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Summary

ON a typical clear night in the north-
ern sky of Chile it is possible to ap-

preciate, with the naked eye, an elon-
gated dark cloud covering a bright bulge
surrounded by countless stars. In the
picture (right) taken by Alexandru Tu-
dorica at the foot of the Cerro Tololo
Inter-American Observatory (CTIO), lo-
cated about 500 km north of Santiago,
Chile, the constellations of Scorpius (top
left) and Sagittarius (bottom right) can be
seen above and below, respectively, the
dark lane crossing the sky. The white and
fuzzy bulge is the center of our Galaxy,
the Milky Way (MW) - translated from the
Latin Via Lactea.
Because the Galactic plane is inclined by
∼60◦ to the ecliptic (the plane of the
Earth’s orbit), the Galactic center is seen
nearly edge-on from the Earth. Hence, all
the material that lies between the stars,
which corresponds to the dark lane in the
picture and that is constituted by numer-
ous clouds of interstellar gas and dust
found in the spiral arms of the Galaxy, ob-
scures the bright Galactic center.

The Milky Way in the Southern Hemisphere, with

the bright Galactic center in the middle of the

picture, as seen in the sky above the north of

Chile. This is an image taken with a digital cam-

era by Alexandru Tudorica.

Due to the strong gas and dust obscuration that affects mostly the visible region
of the spectrum, indirect methods and observations at other wavelengths (e.g.,
millimeter, sub-millimeter, infra-red, and X-ray wavelengths) are required to study
the galactic center of the majority of galaxies in the Universe, including the MW.
The centers of most galaxies are believed to host a supermassive black hole, and
they show different levels of brightness, star formation activity and accretion rates
of matter into their black holes. Even our own Galaxy has been found to host a
black hole in its center. However, the MW is less bright and active than many other
galaxies undergoing strong star formation activity. This suggests that the MW is
currently in a rather quiet state.
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Artistic representation of an active galactic nucleus (AGN) and the interpretation of the unification

theory depending on the line of sight to the central region. The extreme luminosity of an AGN is

powered by a supermassive black hole at the center. Some AGN have jets, while others do not.

Image credit: Aurore Simonnet, Sonoma State University.

An ordinary galaxy like the MW 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-infrared region of the spectrum)
emitted by billions of stars, interstellar gas and dust. Active galaxies instead
show significant contribution to their overall luminosity (or energy output) by some
process other than thermal emission. 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 (IR), radio, ultraviolet (UV), X-ray and gamma-ray regions of the electro-
magnetic spectrum.

What most active galaxies have in common is an Active Galactic Nucleus (AGN).
The figure above shows the generally accepted model of an AGN, which assumes
the presence of a supermassive black hole of between 106 and 109 times the mass of
the Sun (M�) located at the center of the 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.

Some of the several types of active galaxies are known as Seyfert galaxies,
which are mostly spiral galaxies with a tiny core that is about ten times more lu-
minous than the whole MW. Their brightness can fluctuate on time scales of about
one month, and their spectra show broad forbidden emission lines (e.g., [O II], [O

∗ where LMW is the luminosity of the Milky Way ∼ 2× 1010 times the luminosity of the Sun (L�)
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III], [N II], [Ne III], [Ne V], [S III], [S IV]) corresponding to highly ionized gas. Seyfert
galaxies also show strong emission in the IR, UV, and X-ray spectral regions.

While ordinary galaxies only produce stars on the order of 1 M� per year, other
types of active galaxies, known as starbursts, exhibit an exceptionally high star
formation rate (between 10 and 300 M� of stars per year) in their central kilo
parsec (1 parsec ≈ 3.086 × 1016 meters). This type of galaxies can maintain the
ongoing starburst for 108 − 109 years, which is much shorter than the evolutionary
timescale of a galaxy. Since only dense clouds can provide enough material to form
stars, the star-forming regions are deeply obscured by gas and dust absorbing the
UV radiation emitted by the newly formed stars. Hence, starburst galaxies show
strong emission mainly in the infra-red region due to the re-radiation from the
heated obscuring dust.

Observational evidence suggests a physical relationship between AGN and cir-
cumnuclear starburst activity. The far-IR properties of Seyfert galaxies have been
found to be similar to those of starburst galaxies. Many Seyfert galaxies have cir-
cumnuclear starbursts and hidden nuclear starburst activity. On the other hand,
deeply buried AGNs have been found in many galaxies originally classified as star-
bursts. Intense star formation, black hole accretion and the coalescence of active
galactic nuclei are crucial phases in galaxy evolution. How these processes inter-
act and drive feedback in galaxy centers, and the impact that they have on the
(mostly dense, molecular) interstellar medium and star-forming gas, is far from
understood. The irradiation by UV and X-ray photons, as well as other thermo-
dynamical processes responsible for the feedback (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 many molecules. Stud-
ies of atomic and molecular emission triggered by the processes mentioned above
can advance our understanding of the interaction and feedback processes between
the accreting black hole and the starburst activity, and their effects on the (mostly
dense, molecular) interstellar medium and star-forming gas.

Driving molecular and atomic emission in nearby active galaxies

This thesis is devoted to the study of the physical conditions of the interstellar
medium (ISM) in AGNs and Galactic star-forming regions, using mostly single-dish
millimeter observations. I first study the ambient (excitation) conditions of dense
gas (n(H2) > 104 cm−3) in a group of Seyfert galaxies using radiative transfer mod-
els (Chap. 2). One of the goals is to determine the source of the bright emission of
the HNC molecule observed in those galaxies. Some of the questions I address here
are: is there a large mass of cold hidden gas?, and is the chemistry dominated by
ion-neutral reactions or by X-ray irradiation?. I then study the particular case of the
prototypical Seyfert galaxy NGC 1068, and try to distinguish signatures of the con-
tributions from the AGN and the starburst ring, by incorporating observational data
of high-J transitions of dense gas tracers (Chap. 3). Here I estimate, and correct
the observations for, the starburst contribution that may contaminate the emission
of the low-J transitions. Observations of more transitions allow to better constrain
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the ambient conditions derived from the radiative transfer models. Later, I ven-
ture into the mid-infrared spectral region to study different aspects of the AGN
and starburst components in the nearby galaxy NGC 4945 (Chap. 4). The main
goals are to determine the distribution of the ISM and to associate the emission
of fine-structure lines to different sources of excitation (e.g., starburst ring, super-
nova remnants, outflows). In Chap. 5, I delve into theoretical aspects of the mass
and dynamical evolution of the circumnuclear gas in an AGN torus. I use a three-
dimensional (3-D) high-resolution (0.25 pc per pixel) hydrodynamic simulation and
incorporate the abundances of several species derived from a model of chemical
evolution driven by X-rays. The aim is to understand the effects of X-ray irradiation
by the AGN on the temperature, formation and destruction of the molecular gas. I
finally explore a Galactic star-forming region known as the Omega Nebula (or M17)
with high resolution single dish observations, to study the properties of the warm
gas and to constrain the chemical models (Chaps. 6 and 7).

High spatial resolution observations of Galactic star-forming regions and the
Galactic center are particularly important since molecular clouds of the size of
maps (∼ 3× 3 pc2) reported in Chaps. 7 and 6 will be resolved spatially by ALMA∗,
at the distance of nearby galaxies like the prototypical Seyfert NGC 1068 (D ∼
14 Mpc, Chap. 2 and 3) or the luminous infrared galaxy NGC 4945 (D ∼ 3.7 Mpc,
Chap. 4). As such, star-forming regions in our own Milky Way can serve as tem-
plates for a direct comparison with such regions in active galaxies that will become
observable with ALMA in the coming years.

The millimeter and mid-IR data that I have collected from observations toward
the galaxies NGC 1068, and NGC 4945 (Chaps. 2, 3 and 4), will provide diagnostics
for unification models of galaxies and the effects of viewing angle. Interferometric
studies of the thermodynamics of molecular gas in the merging system Arp 299
will give insights to the triggering of young starbursts, and pave the road for future
observations with ALMA.

The higher excitation lines of CO, the fine-structure lines of neutral and ionized
atomic carbon, nitrogen and oxygen that are (and will be) accessible with cur-
rent and future instruments like APEX†/CHAMP+, Herschel‡/SPIRE & PACS and
SOFIA§/GREAT will allow to explore the dense and hot (feedback affected) gas in
the Galactic center, nearby galaxies, AGNs and starbursts. These lines will be used
to probe the physical conditions in regions of active star formation with low and
high metallicity (i.e., any element beyond He), allowing the investigation of the
role that metallicity plays in the physical structure of star-forming gas and its ef-
fect on emission lines. The observational data will be used to constrain theoretical
models based on the 3-D hydrodynamical and chemical simulations of galactic nu-
clei (Chap. 5). The line intensity maps obtained from the 3-D radiative transfer
code, will be used to guide and interpret extra-galactic observations that will be
done with the facilities mentioned above.

∗ http://www.almaobservatory.org/
† http://www.mpifr.de/div/mm/technology_projects/apex.html
‡ http://herschel.esac.esa.int/
§ http://www.sofia.usra.edu/


