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Abstract

In this Thesis I investigate how, and to which extent, Active Galactic Nuclei (AGN)
activity affects the properties of the host-galaxy interstellar medium (ISM). AGN are
thought to regulate the host star formation (SF) by injecting large amount of energy in
the circumnuclear region, either suppressing or enhancing the formation of new stars.
To understand the interplay between AGN and SF multi-wavelength approach is needed,
which allows us to trace the different gas components, as well as to identify the relative
contributions of nuclear and SF activity to the galaxy global budget. Local Seyfert
galaxies are the perfect laboratories to study whether and on which scales the emission
from the AGN affects the properties of the host-galaxy ISM. Well suited candidates for
this study are the Seyfert galaxies from the 12 um galaxy sample (12MGS; Rush et al.
1993), a representative and unbiased collection of AGN in the local Universe, which
benefits from an extensive observational coverage, from X-rays to radio frequencies.

In this context, I consider the sample of local Seyfert galaxies by Gruppioni et al.
[2016], which are drawn from the 12MGS and benefit from a detailed spectral energy
distribution decomposition (SED) as reference sample for our study. I adopt a two-fold
strategy: on the one hand, by exploiting observation in the X-ray band, I characterise
the AGN activity to unveil its intrinsic power; on the other hand, using interferometric
and single-dish observations, I investigate the properties of the molecular gas, the key
ingredient to form new stars, and potentially involved in the supermassive black hole
(SMBH) accretion.

In the first part of the Thesis, I focus on the X-ray properties (e.g., intrinsic luminosity,
level of obscuration) of 32 out of the 36 Seyfert 2 galaxies studied by Gruppioni et al.
[2016], with available X-ray observations. Our goal is to use the 12MGS Type 2 AGN
as a reference sample at low redshift, e.g. to study the column density distribution with
limited bias. I present the result of a systematic analysis of the X-ray properties of the
Seyfert 2 galaxies in our sample. To investigate the characteristics of the torus in different
bands, i.e. the dusty compact structure which is responsible for the AGN obscuration,
I compare the level of obscuration estimated from the X-ray spectral analysis, with the
one derived from the strength of the 9.7 um silicate feature in the mid-IR. I find that the
column density of the obscuring material measured from the X-ray analysis, correlates
with the strength of the silicate features as measured in the mid-IR.



In the second part of the thesis, I determine the molecular gas properties of 33 out of
the 36 Seyfert 2 galaxies from Gruppioni et al. [2016] by using single-dish observations
tracing the CO emission line, the more commonly adopted tracer of the cold molecular
gas component. I derive the molecular gas masses and the relative depletion times for
our sample of AGN. By comparing our results with a control sample of inactive galaxies,
I infer if the nuclear activity affects the molecular gas reservoir in its host. I also asses
the influence of AGN on the emission of mid-IR features, in particular on the emission
from the polycyclic aromatic hydrocarbon (PAH) molecules, which are widely used as
SF tracers. The sample of local Seyfert 2 galaxies shows depletion times similar to that
in the control sample of star-forming galaxies (SFGs). Furthermore, the luminosity of
the PAH features in galaxies hosting an AGN are relatively fainter than in SFGs. In
the end, 29 out of the 36 Seyfert 2 galaxies from Gruppioni et al.|[2016] benefit from
the complementary analysis of both the AGN (the first section) and the properties of
the host-galaxy ISM (the second section), resulting in one of the first statistically large
samples of local AGN with such an extensive characterisation.

Finally, I apply our multi-wavelength strategy on a test case galaxy, NGC 7213,
drawn from the same parent sample [Gruppioni et al., 2016], which came out to be of
particular interest because of the kinematical modelling on ALMA data, which reveals the
presence of two molecular outflow, likely driven by stellar activities. I complement the
analysis with a detailed X-ray spectral analysis to determine the AGN accretion power,
and the measurement of the molecular gas mass with single-dish CO spectroscopy. In
the end, I provide a complete and coherent characterisation of NGC 7213 in terms of
both its nuclear activity (confirming its low-luminosity AGN nature) and the properties
of the molecular gas content.
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Scientific Context

The formation and evolution of galaxies is tightly related to the growth of the super
massive black hole (SMBH; Mgy ~ 10° — 10'° M,,)) that resides at their centre. Ob-
servatively, both BH growth and SF history peak at z ~ 2 (e.g.,|Madau and Dickinson
2014), meaning that the bulk of BH growth and SF took place between z ~ 1 — 3 (see
Fig. [I.1} e.g., Shankar et al.2009; Delvecchio et al.|2014; Madau and Dickinson|2014;
Aird et al.2015|and reference therein). This suggests a co-evolution of the two processes,
driven by a mechanism that self-regulates the SF activity in the galaxy and the growth of
the BH. Active galactic nuclei (AGN) are thought to play a major role in regulating the
SF, providing feedback from the SMBH to its host galaxy and the interstellar medium
(ISM; e.g., Harrison|2017; Maiolino et al.[2017; Harrison et al.[2020). Three modes of
AGN feedback have been observed: “negative” feedback, when AGN suppress the star
formation rate (SFR) by removing and heating the ISM, thus preventing it from cooling
and forming new stars; ‘“negative” feedback, if the AGN enhances the SF through the
compression of molecular clouds (i.e. positive feedback; see [Harrison|2017; |Cresci and
Maiolino|2018| and references therein); “preventive” (or “delayed”) feedback, where the
luminous AGN is not visible anymore (or is becoming fainter) while its impact on the host
galaxy remains visible. It is worth recalling that the same process which suppress the SF
in the host-galaxy may also be responsible for the AGN starvation, i.e. the suppression of
the feeding process onto the nucleus once the surrounding accreting material is removed
by the AGN feedback (e.g., Trussler et al.[2020) are reference therein).

A wide range of analytical models and simulations support the interconnection
between accretion and SF processes, predicting that stellar winds and supernovae may

enhance the BH mass accretion by injecting turbulence into the gas disc (e.g., Wada
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Figure 1.1: Comparison between the best-fit SF history (thick black solid curve) and the massive
BH accretion history from X-ray (red curve from Shankar et al.|[2009]]; light green shading from
Aird et al.[[2010]) and infrared (light blue shading from |Delvecchio et al.| [2014]]) data. The
shading represents the +10 uncertainty range on the total bolometric luminosity density. The
radiative efficiency has been set to € = 0.1. The comoving rates of BH accretion have been scaled
up by a factor of 3300 to facilitate visual comparison to the SF history. This figure is taken from
Madau and Dickinson| [2014].

and Norman!2002; [Schartmann et al.|2009; [Hobbs et al.|2011)). Numerous studies have
shown young stellar populations residing often in the central regions of nearby AGN
(e.g., Storchi-Bergmann et al.[2001}; Storchi-Bergmann et al.[2005; Fernandes et al.[2004),
suggesting that AGN activity and ongoing SF coexist. In this context, the study of the
properties and distribution of the molecular gas is crucial to understand the interplay
between the two processes, as it is the fuel of SF and possibly of AGN accretion. Indeed,
the molecular gas has been traced down to sub-kpc scales, co-spatially to the dusty dense
core usually called “torus” (e.g., |Garcia-Burillo et al.|[2014). The dense structure of
molecular gas and dust could be both the outer region of the BH fuel supply disk and, in
its colder part, a stellar nursery (e.g.,|Alexander and Hickox 2012).

As it will be discussed in the follow sections, only through a multi-wavelength approach

is possible to properly characterise all the actors involved in the co-evolution play. In
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particular, by combining observations in the millimetre, infrared and X-ray bands (less
contaminated by the extinction effects with respect to e.g. UV/optical bands), it is
possible to unveil the intrinsic power of the central AGN and investigate its influence on
the surrounding ISM.

To this goal, local active galaxies are the perfect laboratories, given the extensive multi-
wavelength data coverage already available, and their proximity, which allows us to
spatially resolve the very central region, where the accretion onto the SMBH takes place.
This Chapter aims at providing a brief introduction to the properties of local AGN, to
their emission in the different bands, and to the role of the dusty torus. A summary of
the ISM composition follows, which then focuses on the role played by the molecular

gas component, in the context of the interplay between SF and AGN.

1.1 Active Galactic Nuclei

SMBH are thought to reside at the center of almost every massive galaxy [Kormendy
and Hol 2013J], although only a fraction of them can be considered as “active” [Padovani
et al., 2011]. Indeed, a galactic nucleus is considered active when this central engine
can be revealed through some type of emission that cannot be attributed to the stellar
activity within the host galaxy. AGN activity shows itself in many flavours (e.g., nuclear
UV, optical, and X-ray emission, jets) and with different level of impact on the source
energetic output (see Padovani et al. 2017 for an extensive review). The bolometric
luminosity of the AGN (L \S"; i.e., the total luminosity integrated over all wavelengths,
once the emission from the stellar activity has been properly removed from the energy

budget) is proportional to the rate at which the accretion process takes place:
LN = ec*M (1.1)

where € is the mass-energy conversion factor (theoretically between 0.06 and 0.43,
depending on the BH spin; e.g., /Alexander and Hickox/[2012) and c is the speed of
light. A wide range of bolometric luminosities have been observed in active galaxies
(10% < L49Y < 10" erg s7'; e.g., Alexander and Hickox [2012), with the quasars,
populating the brightest end (LyS" > 10% erg s™'), being able to totally overcome
the emission from the host galaxy. Besides their extreme luminosity, which allows
us to discover a growing number of new quasars at the highest redshift (z > 7; e.g.,
Mortlock et al.|2011; Banados et al. 2018}; 'Yang et al.[2020), AGN emit over the whole
electromagnetic spectrum (see Fig. [I.2). This means that AGN have been discovered in
all spectral bands, using different methods to identify these sources, providing different

windows on AGN physics at the various wavelength regimes. The peak of the intrinsic
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Figure 1.2: A schematic representation of an AGN spectral energy distribution (SED), loosely
based on the observed SEDs of non-jetted quasars (e.g. |[Elvis et al.|1994; |Richards et al.[2006).
The black solid curve represents the total emission and the various coloured curves (shifted down
for clarity) represent the individual components. The intrinsic shape of the SED in the mm-far
infrared (far-IR) regime is uncertain; however, it is widely believed to have a minimal contribution
(to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically
luminous quasars and powerful jetted AGN. The primary emission from the AGN accretion disk
peaks in the UV region. The jet SED is also shown for a high synchrotron peaked blazar (HSP,
based on the SED of Mrk 421, brown solid line) and a low synchrotron peaked blazar (LSP, based
on the SED of 3C 454.3, dotted line). Credits: [Harrison| [2014]].

emission from the AGN is in the optical/ultraviolet (UV) band, where the continuum
emission arises from the accretion disk; the same continuum emission can be also
absorbed and reprocessed by dust surrounding the nuclear region, and thus re-emitted
in the IR (as described later in Section m); furthermore, the UV photons from the
accretion disk gain energy through inverse-Compton effect by the hot (T ~ 103~° K)
electron gas which constitutes the (putative) corona (see Section[I.1.2), thus producing
the observed X-ray emission. Finally, y-ray and (high flux density) radio objects, on the
other hand, preferentially select AGN emitting strong non-thermal (jet [or associated
lobe] related) radiation.

The multi-wavelength emission arising from AGN results in a proliferation classes and
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types, which tend to classify the sources on the basis of their single-band properties
[Padovani et al., [2017]], rather than on a multi-band point of view. However, most of these
seemingly different classes are due to changes in only a small number of parameters,
namely orientation with respect the line-of-sight (see Fig. [I.3} e.g. [Antonucci|1993]; [Urry
and Padovani| 1995 Netzer|2015), accretion rate (e.g. |[Heckman and Best [2014), the
presence (or absence) of strong jets (e.g. [Padovani et al.|2016), and possibly the host
galaxy properties and the environment. For instance, the “type 1/type 2” classification
strongly depends on the orientation along the line-of-sight. In type 2 sources (i.e.
AGN with UV/optical spectra dimmed by obscuration and characterised only by narrow
emission lines) our line-of-sight towards the nucleus is thought to be relatively close to
the equatorial direction along which the torus obscuration becomes effective. Conversely,
type 1 objects are believed to be rather face-on, allowing us to directly observe the primary
emission from the accretion the AGN as well as to detect the broad component of optical
emission lines, arising from the broad-line region (BLR).

The observation of the AGN emission in different wave-bands becomes a necessity
in presence of heavy obscuration, when the UV/optical emission of the central engine
and the broad line emission (e.g. |Antonucci|1993; Netzer,2015) are largely suppressed
by dust. The obscuration here essentially refers to the radiative absorption of UV/optical
photons by dust grains in the torus, but a galactic-scale contribution to extinction cannot
be ruled out, with significant evidences both in local low-luminosity AGN (LLAGN;
Prieto et al.|[2014) and high-redshift quasars (z ~ 5; |Gill1 et al.|2015). Furthermore,
evidences for variable and/or clumpy obscuration have been observed in many objects
(e.g., Risalit1 et al. 2007; MacLeod et al.|2016)), suggesting that the obscuring torus
may consist of non-static clumped material surrounding the nucleus. Thanks to the
pc-scale spatial resolution offered by ALMA, the emission from different tracers of
the molecular gas has been observed from very compact region, co-spatial with the IR
emission associated with the dusty torus (e.g.,|(Combes et al.|2013; Garcia-Burillo et al.
2014])). The evidence that these structures (i.e., the dusty torus and molecular clumps) are
on similar scales suggests that the dense gaseous and dusty structure is potentially the
outer regions of the torus, while the inner boundary of the dust distribution are expected
to be set by the sublimation temperature of the dust (7" ~1000-1800 K, depending on the
relative concentration of graphite and silicate), with the sublimation radius depending
on the AGN luminosity 7y, o< L'/? (e.g.,|Suganuma et al.[2006; Kishimoto et al. 2011}
Honig2019). Nonetheless, it is not yet fully understood if, and how, the AGN accretion
power can influence the physical extent of the torus (e.g., Sazonov et al.|2015; Lawrence
and Elvis|2010). Therefore, in the case of obscuration, we cannot rely on the primary

optical/UV emission (which can be totally suppressed by the dusty material along the
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Figure 1.3: The standard AGN unification scheme. Depending on the orientation, an observer
will see different emitting regions and thus, an intrinsically same objects would appear to him as a
different type of AGN. Image credit: Beckmann and Shrader; [2012].

line-of-sight) from the accretion disk to characterise the intrinsic power of the AGN,
but rather on the emission at wavelength which are less affected by the extinction:

namely IR and X-rays bands.

1.1.1 AGN emission in the IR

In luminous AGN (L9" > 10* erg s™") the intrinsic mid-infrared (mid-IR) part of the
spectrum is dominated by thermal radiation (7" ~ 200 — 800 K) from the compact dusty
torus [Ichikawa et al., 2017]]. In particular, the rest-frame mid-IR flux (in particular, at 6

and 12um) commonly considered as a good indicator of the intrinsic AGN continuum

emission in both obscured and unobscured AGN. Indeed, both type 1 and type 2 objects
emit a similar fraction of their bolometric AGN luminosity in the mid-IR, which suggest

that the emission in the mid-IR regime is poorly affected by anisotropy issue (e.g.,
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Spinoglio and Malkan||1989; Horst et al.|2008; (Gandhi et al.|2009}; Asmus et al.|2011}
Honig et al.|2011; Ramos Almeida et al. 201 1; |Asmus et al. 2014} |Asmus et al. 2015]).
Unfortunately, in the case of low-luminosity AGN (L{9Y < 10* erg s™') or strong
starburst activity (SFR>100 Mg, yr™!) in the host galaxy, the mid-IR suffers contamination
from the SF. Hence, by studying the mid-IR regime of the inner part of galaxies, we
investigate both the SF and AGN activities, as well as on the amount of obscuration (e.g.
Imanishi and Maloney|2003}; Sturm et al.|2005; Imanishi et al. 2007; |Hernan-Caballero
and Hatziminaoglou|2011)). Several components can be identify, namely the thermal
dust continuum associated with SF, several spectral features from polycyclic aromatic
hydrocarbon (PAH) molecules, and a plethora of line features arising from molecular,
atomic, and ionic species (e.g., Spoon et al.|2007; |Gallimore et al.[2010a; Tommasin et al.
2010; Gruppioni et al.|2016)). Furthermore, the 9.7 um silicate feature is characteristic of
the mid-IR regime, and can appear in emission or absorption, providing insight into the
geometry of the dust surrounding the central source (i.e., AGN or SF; e.g., Siebenmorgen
et al.|2005; Shi et al. 2006) To properly disentangle the different contributions, the

L PAéHs.z P/i!\H11§.2 [NeV] [ism] 5[%)IV] [§Sill]_
: L [Nell] [Nelll] [NeV] :
1.0 .
S: 5
n i
: 5509.75
0.1 . N S N
10
A [pum]

Figure 1.4: Spitzer IRS spectrum of a local Seyfert galaxy (NGC 5995). Wavelengths have been
shifted to the galaxy rest frame. Several spectral features (e.g., PAH and silicate) and emission
lines are indicated. Credits: |Gruppioni et al.|[2016].

advent of the Spitzer telescopeﬂ with its Infrared Spectrograph (IRS), revolutionized

'The Spitzer Space Telescope consistd of a 0.85-meter diameter telescope and three cryogenically-
cooled science instruments, able to perform imaging and spectroscopy in the 3-180 um wavelength range.
It was launched on August 25th, 2003. The instrumentation onboard, which was originally built to last for
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our knowledge on the starburst and AGN phenomena and their connection, providing us
a plethora of diagnostics crucial to disentangle the AGN-vs-SF activity in the nuclear
regions. An example of a Spitzer-IRS spectrum for a local Seyfert 2 galaxy is presented in
Fig. 1.4} several features can be identified, namely PAH features, widely used as a proxy
of SF (e.g., Tran et al.[2001; |Lutz et al.|2004; Alonso-Herrero et al.[2012; [Ichikawa et al.
2014; Symeonidis et al.[2016); emission lines from ionised species, used for AGN-vs-SF
diagnostics diagram (e.g., Tommasin et al. 2010; Gruppioni et al.|2016); the 9.7 um
silicate feature (which can accounts for a contribution from the host galaxy, depending
on the inclination with respect the line-of-sight; e.g., Goulding and Alexander|2009).
By combining decomposition methods to mid-IR spectra and to broadband IR SEDs
(e.g., [Hatziminaoglou et al. 2008}, [da Cunha et al.|2008; Lyu et al.[2017; Shimizu et al.
2017) we can put constrain on the spectral emission of the AGN and the starburst (SB)
component (e.g., Hernan-Caballero and Hatziminaoglou|201 1} Gruppioni et al.|2016).

To conclude, despite the precise estimation of AGN thermal activity is not straightforward
in the case of low-luminosity AGN, several methods have been developed to derive the
AGN output in the mid-IR regime, making the mid-IR band crucial to characterise the

nuclear activity in the case of heavy extinction.

1.1.2 AGN emission in the X-rays

The X-ray emission (particularly at high X-ray energies, i.e. E > 10 keV) is distinctive
mark between AGN and non-AGN systems. What makes the study of the X-ray emission
crucial to understand the physics of an AGN are the following reasons: (1) X-ray emission
is directly associated with the accretion process onto the SMBH; (2) it appears to be
(near) universal, even at the highest redshift (z ~ 6 — 7; e.g.,|Vignali et al.[2001}; Vignali
et al.|[2005; IShemmer et al.|2006; Nanni et al.[2017; [Shemmer et al.[2017; [Salvestrini
et al. 2019; Vito et al. 2020); (3) X-rays are able to penetrate through large column
densities of gas and dust, letting us to probe the intrinsic emission even in the case
of heavy extinction (see Fig. [1.5); (4) X-ray emission from host-galaxy processes are
typically weaker when compared that due to the AGN [Brandt and Alexander, 2015].
The X-ray emission accounts for a fraction that ranges from few percent up to ~ 10%

of the whole electromagnetic emission of an AGN (see Fig.[I.2} e.g., Lusso et al.[2012;

a minimum of 2.5 years but it lasted in the cold phase for over 5.5 years, consists of three main instrument:
i) the InfraRed Array Camera (IRAC); ii) the InfraRed Spectrograph (IRS) ; iii) the Multiband Imaging
Photometer for Spitzer (MIPS). IRAC was a IR camera (256x256 pixels) sensitive in four bands in the
near and mid-IR (a 3.6, 5.8, 4.5 e 8.0 um). IRS was a spectrograph providing moderate (R~600) and low
(R~60-130) resolution spectral capabilities from 5.2 to 38 yum. MIPS provided imaging and photometry
in three broad spectral bands, centered nominally at 24, 70, and 160 ym, and low-resolution (R~20)
spectroscopy between 55 and 95 um.
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Duras et al.[2020). The primary process is thought to be inverse Compton scattering of
the optical/UV accretion-disk photons to X-ray energies via the accretion-disk “corona”,
which is generally depicted as an electron “atmosphere” above the inner accretion disk.
The spatial distribution and the geometry of the corona are widely debated (e.g., Chartas
et al. 2016; Chartas et al.|2017), however the observed variability on short timescales
suggests that the hot corona resides in the innermost region of the AGN (within few tens
of Rf]; see Kara et al.|[2013; |Wilkins et al.|[2014; |Chartas et al.|[2016).

The causal relation between the intrinsic X-ray emission from the “corona” and the
optical/UV accretion-disk emission has been widely investigated (parameterised by the X-
ray-to-optical luminosity ratio, @y ; €.g. /Avni and Tananbauml|1986; Steften et al.|2006;
Lusso et al.[[2010; Lusso and Risaliti|2016) for almost all systems, demonstrating that
this relationship and, hence the X-ray emission from AGN, are universal (e.g.,[Salvestrini
et al.|2019; \Vito et al.[[2020).

The spectrum is a power-law resulting from the superposition of many scattering orders
of the intrinsic black body:

Fp=ET (1.2)

where I'y is the photon index; it shows a high energy cut-oft at E ~ 100 — 300 keV (e.g.,
Lanzuisi et al. 2019|and reference therein), corresponding to the temperature at which
electrons and photons are thermalized. In addition, the inner regions of the accretion
disk can contribute with a thermal emission at the lowest X-ray energies (E < 2 keV; e.g.
Sobolewska et al.|2004), which is likely due to a warm Comptonization of the primary
continuum emission (e.g., Ursini et al.|2016; Petrucci et al.|2018; Petrucci et al.|2020).
The X-ray emission is then modified due to the interaction with matter in the nuclear region
(e.g. reflection, scattering, and photo-electric absorption of photons from the accretion
disk and/or the obscuring AGN torus). The relative strength of these components can
vary quite significantly from source to source, mostly due to differences in the geometry
and inclination angle of the torus to the line-of-sight, leading to a broad range of X-ray
spectral shapes. A baseline model for the X-ray spectrum of an AGN where the primary
emission interacts with the surrounding material is presented in Fig.

The prominent components arising from the interaction of the primary emission

with surrounding medium are:

e soft excess: its origin its not fully understood [Done et al., 2002]. It is supposed to
be emitted either by a hot diffuse gas or by the warm Comptonization of the primary
continuum emission component in the inner accretion disk mentioned above (e.g.,

Petrucci et al.[2020 and reference therein).

?The Schwarzschild radius for a mass M is defined as Ry = 24, where G is the Universal Gravitational

constant.
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Figure 1.5: AGN X-ray spectra with different column densities assumed in the model. Solid lines
from top to bottom: Ny = 20 cm™2 (i.e. unabsorbed AGN), log(Ny) =21.5, 22.5, 23.5, 24.5,
> 25. A primary powerlaw with I'y = 1.9 and cut off energy E. = 200 keV is assumed. A 3%
soft scattered component is also added in the obscured AGN spectra. The spectrum of mildly
Compton-thick AGN (log(Ng) = 24.5) is obtained by summing a transmission component (dashed
line) to the same reflection continuum used to model the spectrum of heavily (log(Ng) > 25)
Compton-thick AGN. In each spectrum a 6.4 keV iron emission line is also included. This image

is adapted from |Gilli et al.| [2006]].

e Warm absorber: soft X-rays are absorbed by warm ionised gas (having column

density Ny ~ afew10?! cm™2). This component is present in ~ 50% of the sources

[Piconcelli et al.,[2004]. In some cases the absorption lines are blueshifted with

respect to the optical emission lines, indicating that the absorbing gas is part of a

“wind” outflowing from an accretion disk, with velocities up to ~1000 km/s;



1. Scientific Context 11

f(E) (arbitrary units)

10!

T T T TTTT T T TTTI T T T TTTI T

T T TTTT
L1t

I TTT |!I|
1 IIIIIII|

|

Compton hump

10-1

[

soft excess

| IIIIII|

T IIIIII|

10-#

/!

Warm absorber <— Iron line

T IIIIII|
11 IIIIII|

103

T 1 IIIIIII
illllll

|

10—4 | IIIIII| IIIIII‘| IIIIIII| |
101 1 10 102

Energy (keV)

Figure 1.6: Average total spectrum (thick black line) and main components (thin grey lines) in
the X-ray spectrum of a Type I AGN. The main primary continuum component is a power law
with an high energy cut-off at E ~ 100-300 keV, absorbed at soft energies by warm gas with
Ny ~ 10?1 —10%cm™2. A cold reflection component is also shown. The most relevant narrow
feature is the iron Ko emission line at 6.4 keV. Finally, a “soft excess” is shown, due to thermal
emission of a Compton thin plasma with temperature KT~ 0.1 — 1 keV. This figure is taken from
Risaliti and Elvis|[2004]].

e Reflection hump: a fraction of the X-ray primary emission can be Compton

scattered by the circumnuclear gas (if the gas column density is sufficient, e.g.
Ny > 10**c¢m™?), peaking at E ~ 30 keV.

Iron (Fe) fluorescence emission lines: the more prominent Fe feature is the Ka 6.4
keV, produced by neutral or lowly ionized iron through fluorescence [Fabian et al.,
2000] in the accretion disk, the BLR and/or the dusty torus. If the Fe Ka is emitted
in the innermost layers of the accretion disk, it will be affected by relativistic effects
due to the presence of the black hole, in addition to the classic Doppler effect
given by the disk rotation [Fabian et al., 2000]. The sum of classic and relativistic
transverse Doppler effect results in a red-shifted double-peaked broadened line
profile. The Fe Kg at 7.06 keV is usually observed with a fixed intensity-ratio
with respect the Ka (~1:8 vs. Ka). Moreover, the Fe XXV/XXVI emission (at
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rest-frame 6.637 and 6.966 keV, respectively) have been widely observed and

interpreted as the ionized signature of a hot, optically thin plasma.

e Scattered component: a few % of the primary emission can be reflected by hot
electrons filling the cone of the torus, producing a scattered power-law with a slope

similar to the primary emission [Brightman et al., 2014]].

In the case of obscured (type 2) AGN, heavy obscuration from the dusty torus, parametrised
with the hydrogen column density (Ny), may significantly suppress the primary emission
as seen along the line-of-sight (see Fig. [I.5). The so-called “Compton-thick” regime
(Nyg > 1.5 x 10** cm™) is the furthermost case, where the primary X-ray emission at
energies below 10 keV can be almost entirely absorbed. Then, to unveil the intrinsic
power of a deeply obscured AGN we need to account on observations at the highest X-ray
energies, as those provided by the Nuclear Spectroscopic Telescope Array (NuSTAR;
Harrison et al.[2013)), which represent a well suited tool for this kind of investigation, with
its in the . The exploitation of the focusing power by NuSTAR over a wide energy band
(nominally ~3-79 keV) allows us to modelling the spectral shape of the AGN emission
in the X-rays. Then, combining NuSTAR with the higher spectral resolution from the
telescope sensitive at energies below 10 keV (e.g., Chandra, XMM-Newton, Suzaku),
we are able to put constraints on the level of obscuration, which is more effective at
E < 10keV. This has led to a spread of complex models which attempt to coherently
reproduce all the components of the X-ray spectrum. The continuous distribution of
obscuring material is modelled into a toroidal shape (see Fig. [1.7), with various opening
angles (6,,,), inclination with respect the line-of-sigh, and, in particular, within a wide
range of extinction (log(Ny) ~ 22-25). New models (e.g., M\yTorus, Murphy and Yaqoob
2009; borus02, Balokovic¢ et al.|2018)), which are usually referred to as “physical” models
to differentiate them from the so-called “phenomenological” ones, and have been widely
used in the recent years (e.g., Marchesi et al.|[2017; |Marchesi et al.[2018}; |Kammoun et al.
2019). While “phenomenological” models aim at reproducing separately the different
spectral components (e.g., the primary power-law, the reflection hump, the emission
lines), “physical” ones provide a more complete and physical modelling of the obscuring
material which goes under the name of torus. Good agreement have been found when
comparing the modelling of the AGN spectral shape and the level of obscuration obtained
with different “phenomenological” and “physical” models (e.g., |[Liu and Li[2015). A
growing number of models appear in recent years, proposing for the dusty torus a structure
more dynamic than that originally postulated in the unified AGN model; for instance,
replacing the smooth distribution of obscuring material with a potential clumpy structure

[Buchner et al., 2019]]. Indeed, signatures of clumpy structure of the torus have been
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observed over the years, both in the X-ray and at longer wavelengths (e.g.,
Alexander|2018| and references therein). For instance, heavily obscured Seyfert galaxies

in the local Universe show complex spectra, which require the presence of torus regions
with different densities of the obscuring material to reproduce all the spectral components

(i.e., transmitted and reflected; e.g., Marchesi et al.[2019).

Recently, the results of the simultaneously fit of X-ray and mid-IR torus models were

presented in single-object studies (e.g., Esparza-Arredondo et al.|2019), with the goal

of achieving a coherent reprocessing of the primary AGN emission from the torus and
the surrounding material. This is supported by the tight correlation that exists between
the unresolved mid-IR core and the absorption-corrected X-ray luminosities of nearby
AGN, even in the presence of extreme Compton-thick objects (Ny > 1.5 X 1024; e.g.,
Lutz et al.[2004). By systematically applying the combined analysis in the X-rays and

the mid-IR band to large sample of galaxies, we will be able to understand the properties

and distribution of obscuring matter, across different bands.

Figure 1.7: Assumed model geometry of the torus in the MyTorus code. The half-opening angle
is given by (71 — )/2 and the inclination angle of the observer’s line-of-sight with the symmetry
axis of the torus is given by 6,,. MyTorus does not allow to vary the torus opening angle. The
equatorial column density, Ny, of the torus is defined by the diameter of the tube of the “doughnut”.
Credits: Murphy and Yaqoob] [2009]
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To conclude, since the X-ray emission in AGN is directly associated with the accretion
process, its study is crucial to understand the physics of AGN, especially in the case
of heavy obscuration, down to few gravitational radii. This allows us to probe the
innermost region of AGN, where accretion takes place, which is difficult to reach with

observations at longer wavelengths.

1.2 Interstellar medium

ISM has been recognised to be distributed in diverse, but well-defined phases according
to the chemical state of hydrogelﬂ (i.e. ionised, neutral or molecular), that distinguish
themselves for different temperatures, densities and ionisation states. Here, the term
“phases” is used to denote components that may exist in thermal pressure equilibrium
[Hollenbach and Tielens, |{1999]. The interplay between the different phases is complex,
and is driven by the balance of radiative cooling with heating through the transfer of
kinetic energy to atoms, molecules and ions, mainly due to radiation from stars and AGN,

cosmic-rays, X-rays photons and shocks.

1.2.1 Neutral medium

Most of the mass of the ISM is in neutral or “non-ionised” regions, either neutral atomic
(HI) medium or gravitationally bound molecular (H;) clouds (optically thickEI, where star
formation occurs), although they are responsible for the filling of only ~ 1 — 2% of the
total volume of the ISM (Klessen and Glover|2016 and references therein). Two phases of
the neutral atomic hydrogen have been distinguished in the diffuse medium: (a) the warm
T ~ 8 x 10° K neutral medium (WNM), and (b) the cool T ~ 100 K neutral medium
(CNM) [Taccont et al., [2020]]. Most of the CNM is in discrete clumps known as HI clouds,
with typical properties that varies broadly, namely number densities in the range from
10 to 100 cm™3, representative cloud temperature of 50-80 K, and diameters range from
1 to 100 pc. The WNM and CNM can coexist for a narrow range of thermal pressures

(which depend on several parameters, e.g. heating rates, the gas-phase metallicities and

3 Hydrogen (H) and helium (He) are the more abundant atomic species (~70% and ~28% of the total
mass, respectively), while all other elements, referred to as metals (Z), account for the remaining ~ 2%
[Maiolino and Mannuccil 2019]). The primordial nucleosynthesis is thought to be responsible for the origin
of the primordial hydrogen, deuterium, the majority of helium and a small fraction of lithium (e.g. [Cyburt
et al.|2016)), while most of the heavy elements produced by stellar nucleosynthesis or by the explosive
events (e.g., supernovae) related to the late stages of stellar evolution (e.g. Maiolino and Mannucci|2019).

* A medium is said to be optically thick if on average a photon cannot pass through the medium without
absorption. If the optical depth is defined as 7 = ln(%), where ¢; and ¢, are the radiant flux incident onto
and transmitted by the material, an optically thick medium has 7¢p = 1.
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dust abundances), with an envelop of WNM embedding the CNM condensations (e.g.,
Warren et al.|2012; [Stanimirovic et al.[2014; Tacconi et al.[2020).

1.2.1.1 From atomic to molecular phase

In dense, optically thick clouds, the atomic-to-molecular (HI-to-H,) transition can occur,
with the balance between H, formation on the surfaces of dust grains and H, destruction
by far-UV photodissociation. In photo-dissociation regions (PDRs, see Hollenbach and
Tielens 1999 for a review), the far-UV (6 eV< hv < 13.6 €V) radiation from strong stellar
sources (e.g. massive O, B stars) is responsible for the ionisation of H and other atomic
species (e.g. carbon, C) with ionization potentials below 13.6 eV. As shown in Fig.
PDRs are the regions defined on the one side by an ionisation front and on the other by
their surface, where the hydrogen is 50% atomic and 50% molecular [Hollenbach and
Tielens, [1999]. Completely analogous to photo-dissociation regions, X-ray dissociation
regions (XDRs) can be defined as predominantly neutral gas in which X-rays (for instance,

from an AGN) dominate the chemistry and/or the heating (e.g., Maloney et al.|[1996).

1.2.2 Molecular gas

Giant molecular clouds (GMCs) are the massive (M ~ 10* — 10%° M), dense (ny, ~
10> — 10° cm™) and cold (T ~ 10-40 K) regions where the most of the molecular
gas reside (e.g., McKee and Ostriker| 2007; Kennicutt and Evans|[2012)). Molecular
hydrogen, H,, is the most common molecule in galaxies, and its mass dominates over
the other molecular species. Given the lack of a permanent dipole moment, the lowest
roto-vibrational transitions of molecular hydrogen are forbidden and have high-excitation
requirements (7., > 500 K above the ground, significantly higher than the typical kinetic
temperatures in GMCs, Ty;, ~ 15 — 100 K). The first accessible rotational transitions
for the H, are those with AJ = 2 (i.e. J+ 2 — J, where J is the rotational quantum
number), which corresponds to emission lines in the near-/mid-IR regime (e.g. J = 2-0,
A =2822um;J =3-1, 4 = 17.04um; ... J = 10-8, 1 = 5.05um). However, this traces
only gas strongly heated by intense irradiation or shock waves, which is not the case
for most of the H, in galaxies. For this reason we need to rely on different diagnostics
to trace the molecular phase in its entirety, including the cold component, which is

responsible for the formation of new stars.
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Figure 1.8: A schematic diagram of a photo-dissociation region. The PDR is illuminated from
the left and extends from the predominantly atomic surface region to the point where O is not
appreciably photo-dissociated (with total extinction Ay ~ 10). Hence the PDR includes gas whose
hydrogen is mainly H, and whose carbon is mostly CO. Large columns of warm O, C, C*, and CO,
and vibrationally excited H; are produced in the PDR. Credits: Hollenbach and Tielens|[[1999].

1.2.2.1 Molecular gas diagnostics

A plethora of molecular rotational lines have been used to study the physical conditions
of the molecular phase of the ISM (e.g., |Garcia-Burillo et al.|2014; |Aalto et al.[2015;
Liu et al.[|2015). In particular, the carbon monoxide ('>CO), the second most abundant
molecule after H, in the Universe, is the most used tracer (e.g., ' Young and Scoville
1991; McKee and Ostriker 2007 [Carilli and Walter|2013)). The low critical densities
(n ~ 10° cm™ for J:1—0, rising up to n ~ 10 cm™ for J:13—12) for the lower rotational
transitions make them perfect tracer of the cold diffuse component (T ~ 10 — 20 K),
given their low-excitation potentials. In particular, the CO(1-0) results the most sensitive
to the total gas reservoir; this transition occurs (1 ~ 2.6 mm or v ~ 115.3 GHz) in the
sub-millimetre/millimetre band, which is characterised by high atmospheric transmission.
Thus, in the past thirty years, several surveys have been aimed at mapping the molecular
gas in the nearby Universe, by exploiting ground-based telescopes (both single dish
antennas and interferometers) to measure the emission from low-J CO transitions (e.g.,
Young and Scoville 1991;|Young et al.||1995; Maiolino et al.|[1997; |Albrecht et al.[2007).



1. Scientific Context 17

Then, the Herschel satellite extended the CO detections to high transitions levels also in
the local Universe, using both the PACS (covering the 50-210 ym band) and SPIRE/FTS
(sensitive to the 194-318 and 294-671 um bands) spectrometers (e.g., van der Werf et al.|

2010; [Pereira-Santaella et al. 2013} Mashian et al.|2015; [Rosenberg et al.|2015))

At higher-J (J,, 2 6,1.e. 4 < 0.4 mm orv 2 691 GHz), CO transitions are better suited to

trace the warmer gas, where the collisional excitation (especially with H,; Narayanan and
Krumholz|[2014) is favoured. With increasing J, higher densities are required to favour

collisions. This means that these transitions are preferred to trace warmer and denser
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Figure 1.9: CO SLEDs for local galaxies. Starbursts, Seyfert galaxies, and (U)LIRGs are
denoted with squares, triangles, and diamonds, respectively. Aperture-corrected fluxes have been
normalized with respect to the CO(1-0) flux measurement. This figure is adapted from Mashian|

et 2015),

molecular gas in the center of galaxies. Several studies have been aimed at inferring
the driving excitation mechanism for the molecular gas (SF, AGN, shocks) through the

modelling of the CO spectral line energy distribution (CO-SLED) in nearby galaxies

(see Fig. [[.9} e.g., Pereira-Santaella et al 2014} Mashian et al|2015]; Rosenberg et al.|
2015} [Pozzi et al|2017; Mingozzi et al.|2018)), by exploiting the plethora of theoretical

models (e.g.,[Usero et al.|2004; Meijerink and Spaans/[2005; Meijerink et al.[2007; Proga
et al.[2014} [Vallini et al.[2019). SF on its own is unlikely to provide the intense radiation

field to excite the ISM at such high Js, hence the presence of shocks or higher-energy
photons (X-rays from XDR; e.g., Krolik and Kallman|[1983; Lepp and Dalgarno|1996;
Maloney et al.|[1996) is required. For instance, looking at in Fig. it is clear that
the contribution from the AGN (in terms of XDR, which requires estimates of the X-ray

emission from the nucleus to be modelled) is necessary to reproduce the shape of the
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CO-SLED at the the highest J (i.e., J,, 2 5, corresponding to v 2 576.3 GHz), where
the SF (PDR) does not provide enough energies (e.g., Pozzi et al.[|2017; Mingozzi et al.|
2018)). Thus, modelling the CO-SLED, in particular including the high-J regime, allow us

to constrain the relative impact of the AGN-vs-SF on the molecular component.
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Figure 1.10: Fiducial model (PDR+XDR), overplotted to the observed data for NGC 0034, a
local Seyfert 2 galaxy. The light-blue dashed line and the red dotted line represent the low-density
PDR and the high-density XDR, respectively. The black solid line indicates the sum of the two
components and the shaded areas indicate the +10 uncertainty range on the normalisation of each

component. The sinergy with X-ray observations is necessary to model the high-energy radiation
field (XDR), as likely produced by the AGN. This figure is adapted from Mingozzi et al.| [2018].

Moreover, lines ratios of high-density tracers such HCN and HCO™" have been used
to infer the relative contribution from XDR, PDR and shocks in nearby galaxies, by

exploiting the spatial resolution provided by interferometric facilities, resolving the
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nuclear region down to the size of the giant molecular clouds (~ 50 pc), hence directly
probing the region where the contribution from the AGN is dominant (e.g., Imanishi et al.
2016; |Aalto et al.[2017; Imanishi et al.|2018; Imanishi et al.[[2019).

Finally, many more tracers of the molecular gas have been used over the years, with
various physical properties (e.g., the critical density) that make them suitable to trace the
different physical states of the gas. For instance, in several studies SiO and HNCO have
been identified as good tracers for shock-heated material (e.g., Aalto 2015; Miyamoto
et al.|2017; Imanishi et al.[|2018), which can contribute also to the high-J end of the
CO-SLED (e.g., Popping et al.| 2016} Godard et al.[2019).

1.2.2.2 Molecular gas kinematics

In the last few years, the advent of the Atacama Large Millimeter Array (ALMA), as
well as the NOrthern Extended Millimeter Array (NOEMA, i.e. the newly implemented
version of the Plateau de Bure Interferometer, PdBI) represented a breakthrough for the
submillimetre/millimetre investigation of the ISM. In particular, these facilities allowed
us to trace a plethora of molecular gas diagnostics both in the local Universe (e.g., Aalto
et al.| 2015 Sliwa et al.|2017; [Henkel et al. 2018}; Imanishi et al.|[2018)), and in high-
redshift galaxies (where also atomic species can be observed; e.g., Carilli and Walter
2013};|Combes|2018). Moreover, the sensitivity and the even more important high spatial
resolution of the new interferometric facilities (up to 0.015” with the more extended
configurations; e.g., Imanishi et al. 2020|and |Klitsch et al.2019|for an example at low and
high redshift, respectively) supplied crucial information on the modelling of the physical
conditions of the molecular gas at the spatial scales of the GMC (30-50 pc).

By exploiting such resolving power, in the recent years several studies have been dedicated
to understanding the feeding and feedback processes that regulate the interaction between
the central accreting SMBH and the host galaxy, both in the local Universe (e.g., Combes
et al.[2013;|Aalto et al. 2012; Morganti et al.| 2015} Fluetsch et al.|2019), and at higher
redshift (z ~ 1 — 3;|Cicone et al.|2014; [Talia et al.|2018)). In this context, a key role is
played by the molecular gas, the major component of the ISM in the nuclear region of
galaxies, where it acts as gas reservoir for both the SF and, potentially, the accretion
material for the central SMBH. Hence, by resolving the molecular gas kinematics down
to the sub-kpc scale, we may reveal the role of this ISM components in the central region
of active galaxies, as done in some recent studies (e.g., Combes et al.|2013}; |Sabatini et al.
2018).

Furthermore, AGN are thought to be regulating the star formation in their hosts via the

process known as feedback, which comprises the different interactions that transfer energy
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and matter from the central SMBH to the interstellar medium (ISM; (Cresci and Maiolino
2018|and references therein)). AGN feedback has been observed classified in two main
categories, “radiative” mode and “kinetic”’mode. In the former case, the radiation from
the AGN can heat and expel most of the gas in the ISM, to eventually quench further
star formation episodes; in the latter mode relativistic jets are launched by the central
engine, delivering their kinetic energy as they collide with the ISM (e.g., Harrison/|2017;
Morganti |2017). By combining the molecular gas maps, obtained with ALMA, with
multi-wavelength images tracing the ionised components of the ISM, associated with
shocked material, we are able to identify the signature of potential multi-phase outflows
(e.g., Cicone et al. 2018} |[Fluetsch et al.[[2019; Fernandez-Ontiveros et al.|2020) For
instance, in Fig. [I.T1]a multi-phase outflow of a local Seyfert galaxy (ESO 420-G13)
is presented (see relevant caption for details). In this particular case, on the basis of its
structure, energy and momentum balance, the molecular outflow was interpreted by the
authors as a jet-driven wind powered by mechanical energy input from the AGN. Thus,
ESO 420-G13 resulted on of the first local objects in which the presence of a previously
unknown AGN-powered jet is revealed through its interaction with the ISM, proving the
role of the investigation of the molecular gas properties with interferometric facilities.

Furthermore, the high spatial resolution provided by ALMA allowed to put constrain on
the molecular envelope surrounding the nuclear region in nearby objects (e.g., Garcia+
Burillo et al.2014). For instance, this cold molecular structure was found to be co-spatial
to the dense dust core, the so-called “torus”, traced by the sub-millimeter continuum
emission, in a local Seyfert galaxy (NGC 1068), thus proving for the first time the dusty

molecular composition for the “torus” (see Fig. [[.12]and relevant caption for details).

1.2.2.3 Molecular gas mass

Observations of GMCs in the Milky Way and nearby galaxies have established that the
integrated flux of '2CO millimeter rotational lines can be used to infer molecular gas
masses ([Young and Scoville, |1991]; |[Bolatto et al. [2013)), although the CO molecule
makes up only a small fraction of the entire gas mass.

Low-J rotational lines (1-0, 2-1, 3-2) are almost always optically thick (i. e. a photon
is absorbed and reradiated many times before reaching the surface) then its brightness
temperature depends on the temperature of the optically thick surface (r¢p = 1; e.g.,
Dickman et al.|1986; Solomon et al.|[1987; Bolatto et al.[2013), not the column density of
the gas. In a virialised body, as in the case of a molecular cloud, the mass and the velocity
dispersion are directly related. So, in the case of an emitting gas, the information about
the mass of the body are then conveyed through the width of the line (the CO, for the

molecular gas), which reflects the velocity dispersion. Therefore, the low-J CO emission
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Figure 1.11: ALMA maps for the 1.2 mm continuum (upper left), CO(2-1) intensity (upper right),
CO(2-1) average velocity (lower left), and CO(2-1) average velocity dispersion (lower right) maps
for the Seyfert 2 galaxy ESO 420-G13. The zoomed insets in the upper left and right panels
correspond to the red square regions indicated in the corresponding maps. Contours in all panels
correspond to the [Ne II]12.8um line emission from VLT/VISIR (starting from 3xrms with a
spacing of x10"/#). Assuming trailing spiral arms implies that the South-East extreme of the
kinematic minor axis is the nearest point to us. The synthesised beam size is shown in the inset
panels and in the upper-right corner of the lower maps. A red arrow points to the position of the
multi-phase outflows in the bottom row panels (velocity and velocity dispersion map, respectively),
with the molecular wind being detected rather far from the AGN (at a projected distance of ~340
pc), with the warmer ionised gas component traced by the [Ne II] at 12.8 yum emission at closer
distances down to the nucleus. This figure is adapted from Fernandez-Ontiveros et al.| []TTO[]

line are useful to trace the total H, contained in a molecular cloud, as well as in any
gravitationally bound ensemble of clouds, such as an entire galaxy.

The molecular gas mass is thereby proportional to the overall CO emission, which can
be expressed in terms of line luminosity (L{.,; [Carilli and Walteri2013):

2

L. =325%x10" X S jeAv——=——, 1.3
line l v(l +Z)V2 ( )

rest
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Figure 1.12: NGC 1068, a local a Seyfert galaxy observed with ALMA: a) Overlay of the CO(3-2)
intensity contours on the dust continuum emission at 349 GHz (color scale in Jy beam™! units
as indicated). The map is shown in color scale with contour levels 5o, 100, 200, 300, 450,
700, 1000 to 5000 in steps of 500, and 6000 to 8000 in steps of 1000, where 10~ = 0.22 Jy km
s~! beam™'. b) Same as a) but zooming in on the circumnuclear disk region. c) Overlay of the
CO(6-5) intensity contours (levels are: 5o, 100, 200, 300 , 400, 7007, 900, 1200 to 2400 in
steps of 400~ , where 10~ = 2 Jy km s~! beam™!) on the dust continuum emission at 689 GHz (color
scale in Jy beam™! units as indicated). The filled ellipses at the bottom right corners represent the
CO beam sizes. Dust continuum and molecular line emission (CO 6-5 and 3-2) were detected in
the proximity of the AGN (right panels), as expected from a molecular dusty compact structure
surrounding the nucleus, i.e. the torus. Using CLUMPY models and the combination of ALMA
observations with near-/mid-IR data, the properties of the putative torus were constrained. The
resulting outer torus radius is R, = ZOf?O pc with a mass My = (2.1 £ 1.2) X 10° Mo. This
figure has been adapted from Garcfa-Burillo et al|[2014].

where S j;,.Av is the flux of the emission line in Jy km s™!, D; is the luminosity distance
in Mpc, v, the rest-frame frequency of the line in GHz.

Then, the molecular gas mass (M,,,) is:

Mmol = Uco X L,CO (14)

where aco is the CO-to-H, conversion factor (e.g., [Solomon and Vanden Bout/ 2005
Bolatto et al.[2013).
As shown in Fig. [[.13] aco varies with many parameters, primarily with the metallicity
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(Z), but also with the compactness (for a complete review, see Bolatto et al.|[2013)).
However, at a given metallicity, a¢o can vary up to a factor ~ 4 between Milky-Way like
objects and ULIRGSs (a¢o = 4.3 and 0.8 M, pc? (K km s~')~!, respectively). Several
studies investigated the dependence of the a ¢ factor from the environmental properties
(e.g., Downes and Solomon|[1998}; [Papadopoulos et al.|2012)), suggesting that the CO-to-
H, conversion factor may depend on GMC-scale physical condition of the ISM, rather

than on galaxy integrated properties. In general, the value of a¢ is likely a function of

local ISM conditions, including pressure, gas dynamics, and metallicity, and remains an

active area of research for nearby galaxies (Ostriker and Shetty|2011; Narayanan et al.|
2012; [Papadopoulos et al.2012}; [Sandstrom et al.[2013). Anyway, assuming a single aco
value for sample of objects with similar properties is good trade-off to obtain baseline

estimates of the molecular gas content in galaxies.

Yco estimates

a b Wolfire, Hollenbach
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. Sandstrom et al. (2013 B Naravanar
Narayanan et
o| ® Leroyet al. (2011 ° W '\(hyn - i
T 1000 F g ® Israel (1997a 4 T 1000F &Kravtsov (2012
'l_“ E s ® Other local group points | 3 'l-“ E i Israel (1997a
£ o o ° o £
= 3
~ 10.0 3 ‘® 3 N 10.0 3 3
v E . 3 v 3
a [ Mikyway @ ] -5 Milky Way
= | ol =
o = [~] * .
& 'OF  ULIRGs 3 ¥ 10F ULIRGs q 3
3 % 3 o 3200 Y 3
[ " .
0.1 T 1 1 1 1 0.1 1 1 1 1 1
-0.8 -0.6 -04 -0.2 0.0 0.2 04 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04
log,, Z/Z log,0Z/Z

Figure 1.13: CO-to-H; conversion factor, estimated from dust-based approaches, as a function of
gas-phase abundance. (a) Color points show estimates for very nearby galaxies [from
Madden et al.[1997, based on [CII];|Leroy et al.|2007; Leroy et al.[2011; |Gratier et al.|2010; Roman-
Duval et al.|2010; Bolatto et al.2011}; [Smith et al.[2012]). Gray points show high-quality solutions
from analysis of 22 nearby disk galaxies by [Sandstrom et al.| [2013]], with typical uncertainties
illustrated by the error bars near the bottom left corner. Note that significant systematic uncertainty
is associated with the x-axis. The color bands illustrate our recommended ranges in a¢co for
the Milky Way and ULIRGs. (b) Colored lines indicate predictions for Xco as a function of
metallicity from the references indicated, normalized to Xcp20 = 2 at solar metallicity where
necessary. Dust-based determinations find a sharp increase in X¢cp with decreasing metallicity

below Z ~ 1/3 = 1/2Z,. This figure is adapted from Bolatto et al.| [2013]].

1.2.3 Ionised gas

The majority of the volume of the ISM is occupied by the ionised gas, although it

accounts for only 25% of the total mass. Ionised gas is usually found in two distinct
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states, the hot ionised medium (HIM) and the warm ionised medium (WIM). The former,
HIM, is usually located in large collisionally ionised bubbles, which are generated by
powerful stellar winds of supernovae explosion, emitting soft X-ray photons (McKee and
Ostriker | 1977; Hollenbach and Tielens|[1999). It is characterised by relatively low density
(n ~ 3 x 107 cm™) and high temperatures (7 ~ 10° K). The WIM is composed by
radiatively ionised hydrogen with temperatures around 7 ~ 10* K [Klessen and Glover,
2016]. Part of this gas is produced within the so-called HII regions, which are located in
the surroundings of massive O and B stars, characterised by a surface temperature around
T ~2-5x10° K, irradiating UV photons with energy hv > 13.6 €V, hence able to ionise
neutral hydrogen [Stahler and Palla, |2005]].

1.2.4 Interstellar dust

Besides the gaseous phases (i.e., ionic, atomic and molecular), ISM includes also a solid-
grain phase. This is generically called interstellar dust, made by micron-sized grains of
graphite and silicate, and it accounts for only about ~1% of the total ISM mass [Klessen
and Glover, 2016]. Dust plays a key role in many physical processes involving the gaseous
ISM phases. For instance, dust is necessary to the formation of the H, molecules (with
the bound between the two H atoms taking place on the dust grain surface; Draine 2010).
Furthermore, it is responsible for large part of the absorption of the optical/UV emission
that originates in regions of intense SF and from AGN, which is re-emitted in the IR band
(i.e., the so-called “dust reddening”’; Draine|2003)).

Interstellar dust is distinguished in “cold” diffuse phase and in a “warm” one. The
cold diffuse component is primarily made of larger grains of size > 250A in thermal
equilibrium in a temperature range of 15 < T < 25 K it is responsible for the absorption
of the optical/near-IR emission, which is then re-emitted at 4 > 60 um. The warm phase
consists of smaller grains of size < 250A, and is responsible for the reprocessing of the
UV emission into mid-IR emission 4 < 60 um; the emission of the 3.3-11.3 um PAH
features is also accounted to the smallest grains of size < 15A of the warmer component
(see |Galliano et al.|[2018| for a recent review).

The global dust emission in nearby galaxies covers the entire IR band (1-1000um)
and is usually described by a modified black body, which accounts for the contribution of
the different dust phases, as presented in Fig. [[.14]

The parameters that are generally used to characterise the dust content in galaxies are the

temperature and the mass. By modelling the broad band SED in the mid-IR and far-IR
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Figure 1.14: Dust SED modeling from Jones et al. [2017]], heated by the interstellar radiation
field. The different grains with different size are responsible for the different part of the total SED
(grey thick line): the largest grain (red line) for the far-IR bump, the small grains (green line)
for the mid-IR emission, while the smallest grains (blue line) for the near-/mid-IR continuum

emission, as well as for the PAH features. This figure is adapated from Galliano| [2017].

we can measure the typical dust temperature for the single (or multiple) component(sﬂ
Moreover, the accurate measurement of the dust mass can be derived by the luminosity in
the Rayleigh-Jeans (RJ) regime (with photon energies that are much smaller than thermal

energies, hy << kT) where the dust emission is optically thin and the observed flux

SThis is the so-called “luminosity-weighted temperature”, depending on the IR emission of the dust,
by definition. Alternatively, a “mass-weighted temperature” can be measured, depending on the global
amount of dust in a galaxy, as well as the relative contribution of the different (i.e., warm and cold) dust

components to the total mass (e.g., Liang et al.[2019).
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density is proportional to the mass of dust [Scoville et al., 2016].

1.3 Thesis aims

The aim of this work is to assess, if any, the effect of AGN activity on the properties of the
host-galaxy ISM in the local Universe. In particular, by combining the complementary
information from observation at different wavelengths, I study whether, and on which
scales, the emission from the AGN affects the properties of the molecular gas component
of the ISM.

In this Chapter, I discus several approaches that can be adopted to investigate the signature
of accreting SMBHs within galaxies. Different physical processes and ISM phases can
be traced at different wavelengths, namely the BH accretion in the X-rays (see Section
[I.1), the emission from the dust in the IR (see Section [1.2.4), and the molecular gas
component in the (sub-)millimetre band (see Section [I.2). Thus, it is straightforward
that a multi-wavelength strategy is essential for a comprehensive picture of the interplay
between BH accretion and the host-galaxy SF activity. Local Seyfert galaxies are the
perfect laboratories to study the impact of AGN on the host galaxy, allowing us to develop
a methodology which can then be applied to AGN at higher redshift. Very good candidates
“composite” objects (i.e., where SF and AGN accretion co-exist) are the Seyfert galaxies
from the extended 12 micron galaxy sample (12MGS) selected by Rush et al. [1993]].
Active galaxies are thought to emit about one fifth of their bolometric luminosity at 12
pm [Spinoglio and Malkan, |1989], irrespectively of their optical/UV classification, which
is intrinsically biased towards type 1 (broad-line, i.e. unobscured; see Section@ nuclei.
The rest-frame 12 um flux has been considered as a reliable proxy of the intrinsic AGN
continuum emissiorﬁ [Gandhi et al., 2009], corresponding to the central wavelength
regime where the dust-reprocessed emission from the torus peaks. This made the 12MGS
an unbiased (or relatively biased) sample of AGN. Then, the entire 12MGS, in particular
the AGN sample included in it, has been the target of extensive studies at all wavelengths
over the past 20 years, both photometric and spectroscopic, from the X-rays to radio

frequencies.

In this thesis I exploit the multi-wavelength coverage of the 12MGS. I adopt a two
fold-approach: 1) I characterise the AGN, focusing on the Type 2 objects, in terms of

level of obscuration and intrinsic power; ii1) I study the properties of the molecular gas,

®It is worth remembering that some authors noted minor selection biases between mid-IR selected
sample of AGN and radio (e.g.,[Buchanan et al.[2006; Honig et al.[2011) or X-ray (e.g.,/Gandhi et al.|2009;
Asmus et al.[2014) selected samples.
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which is directly involved in the SF activity, and, potentially, in the accretion process,
using both resolved and galaxy-integrated observations.

The first step, developed in Chapter 2] is the characterisation of the X-ray properties of
a sample of local Seyfert 2 (i.e., obscured) galaxies, drawn from the 12MGS. In particular,
I present the results of the X-ray spectral analysis, exploiting the broad energy band
(~ 0.5 — 30 keV), obtained with the combination of NuSTAR data with observations at
energies E<10 keV. I describe the X-ray properties (e.g., X-ray luminosity, spectral slope,
level of obscuration) of the sample of 32 out of the 36 Seyfert 2 galaxies from Gruppioni
et al.|[2016]], with available X-ray data. Moreover, I compare the extinction level in the
mid-IR bands (where the emission from the dusty torus peaks), with the obscuration in

the X-rays, to possibly understand the features of the obscuring torus.

To complement our study on the X-ray properties of the Seyfert 2 galaxies, I measure
the molecular gas content of 33 out of the 36 objects from |Gruppioni et al.| [2016]. In
Chapter 3|1 present the measurements of the molecular gas mass (M,,,;), derived from new
and archival single-dish CO spectroscopy. To assess the effect of AGN activity on the host
molecular gas reservoir, | compare the molecular gas content, and the resulting depletion
time Zg0p1 = Myno1/S FR of our sample with a control sample of normal SF galaxies (SFGs).
Furthermore, I investigate the effect of the nuclear activity on the PAH emission, a widely
used tracer of ongoing SF.

The results presented in the first two Chapters provide an extensive characterisation of
both the AGN (Chapter[2)) and the properties of the host-galaxy ISM (Chapter 3) for 29
out of the 36 Seyfert 2 galaxies from Gruppioni et al.|[2016]], which then result in one of
the first statistically large samples of local AGN with such a detailed and comprehensive

study.

In Chapter 4] I select one of the AGN from the 12MGC to test our multi-wavelength
approach. I combine the characterisation of the AGN (obtained through the X-ray spectral
analysis), with a spatially resolved study of the host-galaxy molecular gas, obtained
with an ALMA archival observation (see Section 4.2.2)). I present the modelling of
the molecular gas kinematics.

Finally, in Chapter 5 I summarise the results and draw the conclusions of the work
presented, providing a coherent interpretation of the effect of AGN on the properties

of host-galaxy ISM, and outlining future developments.
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Unveiling the intrinsic power in local
Seyfert 2 galaxies

This Chapter is mainly based on “Unveiling the intrinsic power in local Seyfert 2

galaxies”, F. Salvestrini, et al., in prep.

In this Chapter we present a systematic study of the X-ray properties of a sample of
local Seyfert 2 galaxies drawn from G16, to determine the intrinsic power (i.e., corrected
for potential obscuration) of their central engine. As shown in Sect. [I.1.2] revealing the
emission from an AGN can be challenging, in particular in the case of heavy obscuration
or relatively weak nuclear emission. To this purpose, we need high sensitivity and the
largest band available to probe the X-ray emission up to the highest energy regime, i.e.
> 10 keV, where the obscuration is less effective. The Nuclear Spectroscopic Telescope
Array (NuSTAﬂT]; Harrison et al.|[2013)) is the perfect tool for this kind of investigation,
with its unparalleled focusing power at energies above 10 keV. By combining NuSTAR

'The NuSTAR mission has deployed the first orbiting telescopes to focus light in the high energy X-ray
(nominally 3-79 keV). It was launched by NASA on March 21, 2012 and it is equipped with a deployable
arm, at which end are placed two focusing optics with a 10.15 m focal length. Focal plane host two
detector units, each one comprised of four Cadmium-Zinc-Telluride (CdZnTe) detector. The on-board
instrumentation provide a spectral Resolution (FWHM) of 400 eV at 10 keV, and 900 eV at 68 keV. The
field of view (FoV) is ~ 10" at 10 keVwith and angular resolution of 18”(FWHM).

29
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with 0.3-10 keV energy band observation, we are able to model also the complex spectra of
heavily obscured AGN. From the broad-band X-ray spectral analysis, we place constrains
on the level of obscuration and determine the intrinsic luminosity.

Furthermore, in Section [I.1| we emphasise the importance of combining X-rays and mid-
IR information to unveil the intrinsic power of the AGN, as well as to constrain the level of
obscuration. Here we compare the obscuration in the X-rays and in the mid-IR, where we
account on the results of the SED modelling from a previous work from our collaboration
(G16) and the analysis of Spitzer/IRS spectra by [Hernan-Caballero and Hatziminaoglou
[2011]. This Chapter is structured as follows: in Sect. we present the sample and the
data included in the analysis, the results are presented in [2.2] while the conclusion are
summarised in[2.3] Throughout the Chapter, distance-dependent quantities are calculated
for a standard flat ACDM cosmology with the matter density parameter €, = 0.30, the
1

dark energy density parameter Q, = 0.70, and the Hubble constant Hy, = 70 km s~

Mpc~! [Komatsu et al., 2009]. Errors are given at 68 per cent confidence level.
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2.1 The sample

Our reference sample is the collection of 76 mid-IR selected active galaxies by G16,
where the authors performed a detailed SED decomposition to trace the BH accretion and
determine the relative contribution of nuclear activity to the global outcome of the galaxy.
We focused on the optically-classified (i.e., narrow-line) Seyfert 2 galaxies from the G16,
since the SED decomposition analysis of type 2 (i.e. obscured) galaxies produces more
solid determination of the host-galaxy properties (e.g., the stellar content, M,, and the
SFR), given the lower contribution in the optical-UV band from the nuclear activity, with
respect to type 1 objects.

36 (out of 76) AGN in G16 were classified as Seyfert 2 galaxies (see the full list in
Table 2.1), among which we only selected the objects with available X-ray observations,
with the aim of assessing the intrinsic power of the BH accretion exploiting X-ray
spectroscopy. To properly constrain the spectral shape and the level of obscuration we
limited our analysis to the 32 targets for which NuSTAR observations are already available
in the archiV Since NuSTAR instrumentation are sensitive and well calibrated only
above 3 keV, we looked for the availability of combined-simultaneous observations with
one of the X-ray telescopes with sensibility in the soft band, i.e. below 3 keV, namely
XMM-Newtorf)} Swiff, and Chandrd’| (see Table for the list of selected datasets). Details
about the selected X-ray data are provided in Sect. 2.1.1]

’https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_archive.html

3The XMM-Newton telescope was launched by ESA on December 10, 1999. It is equipped with
three X-ray telescopes, which focus on the focal plane detector, the European Photon Imaging Camera
(EPIC). For a complementary analysis of the spectrum, two of the three telescopes have a grating structure
(the Reflection Grating Spectrometer, RGS) on their mirror module that reflects about 40 per cent of the
incoming rays to a secondary focus, with its own CCD camera. A optical/UV telescope, the Optical Monitor
(OM), is the third instrument on-board. The X-ray mirrors, combined with EPIC detectors, provide a
spectral resolution of E/dE ~ 20 — 50, while the spatial resolution reaches 15” (FWHM).

“The main goal of the Swift Gamma Ray Burst Explorer (Swiff) telescope is to monitor and reveal
Gamma-ray burst events. to this goal, the spacecraft was launched by NASA on November 20, 2004. It
is equipped with the X-Ray Telescope (XRT), a focusing X-ray telescope with 23.6x23.6" FOV, and 18"
resolution, operating in the 0.2-10 keV energy range. The Burst Alert Telescope (BAT) is a telescope with a
large FoV (up to 1.4 sr) sensitive to the 15-150 keV band. It is responsible for the monitoring of gamma-ray
event, which are then observed with XRT. Also a UV/optical telescope (UVOT) is present onboard.

>Chandra is an X-ray telescope, launched by NASA on July 23, 1999. The High Resolution Mirror
Assembly (HRMA) focuses X-rays onto one of two instruments, ACIS or HRC. Only one detector (HRC
or ACIS) is in the focal plane at any given time. Two grating spectrometers (low and high Low Energy
Transmission Grating, LETG and HETG, respectively) can be placed in the optical path behind the HRMA.
The Advanced CCD Imaging Spectrometer (ACIS) is an X-ray imager which reaches the ~1" spatial
resolution, with a spectra resolution of ~100 eV and a FoV of sim16 x 16’. The High Resolution Camera
(HRC) is a microchannel plate (MCP) instrument with two detectors, one optimised for imaging and the
other for spectroscopy.
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2.1.1 X-ray data

Our goal is to provide a systematic analysis of the X-ray spectral properties for the Seyfert
2 galaxies from G16 with available X-ray observations (see Table [2.2)), both proprietary
data (ID:06158, PI: Salvestrini) and from the archive, by adopting a uniform approach.
The source of the sample are optically obscured and thus it is probable that they are
characterise by X-ray obscuration as well. The X-ray spectra of obscured AGN are
typically characterised by: 1) a primary emission is due to Compton-up scattering of
optical/UV photons, emitted by the accretion disk, onto the hot corona of relativistic
electrons and surrounding the disk itself (e.g.,/Zdziarski et al.|1994) The cut-off at softer
energies is due to the photoelectric absorption of the obscuring material along the line-
of-sight; 2) A scattered continuum component, reflected by the material surrounding
the accreting SMBH; 3) Fe K-shell fluorescent emission lines (e.g., Fabian et al.[|2000).
Finally, 4) a soft emission (E<3 keV) due to one or a combination of the following
components: the high-energy tail of the SF from the host galaxy (e.g., Mineo et al.
2012b)); the higher-energy component of the thermal emission; the reflection from the
disk(e.g., Brightman et al. 2014); two coronae (hot and warm,; e.g., Ursini et al. 2020).
The relative normalisation between the components depends on the properties of the
dusty torus surrounding the central SMBH. In particular, the most relevant parameters
are related to the torus geometry (i.e., inclination with respect to the los, the aperture
angle) and physical properties (i.e., the density profile of obscuring material). Since
the absorption in the X-rays is more “efficient” at soft energies (i.e., below 10 keV), to
place solid constrain on the spectral shape of the intrinsic emission, and on the level
of obscuration, the largest energy band available is necessary, especially extending at
energies E>10 keV.

We collected archival data obtained with the X-ray Multi-Mirror Mission (XMM-Newton),
Chandra and Swift. We adopted the following criteria: when available, we considered
XMM-Newton observation, possibly taken simultaneously to the NuSTAR one; if no
XMM-Newton observation was available, we checked for Chandra one. Eventually, if
neither XMM-Newton and Chandra data were available, we retrieved Swift observations.
Furthermore, if multiple XMM-Newton or Chandra observations were available, we
chose the longest one. We checked in the literature for evidence of significant X-ray
spectral variability (e.g., in either spectral shape or flux) for the objects in our sample
with multi-epoch data, finding no significant variability effect in the large part of the
sample. An exception is NGC 2992, which has been observed multiple times over the last
forty years, showing its 2-10 keV flux varying up to a factor four, and spectral features
changing shape (for further details see Marinucci et al. 2018)).

Thirty-two out the 36 Seyfert 2 galaxies form G16 have been observed in the X-rays, out
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of which 29 have NuSTAR data. The remaining four objects have only observations in
the band at energies below 10 keV. The collection of dataset for each object are listed
in Table [2.2] To the 24 objects with NuSTAR observations, we associated an XMM-
Newton counterpart in 21 cases, Chandra for 5 objects, while the remaining 3 have a Swift
observation. CGCG 381-051, Mrk 0897, and NGC 5953 were never targeted by a NuSTAR
observations, hence we collected the archival XMM-Newton data for the former three,
while for NGC 5953 we used the Chandra observation. Among the XX sources listed
in Table[2.2] we included also NGC 1056 for which NuSTAR-XMM-Newton proprietary
data have been recently obtained (ID:06158, PI: Salvestrini).

2.1.2 X-ray data reduction

We reduced all data sets included in our study by using a uniform and homogeneous
approach. Data reduction was performed by using the standard guidelines suggested for
each telescope, using the dedicated software. Furthermore, we checked the light curves
for potential time variability, once flaring-background periods were filtered out, for each
data set. We found no evidence for significant time variability.

Furthermore In the following sections, we describe the data reduction procedures adopted

for each telescope set.

2.1.2.1 NuSTAR data reduction

We processed the data of both the NuSTAR Focal Plane Modules (FPMA and FPMB)
using the NuSTAR Data Analysis Software (NuSTARDAS) v1.7.1, from the HEASOFT
(v. 6.24) distribution. The event data files were calibrated running the nupipeline task
using the response file from the Calibration Database (CALDB) v. 20100101. For each
focal plane instrument, we extracted the source counts using 50”circular aperture centred
on the position of the source, retrieved from the NASA/IPAC Extragalactic Database
(NEIf]). The 50”extraction radius corresponds to at least the 50% of the encircled energy
fraction (EEF) on the entire energy band (3-79 keV) for both FPM cameras [An et al.,
2014]. For the background counts, we used the same circular extraction aperture from
regions free from sources in the same frame. With the “nuproducts” script, we produced
both the source and background spectra, as well as the ancillary and response matrix
files. NuSTAR spectra were grouped with a minimum number of 30 counts per bin, to
reasonably apply the standard goodness-of-fit test for Gaussian data, i.e. the y* test,

to evaluate the goodness of the fit.

Shttps://ned.ipac.caltech.edu/
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Table 2.2 — X-ray datasets
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Source Telescope Observation ID  Observation date  Exposure
CGCG 381-051 XMM-Newton 655380201 2010-12-02 16.4
ESO 033-G002 NuSTAR 60061054002 2014-05-04 23.5
Swift 80345001 2014-05-04 6.9
IC 5063 NuSTAR 60061302002 2013-07-08 18.4
Swift 80269001 2013-07-08 7.1
IRAS F01475-0740 NuSTAR 60360005002 2019-06-16 30.7
XMM-Newton 0200431101 2004-01-21 11.9
IRAS F05189-2524 NuSTAR 60201022002 2016-09-05 155.0
XMM-Newton 0790580101 2016-09-06 99.0
IRAS F15480-0344 NuSTAR 90601603002 2020-03-23 48.0
XMM-Newton 600690201 2010-01-30 51.9
MCG-03-34-064 NuSTAR 60101020002 2016-01-17 78.5
XMM-Newton 0763220201 2016-01-17 142.5
MCG-03-58-007 NuSTAR 60101027002 2015-12-06 138.0
XMM-Newton 0764010101 2015-12-06 134.3
Mrk 0273 NuSTAR 60002028002 2013-11-04 69.8
XMM-Newton 722610201 2013-11-04 22.8
Mrk 0463 NuSTAR 60061249002 2014-01-01 23.8
XMM-Newton 94401201 2001-12-22 26.8
Mrk 0897 XMM-Newton 655381001 2010-05-04 20.3
NGC 0034 NuSTAR 60101068002 2015-07-31 21.4
XMM-Newton 150480501 2002-12-22 22.1
NGC 0262 NuSTAR 60160026002 2015-10-28 21.5
XMM-Newton 67540201 2002-07-18 49.5
NGC 0424 NuSTAR 60061007002 2013-01-26 15.5
XMM-Newton 550950101 2008-12-07 127.5
NGC 0513 NuSTAR 60061012002 2013-02-16 16
XMM-Newton 301150401 2006-01-28 16.8
NGC 1056 NuSTAR 60664006002 2020-07-25 113.2
XMM-Newton 0871000101 2020-07-24 30.3
NGC 1125 NuSTAR 60510001002 2019-06-10 31.7
Chandra 21418 2018-10-24 55.8
NGC 1320 NuSTAR 60061036004 2013-02-10 27.9
XMM-Newton 405240201 2006-08-06 17.1
NGC 2992 NuSTAR 60160371002 2015-12-02 20.7
XMM-Newton 654910301 2010-05-06 59.4
NGC 3079 NuSTAR 60061097002 2013-11-12 21.5
XMM-Newton 80030001 2013-11-12 6.7
NGC 4388 NuSTAR 60061228002 2013-12-27 20.7
XMM-Newton 0675140101 2011-06-17 61.4
NGC 5135 NuSTAR 60001153002 2015-01-14 333
Chandra 2187 2001-09-04 29.9
NGC 5256 NuSTAR 60465005002 2019-02-08 323
XMM-Newton 55990501 2002-05-15 23.1
NGC 5347 NuSTAR 60001163002 2015-01-16 47.3
Chandra 4867 2004-06-05 374
NGC 5506 NuSTAR 60061323002 2014-04-01 56.5
XMM-Newton 761220101 2015-07-07 132
NGC 5953 Chandra 2930 2002-06-11 10.1
NGC 5995 NuSTAR 60061267002 2014-08-28 21.1
Swift 80153001 2014-08-28 6.7
NGC 6890 NuSTAR 60375003002 2018-05-25 34.6

Continued on next page
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Table 2.2 — Continued from previous page

Source Telescope Observation ID  Observation date  Exposure
XMM-Newton 301151001 2005-09-29 12.8

NGC 7130 NuSTAR 60261006002 2016-12-15 42.1
Chandra 2188 2001-10-23 39.5

NGC 7674 NuSTAR 60001151002 2014-09-30 51.9
XMM-Newton 200660101 2004-06-02 104

TOLOLO 1238-364 NuSTAR 60001164002 2015-01-09 58.7
Chandra 4844 2004-03-07 9.6

UGC 05101 NuSTAR 60001068002 2014-03-21 18.2
XMM-Newton 85640201 2001-11-12 34.9

37

Table 2.2: (1): Source name; (2) Name of the telescope used for the observation.
(3): Observation ID. (4): Observing date; (5): Total exposure time in 103 s.

2.1.2.2 XMM-Newton data reduction

XMM-Newton data were reduced with the Science Analysis Software (SAS) v.16.1.0,
adopting a standard procedure, for both European photon imaging camera (EPIC) pn
and Metal Oxide Semi-conductor (MOS) cameras. Source counts were extracted from
circular regions of 15” centred on the source position (~90% of the EEF at E<5 keV
for both EPIC pn and MOS cameras), while the background counts were extracted from
circular aperture of 40” in a region surrounding the target, free from contamination
from external sources. EPIC pn and MOS spectra were binned with at least 20 and
30 minimum counts per bin, respectively.

2.1.2.3 Chandra data reduction

We reprocessed Chandra data using the software Chandra Interactive Analysis of Observa-
tions (CIAQ; Fruscione et al.|2006) v. 4.9, and the Chandra Calibration DataBase (caldb)
4.6.9, adopting standard procedures. We checked for potential pile-up: no significant
evidence for pile-up was found in any of the considered Chandra observations. We
extracted the source counts from a circular region of 2" (~95% of the EEF for E~1.5 keV)
centred on the source position. The background counts were extracted from contiguous
source-free circular region with 10”radius, near to the target. Each spectrum has been
binned with at least 15 counts per bin.

2.1.24 Swift-XRT data reduction

We retrieved Swift spectra from the Swift data products generator available onlin [Evans
et al., 2009]. Given the low-counts statistics of typical Swift-XRT spectra, we binned
the spectra with at least 7 counts per bin.

"http://www.swift.ac.uk/user_objects/
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2.1.3 Spectral Fitting Procedure

As discussed in Section [2.1.1] many spectral components have been observed in the
X-ray emission of obscured AGN, namely the primary absorbed continuum emission,
the reflection hump, the contamination from the SF-related emission in the soft band,
and emission line features. To properly reproduce the X-ray spectra of AGN, a plethora
of models has been developed over the years. A first approach is to combine different
models, each one of these being responsible for a single, or a few, spectral components, to
reproduce the entire emission. This approach is called “phenomenological”, and requires
the combination of a variable number of distinct model components, which lacks in
providing a complete picture of the structure and properties of the surrounding material in
the nearby of the SMBH. Recently, the so-called ”physical*“ models have been presented
and widely applied to study the X-ray emission in local AGN (e.g., Marchesi et al.[2018;
Kammoun et al.|2019; Marchesi et al.[2019; Zaino et al.[2020) These models assume
that the intrinsic emission is self-consistently absorbed and reprocessed by the toroidal
material. Due to the complexity of the parameter space, “physical” models requires the
Markov chain Monte Carlo (MCMC) over the straightforward y? minimization, given
the large number of free parameters. In this work, we adopted a “phenomenological”
approach for the entire sample, providing more solid constraints on the spectral properties
also in the case of low statistics, while we performed a “physical” modelling for those
objects with higher quality spectra. To this goal, we considered the MyTorus model by
Murphy and Yaqoob [2009].

The spectral analysis was performed using the X-Ray Spectral Fitting Package (XSPEC) v.
12.10.0c [Arnaud, 1996]. All the considered models include a Galactic absorption
component, based on the measurements by Kalberla et al. [2005]. To account for
potential (minor) variability between non-simultaneous observations (e.g., NuSTAR and
the countepart at E<10 keV), as well as different responses between cameras (e.g., FPMA
and FPMB in NuSTAR; EPIC pn and MOS in XMM-Newton), we also included cross-
calibration constants. For the objects with NuSTAR observations, we set the constant
associated with the spectrum obtained with the FPMA equal to one (C4 = 1), leaving the
remaining constants free to vary. For the three objects lacking of NuSTAR observations,
we set the cross-calibration constant of the EPIC pn spectrum to unity (C,, = 1), leaving
the remaining free to vary. For the fitting procedure, we assumed a y? statistic, and y? test
as standard goodness-of-fit test. The best-fit value for the spectral parameters presented in
Section [2.1.3.1] and [2.1.3.2| were obtained by running Monte Carlo Markov Chain. Upper
and lower errors (1sigma) relative to the best-fit parameters are measured as the difference

between the best fit value (50th percentile) and the 84th and 16th percentiles, respectively.
In the case of NGC 2992, we fit together the longest NuSTAR observation with one the
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latest XMM-Newton observations (0147920301 ; [Marinucci et al.[[2018]), with the cross-
calibration constants (C;) included in the spectral model, accounting for the variability
between the two observations. Indeed, between the two considered observations, a minor
flux variation was observed (about a factor ~3).

2.1.3.1 Phenomenological models

Among the plethora of model components available within the XSPEC libraries, we
included model dedicated to each one of the spectral components described in [2.1.1]
Indeed, our baseline model is composed of:

i) apower-law continuum (“pow” in XSPEC) absorbed by neutral material intrinsic to
the sources (“zwabs’);

ii) a reflection component caused by cold material close to the BH accretion disk

(“pexrav’);

iii) a variable number of narrow Gaussian functions to model the expected neu-

tral/ionized Fe K-shell emission lines in the interval E~6.4-7 keV (“zgauss”);

iv) a scattered power-law in the soft X-rays, usually with the same slope of the primary

emission, but accounting for only a few % of the primary emission;

v) when required to reduce the residuals at E<3keV, thermal components due to a hot
plasma (“mekal”), which accounts for the diffuse emission from the host galaxy.

The adopted fitting strategy is the following: first, we model the absorbed primary
continuum emission; then, depending on the presence of residuals at energies above 10
keV, we included the reflection component. Case by case, depending on the residual in
the 6.4-7 keV energy band, we tested for the presence of multiple Gaussian functions. We
included one components at a time, starting with the neutral Fe Ka emission line with
rest-frame energy E=6.4 keV. We set the line width to 0.01 keV for the Fe Kea, and for
any additional Gaussian function. Further Gaussian functions were included to account
for the neutral Fe kg3 at rest-frame 7.06 keV, and the ionized Fe XXV and Fe XXVI
lines at rest-frame 6.7 and 6.97 keV. To determine if it was reasonable to add each new
component (different from Gaussian functions), after a visual inspection of the residuals,
we run a “F-test”. In case of low “F-test” probability, we include the new component.
The “F-test” is not totally reliable to evaluate the statistical significance of the inclusion
of Gaussian functions [Protassov et al., 2002], hence we use a visual inspection of the
residuals and we evaluated if the new y? was lower and the null hypothesis probability
higher. Finally, if an excess was present in the residuals in the soft band (E<3 keV), we
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added one phenomenological thermal component to reduce the y? of the best-fit model.

The thermal component at energies E < 3 is likely due to both diffuse SF in the host

galaxy, as well as X-ray binary objects (e.g, Mineo et al. 2012a; Mineo et al.[|2012a)), and

is clearly visible in Chandra images of local Seyfert galaxies, thanks to the high-spatial

resolution of the telescope (<1”; e.g., Levenson et al. [ 2004).

2

Source X do.f. Tx Foiev Ny 1072 cm™  log(Ly—1okev)
CGCG 381-051 723571 90 19 0.02 00T 0.11 0% 40.7 7015
+0.04 04 3098 ol
ESO 033-G002 45796 463 18310 133705 1871y 42.99 “4.)
IC 5063 35127 326 17937002 17.7 0% p45+24 42.7 001
IRAS FO1475-0740  97.2509 129  1.983 *022  0.62 *011  0.46 4007 41.64 101
IRAS FO5189-2524 610445 506  2.10°00%  5.83+01% 779+ }%5 43.39+001
IRAS F15480-0344  43.0337 55  2.27470020 4544011 390,0%42 4328001
MCG-03-34-064 1242.83 766 2. 14f§;§§ 6.6+01 23.77f§;§§ 42.92ﬁ§;§}
MCG-03-58-007  789.616 465 1.90j0;0§ 2.49%004 22 9g+0.07 42.75+001
Mrk 0273 167219 166 1.95% > 21974 63+ 42.86 *0 e
Mrk 0463 170.177 123 193012 jog+llE 59+ 43.08 020
Mrk 0897 289552 27 19 0.18*012 22954951 41.45+03
NGC 0034 81.9216 39 1.9 0.56 01T 40 +13 41.69 *008
NGC 0262 1047.32 1025 1.88 011 90.2+20  18.82 00 43.66 j‘é;}g
NGC 0424 165 139 1.96*% 632+ 58419 42.29 004
NGC 0513 208.165 201  1.69*001 526 ﬁg;gg 7.04 j§;§g 42.66 ﬁg;gg
NGC 1056 95.1894 132 1.9 0.03* ;§} 0.01 *001 39.28 *013
NGC 1125 146.033 90  1.92%02 327 f‘;; 174 *¢F 41.94 jgég
NGC 1320 1673 100  2.39 jo;ég 6384220 58+ 42.05 *013
NGC 2992 90292 902  1.72 j§;~19 59.8 117 27430 42.9 jg?%
NGC 3079 88.7775 82 1.47t8;é§ S.ng;g 29341 4142400
NGC 4388 711244 649 1.5787002 16602  24.417002 42.42+001
NGC 5135 91.5995 85  1.83*000" 207+0%  436.25 ffg 41.94 021
NGC 5256 118228 95  1.94 jg;?é 0.06 004 178 +42 41403
NGC 5347 90 68 1922 125 tgfg 463 10 432392
NGC 5506 1886.76 1670 1.96 *01>  58.8 #4264 +008 42.7 +01
NGC 5953 634281 93 1.9 0.03 #0024 404 39.4 +034
NGC 5995 520336 539 1.9%0% 15407 162 fﬁ;{% 43.35 018
NGC 6890 257562 227 24270 . 1.36 tg;gé 15.9 jgég)g 413 jg;gg
NGC 7130 194.076 147 22 jg;ég 7.18 *183 479 +30 42.63 jg;};
NGC 7674 13292 121 2,09 703 0454020 25+23 41.93 *021
TOLOLO 1238-364 70.9824 80  2.34*02  3.99+22 590 16, 42.02 +0%
UGC 05101 429 37 19 316100 17140 43.06 *009

Table 2.3: (1): Source name; (2) y? of the best-fit model (3): Degree of freedom; (4): X-ray
Spectral index. For 7 sources we assumed I'y = 1.9 (hence reported in the Table without
errors) because we were not able to determine the spectral index from the fit; (5): Intrinsic
2-10 keV flux, in units of 1072 erg s™! cm™2; (6) Column density of the obscuring material
in units of 10?2 cm~2; (7) Logarithm of the intrinsic 2-10 keV luminosity, in units of erg s~!.
Quantities which are provided without errors were left fixed during the fitting procedure.

We also checked the consistency of the results from our X-ray spectral analysis with

the literature: our best-fit parameters resulted consistent with the extensive literature on
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these objects. In particular, we focused on the determination of the column density of the
obscuring material, allowing us to infer the intrinsic luminosity (L,_jokeV, Ly hereafter).
The summary of the best-fit parameters which are more relevant to the analysis we are
presenting are reported in Table 2.3] Some of the best-fit spectra are presented in Fig.
[2.1] while the remaining are shown in Appendix [A]

2.1.3.2 MyTorus

To investigate the structure and geometry of the torus, which is responsible for the
obscuration and reprocessing of the AGN primary emission in the X-rays, we used the
MyTorus code by Murphy and Yaqoob| [2009]]. MyTorus includes three distinct and
separable components. The first one accounts for the attenuation of the primary emission
(usually a power-law); it contains the photo-electric absorption and Compton scattering
terms which are responsible for the suppression of the emission in the soft band in heavily
obscured AGN. This component is primarily parametrised with the column density of
the neutral hydrogen Ny. The second MyTorus component is the scattered continuum,
also known as the “reflected component”, i.e. the photons that interact with the material
surrounding the SMBH and are hence reflected toward the observer. Finally, the third
component models the neutral fluorescence Fe K lines, namely the Fe Ka and K@ at 6.4
and 7.06 keV, respectively.

Each one of the three components depends on the column density of the obscuring
material and the viewing angle (i.e. the angle between the observer and the torus axis),
which can be fitted separately. Furthermore, the relative normalisation of the three
components can be “decoupled” by adding a cross-normalisation constant in front of them
free to vary. Since the physical interpretation of different inclination angles and column
densities among the three components is not straightforward, our baseline model assumes
inclination angles and Ny tied together, while we let the cross-calibration constants (Ag
and A, for the scattered and emission lines components, respectively) free to vary if
necessary. It is worth noticing that in 9 cases, we have to fix the inclination angle. The
choice of the fixed inclination angle was chosen upon the following strategy: we fixed
the inclination angle at increasing value from 60° to 90°, with 6y = 5°. We compared the
best-fit y? value obtained for each model, hence we selected the one with the lowest .
Depending on the spectrum of each sources, we added more Gaussian functions for the
potential highly-ionised Fe lines (e.g., XXV/XXVI at rest-frame 6.637 and 6.966 keV,
respectively), as well as thermal components (“mekal’”), and a scattered continuum (see
also Sect. [I.1.2]for further details). Moreover, to limit the degeneracy among different
models, we fixed the spectral index of the primary power-law in the torus model to the

one obtained with “phenomenological” models.
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Figure 2.1: X-ray spectra of the objects in our sample, analysed using the “phenomenological”
model. In the upper panel, the spectrum and best-fit model, expressed in normalised counts s™';
in the bottom panels, the residuals (data minus model) are expressed in units of o. The dataset
included in each plot are listed in Table [2.2] and are color coded depending on the order we gave at
the spectra: 1stin black, 2nd in red, 3rd in green, 4th in cyan, Sth in blue. When available, NuSTAR
FPMA and FPMB are the 1st and 2nd spectra, respectively; then we included one observation
either from XMM-Newton (EPIC pn, MOS1 and MOS2), Chandra or Swift.
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Given the complexity of the model, as well as the range of column density included in the
libraries (10> < Ny < 10% cm™), we tested the MyTorus code for most of the sources
in our sample, but we avoid the targets with spectra with low-counts statistics (for NGC
1056 we measure < 200 counts with FPMA, while no detection at all with FPMB) or
those not observed with NuSTAR (CGCG381-051, Mrk 897, NGC 5953). In Table[2.4]
we present the results of our spectral analysis for the 28 Seyfert 2 galaxies for which
we performed the modelling with MyTorus. Six of the best-fit spectra obtained with

MyTorus are shown in Fig. [2.2] while the remaining are shown in Section [A]

Source Y’ dof Ny 10®cm™ inc Ar Ag

ESO 033-G002 521.77 458 0.02707 85 1 1
1C5063 402.762 363 138702 60.7t93 1 1

IRAS F01475-0740  104.63 122 0.0102f8;gg§ 85 30*110 22080
IRAS F05189-2524  610.445 510  0.073*)30 85 1 1

IRAS F15480-0344 59.64 60 1753401 85 1577120 39020
MCG-03-34-064 1007.1 763 0.617p5%% 85 14.0t12 6.0
MCG-03-58-007 751.707 470 0.1090%3 85 3.808 4.4tg;§
Mrk 0273 184.56 168 0.61ﬁ§;§3 83*] 1792 0 0.87+0%
Mrk 0463 193 128 0.83i8;9§ 8575 6.3 3.340
NGC 0034 55.7 39 062702 72+ 1 1

NGC 0262 1834.7 1025 0.20%319 90j§.8 0.1 1j§3ég0 1.570:92
NGC 0424 187.1 138 2.18+)% 87+3 10505 0.977009
NGC 0513 2325 205 0.05j§;§g 90 1.05f§;?§ 0.47ﬁ8;}§
NGC 1125 1374 95 1.46%001 82+2 4.4+19 10.173%
NGC 1320 1234 87 2175 8996 43+10 7.8%0>
NGC 2992 993.351 894  0.011670:9%2 g5 1 12.2+32
NGC 3079 88.5552 83 2.3237% 0, 90 1 1

NGC 4388 850.19 647 0.248f§;gg§ 90 2.45f§;ig 2.74+002
NGC 5135 13387 90 2.51ﬁ§;5§ 88*3 3.20%%2 1.0i§ﬁ
NGC 5256 14584 95 0.16ﬁg;gg 90 1 0.8f8;j
NGC 5347 47.8919 67  3.3%07 773 59119 2.0f0;§
NGC 5506 272128 1674  0.03709! 85 0.35%033  0.76°013
NGC 5995 539.506 525 0.01%p00 90 1357922 0.88%1,
NGC 6890 243.825 229 0.25700 90 142 o.oozjg;gg}
NGC 7130 134975 114 3.15j;;§§ 89.3%07, 1.12f§;é9 1.04+5%
NGC 7674 176 129 0.34ﬁ§30§ 90 0.68700; 1
TOLOLO 1238-364  98.1556 80 9.24j8;%§ 7158 1 1

UGC 05101 52.5084 41 1.57+0:19 85 1 1

Table 2.4: (1): Source name; (2) )(2 of the best-fit model (3): Degree of freedom; (4):
Column density of the obscuring material in units of 104 cm~2; (5): Inclination angle
of the torus, in degree; (6) Cross-calibration factor of the emission line component; (7)
Cross-calibration factor of the scattered component. Quantities which are provided without
errors were left fixed during the fitting procedure.
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Figure 2.2: X-ray spectra of the objects in our sample, analysed using MyTorus model. In the
upper panel, the spectrum and best-fit model, expressed in normalised counts s~!; in the bottom
panels, the residuals (data minus model) are expressed in units of o~. The dataset included in each
plot are listed in Table@ The color code is the same as in Fig. @
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2.1.4 Decomposed SED

As already quoted in Section [2.1} our group dedicated a paper (G16) to the analysis of the
broad-band spectral energy distribution decomposition (SED) of a sample of 76 mid-IR
selected galaxies out of the 12 yum galaxy sample (12MGS; Rush et al.| 1993). Given
the wealth of multi-wavelength data, from the X-rays to the sub-millimetre, G16 were
able to constrain the relative contribution of the stellar, AGN and SF components to
the global output of the source. In the case of obscured (narrow-line) Seyfert galaxies,
the UV-optical band is dominated by the stellar emission, and the cold diffuse dust is
mainly responsible for the far-IR bump. The mid-IR band (~ 2.5-35 um) of an active
galaxy presents a combination of different components: the thermal radiation from a
dusty, compact medium (i.e., the dusty torus); the thermal dust continuum associated
with SF; a plethora of spectral features (e.g., polycyclic aromatic hydrocarbon, PAH; the
silicate feature at 9.7 ym) and emission lines (arising from molecular, atomic, and ionic
species). G16 included (rebinned) Spitzer/IRS spectra, increasing the information in the
mid-IR regime. This is crucial to place solid constrain on the relative contribution from
the AGN and SF. In addition to the Spitzer/IRS spectra, G16 collected wide-band aperture
corrected photometry, from the UV to the far-IR wavelengths, from the NASA/IPAC
Extragalactic Database (NEDf] (see their Table Al and A2). Here we briefly summarize
the approach adopted in G16, while we refer to the relevant paper for details about the
SED fitting procedure and the selection of the archival data. The SED-fitting code adopted
is SED3FIT (Berta et al. 2013E|) that reproduces simultaneously the stellar emission and
the reprocessed emission from the dust — heated by both stars and the AGN. The code
relies on a collection of libraries, in particular the library by Bruzual and Charlot [2003]]
for the stellar contribution, the one by |da Cunha et al.|[2008]] for the IR dust-emission,
and the library of AGN tori by |[Fritz et al. [2006], updated by |Feltre et al.|[2012]. An
example of decomposed SED for one of our object (NGC 2992) is presented in Fig. [2.3]
In Table 3 of G16, the author reported the results of the SED decomposition for their
entire sample, among which the 28 objects of our current sample (see Table[2.T)). The
SED fitting analysis by G16 provided the main host-galaxy properties, namely the SFR
(obtained through the Kennicutt/|1998| relation), stellar and dust masses (measured as
prescribed by da Cunha et al.[2008]), IR luminosity (integrated over the 8-1000um spectral
range), as well as the measurements of the contribution from the AGN, i.e. the bolometric
luminosity (L) and the fraction of the emission in the 5-40 um regime (fagy)-

To compare the level of extinction in the X-rays and mid-IR, we collect the measurements

of the depth (797,,) of the 9.7 um silicate feature, as modelled by the dusty torus

8https://ned.ipac.caltech.edu/
http://steatreb.altervi sta.org/alterpages/sed3fit.html
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Figure 2.3: Example of decomposed SED for NGC 2992 by G16: un-absorbed and absorbed
stellar components are in blue and orange, respectively; the dashed green line is for the dusty torus
component, red dashed lines show the combination of extinguished stars and dust IR emission,
while pale-blue dot-dashed lines show the dust re-emission. The total emission is in black. The
9.7 um silicate feature is clearly visible as an absorption feature in the torus model.

component in the SED fitting analysis by G16, to infer the column density of the obscuring
material in the mid-IR. Given the relation between the line-of-sight optical depth at 9.7

um and the corresponding extinction:

A9 7um
I 1.086T0 7m: 2.1)
mag

we assumed the V-band extinction to be Ay = Ag7,, = 19 [Roche and Aitken, |1985].
Then, we derived the corresponding line-of-sight column density by assuming a dust-to-

gas ratio dust-to-gas ratio of Ny g7, = 1.63 X 10*'Aycm™?mag™" [Savage and Mathis,



2. Unveiling the intrinsic power in local Seyfert 2 galaxies 47

1979].

2.1.5 Mid-IR features

As presented in Chapter [I] and discussed in Section [2.1.4] the mid-IR spectra of the
central region of local sources offer a wealth of spectral features which are fundamental
diagnostics of the SF vs. AGN interplay. The 2.5-35 um spectral range is characterised
by the concurrent contributions from the thermal continuum emission from the dust
associated with SF, as well as spectral features and lines arising from the different gas
component (molecular, atomic and ionised), and, if present, the bump due to the AGN
radiation reprocessed by the dust. Many of these spectral features have been widely used
to determine the impinging mechanism responsible for the observed emission, among
which the PAH features, which are associated with SF activity, but can be affected by the
presence of strong radiation fields from the AGN (e.g., Armus et al.[2007; |[Valiante et al.
2007; Sajina et al.[2008). To our purpose, here we are interested in the silicate feature at
9.7 um, which can be either in absorption and emission. Usually, in the case of obscured
AGN as the Seyfert 2 galaxies in our sample, this feature is in absorption, hence it can be
used as a proxy of the column density of the obscuring material (e.g., Shi et al. 2006} Xu
et al.|2020), which we compare to the one derived from the X-ray spectral analysis.

To this goal, we collected measurements of mid-IR features from the work by Hernéan-
Caballero and Hatziminaoglou| [2011]] (HC11, hereafter) for 30 objects out of 32 with
X-ray spectral analysis. In HCI11, the authors analysed Spitzer/IRS spectra of 739
sources, both active and SFGs with redshift up to ~ 3.7, gathered from a large number of
observational campaigns (see Table 1 in HC11 for more details and references). HC11
provided the mid-IR measurements such as the PAH, the strength of the silicates (either
in emission or absorption) around 9.7 um, rest-frame monochromatic luminosities or
colours, used as diagnostics to classify the sources in terms of their mid-IR properties. In
the case of local objects from HC11 — including the 30 in common with our sample — the
Spitzer/IRS spectra sample the emission from the nuclear region, where the contribution
from the AGN is quite relevant. The actual extraction area depends on the slit mode and
the distance of the source EI, but the central few kpc region was sampled even in the
closest objects in our sample.

Since a significant fraction of the Spitzer/IRS spectra included in the work by HCI11
presented a low signal-to-noise ratio, this made difficult a proper modelling of the mid-
IR features. For this reason, the authors defined a homogeneous and concise method

providing solid estimates for each source, by combining the linear interpolation of the

10Gee also https://irsa.ipac.caltech.edu/data/SPITZER/docs/files/spitzer/irs_
pocketguide.pdf|for further details on the Spitzer/IRS specifications.


https://irsa.ipac.caltech.edu/data/SPITZER/docs/files/spitzer/irs_pocketguide.pdf
https://irsa.ipac.caltech.edu/data/SPITZER/docs/files/spitzer/irs_pocketguide.pdf
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continuum with the integration of the emission from the features. In particular, in
the case of the 9.7 um silicate features we are interested in, the authors selected two
narrow, continuum bands at both sides of each feature, performed a linear interpolation
to estimate the continuum around the feature. They then subtracted from the spectrum
the interpolated continuum, and integrate the residual (silicate feature) in the 9-11 um
range. The sign of this quantity allows us to determine whether the feature is in emission
(integral > 0) or in absorption (integral < 0). For further details about the procedure,

we refer to Section 4 in HC11.

2.2 Results and discussion

In this section we present the results of the X-ray spectral analysis, with the aim to provide
a complete characterisation of the X-ray properties of our sample of Seyfert 2 galaxies. We
compared the results obtained with the “phenomenological” and “physical” (MyTorus)
modelling strategy, to test for the consistency of the two approaches. Moreover, we
compare the properties of our targets in the X-rays and in the mid-IR. In particular, we
investigate if the level of extinction estimated in the X-ray correlate with the obscuration

derived from the silicate feature in the mid-IR.

2.2.1 X-ray properties

The results of the X-ray spectral analysis using “phenomenological” models are presented
in Table[2.3] while the results obtained with MyTorus are presented in Table[2.4] In Fig.
2.4 we show the Lyx-Ny diagram, where Ly is the intrinsic 2-10 keV luminosity of the
AGN primary emission, and Ny is the column density of the obscuring material which is
responsible for the extinction of the primary power-law component, both resulting from
the “phenomenological” modelling. As it is shown in Fig. [2.4] our sample covers more
than 3 orders of magnitude in terms of both intrinsic rest-frame 2-10 keV luminosity
(Lx ~ 10%* erg s7!) and column density (Ny ~ 10*'7% cm™2) of the obscuring material.
The mean spectral index I'y = 1.96 + 0.17 (where o = 0.17 is the dispersion) in our
sample is in agreement with that found obscured AGN in the local Universe (e.g., Laha
et al.|2020)).

The bulk of the sample show X-ray luminosities which are characteristic of the
population of local obscured AGN (e.g., Ricci et al.[2017). Few objects (NGC 1056, NGC
5953, CGCG 381-051) show a relatively weak intrinsic X-ray luminosity (lower than
10*! erg s7!): this could be due to the presence of a low-luminosity AGN at their centre,
or an inactive nucleus. Indeed, on the base of the optical classification reported in the
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Figure 2.4: Logarithm of the intrinsic 2-10 keV luminosity of the AGN, in units of erg s~!, against
the logarithm of the column density of the obscuring material (Ng, in units of cm™2), as derived
from the X-ray spectral analysis. Red diamonds represent the object with NuSTAR observation
(coupled with other X-ray datasets at lower energies), while green diamonds are the sources with
were observed only in the band below 10 keV (see Table [2.2)). The name of the objects showing
either relatively low luminosities or low absorption in the X-rays with respect to the bulk of the
sample are reported.

NED catalogue, NGC 5953 is a Seyfert 2 galaxies hosting a low-luminosity AGN, CGCG
381-051 is an HII region galaxy, while NGC 1056 is more likely a star forming galaxy, as
confirmed by the new NuSTAR observation presented here, where the source is barely
detected (signal-to-noise ratio ~1 and ~5 in FPMA and FPMB, respectively). NGC 1056,
for which we obtained a new NuSTAR-XMM-Newton observation, resulted a relatively
weak source (Ly = 39.28%) 2 erg s') also when observed with NuSTAR which confirmed
the luminosity measured by XMM-Newron in 2011 (ID:655381201). Nonetheless, the
observation was designed to clearly detect the source (with the net expected counts four
times larger than those detected) even in the case of extreme obscuration (Ny ~ 5 x 10%
cm™2). Given the faint emission mostly observed in the band below 10 keV, we cannot
exclude that this galaxy does not host an AGN at all, as suggested by the classification of

its nuclear activity from NED. Indeed, the expected contribution from host-galaxy X-ray

XRB
L2—10keV

et al.[2012b) is consistent with the one we measured. Further investigation on the nature

binaries to the X-ray luminosity ( = 1.7+0.2 erg/s, assuming the recipe by Mineo
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of this object will be carried out in the next future, also including multi-wavelength data
(e.g. new optical spectra). For NGC 5953 we are waiting for a new NuSTAR observation
(ID:06158, PI: Salvestrini) which will allow us to reveal the emission at £ > 10 keV,
where the extinction is less efficient. We will also apply in the future for the observation
of CGCG 381-051 with NuSTAR.

From both the “phenomenological” and “physical” modelling of the X-ray emission
from IRAS F01475-0740 we measured a low column density. This Seyfert galaxy is
likely an intermediate object between type 1 and type 2 AGN, as suggested by its optical
classification [[Véron-Cetty and Véron, 2006].
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Figure 2.5: Logarithm of the column density of the obscuring material (N, in units of cm™2),
as derived from the X-ray spectral analysis with the “phenomenological” model (x-axis) and
MyTorus (y-axis). In the both models, the Ny considered is the one associated with the attenuation
of the primary power-law emission. In the top left corner, the Spearman, Pearson and Kendal
correlation coefficients are shown: all of them suggest that the the column density measured with
the two modelling approaches correlate. The grey dashed line is the 1:1 relation. Two objects
(IC5063 and NGC 0424) deviates significantly from the 1:1 relation.

As quoted in Section [2.1.3.2] regarding the modelling with MyTorus, the best-fit
models have been obtained using as prior the information from “phenomenological”
model (e.g., the spectral index) to limit the degeneracy among the available parameters.

The results we present here have been obtained by assuming the spectral slope to be
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the one obtained from the “phenomenological” modelling, while the column density,
along with the inclination angle, was left free to vary in MyTorus. In Fig. [2.5] we
compared the column density of the obscuring material as estimated with MyTorus (y-
axis) and with the “phenomenological” model (x-axis). A general agreement between the
estimates derived with the two models is evident, as shown by the correlation coefficients
(Spearman, Pearson, Kendall) in the top left corner of Fig. [2.5] Only a couple of objects
( and NGC 0424) deviate significantly from the 1:1 relation. In the case of IC5063,
the “phenomenological” model is likely underestimating the column density of the
obscuring material, which is not coherently modelled to reproduce both the transmitted
and the reflected components. Looking at the best-fit parameters from the modelling with
MyTorus in Table [2.4] the cross-calibration constant between the reflected component
and the transmitted one is large (Ag = 60.7J_"8:§). For NGC 0424, both the reflected and
the emission lines components are strong, hence produced by a dense medium. Even in
this case, in the “phenomenological” model, the reflected, transmitted and emission line
components are reproduced separately, hence they do not provide a coherent estimate of
the column density of the obscuring torus.

A possible future development of this work could be the use of the MyTorus model
leaving the column densities of the different components (namely, transmitted, reflected
and emission line) free to vary. This approach is usually referred to as “decoupled”
mode, when each component is characterised by a single column density of the obscuring
material. The interpretation of different column density cannot be always straightforward,
but it is a simple way to test the potential clumpy nature of the torus, as observed in
several literature work (see Sect. [I.1.2). Indeed, the different component (i.e., attenuated,
reflected and the emission line terms) originate when the primary emission interact with
different part of the surrounding medium, whose density profile may differ locally. Of
course this approach require high-photon counts data to properly model the spectra,
otherwise the larger number of free parameters would lead to degeneration between

different models in the case of low quality spectra.

2.2.2 Mid-IR and X-ray properties

As discussed in Sect. [[.1] to investigate the intrinsic emission of heavy obscured AGN
we need to rely on information from bands that are less affected by extinction, with
respect of the optical/UV band, namely the mid-IR and X-ray bands. For this reason,
here we compare the X-ray and mid-IR properties of our sample of Seyfert 2 galaxies.
First, we compare the intrinsic X-ray luminosity obtained from the primary continuum

emission, obtained with the “phenomenological” modelling of the X-ray spectra, with the
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Figure 2.6: Logarithm of the intrinsic 2-10 keV luminosity of the AGN, in units of Ly, as
derived from the X-ray spectral analysis (y-axis) and derived from Lj,;, by assuming a bolometric
correction (x-axis). The correlation coefficients are shown in the top left corner. The grey dashed
line is the 1:1 relation. Red diamonds represent the object with NuSTAR observation, while green
diamonds are the sources with were observed only in the band below 10 keV (see Table[2.2)). Here
are plotted only 30 Seyfert 2 galaxies out of the 32 with X-ray spectral analysis, since |Gruppioni
et al.|[2016]] did not provide the bolometric luminosity for NGC 1056 and NGC 7130.

expected one from the bolometric luminosity of the AGN, as estimated by G16 with the
SED fitting analysis. To this end, we assumed for each source, a bolometric correction
factor (kpoy = Lpoi/La-10 rev) depends on the bolometric luminosity of the source (we
assumed the L, provided by G16). The k;,; values are taken from Lusso et al. [2012]
and for our Seyfert 2 galaxies they range between 10 and 25 (see also the recent work
by [Duras et al. 2020). To account for the wide range of possible k;,; for a given L,
we added in quadrature a ~0.3 dex contribution to the uncertainty on the error on 2-10
keV luminosity derived from the L,,. As shown in Fig. [2.6] a correlation between
the two quantity is present. Nevertheless, the X-ray luminosity as inferred from the
AGN bolometric luminosity provided by G16 are significantly brighter (~ 0.6 dex) than
the corresponding values measured from the X-ray spectral analysis. This can be due
to a potential contamination from the host-galaxy in the determination of L,,; derived
form the SED fitting. Alternatively, since our Seyfert 2 galaxies came from a mid-IR

selected sample of Luminous Infrared Galaxies (LIRGs; Lz > 10'! L), our AGN sample
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intrinsically emit a larger fraction of its emission in the IR, where the AGN primary

continuum is reprocessed by the dusty torus.

In Section [I.1] we stressed the potentiality of combining the information in the mid-
IR and X-rays, allowing us to put constrain on the level of obscuration that affect the
AGN, which is mainly due to a dusty molecular torus. In Section [2.1.3] we presented
how by modelling of the attenuated spectral shape in the X-rays, we are able to derive
the intrinsic slope and the column density of the obscuring material which affect the

primary AGN emission.
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Figure 2.7: The comparison of the neutral gas column density estimated from the 9.7 um silicate
absorption feature (y-axis) versus the one obtained from the X-ray obscuring material, both in
units of cm™2. The objects observed with both NuSTAR and a telescope in the band below 10 keV
are in red, while those observed only in the band £ < 10 keV are in green. The black solid line is
the bisector (1:1) and was included only for illustrative purpose. The correlation coefficients are
shown on the top left corner.

The silicate feature at rest-frame 9.7 um can be used as a proxy of the obscuration
in the mid-IR. Indeed, the silicate feature, which have been observed being mostly in
emission in Seyfert 1 objects, and in absorption in Seyfert 2 galaxies, is thought to
correlate with the extinction level in the X-rays [Shi et al., 2006]]. Several studies have

investigated this topic, suggesting also a potential contribution to the feature depth coming
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from the galaxy, especially in the case of the deepest strengths [Goulding et al., 2012].
Here, we study this correlation in our sample of mid-IR Seyfert 2 galaxies.

In Fig. we compare the column density of the obscuring material measured from
the “phenomenological” X-ray spectral analysis (N x), with the one derived from the
strength of the 9.7 yum silicate feature as modelled in the SED fitting analysis by G16.
We used the results of the “phenomenological” modelling, being available for a larger
number of objects. The fact that the library of torii used in the SED decomposition
analysis included only a limited number of discrete values, is evident by looking at the
possible values of the column density on the y-axis, and on the associated uncertainties,
which account for the distance between these discrete values. A weak correlation is
present, even if there is a large scatter of Ny x values for the highest Ny 7,,,. Indeed, the
sources with 10g(Ny9.7,m) > 24 are likely lower limit, because the torii library used in the
SED fitting analysis did not include the highest levels of obscuration. Using an extended
torus libraries, i.e. including a wider and denser range of values for the parameter which
characterise the torus model may increase the correlation between Ny x and Ny g 7,m-
Furthermore, four objects in our sample were observed only in the band below 10 keV,
hence the limited energy band available to model the X-ray spectrum may affect the

estimate of the columns density in the X-rays.

To avoid the problem associated with the discrete values of the silicate features depth
as measured from the SED fitting, we further tested the correlation between the extinction
level in the mid-IR and X-rays using the direct measurement of the silicate feature, derived
by HC11 and here presented in Sect. [2.1.5] HC11 measured the silicate strength as:

Ssi = In[F(Ap)/Fc(Ap)], 2.2)

where the feature (F) and continuum flux densities (F¢), respectively, both measured
at the feature’s peak (1,). In Fig. [2.8| we presented the results, where we also reported
on the right y-axis the column density of the obscuring material as derived from the
9.7 um feature. For the large part of the objects (22 out of 32) in our sample with both
measurements of the silicate feature strength in the mid-IR and the Ny from the X-rays,
there is quite a good correlation between the two quantity (with correlation coefficient by
Spearman: 0.620, Pearson: 0.62, Kendall: 0.36, respectively). The Seyfert 2 galaxies in
our sample show a trend which is fully consistent with the relation presented by [Shi et al.
[2006] (y = =(0.12 £ 0.03)X + (2.6 £ 0.7)). The objects which lie way below the relation
(the names are reported in the table) are likely accounting for a contribution from the host
galaxy to the strength of the feature, as suggested by Goulding et al.|[2012] for edge-on
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Figure 2.8: The comparison of the neutral gas column density estimated from the 9.7 um silicate
absorption feature (Silg 7,,,; y-axis) versus the one obtained from the X-ray obscuring material
(Np.x; x-axis), both in units of cm™2. Ny x were measured using “phenomenological” models
(see Section [2.1.3.T). On the right y-axis we reported the conversion to the column density of the
neutral gas (Ny) by assuming the same recipe presented in Section [2.1.4] Our objects are shown
as diamonds, colour coded on the base of their inclination angles, which was retrieved from the
Hyperleda catalogue [Makarov et al., 2014].

We then conclude that the level of obscuration in the X-rays correlates with the one
measured in the mid-IR. Nonetheless, the column density measured in the X-rays are
systematically larger, as shown in both Fig. [2.7)and [2.8] which means that some of the
material responsible for the extinction at X-ray energies do not contribute at mid-IR
wavelength. Furthermore, in Fig. 2.8 we highlights that a contribution from the host-

galaxy to the deepest silicate absorption features cannot be excluded.

"Mrk 0273 and NGC5256 are a well know merger, UGC 05101 is a likely merger remnants, while the
remaining are all nearly edge-on galaxies (i > 75°;|Makarov et al.|2014)). Inclination angles for our sample
are also reported in Table[3.1]
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2.3 Conclusions

In this Chapter we presented the result of a systematic X-ray spectral analysis for a
sample of local Seyfert 2 galaxies taken from G16. By exploiting the wide energy band
obtained by combining NuSTAR with telescopes sensitive to the band below 10 keV, we
were able to model the X-ray emission from the AGN, hence to place constrain of the
level of obscuration and measure the intrinsic power of the AGN. We adopt two types of
modelling, namely a “phenomenological” and a “physical” modelling, with the latter able
to provide a coherent interpretation of the complex X-ray spectral component observed in
obscured AGN (see also Sect. [[.1.2). Furthermore, we compared the X-ray and mid-IR
properties of our sample of AGN, to obtain a complete characterisation of the targets, as
well to test different approaches in different bands to put constrains on the AGN intrinsic
power and level of obscuration.

Our main results are:

e We characterised the Seyfert 2 galaxies in our sample in terms of their emission in
the X-rays, namely their spectral shape (I'y), intrinsic luminosity (Lx) and extinction
(Ng). Most of our objects show X-ray properties similar to what observed in nearby
AGN (Lx ~ 10%*7* erg s7!), while few objects are likely either intrinsically weak

(Lx ~ 10*7*! erg s7!) or heavily obscured (Ny > 10** cm™).

e The consistency of the two models was tested, finding a relatively good agreement
between the measurements obtained with the two, in particular regarding the column

density of the obscuring material.

e By comparing the intrinsic X-ray luminosities, as derived in this work, with the one
derived from the bolometric luminosity by assuming a k;,, factor, we found that
our objects are relatively brighter in the IR than in the X-rays. This is likely due to
either a potential contamination from the host-galaxy in the IR measurements, as

well as an intrinsic properties of this mid-IR selected sample of objects.

e Finally, we compared the level of obscuration in the mid-IR and in the X-rays,
finding a general agreement between the two. In particular, a good agreement is
evident when comparing the strength of the 9.7 um silicate feature with the Ny
measured in the X-rays, consistently with previous results in the literature (e.g., Shi
et al.|2006; Xu et al.[[2020).



The effect of AGN activity on the host
depletion time

This Chapter is mainly based on “The molecular gas properties in Seyfert 2 galaxies”,
F. Salvestrini, C. Gruppioni, E. Hatziminaoglou, F. Pozzi, C. Vignali, V. Casasola, R.
Paladino, P. Andreani, A. Giannetti, T. Stanke; to be submitted A&A soon.
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The SF activity in galaxies can be affected by the presence of an accreting SMBH.
As presented in Section [I.2] AGN are able to inject large amount of energy in the
circumnuclear region, preventing the gravitational collapse of molecular clouds, hence
the formation of new stars, in processes referred to as “negative” feedback. Indeed, it is
widely debated if the feedback from the AGN can reduce the cold molecular gas reservoirs
in its host galaxy. By comparing the amount of molecular gas reservoirs, for similar
SFR regimes among active and inactive galaxies, significantly shorter depletion times of
the molecular components (f4.,; = M,4s/S FR) have been observed at high-redshift (e.g.,
Kakkad et al.|2017; Brusa et al.[2018; Talia et al.[2018), while local Seyfert hosts showed
similar properties to normal star-forming galaxies (SFGs; e.g., Rosario et al.[2018; |[Koss
et al.2020).

To study the effect of nuclear activity on the properties of the host-galaxy ISM
our approach is twofold: on the one hand, comparing the molecular gas content and
consumption time scales in a sample of active galaxies and a control sample of SF sources;
on the other hand, studying the emission in the mid-IR (~ 3-25 um) to disentangle AGN-
vs-SF in the nuclear regions. Several comparative studies of the molecular gas content
and SF efficiency between local active galaxies and SFGs have been presented over the
years (e.g., Maiolino et al.[[1997; Bertram et al.|2007; Rosario et al.|2018), suggesting
that local AGN hosts cannot be distinguished from inactive sources, in contrast with the
results of high-redshift quasars (e.g., Brusa et al.|2018}; Talia et al.|2018). Regarding
the second approach, among the wealth of diagnostics present in the mid-IR band (e.g.,
emission line ratios, both emission and absorption spectral features), we focused on the
PAH features. PAH features are usually associated with the presence of on-going SF
activity, with the nuclear activity supposed to suppress them [Diamond-Stanic and Rieke,
2010]], especially the features at the shortest wavelength (i.e., at 6.2 and 7.7 um). However,
strong PAH emission were detected in local Seyfert galaxies (e.g., [Honig et al.|2010,
Alonso-Herrero et al.|2014)), with recent works suggesting that AGN may enhance PAH

features (in sample of nearby AGN, with Ly ~ 10%~* erg 5!

; e.2. Jensen et al. 2017).
The Chapter is structured as follows: the sample is presented in Section [3.1} the data
included in the analysis are presented in Section[3.2] and in the subsection therein. We
introduce the control sample of inactive galaxies used during the analysis in Section [3.3]
In Section [3.4] we analysed the effect of AGN activity on the molecular gas masses and
properties of the host galaxy, as well as the effect on the emission from mid-IR features.
The conclusions are drawn in Section

Throughout the Chapter, distance-dependent quantities are calculated for a standard flat
ACDM cosmology with the matter density parameter Q,, = 0.30, the dark energy density
parameter Q, = 0.70, and the Hubble constant Hy = 70 km s~! Mpc~! [Komatsu et al.,

2009]. Errors are given at 68 per cent confidence level.



3. The effect of AGN activity on the host depletion time 59

3.1 The sample

In the present work we present a detailed analysis of the ISM properties for a sample
of Seyfert 2 galaxies drawn from the sample of 76 Seyfert galaxies studied in G16, to
complement the characterisation of the AGN through X-ray spectroscopy, presented
in Chapter [2] Among the 76 mid-IR-selected active galaxies, we selected the optically-
classified obscured source with available CO spectroscopy (both from new and existing
observations). The bulk of the sample consists of 23 objects for which we were granted
18h of observing time for CO(2-1) spectroscopy with the Atacama Pathfinder EXperiment
(APEX) telescopeE] [[Giisten et al., |2006]. Ten more sources with low-J CO archival obser-

vations were added to the sample (reference to the literature are reported in Table [3.2).

3.2 Data

Here we present the collection of multi-wavelength information used in our study,
namely the mm spectroscopy obtained with single-dish facilities (both from proprietary
observations and from literature), the results from the SED decomposition performed
by G16, and the measurements of PAH features derived from the literature (both were
already presented in Section [2.1.4] and [2.1.3] respectively).

3.2.1 Single-dish observations in the sub-mm/mm band

3.2.1.1 APEX data reduction

The observations of the CO(2-1) emission line (at 230.5 GHz rest-frame frequency) for
23 (out of 33) galaxies of our sample were carried out with the PI230 receiver (project
0103.F-9311, PI: F. Salvestrini), mounted on the APEX 12 m antenna. The CO spectra
were obtained with single-beam observations pointed on the centre of the galaxy. The
requested spectral resolution was 50 km s~!, aimed to resolve the emission line profile
with at least 6 channels, assuming a Gaussian line profile with full width half maximum
FWHM~300 km s, as typically observed in the case of low-J transition in local active
galaxies (e.g. [Papadopoulos et al.[2012). The observations were designed to obtain at
least a signal-to-noise ratio S/N~6 at the peak of the line, corresponding to S/N~15 for
the integrated line emission. The resulting integration times ranged between few minutes
up to a couple of hours, depending on the brightness of the source. Given the frequency of

the CO(2-1) transition, the average main beam (mb) size is 6,,, ~ 27", which corresponds

'APEX is a single-dish telescope with an antenna diameter of 12 metres, located on the Llano de
Chajnantor, in the North of Chile. It was designed as a pathfinder instrument for the ALMA antennas,
operating at millimetre and sub-millimetre wavelengths, with both bolometers and heterodyne receivers.
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to a physical scale of ~ 10 kpc at the median redshift of the sample z ~ 0.017.

Data reduction was performed using the CLASS program, which is part of the GILDASE]
software. Calibrators were chosen using the standard guideline for APEX observationsﬂ
The CO(2-1) emission line profiles for the 23 sources observed with APEX are presented
in Fig. [3.1] We first fit the CO line emission with a single Gaussian profile, allowing us
to preliminary assess the central velocity (vy), strength and width (W) of the line. The
single Gaussian component does not allow us to properly model the CO emission in case
of complex profile (as a double-peaked profile, i.e. middle panel, Fig. [3.I). This, along
with the low spectral resolution of our observations (i.e., 6vc = 50 km s~!), motivated our
decision to estimate the total line fluxes by integrating the emission in a fixed velocity
range [-1100, 1100] km s~!centred on the systemic velocity of each source, once the
baseline was subtracted. This approach secured uniform and solid estimates of the line
intensity, even in those cases were the observed line profile differs significantly from that
of a single — or double — Gaussian function, and as already been applied in literature
works (e.g., Maiolino et al.|1997; Papadopoulos et al.|2012} Rosario et al.[2018). The

error on the CO line fluxes were calculated as:
5ICO = O-rms(WC05UC)1/2’ (31)

where 0, is the rms in K (reported in Table [3.2]), W, is the CO line full width half
maximum (FWHM) in km s~!, and 6v¢ is the spectral resolution (dvc = 50 km s7!).
Calibration uncertainties affect significantly the estimates of the CO line intensities,
being larger than the spectral noise. We conservatively assume them to be 10% of the
intensity, as usually done for similar observations (e.g. (Csengeri et al.[2016, Giannetti et al.
2017). The uncertainties reported in Table [3.2] are the quadratic sum of the calibration
uncertainties and the spectral noise integrated over the line profile.

To convert the line integrated intensities to fluxes in units of Jy km s7!

, we adopted a
constant Jy/K conversion factor of 35+3, suitable for the P1230 receivelﬂ In Table ,

we present the new CO fluxes, obtained with APEX.

Zhttp://www.iram. fr/IRAMFR/GILDAS/
3http://www.apex—telescope.org/ns/apex—data/
4http://www.apex—telescope.org/telescope/efﬁciency/
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Figure 3.1: CO(2-1) emission line profiles obtained with the APEX telescope. Fluxes are
expressed as antenna temperatures [mK] as a function of the velocity [km s~']. Each panel spans
a fixed range of 2000 km s~'of velocity around the systemic velocity of the galaxy to allow a
simple visual comparison of the kinematics of the lines. The emission is clearly detected in all
the cases, with at least S/N=4 in the channel corresponding to the peak of the line profile. On the
x-axis, the velocities are calculated with respect to the CO(2-1) expected sky-frequency given the
redshift of each source (from NED), assuming the radio conversion for the velocity.
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3.2.1.2 Literature single-dish data

To extend the sample coverage, we included in the analysis a set of low-J CO emission line
fluxes retrieved from the literature (references are reported in Table[3.2)). In particular, we
searched for CO(2-1) and CO(1-0) spectroscopy obtained with single-dish telescopes, to
avoid the filtering out of the flux due to the longer baselines, inherent to the interferometric
observationﬂ More precisely, from Papadopoulos et al. [2012] we retrieved the CO(1-
0) emission line intensities of four objects (Mrk 0273, NGC 5135, NGC 5256, UGC
05101), obtained with the IRAM 30m antenna (8,,, ~ 23”"). The CO(2-1) line intensities
for NGC 0034 and NGC 7130 were measured by |Albrecht et al.|[2007]] with the 15m
antenna of the Swedish-ESO Submillimeter Telescope (SEST; 6,,, ~ 45”). In the work by
Maiolino et al.|[1997]], the author exploited the 12m single-dish facility of the National
Radio Astronomy Observatory (NRAO) to study the molecular gas properties of a large
sample of local galaxies, among which we retrieved the CO (1-0) flux measurements
for NGC 0513, NGC 3079 and NGC 5347. Finally, Rosario et al.| [2018] provided
the flux of the CO(2-1) transition for NGC 4388, observed with the 15m dish of the
James Clerk Maxwell Telescope (JCMT; 6,,, ~ 22”). In the end, we retrieved single-
dish observations for 33 Seyfert galaxies, out of which 29 were benefit from the X-ray
spectral analysis presented in Chapter 2]

3.2.1.3 Aperture correction for the CO flux

Proprietary data from APEX as well as literature data are sub-mm single-dish observations
pointed at the centre of the galaxy (i.e. at the optical position), with a typical FOV
smaller than the size of the optical emission. To account for potential CO flux loss,
we applied aperture correction to the CO line flux based on the relation between the
galactic extension determined with optical observations and CO maps. The spatial
distribution of the molecular gas, traced by the CO emission, is well described by an
exponentially decreasing disk, both perpendicularly to the galactic plane and in the radial
direction. The CO scale radius has been shown to be proportional to the optical size of the
sources, parametrised by the diameter at the isophotal level B=25 mag arcsec™> (D,s; e.g.,
Lisenfeld et al.[2011, |Casasola et al.[2017). Following Boselli et al.| [2014] we assumed:

SCO(”, Z) — SCO(O)e_r/r‘0€_|Zl/ZCO, (3'2)

where S ¢0(0) is the central emission, r¢o and z¢¢ are the CO scale radius and height,

respectively. This method is the 3D extension of the 2D approach proposed by Lisenfeld

> An interferometer is limited by the minimum spacing of its antennas. Two antennas cannot be placed
closer than some minimum distance (D,,;,) and signals on spatial scales larger than some size (o< A/D,;,)
will be attenuated.
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et al.| [2011], valid for low-inclination galaxies. Here we assumed r¢o/rs = O.ZEL follow-
ing Lisenfeld et al.| [2011]], and zcp/z25 = 0.01, as suggested Boselli et al.|[2014]]. This
assumption have been tested in nearby galaxies with similar morphological classification
to our Seyfert 2 galaxies (mostly spirals and SO objects; see also |[Boselli et al.|[2014),

Casasola et al.[|2020). The resulting aperture correction factor is:

Jap = S coo0t!S comps (3.3)

where S o 15 the total CO flux integrated over the entire galaxy, while S ¢g . 1s the CO
flux measured in the center of the galaxy, convolved with the main beam profile.

The estimated values for the aperture correction have a mean of f,, = 2.8 and standard
deviation oy, = 1.5, i.e. increasing the CO flux by a factor of a few. The only exception
is NGC 4388, whose large optical dimension (D»s ~ 5’) led to f,, ~ 15. We applied
the aperture correction to the CO(1-0) luminosity presented in Table based on the

relation in Eq. [3.3] The contribution of the uncertainty on the aperture correction was

’

added in quadrature to the uncertainty on L, .

3.2.1.4 The molecular gas content

As introduced in Section [[.2.2.1] the molecular gas reservoir can be estimated by
measuring the total luminosity of the CO(1-0) emission line (L’CO( 1_0)). Here, we derived
the CO(1-0) luminosity from the aperture-corrected CO flux measurements presented
Table[3.2] For the 25 sources with the CO(2-1) flux, we assumed a line flux ratio CO(2-
1)/CO(1-0)=3, to extrapolate the flux of the lowest-J transition, as observed for similar
objects in the local Universe (e.g. Papadopoulos et al.|[2012). Given the CO(1-0) flux,
we derived the CO(1-0) luminosity (L¢q,,_g,) following Eq. E‘, as suggested in Carilli
and Walter| [2013]. The resulting L, g are reported in Table @, while in Fig. @ they
are plotted as a function of the IR luminosity, associated with the SF (L7F, one of the
outcomes of the SED decomposition performed by G16). In our sample, L, and Lig
are tightly correlated (with slope 0.93 + 0.13 and normalisation 0.90 + 0.07), consistently
with what observed in local objects (e.g., Sargent et al.[2014; |Genzel et al. 2010).

The cold molecular gas mass (My,s) 1s usually derived from the luminosity of the CO(1-0),
assuming a CO-to-H, conversion factor as following Eq. [I.4] as presented in/Solomon and
Vanden Bout [2003]], and Bolatto et al.|[2013]]. As shown in Section[1.2.2.] the CO-to-H,
conversion factor depends on several sources parameters (e.g., metallicity, starburstness).
Our goal is to measure the entire molecular gas mass, we account on the CO emission

from region far away form the galactic nucleus, where the AGN dominates the energetics,

6., _
r25=D>s5
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Figure 3.2: Bottom: aperture-corrected CO(1-0) luminosity (Lco(l_o)) vs IR luminosity (Lir)
in logarithmic scales, for the Seyfert 2 galaxies (red diamonds). The best-fit parameters (@ =
0.93+0.13, 8 = 0.90+0.07) were obtained with a MCMC regression analysis, and are represented
by the black solid line, while the light-blue area covers the parameters space between the 16th and

84th percentile. The intrinsic dispersion is ¢, = 0.36 + 0.05. LE:0(1—0) — Lig relation for SFGs

from literature are reported as dotted [Sargent et al., 2014]] and dot-dashed [Genzel et al., 2010]]
lines. The control samples are shown with grey circles (DustPedia) and green squares [Cortzen
et al., 2019]]. Top: L’Co(l_o)/ Lir ratio as a function of Lig; the horizontal grey dashed line is the
median value.

thus suggesting Milky-Way like values. However, lower values (aco~ 3 My pc™? (K
km s~!)~!") were observed in turbulent region also in absence of AGN-powered outflows
[Cicone et al., 2018]]. Since the choice of an appropriate aco factor for each source is a
challenging task, which goes beyond the goal of this work, we adopted aco= 1.1 M, pc™2
(K km s ")~for the entire sample of Seyfert 2 galaxies. This value is relatively lower
than the one used for since it has been used for local SFGs (aco= 4.3 M, pc? (K km
s~1)71), nevertheless it was adopted by other authors (e.g., Rosario et al.[2018, Pozzi et al.

2017) in local active galaxies with similar properties (e.g., M,, SFR). In the conclusion
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we discuss the results on the basis of the adopted aco value. To account for the uncertain
determination of a proper CO-to-H, conversion factor, a 30% contribution from the aco

(according to |Bolatto et al.[2013) was added in quadrature to the uncertainty on My, .
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3.2.2 Decomposed SED

The sources in our sample benefit from the detailed SED decomposition analysis per-
formed by G16, which provides a complete description of each source in terms of the
different component (e.g., stars, dust, AGN) and the on-going processes (e.g., SF, nuclear
accretion). We introduced the approach adopted in G16 in Section 2.1.4] as well as
the main results of the SED fitting analysis. Here, to our purposes, we considered the
characterisation of host galaxy in terms of SFR, stellar and dust masses, IR luminosity
(integrated over the 8-1000um spectral range), and the estimates of the contribution of
the AGN (i.e., L)¥,, fign). The derived physical properties of both the AGN and the

host galaxy are reported in Table [2.1]

3.2.3 Mid-IR features

We collected measurements of mid-IR features from the work by HC11 for 32 out of the
33 objects in our sample. Besides the strength of the silicates around 9.7 um considered
in Chapter 2] HC11 also provided the mid-IR measurements of the PAH features. The
actual extraction area depends on the slit mode and the distance of the source IZ], but the
central few kpc region was sampled even in the closest objects in our sample.

The method used by the authors consists of a combination of the linear interpolation of the
continuum with the integration of the emission from the features. By linearly interpolate
two narrow, continuum bands at both sides of each feature, the authors estimate the
continuum underlying the feature, which is then subtracted from the spectrum. The
residual were integrated in a band centred at the expected wavelength of the peak of the
PAH feature to obtain the integrated PAH flux. The uncertainties on the PAH intensities
and the continuum were estimated by performing Monte Carlo simulations. The authors
also provided the equivalent widths (EWs) of the PAH features dividing the integrated
PAH flux by the interpolated continuum at the centre of the feature. For further details
about the procedure, we refer to Section 4 in HC11.

We collected the luminosities and EWs for the 6.2 and 11.3 yum PAH features for 28

and 32 out of the 33 objects in our sample, respectively.

7See also |https://irsa.ipac.caltech.edu/data/SPITZER/docs/files/spitzer/irs_
pocketguide.pdf|for further details on the Spitzer/IRS specifications.


https://irsa.ipac.caltech.edu/data/SPITZER/docs/files/spitzer/irs_pocketguide.pdf
https://irsa.ipac.caltech.edu/data/SPITZER/docs/files/spitzer/irs_pocketguide.pdf
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3.3 Control sample

To assess the effect of AGN on the properties of the host galaxy (e.g., in terms of either
the molecular gas content or SF activity) we need to compare our sample with local star-
forming galaxies that do not harbour an active nucleus. Among the plethora of samples
of local objects that have been studied in the literature, we focused on those samples
which benefit from a complete characterisation of the sources in terms of their molecular
gas, dust and stellar content, as well as the SF activity. The sample of local objects in
the DustPedieﬂ project, is ideal for this purpose, given the multi-wavelength imaging and
photometry database of the 875 nearby galaxies of this project (Davies et al.|2017; |Clark
et al.|2018). The DustPedia sample consists of all the galaxies observed by Herschel,
with optical diameter > 1/, recessional velocity > 3000 km s~! and with a WISE 3.4 um
detection with at least a S/N>5 [Davies et al., 2017]]. Each galaxy benefits from the results
of a CIGALEﬂ SED fitting decomposition, providing the description of the sources in
terms of the on-going SF and stellar content [Nersesian et al., [2019]. In particular, we
selected our control sample from a recent work of the DustPedia collaboration [Casasola
et al., 2020], focused on the molecular gas properties of a sub-sample of 255 spirals. Using
single-dish archival observations, the authors derived the molecular gas masses from
aperture-corrected low-J CO spectroscopy, with a procedure similar to the one described
in Section [3.2.1.4] and assuming a aco factor suited for inactive galaxies (aco = 4.3
Mg pc=? (K km s71)7!; see |Casasola et al. 2020 for further details). To build a control
sample of inactive galaxies which matches the host-galaxy properties of our Seyfert 2
galaxies, in particular in terms of stellar mass and SFR, we excluded the dwarf galaxies
by removing the objects with M, < 10° M, (25 objects). Nevertheless, the remaining 230
SFGs from the sample by [Casasola et al.| [2020] still do not perfectly match our sample in
terms of SFR and stellar masses, as shown in Table [3.3| Then, to pair the high-SFR and
stellar mass tails of our sample of Seyfert 2 galaxies, we included the sample by Cortzen
et al. [2019], where the authors investigated the use of mid-IR features, in particular the
PAH features, as tracers of the molecular gas content in local and intermediate-redshift
galaxies. The target sample presented by |Cortzen et al.|[2019] consists of 283 mid-IR
selected objects, drawn from the 5 mJy Unbiased Spitzer Extragalactic Survey (SMUSES;
Wu et al. [2010) upon the availability of low-J CO spectroscopy, mid-IR PAH features
detection, and IR photometry. We further selected those objects (144/283) with estimates
of stellar mass, SFR, molecular gas, dust and measurement of the 6.2 um PAH feature.

They chose the PAH feature at 6.2 um because it is less affected by the contribution from

8http ://dustpedia.astro.noa.gr/
nttps://cigale.lam. fr/
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the warm dust, which is stronger at longer wavelengths. Stellar and dust parameters
were obtained through a SED decomposition [Shi et al., 2011]], while the SFR is derived
assuming the L;z-SFR relation by Kennicutt [1998]]. |Cortzen et al. [2019] also provided
aperture-corrected L, _,, measurements for 33 (out of 144) SMUSES objects, derived
from CO(1-0) spectroscopy with the IRAM 30m antenna. The measurements of the PAH
features were obtained using the PAHFIT code (see Magdis et al.|2013)). Cortzen et al.
[2019] provided the molecular gas masses derived from the dust content, assuming a
well calibrated metallicity-dependent gas-to-dust ratio. This way, the author avoided the
dependency on the aco conversion factor, although in this case the molecular gas masses
are affected by the uncertainties related to the assumed dust-to-gas ratio. Nevertheless,
we tested the consistency of the method to measure the My, adopted by Cortzen et al.
[2019]] with the procedure presented in Section [3.2.1.4]and in|Casasola et al.|[2020] for
the objects from Cortzen et al.| [2019] with L, _,measurements. Then, by assuming
a aco=4.3 My, pc? (K km s7!)~!in Eq. we derived the molecular gas mass and we
compared these values with the ones provided by Cortzen et al.| [2019], i.e. obtained
assuming a dust-to-gas ratio. We found that the two methods provide consistent estimates
(within 1o) for My, but given the larger statistics, we used the My, derived from the
dust content. We refer to |Cortzen et al.| [2019]] for the details on the measurements of
the galaxy properties. Among the 144 galaxies with a full set of PAH measurements,
we conservatively excluded the sources with an EW of the 6.2 um PAH feature smaller
than 0.4 um, which is usually adopted as an indicator for AGN or composite objects (i.e.
where AGN and SF coexist; e.g., Spoon et al.2007; [Magdis et al.|2013}; |Cortzen et al.
2019). The remaining 95 objects are putative SFGs.

Since we were interested in collecting SFGs free from any AGN contamination, we
further check the potential presence of nuclear activity by cross-matching the SFGs from
the DustPedia (230 objects) and SMUSES (95 objects) samples with the most recent
catalogues of X-ray observations: 4XMM-DRﬂ [Webb et al., [2020] and the Swift-BAT
105-Month Hard X-ray Surve [Oh et al., [2018]]. Starting with the 230 from DustePedia
cross-matched with the 4XMM-DR9 catalogue, we found 60 targets detected by XMM-
Newton, which potentially host a relatively luminous AGN (i.e. with an observed X-ray
luminosity of Lgs_jyey > 10*ergs™, typical of either intrinsically weak or extremely
obscured objects). We used the hardness ratio (HR) as selection criteria to infer the
presence of nuclear activity. It is calculated as HR = (H—-S)/(H + S), i.e. the normalised
difference of the fluxes in the hard 2-12 keV (H) and soft 0.2-2 keV (S) energy bands.

The signature of nuclear activity in low and intermediate-redshift AGN is the peak of

Ohttp://xmmssc.irap.omp.eu/Catalogue/4XMM-DR9/4XMM_DR9.html
"https://swift.gsfc.nasa.gov/results/bs105mon/
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the X-ray emission in the hard band (E > 2 keV), i.e. resulting in positive HR, while
the diffuse emission associated with the host-galaxy SF peaks in the soft band, which
means negative HR. Sixty potential AGN with HR > 0 were excluded in the end. We
also searched for objects from the DustPedia sample in the Swift-BAT catalogue. Since
the emission in the hard X-ray band (E > 10 keV) is almost exclusively associated with
nuclear activity, we further excluded one source which was detected in the 14-195 keV
band within the Swift-BAT monitoring. In the end, we retrieved the properties for the 169
local inactive galaxies from the official DustPedia web-page, namely the molecular gas
and dust masses, SFR, and stellar mass.

As previously done for the DustPedia objects, we further check for the evidence of nuclear
activity, by searching for detection in the X-rays for the SMUSES galaxies. Then, we
cross-matched the 95 SMUSES objects with the 4XMM-DR9 and the Swift-BAT 105-
Month Hard X-ray Survey. We found that none of the 95 SMUSE was detected within the
Swift-BAT catalogue, while 41 were detected with XMM-Newton, but all of them showed
HR < 0. Since there were no common sources between the two sets of objects, we set as
control sample for our study the 94 objects from Cortzen et al.| [2019], combined with the
169 SFGs from |Casasola et al. [2020]. The main properties of the two control samples
and our Seyfert 2 galaxies are shown in Table|3.3

In Fig. [3.3] we show the distribution of our sample and the two control samples in the
stellar mass-SFR plane, and in the comparison of their dust and stellar masses. For
M, > 10°° M, the Seyfert 2 galaxies have a similar distribution to the SFGs in both dust
mass and SFR. In the low stellar mass tail of the sample (M, < 10°° M) our AGN show
a significant larger SFR with respect to the SFGs. This can be done by either the LIRGs
nature of our objects, or a potential contribution form the AGN in the measurement of the
SFR (which is derived from the IR luminosity of the host galaxy, disentangled from the
AGN one during the SED fitting analysis).

3.4 Results and discussion

In what follows we will discuss scaling relations between the molecular gas content,

traced by the CO emission, and physical properties such as L, stars and dust content.
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Seyfert 2 DustPedia ~ SMUSES
Number 33 169 95
D [Mpc] 15-224 0.3-38.3 109-2090
SFR [M, yr'!] 0.7-66.8 0.008-39.8 0.18-114.5
log(M, /M) 10.3£0.6  9.9+0.5 10.6+0.5
log(My,i/Ms) 7.7+£0.7  7.0+£0.4 7.8+0.5
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Table 3.3: Properties for the studied AGN sample and the control samples by [Casasola et al.[2020|
(DustPedia) and [Cortzen et al.|2019(5SMUSES), after accurate cleaning of AGN contaminants.
From top to bottom, rows contain the size of sample; the intervals of distances (in units of Mpc)
and SFR (in units of My, yr™!); the mean and standard deviation of the logarithm of the stellar and

dust masses (both in units of M).
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Figure 3.3: Left panels: The SFR (top row) and dust mass (bottom row) as a function of the
stellar mass (M) for our sample (red diamonds) and the two control samples (grey circles for
DustPedia galaxies and green squares for the SMUSES ones). Right panels: same SFR-M, and
Musi-My planes as in the left panels, but with binned data to underline the average trend of
active and inactive galaxies. The bins were chosen to include the same number of sources. The
mean value and the error bars (standard deviations) in each bin were determined with a bootstrap

procedure with 10000 iterations.
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Figure 3.4: Left panels: scaling relations of the molecular gas mass (Mpg,) as a function of the
host-galaxy stellar mass (M, ; top row), and SFR (bottom row). Our galaxies are shown as red
diamonds, while the control samples are represented by grey circles (DustPedia) and green squares
(SMUSES). For pure illustrative purposes, the best-fit trend (grey dashed line) for the samples
of inactive galaxies is shown, while the two dotted lines are the same trend shifted by a factor
of 0.5 dex. The best-fit slope is reported in the lower right corner. Right panels: same scaling
relations as in the left panels, but with binned data to underline the average trend of active and
inactive galaxies. The bins were chosen to include the same number of sources. The mean value
and the error bars (standard deviations) in each bin were determined with a bootstrap procedure
with 10000 iterations.

341 L;p-L relation

2:0(1—0)
Normal star-forming galaxies, for which a relation has been found between stellar mass
and star formation (the so-called Main Sequence, MS; e.g. Renzini and Peng 2015)), are
thought to follow a unique L;g-Le o, relation at all redshifts (e.g., Dadd1 et al.| 2010;
Genzel et al. 2010; Sargent et al. 2014)), suggesting a ubiquitous relation between SF
activity and molecular gas reservoir in normal SFGs. Conversely, objects with higher
SF efficiency as local ULIRGs and high-z starburst sources exhibit higher LIR/L’CO(]—O)
ratios, implying a possible bimodal SF scenario. Here we investigate how our sample of
local AGN populates the SF-molecular gas parameter space. Since a direct comparison
of SF and molecular gas content could introduce systematic uncertainties, due to the

estimate of SFR and My,, including the assumption of a CO-to-H, conversion factor
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which strictly depends on the nature (i.e., Milky-Way like or AGN) of each source, we first
study the Lig-Liq,_, relation. In Fig. @ we presented the aperture-corrected CO(1-0)
luminosity (L{,_y) as a function of the IR luminosity associated with SF (L;{") for the
33 Seyfert 2 galaxies. We fit a line to the data, using the “emcee" package, a pure-Python
implementation of Goodman & Weare’s Affine Invariant Markov Chain Monte Carlo
(MCMC) Ensemble sampler [Foreman-Mackey et al., 2013]]. The best-fit parameters
of the linear relation are shown as the black solid line, while the inferred intrinsic
dispersion — included in the maximum likelihood as a squared summed contribution to
the uncertainties on both luminosity — is ¢;,,» = 0.36 + 0.05. The best-fit parameters of the
Lir-Lig; g relation for our sample of Seyfert 2 galaxies are consistent with the results
obtained in the literature for local and intermediate-redshift normal SFGs (e.g., Daddi
et al. 2010; |Genzel et al. 2010; [Sargent et al. 2014)). Furthermore, our Seyfert 2 galaxies

populate common regions of the L-L, diagram as our control sample of SFGs, as

Co(1-0)
clearly shown in Fig. [3.2] This is in agreement with what observed in the upper row of Fig.

where the AGN populate a common SFR-M, plane, at least for the M, > 10°° M,

3.4.2 Molecular gas mass scaling relations

In Table[3.2]we provided the molecular gas masses for our 33 galaxies, which were derived
form Lo with the procedure described in Sec. @ To assess if, and to what
extent, AGN can affect the host-galaxy molecular gas content and SF activity, we compare
the molecular gas masses (My,) as a function of different host-galaxy properties — namely
the stellar mass (M, ), and the SFR, dust mass (M,,;) and offset from the MS (63,5) — in
our AGN sample, and the control samples (Figs. [3.4and [3.5] respectively). Looking at
the upper left panel of Fig. [3.4, AGN and SFGs samples (DustPedia by [Casasola et al.
2020 and SMUSES by (Cortzen et al.[|2019) populate the same regime of stellar mass
(M,). Hence, matched in (M,.), AGN have a molecular gas content comparable to that of
normal galaxies, following a similar trend over two orders of magnitude. To highlight
any hidden trend of the My, distribution estimates between AGN and SFGs, in the upper
right corner of Fig. [3.4] the binned values of My, versus M, are presented. Each bin
contains the same number of entries; the mean and the error bars shown were obtained
with a bootstrap procedures with 10000 iterations. We note that the averaged values for
the AGN have similar molecular gas content as inactive galaxies.

In the bottom row of Fig. [3.4] the molecular gas masses are presented as a function of SFR.
The two quantities show a tighter correlation with respect to the M,-My,distribution,
and in agreement with the Lig-L{,o,_, relation discussed in Sec. @ Nevertheless,
when matched in SFR (i.e., log(S FR) > 0) AGN show smaller My, with respect to
SFGs: almost the entire sample of AGN lies below the My,-SFR relation observed for
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the DustPedia and SMUSES SFGs (dashed line). This is confirmed also in the lower right
corner, where the binned values of My, and SFR are shown. We further checked for any
correlation between indicators of the AGN power (AGN bolometric luminosity, L5 ; the
ratio of the AGN contribution with respect the entire emission of the galaxy, in the 5-40
um band, f46x) and the lower molecular gas content relative to the sequence of SFGs, but
we found no significant evidence for such a correlation. This suggest that these result
may be due to the assumption of the aco value, since our sample show similar SFR-M
distribution to SFGs.

In the upper left corner of Fig. [3.5] the molecular gas content as a function of the offset
from the MS (05) is shown. The excess (or deficiency) of specific SFR (sSFR=SFR/M,)
with respect to that expected for MS galaxies can be expressed as 0ys = sS FR/sS FRys.
The normalisation of the MS was derived from the relation by Sargent et al. [2014]], which
provides the sSFR for MS galaxies, assuming the stellar mass (M, ) and redshift of our
sample. AGN show larger offsets from the MS with respect to the normal galaxies in our
control sample, as also visible in top right panel of Fig. This happens irrespective to
the My, with AGN showing larger 6,5 over the two orders of magnitude of molecular gas
masses. This is consistent with what observed in high-redshift AGN and obscured quasars
(e.g., Kakkad et al.[2017; Brusa et al.|2018]), which share similar offset from the MS to
our local Seyfert 2 galaxies. In the bottom panels of Fig. a significant fraction of our
sample of AGN show larger dust content (M) if paired in My, with the control samples.
In this case, we do not include the entire sample by Cortzen et al.| [2019], since in that
work the authors derive the molecular gas mass from M,,;; by assuming a gas-to-dust
ratio, therefore making the two quantities proportional by definition. Nevertheless, we
derived the molecular gas mass for 33 objects by Cortzen et al.| [2019] with L¢q,
measurements, assuming a aco=4.3 M, pc™? (K km s™!')~! consistently with the aco
value assumed by Casasola et al.| [2020] for their inactive galaxies. The AGN which
deviate more from the SFGs sequence do not show any peculiarity in terms of AGN
power with respect to the remaining objects that follow the trend of the inactive galaxies.
Indeed, when matched in M,,,;, AGN do not significantly differs from the DustPedia
SFGs in terms of My, .

To conclude, AGN show similar molecular gas content to SFGs over a wide and common
range of stellar masses (over two orders of magnitude in M, ). Nonetheless, when matched
in SFR, AGN have systematically smaller molecular gas content, or, conversely, larger
SFR if paired in My, with the control sample. These higher SFR and ‘normal’ molecular
gas content in local AGN could be linked to the nuclear activity. AGN may have had
higher H, content than SFGs but this molecular gas may have been used both as main

ingredient for star formation (resulting in higher SFR) and as AGN fueling (loosing
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Figure 3.5: Left panels: molecular gas mass (Mpg,) versus the offset from the MS (derived
assuming the relation by [Sargent et al.|2014; top panel), and host-galaxy dust mass (M,; top
panel). Our sample is plotted as red diamonds, while the control samples are represented by
grey circles (DustPedia). In the bottom panel, the My,-M g, diagram, where the My, of the 33
SMUSES SFGs presented were derived from the CO luminosity [Cortzen et al., 2019]], assuming
aaco=1.1 Mg pc‘2 (K km s™H~!. We do not represent the entire SMUSES SFGs since their My,
are derived from the My, ;; assuming a dust-to-gas ratio. For pure illustrative purposes, the best-fit
trend (grey dashed line) for the sample of inactive galaxies is shown, while the two dotted lines
are the trend shifted by a factor of 0.5 dex. The best-fit slope is reported in the lower right corner.
Right column: same scaling relations presented on the left, but with binned values (using the same
method as in Fig. [3.4).

H,). In addition, molecular gas outflows driven by AGN are frequently detected in local
galaxies (e.g.,|Garcia-Burillo et al.[2014; |Audibert et al.[2019), and they are able to drive
the gas outwards from the host galaxy. In the Seyfert 2 NGC 1433 |Combes et al. [2013]]
it was revealed the smallest molecular gas outflow ever observed in an external galaxy so
far (involving a molecular mass of 3.6 X 10° My, and with a flow rate ~7 Mg/yr), showing
how also relatively low intense outflows are able to influence the balance between gas
and SF in galaxies.

Owing to the higher SFRs, the Seyfert 2 galaxies show larger offset from the MS, since
oyus depends on the SFR by definition. Finally, active and inactive galaxies spanning a

common range of My, show similar molecular gas contents.
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3.4.3 Molecular gas depletion times

Given the gas mass computed in Section [3.2.1.4] and the SFR provided by G16 we
estimate the depletion time for each galaxy. We found depletion times in the range
0.06 < 140y < 1.8 Gyr (with mean value 0.36 Gyr and o = 0.36 Gyr; see the right panel
of Fig. [3.6)), consistent with what has been reported in previous literature works in local
AGN (Ly,; ~ 1079 erg s7!) with similar host-galaxy properties in terms of M, and SFR
(0.1<tgepi< few Gyr; e.g., (Casasola et al.|2015; Rosario et al.[2018, Koss et al.[2020).
Conversely, shorter time scales (0.01<tgep <0.1 Gyrs) for the gas consumption have been
observed in the case of high-redshift AGN or quasars (z~1-3; e.g., Brusa et al.|[2018;
Kakkad et al.[|2017; Talia et al.|2018)), likely due to the combined enhancement of both
SF and AGN activity at the cosmic noon [Madau and Dickinson, [2014].

In the central panel of Fig. [3.6] we plot the depletion times as a function of the offset
from the MS of SFGs. In the top and right panels the distributions of 65 and t4., are
shown, respectively.

The Seyfert 2 galaxies show, on average, short 74, and large distances from the MS,
with respect to the distribution of SFGs. Looking at the depletion time distribution for
the Seyfert 2 galaxies and the control samples (Fig. [3.6] right panel) it is clear that
t4epr for the AGN peaks at lower values (74, ~ 0.3 Gyr), while the control samples
(DustPedia and SMUSES) peak at #4,,; ~ 1 Gyr. Indeed, our sample occupies a region of
the #4.,-0ms diagram which lies below the trend observed in MS galaxies, represented
by the relation by [Tacconi et al.|[2018]] (see the main panel of Fig. [3.6)), which describes
the expected 74, for MS galaxies, with a given M,and redshift (here shown at the
redshift and M, of our galaxies).

Since this results depends on the assumption of the @¢o in Fig. we present the
same plot as in Fig. but here we assumed a Milky-Way value (aco=4.3 M, pc? (K
km s7)~"). It is clear that our sample show a completely consistent distribution of 74, as
our control samples of SFGs. Anyway, the deviation of the Seyfert 2 galaxies from the
MS, expressed in terms of ds, is still clear. We concluded that local AGN are hosted
in galaxies where the molecular gas reservoir is similar to that in nearby SFGs. Then,
our Seyfert 2 galaxies show longer depletion times with respect to the quasars at higher
redshift (0.01< #4ep <0.1 Gyrs at z ~1-3; e.g., Brusa et al | 2018} Talia et al.[2018).

3.4.4 PAH as tracer of the molecular gas

The Ljg-Lpay relation has been widely used as a diagnostic to distinguish between
different galaxy population (e.g.,|Cortzen et al.[[2019; Minsley et al.[2020), since different
galaxies (e.g., MS galaxies, starburts, AGN-composite) occupy different parts of the
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Figure 3.6: Main panel: Depletion time (in units of Gyr) vs, the distance from the MS (dys) in
terms of the sSFR. The sources in our sample are the red diamond, while the control samples are
the grey circles (DustPedia) and green squares [[Cortzen et al.,2019]. The dashed region represents
the t4.p1-0ms relation by [Tacconi et al.|[2018]], within the interval of stellar masses and redshift in
our sample. Upper and right panels: projected histograms of the distance form the MS and the
depletion times, respectively, for our sample and the control samples, following the same colour
coding.

diagram. This relation can also be used to assess the effect of the AGN on the SF activity
of its host galaxy, if any. In the upper panels of Fig. [3.8] we compare the L;g-Lpay
distribution for our sample, compared with the control sample by (Cortzen et al.|[2019],
the one with available PAH measurements. The mid-IR features analysed by HC11 (i.e.,

the PAH at 6.2 and 11.3 um) seem to correlate with the IR luminosity, as observed in many
local objects (e.g.,/Alonso-Herrero et al.[2016; Jensen et al.[2017; Kirkpatrick et al.[2017),
even in presence of nuclear activity. We performed a linear fit of the L;z-Lpsy relation,
log(Lpay) = alog(L;g) + B, considering both the PAH at 6.2 and 11.3 ym luminosity. The
results of this fit are presented in Fig. [3.8] We found a slope (@ = 1.05 + 0.02) slightly
steeper than that of|Cortzen et al.|[2019], and a significantly lower normalisation (d ~ 0.6

dex), larger than the intrinsic dispersion of our relation (6 = 0.15dex). Our sample of

active galaxies shows lower 6.2 um PAH luminosities for a given Lk, suggesting a
potential effect of the nuclear activity on the emission of this mid-IR feature. This is
supported by the similar trend observed in the sub-sample of active objects (i.e., AGN, or

composite, with EW 5, > 0.4um; see also|Sargsyan et al.|[2012; Stierwalt et al.|2014),
by [Cortzen et al.| [2019], which we represent as blue triangles. Indeed, lower Lpay-Lig
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Figure 3.7: Main panel: Depletion time (in units of Gyr) vs, the distance from the MS (dys) in
terms of the sSFR. Same as Fig. but in this case we assumed aco=4.3 My pc‘2 (Kkms™H!
for the Seyfert 2 galaxies. Upper and right panels: projected histograms of the distance form the
MS and the depletion times, respectively, for our sample and the control samples, following the
same colour coding.

ratios have been reported in active galaxies compared to SFGs (e.g.,/Armus et al.[2007;
Valiante et al |2007; [Sajina et al.2008; [Diamond-Stanic and Rieke|2010)), suggesting that
AGN can, at least in part, suppress the PAH luminosity.

We then found similar results for the fit of Lpap 11.3m-Lir (@ = 1.03 +0.03, but with larger
intrinsic dispersion of ¢ = 0.18 dex; see the right panel of Fig. [3.8). This is in agreement
with the literature, since 6 um feature is likely excited by SF-related emission, while the
one at longer wavelength could be more affected by the presence of AGN impinging
radiation, hence resulting in a larger scatter. Our result —i.e. the depleted PAH luminosity
in the presence of an nuclear activity — suggests that extrapolating the molecular gas
mass from the PAH feature luminosity (as suggested by [Cortzen et al.| [2019]) can induce

a significant underestimation of My, if the presence of nuclear activity has not been

properly identified, as it happens in the case of heavy extinction of weak nuclear emission,
as in some of the sources among our Seyfert 2 galaxies.

In the lower panels of Fig. [3.8] we plot the 6.2 yum and 11.3 ym PAH luminosities,
respectively, versus the bolometric luminosity of the AGN (L/b"gf;’R , provided by G16.
Following the results by G16 (see Fig. 10 in G16), we divided the sample in two

subsamples on the basis of the fygy and we fitted separately the two subsamples. We
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Figure 3.8: Top left panel: The 6.2 um PAH feature luminosity versus the IR luminosity. Our
sample is shown as red diamonds, while green squares and blue triangles indicate the inactive and
active galaxies in the sample by |Cortzen et al.|[2019], respectively. Our best fit relation (best fit
slope @ and dispersion ¢ are reported in the lower-right corner) is the black solid line, while the
grey dotted line is the result of the best fit by the |Cortzen et al.|[2019]]. The best fit relation on the
entire parent of our parent Seyfert 2 galaxies by G16 is shown with the dot-dashed line. Top right
panel: The 11.3 ym PAH feature luminosity versus the IR luminosity for our sample. Points and
lines are coded as in the left panel. Bottom panels, from left to right: 6.2 um and 11.3 um PAH
luminosities, respectively, versus the bolometric luminosity of the AGN, derived from the broad
band SED decomposition performed by G16. Data are colour mapped as a function of the fraction
of the AGN emission with respect to the galaxy global outcome in the 5-40 um band. Dashed
(dotted) lines are the best fit relation for the subsample of AGN with fygy < 0.4 (> 0.4).

found that AGN with a relatively larger contribution of the AGN to the mid-IR outcome
of the galaxy figy > 0.4 show fainter PAH emission (both the 6.2 ym and 11.3 yum
features) for a given AGN bolometric luminosity. To summarise, by comparing the PAH
emission in our sample of active galaxies with that observed in SFGs by (Cortzen et al.
[2019]], we concluded that the emission from PAH features can be affected, i.e. depleted,
by the presence of nuclear activity. Furthermore, by dividing our sample of Seyfert 2
galaxies on the basis of their relative contribution of the AGN to the global emission
from the galaxy in the mid-IR, we found that larger fisy for a given AGN bolometric

luminosity corresponds to fainter PAH emission.
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3.5 Conclusions

In this Chapter we have studied the properties of a sample of 33 local Seyfert 2 galaxies
with the aim of understanding the impact of the nuclear activity on the host-galaxy
molecular gas content and SF activity. By considering new and archival CO spectroscopic
data, we estimated the mass of the cold molecular component of the ISM — the key
ingredient to form new stars. We exploited the results of the detailed SED decomposition
by G16, providing the characterisation of each galaxy, e.g. in terms of M,, SFR, Lz, and
emission from the AGN. By comparing the molecular gas content (M, ) and the relative
depletion time in our sample of local Seyfert 2 galaxies matched in different host-galaxy
properties (M,, SFR, M) to a control sample of SFGs, we investigated the effect of the
nuclear activity on the host-galaxy molecular gas reservoir. Furthermore, we investigated
the effect of the nuclear activity onto the PAH features, which are widely used as tracers
of SF activity, while the presence of the AGN can actually affect their luminosity — in the
literature AGN have been observed both suppressing and enhancing the PAH emission
(e.g.,[Sajina et al.|2008)) and Jensen et al.[2017, respectively)

The main results of our work are:

e aperture-corrected molecular gas masses were derived for 33 objects (My,~ 108710

M,), estimated by converting the low-J CO luminosity.

e Over a wide range in stellar masses, our AGN show similar molecular gas content,
and larger SFR than SFGs. Hence, when matched in molecular gas content, AGN
are characterised by larger offset from the MS of normal galaxies with respect to

our control samples.

e When comparing the depletion times for the Seyfert 2 galaxies and SFGs, the AGN
distribution peaks at similar depletion times to that of SFGs if we assumed the
same aco for both active and inactive galaxies, consistently with the time scales
observed in nearby Universe. The choice of a good aco factor for AGN remain still
an issue which need to be properly investigated, especially when we are interested
in measuring the molecular gas content in the central of galaxies, while when we
consider the CO emission over the entire galaxy we would expect that the effect of
AGN activity is diluted. The even shorter depletion times observed in high-redshift
AGN and quasars (z~1-3; e.g., Brusa et al. 2018} Kakkad et al. 2017, |Talia et al.
2018)), are likely due to the enhancement of both SF and AGN activity at cosmic

noon.
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e By studying the Lpsy-L;g scaling relations with the PAH features at 6.2 and 11.3
um, we found that our sample of local Seyfert 2 galaxies shows lower Lpy/Lir
ratios with respect to SFGs, as previously observed in AGN-dominated sample.
Furthermore, when studying the PAH emission as a function of the AGN bolometric
luminosity in our Seyfert 2 galaxies, we found that the objects with a relatively
larger contribution from the AGN in the mid-IR fysy show fainter PAH emission.
This suggests that AGN activity is able to suppress the emission of PAH features,

being more efficient when the AGN emission dominate the mid-IR regime.
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A test case: NGC 7213

This Chapter is mainly based on “Molecular gas in the central region of NGC 7213,
F. Salvestrini, C. Gruppioni, F. Pozzi, C. Vignali, A. Giannetti, R. Paladino, E. Hatz-
iminaoglou, 2020, AGA, 641, Al5]1.

In the previous Chapters we emphasise the importance of a multi-wavelength strategy

to properly understand the role of AGN in regulating the host galaxy’s SE. As introduced
in Section [.2.2.2] accreting SMBHs are responsible for injecting energy in the circum-
nuclear region, providing feedback to its host galaxy and the ISM (see, e.g. |Fabian 2012
Somerville and Dave 2015, and references therein). AGN are held responsible for both
suppressing the SFR, which constitutes ‘negative feedback’, or enhancing it through the
compression of molecular clouds, which constitutes ‘positive feedback’.
For this reason, the SF activity and SMBH properties are believed to be connected, both
in high-redshift quasars and in local Seyfert nuclei (see also Fig. [I.1). In this scenario,
the molecular gas plays a fundamental role, because it is the main fuel for SF and the
more abundant phase of the ISM in the nuclear region. In Chapter 3] we emphasise
that studying the properties of the molecular gas in galaxies and the rate at which it
is converted into stars (i.e., the depletion time) can be used to asses the effect of the
feedback from nuclear activity. This study can be complemented by spatially resolved
observations tracing the cold phase of the ISM, to directly probe the physical state of
the molecular gas in the the nuclear regions, where the emission from the AGN prevails,
while at increasing distances from the centre, stellar processes such as supernovae, stellar
winds or shocks start dominating.

Given this context, in this Chapter we present a test study to show the potential of the

multi-waveband method, focusing our attention on one object out of the 76 by G16. The

87
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target of this study is NGC 7213, a nearby spiral galaxy showing intermediate properties
between a low-luminosity AGN (LLAGN) and a LINER. The intermediate nature makes
this object interesting to our purpose, allowing us to test our approach in an objects with
not extreme properties (as a quasar or a starburst galaxy), where the SF and accretion
activity coexist. The multi-wavelength strategy allows us to clarify the intrinsic nature
(AGN vs SF) of the source. Finally, we chose NGC 7213 also for the quality and variety
of available archival observations in different bands, in particular in the X-rays (e.g.
NuSTAR and XMM-Newton) to characterise the AGN power, and at mm wavelengths
(ALMA and APEX) to trace the molecular gas content and kinematics.

This Chapter is organised as follows: in Sectiond.1| we summarise the multi-waveband
properties of the NGC 7213. In Section 4.2 we introduce the data sets that we reduced
and analysed in this work. The interpretation of the CO and the continuum mm emission
is presented in Section 4.3] Our conclusions and the results are summarised in Section
44

Throughout the Chapter, distance-dependent quantities are calculated for a standard flat
ACDM cosmology with the matter density parameter ), = 0.30, the dark energy density
parameter Q4 = 0.70, and the Hubble constant Hy = 70 km s~! Mpc~! [Komatsu et al.,

2009]]. Errors are given at 68 per cent confidence level.

41 NGC 7213

The galaxy NGC 7213 is a nearby (D=23 Mpc, z=0.0058) SO one, which hosts an
active nucleus, and was first discovered with the HEAO A-2 satellite (e.g. Marshall et al.
1979). The classification of this source was long debated (e.g. Halpern and Filippenko
1984)), and nowadays it is known as an intermediate object — between a LLAGN (with
Lpot = 1.7 X 10* ergs s7!, Emmanoulopoulos et al.[2012) and a LINER (e.g. [Starling
et al.[2005)). The first published optical spectrum by Phillips|[1979]] suggested the Seyfert
1 classification on the basis of the observed broad Ha emission-line component (with
full width at zero intensity ~13000 km s™!). They also found that the flux of the Ha was
relatively low with respect to what was usually measured in typical Seyfert 1 galaxies, and
broad components were very weak or absent in the other observed optical emission lines.
Later, Halpern and Filippenko [1984] confirmed the presence of the broad Ha emission
line, but the evidence for a low-excitation narrow-line spectrum led to the inclusion of the
source in the LINER class.

The X-ray observations confirmed the ambiguous nature of NGC 7213. Archival
observations with different X-ray telescopes over several years showed some spectral

features in agreement with the Seyfert 1 classification (e.g. an X-ray spectral slope
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I'xy ~ 1.8 and no evidence for neutral or ionised absorption features: Bianchi et al.|[2008;
Lobban et al.2010; Emmanoulopoulos et al.|[2013), while others did not (e.g. the absence
of a Compton reflection component, usually observed in local Seyfert 1 galaxies: e.g.
Dadina 2008}, [Ursini et al.|2015)).

To complete the multi-band picture of NGC 7213, at radio frequencies the galaxy appears
point-like at 3 cm (half power beam width HPBW<]1 arcsec), which was interpreted
by Bransford et al.|[1998]] as either nuclear synchrotron emission or free-free emission.

The radio power is Py 4gu, = 3 X 10* erg s™' Hz™!

, at least an order of magnitude
higher than that of a typical Seyfert, although too low for a radio-loud classification (e.g.
Blank et al.|[2005). The compactness of the radio emission was also later confirmed
by Murphy et al.| [2010], who observed NGC 7213 with ATCA at higher frequencies

(5, 8, and 20 GHz; see also Bell et al.|[2011)).

4.2 Multi-waveband data

Here we provide the multi-band picture of NGC 7213 through a new and coherent
modelling of the most relevant data to describe the overall emission of the source in
the X-rays over a broad energy range (including the hard-X data from NuSTAR) and the
analysis of sub-mm/mm single-dish (APEX) and interferometric (ALMA) observations.
The X-ray data analysis aims at providing an accurate estimate of the accretion power,
while the study of the high spatial resolution of the ALMA data is used to characterise
the morphology and kinematics of the molecular gas. Finally, the single-dish APEX
observation is used to provide reliable estimates of the integrated CO emission, needed

to derive the molecular gas mass content.

4.2.1 X-ray data

The NGC 7213 galaxy has been observed extensively over the last 20 years in the X-
rays using a number of facilities, in both soft and hard bands. We are interested in
characterising the nuclear activity of the source in terms of the emitting power of the
AGN, meaning the luminosity in the 2-10 keV band produced by the primary emission.
For this reason, we decided to use the largest band available, combining the information
from NuSTAR (nominally, 3-79 keV) with an instrument in the 0.3-10 keV band (i.e.
XMM-Newton). We analysed the NuSTAR observation and the one from XMM-Newton
with the longer exposure time separately (130 ks: e.g. Emmanoulopoulos et al.[2013)) to
obtain a global picture of the properties of the source in terms of the spectral features and
continuum emission. We did not combine the NuSTAR and XMM-Newton observations

since they were not taken simultaneously, and previous works revealed evidence for minor
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variability in terms of flux and spectral features in NGC 7213 (e.g. |Ursini et al.|2015).
Nevertheless, the observed variabilities do not significantly affect the X-ray properties of
the source (e.g. Bianchi et al.2003; |[Lobban et al.|2010; Emmanoulopoulos et al.|2013).

4.2.1.1 X-ray data reduction

We re-analysed and combined the following archival observations from XMM-Newton
(ID: 605800301, starting on Nov. 11 2009; tx, = 132.5 ks) and NuSTAR (ID: 60001031002;
starting on Oct. 05 2014; t.,, = 101.6 ks). We performed a standard data reduction
for each data set similarly to the procedure adopted in [2] and extensively described in
Section [2.1.2] Once the spectra were calibrated, we excluded the energy channels where
either calibration issues are known to affect the cameras response, or a high background
was present (i.e. signal-to-noise ratio ~1). In particular, for the XMM-Newfon pn and
MOS cameras, we excluded the channels corresponding to energies below 0.5 keV due to
calibration issues, while above 10 keV the background dominates. Regarding NuSTAR, as
high background affected all the channels above 27 keV and calibration issues affected the
channels below 3 keV, these energy intervals were also removed. Both NuSTAR and XMM-

Newton data were grouped with a minimum number of 30 counts in each channel bin.

4.2.1.2 X-ray data analysis

The spectral analysis was performed using the X-Ray Spectral Fitting Package (XSPEC) v.
12.10.0c [Arnaud, [1996]. All the models presented below include the Galactic absorption
(Ng = 1.06 x 10 cm™2; Kalberla et al. 2005). We also included cross-calibration
constants to account for different responses between EPIC pn and both MOS cameras
in XMM-Newton, and between FPM A and B in NuSTAR. We analysed each data set
separately and compared our best-fit models with the literature (e.g. Bianchi et al. 2003
for XMM-Newton, and |Ursini et al.|[2015| for NuSTAR). This also allowed us to check for
any potential variability both in flux and in spectral shape as a function of time, since the
observations were taken with a separation of five years.

Starting from the XMM-Newton observation, the simplest model we used was a single
power-law, with best-fit spectral index I'y ~ 1.65. This represents the primary X-ray
emission from the nuclear activity, produced by the inverse Compton of the hot electrons
from the corona on the seeds of UV photons produced in the accretion disc. It is the
emission we are interested in, since it is strictly associated with the accretion processes
onto the SMBH. Clear excesses (up to 50) were evident in the ~6-7 keV energy band.
Then, we included, one at a time, three Gaussian lines, with a fixed width of 10 eV.

Given their best fit energies (see Table [4.1]), they can be associated with the Fe Ka
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Figure 4.1: From top to bottom: X-ray spectrum of NGC 7213 obtained with XMM-Newton
(EPIC pn, MOS1 and MOS2) and NuSTAR (FPMA and FPMB), as a function of the observed-
frame energies. Data and the best fit models for each camera are represented in different colours.
In both lower panels, we present the residuals (data minus model) in units of ¢
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fluorescence emission line at the rest-frame 6.39 keV, and the ionised Fe XXV and
Fe XXVI fluorescence emission lines at the rest-frames 6.7 and 6.97 keV, respectively.
We found no evidence for absorption of the primary continuum emission (N < 102!
cm™2). Since some residuals were present in the soft part of the analysed band (i.e. at
~2 keV), we included a ‘mekal’ component, which is needed to model the excess likely
produced by the diffuse emission from the high-energy tail of SE. In the end, our best fit
model consists of a power law, three Gaussian emission lines, and a thermal component.
The best fit model (y> = 388.4 for 321 degrees of freedom) is shown in the top panel
of Fig. A.1] and the best fit parameters are presented in Table 4.1] and are consistent
with results in the literature (e.g. Emmanoulopoulos et al. 2013)). The flux obtained
integrating the primary AGN emission (i.e. the power law) in the rest-frame 2-10 keV is
Foiokev = (1.227001) x 107! ergs s™' cm™.

Considering the wide energy band (3-27 keV) offered by NuSTAR, we first fit the
continuum emission with a single power law. In this case, we obtained a poor fit,
with significant residual excess in the ~6-7 keV band. Given the lower spectral resolution
provided by NuSTAR (~400 eV at 6 keV with respect to ~150 eV from XMM-Newton),
we were not able to constrain both the centroid and the normalisation of the Gaussian
lines needed to model the excess in the ~6-7 keV band. For this reason, we included
the Gaussian functions one at a time, setting the energy in correspondence of the best fit
obtained with XMM-Newton, then we left the normalisation free to vary (as in Ursini
et al.[|2015). The primary emission spectral index is significantly higher (I'y = 1.81+0.02)
than the one observed with XMM-Newton, consistently with the literature [Ursini et al.,
2015]]. This is likely due to the wider energy band available to model the primary
emission where there are no significant contributions from other components (e.g. the
thermal component below 3 keV). Part of the primary emission is usually reflected by the
surrounding material around the SMBH, resulting in an excess above 10 keV with respect
to the continuum. This reflected component is usually observed in Seyfert 1 galaxies
(e.g. [Perola et al.|[2002), but has never been observed in NGC 7213. We checked for the
presence of a reflection component, but the fit was not significantly improved by such
inclusion. The best fit is presented in the bottom panel of Fig. (x* = 344.2 for 342
degrees of freedom), while the best-fit parameters are shown in Table 4.1 Integrating
the power law over the rest-frame of the 2-10 keV energy band, we estimated a flux of
Foiokev = (1.627007) x 107! ergs s™' cm™.

Comparing the best fit results between the two observations, variability in both flux and
spectral shape is present. The observed variability in terms of flux (the flux measured
by XMM-Newton is ~25% fainter than the that derived by NuSTAR data) is consistent
with what is usually observed in AGN, while the different spectral slope (I'y = 1.64 and
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1.81, see Table d.T)) may be due to the different energy band used for the analysis. In the
end, in the X-rays NGC 7213 shows spectral features of a typical low-luminosity Seyfert
1 (i.e. I'y ~1.8) with no evidence for obscuration, and L,_;gey = (1.25 + 0.02) x 10*?

ergs s

, using the results from the analysis of the NuSTAR observation. Assuming a
bolometric conversion factor of k,,; = 9+5 as from [Lusso et al. [2012], appropriate
for the 2-10 keV luminosity of NGC 7213, we estimate the bolometric luminosity to
be Ly, = (1.1 £0.6) x 10* ergs s~!, consistent with previous results from literature
(e.g. [Starling et al.[2005; Emmanoulopoulos et al.[2013)). This means that NGC 7213 is
accreting at a very low rate, resulting in a rather low fraction of the Eddington luminosity
(~9x 1074, assuming a black hole mass Mpy ~ 108 M, as measured from the observed
stellar velocity dispersion; Woo and Urry|2002). This value is relatively low with respect
to typical Seyfert 1 galaxies (a few per cent), again stressing the intermediate nature of

NGC 7213 between a Seyfert galaxy and a LINER.

Parameter Value Value
Parameter XMM-Newton  NuSTAR
I'y 1.64+0.02 1.81+£0.02
FZ—IOkeV 1 22t88{ 1 62t88§
E, 6407001 '
norm; 18.711% 16*3
E, 6.69%01 3
norm, 5.8%), R
E; 6.95i8:8§ 6.95
norms 3.1 8+
kT O.4f8;;

NOIMyyekq) 4i%

Table 4.1: Best fit parameters from the X-ray spectral analysis using XMM-Newfon and NuSTAR
observations, respectively. From top to bottom: the spectral index (I'y), the rest-frame 2-10 keV
flux (in units of 107! ergs s~! cm~2), the energy of the Gaussian emission lines (in units of keV),
with their normalisation (in units of 107 photons cm=2 s~!). In the XMM-Newton observation it
was necessary to include a thermal component ‘mekal’, accounting for the excess in the soft band
at ~2 keV, likely produced by hot diffuse gas. The plasma temperature of the ‘mekal’ component

is in units of keV, while the normalisation is in units of 10~ photons cm? s!.

4.2.2 ALMA data

The ALMA observations of NGC 7213 were taken in May 2014 (early science project:
2012.1.00474.S, PI: N. Nagar) at 230 GHz (band 6), in configuration C32-5, including
31 12m antennas. These observations cover the angular scales in the range of 0.5”-25",

corresponding to 60 pc - 3 kpc at the redshift of the source, where 0.5” is the spatial
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resolution, while 25" is the field of view (FoV). However, the largest angular scale that
was recovered with the adopted antenna configuration is 6.2”, or 750 pc. The spectral
setup consisted of three high-resolution spectral windows with 1920 channels of 976.562
kHz in width each, and a low-resolution spectral window of 128 channels of 15.626 MHz
in width. Two of the high-resolution spectral windows were centred on the observed
frame frequency of the >?CO(2-1) and CS(5-4) emission lines at 229.2 GHz and 243.5
GHz, respectively. The remaining two windows were centred on the sky frequencies at
240.4 GHz and 227.8 GHz, respectively, in order to measure the sub-mm continuum
emission.

The data were calibrated using the ALMA calibration scripts, with CASA version 4.5.3.
J2056-4714 was observed as bandpass calibrator, J2235-4835 as phase calibrator, while
Neptune was used as an amplitude calibrator, assuming the Butler-JPL-Horizons 2012
model. From the calibrated data, continuum and line images were obtained using
the CASA task, ‘clean’. We adopted the natural weighting to get the best signal-

to-noise ratio.

4.2.2.1 The continuum emission

In Fig. @], the contour levels of the continuum emission (at 235.1 GHz, or 1.28 mm),
obtained from the line-free channels in all the four spectral windows, are presented in
red. The beam size is 0.48"” X 0.44” (with a beam position angle of ~81.1 deg) and a 1o
RMS level of 8.9x107 Jy beam™'. The emission is clearly produced by a <60 pc-sized
point-like source. Using the ‘imfit’ task from the CASA software, we fitted the map with
an elliptical Gaussian profile. The best fit centroid is consistent (within the uncertainties)
with the NGC 7213 radio position provided by the NASA-IPAC Extragalactic Database
(NED The ‘imfit’ task provided the continuum flux density, integrating the Gaussian

profile, with the corresponding uncertainty: F, ¢, = 40.1 + 0.1 mJy.

4.2.2.2 The CO(2-1) emission line

The CO(2-1) emission line was extracted from the continuum-subtracted cube of the first
spectral window. We used the CO(2-1) frequency at the redshift of z = 0.0058 (NED)
as a reference frequency. We used the ‘clean’ task to iteratively clean the dirty image,
selecting a natural weighting scheme of the visibilities. We binned the cube to increase

the signal-to-noise ratio, requiring a spectral resolution of 10 km s™!

. The cleaned image
of the CO(2-1) emission line has a synthesised beam of 0.50” x 0.47”, with a position

angle of 73.4 deg and an average 1o RMS of 0.1 mJy beam™! per channel.

Thttps://ned.ipac.caltech.edu/
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Figure 4.2: ALMA CO(2-1) integrated intensity image with the continuum emission overlaid in
red contours (at 5o, 100, and 500 levels). The white ellipse in the bottom-left corner represents
the synthesised beam of 0.50” x 0.47”” with a position angle of 73.4 deg. The three interesting

regions are magnified in the two boxes: a possible outflow (A) located at the edge of a super
bubble (B) and a second potential outflow observed from the PV diagram analysis (C; see Fig.

A7).

As presented in the integrated intensity map (see Fig. {.2)), the spatial distribution of the
CO line flux follows a spiral-like pattern, which is characterised by a clumpy emission.
This can be explained by the combination of the intrinsic clumpy nature of the emitting
medium, with the lack of a more diffuse component, which has most likely been resolved
because of the extended antenna configuration adopted for the interferometric observation.
Using a circular region with a diameter of 25" (or ~3 kpc, roughly corresponding to
the FoV of the instrument), we measured fcoarma = 112+5 Jy km s7! as the flux of
the CO(2-1) emission line. The uncertainty on the flux density is the quadratic sum of
the two main contributions: the RMS within the same aperture, and the flux calibration

uncertainty (~5%, as suggested when using Neptune as flux calibrator).

Regarding the morphology, the CO(2-1) emission traces the spiral arms of the

galaxy, as can be observed in Fig. {.3] where the contours of the CO emission line
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Figure 4.3: Contour levels of continuum (red) and CO(2-1) line emission (green, at 20, 40,
and 60 levels) are superimposed on an optical image from the Hubble Space Telescope (HST;

F606W filter). The molecular gas follows the same spiral-like pattern as the optical emission. The
continuum is produced by a point-like source.

are superimposed onto an archival HST optical observation (taken with the F606W filter
on the WFPC2; Malkan et al.|[1998). The molecular gas is clearly co-spatial with the
spiral arms, while the size of the narrow-line region, estimated from the [O III] line
observed with the FR533N filter on the HST/WFPC2 [[Schmitt et al., [2003]], is less than
100 pc. This suggests that the CO(2-1) is most likely heated by the stellar activity within
the arms rather than the low-luminosity AGN hosted in the centre. This is in agreement
with theoretical models (e.g. |Obreschkow and Rawlings|2009; Meyjerink et al.|2007;
Vallini et al|2019), where the impinging radiation for the low-J transitions like the
CO(2-1) mainly comes from the photodissociation regions (PDRs; e.g. |[Pozzi et al.|2017
Mingozzi et al.|2018)) rather than from the X-ray dissociation region (XDR) heated by the
central AGN. Indeed, looking at both Fig. #.2]and Fig. 4.3] CO emission is not present
correspondingly with the location of both the ALMA continuum emission and the peak

of the optical emission, both indicative of the location of the nucleus.
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4.2.3 APEX data

The APEX observation of the CO(2-1) emission line (at 229.2 GHz sky frequency)
was carried out with the PI230 receiver at the Atacama Pathfinder Experiment (APEX;;
project 0103.F-9311, PI: F. Salvestrini). The need for the single-dish observation was
motivated by the potential filtering of the CO emission at intermediate and large scales
in the interferometric observations. Indeed, the archival ALMA data were limited by
the maximum recoverable scale (MRS; ~6.2”, or ~750 pc) of the antenna configuration
adopted. This could result in a significant underestimation of the molecular gas content
traced by the CO emission. As reported in Section f.2.2.2] the clumpy morphology
observed in the interferometric observation, along with the lack of a fainter diffuse
component, supported this hypothesis.

We adopted a standard data reduction, using the CLASS program, as described in[3.2.1.1]
The CO(2-1) emission-line profile is presented in Fig. 4.4, The spectral resolution
requested for the APEX observation (50 km s™!) is sufficient to observe the double-peak
structure of the line profile. This profile is generally associated with rotation-dominated
motion, in agreement with the results from the kinematical study of the ALMA data that
is presented in Section[4.3.2] The integrated CO(2-1) surface brightness was obtained
performing a fit using a double Gaussian function to the line profile. The resulting value
is Zco = 9.6+1.4 K km s™!. As for the APEX CO spectroscopy presented in
we conservatively assumed the uncertainty on the surface brightness to be 10%, due to
the large calibration uncertainties. To compare this value with the one that we obtained
from the ALMA observation, we used the Jy/K conversion factor, which depends on the
aperture efficiency of the telescope. In the configuration adopted for our observation
(PI230 detector), with Jupiter as a calibrator, the conversion factor is 3Si3ﬂ Then,
fcoapex = 34060 Jy km s~!, meaning ~3 times the fco.aLma reported in Section
This implies that the ALMA interferometric observations only recovered about 30% of
the CO(2-1) flux density measured with APEX.

4.2.4 SED decomposition

The galaxy NGC 7213 benefits from a detailed SED decomposition performed by G16,
which allowed us to disentangle the relative contributions of AGN and SF activity to
the global IR outcome of the source, providing a characterisation of the host galaxy in
terms of stellar and dust content (M, and M, respectively), and ongoing SF (SFR).
Here, we briefly introduce the photometric data collected from the archive and the SED

decomposition procedure adopted by G16 was already presented in Section[2.1.4] The

Zhttp://www.apex-telescope.org/telescope/efficiency/
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Figure 4.4: CO(2-1) emission line observed with the PI230 receiver at APEX. On the x-axis, the
velocity in km s~!, on the y-axis the antenna temperature in K; the channel width is Av=50 km
s~!. Two Gaussian functions (in dashed light green lines, while the sum of the two is in dark
green) are needed to reproduce the double-peak spectrum profile (in black). A rotation-dominated
kinematics is suggested by the double-peaked line profile.

homogenised catalogue of total fluxes, from the UV to the far-IR, is presented by G16 (see
also their Table A.1: the flux densities are corrected for the aperture and magnitude zero
point). In the case of NGC 7213, the photometric data included in the analysis are: the
U, B, V, and R bands from|de Vaucouleurs et al.|[[1991]]; the near-infrared measurements
from the catalogue by Jarrett et al.|[2000]; the IRS spectrum re-binned by Gruppioni et al.
[2016] and the photometry by Gallimore et al. [2010b] and [Moshir and et al.| [1990] in
the mid-IR; and the far-IR photometry by |Spinoglio et al. [2002]]. In order to limit the
degeneracy among the torus parameters, in G16 the AGN configurations of obscured
sources were excluded for NGC 7213 (as supported by optical observations of the source
and by the X-ray spectral properties presented in Section 4.2.1.2)). The best fit model and
the decomposition in the different components is presented in Fig. 4.5 The host-stellar
contribution and the dusty SF dominate over the AGN in the optical bands and in the entire
IR band, respectively. While this could appear to be in contrast with the type 1/broad-line
nature of the AGN, it is in agreement with the relatively weak nuclear activity observed in
NGC 7213 (revealed also through the X-ray spectral analysis reported Section [4.2.1.2)).
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Figure 4.5: Decomposed SED of NGC 7213, obtained with the SED3FIT code [Berta et al., 2013].
Green, pink (continuous line), and blue lines represent the contribution from the extinguished stars,
the dusty torus, and the emission reprocessed by dust, respectively, while the black solid curve is
the sum of all components (total emission). The red circles are the photometric measurements,
from the optical to the radio frequencies (i.e. the ATCA observations at 5, 8, and 20 GHz, not
included in the SED decomposition). As explained in Section[#.2.4] the nature of this emission
(represented by the red square) is compatible with non-thermal emission produced in the nuclear
region, i.e. synchrotron emission. Even considering extreme models (the pink dashed lines), the
dusty torus cannot be responsible for the observed emission (red square), since it would be too
faint at mm wavelengths (at least two orders of magnitudes fainter). Then, we fitted the three
radio-frequency observations by ATCA with a power law, obtaining the best-fit slope represented
by the black solid line (the dashed lines correspond to the 1-o levels).

4.3 Interpreting the CO and continuum mm emission

4.3.1 The point-like continuum

The continuum map at 235.1 GHz (or 1.28 mm) is shown in Fig. f.2] Two interpretations
are consistent with the point-like nature of the observed continuum: a) nuclear synchrotron
emission, b) thermal dust emission. The interpretation in point a), which is the non-
thermal emission produced in the very nuclear region, is supported by the compact
morphology and the result of the fit presented in Fig. {.5] Indeed, the ALMA continuum

emission (represented by a red square, Fig. [4.5)) is consistent with the extrapolation of the
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relation derived from the radio points including uncertainties. This relation was obtained
by fitting a power-law relation (S,x1%) to the radio flux densities at 5, 8, and 20 GHz
(obtained simultaneously at the Australia Telescope Compact Array, ATCA; Murphy et al.
2010). Indeed, the source appears to be point like (i.e. there is no evidence for jets or
large-scale structures) at these frequencies. We obtained a slope of @ = 0.54+0.03, which
is consistent with the slope observed in the case of synchrotron emission. With the current
data, we are not able to exclude the contribution from other mechanisms (e.g. free-free
emission; see discussion in [Ruffa et al.|[2018)).

Regarding point b), which is the contribution from thermal emission, we refer to the
results of the SED de-composition analysis presented in G16 and briefly introduced in
Section .2.4] Given the point-like nature of the continuum emission observed with
ALMA (shown as a red square in Fig. [4.5]), we conclude that it cannot be associated
with the tail of the far-IR bump. This possibility is rejected since the far-IR bump is
expected to be produced by a diffuse dust component, which was not detected in the
ALMA observation. Alternatively, it could be associated with the thermal emission from
the dusty torus, even if the predicted torus emission at 1.3 mm is significantly lower than
the observed flux for the best fit torus template (see the thick pink line in Fig. {.5)). To
test this hypothesis, we also considered extreme torus configurations (pink dashed lines)
to maximise the torus contribution to the far-IR emission. In particular, we considered
torus models with high optical depth (7 = 10) and with the highest outer-to-inner radius
ratio (R,4/Rmin = 300). Since the dust sublimation radius is usually assumed as the inner
radius, with a size of ~pc for a typical AGN luminosity as in the case of NGC 7213 (e.g.
Fritz et al.|2006), this corresponds to an outer radius of ~300 pc. It is important to notice
that the ‘extension’ of a typical torus in an intermediate-luminous AGN is below 10 pc,
as was observed with ALMA in local active galaxies (e.g. \Garcia-Burillo et al.|2014).
Having said this, when we also considered these extremely extended torus models, we
were not able to reproduce a significant fraction of the continuum emission observed
with ALMA. We thus excluded the thermal emission from dust as a major contribution

to the observed continuum emission at 1.3 mm.

4.3.2 Molecular gas kinematics

The spatial resolution provided by ALMA observations allowed us to perform a detailed
study of the kinematics of the molecular gas, tracing it from the large scales (e.g. the
rotating galactic disc) to the very central regions, where the accretion onto the central
SMBH takes place. This kind of study has been successfully performed on large numbers
of local Seyfert galaxies (e.g. (Garcia-Burillo et al.|2014), and also in galaxies from
the same parent sample (e.g. [Sabatini et al. 2018). Following a similar approach to
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that adopted by |Sabatini et al.| [2018]], we used the > BAROLO (3D-Based Analysis
of Rotating Object via Line Observations) software [Di Teodoro and Fraternali, 2015]]
to model the kinematics of the molecular gas, as traced by the CO(2-1) emission line.
The *°?BAROLO code was specifically developed to fit 3D tilted-ring models based on
two main assumptions: 1) the material that is responsible for the observed emission has
to be contained in a thin disc, and ii) the kinematic has to be dominated by rotation.
The first assumption is generally accepted for local SO galaxies. Regarding assumption
i1), the ALMA observation of NGC 7213 revealed a rotation-dominated pattern, clearly
visible from the velocity map (moment-1 map) of the CO(2-1) emission line (see the
central panel of Fig. [4.6). We fixed the kinematic centre to the centroid of the continuum
emission, whose profiles have been fitted (using the imfit’ task from CASA) using an
elliptical Gaussian. This is based on the assumption that the nucleus is the centre of the
rotation and is responsible for the continuum emission (see Section 4.3.1). To reduce
the model degeneracies, we set the disc geometry by fixing some parameters. From the
data, we set the position angle of the major axis to PA™°" = 330° from north to west.
We also fixed the inclination of the disc with respect to the line of sight to i = 30°, as
estimated in the literature (e.g. Storchi-Bergmann et al.||]1996; Lin et al.[2018). The
central velocity of the ALMA data cube has been chosen to be that of the CO(2-1) sky
frequency, meaning 229.2 GHz, but we left the systemic velocity (vy) free to vary in
order to account for potential inaccuracies relative to the adopted sky frequency. Given
the tradeoff of ‘holes’ and clumpy emission, we preferred the pixel-by-pixel (i.e. ’local’)
normalisation over the azimuthal’ one (i.e. the azimuthally averaged flux in each ring)
in order to account for the non-axial symmetry of the emission, meaning regions with
anomalous gas distribution, which could affect the global fit. For the same reason, we
allowed *?BAROLO to perform a smoothing of the input data cube by a factor of 2
of the original beam of the observation (i.e. the data were convolved with an elliptical
Gaussian that was twice the size of the original beam), and to cut the smoothed cube at a
signal-to-noise ratio of 4. We set the maximum number of radii to eight, separated by
1.5” or ~180 pc, excluding the outermost part of the field of view, where *?BAROLO was
not able to fit the model to the faint clumpy emission. To summarise, the free parameters
are: the circular velocity, the systemic velocity, and the velocity dispersion.

At first, we did not include any potential radial velocity components in order to reduce the
number of free parameters. Once the best fit model was obtained, meaning the residuals
(data minus model) showed no significant evidence for rotational motion, we tested for
the presence of a radial velocity component (v_rad). We ran the code with this additional
free parameter, but its best fit value was consistent with zero. By assuming different
values of the PA (PA= 320° —340°) and inclination (i = 20° —40°) one at a time, we tested
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the goodness of the fiducial values of the PA and inclination angle. Since the residual
clumps proved to be not sensitive to the choices of the assumptions, we preferred the best
fit model with PA™° = 330° and i = 30°. The results from the kinematical analysis are
presented in Fig. [4.6] where the comparison between the model and the data in terms
of intensity, velocity, and velocity dispersion maps (zeroth, first, and second moments,
respectively) is shown. The model and data (smoothed by a factor of 2) are in excellent
agreement. The kinematics of the molecular gas, traced by the CO(2-1) emission line, are
clearly dominated by purely circular rotational motions around the nucleus. This is the
first successful attempt to model the kinematics of the molecular gas in NGC 7213, thanks
to the software *’BAROLO, which is able to handle the available data, despite the sparse
information that limited previous attempts to model the kinematics (e.g. Ramakrishnan
et al[2019). As is clearly visible in Fig. 4.7, we found that the data cube central velocity
was offset by an additional 6V = 36210 km s™!. This means that the systemic velocity
of the source with respect to our rest frame has to be Vi, = 171610 km s~!, which
is a mean value between the systemic velocity obtained from the study of the stellar
kinematics by Schnorr-Miiller et al.|[2014], and the results by Ramakrishnan et al. [2019]].
Looking at the lower panels of Fig. .6] the velocity dispersion in the best-fit model is
~ 10 — 15 km s': values that are expected from a rotation-dominated disc. The highest
values of the velocity dispersion (o4, ~70 km s™') are not reproduced by the best fit
model. The high-dispersion residual clumps proved to be insensitive to our assumptions
(e.g. PA, i, v,4q), therefore we suggest that the residuals are associated with non-rotational

motion, as we discuss in Section {.3.3]

4.3.3 Complex structures in the CO emission

The results of the modelling of the gas kinematics presented in Section §.3.2] pointed
out the presence of a few regions where the kinematics are not strictly associated with
rotational motion. To investigate the nature of these regions, we used both the position-
velocity (PV) diagrams, shown in Fig. and the moment maps (intensity, velocity, and
velocity dispersion maps) from Fig. [4.6] In particular, we focused on three regions, which
we named A, B, and C (see Fig. .2) and interpreted as follows:

Region A is an extended emission (of the order of 1.5”x2.5”), showing an asymmetric
line profile (see Fig. {.8). Region B is a possible super bubble, meaning it is a nearly
circular void of 0.7" or 90 pc in diameter, surrounded by likely shocked material. It is
located 3.3" (400 pc) NE of the nucleus. Region C is a likely outflow located 1.4" (150
pc) SE of the nucleus along the minor axis.

Since Region A is located at the edge of the circular void identified as Region B, the
former can be interpreted as the emission produced by the shock front impacting on the
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INTENSITY

VELOCITY

DISPERSION

Figure 4.6: From top to bottom: comparison between the flux, velocity, and velocity dispersion
maps obtained from the data (left column) and the best fit model produced by the 3> BAROLO
code (right column). Both the data and model have been convolved with an elliptical Gaussia
twice the size of the beam of the observation. This smoothing procedure helps the 3°?BAROLO in
the fitting procedure, especially in the case of clumpy emission as the one analysed here. The grey
lines in the central panels represent the direction of the position angle; the same slit was used to
extract the position-velocity (PV) diagram on the major axis, as presented in the top panel of Fig.

E7
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Figure 4.7: PV diagrams on the major (top panel) and minor (bottom panel) axis, respectively.
On the x-axis, the angular distance from the centre of the source along the direction fixed by the
angle ¢ is reported. On the right y-axis, the velocity along the line of sight (in km s~!) is shown
as it appears in the input data cube. On the left, the velocity along the line of sight (in km s~1)
is shown, once the systemic velocity (vyy; = 3610 km s~!) has been subtracted. The data are
represented in grey scales with blue contours, while the the best fit model is identified by red
contours. In the upper panel, the blue circles represent the projected best fit rotational velocity
at different radial distances from the centre, associated with each ring of the disc. In the bottom
panel, the signature of the potential outflow associated with Region C (bordered in green; see
Section 4.3.3)) is clearly visible as an excess of CO emission over 100 km s~! with an offset of
~1"" from the centre of the rotation.
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surrounding medium. However, further observations that successfully recover the CO
emission at all scales with good spatial resolutions are needed to validate this hypothesis.
The potential outflow in Region C was identified from the PV diagram along the minor
axis, presented in the bottom panel of Fig. This emission (Region C), located along
one of the spiral arms and observed over 100 km/s (corresponding to at least 10 channels),
is clearly not consistent with what is expected from a rotation-dominated disc. The
interpretation as emission from outflowing gas is supported by the presence, at the same
location, of a peak in velocity dispersion associated with a 1.5”x1”, or 180 pc x120
pc region (see the dispersion map in Fig. 4.6). From the residual of the kinematical
modelling, we measured the peak velocity (v,..), the size (Rpr), and the flux of the
emission associated with the outflow. The flux was used to derive the outflow mass
(Mor), following the procedure extensively described in Section d.3.4] The molecular
gas outflow mass was calculated by assuming an aco=1.1 Mg pc™2 (K km s7!)7!, as for
the gas mass from the APEX observation, which is a value similar to the one used in
literature (e.g. |Cicone et al.[2014; Fiore et al.[2017). Then, we computed the mass-outflow
rate (Mor) of Region C, assuming a spherical geometry (i.e. Mor = 3VpecMor/Ror;
Cicone et al.[2014). We compared this value (Mor ~ 0.03 + 0.02 My, yr™!) with the
one we expected from the Myr — Lygy relation (e.g. (Cicone et al|2014; Fiore et al.

2017), predicting, for Region C, a mass loss Mor ~7-15 M, yr™!

. This prediction is
at least two orders of magnitude larger than what we measured, thus suggesting that it
is unlikely to be purely AGN driven. Furthermore, the outflow is located relatively far
from the low-luminous nucleus of NGC 7213, thus suggesting a dominant contribution
from a stellar-like driven mechanism. The same calculation was performed in the case
of the potential outflow in Region A, suggesting a stellar-related mechanism powering

the molecular wind, given the measured Mor ~ 0.05+0.03 M, yr~'.

4.3.4 The molecular gas mass

Here we describe briefly the method adopted to measure the cold molecular gas mass
(Mgs) from the luminosity of the CO(1-0), already reported extensively in Chapter E}
To measure M,,, using Eq. @ we need to, a) extrapolate the CO(1-0) luminosity
from our measurements of the CO(2-1) line, and b) assume an appropriate value for the
aco- Regarding point a), we adopted a typical CO(2-1)-to-CO(1-0) flux ratio ~3 (e.g.
Papadopoulos et al|2012), similarly to what done in Sect. [3.2.1.4] which we used to
extrapolate the CO(1-0) emission-line flux from the APEX data. We did not take into
account the CO(2-1) line flux observed with ALMA, because, as explained in Section
4.2.3] it represents only a fraction of the flux observed with APEX. This difference is

likely due to the filtering out of the large-scale emission in the interferometric observation,
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Figure 4.8: Asymmetric line profile observed in correspondence with the potential outflow in
Region A. This emission is likely produced by shocked material.

hence considering that the CO flux measured with ALMA could result in a significant
underestimate of M.

Then, we calculated L, , _, following Carilli and Walter|[2013]], assuming Eq. E} We
obtained L¢ ;g appx = (1.8£0.3)% 108K km s~! pc?. To check whether the CO emission
recovered by APEX observation is representative of the expected molecular gas emission
from NGC 7213, we used the relation log(L’CO(1_0))z(O.73iO.O3)10g(LIR)+(1.2410.04)
(e.g. |Carilli and Walter 2013)), which relates the CO and the IR luminosity (Lig). A
negligible contribution from the AGN in the far-IR was accurately assumed (see also Fig.
. Using the SF-related IR luminosity provided by G16 (Lig = (1.0+0.3)x 10'°L), we
obtained L., = (4 +2) x 10°K km s™' pc?. The CO luminosity obtained with APEX
is roughly a factor of ~2 smaller than the one extrapolated from the IR emission; however,
the two values are consistent within the uncertainties. This suggests that the CO luminosity
collected within the APEX aperture (25”, or ~3 kpc) is almost representative of the CO
emission from the entire galaxy, hence of the entire molecular gas content. Therefore,

for the estimate of Mg, presented in this section, we used the CO(1-0) luminosity from
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APEX.

The choice of an appropriate aco factor (point b) depends on the ISM conditions,
particularly on the metallicity (see Fig. [[.13), as shown in Section [[.2.2.1] Since
we cannot derive the metallicity for NGC 7213 from the optical spectrum, we assume it
to be solar like. For active and luminous IR galaxies, the generally adopted aco values
are in the range ~0.3-2.5 M, pc? (K km s™!)~!(see also Downes and Solomon|/1998;
Papadopoulos et al.|2012). For NGC 7213, we assumed aco=1.1 My pc™? (K km s™)7!,
which is used for the nuclear regions of local AGN host-galaxies (e.g. Sandstrom et al.
2013} |Rosario et al.|2018). Thus, we compared our result with literature works on local
active galaxies showing similar properties to NGC 7213 (e.g. |Pozzi et al.[2017/; Rosario
et al.[2018)). Based on the above assumptions, the molecular gas mass derived from the
flux estimate obtained with APEX is Mg, = (2.0 £ 0.3) x 10® M.

Given Mg,,, we estimated the depletion time, as tgepr =Mg,s/SFR. Since the SFR provided
by G16 (SFR= 1.0 + 0.1 M, yr™!) is referred to the entire galaxy, while the APEX
aperture covers ~ 25” (or ~3 kpc), we needed to scale down the SFR. This is necessary
since the two measurements were obtained with different apertures and because the SF
surface brightness in NGC 7213 appeared to be extended beyond the central region
[Diamond-Stanic and Riekel [2012]. We considered the PACS observation at 70 um from
the Herschel telescope (PSF FWHM~5.6"), where the contribution from the central AGN
should be less important to the global IR outcome with respect to the relative nuclear
contribution at shorter wavelengths, as suggested by the result of the SED decomposition
analysis presented in Fig. [4.5|and from the low-luminosity nature of NGC 7213 presented
in this work. The extended IR emission at 70 ym is almost entirely produced by the
SF activity, hence it can be used as a proxy of the SFR surface brightness. We found
the flux ratio within the entire galaxy (F;,) and the APEX aperture (25”; F,s~) to be
Fi0/F25-=2.0£0.3. Eventually, assuming the scaled SFR, we measured a depletion time
of 74ep1=0.4+0.1 Gyr. The depletion time of NGC 7213 is consistent with the distribution
of values we observed in the Seyfert 2 galaxies analysed in Chapter 3] accordingly to the
common nature of these objects (mid-IR Seyfert galaxies). Furthermore, this value is also
consistent with what is observed in the local Universe (0.1 < #4.,1 <few Gyr; e.g. Rosario
et al.|2018]) in objects with both similar host-galaxy properties in terms of M,, SFR and
AGN luminosity (Ly, ~ 10¥7* erg s71), but larger than what is observed at high redshift
(0.01< tgep1 <0.1 Gyrs; e.g. Brusa et al.|2018; [Kakkad et al.|2017; [Tala et al.| 2018)). The
observed difference in tqep between high- and low-redshift samples is most likely due to
the stronger SF and AGN activity at the cosmic noon (e.g. Madau and Dickinson|2014),
resulting in shorter timescales for the gas consumption. It is worth recalling that the
derived #4ep depends on the assumption of the acolf we had chosen aco~4.4M, pc~? (K
km s™")~! as in the case of Milky-Way like galaxies, it would have turned out Z4., about
four time larger, which is a value still consistent with observed in the local Universe.



108 4.4. Discussion and conclusions

4.4 Discussion and conclusions

In the analysis of NGC7213, which was chosen as a ’test case’ from the sample of
G16 because of its intriguing intermediate nature between a LINER and a LLAGN, we
present a multi-wavelength approach to the study of local active galaxies. The multi-
band information helps us to draw a more complete picture of the physical processes
in this object, the different phases of the ISM in the host galaxy, and the role of the
AGN. The source was selected from the sample presented by G16, on the basis of the
quality of the available archival observations in the X-rays and at mm wavelengths. To
this aim, we performed a spectral analysis of X-ray archival observations to study the
accretion-related emission in terms of power and spectral shape. We also combined the
high-sensitivity and high-spectral resolution from ALMA, which is crucial to tracing the
molecular gas kinematics down to sub-kpc scales, with the spatially integrated information
provided by APEX, to estimate the molecular gas content. The main results of this work

can be summarised as follows:

e Our re-analysis of archival XMM-Newfon and NuSTAR observations allowed us
to properly characterise the central engine in terms of spectral shape and power
over the 2—27 keV energy band. The results of the X-ray spectral analysis (i.e.
Iy = 1.8120.02 and Fo_jpey = 1.627005 ergs s™' ecm™2, derived from NuSTAR
observations due to the wide energy band covered: see Table [4.1)) support the
presence of an unobscured AGN in the centre of NGC 7213, which is in agreement
with its classification as a un-obscured AGN, based on the optical broad-line
features. However, the relatively low luminosity of the source in the X-rays
(Lao—iokev ~ 1 x 10** ergs s7!) suggests a low accretion rate that is far below the
Eddington limit. The energetics related to the nuclear activity of NGC 7213 place
the source in an intermediate stage between a typical un-obscured Seyfert and a
LINER.

e Using *°’BAROLO on the ALMA data of the CO(2-1) emission, we obtained the first
model of the molecular gas kinematics in the central regions of NGC 7213. The best-
fit model well reproduces the velocity fields, which are dominated by a rotational
pattern. From the residuals we found no evidence for non-rotationally dominated
motion in the central region (i.e. <60 pc from the nucleus). This means that the
SMBH hosted in NGC 7213 cannot significantly affect the motion of the molecular
gas traced by the CO(2-1) at the scales recovered in the available observation, since
there is no evidence for nuclear inflows or molecular gas streaming feeding the
AGN.
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e The study of the CO emission-line data cube showed some evidence for two
potential outflows, located within 500 pc of the nucleus. Region A is located
at the edge of a circular void, and it is likely a super-bubble. The evidence for
Region C came from the PV-diagram analysis and is located along one of the spiral
arms. Given the sizes and the location of both, they are more likely powered by
stellar activity, rather than by the AGN, but better data are needed to confirm this
hypothesis.

e The continuum emission at 235.1 GHz (1.28 mm) is produced by a point-like source.
Based on an SED analysis, we concluded that the most reasonable interpretation
is the continuum being produced through synchrotron radiation in the nuclear
region, in agreement with the extrapolation of the ATCA observations at longer

wavelengths.

e The molecular gas mass of NGC 7213 is My, = (2.0 £ 0.3) X 10® M, which was
obtained by converting the CO luminosity observed with APEX. We underline how
the ALMA observation would have underestimated the gas mass by a factor of ~3,
given the filtering out of the large-scale emission in interferometric observations.
We estimate a depletion time of tgep = 0.4+0.1 Gyr, which is consistent with what
is observed in local moderately luminous Seyfert galaxies (e.g. |[Rosario et al.|2018]).

This suggests a negligible, if any, AGN impact on the host galaxy’s SF activity.

The proposed approach allowed us to combine the available multi-wavelength information
to obtain a coherent picture of the source in terms of both AGN activity and host galaxy
ISM properties. In the case of NGC 7213, the accretion-related emission from the AGN
is rather weak, and thus unable to significantly impact the molecular gas content and
distribution of the galaxy, and hence to influence the SF activity, as suggested by the
depletion time. Given the results of our study, NGC 7213 can be classified as a LLAGN.
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Conclusions and future perspectives

In this Thesis I presented the importance of a multi-wavelength strategy to assess the role
of AGN activity in regulating the host-galaxy ISM properties, in particular concerning the
molecular components. A complete picture of the processes that regulate the formation
of new stars and the accretion of matter onto SMBH can be obtained by combining
the information from different wave bands. Here I emphasise the potentiality of this
approach a two-fold strategy, combining a detailed study of the AGN emission, to unveil
its intrinsic power, with the characterisation of the molecular gas component of the ISM,
which is necessary to the host SF and, potentially, involved in the accretion process.
Here I draw the conclusions of the work I did during my PhD and which I extensively

presented in the previous Chapters.

Unveiling the intrinsic power in local Seyfert 2 galaxies

In Chapter [I]I stressed how the characterisation of the AGN intrinsic emission is
necessary to properly constrain its contribution to the excitation of the different ISM
components. For this reason, I dedicated a large fraction of my work to the determination
of the intrinsic power of local AGN, focusing on obscured objects. To this goal, in
Chapter [2]I presented a systematic spectral analysis on a collection of both proprietary
and archival X-ray observations of a sample of 32 local Seyfert 2 galaxies. I exploited
the broad energy band obtained by combining NuSTAR with telescopes sensitive below
10 keV, to determine the level of obscuration in the X-rays (Ny x) and, then, measuring
the AGN accretion related emission (Ly). Two modelling approaches were tested: a
“phenomenological” and a “physical” (MyTorus) model. By comparing the results form

the two modelling approached, I found consistent measurements of Ny x.
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In Chapter[I.1]I showed that a multi-wavelength study of the AGN emission is crucial
to determine its intrinisic power, especially in the case of heavy obscuration or weak
emission. For this reason, I compared the X-ray and mid-IR properties of my sample of
objects, using the IR measurements from a detailed SED analysis performed by |Gruppioni
et al. [2016] and mid-IR spectral decomposition by Hernan-Caballero and Hatziminaoglou
[2011]. By comparing the IR and X-ray luminosities, the Seyfert 2 galaxies in my sample
appeared brighter in the IR than in the X-rays. This can be partially due to a potential
contamination from the host-galaxy to the determination of the AGN bolometric output
in the IR regime, although it may be an intrinsic properties of this mid-IR selected sample
of objects.

As presented in Section [I.1.2] many recent works aimed at studying the properties of
the dusty torus, which is responsible for the obscuration and re-emission of the AGN
primary radiation. Several approaches are applied, focusing on single band (e.g., in the
X-rays; Marchesi et al.|2019| and reference therein), or with a combination of multi-
wavelength data (e.g., fitting with a torus model the mid-IR and the X-ray data; e.g.,
Esparza-Arredondo et al.|[2019). In this context, I compared the level of obscuration
in the mid-IR and in the X-rays. In particular, I compared the strength of the 9.7 um
silicate feature (which is in absorption in Seyfert 2 galaxies) with the Ny measured in the
X-rays: there is a good correlation between the two quantities, consistently with previous
results in the literature (e.g., [Shi et al. 2006; | Xu et al.|2020). To conclude, I measured
relatively larger column densities in the X-rays with respect to those measured in the IR,
suggesting that part of the material that is responsible for the extinction in the X-rays
does not contribute in the IR.

A coherent modelling of the torus on the base of the mid-IR and X-ray observations will
be one of the future development of this work, even though it requires high quality data,
especially in the X-ray, where long integration time are required for the weakest and
heavily obscured objects. Meanwhile, the next step will be the inclusion of different torus
models in the analysis, to better characterise the X-ray properties (e.g. intrinsic power,
spectral shape) of my objects, as well as to test the consistency of the results from the
different models (e.g., borus02 by Balokovic et al.|[2018).

The effect of AGN activity on the host depletion time

In Section [[.2.2.1] I show that the molecular gas play a fundamental role in the
context of the galaxy evolution, being necessary to the formation of new stars, as well as
potentially involved in the accretion onto the SMBH. It is then important to investigate
the amount of molecular gas which is available in each galaxy, along with the timescale at

which this gas is converted into new stars, to distinguish AGN hosts from SFGs. To this
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goal, in Chapter [3|I studied the host-galaxy molecular gas properties of 33 local Seyfert
2 galaxies, among which 29 benefit from the analysis presented in Chapter [2] First,
using new and archival low-J CO line observations I measured the CO luminosity and,
by correcting for the aperture, I extrapolate the galaxy-integrated CO luminosity. Then
I converted the luminosity of the CO into molecular gas mass by assuming a constant
conversion factor. By comparing my sample with a finely selected control sample of
SFGs, I found that over a wide range in stellar masses, AGN cannot be distinguished from
SFGs in terms of their molecular gas content, even if they show a larger deviation from
the MS of SFGs (in particular, in terms of SFR). The distribution of Seyfert 2 galaxies in
terms of depletion times is consistent with that of local inactive galaxies, although this
conclusion strongly rely on the assumed conversion factor from CO to molecular gas
mass.

In the second part of Chapter [3] I included in my analysis the measurements of PAH
features, which are mid-IR diagnostics usually associated with on-going SF activity in
galaxies. When comparing the PAH emission in AGN and SFGs, I found fainter PAH
luminosity in the sample of obscured Seyfert galaxies. Finally, I confirmed the negative
effect of nuclear activity on the emission of the PAH feature by showing that among
the objects in my sample, the Seyfert nuclei which dominate their host emission in the

mid-IR regime (5-40 ym), are those showing a increased suppression of the PAH emission.

A test case: NGC 7213

The synthesis of my approach is presented in Chapter @, were the methodologies
developed in the previous chapters are applied to a test case objects, providing a complete
and coherent picture of the role of the AGN and its effect on the host-galaxy properties
across the (almost) entire electromagnetic spectrum (from the X-rays to the radio fre-
quencies). Among the sources from the parent sample by G16, I selected an interesting
objects, with an intermediate nature between a LINER and a Seyfert, which benefit from
an extensive observational coverage at all wavelength.

By following the strategy designed in Chapter [2] I performed a spectral analysis of X-ray
archival observations to study the accretion-related emission, necessary to determine
the intrinsic emission radiated by the central accreting SMBH. In Section[I.2]I showed
that the AGN can affect the ISM by injecting large amount of energy (both particles
and photons) in the surrounding medium, hence affecting the physical properties of the
ISM, in particular of the molecular gas. I then analysed an archival ALMA observation,
looking for the signatures of AGN feedback, in the form of molecular outflow, traced
by the CO(2-1) emission line. Interestingly, using the *?BAROLO code on the ALMA
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data, I obtained a detailed modelling of the molecular rotating disk, showing off some
evidence for two potential outflows, located within 500 pc of the nucleus. In this case,
the characterisation of the AGN power I derived in the first part of this work, helped us
in ruling out the contribution from the nuclear activity as a driving mechanism for the
two outflows. Furthermore, following the prescription described in Chapter 3] I derived
the molecular gas content of the galaxy using single-dish CO observation as well as its
depletion time scale. NGC 7213 place itself in the intermediate regime between Seyfert
galaxies and local SFGs, anyway far from the quasar at higher redshift (z ~1-3; e.g.,
Brusa et al.|2018)).

The application of my methodology on the test case NGC 7213, as presented in Chapter
E] and in the relative publication [Salvestrini et al., 2020], allowed us to combine the
available multi-wavelength information to obtain a coherent picture of the source in terms
of both AGN activity and host galaxy ISM properties. In NGC 7213, the accretion-related
emission from the AGN is rather weak, and thus unable to significantly impact the content
and distribution of the molecular gas, and hence to influence the SF activity, as suggested
by the depletion time.

The multi-wavelength strategy I designed in Chapter 4] can be easily extended to the large
part of the parent sample by G16, since most of the objects benefit from an excellent
observational coverage from the X-rays to the sub-mm/mm band. I plan to use sub-
mm/mm interferometric ALMA observations, available for the majority of the sample, to
search for evidences of the AGN feedback. To this purpose, during my visiting period at
the European Southern Observatory (ESO; as reported in the attached research activity
statement) I had the opportunity to join the TWelve micron WInd STatistics (TWIST)
project, which is devoted at unveiling the feeding and feedback processes in active
galaxies in the local Universe. The sample used in the TWIST project is a collection of 41
nearby AGN from the 12MGS (14 Seyfert I, 20 Seyfert 2, and 7 Low-ionization Nuclear
Emission-line Regions, LINERs; 20<D [Mpc]<55), which have been observed with
ALMA (project 2018.1.00366.S and 2017.1.00236.S, PI Malkan, Co-I Hatziminaoglou)
in band 6, to trace the CO(2-1) emission line. The goal of the project is to systematically
study the “feeding” and “feedback” processes in the local Universe. While early results
from the study on single object (ESO 420-G13) have already been published [Fernandez+
Ontiveros et al., [2020]], the results from the extensive analysis of the sample (to which I
collaborated) will be published in the next future.

Moreover, I plan to use interferometric facilities to investigate the ISM physical conditions
at GMC scales (some tens of pc) by tracing molecular gas lines (e.g., HCN and HCO™* for
the high-density molecular phase, CS, SiO and HNCO for the shock-excited material) in



5. Conclusions and future perspectives 115

the central region of nearby AGN.

To summarise, this Thesis highlights the crucial role that multi-wavelength studies
play in exploring in detail the interplay between the AGN and its host-galaxy SF, tracing
the driving physical processes (e.g., shocks, SMBH accretion, SF) which takes place in
the nuclear region of composite objects like IR-selected local Seyfert presented in this
work, involving different ISM components. The full sample of 36 Seyfert 2 galaxies (32
presented in Chapter[2]and 33 in Chapter [3) represent a reference sample of obscured
AGN at low redshift (z ~ 0.003 — 0.05) for this kind of study, thanks to the wealth of
multi-wavelength information. Indeed, the systematic characterisation of the nuclear
emission in local obscured Seyfert galaxies is a starting point to study the distribution
of this elusive population of AGN at higher redshift. This challenging task requires a
multi-wavelength approach, as I showed in Chapter [2]to accurately determine the level of
obscuration and, hence, of the intrinsic power of local AGN. Then, in Chapters [3]1 showed
that the signature of the impact of nuclear activity in local obscured Seyfert galaxies is
clearly visible in the mid-IR (with fainter PAH emission), while AGN do not distinguish
significantly themselves from SFGs in terms of molecular gas content.

The results presented in Chapters [2] and [3] suggest that the population of relatively
luminous (with Ly,; ~ 10'712 L) Seyfert galaxies are intermediate objects where AGN
and SF activity coexist.

To conclude, the methods described in Chapters 2] and [3| along with the test-case
application presented in Chapter 4] represent a starting point to investigate the connection
between the growth of BHs and their host galaxies, first, in the local Universe, to be
then extended to AGN at higher redshift.
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X-ray spectra

A.1 Phenomenological model

Here we show the remaining X-ray spectra analysed with the adoption of “phenomeno-

logical” models, as presented in Chapter 2]
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Figure A.1: X-ray spectra of the objects in our sample, analysed using the phenomenological
model. In the upper panel, the spectrum and best-fit model, expressed in normalised counts s™;
in the bottom panels, the residuals (data minus model) are expressed in units of o~. The dataset
included in each plot are listed in Table [2.2]and are color coded depending on the order we gave at
the spectra: 1st in black, 2nd in red, 3rd in green, 4th in cyan, Sth in blue. When available, NuSTAR
FPMA and FPMB are the 1st and 2nd spectra, respectively; then we included one observation
either from XMM-Newton (EPIC pn, MOS1 and MOS2), Chandra or Swift.
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A.2 MyTorus model

The remaining X-ray spectra obtained from the X-ray spectral analysis using MyTorus

are presented in this Section.
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Figure A.6: X-ray spectra of the objects in our sample, analysed using MyTorus model. In the
upper panel, the spectrum and best-fit model, expressed in normalised counts s~!; in the bottom
panels, the residuals (data minus model) are expressed in units of . The dataset included in each
plot are listed in Table @ The color code is the same as in Fig. @
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