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Abstract
The molecular phase of the interstellar medium (ISM), essential for star formation

(SF) and central to galaxy evolution, undergoes signi�cant changes in its properties

due to feedback processes from SF and active galactic nuclei (AGNs). Both newly

formed stars and AGNs emit high-energy radiation, particularly far-UV and X-rays,

creating photodissociation regions (PDRs) and X-ray dominated regions (XDRs) in the

ISM, in
uencing its heating/cooling rates and chemistry. Furthermore, they both inject

turbulence and induce molecular out
ows, considered crucial factors in shaping galaxy

evolution. In this Thesis, we utilize both observational and theoretical approaches to

quantify the impact of AGNs on molecular gas from both radiative and kinematical

perspectives. To trace and examine its excitation conditions, we employ carbon monoxide

(CO) emission, its spectral line energy distribution (SLED), and its spatially resolved

kinematics. We �rst deliver a study on the relative contribution of SF and AGN in a new

sample of X-ray selected local active galaxies, utilizing a comprehensive collection of

multiwavelength observational data. We then present a new physically-motivated model

for estimating CO excitation and line emission in active galaxies, leveraging the previously

collected observations. The model, namedgalaxySLEDand publicly released, takes

into account the internal density structure of giant molecular clouds (GMCs), the heating

and cooling in PDRs and XDRs, and the GMC mass distribution. Finally, we provide

a detailed kinematical analysis on the multiphase ISM in NGC 5506, a nearby Seyfert

galaxy with out
ow signatures. We did not detect evidence for AGN in
uence on the

cold and low-density gas on kpc-scales. This is also re
ected by our model's indications

for a Galactic CO-to-H2 conversion factor in AGNs. Nevertheless, we �nd the AGN

dominating CO excitation and in
uencing its spatial distribution and kinematics within

the central kpc. On the one hand, this may become apparent only by taking into account

the actual distribution of molecular gas density and the e�ect of X-ray irradiation on it.

On the other hand, a detailed modelling of the gas kinematics is necessary to interpret

non-circular motions in the AGN vicinity. In conclusion, this Thesis demonstrates that

AGNs impact both the excitation and kinematics of molecular gas. This in
uence is

observable primarily in the central regions and requires careful comparisons of models

and observations. Considering that the central regions of star-forming galaxies typically

host the bulk of molecular gas and SF, this impact may constrain SF e�ciency, ultimately

contributing to its quenching.
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1
Introduction

Away from city lights, on a moonless summer night, it is easy to see the Milky Way.

Within some constellations, such as Cygnus, Cassiopeia, and Perseus in the north, and

the Southern Cross and Centaurus in the southern hemisphere, di�use light seems to

link the luminous stars: this is the combined glow of millions of stars situated tens of

thousands of light-years away (or parsecs, where 1 pc = 3.26 light years). The bright

stars of Cassiopeia and Centaurus, on the other hand, are between 10 and 100 pc from

us. It is as if we live in the countryside of the Galaxy1, with sparse lights around us |

corresponding to nearby houses | while the city lights in the distance are packed and

aligned. Upon closer inspection, beneath an exceptionally dark sky, we start to recognize

interesting areas along the Milky Way line: clumps of di�use light, and mysteriously

dark patches, as if someone painted them with a black marker (e.g. Figure 1.1). The

former are called star clusters (see the reviews by Lada & Lada, 2003; Portegies Zwart

et al., 2010; Krumholz et al., 2019), and predominantly host very young stars, still close

together because they did not have enough time, during their trip around the centre of the

Galaxy, to lose track of their sibling stars. We know their age thanks to their colour and

to our solid understanding of stellar evolution (Iben, 1967, 1974; Renzini, 1977; Iben &

Renzini, 1983). The latter have been initially called dark clouds, since they cover what

is beyond (and within) them. We now know they are dark thanks to their high density

and cold temperature, and due to their chemical mix of dust and molecular gas. For this

reason, we now usually refer to them as molecular clouds: these are the gas clouds from

which stars are born, and they are one of the main actors of this Thesis.

1We use the names Milky Way and Galaxy interchangeably to indicate our galaxy
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Figure 1.1: Overexposed photo of a portion of the Milky Way, showing isolated stars, star
clusters and dark clouds. Credits: A. Fujii/NASA

1.1 Historical overview

1.1.1 The molecular clouds

The �rst to observe the molecular clouds with a telescope was probably William Herschel,

who notably called them "Holes in the heavens" (Herschel, 1785). A bit more than a

century ago, Barnard (1919), with the "invaluable aid" of his niece Mary Ross Calvert,

published the �rst catalogue of the "Dark markings of the sky". Bok & Reilly (1947)

and Bok (1948) recognized the association of these dark clouds with star formation.

The direct detection of the molecular interstellar medium (ISM) started slightly before,

with the �rst optical observation of methylidyne (CH, at_ = 4300�A, by Dunham, 1937;

Swings & Rosenfeld, 1937; McKellar, 1940), but it was only with the development of

radio telescopes that we really started to "see" the molecular clouds (Figure 1.2), with

the emission of neutral hydrogen (ata = 1•42GHz, see Ewen & Purcell, 1951; Muller &

Oort, 1951), followed by the �rst molecular radio detection (the hydroxyl radical OH,

at a = 1•67 GHz, by Weinreb et al., 1963). Finally, the emission of the lowest-energy

rotational line of carbon monoxide (CO), the CO(1 � 0) at 115 GHz, was detected by

Wilson et al. (1970). Since then, many molecules have been observed in space: the most

2



Figure 1.2: (a) Photographic image of the Taurus molecular cloud taken by E.E. Barnard
(Barnard 1919). (b) 13CO (1 � 0) integrated emission map of the same region obtained using the
Five College Radio Astronomy Observatory. Blue crosses mark the location of known stellar and
protostellar objects and the emission colour scale ranges from 0.5 to 10 K km s� 1. Image from
Bergin & Tafalla (2007).
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recent catalogue (McGuire, 2022) lists 241 individual molecular species, composed by a

number of atoms between 2 and 70.

Molecules can survive only in cold climates. On the Earth we have plenty of

molecules thanks to our stable cold temperature, while in the Galaxy the di�use gas

surrounding stars is at thousands of degrees: molecules are destroyed in such regions,

and most electrons even leave the atoms. Molecular clouds remain cold (down to� 10K)

thanks to a combination of mechanisms, mainly the self-shielding of molecular hydrogen

(H2) at column densities# H ¡ 1014 cm� 2, and the e�cient cooling through molecular

lines (mostly CO). These mechanisms will be reviewed in Section 1.2.

Thanks to its cold temperature, the molecular gas can form large aggregates, called

Giant Molecular Clouds (GMCs), with typical masses" GMC � 105 M � , and typical

sizes of� 30� 50pc (see e.g. Omont, 2007; Chevance et al., 2020a, 2023a). Such clouds

are massive enough to feel their own gravity, but can remain stable thanks to the balance

of magnetic and turbulent pressure acting against the gravitational collapse. Within them

it exists a complex hierarchical structure of so-called clumps (50� 500M � ) and cores

(0•5 � 5 M � , e.g. the review by Bergin & Tafalla, 2007), which can be also described

with fractal dimensions (e.g. Elmegreen & Falgarone, 1996; Stutzki et al., 1998; Elia

et al., 2018). We will discuss in more detail on GMCs and their internal structure in

Section 1.2.5.

The theory of gravitational collapse was �rstly outlined by Jeans (1902). It says that,

in an isothermal and uniform medium of mean densityd, there is a maximum size for

gravitational stability, called the Jeans length:

_� =

s
c22

B

�d
– (1.1)

where2B is the sound speed, and� = 6•67� 10� 8 cm3 g� 1 s is the gravitational constant.

We can calculate the corresponding Jeans mass as" � = ¹4c•3º¹_� •2º3d (see also

Binney & Tremaine, 1987). If we put reasonable values for a GMC (d = 6 � 10� 22 g

cm� 3, 2B = 3 km s� 1), we obtain" � = 130M � , which is orders of magnitude below

typical GMC masses. According to Jeans theory, then, such massive clouds should

collapse in a free-fall time, i.e. inC� =
p

3c•¹ 32�d º � 3 Myr. Given that the total mass

of molecular gas in the Milky Way is" H2 � 109 M � (see Heyer & Dame, 2015, and

references therein), and that most of it is in GMCs, we can calculate the star formation

rate (SFR) of the Milky Way as

SFR= n�
" H2

C�
� 300n� M � yr� 1 – (1.2)
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wheren� is the (unknown) e�ciency per free-fall time of the star formation process

(Krumholz & McKee, 2005). Given that the observed Galactic SFR is� 1 � 3 M � yr� 1

(Robitaille & Whitney, 2010; Chomiuk & Povich, 2011; Licquia & Newman, 2015), this

would mean that the GMCs form stars with a very low e�ciency ofn� � 10� 2 (see the

discussion in Krumholz et al., 2019; Chevance et al., 2023a, and references therein).

Turbulence is widely observed in GMCs (Larson, 1981; Evans, 1999; Heyer &

Brunt, 2004; Merello et al., 2019) and it is typically invoked as a mechanism to

counteract gravitational collapse (see reviews by Mac Low & Klessen, 2004; Ballesteros-

Paredes et al., 2007; McKee & Ostriker, 2007; Hennebelle & Falgarone, 2012), thereby

maintaining a lown� . Another physical mechanism that could support the gravitational

inward collapse of a GMC is magnetic pressure (a theory �rst developed by Mouschovias

& Spitzer, 1976; Nakano, 1976; Shu, 1977). The presence of magnetic �elds in molecular

gas is known primarily through the observation of polarized radiation from dust grains

(see review by Andersson et al., 2015). Although constituting less than1%of the gaseous

mass in a star-forming galaxy (Casasola et al., 2020), dust is a crucial component of the

ISM, particularly in molecular gas, as H2 mainly forms on the surfaces of dust grains

(Hollenbach & Salpeter, 1971; Tielens, 2005). The in
uence of dust on molecular

gas will be further discussed in Section 1.2, and dust emission will be addressed in

Section 2.3.5.

At some point, the dense cores within a GMC undergo collapse, and this can also

accrete more mass from the surrounding gas, leading to the formation of a rotating disc.

Many questions are still open regarding the physical processes from which dense cores

form a star (see McKee & Ostriker, 2007, for a review). We know that the youngest

stellar clusters in the Galaxy are closely associated with massive molecular cores (e.g.

NGC 2024, NGC 1333, Ophiuchi, MonR2, and Serpens, see the review by Lada & Lada,

2003). A spectacular example is given by the Orion Nebula, the nearest active site of

massive star formation (Figure 1.3, Robberto et al., 2013; McCaughrean & Pearson,

2023). Massive young stars (spectral types O and B, OB from now on) are the strongest

stellar emitters of extreme-ultraviolet (EUV,�a = 13•6 � 150eV) and far-ultraviolet

(FUV, �a = 6 � 13•6 eV) photons. The EUV photons are able to dissociate molecules

and ionise the gas, so that the regions immediately surrounding these stars are called

HII regions (i.e. where most of H is ionised). Once the EUV photons are completely

extinguished by the ISM, it begins a gaseous region called photo-dissociation region

(PDR, Tielens & Hollenbach, 1985), where the FUV photons dominate the gas heating

processes. We will discuss in detail about PDRs in Section 1.2.

Most of the stars in the Galaxy (and probably in the other galaxies as well) are born

in clusters comprising 100 or more members (as observed in the Orion Nebula Cluster,
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Figure 1.3: The Orion Nebula imaged by the HST (top right panel, from Robberto et al., 2013)
and the JWST (bottom panel, from McCaughrean & Pearson, 2023). The position of the nebula
is indicated by a white arrow in the Orion constellation (top left panel, image from Encyclopedia
Britannica). The black square in the HST image shows the JWST image �eld of view, and it
measures10•95� 7•45 arcmin2, or 1•24� 0•85 pc assuming a distance of 390 pc (McCaughrean
& Pearson, 2023).
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