous emission rate is given by the A-coefficient while the
rates of stimulated emission and absorption are given by the product between the

corresponding B-coefficient and the integrated mean intensity J
t

ij defined by

J
t

ij =
1

4π

∫
dΩ
∫ ∞

0

ϕij(ν)Itij(ν)dν, (1.3)

where Itij(ν) = Itji(ν) is the total monochromatic specific intensity or brightness
and ϕij(ν) is the line profile function at frequency ν for the line connecting levels
i and j, ∆ is the characteristic width, ϕ(ν) = 1

∆φ(x), where φ(x) is a dimension-

less line profile function, and x is the dimensionless frequency variable x = ν−νij
∆ .

Here νij is the line center frequency, which is equal to the rest or comoving frame
frequency.

The total monochromatic specific intensity for the ij line (Ej > Ei) is obtained
from the equation of radiative transfer, which can be writen (in the fixed observer’s
frame) as

dIt(ν)
d`

= −κ(ν)It(ν) + j(ν), (1.4)

where ` is the distance measured along the ray, with the line emission coefficient
j(ν) and the absorption coefficient κ(ν). The absorption coefficient κ(ν) contains
all the information about the intrinsic properties of the absorbing material the ra-
diation must pass through.

1.2.3 The optical depth and source function

The dimensionless monochromatic optical depth τν is defined by the absorption co-
efficient as dτν = −κ(ν)d`. A medium is said to be optically thick when τν integrated
along a path through the medium satisfies τν > 1. When τν < 1 the medium is said
to be optically thin. In an optically thin medium a photon of frequency ν can tra-
verse the medium without being absorbed. Whereas in an optically thick medium
the average photon of frequency ν cannot traverse the entire medium without being
absorbed.

Dividing the transfer equation (1.4) by κ(ν) we have

dIt

dτν
= It − S. (1.5)

where the line source function S ≡ j(ν)
κ(ν) = njAji

niBij−njBji is defined as the ratio be-
tween the emission coefficient and the absorption coefficient.

∗ http://www.strw.leidenuniv.nl/ moldata/
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1.2.4 Solving the radiative transfer equation

By expressing the intensity along a ray as a function of τν , we can integrate equa-
tion (1.5) to give the formal solution for the total intensity It at a given point, in a
given direction, and at a given frequency

It = Ibe
−τνb +

∫ τνb

0

e−τ
′
νS(τ ′ν)dτ ′ν . (1.6)

Here the optical depth scale is defined to be zero at the point where It is evaluated
and to increase backwards along a ray to the boundary b of the medium, where it
equals τνb and where there is an incident radiation field Ib.

As a reasonable first approximation, it is common to consider S(τν) independent
of the position in the medium. That is, the source function S does not depend on
τν , so it can be taken out of the integral. This assumption leads to the simple form
of equation (1.6)

It = Ibe
−τνb + S(1− e−τνb) = S + e−τνb(Ib − S), (1.7)

which describes the specific intensity at any frequency. In radio and (sub)mm as-
tronomy we are interested in the difference between a line intensity and the back-
ground continuum source (e.g. HII regions at centimeter wavelengths and the cos-
mic background radiation at millimeter wavelengths). Then, by substracting Ib in
(1.7) we get the line intensity as

∆I = (S − Ib)(1− e−τνb), (1.8)

from where it is clear that if S−Ib > 0 we have an emission line, and if it is negative
then we have an absorption line.

Equation (1.2) implies a system of L homogenous coupled linear equations,
which in turn are coupled to the radiative transfer problem by the source func-
tion. The common numerical approach to solve this system of equations is an iter-
ation scheme called lambda-iteration, in which one starts with an initial guess for
the population densities (which give the corresponding source functions), obtained
from some limiting case (e.g., thermal equilibrium), and then alternate between
the statistical equilibrium equations (1.2) and the radiative transfer equations (1.6)
until convergence is reached. The difficulty with these iterations lies in the coupled
nature of the source function S.

1.3 Astrochemistry

Spectroscopy allows to determine the chemical composition of the ISM. Astrochem-
istry gives hints on how the chemical composition may vary, and how it may affect
the evolution of the ISM. The chemical composition depends mostly on the density,
the temperature, the radiation field and the elemental abundances of the gas. Since
the chemical composition varies on astrophysical time scales, astrochemistry can
eventually be used to determine cloud ages.
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Numerous atoms and molecules tracing different gas chemistry have been de-
tected in nearby galaxies (e.g., Henkel et al., 1987; Nguyen-Q-Rieu et al., 1991;
Martín et al., 2003; Usero et al., 2004; Baan et al., 2008). These studies have shown
that chemical differentiation, usually observed within Galactic molecular clouds, is
also seen at larger scales (∼ 100 pc) in extra-galactic environments.

Besides density and temperature, the chemistry of the gas is driven mainly by
the intensity (or energy) of the impinging radiation field, or by mechanical pro-
cesses like turbulent dissipation and shocks (e.g., Loenen et al., 2008). The ISM
irradiated by Far-UV photons (6 − 13.6 eV) emitted by O and B stars is charac-
terized by emission of atomic and molecular lines typical of a photon-dominated
region (PDR) (e.g., Hollenbach & Tielens, 1999; Kaufman et al., 1999; Meijerink &
Spaans, 2005). PDRs are commonly found in Galactic molecular clouds (e.g. Orion,
M17SW, S140) and in galaxies with strong star formation activity (starbursts; see
Sec. 1.4.1).

On the other hand, the chemistry driven by hard X-ray photons (> 1 keV) emit-
ted during the accretion proccess in the proximity of active galactic nuclei (AGNs;
see Sec. 1.4), corresponds to that of an X-ray Dominated Region (XDR) (e.g., Mal-
oney et al., 1996; Lepp & Dalgarno, 1996; Meijerink & Spaans, 2005). These high
energy photons can also be emitted by X-ray binaries (e.g., Barnard et al., 2008,
and references therein), and other stellar sources of X-rays where XDRs can be
expected as well (see Chap. 7).

Depending on the radiation field and density of the gas, the abundance of some
species can be enhanced or suppressed (e.g., Meijerink & Spaans, 2005; Meijerink
et al., 2007). Different atomic and molecular lines, and their role as diagnostic
tools, are discussed in the next sections.

1.3.1 Atomic lines

Since the gas phase cools mainly via the atomic fine structure lines of [O I], [C II], [C
I], as well as the many 12CO rotational lines, (e.g., Kaufman et al., 1999; Meijerink
& Spaans, 2005), these species are very important diagnostics for the cooling of
the ISM in Galactic star forming regions, the Milky Way as a galaxy, and external
galaxies up to high redshifts (e.g., Fixsen et al., 1999; Weiß et al., 2003; Kramer
et al., 2005; Bayet et al., 2006; Jakob et al., 2007).

PDRs are characterized by strong emission in the fine-structure lines of [C I]
609 µm, [C II] 158 µm and [O I] 63 µm; rotational lines of 12CO; ro-vibrational
and pure rotational lines of H2; many H2O lines, as well as many broad mid-IR
features associated with Polycylic Aromatic Hydrocarbons (PAHs) (e.g., Tielens &
Hollenbach, 1985; Hollenbach & Tielens, 1999; Kaufman et al., 1999; Meijerink
& Spaans, 2005; Poelman & Spaans, 2005, 2006). On the other hand, the fine-
structure lines [Si II] 35 µm, the [Fe II] 1.26, 1.64 µm, as well as the 2 µm ro-
vibrational H2 transitions are also bright in XDRs (e.g., Lepp & Dalgarno, 1996;
Maloney et al., 1996; Meijerink & Spaans, 2005; Meijerink et al., 2007).

The atomic lines Hα, Hβ, [N II] [O I], [O III], [Ne II], [Ne V], [S II], and [S III], and
flux ratios between them, have been used to characterize different kinds of active
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galaxies and sources of excitation (e.g., Veilleux & Osterbrock, 1987; Moorwood
et al., 1996a; Spoon et al., 2000; Armus et al., 2006; Brandl et al., 2006; Farrah
et al., 2007, and references therein). A brief description of active galaxies, in par-
ticular Seyferts and starbursts, is given in Sec. 1.4.

Galaxies with an AGN have typical [Ne V]/[Ne II] line flux ratios of 0.8− 2, and a
[O IV]/[Ne II] flux ratios of 1− 5 (e.g., Sturm et al., 2002; Armus et al., 2004). On the
other hand, starburst galaxies have a strict upper limit < 0.01 for the [Ne V]/[Ne II]
flux ratios, and 0.01 − 0.2 for the [O IV]/[N II] flux ratios (e.g., Sturm et al., 2002;
Verma et al., 2003).

Low ionization lines (e.g., [Ne II] or [Si II]) tend to be enhanced in shocks (Voit,
1992). A line flux ratio [Ne II]/[Ne III] ≥ 10 is expected to be found in shocks as well
(Binette et al., 1985).

1.3.2 Molecular lines

In astrophysics it is considered that molecules can form, under nonequilibrium con-
ditions, in four separate schemes: shock-front chemistry, surface chemistry on dust
grains, circumstellar chemistry, and gas-phase chemistry (which involves radiative
association, ion-molecule reactions, dissociative recombination and neutral-neutral
reactions). A detailed description of molecules in space, and the four basic schemes
of interstellar chemistry, can be found in (e.g., Turner & Ziurys, 1988; Herbst, 1999,
2005, and references therein). Molecules can be rotationally and vibrationally ex-
cited, besides the electronic excitation common to atoms. Since excited rotational
states have typical energy levels of 1 − 100 K, vibrational states several 103 K and
electronic states 5 × 103 − 105 K, observation of molecules opens the possibility to
probe a wider range of interstellar excitation conditions than using atoms.

The most abundant molecule in the universe after H2 is 12CO (carbon monoxide).
It has a non-zero dipole moment and its different transitions are triggered mainly
by collisions with H2. Therefore, it has extensively been used as a tracer of molec-
ular gas and mass in Galactic and extra galactic sources (e.g., Scoville & Sanders,
1987; Tennyson, 2005). Other molecular tracers like 13CO and C18O are usually
optically thin, and have been used to estimate the total 12CO and H2 column densi-
ties in Galactic molecular clouds, assuming typical [12CO]/[13CO] or [12CO]/[C18O]
abundance ratios (e.g., Stutzki & Guesten, 1990; Kramer et al., 2004).

Since cold and dense gas is turned into stars under the influence of gravity,
tracing the dense regions of molecular clouds and galaxies is one of the most im-
portant tasks in modern astronomy. Rotational transitions of molecules (observed
at mm and sub-mm wavelengths) are especially important when studying cold and
dense molecular clouds (Kutner, 1984). Molecular tracers, usually excited by colli-
sions with H2, He and electrons, are used to probe temperatures, densities, velocity
fields and other insterstellar physical parameters in dense interstellar regions as
described above. In this, elemental abundances can be quite different compared to
Galactic molecular clouds, e.g., larger than 2 − 4 solar in Quasars, or sub-solar in
the Large and Small Magallanic clouds.
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Some of the most common high density tracers are CN, CS, HC3N, HCO+,
HCN and HNC, and each of them traces somewhat different dense regions due
to their different critical densities and energy levels. This work gives special at-
tention to HCN, HNC, CN, and HCO+, to study the dense regions in the centers
of active galaxies. They are thought to be good tracers of AGN-driven interstellar
clouds, according to, e.g., Phillips & Lazio (1995); Kohno et al. (2001); Aalto (2004);
García-Burillo et al. (2004); Usero et al. (2004); Aalto et al. (2007b), and references
therein.

Other molecules can be used as thermometers (e.g., NH3, CH3CN, CH3C2H, and
mid- and high-J 12CO lines). However, these often give discrepant temperatures for
the same cloud due to their chemistry being affected by different temperatures and
density conditions (i.e., gradients). This means that they likely do not sample the
same regions inside the cloud. For instance, CH3CN is often found in the warm
and dense core of a cloud, while CH3C2H is found in the cooler and less dense halo
surrounding the core.

High speed shocks (> 20 km s−1) can be traced through emissions of the SiO
molecule from sputtered grains (e.g., Lada et al., 1978; Martin-Pintado et al., 1997;
Usero et al., 2006), while the NS/CS, SO/CS and HCO/H2CO line ratios are expected
to be good tracers of low speed shocks (10−20 km s−1) in hot cores (Viti et al., 2001).

1.4 Active galaxies and active galactic nuclei

A galaxy is considered ordinary if it shows a spectrum dominated by thermal emis-
sion and a spectral shape corresponding to a composite of black-body radiation
(with a maximum usually in the visible or near-IR region of the spectrum) emitted
by billions of stars, interstellar gas and dust. Active galaxies instead show signifi-
cant contribution to its overall luminosity (or energy output) by some process other
than thermal emission, which is mainly associated with synchrotron radiation (Car-
roll & Ostlie, 2006). Usually they exhibit higher luminosities (& 10× LMW

∗) than a
normal galaxy, emitted mainly from their central regions. Depending on the type of
active galaxy, its emitted energy can be observed in the infrared, radio, UV, X-ray
and gamma-ray regions of the electromagnetic spectrum. Due to this particular
feature, simultaneous observations in a multi-wavelength manner are useful to fol-
low the behaviour of active galaxies, as it changes on short (from weeks to months)
timescales.

There are several different, and often overlapping, classes of active galaxies:
e.g., Seyferts, Markarians, Radio Galaxies, Quasi-Stellar Radio Sources (Quasars),
Quasi-Stellar Objects (QSOs), Starbursts (SBs), and Radio-Loud Quasars. A de-
tailed description of these, and other type of active galaxies, can be found in, e.g.,
Robson (2004); Carroll & Ostlie (2006).

What most active galaxies have in common is an Active Galactic Nucleus (AGN).
The generally accepted model of an AGN (Fig. 1.2) assumes the presence of a su-
permassive black hole of between 106 and 109 M� located at the center of the

∗ where LMW is the luminosity of the Milky Way ∼ 2× 1010 L�
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Figure 1.2: Schematic of an Active Galactic Nucleus and the interpretation of the unification theory.
source: http://cassfos02.ucsd.edu/public/tutorial/AGN.html

galaxy. A torus of gas and dust, obscuring the central part of the galaxy, feeds
the black hole through a flat accretion disk of dense material. Large amounts of
gravitational energy are frequently released from the accretion disk in the form of
powerful outflowing jets of hot plasma. This model of galaxy nuclei suggests that
the differences observed between different types of active galaxies are simply a
consequence of different viewing angles and different accretion rates – this is the
unification theory of active galaxies. In contrast to the widely accepted view of
a homogenous obscuring torus, recent high resolution observations and hydrody-
namical simulations suggest that the nuclear obscuration may be due to a rather
clumpy and filamentary molecular/dusty structure (e.g., Sánchez et al., 2009; Wada
et al., 2009).

Many Seyfert galaxies (e.g. the prototypical Seyfert 2 galaxy NGC 1068) have
circumnuclear starburst and hidden nuclear (within a few hundred parsecs from
the center) starburst activity (e.g., Imanishi, 2002, 2003; Rodríguez-Ardila & Vie-
gas, 2003). On the other hand, deeply buried AGNs have been found in many origi-
nally classified as starburst galaxies, like the exotic NGC 4945 (e.g., Marconi et al.,
2000; Brusa et al., 2010). It has been argued that the AGN type could be discrim-
inated not only by the viewing angles but also by the evolution and morphology of
the circumnuclear starbursts (e.g., Umemura et al., 1999; Hunt & Malkan, 2004).
However, it is not clear whether a specific relationship exists between AGN mass
accretion and starbursts at various scales. What is understood is that intense star
formation, black hole accretion and the coalescence of active galactic nuclei, like
Arp 220, are crucial phases in galaxy evolution. Therefore, a brief description of
Seyfert galaxies and starbursts is given in the next section.
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1.4.1 Seyfert galaxies and Starbursts

Seyfert galaxies are mostly spiral galaxies with a tiny core that is about ten times
more luminous than the whole Milky Way. Their brightness can fluctuate on time
scales of about one month, and their spectra show broad forbidden emission lines
(e.g., [O II], [O III], [N II], [Ne III], [S II], [S III]) corresponding to highly ionized gas.
Seyfert galaxies also show strong emission in the infrared, ultraviolet, and X-ray
spectral regions, whereas only less than 5% are radio loud (e.g., Seyfert, 1943;
Osterbrock & Ferland, 2006).

Seyfert galaxies are first classified only on the spectral shape of the emission
lines. Type 1 Seyferts are viewed mostly face-on and show both narrow and broad
emission lines. Detailed descriptions of a subclassification of type 1 Seyferts can be
found in Robson (2004) and Osterbrock & Ferland (2006). Instead, type 2 Seyferts
exhibit only narrow lines since the broad line region (accretion disk and jets) is
obscured by the surrounding molecular and dusty structure due to their mostly
edge-on viewing angle (Khachikian & Weedman, 1974). Because the obscuring ma-
terial is heated by the absorbed emission, type 2 Seyfert galaxies are also powerful
infrared sources.

Several studies of the circumnuclear ionized regions of Seyferts indicate that
many Seyfert galaxies have circumnuclear starburst regions (e.g., Wilson, 1988;
Taniguchi et al., 1990; Cid Fernandes et al., 2001; Watabe & Umemura, 2005;
Davies et al., 2005; Sani et al., 2010). Other observational studies indicate that cir-
cumnuclear starbursts actually obscure some AGNs (Levenson et al. 2001, 2007;
Ballantyne 2008, and references therein).

Estimates of the age of the most recent episode of star formation in the circum-
nuclear region of the prototypical Seyfert galaxy NGC 1068 (the most luminous
nearby type 2 Seyfert) suggest that its starburst is no longer active (Davies et al.,
2007). This result agrees with an early study of a sample of type 2 Seyferts which
indicates that their near and far-infrared luminosity is dominated by post-starburst
emission (Dultzin-Hacyan & Benitez, 1994).

While ordinary galaxies only produce stars on the order of 1 M� per year, star-
burst galaxies exhibit an exceptionally high star formation rate (between 10 and
300 M� of stars per year) in their central kpc. A galaxy will maintain the un-
dergoing starburst for 108− 109 years, which is much shorter than the evolutionary
timescale of a galaxy (e.g., Carroll & Ostlie, 2006). Since only dense clouds can pro-
vide enough material to form stars, the star-forming regions are deeply obscured
by gas and dust absorbing the UV radiation emmitted by the newly formed stars.
Hence, starburst galaxies show strong emission mainly in the infrared region due
to the re-radiation from the heated obscuring dust. The far-IR properties of Seyfert
galaxies, in particular type 2s, were found to be similar to those of starburst galax-
ies (e.g., Rodriguez-Espinosa et al., 1987). All this observational evidence suggests
a causal and/or physical relationship between AGN and circumnuclear starburst
activity, which is discussed in the next section.
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Figure 1.3: Schematic sequence of starbursts, active galactic nuclei, quasars, and spiral galaxies;
formation and evolution from a merging event between gas-rich galaxies (from Hopkins et al. 2008).
Note that the co-existence and interaction between the (X-ray producing) AGNs and starbursts (phase d
and e) occurs in a relatively short period of time (. 0.5 Gyr) in this scenario.

1.4.2 The AGN-starburst connection

An early study by van Breugel et al. (1985) suggests that some starbursts may be
triggered by radio jets from AGNs. Conversely, Norman & Scoville (1988) showed
in later calculations that a compact central mass can be formed (and grow to a
massive black hole) as a result of mass loss during post-main-sequence stellar evo-
lution in a starburst galaxy. It was also proposed by Norman & Scoville (1988)
that galactic interactions and mergers can form massive central star clusters. This
model follows the generally accepted view, founded by Larson & Tinsley (1978),
that interactions and mergers can trigger starbursts.

Subsequent observations showed that a merger event appears to be a more effi-
cient mechanism to generate starbursts than interactions between galaxies (Bergvall
et al., 2003). Although mergers seem to be needed to create starburst, it is not a
sufficient condition. Dark matter, angular momentum flow and star formation pro-
cesses in general may play an important role as well. Recent simulations by Martig
& Bournaud (2008) indicate that the large-scale tidal field can enhance the merger-
driven star formation activity of galaxies, and is particularly efficient at high (z > 1)
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redshifts. Similarly, many AGN galaxies have interacting companions that can be
the source of fuel for their central black hole (e.g., Carroll & Ostlie, 2006; Ivison
et al., 2008; Koss et al., 2010; Smith et al., 2010, and references therein). Although,
estimates from extinction-corrected [O III] luminosities of a sample of AGNs suggest
that the accretion rate onto the black hole does not depend on the presence or ab-
sence of companions (Li et al., 2008).

All these models, as well as several other observations (e.g., Soltan, 1982;
Magorrian et al., 1998; Ferrarese & Merritt, 2000; Graham et al., 2001; Häring
& Rix, 2004), indicate that most AGNs and intense starbursts must originate from
a common physical process. A plausible scenario considers that starbursts, super-
massive black hole growth, and the formation of red elliptical and sub-millimeter
galaxies (SMGs), are connected through an evolutionary sequence caused by merg-
ers between gas-rich galaxies (e.g., Hopkins et al., 2006, 2008; Tacconi et al., 2008;
Narayanan et al., 2009, 2010). Figure 1.3 shows a schematic sequence of events
and phases in the evolution and formation of SBs, SMGs, QSOs and AGNs. In this
scenario, galactic disks grow mainly in quiescence, with the possibility of secular-
driven bar or pseudo-bulge formation, until the onset of a major merger. A signifi-
cant fraction of Seyferts and low-luminosity quasars is expected to arise from this
secular evolution (Hopkins et al., 2008).

Thus, the SBs and AGNs, producing strong UV and X-ray radiation, seem to be
co-eval. The interaction processes (phase d and e in Fig. 1.3) between these two
sources of energy and activity that dominate the formation and emission of molec-
ular gas, is one of the long-standing issues concerning active galaxies. Galaxies
that show the characteristic properties of both SBs and AGNs seem to be more lu-
minous than normal AGN galaxies (Cid Fernandes et al., 2001). And several efforts
have been made to determine whether the atomic and molecular emission is driven
mainly by the SB or AGN (e.g., Cid Fernandes et al., 2001; Farrah et al., 2003;
Sanders et al., 2004; Sanders & Ishida, 2004; Aalto et al., 2007b,a; Albrecht et al.,
2007; Farrah et al., 2007; Aalto, 2008; Krips et al., 2008).

In order to contribute to these efforts, studies of high density tracers (HCN,
HNC, CN, and HCO+) in a group of Seyfert galaxies (NGC 1068, NGC 1365, NGC 3079,
NGC 7469, NGC 2623), and spectral maps of IR fine-structure lines ([Ne II], [Ne V],
[S II], [S III]) in the nucleus of NGC 4945 are presented in this thesis as well. Ad-
ditionally, diffuse and warm gas ([C I], and mid-J 12CO and 13CO lines), as well as
dense gas (HCN and HCO+ J = 4→ 3 lines) is studied in the Galactic star forming
region M17 SW with high resolution maps. These maps will be useful to compare
to future maps of molecular clouds in the nuclear region of Seyfert galaxies that
will be resolved with ALMA. An spectroscopy analysis of high resolution hydrody-
namical simulations of an AGN torus is also included in this thesis, and the basic
formalism of the simulations is presented in the next section.
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1.5 Hydrodynamic simulations of an AGN

The above sections indicate the interplay between star formation and black hole
growth in galaxy centers from an observational perspective. Three-dimensional ra-
diative magneto-hydrodynamic calculations with high resolution (sub–parsec) and
large dynamic range (e.g., from 100 Schwarzschild radii to 100 pc) are necessary to
construct physical models of the ISM influenced by star formation activity and the
proximity of a supermassive black hole (SMBH). Only a few hydrodynamic studies
of the central tens of parsecs of galaxies have been done so far (Wada & Norman
2002; Wada & Tomisaka 2005; Yamada et al. 2007; Schartmann et al. 2009; Wada
et al. 2009). In this section we present the numerical method (set equations) used,
as background for Chapter 5.

Simulations of the three-dimensional evolution of a rotating gas disk in a fixed
spherical gravitational potential have been performed using a numerical scheme
based on Eulerian hydrodynamics with a uniform grid. This scheme is the same
as that described in Wada & Norman (2001), Wada (2001) and Wada et al. (2009).
These studies of the evolution of the ISM in the inner 100 pc region around a
SMBH take into account self-gravity of the gas, radiative cooling and heating due
to supernovae (SNe) and due to a uniform FUV radiation field. All these features
are summarized in the following equations, which are solved numerically

∂ρ/∂t+∇ · (ρv) = 0, (1.9)

∂v/∂t+ (v · ∇) v +∇p/ρ = −∇Φext −∇ΦBH −∇Φsg, (1.10)

∂E/∂t+∇ · [(ρE + p) v] /ρ = ΓUV (G0) + ΓSN + v · ∇Φ− ρΛ (Tg, fH2 , G0) , (1.11)

∇2Φsg = 4πGρ, (1.12)

where Φ is gravitational potential (Φ ≡ Φext + ΦBH + Φsg) and the specific total
energy E is defined as

E ≡ |v|2/2 + p/ (γ − 1) ρ, (1.13)

with γ = 5/3. A time-independent external potential Φext is assumed and defined
as

Φext ≡ −
√

(27/4)
[
v2

1/
(
r2 + a2

1

)1/2
+ v2

2/
(
r2 + a2

2

)1/2]
, (1.14)

where a1 = 100 pc, a2 = 2.5 kpc, v1 = v2 = 147 km s−1. The potential ΦBH associated

with the central black hole is defined as ΦBH ≡ −GMBH/
(
r2 + b2

)1/2
, where MBH =

1.3×107 M� and b = 1 pc. A rotation curve based on the external potentials Φext and
ΦBH, and the adopted mass distribution with a core radius a1 of 100 pc is shown in
Wada et al. (2009). This estimated curve is roughly consistent with rotation curves
derived from VLTI/Keck observations of nearby Seyfert nuclei (Hicks et al., 2009).
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The hydrodynamic part of the equations is solved by a second-order advection
upstream splitting method (AUSM) based on Liou & Steffen (1993). The Poisson
equation, Eq.(1.12), is solved to calculate the self-gravity of the gas using the Fast
Fourier Transform (FFT) and the convolution method. A grid of 10242 × 512 points,
and a periodic Green’s function, are used to calculate the potential of an isolated
system (Hockney & Eastwood, 1981).

The cooling function Λ (Tg, fH2 , G0) used in the energy equation, Eq.(1.11), is
based on a radiative transfer model of photodissociation regions (PDRs; Meijerink
& Spaans 2005). This cooling function depends on the molecular gas fraction fH2 ,
the intensity of the FUV radiation field, G0, and the gas temperature Tg which
ranges between 20 K and 108 K. For a detailed description of this cooling function
see Wada et al. (2009, their Appendix B).

The low resolution model of Wada et al. (2009), with 2562 × 128 grid points, was
used as input for the XDR chemical model and the 3-D radiative transfer calcula-
tions described in Chapter 5. This cartesian grid covers a 642×32 pc3 region around
the galactic center (giving a spatial resolution of 0.25 pc).

Using these simulations, predictions can be made for ALMA by incorporating
X-ray chemistry (XDRs). Observables, like line maps of 12CO, HCN, and [C I], are
constructed through the use of a 3-D radiative transfer code. As specific applica-
tion, focus is on the distinction between SBs and AGNs through HCN/HCO+ ratios
and very high-J 12CO lines, as well as the X-factor.

1.6 Observatories

Several telescopes (listed below) were used during the last four years and many
observational data were gathered after successful proposals and observing runs.
Not all these data are presented here because some of them were affected by the
bad weather conditions or by instrumental problems found at the time of the obser-
vations. Whereas other data are not conclusive enough to account for a publication
and further observations are planned to complement those data. Nevertheless, the
studies included in this thesis are the most representative ones of all the areas of
astrophysics research I am interested, and that I managed to get involved in, dur-
ing the course of my Ph.D. All the observatories I visited and/or managed to get
data with are:

• the Onsala Space Observatory (OSO∗) 20m telescope at ∼ 23 m altitude in
Onsala, Sweden.

• the Combined Array for Research in Millimeter-wave Astronomy (CARMA†) at
2, 196 m altitude in Cedar Flat, eastern California, U.S.A.

• the Very Large Telescope (VLT‡) at 2, 635 m altitude on the Paranal hill, south
of Antofagasta, Chile.

∗ http://www.chalmers.se/rss/oso-en
† http://www.mmarray.org/
‡ http://www.eso.org/public/teles-instr/vlt/
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• the Institut de Radioastronomie Millimétrique (IRAM∗) 30m telescope at 2, 850 m
altitude in Pico Veleta, Granada, Spain.

• the Submillimeter Array (SMA†) at 4, 080 m altitude at the foot of Pu’u Poli’ahu,
Mauna Kea, Hawaii.

• the James Clerk Maxwell Telescope (JCMT‡) at 4, 092 m altitude at the foot of
Pu’u Poli’ahu, Mauna Kea, Hawaii.

• the Atacama Pathfinder EXperiment (APEX§) telescope at 5, 105 m altitude on
the Chajnantor plateau, Atacama desert, Chile.

• the Spitzer¶ space telescope, in Earth-trailing Heliocentric orbit, at about
124, 078, 174 km from Earth.

1.7 This thesis

In this thesis, several mm and IR spectral observations are used to assess the dom-
inant source of excitation in the nuclear regions of starburst and Seyfert galaxies,
as well as in a Galactic star-forming region. A 3-D hydrodynamical model of an
AGN is studied in order to provide different diagnostics for future high resolution
observations of nearby and high redshift active galaxies.

Outline of the thesis

In Chapter 2 , we estimate and discuss the excitation conditions of HCN and HNC
in a sample of five Seyfert galaxies, based on single dish observations of the
J = 3 → 2 and J = 1 → 0 transitions, and the line intensity ratios between
them. We also observed CN J = 1 → 0 and J = 2 → 1 emission and discuss
its role in photon and X-ray dominated regions.

In Chapter 3 , we use single dish observations of the J = 4→ 3 transition of HCN,
HNC, and HCO+, as well as the CN NJ = 25/2 → 13/2 and NJ = 35/2 → 25/2,
to constrain the physical conditions of the dense gas in the central region
of the Seyfert 2 galaxy NGC 1068 and to determine signatures of the AGN
or the starburst contribution. We estimate the excitation conditions of HCN,
HNC, CN, and HCO+ based on the line intensity ratios and radiative transfer
models. We discuss the results in the context of models of irradiation of the
molecular gas by UV light and X-rays.

∗ http://www.iram-institute.org/EN/30-meter-telescope.php
† http://www.cfa.harvard.edu/sma/
‡ http://www.jach.hawaii.edu/JCMT/
§ http://www.apex-telescope.org/
¶ http://www.spitzer.caltech.edu/
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In Chapter 4 , we map of the central region of NGC 4945 using three of the four
Spitzer-IRS modules (SH, SL and LL). We produce maps of the flux distribu-
tion of the starburst tracers [Ne II], [Ne III], [S III], and [S IV] at 12.81, 15.56,
18.71, and 10.51 µm, respectively, and a map of the AGN narrow-line re-
gion tracer [Ne V] at 14.32 µm. We determine the spatial distribution of ISM
emission and absorption features, which allow to characterize the physical
conditions in the frosty exotic ISM exposed to the hostile radiation from the
circumnuclear starburst and the deeply buried AGN.

In Chapter 5 , we estimate the effects (in terms of chemical abundances and exci-
tation) of X-ray irradiation from an AGN, in the atomic and molecular gas of a
three-dimensional hydrodynamic model of an AGN torus. A three-dimensional
radiative transfer code that uses Monte-Carlo techniques with fixed directions
is adapted to use the 3D hydrodynamical model (temperature, density and
velocity field) as input. A line tracing approach is used to compute line inten-
sities and profiles for arbitrary viewing angles. Several atomic and molecular
diagnostic lines can be tested.

In Chapter 6 , we used the dual color multiple pixel receiver CHAMP+ on the
APEX telescope to obtain a 5′.3 × 4′.7 map of the J = 6 → 5 and J = 7 → 6
transitions of 12CO, the 13CO J = 6 → 5 line, and the 3P2 → 3P1 370 µm fine-
structure transition of [C I] in the nearly edge-on M17 SW nebula. With these
high resolution (7′′−9′′) maps (∼ 3×3 pc2) we constrain the ambient conditions
(using LTE and non-LTE radiative transfer models) and spatial distribution of
the warm (50 to several hundred K) and dense gas (n(H2) > 105 cm−3) across
the interface region of M17 SW.

In Chapter 7 , we probe the ambient conditions and spatial distribution, as well
as the influence of UV and (hard) X-rays, of the difuse (n(H2) ∼ 103 cm−3) and
dense gas (n(H2) > 105 cm−3) towards the core of M17 SW. The dual color
single pixel receiver FLASH on the APEX telescope was used to map a 4.1
pc × 4.7 pc region in emission from the 3P1 → 3P0 609 µm fine-structure
transition of [C I], and the APEX-2 SIS receiver was used to map the emission
from the J = 4→ 3 transition of HCN and HCO+ in a smaller region of 2.6 pc
× 1.3 pc.
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