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Abstract

One of the goals of modern astrophysics concerns the formation and the evolution of super
massive black holes (SMBHs), which interact with their host galaxies in a the so-called
co-evolution scenario. The accretion process of SMBH is characterized by intense energy
production and represents a key phase of their evolution. This accretion phenomenon inside
active galactic nuclei (AGN) can be associated with large obscuration that makes them dif-
ficult to be studied. This fact is amplified at high redshift, where there is a larger quantity
of gas available.

Starting from the observed obscuration and hence from the width of the lines detected in
optical spectra, AGN are subdivided into two main classes: Type 1 and Type 2. In the
X-ray band, they are classified as unobscured and obscured, respectively. X-rays offer a
unique tool to study the properties of the obscuring material since, given their penetrating
power, they are able to pierce the absorbing structures allowing the study of the central
engine of Type 2 AGN.

One of the main goals of this Thesis is to verify whether the gas traced by the CO tran-
sitions in millimeter band can be considered responsible for the obscuration measured in
X-ray observations. This multi-band analysis could give information on the characteristic
scales where AGN obscuration occurs. In particular, we carried out the multi-frequency
study of the local galaxies NGC613 (z = 0.0049) and NGC1808 (z = 0.0033), which belong
to the Seyfert 2 galaxies class. These two sources were selected from the sample of 7 galax-
ies, analyzed in Combes et al. 2019, where a comprehensive study of the morphological and
kinematics properties of the molecular torus was carried out. Our selection was based on
the available data: since NGC613 and NGC1808 have both been observed with Chandra
and XMM-Newton, in the X-ray band, and ALMA, in the millimeter band, they represent
an ideal benchmark for multi-wavelengths analyses. We are interested, in particular, in
the study of their obscuring medium (likely associated with the torus) by comparing the
properties as obtained in the millimetric band with those derived in X-rays band.

The X-ray spectral analysis of the sources were carried on in the energy bands 0.3 — 7.0 keV
(Chandra) and 0.3 — 10 keV' (XMM-Newton). The combination of the data from these two
satellites allows us to study not only the main features of the obscuring molecular torus,
but also the underlying AGN continuum emission and estimate its intrinsic luminosity.
The higher resolution (FWHM~ 0.5”) granted by Chandra allows us to identify the nuclear
emission in both sources, which are characterized also by the extended emission, being quite
prominent in NGC1808.

From the studies of light curves no variability was found within the individual X-ray observa-
tions over timescales of the observations (42—49 ks for NGC613, and 3—43 ks for NGC1808).
Moreover, comparing the fluxes, for the two X-ray datasets, we found no significant vari-
ability for long-term timescales of ~ 4 yr and ~ 8 months, for NGC613 and NGC1808,
respectively. The X-ray spectral analysis was carried out using different approaches for the
two sources, in virtue of their different number of spectral counts.

For the spectral study of NGC613, both the phenomenological models, which provide
the general properties of the galaxy emission, and the X-ray physically motivated models
(MYTorus and borus02), which allow for a better characterization of the intrinsic physical
and geometric properties of the obscuring torus, were adopted. The physically motivated



models are based on Monte-Carlo codes that simulate the structure of the obscuring material
and its interaction with the radiation. MYTorus distinguish among the l.o.s. column density
and the average one and assumes a clumpy distribution of obscuring material; borus02 pro-
vides not only the average column density, but also the covering factor, i.e., the half-opening
angle of the torus. Moreover, it assumes uniform density for the obscuring material.

The intrinsic absorption along the line of sight of the source is measured through the column
density, which was found to be ~ 3 — 4 x 10 em~2, indicating that NGC613 hosts a heav-
ily obscured AGN. By using MYTorus model, we obtained a value of the "global average"
column density of the torus of 2.9 x 10?4 em =2 for NGC613, indicative of its Compton-thick
nature.

The X-ray spectral analysis for NGC1808, thanks to the high angular resolution provided
by Chandra, was mainly (but not only) focused on the study of the nuclear source region.
The intrinsic absorption along the line of sight is found to be ~ 2 — 3 x 10 em ™2, i.e.,
NGC1808 hosts a heavily obscured AGN. We calculated the star formation rate (SFR)
(~ 5 —10 My/yr) from which we estimated the contribution of the HMXBs to the total
X-ray luminosity. This contribution is up to 50-60% in both X-ray datasets.

The galaxies under examination were observed in the millimetric band as well, by using the
ALMA (Atacama Large Millimeter/submillimeter Array) interferometer. The high angular
resolution and sensibility of this facility allow us to investigate physical and geometrical
properties of the obscuring torus (on scales of ~ pc) through CO observations, which is a
good tracer of the molecular gas. We used data from ALMA Science Archive in Band 7
(345 GHz) which were obtained in Cycle 3 for NGC613 and in Cycle 4 for NGC1808, with
an angular resolution of 0.14” and 0.30”, respectively. In particular, we used data of the
CO (3-2) emission line, which is emitted at 0.87 mm (345 GHz), in order to obtain an
estimate of the column density (Ny) under the assumption of spherical symmetry for the
gas. This estimate was calculated by using the CO-to-Hy conversion factor acp; a univocal
value of acp for NGC613 and NGC1808 is not known (as for many galaxies), hence we used
two reasonable values: aco = 0.8 (K km s7! pc?)™! and aco = 3.2 (K km s7! pc?)~,
corresponding to typical values for ultra-luminous infrared galaxies (ULIRGs) and for spi-
ral galaxies, respectively. In this way, we obtained a range of possible values for Ny, to
be compared with the those obtained from X-ray spectral analyses. We obtain agreement
between ALMA data and X-ray ones by using MYTorus models, which assume a clumpy
distribution of the obscuring material. We then conclude that the most plausible geometry
of the molecular torus is patchy, instead of uniform and doughnut-like, for both sources.



Sommario

Uno dei propositi dell’astrofisica moderna € la comprensione della formazione e dell’evolu-
zione dei buchi neri super massivi (SMBHs), che convivono e interagiscono con la galassia
ospite in uno scenario cosi detto di co-evoluzione. Il processo di accrescimento di materiale
sul SMBH, caratterizzato da un’intensa produzione di energia, rappresenta una fase chiave
della loro evoluzione. Spesso questa fase di forte accrescimento all’interno dei nuclei ga-
lattici attivi (AGN) ¢ legata ad un alto oscuramento che ne rende difficoltoso lo studio, in
particolare ad alto redshift, dove sono presenti grandi quantita di gas.

In base all’oscuramento osservato, e quindi alla largezza delle righe osservate negli spettri
ottici, gli AGN vengono suddivisi in due classi principali: Tipo 1 e Tipo 2. In banda X, gli
AGN di Tipo 1 e 2 vengono identificati rispettivamente come non oscurati e oscurati. I raggi
X offrono uno strumento unico per studiare le proprieta del materiale oscurante poiché, dato
il loro potere penetrante, sono in grado di attraversare le strutture assorbenti permettendo
lo studio del motore centrale degli AGN di Tipo 2.

Uno degli scopi principali di questo lavoro di Tesi ¢ verificare se il gas tracciato dalle transizio-
ni CO nella banda millimetrica possa considerarsi responsabile per 'oscuramento misurato
nelle osservazioni X. Questa analisi multibanda puo dare informazioni sulle scale caratte-
ristiche alle quali avviene 1'oscuramento degli AGN. In particolare, abbiamo condotto uno
studio multifrequenza delle galassie locali NGC613 (z = 0.0049) e NGC1808 (z = 0.0033),
appartenenti alla classe delle galassie Seyfert 2. Queste due sorgenti sono state selezionate
da un campione di 7 galassie analizzate in Combes et al.(2019) dove ¢ stato svolto uno stu-
dio approfondito delle proprieta morfologiche e cinematiche dei tori molecolari. La nostra
scelta si & basata sui dati a disposizione: visto che sia NGC613 che NGC1808 sono state
osservate con Chandra e XMM-Newton nella banda X e ALMA nella banda millimetrica,
esse rappresentano un banco di prova ideale per I'analisi multifrequenza. In particolare, sia-
mo interessati allo studio del loro materiale oscurante (presumibilmente associato al toro)
comparando le proprieta ottenute in banda millimetrica con quelle ricavate in banda X.
L’analisi spettrale in banda X delle sorgenti viene effettutata nelle bande 0.3 — 7.0 kel
(Chandra) e 0.3 —10 keV (XMM-Newton). La combinazione di questi due strumenti ci per-
mette di studiare non solo le proprieta principali del toro molecolare oscurante, ma anche
I’emissione del continuo sottostante dell’AGN e stimare la sua luminosita intrinseca. Inol-
tre, grazie alla miglior risoluzione angolare di Chandra (FWHM~ 0.5”), abbiamo potuto
identificare I’emissione nucleare in entrambe le sorgenti, che sono caratterizzate anche da
emissione estesa, particolarmente prominente in NGC1808.

Dagli studi delle curve di luce non ¢ stata trovata variabilita nelle singole osservazioni X
considerando i loro tempi scala (42—49 ks per NGC613 e 3—43 ks per NGC1808). Inoltre,
comparando i flussi per i due datasets X abbiamo dedotto che entrambe le sorgenti non
mostrano variabilitda nemmeno su tempi scala lunghi di ~ 4 anni per NGC613 e ~ 8 mesi
per NGC1808. L’analisi spettrale ¢ stata condotta utilizzando differenti approcci per le due
sorgenti, in virtu del loro numero di conteggi differente.

Per lo studio spettrale di NGC613 sono stati adotatti sia i modelli fenomenologici, che for-
niscono le proprieta generali dell’emissione della galassia, sia i modelli fisicamente motivati



(MYTorus e borus02), i quali forniscono una migliore caratterizzazione delle proprieta fisi-
che e geometriche intrinseche del toro oscurante. I modelli fisicamente motivati (MYTorus e
borus02) sfruttano codici di Monte-Carlo per simulare la struttura del materiale oscurante
e l'interazione con la radiazione. MYTorus distingue tra la densita di colonna lungo la linea
di vista e quella media, assumento una distribuzione non omogenea del materiale oscurante;
borus02 fornisce non solo la densita di colonna media, ma anche il covering factor, cioé I'an-
golo di mezza-apertura del toro. Inoltre assume densita uniforme per il materiale oscurante.

La quantita di assorbimento intrinseco lungo la linea di vista della sorgente viene misurata
attraverso la densita di colonna, che risulta essere circa 3—4 x 10?* em ™2, indice del fatto che
NGC613 ospita un AGN molto oscurato. Utilizzando il modello MYTorus, abbiamo ottenuto
un valore della densita media del toro dell’ordine di 2.9 x 10** em =2 per NGC613, indicativo
della natura Compton-thick del toro oscurante.

L’analisi spettrale in banda X di NGC1808, grazie all’alta risoluzione angolare fornita da
Chandra, si é concentrata principalmente (ma non solo) sullo studio della regione nucleare
della sorgente. La quantita di assorbimento intrinseco lungo la linea di vista risulta essere
circa 2 — 3 x 10% e¢m~2; NGC1808 ospita un AGN molto oscurato. Al fine di andare a deter-
minare la luminosita X fornita dalla sola componente nucleare, abbiamo calcolato il tasso di
formazione stellare (SFR) (~ 5 — 10 Mg /yr) dal quale abbiamo stimato il contributo delle
HMXBs alla luminosita X totale che risulta essere al pin del 50-60%, in entrambi i datasets
X.

Entrambe le galassie in esame sono state osservate anche in banda millimentrica con I'in-
terferometro ALMA (Atacama Large Millimeter /submillimeter Array). L’alta risoluzione
angolare e 'alta sensisbilita offerte dai dati ALMA permettono di indagare le proprieta
fisiche e geometriche del toro oscurante (su scale dell’ordine del pc) attraverso 1'osserva-
zione del CO, tracciante del gas molecolare. Abbiamo usato i dati dell’archivio ALMA
in Banda 7 (345 GHz) che sono stati ottenuti nel Ciclo 3 per NGC613 e nel Ciclo 4 per
NGC1808, con risoluzioni angolari rispettive di 0.14” e 0.30”. In particolare, abbiamo uti-
lizzato i dati della riga CO(3-2) emessa a 0.87 mm (345 GHz) per stimare la densita di
colonna (Npg), con I'assunzione di simmetria sferica per il gas. Questa stima ¢ stata cal-
colata utilizzando il fattore di conversione CO-to-Hs aco; non sono noti valori univoci di
aco per NGC613 e NGC1808 (cosi come per molte galassie), cosi abbiamo usato due valori
ragionevoli: aco = 0.8(K km s7! pc®)™! e aco = 3.2(K km s~! pc?)~! che corrispondono
rispettivemente a valori tipici per ultra-luminous infrared galaxies (ULIRGs) e per galassie
a spirale. In questo modo abbiamo ottenuto un intervallo di valoti possibili per Ny da com-
parare con i valori ottenuti nelle analisi spettrali X. Si noti che otteniamo un buon accordo
tra i dati ALMA e X usando i modelli MYTorus che assumono una distribuzione disomoge-
nea per il materiale oscurante. Abbiamo quindi concluso che la geometria pit plausibile del
toro molecolare ¢ quella irregolare per entrambe le sorgenti, rispetto a quella a ciambella
uniforme.
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Chapter 1

Active Galactic Nucleil

Introduction

Almost every galaxy hosts a Super Massive Black Hole (SMBH) of mass in the range 10° —
10* M, (Ferrarese et al. 2000). A few up to 10% of them are active: a galaxy is defined
active if its nuclear emission can be attributed to physical processes of non-stellar origin.
In such a case, we say that the galaxy is hosting an Active Galactic Nucleus (AGN) and its
bolometric luminosity can reach values up to L ~ 1071 Ly (e.g., Woo et al. 2002).

AGN are interesting, energetic and powerful objects in the Universe and they represent one
of the best example of matter to energy converter. The radiation of AGN covers the entire
electromagnetic spectrum, from radio to gamma rays. Thus, in order to study the complex
physical processes that concern AGN, it is necessary to carry out multi-band studies.

1.1 The structure of AGN

In this section we will introduce the main structures that define an AGN: the central SMBH,
its accretion disc, the hot corona, the molecular torus, the jets and Broad and Narrow Line
Regions. In Fig. 1.1, we report the previously described AGN components as a function of
the distance from the SMBH.
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Figure 1.1: Schematic representation of the AGN structure and the main components, from
the SMBH to the outer NLR (from Ramos Almeida & Ricci 2017).
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Super Massive Black Hole

One of the evidences of the presence of a SMBH in the center of an AGN is given by
the combination of two facts (e.g., Ho et al. 2000): they emit high quantities of energy
(L ~ 10" — 10% erg/s) from their central regions and the nuclear luminosities may be
comparable or even larger than the one of the whole galaxy itself; the AGN dimensions
must be very small since their emission varies on very short time scales (of the order of some
minutes-days, e.g., Pacholczyk et al. 1994). This is know as Black Hole paradigm (e.g., Ho
et al. 2000). Therefore, SMBH have been considered the most likely driving powers of
the activity in AGN sources (e.g., Ho et al. 2000). These indications are suggestive of the
high efficiency of the energy production mechanism in AGN. The accreting gas surrounding
the SMBH, loosing angular momentum, tends to fall inward onto the SMBH with a mass
accretion rate M = dM /dt. The total energy released by this accretion is given by:

Lyee = 77M02 , (1.1)

where c is the speed of light in vacuum and 7 is the mass-to-energy conversion efficiency.
The defining feature of a black hole is the event horizon, i.e., a boundary in the space-time
through which nothing, not even light, can escape from it. This means that if an event
occurs within the boundary, information from that event cannot reach an outside observer,
making it impossible to determine whether such an event occurred. It is possible to define
the Schwarzschild radius, i.e., the radius of the event horizon of a Schwarzschild black hole
and for a BH of a given mass Mgy we have:

. QGMBH

s 5 =3 x 10" Mg em (1.2)

c
where G is the universal gravitational constant and My is the BH mass in units of 108 M. In
addition to the Schwarzschild radius, we can introduce another scale length, the gravitational
radius r, = 1g/2.

Accretion disk

AGN represent one of astrophysical laboratory to study accretion processes (e.g., Reynolds
et al. 2005). As stated above, the large luminosities observed in these objects are due to the
efficient conversion of gravitational energy into radiation in the accretion disk surrounding
the central SMBH.

The accreting gas surrounding the black hole forms two different kinds of disk: the Shakura-
Sunyaev Disk (SSD) (Shakura & Sunyaev 1973) and the Advection Dominated Accretion
Flow (ADAF) (Narayan & Yi 1994, Abramowicz et al. 1994, Chen et al. 1995, Ichimaru
1977). The first is a geometrically thin, optically thick disc with a temperature of 7' ~
10° K and emits as a multi-color black body (e.g., Mitsuda et al. 1984). This means that
the disc emission is considered as a superposition of black body emissions with different
temperatures, with an emission peak in UV band. SSD is associated with efficient and
high-luminosity accreting AGN.

ADATF is a geometrically thick, optically thin accretion disk with a temperature of T' ~ 10° K
and emits thermal radiation, often with a high energy Compton radiation. It is often
associated with low-efficiency AGN (with respect to SSD’s).
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Assuming a gas of fully ionized hydrogen with spherical symmetry distribution, the forces
acting on it are, in first approximation, the force of the pressure radiation F,q and the
gravitational force Fj;,. The radiation force is defined by

O'TL

Froa = (1.3)

dmric’
where or is the Thompson cross-section, L is the luminosity and r is the radial distance
from the central BH.

Competing with F,.,; there is the gravitational force, which pulls the gas towards the center
of the system and is defined by

: (1.4)

where m,, is the proton mass and where the mass of the electron has been neglected.

An upper limit for the luminosity for the accretion disc of a black hole of mass Mgy is given
by the Eddington luminosity Lg4e. This luminosity is reached when the radiation pressure
balances the gravitational pull of the black hole, so we have

dr Mppmc

M
Food <F, = L< Lpg= ~ 1.26 x 10% (%) erg/s . (1.5)

or ©)

Therefore, the Eddington Luminosity imposes a limit on the amount of matter per time

unit that fall in the BH, as it follows from equation (1.1):

: Lpaq
MEgqq = et (1.6)

1 can be expressed in terms of the compactness of the accreting object, namely the ratio
Mgu/Risco, as:

~ GMg R
" Riscoc®  2Risco

where Rjsco is the radius of the Innermost Stable Circular Orbit (ISCO), i.e., is the last
stable circular orbit beyond which a particle will fall onto the BH. For a non-spinning black
hole, we have:

, (1.7)

6G M
Rrsco = TBH - (1.8)

Typically, n ~ 0.1 (e.g., Raimundo et al. 2011) but theoretically it can reach values of 0.42
(to be compared, for example, with 1 ~ 0.007 of proton-proton chain reaction in stars) for
Kerr BH with a =1 (e.g., Davis et al. 2011).

Hot corona

The production of X-rays in AGN is thought to occur in a hot corona via thermal Comp-
tonization of seed UV-photons. The most striking evidence of the existence of such structure
is most probably the detection of a high-energy cut-off in the spectra of nearby Seyferts (e.g.,
Zdiarzky et al. 1995, Perola et al. 2000, Dadina 2007 and 2008) and, in recent years, also
in distant quasar (e.g., Dadina et al. 2016, Lanzuisi et al. 2020). According to two-phase
model, originally proposed by Liang (1979), and revived by Haardt & Maraschi (1991) and
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(1993), X-rays are produced via Compton up-scattering of seed UV-photons by means of a
corona made of electrons at high temperature. In this process a high energy cut-off corre-
sponding to a fraction of the temperature of the plasma is impressed in the outgoing X-ray
spectra (e.g., Petrucci et al. 2001, Fabian et al. 2015).

The geometry of the Comptonizing corona generating the primary powerlaw-like continuum
has been considered in various ways. Haardt & Maraschi (1991) suggested a simple model,
where a uniform plane corona "sandwiches" the accretion disc. In the disc-corona scenario,
the inner region of an AGN is essentially composed by two phases: a hot, optically thin,
X-ray-emitting corona, located above a cold, optically thick, UV-emitting accretion disc.

Broad Line Region

One of the most common signatures of activity in a galactic nucleus is the presence of
broad emission lines, originated into Broad Line Regions (BLRs), with Full Width at Half
Mazimum (FWHM) corresponding to the velocity range 10® — 10* km/s (e.g., Laor 2003).
Since the electron densities are sufficiently high, all the forbidden lines are suppressed by
collision, therefore the BLR emits only the permitted lines. The absence of broad forbidden
lines indicates that the density of the matter responsible for the emission of the broad lines
should be high enough (n ~ 10971 ¢m™3 e.g., Laor 2003) to suppress, via collisional up-
ionization, the productions of such lines.

The BLR is a region located beyond the accretion disk, approximately 0.1—1 pc from the
center of the system. This structure is composed of cold (T" ~ 10* K), high density clouds
(e.g., Laor 2003). BLRs lay deep inside the gravitational spheres of influence of SMBHs and
their kinematics is strictly connected to the mass of the black holes, so they offer a precious
insight of the physical properties of the inner circum-nuclear medium.

Molecular torus

The presence of a molecular torus was postulated by Antonucci (1993) to explain the variety
of AGN classification and, in particular, the differences observed among Type 1 (unobscured)
and Type 2 (obscured) AGN.

The molecular torus surrounding the central engine of AGN consists of molecular gas and
dust (e.g., Pier & Krolik 1993). It is expected to have an absorption column density higher
than 10?42 ¢m=2 (e.g., Netzer 2013), it is extended for 1 — 100 pc at distances about
1 — 30 pc by the central AGN (e.g. Jaffe et al. 2004, Hickox & Alexander 2018) and has
densities ranging from 10* to 10° particles per em?.

From the historical point of view, the simplest structure of torus was first described as
a smooth homogeneous and doughnut-like distribution (e.g., Krolik & Begelman 1988) of
dust. In this description, the darkening of the source depends only on the geometry of the
torus, i.e., it results to be obscured if its radiation intercepts the obscuring material.

More elaborated structures, made of clumps and inter-clump material, are preferred by
observations (e.g., Nenkova et al. 2002, Jaffe et al. 2004, Tristram & Schartmann 2011,
Burtscher et al. 2013). The observations suggest that tori are irregular and formed by
clumps and dust between them (e.g., Combes et al. 2019). The gas in the inner radius of
the torus is ionized by the central source. In this region, the torus contains dusty molecular
gas; the temperature is not homogeneous, given a certain line of sight (l.o.s.), since the
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illuminated part of the clumps is hotter than the one further from the central source, hence
they radiates differently. This model is called clumpy (or patchy) torus (e.g., Almeida et al.
2009).

Narrow Line Region

The Narrow Line Region (NLR) is located at a distance from the AGN that may vary from
~ 10 pc to ~ 1 kpc. The typical density of clouds of the NLR is 10% — 10° ¢m ™2, then the
gas can emit forbidden lines; the gas velocity is 300 — 1000 km/s (e.g., Bennert et al. 2002).
Since the density in the NLR is lower than the one in the BRL, the NLR must be much larger
than the BLR in order to be not transparent for the incoming radiation. This determines
the boundary of the region of direct influence of the AGN. Low density and hot (T ~ 10* K)
gas in this extended region is ionized by high-energy photons from the inner AGN regions
(e.g., Bennert et al. 2002). The ionized NLR gas can be anisotropically distributed in an
ionization cone, because of the doughnut-like geometry of the central regions (e.g., Das et
al. 2006).

The NLR is resolved by ground-based observations in several AGN in the local Universe,
showing dimensions of 100 pc to scales of some kpc (e.g., Rice et al. 2005).

Jets

Relativistic plasma jets are present in less than 10% of AGN (e.g., Kellermann et al. 1989).
They are observed typically in Radio-Loud AGN and extend over distances of Mpc with
(apparently) superluminal motions. These jets are extremely collimated outflows, with its
base perpendicular to the plane of the disc, of high-energy charged particles produced in
the inner region of the AGN. These particles emit from radio to y-rays band and the main
emission mechanisms are synchrotron radiation and Inverse Compton (IC) (e.g., Blandford
& Znajek 1977, Blandford & Payne 1982). One of the most accredited model is that of the
magnetic tower, in which the plasma is expelled by means of a dynamo effect produced by
the rotating material (e.g., Lebedev et al. 2005). The simulations show that relativistic
jets would be generated in the presence of magnetic field in the accretion disk. Since the
accretion disk rotates differentially, it generates a magnetic field around which the jet spirals,
directed towards the hot corona (e.g., Lebedev et al. 2005). Therefore, the generation of
relativistic jets seems to depend in first approximation by the presence of strong magnetic
fields that originate in the accretion disk and from the spin of a BH.

Jets interact with the surrounding environment, sometimes creating lobes and hot spots
that emit mainly in the radio band.
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1.2 AGN classification

The classification of AGN is still an open topic: it is indeed difficult to reconcile the different
phenomena of this type, observed at very different wavelengths, in a single classification.
Historically, the first to recognize the existence of some objects that could not be categorized
as standard galaxies was C. Seyfert, in 1943 (Seyfert 1943). Their spectra showed broad
emission lines, up to hundreds of kilometers per second, with high excitation and very high
luminosity. These objects were named of Seyfert galaxies. In the fifties, the first surveys
in the radio band identified sources that in the optical band were catalogued as galaxies
or stellar-like sources, but which showed unknown emission lines. These lines were then
identified as already known lines, but strongly redshifted (Schmidt 1963). Since the nature
of these objects was not understood at that time, they took the name of quasars (QUASI-
stellAR radio sources).

The classification of AGN in the literature is very diversified and depends also on the
observation band, hence it is not unique. Another factor that makes the classification
of AGN difficult is the possible presence of an obscuring torus that makes it difficult to
determine the intrinsic characteristics of the AGN (e.g., Antonucci 1993, Urry & Padovani
1995, Netzer 2015).

The peculiar features usually present in AGN, not necessary at the same time, are (e.g.,
Netzer 2013):

o AGN contain a compact nuclear region with higher emission than expected from stellar
processes typical of the galaxies;

e they show line and/or continuum variability, especially in the X-ray band,
e they have unresolved nuclei with small angular sizes;

e their nuclear emission often dominates the galaxy emission, over a wide portion of the
electromagnetic spectrum,;

e their nuclear emission shows a high level of polarization with respect to normal galax-
ies;

e many AGN, not all, have very intense emission lines not common to normal galaxies.

We now briefly describe the main classes of AGN.

1.2.1 Radio classification

One of the common ways to provide a classification of AGN is based on radio emission, in
particular on the ratio R,_, of the rest frame flux density in the 5 GHz radio band and
that in the optical band at 4400 A (e.g., Kellermann et al. 1989). AGN with R,._, > 10
are defined as Radio-Loud, while those with R,_, < 10 as Radio-Quiet (e.g., Schmidt et al.
1970, Kellermann et al. 1989).

However, there are other quantities that may allow to discriminate radio-loud from radio-
quiet AGN, such as the relationship between radio band and X-ray band brightness (e.g.,
Terashima & Wilson 2003). This is not affected by extinction due to dust (typically present
in the optical and ultraviolet emission), therefore it can provide solid information on the
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radio dichotomy presented. This ratio discriminates between radio-quiet and radio-loud
sources as follows:

(VL,, 5 GHZ) {> —4.5 = Radio-Loud ,
log  L2vs Gz

Lo 10 kev < —4.5 = Radio-Quiet .

However, this classification turned out to be obsolete (e.g., Padovani et al. 2017), as these
objects do not only present an observational difference but also, and above all, intrinsic and
physical ones. Radio-Loud AGN emit most of their energy with non-thermal mechanisms,
associated with the presence of powerful relativistic jets, while the multi-frequency emission
of Radio-Quiet AGN is dominated by thermal emission, proper of the accretion disk, without
jets. Therefore, a more appropriate classification should distinguish among jetted and non-
jetted AGN, depending on the presence or absence of relativistic jets.

Another classification was given by Fanaroff & Riley (1974) according to the morphology
and emission power of the radio galaxy. They divided radio galaxies into two classes, using
the ratio of the distance between the regions of highest surface brightness on opposite sides
of the central galaxy to the total extent of the source up to the lowest brightness contour:
Fanaroff-Riley I (FRI) and Fanaroff-Riley II (FRII).

The former are sources whose luminosity decreases as the distance from the central galaxy
increases and the jets emission is dominant with respect to that of the lobes. FRI have
a power Pacp. < 10?49 W/Hz. FRII exhibit increasing luminosity in the lobes which
dominate the emission. FRII have a power P gm. > 10?*% W/Hz. This morphology
reflects the efficiency in transporting energy in the two sources: FRII have jets that are able
to transport much energy at the end of the lobes, while the FRI have an higher dispersion
(e.g., Ledlow & Owen 1996).

A further classification is based on the presence (or absence) of high excitation emission
lines. An High-FEzcitation Galary (HEG) is an AGN which presents these emission lines
and has efficient accretion properties (0.01 < L/Lgqsq < 1). AGN not presenting those
lines are Low-Fzcitation Galazies (LEG): they appear to have redder optical colors and are
characterized by inefficient accretion around the black hole due to a low ratio L/Lgeq (e.g.,
Hine & Longair 1979).

1.2.2 Optical classification

From an optical point of view, AGN are classified on the basis of their spectral characteris-
tics. In particular, if the source shows both narrow lines (up to ~ 10® km/s) and broad lines
(up to ~ 10* km/s) and has a spectrum with a very bright continuum, it is classified as Type
1 AGN. Broad and narrow emission lines are generated in the BLR and NLR, respectively.
If both line types are present, the AGN is not obscured and, accordingly with the Unified
Model of AGN, we are looking it directly in the nuclear region.

If there are only narrow lines and a faint continuum, the AGN is classified Type 2. In the
framework of Unified Model of AGN, the fact that only narrow lines are observed means
that the AGN is obscured by the molecular torus and therefore there is darkening along the
l.o.s. and the BLR is obscured.
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1.3 Unified Model

The unification of the wide range of objects described so far under a single classification,
using a few fundamental parameters, is a very important goal in the study and understanding
of AGN. The Unified Model, as developed today (e.g., Antonucci 1993, Urry & Padovani
1995, Bianchi et al. 2012), proposes that the various types of AGN are actually a single
type of object observed at different angles of view, hence with a different contribution of the
dusty torus. The only intrinsic difference is the presence of powerful radiojets. In Fig. 1.2,
we note the intrinsic division of AGN into two large groups: AGN with and without jets.
For each of these families of objects the same differentiation is applicable based on the
inclination of the AGN. If, on the one hand, the plane of the AGN is almost perpendicular
to the l.o.s., then the AGN is not obscured by the dusty torus and it is possible to observe
the central regions with wide lines (BLRG and Seyfert 1, or Type 1 AGN).

On the other hand, if the plane of the AGN is placed right along the line of sight, the torus
hides the central region, then it is possible to see only the NLR, which produces narrow
lines (NRLG and Seyfert 2, or Type 2 AGN). The observed source with an angle within
few degrees with respect to the direction of the jets will have the characteristics of Blazars,
where the jet predominates over all the other components.

ovv
BL Lac
-

Radio Loud
Qso

*'l'._ ;

Figure 1.2: Representation of the Unified Model of the AGN. Different classes and subclasses
of AGN are represented with respect to the line of sight and the various components of the
model. The plane of the disk and the torus of dust is called the AGN plane (adapted by
Polletta, from Urry & Padovani 1995).

In Fig. 1.2, the central SMBH is surrounded by an accretion disk of infalling material. The
accretion disk is surrounded by a dusty torus. Clouds of gas also extend from the central
regions and are divided into the closer and denser BLR and the further and rarefied NLR.
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The observed differences in their optical spectra are attributed to different viewing angles:
Type 1, i.e., unobscured AGN, are nearly face-on objects, and the nucleus can be directly
seen; Type 2, i.e., obscured AGN, have larger angles, thus the line of sight intercepts the
obscuring medium surrounding the nucleus.

1.4 Multi-wavelength properties of AGN

AGN emission covers the entire electromagnetic spectrum and a typical Spectral Energy
Distribution (SED) is shown in Fig. 1.3. Each band of spectrum has peculiar and different
emission processes, which will be described in this section. In particular, we will focus on
the X-ray band which is crucial for the study of nuclear regions of an AGN, the main topic

of this Thesis.
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Figure 1.3: A schematic representation of an AGN’s SED. The black solid curve represents
the total SED and the various colored curves represent the individual components (from

Harrison 2014).

Radio Emission

The emission of AGN in the radio band is of non-thermal type, produced by synchrotron
emission. The process is due to relativistic electrons, of mass m,. and Lorentz factor ~,
which are accelerated by a magnetic field B, hence producing the emission of photons with
frequency v o« BE?, where the energy is calculated as usual £ = ym.c®. Assuming a

powerlaw distribution for electrons, we have
N(E)dE «< E7°dE | (1.9)

where N(FE) is the number of electrons with energy between E and E + dE. We obtained
the powerlaw spectrum of the synchrotron emission

F, v, (1.10)
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where a = 5—717

value is o ~ 0.7.

Equation (1.10) is valid only for v > v,, where v, is called critical frequency, and its value
depends on the density of the medium and the size of the source. Below this value, electrons
reabsorb the low-energy photons emitted, in a process called self-absorption. In this case,
the synchrotron emission has a pattern of the type: F, oc 127,

Both Radio-Loud and Radio-Quiet AGN show nuclear point-like radio emission from the
compact nucleus (flat spectrum); moreover, in the case of AGN Radio-Loud, the predominant
radio emission is not the one coming from the central region, but that coming from jets,

lobes and hot spots (steep spectrum).

represents the spectral index of the energy distribution and typically its

Infrared emission

The infrared wavelengths are roughly divided into three bands: Near-Infrared (NIR) 1 —
3 pm, Middle-Infrared (MIR) 3 — 50 um, and Far-Infrared (FIR) 50 — 200 pum!.

This subdivision identifies three emission peaks produced by different components. The
component closely linked to the AGN shows a peak typically in the range 10 — 20 um,
corresponding to a temperatures 7' < 1000 — 2000 K, beyond which the dust sublimes.
This is a thermal type emission linked to the absorbed radiation, coming from the inner
walls of the dusty torus and/or from the inner BLR clouds directly exposed to the ionizing
continuum coming from the central engine. For the Radio-Loud AGN, at these wavelengths,
a non-thermal component may also be present, produced by the same synchrotron emission
which is present in the radio band.

The other two peaks, at ~ 1.6 pm and ~ 100 um, refer to the stellar emission of the old red
stars and to the cold dust present in the host galaxy, respectively. These thermal emission
components must be taken into consideration, because they will overlap the AGN emission
from the torus.

The infrared emission has an important role in the search and characterization of obscured
AGN, as will be explained in the next section.

Optical-UV emission

The main characteristic of the optical/UV emission is an peak, between ~ 300 A and
~ 3000 A, called Big Blue Bump (BBB) (e.g., Malkan et al. 1982). This emission is the
result of the overlap of black body spectra at different temperatures of the accretion disk,
which can be approximated with a series of powerlaws (e.g., Malkan et al. 1982).

In addition to the thermal continuum (e.g., Berk et al. 2001, Telfer et al. 2002), in the
optical/UV band it is possible to observe the presence of narrow and broad lines coming
from the NLR and BLR, respectively. Through the study of these broad lines it is possible to
derive the mass of the SMBH using the virial hypothesis and estimate the intrinsic emission
of the AGN.

X-ray emission

The X-ray radiation allows to study the more energetic phenomena that take place in the
innermost and closest regions to the SMBH. This emission extends from 0.1 keV up to

I'Notice that actually these ranges may vary in different textbooks and references.
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energies of 100 — 300 keV (e.g., Dadina 2008). In Fig. 1.4 we show the typical spectrum of
a Type 1 AGN, made of various components.
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Figure 1.4: Typical spectrum of a Type 1 AGN in X-ray band (from Risaliti & Elvis
2004). The magenta line indicates the powerlaw with the cut-off at 100 — 300 kel plus the
presence of warm-absorber; the blue line indicates the soft excess; the green line indicates the
Compton hump, which is the reflection component; the red line indicates the fluorescence
line of neutral iron at 6.4 keV; the black line represents the sum of all the components. All
energies are to be considered in the AGN rest reference system.

Primary emission

The main powerlaw component, extended in the range 1 — 300 keV/, is produced by Inverse
Compton processes involving relativistic electrons from the hot corona (T' ~ 10° K) and
thermal photons from the accretion disk (7' ~ 10°7% K). The electrons, being much more
energetic, give part of their energy to the thermal photons of the accretion disk, bringing
them up to hundreds of keV (e.g., Haardt & Maraschi 1991). Thus, the resulting spectrum
is composed by these IC up-scattered photons, which give rise to the primary powerlaw
distribution N((E) o E~F, where T is called photon index. Typical values are I' ~ 1.8 — 2
(e.g., Risaliti & Elvis 2004).

The exponential drop around 100 — 300 keV occurs when the energy of the photons coming
from the accretion disk reaches the same energy as the electrons of the hot corona. This
happens since photons have lost a great amount of energy because of numerous scatterings.
At this point the electrons cannot transfer more energy to the photons and, consequently,
a cut-off in the spectrum is created.

Soft Excess

As already mentioned, soft excess is still a much debated component and is present in almost
all AGN spectra. It could be an extension of the Big Blue Bump at high energies (Czerny &
Elvis 1987) or a colder part of hot corona which, again for IC, brings the photons from the
disk to energies < 1 —2 kel (e.g., Boissay et al. 2016). In some AGN, part of this emission
can be traced back to emission from the host galaxy, associated with star formation events.
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Warm Absorber

It is an absorption component between 1 — 2 keV observed in ~ 50% of local AGN and
quasars (e.g., Blustin et al. 2005, Piconcelli et al. 2005). It has a column density Ny ~
10 — 10?3 em~2 with a temperature in the range T' ~ 10* — 10° K (e.g. Kaastra et al.
2000, Ebrero et al. 2016). The material that constitutes the warm absorber is probably in
the outflow phase with speeds of 10> —10® km/s, possibly related to winds with high speeds
at the base of the accretion disk (e.g., Tombesi et al. 2013).

Compton Hump

The IC process between photons of the disk and electrons of the hot corona produces photons
in an isotropic way. Part of these photons is then reflected on the disk or on the torus, by
Compton scattering. The reflected component generates a hump shape, called Compton
hump (e.g., Ghisellini et al. 1994). This process occurs if the reflecting medium is optically
thick, otherwise the photons would pass through it without interacting with the medium
itself. This component is mainly characterized by an emission peak at ~ 30 — 40 kel and
by a low energy cut-off between 4 — 5 keV', which is caused by photoelectric absorption of
the radiation at lower energy.

Iron fluorescent emission line

It is one of the most important features of X-ray spectra. This line is produced by fluores-
cence mechanisms generated in the accretion disk or in the torus.

If an energetic photon (E, > 7.1 keV') hits an iron atom, it can extract, by photoelectric
effect, an electron in the K — shell. Thus, the iron atom goes to an ionized state. At this
point, by de-excitation, an electron from the upper levels (M or L shell) moves to occupy
the vacancy in the K shell.

If the electron that fills the hole comes from the L shell (the most probable case), a K,
photon of energy 6.4 keV is emitted, while if the electron comes from the M shell a Kp
photon of 7.05 keV energy will be emitted. This phenomenon is called fluorescence.

If K, or Kz photons are reabsorbed by an electron from a more external shell, which will
be ejected from the atom, the process that takes place is called the Auger effect.

The probability that there is emission of a photon K, versus the emission of an electron
due to the Auger effect is given by the fluorescence yield Y :

Z4

Vo — 2
X Z4 + const ’

(1.11)

where Z is the atomic number of the element that produces fluorescence. So, the higher the
atomic number, the higher the probability of emission of a K, photon. Iron, with Z = 26,
is the element with the highest probability of emission by fluorescence, among the most
abundant ones. This is the reason for which the K, emission line of neutral iron at 6.4 keV/
is so important.

The radiation produced by the hot corona through IC processes is sufficiently energetic
to to produce K, photons. This radiation will be partly reflected by the disk or by the
torus, and partly involved in the emission of the iron line. We assume that the iron line is
produced in the disc, then several effects are expected on this line (see Fig. 1.5): the profile
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of an intrinsically narrow emission line is modified by the interplay of Doppler/Special and
General relativity (e.g., Fabian et al. 2000).
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Figure 1.5: Effects expected on the line produced in the accretion disk. In the upper panel
we see classic Doppler effect due to the rotating disk; in the second panel the relativistic
Doppler effect that amplifies the blue peak and attenuates the red one; in the third panel
the effect of gravitational redshift that shifts the line to lower energies. In the lower panel
the sum of all contributions is shown (from Fabian & Miniutti 2005).

The iron line is the sum of the contributions of the single iron atoms in the accretion
disk; it will have two components: one with positive speed and one with negative speed,
with respect to the observer, which will Doppler shift the line towards red and towards
blue, respectively, producing the double-peaked profile of the line. This effect produces a
classical, or Newtonian, deformation of the line.

The effects of amplification of the bluest part of the line and de-amplification of the reddest
part must be included. They take the name of Doppler shift beaming, due to the relativistic
rotation speed of the accretion disk.

Finally, in the regions close to the SMBH the photons are subjected to a high gravitational
force. This causes a redshift of the entire profile of the line which takes the name of
gravitational redshift.

~v-ray emission

The ~ band emission is divided into High Energy (HE), from ~ 100 MeV to ~ 100 GeV,
and Very High Energy (VHE), from ~ 50 GeV to ~ 10 TeV. This emission is typical for
Blazars, that is, for "face-on" AGN in which the l.o.s. intercepts the emission cone of the
jet. This configuration of AGN means that jets are strongly amplified by relativistic effects,
up to the point of dominating the entire emission. By defining the Doppler Factor as:

6=[y(1—cosO)] ", (1.12)
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where 7 is the Lorentz factor and 6 is the angle between the axis of the jet and the line of

sight. Thus, we find an amplified monochromatic flux of:
F,=§%F (1.13)

where « is the spectral index, F), is the intrinsic flux of the source and F), is the observed

one, amplified by the value of §3¢.

The characteristic emission of these objects ranges from radio to v and shows a characteristic

double-peaked emission, called Blazar sequence (see Fig. 1.6) (e.g., Fossati et al. 1998,
Donato et al. 2001) .
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Figure 1.6: Average SED of Blazars with different luminosity (from Fossati et al. 1998).

Blazars can be distinguished in High and Low frequency Blazars if the second peak falls
in the VHE or HE band, respectively. The first peak is due to the synchrotron emission
produced by the relativistic electrons of the jet; the second peak can have two origins: via
IC, where the electrons of the jet interact with the same photons generated by synchrotron,
in a process called Synchrotron Self Compton (SSC); via interaction with photons coming
from the disk or from external regions, in a process called External Compton (EC).
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1.5 Obscured AGN

An obscured AGN is an AGN that is partially, or largely, covered by material along the
l.o.s. that absorbs the radiation coming from the SMBH activity (e.g., Hickox & Alexander
2018). Obscured AGN are common objects both in the nearby and in the distant Universe.
Locally, they are ~ 4 times more numerous than the unobscured ones and this number seems
to grow with redshift (e.g., Vito et al. 2014). The most used wavelengths for studying and
researching these objects are mid-infrared, optical and X-ray bands.

MIR emission

In the framework of Unified Model (see Section 1.3), we should expect that the optical/UV
emission is strongly attenuated in obscured AGN. Within this scenario, in fact, the line of
sight intercepts the dusty torus that absorb and thermalize optical/UV photons (e.g., Elitzur
2008). Type 2 objects do not display broad lines and BBB (e.g., Prieto et al. 2009). On
the contrary, a strong mid-IR bump is present. Therefore, IR is a fundamental observation
band for the study of obscured AGN (e.g., Draine et al. 2003b). The dusty torus has an
emission peak between 10 — 20 pum, which makes the MIR the ideal band for identifying this
type of objects (e.g., Netzer et al. 2015, Elitzur et al. 2008), as seen in Section 1.4.

In this band, the AGN emission can be distinguished from the host galaxy emission, even
if star forming galaxies (SFGs) can cover or dilute the AGN emission. From a photometric
point of view, this problem is tackled by considering the difference between the AGN and
the SFGs SEDs, which are very different. Comparing the SEDs, the one of the AGN is more
reddened at wavelengths shorter than the MIR (e.g., Shanks et al. 2020), as shown in Fig.
1.7
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Figure 1.7: SED comparison of best-fitting quasar and star forming galaxy templates; LAB-
1 shows weak absorbed X-ray emission and strong FIR emission. Radio emission is not
detected. The main fitted parameters were the dust extinction Ay in the optical-NIR, the
dust temperature 7' in the FIR and the redshift z of the two templates. The SED of an
AGN is reddened with respect to that of a SFG, as can be verified at wavelengths shorter
than the MIR (from Shanks et al. 2020).

The spectroscopy in MIR constitutes a more complete and reliable method for the dis-
tinction of obscured AGN by SFGs, due to the low optical depth in this band. In fact,
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the environment surrounding the former is hotter than the one surrounding the latter and,
consequently, an obscured AGN presents high excitation emission lines such as [OIV] at
25.9 um, [NeVI] at 7.6 ym and [NeV] at 14.3 um and 24.3 pm (e.g., Pereira-Santaella et
al. 2010).

Spectroscopy is also useful in order to study the Polycyclic Aromatic Hydrocarbons (PAHs?)
emission lines of AGN and SFGs. These lines have a higher FWHM than those with high
excitation, hence easier to identify. The PHA lines are less prominant or absent in the pres-
ence of high radiation fields. As a first approximation, if the silicate feature Si at 9.7 um
and at 18 pum is in emission we have a Type 1 AGN and if it is in absorption we have a
Type 2 (e.g., Draine & Lee 1984).

Optical/NIR emission

The emission in optical/UV band is dominated by the thermal emission of the accretion disk
made of the material surrounding the central black hole (see Section 1.4). If this radiation
passes through the torus, it can be easily attenuated, since the optical depth 7 significantly
increases at short wavelengths (e.g., Draine et al. 2003b).

Thanks to spectroscopy in NIR/optical band, Seyfert galaxies have been discovered and
AGN have been divided into Type 1 and Type 2 (Weedman et al. 1977). Thanks to the
presence of many emission lines, we can build diagnostic diagrams that allow to distinguish
AGN from others astrophysical sources using intensity line ratios (Baldwin et al. 1981).
Diagnostic diagrams, shown in Fig. 1.8, allow to distinguish AGN from others astrophysical
sources: the AGN are located in the upper right corner, where the degree of ionization of
the gas is higher, while the HII regions are located in the left side and are more concentrated
towards the low, in the area with the lowest degree of ionization.
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Figure 1.8: Diagnostic diagrams obtained by Veilleux and Osterbrock on a sample of 264
objects. From left to right we observe |OIll|/Hjz in relation to [NII|/H,, [SII]|/H,, [OI]/H,.
The empty symbols represent objects with a similar emission to HII regions, while darker
symbols represent AGN. The dashed curves represent HII region models and the solid curve
divides AGN from HII region-like objects. (from Veilleux & Osterbrock 1987).

An example is the Balmer decrement, based on the intensity of the hydrogen emission lines
in different excitation states: from the variation of the ratio between the intensities of the
lines, we deduce the amount of darkening. For example, in the ratio H,/Hpz, Hp results to

2PAH are molecules composed by carbon and hydrogen, which produce emission lines at MIR wavelengths
(e.g., 6.2, 7.7,8.6 and 11.3 um).
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be attenuated (e.g., Gaskell & Martin 2017).

The photometry in these bands can be used to study the properties of the host galaxy. The
obtained results are to be compared with other bands for the search of obscured AGN.

In Optical/NIR band, photometry and spectroscopy constitute a reliable, although incom-
plete, method of searching for AGN.

X-ray emission

Obscured AGN can be divided into different classes based on the absorbing column density
Ny, i.e., the amount of material that produces the obscuration (see Fig. 1.9).

E F(E) [arbitrary unitz]

i

.1 1 10 100 1000
E [keV]

Figure 1.9: AGN SEDs obscured in X-ray band. High column densities strongly suppress
radiation for energies below 10 keV so that the iron line at 6.4 keV becomes more prominent.
The dashed line corresponds to the reflection component (from Gilli et al. 2007).

When considering the X-ray band, an AGN is called unabsorbed if Ny < 10?2 em ™2, absorbed
if N > 10?2 em™2 (e.g., Gilli et al. 2007). An obscured AGN is classified as Compton-thin
if Ng ~ 1022724 em=2; if Ny ~ 10472 ¢m™2, the AGN is defined as Compton-thick and if
Ny > 10% em~2 the source is an Heavily Compton-thick AGN (e.g., Gilli et al. 2007).

Obscured AGN have different spectral characteristics with respect to the classic unobscured
AGN. The intrinsic emission is influenced by the amount, composition and geometry of
the column density (e.g., Risaliti & Elvis 2004). AGN have an integrated brightness
Ly = 10%7 erg/s, between 0.5 — 10 keV. If Lx < 10%% erg/s, AGN are identified as
Low Luminosities AGN (LLAGN) (e.g., Contini 2011), if Lx > 10* erg/s they are defined
as High Luminosities AGN (HLAGN). X-rays are particularly suited to study the inner
regions of absorbed AGN. Their penetrating power, in fact, allow a direct, even if attenu-
ated, view of the central engine (e.g., Brandt & Alexander 2015) and, for column densities
of 2 x 10** em™2, the photons emerge at a few tens of keV. As we have seen, AGN can be
classified according to the amount of absorbing material in terms of Ng. If Ny > 10%° em 2
(1 > 1, heavily Compton thick) all the radiation is depressed by the multiple scattering in
the obscuring material, which decreases the energy of photons up to photoelectric absorption
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(e.g., Wilms et al. 2000). In this case, only the reflection component, if present, can emerge
in the typical X-ray observing band. If the column density is between Ny ~ 10%725 ¢m =2,
part of the radiation with energies > 10 — 15 keV can penetrate the obscuring material and
reach the observer (e.g., Vignali 2014).

As it can be seen in Fig. 1.9, for energies between ~ 0.1 — 10 keV the extinction is domi-
nated by the photoelectric absorption of the nuclear radiation (e.g., Comastri 2004), which
progressively attenuates it. This effect creates a cut-off, which moves to higher energies as
Ny increases. At energies larger than ~ 10 kel , Compton scattering becomes the dominant
process, which in turn extinguishes the radiation as a function of Ny. Moreover, starting
from these energies the reflected component contribution of the primary powerlaw emerges,
the Compton Hump (see Section 1.4).

Another characteristic of the X-ray spectrum is the presence of the Fe K, line (with a peak
at £ ~ 6.4 keV'). The contributions to the Fe K, line are of various kinds: transmission and
reflection from the accretion disk component, a contribution from the dusty torus, which,
invested by the radiation of the primary powerlaw, can emit photons of iron fluorescence
(e.g., Gilli et al. 1999). In the case of Compton-thin AGN the nuclear emission is observed
directly and the iron line has values of EW ~ 10 — 100 eV. By contrast, in the Compton
thick cases, where the reflection component and the contribution of the torus dominate, we
have EW ~ 1keV (e.g., Bauer et al. 2015).

Cosmic X-ray background

Because of the strong obscuration, Type 2 AGN are not easy to detect. Different techniques
are used for their detection, such as the measurement of the column density Ny (e.g.,
Lanzuisi et al. 2013), the analysis of the hardness ratio, i.e., the ratio between hard and soft
fluxes (e.g., Brusa et al. 2009) or the analysis of X-ray colors (e.g., Iwasawa et al. 2012).
The census and the study of this class of objects have, in fact, an important role in several
research areas, including the Cosmic X-Ray Background (XRB) and the understanding of
phases in the cosmological evolution of AGN. The CXB is the diffuse emission observed
between 0.5 and 300 keV in the X-ray band (Giacconi et al. 1962).

Thanks to X-ray surveys carried by XMM-Newton and Chandra satellites, it was possible
to resolve ~ 50% — 80% of the XRB in the 0.1 — 10 keV band in point-like sources, the
majority of which are AGN (e.g., Hickox & Markevitch 2006). At energies higher than
10 keV, the X-ray background is partially resolved (leaving the possibility for the presence
of an undetected fraction of obscured AGN; e.g., Gilli 2013), with a peak at ~ 30 keV'. This
can be reproduced through AGN synthesis models (see Fig. 1.10), which predict a large
number of unresolved Compton-thin sources, as well as a large number of Compton-thick
AGN;, capable to reproduce XRB at high energies, providing a contribution of ~ 30% to
the total XRB (e.g., Gilli et al. 2007). The fraction of obscured AGN is known with good
accuracy for the local Universe only (e.g., Burlon et al. 2011). It also seems that their
number decreases as their luminosity increases, up to z ~ 3 (e.g., Ueda et al., 2014). Many
uncertainties still persist at high redshifts, mainly due to the strong extinction of these
objects which makes them very difficult to detect, especially at high redshift. Despite these
observation difficulties, Vito et al. (2014) present a sample of AGN at 3 < z < 5, 50% about
of it represents AGN with strong obscuration (Ng > 10% cm™2).

Comparing this sample with Burlon et al. (2011), a positive correlation was found between
strongly obscured AGN and the redshift (see Fig. 1.11), especially for high luminosities.
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Figure 1.10: Cosmic X-ray background given by the sum (magenta line) of AGN unobscured
(red line), AGN Compton-thin (blue line) and AGN Compton-thick (line black); data from
various X-ray satellites are also shown (from Gilli et al. 2007).

The increasing in the fraction of obscured AGN as a function of redshift may be due to
the large amount of gas available at high z (e.g., Vito et al. 2018), making these objects
very interesting for studying the growth of SMBH. In particular, with a multiwave-length
approach which also includes X-rays, recent studies (e.g., Gilli et al. 2014, Circosta et al.
2019, D’Amato et al. 2020) have found that high redshift obscuration can be produced not
only by the molecular torus, but also by the gas present in the host galaxy. These sources
are usually compact, with scales of a few kpc (e.g., Circosta et al. 2019).
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Figure 1.11: Fraction of obscured AGN as a function of luminosity, for samples at different
redshifts. The black points represent the binned estimates obtained by Vito et al. 2014;
the dotted, dot-dashed, long-dashed and short-dashed lines are the predictions from various
X-ray background synthesis models (e.g., short-dashed lines are Gilli et al. 2007 synthesis
models). The positive correlation between the fraction of obscured AGN and the redshift is
in agreement with the results of synthesis of AGN populations for XRB, within the errors
(from Vito et al. 2014).

1.6 The samples and the goal of this Thesis

In this Thesis we will present a multiwavelength study of the nuclear regions of NGC613 and
NGC1808. These galaxies were selected from a sample of 7 sources observed with ALMA in
Cycle 3 and 4 in Combes et al. (2019). Thanks to its high angular resolution and sensibility,
it was possible to observe the molecular gas distribution (the torus) which is the main goal
of this work. In this Thesis we focused our attentions to two the Seyfert 2 galaxies, NGC613
and NGC1808, having both ALMA and X-ray observations. This allowed us to compare
the results in the two spectral ranges, and thus investigate the properties of the cold gas
surrounding the SMBH. Due to limited time available, we could not expand the work to the
other sources of the sample.

NGC613

NGC613 is a barred SB(rs)bc galaxy (de Vaucouleurs et al. 1991) at a distance of 17.2 Mpc
(1" =83 pc), i.e., z = 0.0049. Many multi-band observations have already been carried out
for this source, shedding light on various spectral and morphological features. NGC613 has
a composite nucleus (e.g., Veron-Cetty & Veron 1986) with an AGN that interacts with
the galaxy through outflows, an ionized cone, and a radio jets, as well as a circumnuclear
ring of HII regions that has a radius of 300 pc (e.g., Hummel & Jorsater 1992, Falcon-
Barroso et al. 2014, Audibert et al. 2019). The galaxy contains an AGN, confirmed
by the detection of high-ionization emission line, such as [NeV] an [OIV], observed with
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Spitzer space telescope (e.g., Goulding & Alexander 2009). The AGN in NGC613 is of low
luminosity with Ly 19 gy = 8.9 X 10" erg/s (e.g., Castangia et al. 2013) and a bolometric
correction of 20 (e.g., Vasudevan et al. 2010), Davies et al. (2017) determined that the AGN
bolometric luminosity is Ly, ~ 1.6 x 10*2 erg/s. From the analysis of the XMM-Newton
data, Castangia et al. (2013) obtained an intrinsic column density of N ~ 3613 x 10?2 em 2.
With Very Large Array (VLA) observation at 6 cm and 20 e¢m, the radio jets show a structure
extending along 5” with Position Angle (PA) of 6° (Hummet et al. 1987). Three blobs were
detected in the central kpc (e.g., Hummet & Jorsater 1992).

ALMA observations of molecular lines revealed that the nucleus emits compatibly with
Seyfert /LINER galaxies. There are very energetic molecular outflows (their kinetic power
corresponds to Pk oyt = 20% Lagy) that are possibly fossils from a phase when this AGN
was in a higher activity and they are also associated with the radio jet, possibly being driven
by it (Audibert et al. 2019).
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Figure 1.12: Left panel: WFC/F814W HST image showing the nuclear ring and the sets of
spiral arm structures at large scales. The scale is indicated in the upper-left corner. Right
panel: there are a 14” square zoom showing the CO(3-2) contours overlaid on the same
image, from Falcon-Barroso et al. (2014).

According to Boker et al. (2007) and (2008) and Falcon-Barroso et al. (2008) and (2014),
the circumnuclear ring of NGC613 is formed by seven HII regions. This ring can also be
observed in radio wavelengths (e.g., Hummel & Jorsater 1992, Miyamoto et al. 2017 and
2018, Audibert et al. 2019) and, if its structure is circular, the inclination should be 55° +5°
(Hummel & Jorsater 1992). Combes et al. (2019) and Audibert et al. (2019) found that this
ring connected to the bar in two points, at NW and SE, as Bokeret al. (2008) previously
estimated by using the HST images, and that the ring is indeed clumpy (Falcon-Barroso et
al. 2014, see Fig. 1.12). There is also a nuclear spiral of molecular gas connected with the
ring in two different spots (Audibert et al. 2019).
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NGC1808

NGC1808 is classified as an SABb (de Vaucouleurs et al. 1991) and is located at a distance
of 9.3 Mpc (1”7 = 45 pc), corresponding to a redshift of z = 0.0033. It is a starburst
galaxy; according to Véron-Cetty & Veéron (1985) it exhibits Seyfert 2 characteristics as
well. Awaki & Koyama (1993) detected X-ray emission of a Seyfert nucleus with the Ginga
satellite. North of the central starburst region, NGC1808 shows clear signature of a nuclear
outflow with a maximum length ~ 3.8 kpc (e.g., Laustsen et al. 19897, Koribalski et al.
1993). The kinematics of this outflow has been studied in the optical, e.g., by Forbes et
al. (1992) and Phillips (1993), who found outflow velocities on the order of 500 km/s. The
soft X-ray emission, detected by ROSAT), suggests the presence of diffuse hot ionized gas in
its disk, associated with supernova activity in the star forming (SF) regions in the central
1 kpc (Dahlem et al. 1990, 1994).

VLA radio data by Saikia et al. (1990) revealed the existence of a compact core and ring
of SF regions encompassing the core. There are several optical blobs associated with HII
regions (Sérsic & Pastoriza 1965). The luminous and compact knots detected in radio and
infra-red (IR) images (Saikia et al. 1990, Kotilainen et al. 1996) that do not coincide with
the optical hot spots are probably supernova remnants (SNRs). Dust filaments were found
perpendicular to the central disk plane (see Fig.1.13); this can be explained as outflowing
material driven by supernovae (Heckmanet al. 1990). A recent interaction of NGC1808
with its companion NGC1792 could explain both the intense star formation activity and its
peculiar morphology (Dahlem et al. 1990, Koribalski et al. 1993). Near-infrared integral-
field spectroscopy with SINFONI by Busch et al. (2017) showed a large gas reservoir and a
disturbed gas velocity field that indicates signs of inflowing streaming motion in the central
~100 pc. Jiménez-Bailon et al. (2005) proved the co-existence of thermal diffuse plasma
and non-nuclear unresolved point-like sources associated with the starburst activity. ALMA
observations by Salak et al. (2017) and Combes et al. (2019) have shown the nuclear ring
and two spiral arms.

Figure 1.13: WFPC2 HST image of nuclear starburst galaxy NGC1808 (from Flood &
Mutchler 1997).
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Therefore, multiwavelength analysis has shown that the galaxies NGC613 and NGC1808
have rich nuclear regions, making this environment interesting to be studied and challenging

to be understood.
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Chapter 2

X-rays satellites and data reduction

In this chapter we will present the main characteristics of X-ray telescopes. We will then
discuss about the two X-rays telescopes, Chandra and XMM-Newton, used in this Thesis
for observations of the sources studied.

In the second part of the chapter, we will describe the process of data reduction.

2.1 X-ray telescopes

Because of absorption by Earth’s atmosphere, which is opaque to X-rays and ~v-rays, high-
energy observations of celestial sources must be made from satellites placed outside the
atmosphere. The basic principle of X-rays detection is the grazing incidence (e.g., Eisen-
berger et al. 1981): if the angle between the incoming photons and the reflecting layer is
"small enough" even high-energy photons may be reflected (see Fig. 2.1).

ec‘§

Figure 2.1: Total reflection at an angle lower than 6., the critical angle, which depends
mainly on the density of the material used for the coating of the optics and on the energy
of the incoming photon.

By Snell’s law it is possible to define a critical angle 6. such that this phenomenon occurs:

28 [pZ

~ 2.1
bom 2\ (2.1)

where p is the density of the material used for optics coating, (Z/A) is the ratio between
the atomic number and the atomic weight of the coating material and FE is the energy of
the incoming photon. In order to be detected, photons must have an incidence angle less
than the critical angle. Therefore, in order to have the largest critical angle as possible, the
mirrors are coated with a high density material.

X-ray telescopes are essentially described by their:

35
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o cffective area,
e angular resolution,
e spectral resolution,

e sensitivity.

Effective area

The effective area quantifies the capability of an instrument to collect photons; it is defined
as

AEff(E797$vy) - Ageometric X R(E) X V(Ea0> X QE(nyay) ) [Aeff] = [sz] ’ (2-2)

where Agcometric is the cross section of the telescope or, analogously, the transverse section
at the point of intersection of the optics, R(E) is the reflectivity, i.e., the fraction of photons
reflected by the mirrors, V(FE, ) is the vignetting, i.e., the fraction of effective area loss due
to the off-axis angle and QFE(F, x,y) is the quantum efficiency, i.e., the fraction of incident
photons registered by detectors. E is the incoming photon energy, (x,y) represents the
position on the detector and 6 is the off-axis angle.

It is worth noting here that all the quantities in equation (2.2) are energy-dependent. Es-
sentially all the X-ray telescopes are intrinsically spectrometers as well, even if with poor
energy resolution. This is because these facilities are always able to register, for each single
incoming photon, its position, arrival time and energy.

Angular resolution

The angular resolution is the capability of the detector to distinguish between objects sepa-
rated by small angular distances: the highest the angular resolution, the finest the distinction
of details. It is usually reported as Point Spread Function (PSF), which describes how the
light of a point-like object is distributed on the detector. The PSF is a function of the energy
and off-axis angle of the incoming photons: if the off-axis angle and the energy increase,
the shape of the PSF becomes wider, hence worsening the angular resolution. The highest
image quality is obtained in an area close to the optical axis of the telescope (the so-called
aimpoint). Furthermore, the PSF is sharper at low energies. The PSF is usually described
by one of the following two parameters, the FWHM or the Half Energy Width (HEW). The
FWHM is the width of the PSF at half of its highest value, the HEW is the amplitude which
contains half of incident photons.

Another parameter related to the PSF and widely used by X-ray astronomers is the Encir-
cled Energy Fraction (EEF), i.e., the fraction of photons collected within a given extraction
radius.

Spectral resolution

The spectral (energy) resolution, or resolving power, is the capability of a detector of discrim-
inating photons at different energies, i.e., to distinguish spectral features at close energies.
In the ideal case, the detected pulse is a Dirac delta distribution, in the real case it is a
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Gaussian distribution. The energy resolution is defined by (we assume a Poisson distribution
for the photons’ statistics)

. _ FWHM _ 2350 235KVN 235
Poisson — HO ~ KN - KN - \/N )

(2.3)

where Hy = KN is the incident photon energy peak, K is a normalization constant, N is the
number of recorded photons and o is the standard deviation of the Gaussian distribution.
The event distribution cannot be considered as purely Poissonian, since the events cannot
be considered really independent. We then introduce in equation (2.3) a corrective term,

the Fano Factor (F):
F
Rp =235/ 5 - (2.4)

where F' is linked to the ratio between the measured and expected Poisson variance. A
typical average value of F' for CCD’s is ~ 0.13 (e.g., Kotov et al. 2018).

Sensitivity

Sensitivity is the minimum detectable flux, i.e., the faintest source that we can detect in a
field. It is related to the signal-to-noise ratio

Cs
vCs+ Cp ’

where Cyg is the source count and Cp is the background count. They can be expressed as

SNR =n, = (2.5)

CS = EAeffAEFSTC y (26)
OB = AeffAEFbkg ,
where € is the efficiency in source counts detection, A.ss is the effective area, T' is the

exposure time, AE is the observing energy range, F,. and Fy, are source and background
fluxes (photons/cm?s keV'), respectively. Therefore, equation (2.5) becomes

. OS . € Aeff T AFE FSTC
VCs+Cp  \/Aus; T AE (Fypg + Fare)

(2.7)

Ng

The minimum detectable flux is obtained from equation (2.7) when the source flux is negli-
gible with respect to the background flux:

Neg Fbkg

Fmin = Al TA A
€ AeffTAE

(2.8)

2.1.1 Chandra telescope

Chandra X-ray Observatory (Weisskopf et al. 1999), which inherits its name by the Nobel
laureate Subrahmanyan Chandrasekhar, is a NASA telescope developed for high energy
observations in the X-ray spectrum. It was launched in orbit in July, 1999 and despite its
mission was supposed to finish observing in 2004, the telescope is still operating nowadays.
In Table 2.1 we collect the main characteristics of Chandra.
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Optics Wolter Type-1

Mirror coating [ridium
Mirror maximum diameter 1.23 m
Mirror lengths 84 cm

Focal length (10.070 £ 0.003) m
PSF FWHM < 0.5

Effective Area 800 cm? (0.25 keV)

400 cm? (5.0 keV)

100 cm? (8.0 keV)

Table 2.1: Chandra main characteristics. From Chandra proposers’ observatory guide.

Currently, it is the best X-ray telescope in terms of high-resolution imaging and spectroscopy
in the band 0.1 — 10 keV and in terms of angular resolution (see Table 2.1).

The telescope is made by four pair of parabolic and hyperbolic nested mirrors assembled
into a support structure called High Resolution Mirror Assembly (HRMA)!, shown in Fig.
2.2. Mirrors, coated with iridium, focus the incoming X-rays and convey it on the focal
plane.

[ Mirrer
nner Zerodur support
support 1 Flexures
- mirrors
aylinger
Forward S N Cantor
aperture l retro— . aperture plate
plate reflector Aft aperture
] ‘ eallimatar plate
Thermal Outer Thermal
pre- cylinders HRMA post—
collimator mount eollimator

Figure 2.2: The four nested HRMA mirror pairs and associated structures. From Chandra
proposers’ observatory quide.

In Fig. 2.3 we show the encircled energy fraction at different energy levels as a function
of the extraction radius for an on-axis point-like source, as reported in Sections 3.1—3.2.
Considering that the EEF depends on photons energies and positions on the detector, it
will be taken into consideration in choosing the size of the extraction regions of the source.
The EEF is used as a representative of the PSF, which is used to determine the size and
shape of the target. Approximately 90% of the encircled energy lies within 2” at 1.5 keV
and within 2.5” at 6.4 keV .

Yhttps : //cxe.harvard.edu/proposer /| POG /html/chap4.html
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Figure 2.3: The EEF of Chandra HRMA as a function of angular radius, calculated for
an on-axis source, at selected X-ray energies. The EEF is different at different energies,
in particular, given a certain radius, the EEF is higher at low energies. From Chandra
proposers’ observatory guide.

The Chandra focal-plane detectors are combined to capture the images formed by the mir-
rors and to give information about the incoming X-rays: their number, position, energy and
time of arrival. Onboard Chandra there are four different science instruments?:

e High Resolution Camera (HRC)(Weisskopf et al. 1999). HRC has two micro-channel

plates in different configurations: the HRC-I configuration is used for imaging, the
HRC-S configuration for spectroscopy, with field-of-view’s of ~ 30 x 30 arecmin?® and
~ 6 x 90 arcmin?, respectively. Its temporal resolution is about 16 ms and spatial
resolution is lower than 0.5".

High and Low Energy Transmission Gratings (HETG and LETG) (Weisskopf et al.
1999). HETG and LETG are two sliding gratings inserted behind the exit aperture of
the HRMA. They are dedicated to high resolution spectroscopy at ranges 0.4 — 10 keV’
and 0.07 — 0.2 keV, respectively.

Advanced CCD Imaging Spectrometer (ACIS) (Weisskopf et al. 1999). ACIS, in Fig.
2.5, is an X-ray imager made of a set of CCDs divided in two different arrays: ACIS-
I and ACIS-S. ACIS offers the capability to simultaneously acquire high-resolution
images, moderate resolution spectra and moderate time resolution. When it is used
with HETG or LETG it obtains higher resolution spectra. The effective area of the
imaging instruments are shown in Fig. 2.4.

2https : //chandra.harvard.edu/about/science _instruments.html
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Figure 2.4: Chandra effective area as a function of energy for ACIS and HRC (logarithmic
scale). From Chandra proposers’ observatory guide.

ACIS-I is composed by four square front illuminated CCDs (10 — I3) and is used for
large fields (16 x 16 arcmin?); ACIS-S is composed by a string of six front and back
illuminated CCDs (S0 — S5) and it is used also with the HETG (and less commonly
with the LETG) for high resolution spectroscopy.

ACIS operates in the energy range 0.2 —10 kel and when the photons hit the camera,
they are detected individually and their position, energy and arrival time are recorded.
NGC613 and NGC1808 were observed using the ACIS-T and ACIS-S imagers, respec-

tively.
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Figure 2.5: Scheme of ACIS-I (top) and ACIS-S (bottom).
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2.1.2 XMM-Newton telescope

X-ray Multi Mirrors-Newton, which inherits its name by physicist and astronomer Sir Isaac
Newton, is a ESA spatial telescope for X-rays detection (Aschenbach et al. 2000). It was
launched in orbit in December, 1999 and despite initially funded for two years, the telescope
remains in good health and has received repeated mission extensions. In Fig. 2.6, we show
the XMM- Newton spacecraft?.

Focal Plane Piatform

Aperture
Stops.

Mirror Suppert Platform

X-Ray Mirror Assemblies Figura 3

Figure 2.6: The different components of the XMM-Newton spacecraft. From XMM-Newton
technical details.

The collecting area of XMM-Newton* is shown in Fig. 2.7. Currently, XMM-Newton is the
best X-ray telescope in terms of effective area and, with a length of 10 m, spacecraft is the
largest scientific satellite ever launched by the ESA. It comprises three telescopes and its
main characteristic are collected in Table 2.2. It covers the energy range 0.1 — 12 keV .

Optics Wolter Type-I

Mirror coating Gold
Mirror maximum diameter 70m
Mirror lengths 60 cm
Focal length 7.5 m
PSF FWHM < 6"

Effective Area 1400 cm? (2 keV)

900 cm? (6.0 keV)

Table 2.2: XMM-Newton main characteristics. From XMM-Newton users handbook.

Thanks to its large effective area, the main strength of XMM-Newton is its capability to
detect and collect a large number of photons.

3https : | /www.cosmos.esa.int/web/zmm — newton/technical — details — spacecraft

Ahttps : | /xmm—tools.cosmos.esa.int /external Jtmm_user _support/documentation/uhb/ef fareaonaxis.html
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Figure 2.7: The effective area of all XMM-Newton X-ray telescopes, EPIC and RGS (loga-
rithmic scale). From XMM-Newton users handbook.

The instruments on XMM-Newton observatory are’:

o Furopean Photon Imaging Cameras (EPIC) (e.g., Ferrando et al. 2002). EPIC are
the main camera aboard XMM-Newton for X-ray imaging. The system, in Fig. 2.8,
consists of two MOS-CCD cameras (MOS1 and M0OS2) and a single pn-CCD camera.
The XMM-Newton EPIC cameras offer the possibility to perform extremely sensitive
imaging observations over a field of view of 30 arcmin and the energy range 0.2 —
12 keV, with moderate spectral (E/AE ~ 20 — 50) and angular resolution (~ 6"
FWHM; ~ 15" HEW).

30 are min

EPIC MOS EPICpn

Figure 2.8: Scheme of XMM-Newton EPIC cameras: MOS (left) and pn (right). The shaded
circle represents a 30 arcmin diameter area. From XMM-Newton users handbook.

Shttps : / /www.cosmos.esa.int/web/xmm — newton/technical — details
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Each EPIC MOS camera is composed by seven individual identical silicon front-
illuminated CCDs. The cameras receive typically ~ 44% of the incoming radiation,
because the light is divided into two directions, MOS cameras and the RGS, so the
effective areas of the two MOS cameras are lower than that of the pn. MOS1 HEW
is 13.6” at 1.5 keV and 12.5” at 8 keV; MOS2 HEW varies in the range 12.8" — 12.2”
in the energy range 1.5 — 8 keV/ .

EPIC pn camera is realized by the monolithic fabrication of twelve pn-CCDs on a
single wafer. The pn HEW varies from 15.1” — 14.8” in the energy range 1.5 — 8 keV'.
All instruments work together simultaneously.

Similarly to Chandra ACIS cameras, EPIC cameras allow to develop imaging, light
curve analysis and moderate-resolution X-ray spectral analysis.

The XMM-Newton EPIC cameras have been designed to minimize the variation of
the PSF, hence the encircled energy fraction (EEF), across the field of view and the
range of observed photon energies. MOS and pn cameras have different EEF.

In Fig. 2.9 and in Fig. 2.10 we show the EEF for XMM-Newton MOS and pn cameras®
as a function of the radius for an on-axis point-like source for different energies.

Fractional encircled energy

=
o
T

o
~J

=
>

o
in

e
.

EMOS1 encircled energy fracticn
T T T T T

EMOS2 encircled energy fraction
T T T T T

08E

Fractional encircled energy

=}
o
T

o
~

=
[<;]

o
in

=
.
T

0.9E

o Il
100 120 140 Q 20 40 =] a0 100 120 140

Radius (arcsecs)

L
ol 20 40 &0 a0
Raodius (aresscs)

Figure 2.9: The EEF for the XMM-Newton MOS cameras as a function of angular radius
(on-axis) at different energies. Curves corresponding to the three different energies are
plotted with different curves: 1.5 keV, 5.0 keV and 9.0 keV are represented by a solid,
dashed and dotted line, respectively. In order to have ~ 90% of the photons, a circular
region with radius of ~ 40” must be selected. From XMM-Newton users handbook.

The MOS and pn cameras were used to observe the sources analyzed in this Thesis.

e Reflection Grating Spectrometers (RGS). Each RGS consists of an array of reflection
gratings which diffract the X-rays to an array of dedicated CCD detectors and only
two of the three telescopes are equipped with these RGSs. Each unit is composed
by the Reflection Gratings Assemblies (RGAs) and the RGS Focal Cameras (RFCs).
RGSs, associated with EPIC MOS cameras, contain 182 identical diffraction gratings
and are used to diffract light. RFCs consist of nine MOS-CCD devices mounted in a
row and are used for the detection of diffracted X-rays. The RGS system operates in
the 0.35 — 2.5 keV range.

Shttps : | /wmm—tools.cosmos.esa.int /external /Jtmm_user _support/documentation/uhb/onaxisxraypsf.html
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Figure 2.10: The EEF for the XMM-Newton pn camera as a function of angular radius (on-
axis) at different energies. Curves corresponding to the three different energies are plotted
with different curves: 1.5 keV', 5.0 keV and 9.0 keV are represented by a solid, dashed and
dotted line, respectively. The EEF is different at different energies, in particular, given a
certain radius, the EEF is higher at low energies. From XMM-Newton users handbook.

e Optical Monitor (OM) (Mason et al. 2000). OM is a 30 c¢m optical/ultraviolet tele-
scope designed to provide simultaneous observations alongside the spacecraft’s X-
ray instruments. Its spectral working range is 170 — 650 nm and it permits multi-
wavelength observations of X-ray, ultraviolet and optical bands.

2.2 X-ray data reduction

In order to have the best possible control of the data acquired during a scientific pointing, it
is necessary to select only that integration periods for which the operation of the instrument
was "nominal", i.e., performed within all the expected range of functioning. The individua-
tion of such periods is usually called data reduction and is fairly standard. In the following
paragraphs we will introduce the datasets used for this Thesis and the basic procedures for
the data cleaning.

2.2.1 The data

We searched in the Chandra archive” and XMM-Newton archive® for observations of NGC613
and NGC1808. We found two observations per source (see Table 2.3) available for our pur-
poses. For NGC613, the observations were taken ~ 4 years apart and had similar duration,
~ 40 ks for XMM-Newton and =~ 50 ks for Chandra. Chandra data were acquired on the
ACIS-I with a standard read-out mode. XMM-Newton EPIC data were acquired in FULL-
FRAME mode with the Medium filter applied. The observations of NGC1808 were taken
in the same year and lasted ~ 43 ks for Chandra and =~ 4 ks for XMM-Newton. Chandra
data were acquired using the ACIS-S imager, and XMM-Newton EPIC data were acquired
in FULL-FRAME mode with the Thinl filter applied.

Thttps : / /cda.harvard.edu/chaser/
8http : //nxsa.esac.esa.int/nwsa — web/#search
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Source Telescope Obs.ID Start Date | Duration (ks) | PI name
NGC613 Chandra 16351 2014-08-21 48.85 Garmire

XMM-Newton | 0654800501 | 2010-12-30 41.81 Castangia

NGC1808 Chandra 3012 2002-12-19 42.88 Maloney
XMM-Newton | 0110980801 | 2002-04-06 4.36 Jansen

Table 2.3: Obs.ID, start date and nominal duration of the observations for the Chandra and
XMM-Newton telescopes.

Chandra and XMM-Newton measurements are associated by their own software and tools
to make data reduction and analysis, Chandra Interactive Analysis of Observations (CIAO)
and Science Analysis System (SAS), respectively.

2.2.2 Chandra data reduction

Data reduction consists in cleaning the raw data. The Chandra archives have reprocess
data, but in order to have the best possible control of the data under examination and
apply the latest calibrations, we re-applied the calibration files using CIAO tools. All steps
for data reprocessing are made using the script chandra_repro? which acquires event files
and information about parameters of the downloaded data and creates:

e a new bad pixel file, i.e., a list of pixels identified as "bad" which are excluded from
the analysis;

e a new event file (evt2.fits) containing all the events, filtered and corrected, recorded
during the observation;

e anew Pulse Height Amplitude (PHA) file, to encode the properties of incident photons
such as energy, position and time of arrival.

NGC613 was observed with the ACIS-I detector and in wery faint mode', i.e., for each
detected event are provided position, time, total pulse height and pixel values in a 5 x 5
region surrounding the event, then we used check_vf_pha=yes. NGC1808 was observed
with the ACIS-S imager and in faint mode instead, i.e., for each detected event the same
quantities provided to the very faint mode are given, but in a 3 x 3 region surrounding the
event. We then used check_vf_pha=no.

From this point on, data reduction is performed in the same way for both sources. The data
were then filtered to remove the possible background flares: these components change very
slowly in time and therefore can be statistically recognized and, consequently, removed. For

Onttp : //cxe.harvard.edu/ciao/ahelp/chandra_repro.html
Dhttp : //cxc.cfa.harvard.edu/proposer /threads/acis _notes
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this purpose the data have been filtered in order to take in exam only photons at energies
0.3 —7.0 keV.

In order to remove hot and bad pixels, we applied the Good Time Intervals (GTI) at the
new event file. The GTI contain all the information of the time intervals in which the events,
detected during observation, are deemed acceptable.

Using the task dmcopy, we created an image of the source with a selected energy range; in
particular, we divided the energy band into three ranges: 0.3 — 2.0 keV’, 2.0 — 7.0 keV and
0.3 — 7.0 keV. These energy selections were made in order to maximize the contribution of
the diffuse component (0.3 — 2.0 keV band), that of the nuclear component (2.0 — 7.0 kel
band) and in order to have the total emission contribution of the galaxy (0.3 — 7.0 keV
band): see Section 3.1 for the extraction regions.

Once the final file of calibrated and filtered events was obtained, we proceeded with the
selection of the galaxy regions to study the spectrum.

2.2.3 XMM-Newton data reduction

XMM-Newton data reduction produces images, light curves and spectral data from Obser-
vation Data File (ODF). Since the properties of the XMM-Newton telescopes are known to
slowly vary, it is necessary to best calibrate the analyzed observation using the files related
to the epoch during which it was obtained. Therefore, in order to process the ODF dataset,
SAS must identify the Current Calibration Files (CCF): this operation is known as the
generation of the Calibration Index File (CIF) and is performed by the cifbuild task. The
output of previous task is the ccf.cif file and it is a FITS file which can be examined with
any FITS viewer, as for example the fv from HEASOFT. It contains references to all CCF
files which are required by own ODF set.

Subsequently, we created the event calibrated file for MOS and pn cameras, using the tasks
emproc and epproc; it is then possible remove bad pixels, cosmic rays and out-of-field
events.

At this is point, we created and visualized the light curve of the entire field of view for both
sources. In particular, we extracted the light curve in the energy range of 10 — 12 keV in
order to check for background flares: XMM-Newton orbit can intercept and interact with
Earth’s magnetosphere soft protons clouds, which increase the level of background.
Therefore, with the task tabgtigen we selected a threshold for the count rate in order to
remove the intervals of the observation affected by the previous significant noise. This is
one of the methods to remove flared regions. The standard threshold value for MOS is
0.35 (cts/s), while that for pn is 0.4 (cts/s). In our case, these values are unsatisfactory and
we chose different threshold values for both sources: 0.12 (cts/s) for the MOS cameras for
both NGC613 and NGC1808 and 0.36 (cts/s) for NGC613 and 0.30 (cts/s) for NGC1808 for
the pn camera. In Fig. 2.11-Fig. 2.13 we show the light curves of NGC613 and NGC1808,
where the flares have been highlighted in a red rectangle; in Fig. 2.12-Fig. 2.14 we show
the light curves resulting from the flare removal.
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Figure 2.11: Light curves of NGC613 for MOS1 (a), MOS2 (b) and pn (c) cameras before
cleaning the data to remove flaring-background periods. The flares are highlighted in red
rectangles. In all three light curves we noticed an increase in the count rate at about half
of the integration time. Light curves have been extracted with a time binning of 1000 s.
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Figure 2.12: Light curves of NGC613 for MOS1 (a), MOS2 (b) and pn (c) cameras after
removing the period with the flare. Light curves have been extracted with a time binning
of 1000 s.
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Figure 2.13: Light curves of NGC1808 for MOS1 (a), MOS2 (b) and pn (c) cameras before
cleaning the data to remove flaring-background periods. The flares are highlighted in red
rectangles. In all three light curves we noticed an increase in the count rate at about half
of the integration time. Light curves have been extracted with a time binning of 1000 s.
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Figure 2.14: Light curves of NGC1808 for MOS1 (a), MOS2 (b) and pn (c) cameras after
removing the period with the flare. Light curves have been extracted with a time binning

of 1000 s.
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In Table 2.4 we report the exposure time and counts before and after data cleaning for both
sources.

Before After
Exposure Time (ks) | Exposure Time (ks)
MOS1 40.96 35.55
NGC613 | MOS2 41.00 32.47
pn 35.00 24.07
MOS1 36.45 38.34
NGC1808 | MOS2 39.63 38.73
pn 31.85 30.44

Table 2.4: Exposure time before and after cleaning for NGC613 and NGC1808.

Then, we generated a new cleaned event file for both sources which contains the events
below the selected threshold only and, in analogy to Chandra data reduction, we divided the
cleaned event file into three energies ranges: 0.3—2.0 keV, 2.0—10.0 keV and 0.3—10.0 keV .
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Chapter 3

X-ray data analysis

3.1 Chandra data analysis

For each source, the event file which was created from data reduction (see Section 2.2.2), is
visualized with the ds9 viewer which was used to select the regions of interest. In particular,
we defined nuclear, source and background regions for both sources. The size of nuclear and
source regions must be chosen by taking into account the instrument PSF and, in particular,
the associated EEF (see Section 2.1). The background region must be selected excluding
other sources and in the same chip of the source.

Throughout this Thesis distances and luminosity have been computed assuming a ACDM
cosmology: Hy =70 km/sMpc, Q2 = 0.27, and Q, = 0.73.

NGC613

In order to investigate the individual components within the galaxy (e.g., nucleus and host
galaxy emission), we chose various regions (see Fig. 3.1).

Thanks to Chandra high resolution and sensitivity, from Fig. 3.1 it is possible to distinguish
the nuclear component from the diffuse one of the galaxy. We defined a region with a radius
of 2” (the blue circle in Fig. 3.1(b)) to focus on the nuclear component, a region with a
radius of 6.5” (cyan circle in Fig. 3.1(b)) to study the diffuse and nuclear components and
an annular region with R,,;,, = 2” and R,,.,, = 6.5” to study the diffuse component only
(green annulus in Fig. 3.1(c)). Finally, considering the elongation of the source, we chose
an elliptical extraction region in order to maximize the signal-to-noise ratio. The elliptical
region has as major semiaxis a = 7.4”, a minor semiaxis b = 5.9” and an inclination angle of
0 = 31° (magenta ellipse in Fig. 3.1(b)). For the background region we chose an extraction
radius of 20” close to NGC613 and avoided any contamination from other sources (yellow
circle in Fig. 3.1(a)). 1”7 corresponds to ~ 83 pc, when evaluated at the redshift of the
source (z ~ 0.0049).

As anticipated in Section 2.2.2, we divided the energy band into three ranges: 0.3—2.0 keV/,
2.0 — 7.0 keV and 0.3 — 7.0 keV. In the soft band (0.3 — 2.0 keV'), we have the maximum
contribution of the diffuse component, since the nuclear emission is absorbed. In the hard
band (2.0 — 7.0 keV'), we have the dominant contribution of the nuclear component and
in the full band (0.3 — 7.0 keV'), we have the total emission contribution of the galaxy. In
Table 3.1 we show the counts for each energy band for the different extraction regions.

51
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Background region

0.5 14 33 7.0 14.5 29.3 58.8 118.3 236.1

05 14 33 7.0 14.5 293 58.8 1183 236.1

Annular circular region
Elliptical annular region

05 14 33 7.0 14.5 293 58.8 1183 236.1

Figure 3.1: The choice of different extraction regions for the NGC613 Chandra observation
at energy of 0.3 — 7.0 keV. In (a) we show the background region in yellow; in (b) we show
the nuclear region (r = 2”) in blue, the circular source region (r = 6.5”) in cyan and the
elliptical source region (a = 7.4” and b = 5.9”) in magenta. These regions were selected
in order to investigate the nuclear and the total emission, respectively. In (c¢) we show the
annular region in green and the elliptical annular region in white. These two regions were
selected in order to study the diffuse emission of the source.
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Energy range Extraction radius counts

(keV) (") (cts)

0.3 — 2.0 2 338 £ 18

6.5 982 4+ 31

2-17 2 878 £ 30

6.5 999 + 32

0.3—-7.0 2 1216 4+ 35

6.5 1981 4+ 44

2<R<65 762 £ 28

a=74,b=59 1993 £ 45

min = bmin = 2, Qmaz = 7.4, bpar = 5.9 | 775 £ 28

Table 3.1: NGC613 background-subtracted counts in the selected extraction regions, in each
energy range considered.

From the previous regions we extracted and visualized the background-subtracted light
curves. They show how the flux of the source varies during the observation.

The light curves are fitted with constant models to check the variability of NGC613. In Fig.
3.2 we show the light curves of NGC613 for the nuclear region in three energy ranges. In
Fig. 3.3 we show in (a),(b),(c) the light curves for the circular source region in the three
energy ranges and in (d) for the elliptical source region in the full energy band. In Fig.
3.4 we show in (a) the light curves for annular regions and in (b) for the elliptical annular
region in the energy range 0.3 — 7.0 keV .

By observing the light curves, we deduced that the variability is mainly influenced by the
nuclear part of the source. Indeed, it drastically decreases if we exclude the nucleus by
using annular regions, for which there is not variability at all. Light curves corresponding
to the soft part of the spectrum 0.3 — 2.0 keV' do not show variability (~ 0.30); therefore,
the observed variability in the energy range of 0.3 — 7.0 keV is mainly governed by that of
the nuclear component. AGN exhibit rapid, high-amplitude stochastic flux variations across
the entire electromagnetic spectrum on time-scales ranging from hours to years (e.g., Smith
1996, Kasliwal et al. 2016). Hence, variability is a typical feature of AGN. In Table 3.2, we
report the statistical significance of variability for the previously selected light curves.
Finally, with the task specextract we extracted the source and background spectra, and
produced the response matrices, i.e., the Redistribution Matriz File (RMF) and the Auziliary
Response File (ARF). The RMF associates to each instrument channel the energy of the
detected photons, while the ARF is related to the effective area (described in Section 2.1).
Using this task we also grouped 25 counts for each bin of the spectrum, in order to have
enough counts in each bin to be in the Gaussian regime, hence to apply the y2-statistics.
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Figure 3.2: Light curves for the nuclear region (extraction radius of 2”) in the different
energy ranges considered. Light curves have been extracted with a time binning of 3000 s.

Table 3.2: Variability and its statistical significance for the selected regions in each energy
range considered for NGC613.

Region Energy range (keV) | dof™ co®@ x> (1—-QW)
Nuclear 0.3 —2.0 15 6.5 x 1073 | 11.1 | 25.10% ~ 0.3¢
2-7 15 1.69 x 1072 | 36.9 | 99.88% ~ 3.00
0.3 —7.0 15 2.38 x 1072 | 29.4 | 98.57% ~ 2.40
Source 0.3 — 2.0 15 1.93 x 1072 | 6.3 | 25.40% ~ 0.3¢
+ 2-7 15 1.94 x 1072 | 38.1 | 99.92% ~ 3.50
Nuclear 0.3 — 7.0 15 | 3.94x 1072 | 21.8 | 88.63% ~ 1.50
0.3 —7.0 15 3.95 x 1072 | 23.1 | 91.70% ~ 1.7¢
Annular region 0.3 —-7.0 15 1.52x 1072 | 7.6 | 6.22% ~ 0.00
15 1.54 %1072 | 7.0 | 4.30% ~ 0.00

(1) Number of degrees of freedom, i.e., the number of data-points minus the number of
free parameters.

(2) Fitting constant, i.e., the value of the average count rate.

(3) Chance probability, i.e., the probability that the source is variable. Our acceptance
threshold of variability of 99.9%.
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Figure 3.3: Light curves for the source region (extraction radius of 6.5”) in the three energy
band (a), (b), (c) and for the elliptical region (extraction major semiaxis a = 7.4” and minor
semiaxis b = 5.9”) (d) in the full energy range. Light curves have been extracted with a
time binning of 3000 s.
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Figure 3.4: Light curves for the annular region (2” < R < 6.5”) (a) and elliptical annular
region (amin = bmin = 2", Gmax = 74", bpae = 5.9”) (b) in the full energy range. Light
curves have been extracted with a time binning of 3000 s.
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NGC1808

The Chandra image clearly show that the X-ray emission of central regions NGC1808 is
most probably a mixture of diffuse and blob-like structures (see Fig. 3.5).

Figure 3.5: Zoom of the NGC1808 central 300 x 100 arcsec? in the energy range of 0.3—7.0
keV.

In order to study both the nuclear properties and the total emission, we have selected various
regions to perform the spectral analysis. In particular, we chose the background region (the
yellow circle in Fig. 3.6(a)) with a radius of 40”, the source nuclear region (the blue circle in
Fig. 3.6(b)) with a radius of 1.5” and the source region (the magenta ellipse in Fig. 3.6(a)).
In order to maximize the signal-to-noise ratio, the source region representative of the galaxy
has been chosen elliptical with a major semiaxis a = 15”, a minor semiaxis b = 7.5” and an
inclination angle of # = 45. 1” corresponds to ~ 45 pc, when evaluated at the redshift of
the source (z ~ 0.0033).

Unlike NGC613, the nuclear region is selected with an extraction radius of 1.5”. It should
be noted that, even in the hard band, there are various emission blobs, most likely due to X-
ray binaries, typical of starburst sources such as NGC1808 (e.g., Forbes et al. 1992, Collison
et al. 1994, Jiménez Bailon et al. 2005, Bush et al. 2017, Salak et al. 2018). Therefore,
we decided to select the brightest hard X-ray source as the core of the galaxy, taking into
account also the position of the continuum emission peak obtained from the ALMA map at
345 GHz. For this source we have chosen a smaller radius with respect to the one of NGC613
in order to obtain the contribution of nuclear emissions only, limiting the contribution of the
non-nuclear blobs previously described. We analyzed NGC1808 Chandra data in the full
0.3 —7.0 keV energy band. We also divided it in two ranges: 0.3 — 2.0 keV (the soft band),
in which the emission of diffuse component is expected to be dominant, and 2 — 7 keV (the
hard band), in which the nuclear component, if any, is expected to be dominant. Table 3.3
shows the counts for each energy band for the different extraction regions.

In order to study the variability of NGC1808, we extracted the light curves from the pre-
viously discussed regions and tested its behaviour against a constant rate. Figures 3.7 and
3.8 show the light curves of NGC1808 for the nuclear source region and the elliptical source
region in three energy ranges, respectively.

From the study of light curves, we observed that NGC1808 does not show a statistically
significant variability. Furthermore, the hard band shows a variability with a maximum of
2.00 confidence level for the nuclear region, which governs the observed variability in the
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Figure 3.6: The choice of different extraction regions for the NGC1808 Chandra observation
at energy of 0.3 — 7.0 keV'. In (a) we show the background region (r = 40”) in yellow; in
(b) we show the source nuclear region (r = 1.5”) in blue and the elliptical source region
(a = 15" and b = 7.5”) in magenta. These regions were selected in order to investigate the
nuclear and the total emission, respectively.

Energy range | Extraction radius counts

(keV) (") (cts)
0.3 —2.0 1.5 887 £ 30
a=15,b="75 | 5899 £ 77
2—-7 1.5 219+ 15
a=15,b="75 | 1343 £ 37
0.3 —-7.0 1.5 1106 £ 33
a=15,b="75 | 7242 +£85

Table 3.3: NGC1808 background-subtracted counts in the selected extraction regions, in

each energy range considered.
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Figure 3.7: Light curves for the nuclear region (extraction radius of 1.5”) in the different
energy ranges considered. Light curves have been extracted with a time binning of 3000 s.
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Figure 3.8: Light curves for the source region (extraction major semiaxis a = 15" and
minor semiaxis b = 7.5”) in the different energy ranges considered. Light curves have been
extracted with a time binning of 3000 s.
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energy range of 0.3 — 7.0 keV/.
In Table 3.4, we report the statistical significance of variability for the previously selected
light curves.

Table 3.4: Variability and its statistical significance for the selected regions in each energy
range considered for NGC1808.

Region | Energy range (keV) | dof™ co® x> (1-QW)
Nuclear 0.3 — 2.0 15 1.91 x 1072 | 20.8 | 89.42% ~ 1.60
2 -7 15 4.50 x 1073 | 19.9 | 86.77% ~ 1.50
0.3 —7.0 15 4.45 x 1072 | 30.3 | 99.32% ~ 2.7¢0
Source 0.3 —2.0 15 0.13 20.3 | 87.85% =~ 1.50
+ 2-—-7 15 2.99 x 1072 | 24.6 | 96.13% ~ 2.00
Nuclear 0.3—-70 15 0.16 26.7 | 97.90% ~ 2.30

(1) Number of degrees of freedom, i.e., the number of data-points minus the number of
free parameters.

(2) Fitting constant, i.e., the value of the average count rate.

(3) Chance probability, i.e., the probability that the source is variable. Our acceptance
threshold of variability of 99.9%.

Finally, we extracted the source and background spectra, produced the response matrices
(RMF and ARF) and, in order to apply the x2-statistics, we grouped the photons in order
to have at least 25 counts in each bin of the spectrum.
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3.2 XMM-Newton data analysis

For each source, we visualized the cleaned event file (see Section 2.2.3) with the ds9 viewer;
as we carried out for Chandra, we used ds9 to select the regions of interest. In particular, we
defined source and background regions. Despite the FWHM of XMM-Newton is higher than
that of Chandra (see, e.g., Tables 2.1 and 2.2), in Fig. 3.9-3.13 it is possible to distinguish
both the nuclear emission and the diffuse one. The latter can be visualized on much larger
scales with respect to Chandra, thanks to the possibility of XMM-Newton to collect a large
number of photons (see Fig. 2.7).

NGC613

The radius of the source region was chosen by taking into account the PSF, and the associ-
ated EEF; we decided to use an aperture which contains 90% of the total energy at 5.0 keV:
37.6" in the case of MOSI1, 38.4” for MOS2 and 31.4” in the pn case. The background region
was selected with the same criteria described above. We proceeded separately for the three
cameras; in Fig. 3.9 we show the previously described regions.

Background region -

Source region

0.016 0.047 0.11 0.24 0.48 0.99 2 a 8 0.012 0.036 0.083 0.18 0.37 0.75 15 3 6

Source region

O |

Background. region

Figure 3.9: Extraction regions for NGC613 XMM-Newton observation in the energy range
0.3 — 10 keV. The circular source region is shown in cyan and the background region in
yellow for MOS1 (a), MOS2 (b) and PN (c) cameras. The sizes of the extraction regions
are reported in the text.
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In Table 3.5 we report the counts for NGC613 the source extraction regions.

Energy range | Camera Region Extraction radius | counts
(keV) (") (cts)
0.3 —2.0 MOS1 Source 37.6 1779 £ 42

Background 70.0 55+ 7
MOS2 Source 38.4 1515+ 39
Background 70.0 42+ 7
pn Source 314 4514 £+ 67
Background 33.0 117+ 11
2—-10 MOS1 Source 37.6 744 £ 27
Background 70.0 71+£8
MOS2 Source 38.4 2218 £47
Background 70.0 53+ 7
pn Source 31.4 1757 £ 42
Background 33.0 105 £ 10
0.3 — 10.0 MOS1 Source 37.6 2543 £ 50
Background 70.0 126 £11
MOS2 Source 38.4 3733 £61
Background 70.0 95+ 10
pn Source 31.4 6271 + 79
Background 33.0 222+ 15

Table 3.5: Source and background counts in each energy range considered for MOS and pn
cameras.

We extracted and visualized the background-subtracted light curves for the three source
regions. In Fig. 3.10—3.12, we show the source light curves for MOS and pn cameras in
the three energy ranges. Analogously as for Chandra light curves, the trend of the curves
shows that the variability is mainly influenced by the hard emission of the source. The soft
part variability is negligible and "fluctuations" appear to be largely governed by the core
itself. Pn and MOS2 cameras show a similar trend of variability, with a confidence level of
4.00.Finally, we do not observe a significant variability for MOS1 camera (in the hard band
the confidence level is below 2.50).

In Table 3.6, we report the statistical significance of the variability for the various light
curves.

Finally, we extracted the source and background spectra. With the task backscale we re-
scaled the background area to that of the source area. With the tasks rmfgen and arfgen
we created the two response matrices, (RMF) and (ARF). In order to apply the y*-statistics
with the task grppha we included at least 25 counts in each bin of the spectrum.
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Figure 3.10: Light curves of MOS1 camera for the source region r = 37.6” in the three
energy ranges. Light curves have been extracted with a time binning of 1000 s.
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Figure 3.11: Light curves of MOS2 camera for the source region r = 38.4” in the three
energy ranges. Light curves have been extracted with a time binning of 1000 s.
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Figure 3.12: Light curves of pn camera for the source region r = 31.4” in the three energy

ranges. Light curves have been extracted with a time binning of 1000 s.

Table 3.6: Variability and its statistical significance for the selected regions in each energy
range considered.

Camera | Region | Energy range (keV) | dof® cOo® % (1-QY)
MOS1 | Source 0.3 —2.0 35 5.60 x 1072 | 26.5 | 15.21% ~ 0.1¢
2 —10 35 2.07 x 1072 | 52.8 | 97.25% ~ 2.20
0.3 — 10.0 34 7.85 x 1072 | 42.0 | 83.71% ~ 1.40
MOS2 | Source 0.3 —20 35 5.20 x 1072 | 38.2 | 67.35% ~ 0.90
2 —10 34 2.17 x 1072 | 65.4 | 99.91% ~ 3.50
0.3 — 10.0 35 758 x 1072 | 39.7 | 73.01% ~ 1.1¢0
pn Source 0.3 —2.0 32 0.21 33.1 | 58.49% ~ 0.8c
2 —10 29 8.06 x 1072 | 63.1 | 99.99% ~ 4.00
0.3 — 10.0 30 0.29 31.9 | 62.79% ~ 0.90

(1) Number of degrees of freedom.

1
(2) Fitting constant.
(3) Chance probability. Our acceptance threshold of variability of 99.9%.
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NGC1808

We chose an elliptical source and circular background regions, following the criteria described
above (see Fig. 3.13): we selected an elliptical shape in order to represent the source region
with major semiaxis a = 40.0”, minor semiaxis b = 33.0” and an inclination angle of § = 52°
for the MOS1 camera, a = 42.0”, b = 32.0” and 6 = 52° for the MOS2 camera and a = 33.5",
b= 21.5" and # = 52° for the pn camera. For the background region we selected a circular
shape with a radius of » = 70” for both MOS cameras and r = 30” for pn camera. The
three cameras were analyzed separately, as for NGC613.

: _Baékg;mund region' - v FRRORE U S X Béclkgrcund region

cal sourcé region .

0.019 0.056 0.13 0.28

Figure 3.13: Extraction regions for NGC1808 XMM-Newton observation in the energy range
0.3 — 10 keV. The elliptical source region is shown in cyan and the background region in
yellow for MOS1 (a), MOS2 (b) and pn (c) cameras. The sizes of the extraction regions are
reported in the text.

Table 3.7 shows the counts corresponding to the different extraction regions for NGC1808.
In Fig. 3.14—3.16, we show the extracted source light curves for MOS and pn cameras in
the three energy ranges.

Since the variability in the hard band is < 1.40 and that the hard band is the one from
which we hypothesize the higher variability, NGC1808 variability is negligible. In Table 3.8,
we report the statistical significance of the variability for the various light curves.
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Energy range | Camera Region Extraction radius counts
(keV) (") (cts)

0.3 —20 MOS1 Source a=40,b =33 4065 £+ 64
Background 70.0 53 £ 7

MOS2 Source a=42,b=32 4297 + 66
Background 70.0 69 + 8

pn Source a = 33.5, b=21.5 | 10081 4+ 100

Background 30.0 102 £ 10

2 —10 MOS1 Source a=40,b=33 1214 £ 35
Background 70.0 34+6

MOS2 Source a=42, b= 32 1277 + 36
Background 70.0 31£6

pn Source a=335,b=21.5] 2784453
Background 30.0 70+ 8

0.3 — 10.0 MOS1 Source a=40,b=33 5279 £ 73
Background 70.0 87£9

MOS2 Source a=42,b=32 5574 + 75

Background 70.0 100 £ 10

pn Source a=33.5b=21.5| 12865 + 113
Background 30.0 172+ 13

65

Table 3.7: Source and background counts in each energy range considered for MOS and pn

cameras.

o  NGC1808 - Source light curve - MOS1 - E=(0.3-2.0) keV  Bintfime; 1000. s
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Figure 3.14: Light curves of MOS1 camera for the elliptical source region a = 40.0”, b = 33.0”
in the three energy ranges. Light curves have been extracted with a time binning of 1000 s.
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Figure 3.15: Light curves of MOS2 camera for the elliptical source region a = 42.0”, b = 32.0”
in the three energy ranges. Light curves have been extracted with a time binning of 1000 s.

Figure 3.16: Light curves of pn camera for the elliptical source region a = 33.5”, b = 21.5"
in the three energy ranges. Light curves have been extracted with a time binning of 1000 s.
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Table 3.8: Variability and its statistical significance for the selected regions in each energy
range considered.

Camera | Region | Energy range (keV) | dof™ co® x> (1-QW)
MOS1 | Source 0.3 — 20 43 0.12 46.3 | 66.34% ~ 0.9¢0
2 —-10 43 3.50 x 1072 | 49.3 | 76.33% ~ 1.1¢0
0.3 — 10.0 43 0.16 51.3 | 82.00% =~ 1.30
MOS2 | Source 0.3 —20 43 0.12 40.8 | 42.25% ~ 0.50
2 —10 43 3.76 x 1072 | 50.5 | 79.74% ~ 1.20
0.3 — 10.0 43 0.16 55.3 | 90.13% =~ 1.60
pn Source 0.3 —20 43 0.39 39.1 | 35.94% ~ 0.40
2 —10 43 0.11 52.8 | 85.40% ~ 1.40
0.3 — 10.0 43 0.50 42.73 | 51.711% =~ 0.70

(1) Number of degrees of freedom.
(2) Fitting constant.
(3) Chance probability. Our acceptance threshold of variability of 99.9%.

Finally, we extracted the source and background spectra, re-scaled the background area to
that of the source area, generated the RMF and ARF and, in order to apply the y2-statistics
we grouped at least 25 counts in each bin of the spectrum.
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3.3 X-ray spectral models

In the first part of this Section, we will describe the components of the phenomenological
best-fit models. They are obtained from the composition of various individual components,
each of which describes a different spectral property. In the second part, we will present the
physically motivated models used in order to obtain more detailed physical analysis. The
phenomenological approach is important in order to describe the general properties of the
source while the physical approach allows for the geometric description.

The spectral analysis and its fitting has been conducted with the Xspec software!, version
12.11.1 (Arnaud et al. 1996).

3.3.1 Phenomenological model components

Here we briefly describe the individual components used in the phenomenological best-fit
models.

Absorption components: wabs, phabs

The absorbed emission in heavily obscured AGN, as described in Section 1.5, is considered
by using a photoelectric absorption (Morrison et al. 1983) component located at the redshift
of the source (zwabs, zphabs). This component can be express as

M(E) = exp[-Npo(E[l + 2])] . (3.1)

where N is the hydrogen column density in units of 10?2 atoms/cm?, o is the photoelectric
cross-section (not including Thomson scattering) in units of em?, depending on the observed
energy and on the redshift z.

In order to take into account the Galactic absorption (i.e., the absorption by the Milky Way),
we must consider another absorption component. In this case, Ny = 1.56 x 10%° ¢m ™2 for
NGC613 and Ny = 2.33 x 10%° em™2 for NGC1808 (Kalberla et al. 2005) is considered as
a fixed component in all modelings.

Partial absorption component: zpcfabs

In order to take into account the complex internal structure (extended hard X-ray emission)
of NGC1808, we used a partial covering fraction absorption component zpcfabs. It is
parametrized as:

M(E) = fexp|-Npo(E[l1+z])]+ (1 - f), (3.2)

where o(FE) is the photoelectric cross-section, Ny is the equivalent hydrogen column (in
units of 10?2 atoms cm™2), f is the dimensionless covering fraction (0 < f < 1) and z is
the redshift. For NGC1808 we used this component in order to take into account either an
intrinsically patchy nature of the (absorber) torus or a double powerlaw component, one due
to the nucleus and one due to the binaries. In fact, when binaries are not in high accretion
phase, their emission is dominated by a hard powerlaw due to Comptonization.

Thttps://heasarc.gsfc.nasa.gov/xanadu/xspec
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Primary emission: zpowerlaw

In order to consider the main powerlaw described in 1.4, we use a simple photon powerlaw.
The zpowerlw variant takes into account a redshifted spectrum and it is parametrized as

AE)=K[E(1+2)]", (3.3)

where K is the powerlaw normalization constant in unit of photons/keV/cm?/s at 1 keV
and I is the photon index of the powerlaw (dimensionless). K and I' are free parameters
and z = 0.0049% for NGC613 and z = 0.0033 for NGC1808 are kept fixed.

To reproduce the contribution to the soft part of the spectrum of the scattered and unab-
sorbed photons, we also used a second powerlaw, with the same photon index of the primary
one, but different normalization.

Thermal emission component: mekal

The mekal component is representative of the thermal emission from hot diffuse gas (Mewe
et al. 1985). In first approximation, the soft emission (below ~ 2 — 3 keV') in the X-
ray spectrum of AGN can be represented by this component. This model also includes
some emission lines such as C; N, O and Si. The main mekal parameters are: plasma
temperature kT expressed in kel , hydrogen density in cm ™3, metal abundances, redshift
and normalization constant. We used two mekal components to reproduce complex thermal
emission.

Emission line component: zgauss

This component is added to the model with the aim of modeling the emission lines which are
present in the AGN X-ray spectrum. The emission lines can be modeled using a Gaussian
line profile (zgauss) at the fixed redshift of the source:

1 —(E(1+2) — E)?
(1+z)a><\/2><7reXp< 202 ) ’

where Ej is the line energy expressed in keV', o is the line width in keV and K is the
normalization constant.

AE) =K (3.4)

Reflection component: pexmon

Pexmon is an Xspec component used to reproduce an exponential cut-off of the powerlaw
spectrum, reflected from neutral material (i.e., the pexrav, Magdziarz & Zdziarski 1995).
pexmon comprises pexrav by adding self-consistent Fe and Ni lines. It is the sum of the pri-
mary powerlaw and the reflection component. This component has several parameters: the
powerlaw photon index I', the cut-off energy E. in keV, the scaling factor for reflection, the
redshift, the abundance of elements heavier than He relative to Solar values, the inclination
angle and the normalization.

2https : / /ned.ipac.caltech.edu/
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3.3.2 Physically motivated models

In this subsection we will describe the physically motivated models used for the analysis of
NGC613. Both MYTorus and borus02 are designed to reproduce X-ray spectra supported
by Monte-Carlo simulations. The two models can provide estimates for the intrinsic column
density of the obscuring torus and information on its geometry, e.g., the inclination angle
(MYTorus) and the covering factor (borus02).

MY Torus

MYTorus (Murphy & Yaqoob 2009) was designed for modeling X-ray spectra of active galax-
ies, in particular for spectral fittings of Compton-thick sources. It is used for column den-
sities in the range 10?? — 10%* c¢m~2. MYTorus was developed to be used in the Xspec
environment and based on a combination of additive and multiplicative tables. It simulates
the interaction between the obscuring material and the radiation. This model adopts a
doughnut-like, azimuthally symmetric geometry for the torus, assuming that the reprocess-
ing material is uniform, neutral and cold. In Fig. 3.17 we illustrate the main geometrical
parameters of the obscuring torus used in this model.

Figure 3.17: Geometrical parameters of MYTorus. The BH (filled circle) is located at the
center of the torus and is assumed to be coincident with the (isotropically) illuminating
X-ray source. 0, is the inclination angle. Ny is the equatorial column density of the torus,
defined along the diameter of the section of the doughnut. ¢ is the distance of the BH to the
center of the torus section and a is the radius of the torus section (from Murphy & Yaqoob
2009).

We can calculate the line of sight column density Ny, . as

N :
Ny,,.= Ny [1 — (—) cos? Hobs} , (3.5)
. u

where Np is the equatorial column density, i.e., the equivalent hydrogen column density
through the diameter of the doughnut-like torus, ., is the observation angle, i.e., the angle
between the observer’s line of sight and the symmetry axis of the torus (6,55 € [0°,90°]). If
Oops = 0°, the observer looks directly at the nucleus which is in the face-on configuration;
if 0,5 = 90°, the observer line of sight intercepts the torus equator which is in the edge-on
configuration. The torus half opening angle represents the fraction of the sky as seen from
the center and is defined as a = [(m — ¢)/2] = 60°. a is the radius of the torus section and
c is the distance of the SMBH to the center of the torus section (see Fig. 3.17).

There are three groups of model components that combine to produce the total spectrum:
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e zeroth-order continuum (MYTZ): this component, also known as direct compo-
nent, is composed by the incident photons that do not interact (absorbed or scattered)
with the torus and escape it. The column density of this component represents Ny, . _;

e scattered continuum (MYTS): this component, also known as reprocessed compo-
nent, takes into account the escaping photons scattered in the reprocessing medium
at least once. The column density of this component represents Ny;

e fluorescent emission lines (M'YTL): this component takes into account the possi-
bility of having the Fe K, and Kz fluorescence emission lines (MYTorus models consider
these two emission lines only). The line emission component combines the zeroth-order
and the scattered.

MYTorus can been used in two different configurations, coupled and decoupled. In the former,
Ny is fixed to be equal to Ny, ., therefore it is not possible to characterize the internal
structure of the torus. In the latter, the inclination angle of the direct continuum is fixed
to 90° and its column density is a pure line of sight quantity. In this way, the column
density of the scattered component is untied from the direct component and represents the
average column density. From the ratio between the line of sight and the global average
column densities, it is possible to characterize the torus structure: if the ratio is different
from 1, then the torus clumpy structure is favored over the smooth one. Based on Yaqoob
et al. 2015, in order to reproduce the edge-on and face-on geometry, we fix the MY'TS and
MYTL inclination angles to be 8s—; = 90° and 05— = 0°, respectively. In Fig. 3.18 we
show the difference between the geometry of the reprocessor in the edge-on and the face-on
configurations; the former represents the reprocessed photons by the obscuring material, the
latter mimics the reprocessed emission coming from the back-side of the torus.
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Figure 3.18: Geometry of the torus in the MYTorus decoupled configuration. The black
arrow represents the zeroth-order component with fixed 6, = 90°; the blue and the green
arrows mimic the scattered component in face-on and edge-on configurations, respectively
(from Yaqoob 2012).

borus02

The borus02 model, developed by Balokovié¢ et al. 2018, is an improvement of the BNtorus
model (Brightman & Nandra 2011). borus02 is based on template tables computed with
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Monte-Carlo simulations of radiative transfer. This model assumes an X-ray point-like
source emitting a powerlaw spectrum located at the center of a toroidal distribution of gas.
The medium is characterized by a biconical, uniform distribution of matter and the line of
sight column density does not depend on the inclination angle of the observer. In Fig. 3.19
we show the main geometrical parameters of the obscuring torus of this model.

-_._tpr

Figure 3.19: The model geometry assumed by borus02. The white star represents the
central X-ray source. The blue arrow represents the torus opening angle and the red arrow
is the torus inclination angle (from Balokovié et al. 2018).

The half-opening angle of the biconical distribution 6,,,, measured from the symmetry axis
clockwise, ranges from 0° to 84°, corresponding to a covering factor range from 0.1 to 1.
The covering factor is defined as the cosine of 6,,,. 0;,. is the torus inclination angle with
respect to the symmetry axis and it ranges in [18° - 87°]. Contrary to MYTorus, in borus02
the average column density of the torus and its covering factor are free parameters of the
spectral analysis. The main differences with respect to MYTorus are related to the possi-
bility to have a free opening angle of the torus (i.e. the covering factor): this is a crucial
advantage of this model. Instead of the three tables of MYTorus, borus02 is composed by
a single additive table which takes into account the reprocessed emission component and
the fluorescent line emission component, such as K, and Kj lines. In order to take into
account the l.o.s. absorption and the losses out of the l.o.s. due to Compton scattering,
which are not considered in borus02, we must add to the model the combination of Xspec
components zphabs * cabs. In order to reproduce the total spectrum of the NGC613 based
on the previous spectral analysis (see Sections 3.4.1 and 3.4.2), borus02 is implemented
with the addition of further components. The primary powerlaw emission multiplied by the
previous expression, is represented by cutoffpll; the parameters related to this component
(photon index, cut-off energy and normalization) must be tied to those of borus02 table
component. Furthermore, in order to model the scattered unabsorbed reflection of the in-
trinsic continuum, we add a second cut-off powerlaw represented by cutoffpl2. Finally, we
also add two thermal components to reproduce the emission at soft energies.

For references where these models have been used see, e.g., Zhao et al. (2019a,b).
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3.4 NGC613: X-ray spectral analysis

In this section, we will apply the models discussed in Sections 3.3.1-3.3.2 and report the spec-
tral analysis of NGC613 for both X-ray observations. At first, we build the phenomenological
models and the corresponding best-fit is obtained starting from a simple model, enriched
step by step by adding further components. The statistical significance of the inclusion of
a new component is evaluated through the use of the F-test. In order to give a geometric
description of the material surrounding the source, we will then apply MYTorus and borus02.

3.4.1 Chandra spectral analysis

Let us describe the various steps that led to the construction of the final Chandra model. We
decided to proceed by adding the components one by one in order to verify their contribution
in the spectrum as well as its statistical significance. In the following subsection we will
describe the same procedure for the XMM-Newton model, by skipping the details which
will be analogous to those which we are about to describe for Chandra.

The best-fit model for Chandra observation of NGC613 was created for each extracted region
(see Section 3.1); here we report the models for the elliptical extraction region only, since
it is the region with largest statistics, which can allow modeling both the nuclear and the
diffuse emission. Unless stated otherwise, errors will be reported at the 90% confidence level
for any parameter of interest.

We began with a simple spectral model composed by the main emission powerlaw affected
by Galactic absorption. This powerlaw takes into account the primary nuclear emission of
the AGN (see Section 1.4). The 2 results to be 11.4, the resulting spectral fitting is shown
in Fig. 3.20 and the residuals plot suggests which additional components are needed.

o Chandra spectrum of NGC613: simplest model. E=(0.3-7.0) keV
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Figure 3.20: The starting model (wabs*zpo) applied to Chandra spectrum of NGC613. Up-
per panel: spectral fitting; lower panel: plot of residuals, defined (here and in the following
figures) as (data — model)/error, in unit of the error o. The red line is the best-fit model.

The upper panel of Fig. 3.20 represents the spectral fitting, while the lower panel shows
the residuals, i.e., the difference between the observed data and the model, in units of the
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error o associated with each spectral datapoint. The second plot represents the statistical
significance (x), parametrizing the "goodness" of the chosen model to fit the data. The
residuals in Fig. 3.20 suggest that a more complex model is needed. This first basic model
is then expanded by adding new components and the relevance of the new components is
carried out through the F-test.

From the residuals plot in Fig. 3.20, it is evident that the model should be corrected to take
better account for the soft and the hard parts of the spectrum. Let us focus on the soft part
first. The soft emission is governed by two main components: the scattering one, which is
expected for obscured AGN, and the host galaxy one, which can be directly observed. In
fact, the residuals in Fig. 3.20 show the presence of an absorbed direct component which
decreases below 2 kel and a structured component which is prominent below ~ 1 keV (i.e.,
at the energy of the FeL complex). This could be the imprint of a thermal component. We
expanded then the starting model with a second powerlaw with the same I' of the primary
powerlaw (the final photon index results to be I = 1.93t8;§§). This new powerlaw represents
the scattering by warm gas in the polar regions, that is, those not covered by the torus.
We assume the two photon indices to be identical, since we are dealing with Thompson
scattering. The relative intensity is two order of magnitude smaller than the primary one.
For this second model we obtained y2 = 2.5. In Fig. 3.21 we show the resulting spectral fit.

Chandra unfolded spectrum of NGC613: second model. E=(0.3-7.0) keV
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Figure 3.21: The second model (wabs*(zpo+zwabs*(zpo))) applied to Chandra spectrum
of NGC613. Upper panel: spectral fitting; lower panel: residuals plot, i.e., the difference
between the observed data and the model, in units of the error ¢. The red line is the best-fit
model.

From Fig. 3.21 we observe that the soft part of the spectrum is not entirely described by
the new component. Therefore, we replaced the soft powerlaw with a thermal component
(mekal) (see Fig. 3.22) and the reduced chi-squared turned out to be x2 = 3.0.

From the residuals in Figures 3.21 and 3.22, we may infer that perhaps both zpo and mekal
components are necessary in order to reproduce the data in the soft part of the spectrum.
We then added a powerlaw; this model reproduces fairly well the 0.3 — 7.0 keV spectrum of
NGC613 and we obtained x?/dof = 94.1/60.
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Chandra unfolded spectrum of NGC613: third model. E=(0.3-7.0) keV
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Figure 3.22: The third model (wabs*(mekal+zwabs*(zpo))) applied to Chandra spectrum
of NGC613. The upper panel represents the spectral fitting and the lower panel shows the
residuals in terms of data-model in units of o. The red line is the best-fit model.

For this reason we used this model as our baseline in order to reproduce the analyzed source
emission (see Fig. 3.23).
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Figure 3.23: The fourth model (wabs*(zpo+mekal+zwabs*(zpo))) applied to Chandra spec-
trum of NGC613. Upper panel: spectral fitting; lower panel: residuals plot in terms of
data-model in units of o. The red line is the best-fit model.

In Fig. 3.23 there are some residuals at low energy, thus we tested the addition to the baseline
model of a second thermal component to reproduce the presence of a more structured
plasma. We obtained x?/dof = 78.4/58. Since this model fits consistently the soft part of
the spectrum, we can focus on the hard part. In Fig. 3.23, we can observe some residuals
around 6.4keV: the Fe K, neutral emission line. In order to reproduce this Gaussian line,
we added a zgauss component. We found the corresponding energy to be 6.4170% keV
with an equivalent width of EW = 0.227013 keV. The resulting x?/dof is 70.1/56, hence
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this component does not improve the fit significantly. However, we decided not to remove
this component, since it represents a typical feature of AGN. The results reported in Table
3.9 and displayed in Fig. 3.24 indicates that this may be indeed a consistent representation
of the NGC613 data.
Considering the x?/dof and the F-test in Table 3.9, we have chosen the following phe-
nomenological model

Chandra_ Model=wabs(zpo+mekal+mekal+zwabs(zpo+zgauss)) .

In Fig. 3.24, we show the resulting spectral fitting (a) and the unfolded spectrum (b), i.e.,
the theoretical source spectrum unfolded through the instrumental response. The best-fit
model is represented by the red line.
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Figure 3.24: The best-fit model applied to Chandra spectrum of NGC613. We show in
(a) the resulting spectral fitting and in (b) the unfolded spectrum. Upper panel: spectral
fitting; lower panel: residuals plot in terms of data-model in units of o. The red lines are
the best-fit models.
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Table 3.9: The final steps used to create the phenomenological best-fit model for Chandra
spectrum of NGC613.

Models wabs(zpo+ wabs(zpo+ wabs(zpo+
+mekal) ++mekal +mekal + mekal - mekal
“+zwabs(zpo)) + zwabs(zpo) | zwabs(zpo+zgauss))
It 2.4379%9 1687048 1.9340:22
Normi, (photons/keV/em?/s) | 5511190 x 107° | 3.837]7) x 107° 3.317168 % 1075
Norm}, (photons/keV/em?[s) | 3.27T015x 3 7.85728) x 107 1.13%332 x 1072
KT? (keV) 0.83109 0441995 0.447913
Norm3p, (em™) 3.397092 % 1075 | 3.857040 x 107° 2627109 x 1075
kTS (keV) 1127917 1127017
Normjp, (em™) (3.85112) x 107° | 3.70713% x 107°
N (1022 em~2) 35.3%3:9 31.57%4 30.1+43
LineE® (keV) 6.4170:99
Norml) (photons/cm?/s) 7.25758% % 1076
EWY (keV) 0.221913
o2 (keV) 0.01
(x2/dof)™ 94.1/60 78.4/58 72.1/56

(1) Photon index; (2) and (3) powerlaw normalizations; (4) and (6) temperatures in keV'
of the mekal component; (5) and (7) normalizations of the mekal component; (8) column
density in units of 102 em™2; (9) and (10) energy in keV and normalization of the Gaussian
line, respectively; (11) equivalent width of the Gaussian line in keV’; (12) line width in keV/,
fixed at 0.01 keV; (13) ratio between x? and the number of degrees of freedom.

The errors are computed at the 90% confidence level for each parameter of interest (Avni
1976).
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Chandra phenomenological best-fit spectral model is composed by the main emission power-
law with ' = 1.937022, which represents the primary nuclear emission of the source, affected
by Galactic absorption Ny = 1.56 x 10%° em ™2 (Kalberla et al. 2005). The value obtained
for T' is compatible with the theoretical predictions for AGN which are around 1.8 (e.g.,
Risaliti & Elvis 2004). We used two thermal emission components with different tempera-
tures kT, = 0.447015 keV and kTy = 1.127017 keV and different intensities, to reproduce
the soft part of the spectrum. This indicates that the soft part could be structured with
the gas at different temperatures in the considered region. There is a further emission pow-
erlaw with the same photon index as the first one but different normalization. This second
powerlaw is used to reproduce the contribution to the soft part of the spectrum of the scat-
tered unabsorbed photons (usually it is a fraction of a few % of primary nuclear power).
Finally, there is a Gaussian emission line at 6.4170%% keV with an EW = 0.221013 keV/,
which describes the Fe K, emission line, typical of AGN X-ray spectra (see Section 1.4).
From spectral analysis, the amount of intrinsic absorption of the source was estimated, by
measuring a column density of Ny = 30.173% ¢m 2. The high value for the column density
suggests an indirect view of the central nucleus and for this reason NGC613 is classified as
a Seyfert 2 galaxy. Figure 3.25 shows the confidence contours of the column density versus
the powerlaw photon index.

NGC613 - Chandra confidence contours: Ny - I
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Figure 3.25: Ny — I contour plot for Chandra data. The levels of confidence are shown as:
99% in blue, 90% in green and 68% in red.

The flux corresponding to the best-fit model is Flo_10) kev = (1.101558) x 10712 erg/s cm?.

The de-absorbed (i.e., corrected for the amount of obscuration) rest-frame luminosity is
La-10) rev = (5.7670:02) x 10% erg/s.

After the phenomenological analysis of the source, we moved to a more detailed analysis
through the use of physically motivated models. The first model used is MYTorus. This
model was built using all three Tables of MYTorus and, in order to reproduce the scat-
tered emission at lower energies, we added a second powerlaw component (in analogy to
phenomenological analysis of the source spectrum). Both the photon index and the normal-
ization of the second powerlaw have been set to be equal to those of the primary powerlaw,
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and the fraction of the scattered emission is taken into account through the constant f,,
multiplying the second powerlaw. Based on the previous analysis, to take into account the
thermal emission in the soft part of the spectrum, two mekal components have been added
to the model. Finally, in order to consider the possible different normalization of the two
components MYTS and MYTL with respect to MYTZ, two further constants Ag and A; have
been added to the model. Therefore the MYTorus model used is:

Chandra  MYT=phabs(zpol« MYTZ+Ags * MYTS+Ap * MYTL+fs xzpo2-+2«mekal) .

This model has been applied to both versions of MYTorus (described in Section 3.3.2), coupled
and decopuled. MYTorus in the coupled version is the first physically motivated model we
used. In this configuration, all the parameters of the three MYTorus tables are placed equal
to each other. In particular, the observation angle of the torus 6, is fixed at 90° and the
column density is only representative of the column density along the line of sight Ny, . .
The geometric characterization of the torus was instead obtained by applying the decoupled
version of MYTorus to the dataset in two different configurations: edge-on and face-on.
Table 3.10 compares the main spectral parameters obtained from the best-fit model of
MYTorus in the three different configurations adopted. The three models are statistically
equivalent in terms of x2.

The values of the main parameters and those obtained from the phenomenological models
are in agreement. In particular, the photon indices obtained from the three models are
Ceoupted = 1.937057, Tedge—on = 1.917052 and T face_on = 2137013, and they are all compatible
with the photon index value I'p = 1.937022 found by the phenomenological model. The
respective temperatures of the two thermal components are also consistent with what was
previously obtained (KT} p = 0.447013 keV and kT p = 1.127577 keV). The values of the
column density along the line of sight are all in agreement with Ny p = 0.30700; x 1024 cm =2,
The values of the "average global" column densities are Ny, ., = 2.975005 x 10** cm™?
and Ny, .., = 2.907008 x 10** ¢m~2, comparable within errors. Considering the edge-on
and face-on configurations, the column density along the l.o.s was found to be lower than
the average column density of the torus, thus obtaining a ratio between these two quantities
lower than 1, within the errors, indicative of a clumpy structure of the torus. In particular,
the line of sight intercepts an obscuring material whose column density is about 10% of the
average one.

Despite the x?/dof of the three models reported in Tab. 3.10 are statistically almost
equivalent, we have chosen as the best-fit model the model given by MYTorus decoupled in
the face-on configuration in which the continuum emission is dominated by the reprocessed
emission from the back-side of the torus. In Fig. 3.26 we show the Chandra unfolded
spectrum with the MYTorus model (a) and the contours plot between the "global average"
column density (Ny) and the photon index (I').

Note that the three values of I" for the three MYTorus models are all consistent with what is
expected for an AGN. The value of the column density along the l.o.s. is not representative
of the average value column of the torus that turns out to be much larger, by a factor ~ 10.
This means that if seen from a different angle or at different epochs, NGC613 should be
classified as a Compton-thin AGN. In other words, the ratio Ny, . /Ny =~ 0.10 suggests a
clumpy scenario for the torus in which nuclear emission is observed through a region with
low column density of the obscuring material.
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Table 3.10: Comparison between the main parameters of Chandra MYTorus models.

coupled | decoupled | decoupled

edge-on face-on

r 1.931037 | 1.91703 | 2.137513
£2(1072) 2.847028 | 2111018 | 1.747972
Ag = A3 2.84T1 o0 | 3217382 | 1.5275%
kT (keV) 0.447313 | 0.44%31% | 044701
kTS (keV) L1250 | 1107038 | 1a1tgas

N§,  (10* em™2) | 0301003 | 0337093 | 0.3270:03
NL(10** em~=2) | 0.30%991 | 2.9775:95 | 2.9070:0¢

0%, 2 90° 90° 90°

(x%/dof)° 71.0/57 | 72.7/57 70.5/57

(1) Photon index; (2) fraction of the scattered component; (3) normalization between the
the zeroth-order continuum and reprocessed component; (4) and (5) temperatures in keV’
of the mekal components; (6) line of sight column density in units of 10** em™2; (7) "global
average" column density in units of 10?* ¢m~2; (8) inclination angle of the torus (fixed for
all three configurations); (9) ratio between x? and the number of degrees of freedom.

The errors are computed at the 90% confidence level for each parameter of interest (Avni
1976).
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Figure 3.26: (a) The Chandra unfolded spectrum of NGC613 modeled with MYtorus de-
coupled in face-on configuration. (b) contours plot between the "global average" column
density and the photon index; the levels of confidence are shown as: 99% in blue, 90% in
green and 68% in red.

Using borus02 to model the Chandra dataset, we obtained the same conclusions. The model
was built using the information provided by the models studied above: in order to consider
the scattered photons of the Compton-thin medium, the second powerlaw was added to
the absorbed primary powerlaw (zphabsxcabsxcutoffpll). Finally, in order to reproduce the
emission observed in the soft spectrum, we added two thermal components mekal. Therefore,
the resulting model is:

Chandra_ borus=phabs* (borus02+zphabskcabsx cutoffpll+ C2x cutoffpl2+2«mekal) .

The values of the main parameters of the model are shown in Table 3.11.

This model has a photon index I' = 1.987(17 and a Compton-thin l.o.s. column density
Ny, . = 0327002 x 10%* cm~2. The average column density is Ny = 2.57700% x 10%* cm =2,
consistent with what obtained before. Photon index, Ny, . and Ny are consistent with
the values obtained with MYTorus (see Table 3.10). The covering factor is Cpor = 0.27705%
and this value suggests that the structure of the torus is most likely geometrically thin. The
temperatures of the thermal components are also in agreement with those reported above.
In Fig. 3.27, we show the spectrum related to the borus model (a) and the confidence
contours of the covering factor versus the "global average" column density of the torus (b).

Therefore, based on the study of the Chandra dataset, we found that NGC613 has a spec-
trum with a typical photon index value (i.e., as expected from AGN) and a column density
along the line of sight consistent with Compton-thin models. The average column density,
which provides more detailed information on the structure of the obscuring torus, is found
to be in the thick range (> 10** em™2). Therefore, we can infer that NGC613 is a Compton-
thin AGN, observed through a region of the torus which has an associated lower column
density. The covering factor also shows that the portion of the sky subtended by the torus
is small. Finally, soft excess is well described by two thermal components with different
temperatures.
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Table 3.11: Chandra borus02 model.

borus02

I 1.98+912
NZ, . (10** em™2) | 0327002
Ng3(10%* em™2) | 2571058
Chon 0.27+5:07
£3(10°2) 174706

kTS (keV') 0.4470 1]

ET] (keV) 1134010

(x%/dof)? 69.9/56

(1) Photon index; (2) line of sight column density in units of 10** em™2; (3) "global average"

column density in units of 10** cm™=2; (4) torus covering factor; (5) fraction of the scattered
component; (6) and (7) temperatures in keV' of the mekal components; (8) ratio between
x? and the number of degrees of freedom.

The errors are computed at the 90% confidence level for each parameter of interest (Avni
1976).
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Chandra unfolded spectrum of NGC613: borus02 model. E=(0.6-7.0) keV NGC613 - Chandra confidence contours: Ny - CFtor
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Figure 3.27: (a) The Chandra unfolded spectrum of NGC613 modeled with borus02. (b)
Cror — log(Ng) contour plot; the levels of confidence are shown as: 99% in blue, 90% in
green and 68% in red
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3.4.2 XMM-Newton spectral analysis

In this section we describe the spectral analysis for XMM-Newton. Since XMM-Newton’s
PSF is larger than Chandra’s one, we choose extraction regions which are larger than those
we considered for Chandra. Please remind that the large effective area (see Section 2.7) of
XMM-Newton allows to collect a large number of photons, hence to investigate the diffuse
emission on larger scales. However, despite such emission would be of great interest, it is not
the main goal of this thesis. We want to focus our attention on the column density of the
innermost regions of the galaxy, in order to compare it with the molecular gas distribution
obtained with ALMA observations, which are limited to the nuclear part of the galaxy
(FoV ~ 18").

The spectral analysis for XMM-Newton is carried out in analogy with that of Chandra:
we start from a basic model and then refine it by adding components which minimize the
residuals plot. Since the spectra for the two telescopes and the corresponding fluxes are
consistent, the resulting final models will be similar. In Fig. 3.28 we show the XMM-
Newton spectrum of NGC613 in the energy band 0.3 — 10 keV. For the sake of clarity, we
will show the spectral analysis of the pn camera only. The same analysis has been carried
out (in terms of presentation of the spectra) for the other two cameras as well; in the last
part of this section we report the best-fit models for all the three cameras.

As we mentioned above, the logic steps that led to the best-fit model are the same we deeply
described for Chandra. We will then limit ourselves to report some key steps. A preliminary
model for both the soft and the hard parts of the spectrum, including the components zpo,
mekal, zwabs and zpo, is shown in Fig. 3.29, with y? = 1.4.

From the residuals plot of Fig. 3.29, we observe that the model does not provide a good
representation of the data around 2 keV'. Hence the model can be refined by adding a second
thermal component which should consider the presence of a structured plasma, exactly as
in Chandra. In the hard energy range, it is possible to observe two peaks at 6.4 keV and
7.1 keV, respectively, which indicate two Gaussian emission lines.
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XMM-Newton spectrum of NGC613. E=(0.3-10) keV
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Figure 3.28: XMM-Newton spectrum of NGC613 in the energy band 0.3 — 10 keV (pn data
only here).

XMM-Newton unfolded spectrum of NGC613: baseline model. E=(0.3-10) keV
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Figure 3.29: Modeling with wabs*(zpo+mekal+zwabs*(zpo)) applied to XMM-Newton
spectrum of NGC613 (pn data only here). Upper panel: spectral fitting; lower panel:
residuals plot in terms of data-model in units of o. The red line is the best-fit model.
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These are Fe K, neutral emission line at 6.37700; keV/, with an equivalent width of EW =
0.267097 keV' (x?/dof=164.1/133), and the Fe K4 emission line at 7.17703) keV with EW =
0.12700% keV' (x?/dof=158.5/130). Notice that, in contrast to Chandra, it was possible to
detect the latter line thanks to the capability of XMM-Newton to collect a large number of
photons at hard energies. Since the addition of the second Gaussian line, although expected
on the basis of physics, is not statistically highly significant (only 1.60), we have removed
it from the following models. The resulting spectral fitting, with a x?/dof=152.5/130, is
shown in Fig. 3.30.

XMM-Newton unfolded spectrum of NGC613: enlarged baseline model. E=(0.3-10) keV
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Figure 3.30: Modeling of XMM-Newton pn spectrum of NGC613 adopting wabs™(zpo-+
mekal+mekal-+zwabs™*(zpo+zgauss)) model. Upper panel: spectral fitting; lower panel:
residuals plot. The red line is the best-fit model.

Driven by the detection of the discussed Fe K, line and from the residuals around 2 keV/,
we introduce in the model a reflection component pexmon, obtaining x?*/dof=150.3/131.
We have assumed the reflection component to be produced by a pure reflector. Thus, the
reflection scaling factor is set to be R = —1; moreover, the inclination angle is fixed to be 30°,
matching the inclination angle of the source (see Section 3.2), and the cut-off energy is fixed
to E.y = 500 keV. Summing up, this component keeps track of the two Fe emission lines
(hence we removed the zgauss factor since it is yet included in pexmon) and the reflection
continuum. In Table 3.12, we report the data of the two final models.
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Table 3.12: The two final steps used to produce the best-fit model for pn camera of XMM-
Newton spectrum of NGC613.

wabs(zpo-+mekal+mekal | wabs(zpo-+mekal+mekal
+zwabs(zpo+zgauss)) | +zwabs(zpo-+pexmon))
It 2.137912 217501
Normg, (photons/keV/cm?/s) 4097003 x 107° 4.087005 x 107°
Normg,, (photons/keV/cm?/s) 2.327042 x 1073 1797958 x 1073
KT} (keV) 0.427028 0.42008
Normjy, (em™?) 4.827078 % 107° 4.827010 x 107°
kTS (keV) 0.79+0:13 0.797039
Normjg, (em™) 2.297170 x 107° 2.20M0-76 x 107°
N§ (102 em™2) 43175 40.2%50
E} (keV) 637501
Normg, (photons/cm?/s) 1127938 x 107
EWE (keV) 0.2600:
UIE% (keV) 0.01
Normy?, (photons/keV/cm?/s) 3.557182 x 1073
(x?/dof)** 153.5/130 150.3/131

(1) Photon index; (2) and (3) powerlaw normalizations; (4) and (6) temperatures in keV
of the mekal component; (5) and (7) normalizations of the mekal component; (8) column
density in units of 10?2 em™2; (9) and (10) energy in keV and normalization of the Gaussian
line, respectively; (11) equivalent width of the Gaussian line in keV; (12) line width in keV,
fixed at 0.01 keV; (13) normalization of the pexmon component; (14) ratio between x? and
the number of degrees of freedom. The errors are computed at the 90% confidence level for
one parameter of interest (Avni 1976).

As seen in Section 3.3.1, the pexmon component directly includes the Fe Gaussian line that
we considered using the zgauss component in the other models.



3.4. NGC613: X-RAY SPECTRAL ANALYSIS 87

Hence, the final phenomenological model is:
XMM-Newton_ Model=wabs(zpo+mekal+mekal+wabs(zpo+pexmon)) .

In Fig. 3.31 we show the resulting spectral fitting (a) and the unfolded spectrum (b) for the
three cameras used.

XMM-Newton spectrum of NCG613: best-fit model. E=(0.3-10) keV' XMM-Newton unfolded spectrum of NGC613: best-fit model. E=(0.3-10) keV'
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Figure 3.31: The phenomenological best-fit model applied to the XMM-Newton spectrum
of NGC613. We show in (a) the resulting spectral fitting and in (b) the unfolded spectrum.
Upper panel: spectral fitting; lower panel: residuals plot in terms of data-model in units of
o. In both figures, the green and the red crosses are the pn and MOS cameras data points,
respectively; the green and the red lines are the best-fit model for the pn and MOS cameras,
respectively.

The XMM-Newton phenomenological best-fit spectral model is composed by the primary
nuclear emission of the source with I' = 2.177513 affected by Galactic absorption Ny =
1.56 x 102° em ™2 (Kalberla et al. 2005). This primary powerlaw is apparently steeper than
that of Chandra, but the photon indices are compatible within their errors. The soft part of
the spectrum is described by two thermal emission components with different temperatures
KTy = 0.421008 keV and KTy = 0.79703% keV and different intensities. 7T} is not compatible
with the corresponding value found for Chandra; however, since k17 # kTy we confirm the
presence of a "structured" plasma. The contribution of scattered unabsorbed photons is
reproduced by the second powerlaw with the same photon index as the first one, but having
different normalization, exactly as in Chandra. Differently from Chandra spectral analysis,
the XMM-Newton best-fit model has been obtained using the reflection component pexmon,
which takes into account the reflection continuum, which is an expected component of AGN
spectra (see Section 1.4), and directly includes both the Gaussian lines. This difference
can be linked to the higher capacity of XMM-Newton to collect photons in hard band
(i.e., higher A.sf, see Section 2.1.2) with respect to Chandra. We estimated the amount
of intrinsic absorption of the source and we obtained a Compton-thin column density of
Ny = 40.2795 em™2. This result confirms the classification of NGC613 as a Seyfert 2
galaxy. In Fig. 3.32 we show the contour plot of the column density versus the powerlaw
photon index.
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Figure 3.32: Ny —T contour plot for XMM- Newton data. The levels of confidence are shown

as: 99% in blue, 90% in green and 68% in red.

The flux corresponding to the best-fit model is Fy_19 gy = (1.091068) x 1072 erg/s em?;

the de-absorbed rest-frame luminosity is Lo 10 ey = (5.7275:02) x 10% erg/s. These val-
ues show no significant variability between the two datasets taken four years apart. In fact
the fluxes of the two instrument are compatible within errors evaluated 90% confidence levels

In analogy with Chandra spectral analysis, after completing the study of the phenomeno-
logical model, we applied MYTorus and borus02 to the XMM-Newton dataset. MYTorus was
built by adding to the three available Tables two powerlaw components (to reproduce both
the primary emission of the AGN and the scattered emission) and two thermal components
(to reproduce the soft excess). In both versions of MYTorus, coupled and decopuled (see
Section 3.3.2), we then applied the following model:

XMM_MYT=phabs(zpolx MYTZ+Ag « MYTS+Ap « MYTL+f, *zpo2+2mekal) .

The main results of this model, applied in the three different MYTorus configurations, are
compared in Table 3.13.

As reported Table 3.13, the values of the main results are compatible within the errors not
only when compared with each other, but also when compared with those obtained from
the phenomenological models (see Table 3.12). In particular, the photon index for the three
models, [ cpupted = 1.917053, Teage—on = 1.877051 and T poee_on = 1.9670:55, is compatible with
I'p = 2.171“8:%%. The value of I tgce—on Obtained from the analysis of the XMM-Newton data
was found to be less than that obtained in Chandra, but still consistent within the errors.
There are also compatible values for the column density along the l.o.s. (remember that
the column density of the phenomenological model is Ny p = 0.40%051 x 10* em™2). The
values of the "average global" column densities are Ny, . . = 2.835002 and Ny, . = =
2.83100%. As found for the Chandra dataset, the column density along the l.o.s was found
to be lower than the average column density of the torus and, in particular, we obtained
Ny, ,. = 0.16Ny.

The best-fit model in terms of x? is given by MYTorus decoupled in the face-on configuration.
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Table 3.13: Comparison between the

vated models.

(1) Photon index; (2) fraction of the scattered component; (3) normalization between the
the zeroth-order continuum and the reprocessed component; (4) and (5) temperatures in

39

main parameters of XMM-Newton physically moti-

coupled

decoupled
edge-on

decoupled
face-on

!
f2(107%)
Ag = A3
KT (keV)
kTS (keV)
Npp, - (10°* em™2)
N7 (10* em™2)

8
Qobs Z

1917033
2.211083
2.3970:36
0.4710:04
0.937012
0.4145:05
0.4145:05

90°

1.871021
158703
1.42504%
0.47+0:04
0.937012
0.44%0.05
2.8370:99

90°

1.9670:28
1.537076
1127553
0.470:01
1.1019:95
0.44%5:03
2.831008

90°

(x*/dof)?

269.0,/247

296.7/246

266.6/246

keV of the mekal components; (6) line of sight column density in units of 10%* em=2; (7)
"global average" column density in units of 10** ¢m™2; (8) inclination angle of the torus;

(9) ratio between y? and the number of degrees of freedom.
The errors are computed at the 90% confidence level for one parameter of interest (Avni

1976).
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Fig. 3.33 shows the XMM-Newton unfolded spectrum (a) and the contour plot between the
"global average" column density (Ny) and the photon index (I') (b).

i XMM-Newton unfolded spectrum of NGC613: MYTorus decoupled faceon model. E=(0.6-10.0) keV - XMM-Newton-MY Torus decoupled face-on contours level: Nw -
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Figure 3.33: (a) The XMM-Newton unfolded spectrum of NGC613 modeled with MYtorus
decoupled in face-on configuration. (b) contours plot between the "global average" column
density and the photon index; the levels of confidence are shown as: 99% in blue, 90% in
green and 68% in red.

From the analysis of these models, we reach similar conclusion as from the analysis of
Chandra: the material along the line of sight is Compton-thin, while the average column
density (~ 10Np, . ) suggests a Compton-thick material around the AGN. The relation
between these two quantities reconfirms a clumpy scenario for the assumed geometry of the
torus.

Finally, we applied borus02 to the XMM-Newton dataset. Also in this case, we added to
the model an absorbed primary powerlaw (zphasxcabsxcutoffpll), a second powerlaw and
two thermal components mekal. Therefore, the model applied is:

XMM _borus=phabsk (borus02+zphabsx cabsk cutoffpll+ C2x cutoffpl2+2mekal) .

The main results of the model are reported in Table 3.14. We obtain a photon index and
a Compton-thin Lo.s. column density about I' = 1.787035, Np, = = 0.43%00] x 10%* cm =2,
respectively. The "global average" column density is Ny = 2.24751% x 1024 cm ™2, lower than
the MYTorus Np, but consistent with a Compton-thick scenario and the covering factor is
Cror = 0.25700%. T' and N, _ are compatible with the values from MYTorus (see Table
3.13).

In Fig. 3.34 we show spectral results obtained using borus spectrum (a) and the confidence
contour between the covering factor and the average column density of the torus (b). From
the analysis of the XMM-Newton dataset, we came to the same conclusions of the previous
analysis: NGC613 is a Compton-thin AGN observed through a region of the torus that has
a lower density than the average density. The torus subtends a small portion of the sky and

the geometry suggested by the spectral results is of the clumpy type.
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Table 3.14: XMM-Newton borus02 model.

borus02

I 1787031

Nz, (10* em™2) | 0.437,
Ng2(10%t em™2) | 2.241019
Cror 0.25 1]
£2107%) ) L6ATg

KTP (keV) | 0.4700
kTS (keV) 1.0070-80

(x?/dof)? 585.5/246

(1) Photon index; (2) line of sight column density in units of 10** cm™2; (3) "global average"
column density in units of 10** em™2; (4) torus covering factor; (5) fraction of the scattered
component; (6) and (7) temperatures in kel of the mekal components; (8) ratio between
x? and the number of degrees of freedom.

The errors are computed at the 90% confidence level for each parameter of interest (Avni
1976).
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XMM-Newton spectrum unfolded of NGC613: borus02 model. E=(0.6-10.0) keV NGC613 - XMM-Newton confidence contours: Ny - CFtor
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Figure 3.34: (a) The XMM-Newton unfolded spectrum of NGC613 modeled with borus02.
(b) Cror — log(Np) contour plot; the levels of confidence are shown as: 99% in blue, 90%
in green and 68% in red

3.5 NGC1808: X-ray spectral analysis

In this section we will present the spectral analysis of NGC1808. Since this galaxy has
various substructures (e.g., the blobs described above) in its central regions and it seems
to host a weak nucleus (Lp_1okev ~ 10%0 (erg/s), see, e.g., Dahlem et al. 1990, Jiménez-
Bailon et al. 2005), we will follow a different approach with respect to NGC613 to study its
spectrum. In fact, the core emission may be "diluted" by that the global galaxy emission;
for this reason, we started from studying the inner and central region that we assume to
be, if any, most probably dominated by the nuclear emission and then moved on to the
galaxy in its total emission. Taking advantage of the superb Chandra angular resolution,
we thus adopted, at first, an extraction region for the nucleus of r = 1.5”, so as to increase
the probability to spot the AGN contribution among the diffuse emission. Once the nuclear
emission is characterized, we will study the total emission of the galaxy. Furthermore,
since NGC1808 is classified as an LLAGN (see, e.g., Dahlem et al. 1990, Jiménez-Bail6n
et al. 2005), we preferred to adopt only phenomenological models both for Chandra and
XMM-Newton spectral analyses. Furthermore, for this source we are also limited by the
low statistic, which prevents the implementation of solid physically motivated models.

3.5.1 Chandra spectral analysis

Firstly, we focused our analysis on the nuclear source region in order to investigate the core
emission. In Fig. 3.35 we show the Chandra spectrum of the nuclear region (r = 1.5”) in
the energy band 0.3—7.0 keV. The first model applied on the spectrum is composed by an
emission powerlaw component, which takes into account the primary nuclear emission of
AGN, affected by the Galactic absorption Ny g, = 2.33 x 102 ¢m~? (Kalberla et al. 2005).
The resulting spectral fitting is shown in Fig. 3.36, with x2 = 5.3.



3.5. NGC1808: X-RAY SPECTRAL ANALYSIS 93

Chandra spectrum of NGC1808 nuclear region. E=(0.3-7.0) keV
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Figure 3.35: Chandra spectrum of NGC1808 nuclear source region (r = 1.5").
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Figure 3.36: Starting model (phabsyq *zpo) applied to Chandra’s spectrum of NGC1808.
Upper panel: spectral fitting; lower panel: residuals plot. The red line is the best-fit model.

We thus added a further absorption component zphabs to this model, in order to consider
the gas obscuration in the soft part (below 0.5 keV') of the spectrum. The addition of this
component seems to be justified by HST images, where the presence of dust lanes up to the
inner regions of the galaxy is clearly detected (see, e.g., Flood & Mutchler 1997). Therefore,
it is reasonable to think that the gas associated with the dust extinction observed in the
optical can be responsible for the extra-absorption component in the X-ray spectrum of
NGC1808. The x? results to be 3.6. From the residuals plot in Fig. 3.36, we noted the
presence of a structured component which is prominent below ~ 2keV: this could be the
imprint of a thermal component. We then expanded the model with a mekal component:
the origin of this thermal component is non-nuclear (see Jiménez-Bailon et al. 2005) and
it is ascribable to SN activities. This soft emission is then dominated by the host galaxy
contribution in the 0.3—2 keV band, although we did our best to limit this emission by
choosing a small source extraction region. Figure 3.37 shows the second model, with x2 =
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1.7, applied to the Chandra dataset.

Chandra spectrum of NGC1808: second model. E=(0.3-7.0) keV
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Figure 3.37: Second model (zphabs*|phabs,q *(mekal+(zpo))|) applied to Chandra’s spec-
trum of NGC1808. Upper panel: spectral fitting; lower panel: residuals plot. The red line
is the best-fit model.

From the residuals plot in Fig. 3.37 we noticed that the soft part is now well described, but
there are some residuals above 3 keV .

The complexity of the hard part of the spectrum, given by the intrinsically patchy torus
(if present) and/or by a double powerlaw component (core + binaries, see Section 3.1), is
taken into account through a partial covering absorption component zpcfabs. Therefore
the emission in the hard band is attributable to obscured AGN emission.

We chose the following model in order to reproduce the whole Chandra nuclear spectrum:

Chandra_ Nuclear_ Model=zphabs*|phabsyq *(mekal+zpcfabs*(zpo))| .

In Table 3.15, we show the main parameters of the Chandra nuclear best-fit spectral model.
In Fig. 3.38, we show the unfolded spectrum (b) for the nuclear source region and the
N zpey — CorFract contours plot.
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Table 3.15: The best-fit model for Chandra spectrum of NGC1808 nuclear region.

zpha|phag, (mekal+

+zpcfabs(zpo))|
N g0s (102 cm~2) 0.71%013
KT?(keV) 0.58%5:0

Normi, (em™) L7148 x 107
N (1022) 33.91161
CvrFract® 0.83%014

re 2

Norm}. (photons/keV/em?/s) 1.957598 x 1074

(x?/dof)® 38.3/31

(1) Gas/dust column density in units of 10?2 cm™2; (2) and (3) temperature in keV and
normalization of the mekal component, respectively; (4) and (5) column density in units of
102 cm™2 and covering factor of the zpcfabs component, respectively; (6) and (7) photon
index (fixed) and powerlaw normalization, respectively; (8) ratio between x? and the number
of degrees of freedom. The errors are computed at the 90% confidence level for one parameter
of interest (Avni 1976).
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Chandra unfolded spectrum of NGC1808 nuclear region:best-fit model, M=2.0. E=(0.3-7.0) keV NGC1808 - Chandra - confidence contours: Ny - CvrFract
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Figure 3.38: (a) The best-fit model applied to Chandra’s unfolded spectrum of NGC1808
nuclear source region. Upper panel: spectral fitting; lower panel: residuals plot in terms of
data-model in units of 0. The red lines are the best-fit models. (b) Ny .per — CurFract

contour plot; the levels of confidence are shown as: 99% in blue, 90% in green and 68% in
red.

To conclude, we can summarize the findings of this as analysis as follow. The X-ray spec-
trum of the inner region of NGC1808 is dominated at low energy (E < 3 keV') by a thermal
component most probably related to some hot gas in the host galaxy. The nucleus seems to
emerge at larger energies. Because of both the ' — Ny degeneracy and the limited statistics
for this selected region (~ 1000 cts), the photon index was fixed at 2, in order to be repro-
duced by reasonable AGN models. Indeed, we observed that if the photon index was left free
to vary, one always obtained values higher than 2.8, which are not physical. We obtained

a column density (Np 4qs) of 0.717072 x 10?2 em™2 for the presumably galaxy-scale, and a

temperature of 0.58101% keV for the thermal emission component. These two components
reproduce the soft emission. At these low energies, the thermal component is most proba-
bly due to the gas heated by SNRs and/or hot bubbles in the central star forming region.
This suggests that the stellar activity in the nuclear region may significantly contribute to
the observed soft X-ray emission. NGC1808 is known to show spectral evidence for weak
(La_101kev ~ 1070 (erg/s)) Seyfert-like activity in the nucleus (SFR~ 4 (M /yr)), which
is surrounded by a extended starburst regions (/= 1 kpc) in the center of the galaxy (e.g.,
Junkes et al. 1995, Jiménez-Bailon et al. 2005).

The thermal component dominates in the soft X-ray band, while the powerlaw is dominant
in the 2—7 keV band. We obtained a hydrogen column density of Ny .,cr = 33.97157 x
10%2 em~?2 and a covering fraction (CvrFract), i.e., a geometrical parameter that determines
whether the absorber completely or partially covers the inner AGN engine or covers only

part of the continuum source, of 0.83751} for the zpcfabs component.

The flux corresponding to the best-fit model is Fo_10) rev = (1.8770:32) x 10712 erg/s em?.

The de-absorbed (i.e., corrected from the obscuration) AGN luminosity is L—10) rev =
(1.227513) x 10% erg/s.

To complete our analysis and provide more details of the emission of NGC1808, we studied
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the total emission of the galaxy; we considered the elliptical source region chosen in Section
3.1, in order to study the overall galaxy emission. The best-fit model for this extended
region is built on the basis of the one obtained for the nuclear region. In Fig. 3.39 we show
Chandra’s spectrum of the elliptical source region modeled with the same best-fit model of
the nuclear region. The x? results to be 1.4.

Chandra spectrum of NGC1808: first model. E=(0.3-7.0) keV
T
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Figure 3.39: Fist model (zphabs*|phabsy, *(mekal+zpcfabs*(zpo))|) applied to Chandra
spectrum of NGC1808 source region. Upper panel: spectral fitting; lower panel: residu-
als plot in terms of data-model in units of ¢. The red lines are the best-fit models.

In Fig. 3.39, we noticed that we have some residuals around 1.3 kel and 1.8 keV. In
contrast to the nuclear region, since here we have a higher photon statistics, we were able
to model these lines. Following Jiménez-Bailon et al. (2005), we added to the model two
zgauss components in order to reproduce the MgXI and SiXIII Gaussian emission lines.
These lines are attributable to a thermal emission which is lead by the stellar activity that,
at these low energies, play an important role. We report in Table 3.16 the properties and
the statistical significance of the two emission lines found in the Chandra spectrum.

Table 3.16: Theoretical line energy (from Turner et al. 1997), observed line energy and
statistical significance of the lines.

Theoretical line energy | Observed line energy | Statistical significance
MgXI 1.34 (keV) 1.34%505 (keV) 3.50
SiXIII 1.85 (keV) 1.847005 (keV) 50

Since both lines result to be statistically significant, we finalize the following best-fit model
for Chandra’s source spectrum:

Chandra_ Source_ Model=zphabs*|phabsyq *(mekal+zgauss+zgauss+zpcfabs*(zpo))| .

In Table 3.17 we displayed the main parameters of the Chandra best-fit model for the
elliptical source region.
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Table 3.17: The best-fit model of Chandra spectrum of NGC1808 source region.

zpha|phag, (mekal+zgauss+
+zgauss+zpcfabs(zpo))]
N} gas (102 cm™2) 0.2210:0¢
kT? (keV) 0.637005
Norm3y (em™?) 2051028 x 1074
El(keV) 1.341002
Normj, (photons/cm?/s) 7.691535 x 1076
EWE, (keV) 0.051901
ol (keV) 0.01
ES (keV) 1.847055
Norm, (photons/cm?/s) 5817155 x 1076
EWR(keV) 0.097001
op, (keV) 0.01
N pep (102 cm™2) 20.573%2
CvrFract!? 0.72150%
r 1.934538
Norm{S (photons/keV/em?/s) 5.681538 x 1074
(2 /dof)™ 136.2/129

(1) Gas/dust column density in units of 10?> cm™2; (2) and (3) temperature in keV and
normalization of the mekal component, respectively; (4) and (8) energy in kel of the
Gaussian lines; (5) and (9) normalization of the Gaussian lines; (6) and (10) equivalent width
of the Gaussian lines in keV; (7) and (11) line widths in keV/, fixed at 0.01 keV; (12) and
(13) column density in units of 10?2 ¢m™2 and covering factor of the zpcfabs component,
respectively; (14) and (15) photon index and powerlaw normalization, respectively; (16)
ratio between y? and the number of degrees of freedom. The errors are computed at the
90% confidence level for one parameter of interest (Avni 1976).
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The best-fit model, with x2 = 1.1, includes the main emission powerlaw with I' = 1.931“83(55,

affected by Galactic absorption. The soft part of the spectrum is represented by the gas
absorption with Ny 445 = 0.227001 X 1022 ¢m ™2, by the thermal component with tempera-
ture of 0.63%003 kel and by two Gaussian emission lines. The former, with an energy of
1.347005 keV and an EW of 0.05700] keV, represents the MgXI emission line, the latter,
with an energy of 1.847002 keV and an EW of 0.09100; keV/, represents the SiXIII emission
line. As in Chandra nuclear model, the hard part of the spectrum is reproduced using a

partial covering absorption with a hydrogen column density of 20.57:%% x 10?2 em~2 and a

covering fraction of 0.72709. The absorption measured in the Chandra spectral analysis,
both in the nuclear and in the elliptical source regions, is compatible with a typical value
of Compton-thin obscuration. On the one hand, the temperature, the zpcfabs hydrogen
column density (Ng .pcr) and the covering fraction obtained in this model are compatible,
within their errors, with what we obtained for the nuclear region model; on the other hand,
the hydrogen column density due to the gas absorption is less than the one obtained for the
nuclear region model. This is clear since the hydrogen is expected to be dense in the inner
regions and diluted in the outer regions. In Fig. 3.40 we show the Chandra best-fit model

for the source region.

Chandra unfolded spectrum of NGC1808: best-fit model. E=(0.3-7.0) keV
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Figure 3.40: (a) The best-fit model applied to Chandra unfolded spectrum of NGC1808
source region. Upper panel: spectral fitting; lower panel: residuals plot in terms of data-
model in units of o. The red lines are the best-fit models. (b) Ny — CvrFract contour plot;
the levels of confidence are shown as: 99% in blue, 90% in green and 68% in red

The flux corresponding to the best-fit model is Fio_10) rev = (8.711“8:;%) x 10713 erg/s cm?.

The de-absorbed (i.e., corrected for the obscuration) rest-frame luminosity is L(2—10) rev =
(3.887033) x 10%0 erg/s.
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Given the estimated low luminosity of the primary powerlaw and the known high SFR of
NGC1808, it is important to investigate if what we are indeed observing obscuration related
to the torus. The powerlaw component, in fact, could be due to, at least in part, also to
binaries laying in the inner 1.5”. We thus tried to estimate the SFR contribution to the
X-ray emission also above 3 keV so as to be able to firmly associate the measured column
to the putative nuclear obscuring torus.

Hereafter, we consider the possible sources of X-ray emission in a starburst scenario and
their contributions to the total luminosity of the X-ray emission, in order to estimate the
nuclear emission contribution only. Following Mineo et al. (2012), we calculated the star
formation rate (SFR) for NGC1808 in order to estimate the contribution of the HMXBs to
the total X-ray luminosity.
In general, the present SFR of a galaxy is mainly measured by the light emitted by highly
massive stars: given their short lifetime, their collective luminosity is, in first approximation,
proportional to the rate at which new stars are currently forming within the galaxy. Since
the evolutionary time scale of HMXB does not exceed ~ 107 years, their X-ray emission
reproduces the SFR of the galaxy itself quite well (e.g., Shtykovskiy & Gilfanov 2007). This
makes them a good potential tracer of recent star forming activity in the host galaxy.
The total SFR (SFRyy) is calculated by taking into account both the UV light escaping the
galaxy and the IR emission of the dust heated by young stars (e.g., Bell 2003, Hirashita, Buat
& Inoue 2003, Iglesias-Paramo et al. 2004, 2006). From Mineo et al. 2012, we evaluated
the total SFR as

SFRy = SFRY v + (1 —n)SFR;R , (3.6)

where n is the cirrus correction, i.e., the fraction of IR luminosity due to the old stellar
population. It depends on the type of galaxy and in general is very difficult to determine;
we use the average values obtained by Hirashita et al. (2003):

(3.7)

) 0.4 for normal disk galaxies,
O 0 for starbursts.

SFRY v and SFR; in equation (3.6) are obtained assuming a Salpeter initial mass function
(IMF) for the mass range 0.1—100 M. From Iglesias-Paramo et al. 2006, we evaluated the
individual contributions to the total SFR by

SFRYyy (Me/yr) = 1.2 x 107" X Lyyv,ess (erg/s) (3.8)
SFRig (Mg/yr) = 4.6 x 107" x L;p (erg/s) (3.9)

where Lyv s is the observed NUV luminosity (2312 A), i.e., uncorrected for dust attenua-
tion, and L;g is the 8—1000 pm luminosity.

For Lyyeps and Lig, we used the literature values: from Gil De Paz et al. (2006) we
found Lyyeps = (2.69 £ 0.40) x 10*2 (erg/s); for Lig, in virtue of the extensive litera-
ture, we chose two values in order to have upper and lower boundaries: we found L;gp =
(9.18 4 2.30) x 10% (erg/s) and Ligps = (1.96 & 0.39) x 10 (erg/s) from Dhalem et al.
(1990) and from Sanders et al. (2003), respectively. In Table 3.18 we reported the SFR;g
for Lir, SFRY;/, and SFRyy, using equations (3.6), (3.9) and (3.9).

Considering the higher L;r, we have obtained a value for the total SFR for NGC1808 which
turns out to be ~ 10(Mg/yr). This total SFR is in agreement with other values in the
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SEFRrp SFR?VUV SEF R

(MQ/W) (MQ/?JT) (M@/yr)
(4.23 + 1-06)Lm,D 0.32 L 0.05 4.55 + 1.06
(9.03 + 1-81)L1R,s 9.35 + 1.81

Table 3.18: SFRrr, SFR% v/, and SFRy,; using equations (3.6), (3.9) and (3.9). SFR;x is
computed considering both the upper L;r ¢ and lower L;g p IR luminosities. The subscripts
D and S refer to the luminosities found by Dahlem et al. (1990) and Sanders et al. (2003),
respectively.

literature (see, e.g., Junkes et al. 1995, Jiménez-Bailon et al. 2005, Busch et al. 2017). As
discussed above, HMXBs are good tracers of recent star forming activity in the host galaxy.
From Mineo et al. (2012), their collective luminosity is found to be proportional to the SFR:

LGESR rev (erg/s) = 2.61 x 10% x SF Ry (Mo /yr) . (3.10)
The dispersion around the best-fit relationship is o = 0.43 dex.

Furthermore, the collective luminosity of X-ray binaries correlates also with the IR lumi-
nosity of the host galaxy. From Mineo et al. (2012), we have:

LGaE) vev (erg/s) = 175 x 107" X Lyg (erg/s) . (3.11)
ghe dispersion around the best fit is 0 = 0.54 dex, notably worse than for the Lfgf ffo] eV~
FR.

From equations (3.10) and (3.11) we estimated the value of X-ray luminosity of HMXBs.
In particular, if we considered a SFR~ 10 (M /yr), we obtained an upper boundary of
~ 3x10% (erg/s). The total X-ray luminosity, derived in the best-fit model of the Chandra
extended source spectrum, was obtained by setting the normalization of the mekal compo-
nent to zero, in order to obtain the luminosity corresponding to the powerlaw alone, i.e.,
the primary emission component of the AGN. We obtained Ly oy = 6.30703 x 10%° (erg/s).
All the luminosities have been estimated in the energy range of 0.5—8.0 keV. We can esti-
mate that Lﬁﬂ@g% Loy contributes to the total X-ray luminosity up to 50%. This confirms
that the nuclear emission is "diluted" from the emission of the host galaxy, as mentioned
above, and supports our choice to present the nuclear spectral properties adopting a small
extraction radius.

3.5.2 XMM-Newton spectral analysis

To complete our presentation of the X-ray properties of NGC1808, even if the main purpose
of the analysis of this source is the study of the nuclear region, we have also studied its
total emission. Considering the XMM-Newton PSF (see Section 2.1.2), the XMM-Newton
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spectral analysis is performed only on the elliptical (i.e., extended) extraction region chosen
in Section 3.2. We built the best-fit model lead by the results obtained from the Chandra
spectral analysis of the extended region. In fact, we verified that the best-fit model of
Chandra for the elliptical source region is the statistically best model for XMM-Newton,
with x2 = 1.2

XMM _ Source_ Model=zphabs*|[phabs,q, *(mekal+zgauss+zgauss+zpcfabs*(zpo))| .

As in Chandra, the addition of the two Gaussian lines to the basic model is statistically
significant (> 40). In Table 3.19, we report the properties of the two emission lines found
in the XMM-Newton spectrum.

Table 3.19: The theoretical line energy (from Turner et al. 1997), the observed line energy
and the statistical significance of the lines.

Theoretical line energy | Observed line energy | Statistical significance
MgXI 1.34 (keV) 1.33500; (keV) 50
SiXIII 1.85 (keV) 1.87 005 (keV) 4o

Table 3.20 shows the main parameters of the XMM-Newton best-fit model for the elliptical
source region. For the sake of clarity, here (and below) we report the spectral analysis and
the results obtained for the pn camera only.

The spectral analysis of XMM-Newton data supports the scenario outlined by Chandra
spectral analysis. The XMM-Newton best-fit model is composed by the main emission pow-
erlaw with I' = 1.78701%, affected by the Galactic absorption (Np 4 = 2.33 x 102 em ™2,
from Kalberla et al. 2005). The powerlaw results to be flatter than those found in Chan-
dra, but compatible within the errors. The soft part of the spectrum is described by the
contribution of several components: the gas absorption below ~ 0.5 keV, likely associ-
ated with the abundant presence of dust in the considered regions, is represented by the
addition of a further absorption component zphabs, with a Compton-thin column density
of 0.117092 x 10?2 em~2, placed in front of the whole model; the thermal emission below
~ 2 keV, likely to the stellar activity of the galaxy, is reproduced through the addition of
a thermal component mekal with a temperature of 0.6070 03 keV (consistent with Chandra
temperature); the emission peaks at 1.3 keV and 1.8 keV, are considered by adding two
Gaussian emission lines zgauss. These lines, as in Chandra, are identified as the MgXI at
1.337000 keV with an EW of 0.0697050% keV/, and SiXIII at 1.87700% keV with an EW of
0.0810:51 keV/, respectively.

The hard part of the spectrum is mainly described by two components: the primary emission
powerlaw, which emerges only above ~ 3 keV/, and a partial covering absorption compo-
nent zpcfabs, with a column density of Ny e = 0.117052 x 1022 ¢m =2, which describes
a clumpy torus and/or the contribution of the binaries. In Fig. 3.41 we show the unfolded
spectrum for pn camera (a) and the Ny ., — I' contour plot.

The flux corresponding to the best-fit model is Flo_10) kev = (9.95%572) x 10713 erg/s cm?.
The de-absorbed (i.e., corrected for the obscuration) rest-frame luminosity is La_10) kev =
(3.827039) x 100 erg/s.
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Table 3.20: The best-fit model of XMM-Newton spectrum of NGC1808 source region for pn

camera only.

zpha|pha,, (mekal+zgauss+
+zgauss+zpcfabs(zpo))]

Ni1gas (10% em™)
KT (keV)
Normi, (em™)
Ef(keV)
Normy, (photons/cm?/s)
EWS. (keV)
op, (keV)

ES (keV)
Norm, (photons/cm?/s)
EWJ (keV)
op, (keV)
NE. ey (102 en™
CvrFract!?

i

NormlS (photons/keV /cm?/s)

0.117502
0.601005
1.581913 % 104
1.337001
8.857198 x 10°¢
0.06970:004
0.01
1.87003
4811788 x 1076
0.081901
0.01
15.6915:53
0.67759%
1787018

4.421198 x 107

(x*/dof)"

243.8/195

(1) Gas/dust column density in units of 10?2 em™2; (2) and (3) temperature in kel and
normalization of the mekal component, respectively; (4) and (8) energy in keV of the
Gaussian lines; (5) and (9) normalization of the Gaussian lines; (6) and (10) equivalent width
of the Gaussian lines in keV; (7) and (11) line widths in keV, fixed at 0.01 keV; (12) and
(13) column density in units of 10?2 ¢m ™2 and covering factor of the zpcfabs component,
respectively; (14) and (15) photon index and powerlaw normalization, respectively; (16)
ratio between y? and the number of degrees of freedom. The errors are computed at the
90% confidence level for one parameter of interest (Avni 1976).
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XMM-Newton unfolded spectrum of NGC1808: best-fit model. E=(0.3-10.0) keV NGC1808 - XMM-Newton - Confidence contours; Ny - CvrFract
T T T T

keV-1)
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Figure 3.41: (a) The best-fit model applied to XMM-Newton unfolded spectrum of NGC1808
source region, only pn camera. Upper panel: spectral fitting; lower panel: residuals plot
in terms of data-model in units of o. The red lines are the best-fit models. (b) Ny .per —
CvrFract contour plot; the levels of confidence are shown as: 99% in blue, 90% in green

and 68% in red

The total (de-absorbed) X-ray luminosity is of the order of 10%° (erg/s), compatible, within
the errors, with the Chandra X-ray luminosity. In order to discriminate the contributions
of the AGN and of the host galaxy to the total X-ray luminosity, we proceeded analogously
to what we did in Section 3.5.1. By using the SFR reported in Table 3.18 we were able to
compare the luminosities of interest, Lx 1o+ and L[Ig%{fg_go} ey directly.

The luminosity contribution associated to HMXBs calculated above, is confronted with the
total X-ray luminosity (Lx ), derived in the best-fit model of the XMM-Newton source
spectrum Ly ;s = 5.61755) x 10% (erg/s). As in Chandra, the total X-ray luminosity was
obtained by fixing the normalization of the mekal component to zero, in the energy range
0.5—8.0 keV. We can estimate the non-nuclear contribution to the total X-ray luminosity to

be up to 60%.



Chapter 4

Radio data: instruments and data
reduction

In the first part of the chapter we will review the principles of interferometry and present
the used radio telescope ALMA. In the second part, we will describe the process of analysis
and data reduction for the galaxies NGC613 and NGC1808.

4.1 The principles of interferometry

Interferometry is a technique that allows to obtain high angular resolutions in astronom-
ical observations. It is based on Huygens-Fresnel principle and consists in collecting and
combining signals from radio-telescopes, which can be at any distance. The incoming signal
is processed as if it were observed by a single telescope having size equal to the distance
between the individual antennas. In observations with a single telescope, the angular reso-
lution @ is given by

0 ~ 1.22% [rad], (4.1)

where A\ is the observed wavelength, D is the antenna diameter, i.e., is the diameter of
the circular section of the paraboloid identified by the telescope; similarly, in a simple
interferometer (i.e., an interferometer made of two antennas) the angular resolution is given

by
A
0 ~ 1.223 [rad], (4.2)

where b is the baseline, i.e., the distance between the antennas that constitute it. Thanks
to interferometry, one can obtain high angular resolutions by using single telescopes with a
small diameter, thus overcoming the technological limits of the construction of large anten-
nas.

Radioastronomers are able to obtain images with a very high angular resolution, high sen-
sitivity and large Field of View (FoV) through the use of arrays of radio-telescopes such as
the Very Large Array (VLA)! or the Atacama Large Millimeter Array (ALMA, discussed
in detail in Section 4.3).

!The Very Large Array is an interferometric telescope composed of 27 antennas of 25 m located in
Socorro, New Mexico. It works mostly on cm-wavelengths.
https : //science.nrao.edu/ facilities/vla/
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The FoV or Primary Beam is an important feature of an interferometric observation, defined
as the angular distribution in which most of the radiation is received (or transmitted). It is
typically approximated by a Gaussian function whose FWHM is:

Ibv:113%puﬂ, (4.3)

where D is the diameter of the single aperture. The FoV is independent of the array
configuration.

The maximum angular scale structure that may be recoverable from an interferometric
observation is called Mazimum Recoverable Scale (MRS) and is defined as:

QMRS ~ 0.6 [rad], (44)

bmin
where b,,;, is the minimum baseline of the array configuration. An interferometer is not
sensitive to the large angular scales and cannot recover the total flux of resolved sources,
therefore, from equation (4.4) the observed source is resolved if Oy;rs > A/ D.
Another important angular scale of interferometers is the Largest Angular Structure (LAS),
i.e., the largest scale structure observed in the source.
Actually, an interferometer is sensitive only to a range of angular sizes A/byae < 0 < A/bin,
with an angular resolution A/b,,q, over a FoV~ A/D. In order to reconstruct the brightness
of extended sources, one considers them as the sum of various point-like sources. Since a
function can always be written as the sum of an even and an odd function, it follows that
in order to detect all the brightness distributions of the source it is necessary to detect both
the even and the odd part of the signal. A correlator which is sensitive both to the even and
to the odd parts of the signal is called complex correlator; the response of a two-elements
interferometer to an extended source with a brightness distribution 7(§) with a complex
correlator is called complex visibility. It is defined as:

V= /I(é) exp <_2+Zb§> dQ, (4.5)

where § is the direction of the vector pointing towards the observed source, b is the distance
vector between two antennas and A is the observation wavelength.

The visibility is a complex number, so it is characterized by a phase (¢) and an amplitude
(A) and it can be expressed in the polar form:

V=Ae". (4.6)

In order to bring the complex visibility back to a two-dimensional Fourier transform, we
can pass to a system of normalized Cartesian axis (u, v, w), by expressing the vectors b and
§ into their components u = z/\, v = y/\ and w = z/X and [, m, n, respectively. Finally, if
one assumes the angular dimension of the source sufficiently small compared to the pointing
angle, that is, n = cos(f) ~ 1, equation (4.5) becomes:

V(u,v) ~ //Iv(l,m) exp [—2mi(ul +vm)| dl dm. (4.7)
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Figure 4.1: Example of uv plane coverage for a typical ALMA observation, from De Breuck
et al. (2003).

The complex visibility measures the two-dimensional Fourier transform of the brightness
distribution. The natural Cartesian coordinate system used to express the response of the
correlator of an interferometer is called uv plane. An example of uv plane is shown in Fig.
4.1. This system represents the spatial distribution baselines as seen from the source and
for the entire duration of the observation. The discretization of the uv plane determines
the point spread function (PSF or beam), that is, the way in which the point-like source
is seen by the acquisition system. In order to get an image that is as more similar as
possible to the real one, the uv plane must be sampled as uniformly as possible: the denser
the lattice of the uv plane, the better the reconstruction of the surface brightness of the
source. Because the antenna diameter D must be smaller than the baseline b (otherwise
the antennas would overlap), the angular frequency response cannot extend to zero and the
interferometer cannot detect an isotropic source. This means that the closest regions of
the uv plane cannot be sampled, leading to the so-called missing short spacings problem
(b< D).

The brightness distribution is obtained through the Fourier inverse transform of equation
(4.7) and it is, less then a multiplication factor, by:

Iy(l,m) =~ //V(u,v) exp [+27mi(ul + vm)] du dv. (4.8)

Interferomery in practice

Each antenna measures and samples an electric signal V' related to the electric field of the
monochromatic incoming wave. The simplest interferometer is the one consisting of only
two antennas, placed at a distance b from each other, pointing to the same source (as shown
in Fig. 4.2): the voltages measured by each antenna are correlated by the correlator, which
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multiplies the voltages between them and makes a temporal average. In this configuration,
the wavefront of the incident radiation reaches the system with an angle 6, defined as the
angle between the baseline and the direction of the source.

/

R=(V?/2)cos(wT,)

Figure 4.2: Scheme of two antennas interferometer (from Gitti 2020).

As shown in Fig. 4.2, the wavefront will not hit the two antennas simultaneously: antenna
7 will receive the signal later than antenna i. This delay is given by the different paths
from the source and the two antennas, given by the geometric delay 7, = bcos(#)/c. This
geometric delay can be compensated by using devices called cross-correlators, which multiply
the signal coming from the two antennas and make a temporal average, typically in intervals
of few seconds. The output voltages of single antennas at a given time ¢ will be obtained as

Vi =V cos(wt), (4.9)
V; =V coslw(t — 7)]. (4.10)

The correlator multiplies the two outgoing voltages as

ViV; = V2 coslw(t — 7,)] cos(wt) = V? [cos(2wt — wTy) + cos(wTy)] . (4.11)

Since wT, varies slowly, it can be approximated to be constant in the temporal mean; instead,
wt varies quickly, therefore, for a sufficiently long observation, the temporal average of the
first term in equation (4.11) tends to zero. Note that, due to the terrestrial rotation, the
considered source undergoes a shift in the plane of the sky. Therefore, during the observation
0 will vary. Given these considerations, the correlator’s output will be given by

2

Ry = 37)) = () costry). (112)

The produced sine waves are called interference fringes and their phase ¢ is given by the
argument of the sinusoidal function, so we have

¢ =wr, =27 (;) cos(#).
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Since the baseline b is much larger than the observation wavelength A, the phase of the
fringes is extremely sensitive to the position of the source. For this reason ¢ is used as an
observable for determining the position of the target. The correlator between the responses
of the two antennas in equation (4.12) thus provides the fringe visibility. Given N antennas,
the output number of visibilities depends on the number of baselines N(N — 1)/2, on the
polarization, on the number of sub-bands, on the number of channels and on the integration
time.

4.2 Imaging process

Once the calibration process is done, in order to obtain the sky brightness distribution
I;(I,m), the calibrated visibilities are Fourirer transforms. The function that takes the
value of the true visibilities distribution V;(u,v) in each sampled point of the uv plane is
called sampling function S(u,v). From the convolution between V;(u,v), i.e. the ideal total
coverage of the uv plane, and S(u, v) we obtain the sampled visibilities distribution Vg(u,v):

Vs(u,v) = Vi(u,v) * S(u,v). (4.13)

From the inverse Fourier transform of the sampling function, we obtain the dirty beam
B(l,m), i.e. the interferometer response to the point-like source. Using the convolution
Fourier transform theorem, we obtain the dirty map Ip(l,m):

Ip(l,m) = FT*(Vs(u,v)) = L(I,m) * B(l,m). (4.14)

Therefore, it is necessary to deconvolve the dirty map by the dirty beam, in order to obtain
the map of the true brightness distribution (I, m).

The primary beam is corrected using the clean algorithm, in order to correct the image by
the limited sampling of the uv plane and the synthesized beam sidelobes which can corrupt
the image. The clean algorithm is an iterative process which makes a deconvolution of
equation (4.14) with the goal of minimizing the effects of the incomplete spatial frequency
sampling. At each iteration, the algorithm produces a residual image (RI), i.e., the image
from which the brightest pixels have been subtracted and the final obtained image is a map
of the diffused noise. In the latest RI no structure can be distinguished anymore. The last
part of the cleaning process is called restoring. The fluxes and the positions of the points
removed in the previous steps are stored in clear components (CC) tables. The restore
algorithm convolves the cleaned components with the clean beam, i.e., the Gaussian fit for
the main lobe of the dirty beam. Then, the algorithm sums the obtained values in the same
pixels from which they were originally extracted from the final residual map. Thus, the
cleaned map, i.e., the map cleaned by the effect of the secondary lobes, has been built.

4.3 ALMA radio telescope

The Atacama Large Millimeter/submillimeter Array (ALMA), shown in Fig. 4.3, is an
astronomical interferometer made of 66 radio telescopes and one of the largest multi-national
science projects nowadays. ALMA is an international partnership among Europe, United
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States, Canada, Japan, South Korea, Taiwan, and Chile. The official inauguration took
place on March, 13" 2013, while the last antenna was delivered on October, 1% 2013, with
all 66 antennas fully operational at the end of that year. It is located in the Atacama Desert
of northern Chile at an elevation of about 5000 m and at a latitude of —23°; this location
was chosen for its high elevation and low humidity, crucial factors in order to decrease the
noise signal?.

Figure 4.3: Atacama Large Millimeter /submillimeter Array.

ALMA combines 54 parabolic antennas with a diameter of 12 m (12 m Array), four among
these antennas are used as single-dish ( Total Power Array), and 12 parabolic antennas with
diameter of 7 m (Atacama Compact Array, ACA). The antennas can be moved across the
desert plateau over distances from 15 m to 16 km which allows to obtain angular resolutions
ranging from 20 mas at 230 GHz to 43 mas at 110 GHz. The 12 m Array, whose baselines
range from 15 m up to 16 km, is used for sensitive, high resolution imaging, while ACA,
whose baselines range from 9 m to 30 m, is used for observation of wide field. The large
number of ALMA’s antennas allow a large number of baselines, a dense instantaneous uv
plane coverage and a good imaging in short time.

The design of ALMA was driven by three key science goals:

e the possibility to detect spectral line emissions from carbon monoxide CO or ionized
carbon [CII] in a normal galaxy (like the Milky Way) at a redshift of z = 3, in less
than 24 hours;

e the possibility to create kinematic maps for gas in protostars and in protoplanetary
disks around young Sun-like stars in the nearest molecular clouds (150 pc);

e the possibility to provide precise images at an angular resolution of 0.05".

ALMA is an incredibly powerful instrument at its full capabilities stage. Up to ten receiver
bands are available, covering a wavelengths range from 0.3 mm to 3.6 mm (84 — 950 GHz),
with possible extension to 10 mm (30 GHz).

2https : | /public.nrao.edu/telescopes/alma/
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4.3.1 ALMA Full capabilities
In Table 4.1 we summarized the ALMA full capabilities.
Table 4.1: ALMA Full Array Capabilities
Compact Extended
Band v A FoV(®) |Maximum | Continuum Angular | ATy, Angular | AT,
(GHz) | (mm) " Scale®® | Sensitivity® | Resolution® | (K)® | Resolution® | (K)(
@) (mJy/beam) "
1t 131.3-45[6.7-9.5|145- 135 93 + 13-9 + 0.14-0.1 +
2F 67-90 |3.4-4.5] 91- 68 53 + 6-45 + 0.07 - 0.05 +
3 84-116 |2.6-3.6| 72-52 37 0.05 49-36 0.07 | 0.05-0.038 482
4 1125-163|1.8-2.4| 49- 37 32 0.06 3.3-25 0.071 | 0.035-0.027 | 495
5 163-211114-18| 37-29 23 * * * * *
6 |211-275]1.1-14| 29-22 18 0.10 22-15 0.1.4 | 0.021-0.016 | 709
7 1275-373108-1.1| 22-16 12 0.20 1.5-11 0.29 | 0.016 - 0.012 | 1128
8 1385-500]0.6-0.8| 16-12 9 0.40 1.07-0.82 | 0.234 | 0.011 - 0.0009 | 1569
9 1602-720104-0.5| 10-85 6 0.64 0.68-0.57 | 0.641 |0.0007 - 0.0006 | 4305
10 |787-95010.3-04]7.7-6.4 B} 1.2 0.53-0.43 | 0.940 | 0.0006 - 0.00 -
(1) FWHM of the Gaussian dirty beam of the individual antennas.
(2) Largest angular scale structure that can be recoverable from observations.
(3) Continuum sensitivity for a one-hour exposure.
(4) and (6) FWHM of the synthesized dirty beam (see Section 2.1) in the compact and

extended configuration, respectively.
(5) and (7) Brightness temperature sensitivity, for 1-hour observation with a 50-antenna
array arranged in compact or extended configuration, respectively.
x available on a limited number of antennas.
+ To be developed in future.

The data analyzed in this Thesis were carried out during ALMA Early Science Cycle 3 pro-
gram for NGC613 and during ALMA Cycle 4 for NGC1808, whose capabilities are different
from the ALMA full Array, as described in the following Sections.

4.3.2 ALMA Cycle 3 capabilities

ALMA Cycle 3% had a duration of 12 months (October 2015-September 2016). In this
Cycle, ALMA had the following capabilities: thirty-six 12m antennas for interferometric
observations, ten 7 m antennas (ACA) and two 12 m antennas for single-dish observations
(TP Array); receiving bands 3, 4, 6, 7, 8, 9 and 10 with wavelengths between 0.32 — 3.6
mm (corresponding to a frequency range of 84 — 950 GHz); the array configurations allow
baselines ranging from 160 m to 10 km (but not for all receiving bands). Table 4.2 collects
main capabilites of ALMA Cycle 3.

3https://almascience.eso.org/documents-and-tools /cycle3 /
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Table 4.2: ALMA Cycle 3 Capabilities

Cycle 3 Receiver Most Compact Most Extended
Band v A FoV Sensitivity®™ | Angular Resolution Maximum Scale | Angular Resolution Maximum Scale
(GHz)  (mm) (" (mJy/beam) @] (" (mas) "
3 84-116 2.6-3.6 73-53 0.095 3.8—2.8 21-22 92—66 1.25—-0.91
4 125—-163 1.84—-2.4 48-38 0.11 2.6-2.0 20—-15 62—47 0.84-0.65
6 211-275 1.1-14 29-22 0.12 1.5-1.2 12-9 36—28 0.50—0.38
7 275-373 0.8—1.1 22-16 0.21 1.2—0.86 9.0—6.6 48—-36 0.64—0.47
8  385—500 0.6—0.8 16—12 0.40 0.84—0.6 6.4—4.9 84—64 2.2—-1.7
9  602—720 04-0.5 10-8.5 1.59 0.53—0.45 41-34 53—45 1.4-1.2
10 787-950 0.3—0.4 7.8—6.5 3.87 0.41-0.34 3.1-2.6 41-34 1.1-0.87

(1) 1o rms in an integration time of 60s.

4.3.3 ALMA Cycle 4 capabilities

ALMA Cycle 4* had a duration of 12 months (October 2016-September 2017). In this Cycle,
ALMA had the following capabilities: forty antennas in the 12m Array, plus ten 7m and
three 12m antennas in the ACA configuration; receiver Bands 3, 4, 6, 7, 8, 9 and 10 with
wavelengths between 0.35 — 3.0 mm (corresponding to a frequency range of 100 — 937 GHz);
the array configurations allow baselines ranging from 156 m to 12.6 km (but not for all
receiving bands). In table 4.3 we collect the main capabilites of ALMA Cycle 4.

Table 4.3: ALMA Cycle 4 Capabilities

Cycle 3 Receiver Most Compact Most Extended
Band v A FoV Sensitivity) | Angular Resolution Maximum Scale | Angular Resolution Maximum Scale
(GHz)  (mm) (" (mJy/beam) " (" (mas) @)
3 84—116 2.6—3.6 73-53 0.095 44-3.2 34—-25 7857 0.93-0.68
4 125—163 1.84—2.4 48-38 0.13 3.0-2.3 23—18 53—41 0.63—0.48
6  211-275 11-14 29-22 0.13 1.8—-14 14—-11 31-24 0.37-0.29
7 275-373 0.8—-1.1 22-16 0.24 1.35—0.99 10.6—-7.8 43—-32 0.48—0.35
8  385—=500 0.6—0.8 16—12 0.46 0.96—-0.74 7.6—5.8 53—41 0.46—0.36
9 602-720 0.4-0.5 10-8.5 2.3 0.61-0.51 4.8-4.0 34-29 0.30—0.25
10 787-950 0.3—0.4 7.8-6.5 5.2 0.47—0.39 3.7-3.1 22—-26 0.23-0.19

(1) 1o rms in an integration time of 60s.

4https://almascience.eso.org/documents-and-tools /cycle4 /




4.4. ALMA SCIENCE ARCHIVE 113

4.4 ALMA Science Archive

The ALMA Science Archive (ASA)® contains all public and proprietary data of PI-proposal
observations. ASA has a complex and hierarchical structure, the so-called Observing project,
as shown in Fig. 4.45.

Observing Project
Science Goal ScienceGoal  _____ / Science Goal

OUSHN

/' Group

s/

.,

.

\own/

Figure 4.4: Scheme of an Observing Project. Each level of the block diagram corresponds
to a precise data acquisition procedure. From ALMA Science Archive Query.

At proposal stage the PI makes choices and requests needed to reach his/her purposes. The
Observing project is divided into Science Goals (SG), i.e., the minimum proposed observa-
tional unit including targets in the same sky region that roughly share the same calibration,
Pl-proposal requests and spectral setup. Sensitivity goals are defined on SG basis. The
smallest unit for data processing is called Observing Unit Set (OUS).

Each SG is divided into a Group. It can contain several configurations to be combined in
data processing (e.g., several arrays), each of them is a Member. A Member can contain
multiple executions of Scheduling Blocks. 1t is the minimum scheduling entity.

Each SG is converted into a Scheduling Block, i.e., the minimum observational unit in-
cluding targets in the same sky region and their calibrators to be observed with the same
instrumental setup. They are the minimum set of instructions to perform an observation.
Different configurations cannot stay in the same SB. It is possible that an SB has to be
repeated to reach the requested sensitivity. Each repetition of the observation of a SB is
called Fxecution Block. This is the minimum observing unit and the minimum data reduc-
tion unit, but might not be enough to reach the PI requests. It is the minimum archive

Shttps://almascience.eso.org/asax/
Shttps://almascience.eso.org/documents-and-tools/latest /documents-and-tools /science-archive-manual
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unit, i.e., the smallest entity used for observing. The SB/Member/Group are the smallest
structures that contain science observations that need to be observed processed/combined
together to produce calibrated science products.

4.4.1 Data Quality Assurance

The goal of ALMA Quality Assurance (QA) is to deliver to the PI a reliable final data
product that has reached the desired control parameters outlined in the SG, that is calibrated
to the desired accuracy and free of calibration or imaging artifacts.

ALMA QA happens on four levels:

e QAQO: near-real time verification of weather and hardware issues carried out on each
execution block immediately after the observation.

e QA1: verification of longer-term observatory health issues like absolute pointing and
flux calibration.

e QA2: offline calibration and imaging (using CASA software, see later Section 4.5.1)
of a completely observed Member OUS. This procedure is performed by expert an-
alysts with the help of semi-automatic procedures, based on common practice. The
calibration can be Manual or based on the Pipeline. The imaging so far is always
manual. This step is limited to verify the achievement of the PI requests for each
Member OUS. Finally, the results are archived and given to the PI.

e QA3: Pls may request re-reduction, problem fixes and possibly re-observation. This
is an optional step.

4.4.2 Data format

The ALMA Science Data Model (ASDM) is the final archived product from each observation.
ASDM has an unique hexadecimal name and contains the meta-data (headers, descriptions
of the observation setup, etc), and the binary data (the raw data, i.e., the raw visibility).
The first step of any data processing is importing the ASDM in the format suitable for the
software used, i.e., CASA software. Measurement Set (MS) is constituted by several tables
referring each other and collecting most (not all) the information in the ASDM.

For each project the main deliverables are Raw Data, Calibration Scripts and Tables. The
resulting calibrated data is considered science-ready. As a consequence of the process, only
data that passed QA2 are in the archive. Also imaging products are delivered, as result
of QA2 processing, but images in the archive are provided as starting point on the way
to obtain the final images and a valuable basis for archive researchers, i.e., they are not
considered science-ready.

4.5 The adopted software

In this Section we describe the softwares used for the interferometric analysis of the studied
galaxies.
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4.5.1 The CASA software

The Common Astronomy Software Applications (CASA)7 package is the primary data pro-
cessing software for the ALMA and VLA, and is frequently used also for other radio tele-
scopes. CASA is a comprehensive software package to calibrate, image, and analyze radio
astronomical data from interferometers (e.g., MeerKAT) as well as single dish telescopes
(e.g., IRAM-30m, APEX).

The CASA infrastructure is built on top of CASA-core consists of many tools that are im-
plemented in C++ and used with an Interactive Python interface as data reduction tasks.
This structure provides flexibility to process the data via task interface or as a python script.
In addition to the data reduction tasks, many post-processing tools are available for more
flexibility and special purpose reduction needs.

Any kind of interferometric data can be converted with specific tools in a CASA data for-
mat, the so-called Measurement Set (MS). The structure of MS is a nested-table-based: the
principal table, called MAIN, which is substructure itself, contains auxiliary information
about the observation (e.g., sources, pointing, atmosphere, antennas).

The many columns of MAIN table contain the main information relative to the observation,
in particular: the DATA column, which contains the information about the raw visibili-
ties; the Scratch columns storing the modification to the raw data, such as Corrected Data,
which contain the calibrated data, and the Model, which holds the information about model
visibilities.

Using the CASA version 5.1.1-5 software, we inspected available data, created interferomet-
ric data cubes and extracted the moments. The three moment are: the 0 moment, i.e, the
integrated intensity map, the first moment, i.e, the intensity velocity map and the second
moment, i.e, the intensity velocity dispersion map. In this Thesis we analyzed the 0 moment,
as explained later in Section 5.1.

4.5.2 The GILDAS and IRAF softwares

Grenoble Image and Line Data Analysis Software (GILDAS)® is a collection software ori-
ented toward (sub-)millimeter radioastronomical applications, either single-dish or interfer-
ometer. It is one of the numerous image processing systems used in Astronomy and has
been adopted as the IRAM standard data reduction package. It is written in Fortran-90/95,
with a few parts in C/C++ (mainly keyboard interaction, plotting, widgets).

GILDAS has two different data types: images and tables. Images are data sets of up to
4 dimensions, with a header specifying, for example, the coordinate system, the type of
projection used and spectroscopic information. Tables are essentially like 2-D images and
the one of relevant information is the number of lines and columns in the table.

Using GILDAS/Mapping version jan2la, we have analyzed calibrated ALMA CO-line and
continuum maps, extracted information useful for the analysis, and performed the imaging
producing the maps shown in this Thesis.

Image Reduction and Analysis Facility (IRAF)? is a general purpose software system for
the reduction and analysis of scientific data. The IRAF system provides a good selection
of programs for general image processing and graphics applications, plus a large selection

Thttps : //casa.nrao.edu/

8https : [ Jwww.iram.fr/IRAMFR/GILDAS/
Yhttp : //iraf.noao.edu
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of programs for the reduction and analysis of optical astronomy data. Using IRAF version
2.16.1, we have performed simple operations on the images and also check some procedures
done in the GILDAS environment.

The ALMA data analysis in this Thesis was performed on cluster of the ALMA Regional
Center of the INAF Istituto di Radioastronomia, Bologna. This is one of the seven nodes

that constitute the European network that provides technical and scientific support to
ALMA users.

4.6 The ALMA data selection

In this Section we will illustrate the available ALMA data for NGC613 and NGC1808 and
discuss their advantages and disadvantages, in order to justify the choice of the dataset
analyzed in this Thesis.

Data were downloaded from ALMA Science Archivel®. We checked that they data granted
the requisites of rms and angular resolution requested by PI and able to satisfy our scientific
goals. The inspected data are collected in Table 4.4.

Source Band Line Cycle v A Beam PI
(GHz) | (mm)
3 CO(1-0) 2 115.271 | 2.60 0.7 | Y. Miyamoto
84 — 116 GHz 58pc
NGC613 7 CO(3-2) 3 345.796 | 0.87 | 0.14” F. Combes
275—-373 GHz 11.6pc

275—-373 GHz | CO(3-2) 4 345.796 | 0.87 0.08" F. Combes

6.6pc

7 CO(3-2) 3 345.796 | 0.87 0.14” F. Combes
275—373 GHz 6.3pc

NGC1808 7 CO(3-2) 4 345.796 | 0.87 | 0.30” F. Combes
275—-373 GHz 13.5pc

Table 4.4: CO observations of NGC613 and NGC1808 available in the ALMA Science
Archive. All these observations have been acquired in a single pointing towards the galaxy
center. Data in bold are those used in this Thesis.

The CO(1-0) emission line observations, available only for NGC613, allow a direct measure
of the Hy mass (see later Section 5.1) but a lower angular resolution than CO(3-2) data
(see Section 4.1). The CO(3-2) emission line observations offer a higher angular resolution;

Ohttps://almascience.nrao.edu/asax/
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however, in this case we have to assume a line ratio Ri3 = Leoi—0)/Leo—2) to estimate
H, mass from CO(3-2) observations (see Section 5.2). Since our goal is to spatially resolve
the nuclear region of NGC613 and NGC1808, we decided to use CO(3-2) observations.
For NGC613, unfortunately, Cycle 4 CO(3-2) data seem to be not usable (after a double
check!!) and for this reason we decided to use CO(3-2) data available from Cycle 3. Instead,
for NGC1808 we used Cycle 4 CO(3-2) data. We also mention that CO(3-2) Cycle 3 data
of NGC1808 only show hint of detection.

In Tables 4.5 and 4.6 we collect the main properties of the analyzed data for NGC613 and
NGC1808, respectively.

Band | Cycle Array Integration | Beam | FoV rms Velocity
Configuration Time Resolution
7 3 TE 1h 0.14" 18" Line:0.9 mJy/beam 10 km/s
11.6 pc | 1.5 kpc at 10 km/s

Continuum: 80 pJy/beam

Table 4.5: Main properties of the used ALMA Cycle 3 data of NGC613.

In Cycle 3, NGC613 was observed (project ID:#2015.1.00404.S, PI F. Combes) simultane-
ously for both the compact (TC, baselines from 15 m to 630 m) and the extended (TE,
baselines from 15 m to 1400 m) configurations. The TE configuration, adopted in August
2016 with 41 antennas, is the configuration used in this Thesis. The total integration time,
including calibration and overheads, was 1 hr. The synthesized beam is of ~ 0.14” (~ 12 pc)
and the rms sensitivity of 1 mJy/beam in 10 km/s channels (80 pJy/beam in the contin-
uum). In order to redefine the center of the observations, we analyzed the continuum map
available thanks to ALMA Band 7 (275 — 373 GHz) observations.

Band | Cycle Array Integration | Beam | FoV rms Velocity
Configuration Time Resolution
7 4 TM2 11m 0.30” 18" Line:1.4 mJy/beam 10 km/s
13.5 pc | 0.8 kpc at 10 km/s

Continuum: 90 pJy/beam

Table 4.6: Main properties of the used ALMA Cycle 4 data of NGC1808.

In Cycle 4, NGC1808 was observed (project ID:#2016.1.00296.S, PI F. Combes) simultane-
ously for both the compact (TM2, baselines from 15 m to 704 m) and the extended (TMI,
baselines from 21 m to 3638 m) configurations, carried out in November 2016 and August

HWe will send a ticket to the ALMA Helpdesk to report this problem.
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2017, respectively. The TM2 configuration was observed with 42 antennas for an integra-
tion time of 11 minutes, a synthesized beam of 0.30” (~ 13.5 pc) and the rms sensitivity of
1.4 mJy/beam in 10 km/s channels (90 pJy/beam in the continuum). This is the configu-
ration used in this Thesis.

These observations have been acquired in a single pointing, covering a FoV of 18" corre-
sponding to 1.5 kpc and 0.8 kpc for NGC613 and NGC1808, respectively. NGC613 and
NGC1808 were observed in dual polarization mode with 1.875 GHz total bandwidth per
baseband, and channel spacing of 0.488 MHz corresponding to ~0.8 km/s. The spectra
were then smoothed to 11.7 MHz (~10.2 km/s) for NGC613, and to 11 MHz (~10.16 km/s)
for NGC1808 in order to build the final channel maps we used.

The maps used in this work are corrected for primary beam attenuation (see Section 4.2).
We stress that very limited CO(3-2) emission was detected outside the full width half power
primary beam, for both sources. The missing-flux problem can affect the high-frequency ob-
servations (e.g., in ALMA Band 7). However, the velocity gradients are very high in galaxy
nuclei and the size of the emission in each velocity channel is not expected to be extended.
For these reasons, the missing-fluz problem should not affect CO-line measurements signif-
icantly. The missing-flux problem could instead affect the continuum map. This effect can
be solved (or mitigated) by combining interferometric observations with single-dish obser-
vations (e.g. NOEMA + IRAM — 30 m, Combes et al. 2009, Casasola et al. 2011), and
for ALMA by combining data from the main array of 12 m diameter antennas with those of
the compact ACA array and/or with those of the single ALMA antennas used as single-dish
(e.g., see Leroy et al. 2021).

The data presented in the following have passed the QA2 phase (see Section 4.4.1 for details
on QA2), hence they are already calibrated and reduced.



Chapter 5

ALMA data analysis

5.1 CO as molecular gas tracer

Molecular gas is critical in determining the formation, morphology, and evolution of galaxy
disks. It is within the giant molecular clouds (GMCs) that interstellar gas is transformed into
next generations of stars, and the most massive stars are responsable for most of the galactic
luminosity. The molecular hydrogen (Hj) lacks a dipole moment and typical temperatures
(~15 - 25 K) in GMCs are too low to excite quadrupole or vibrational transitions. For these
reasons, the carbon monoxide (CO, the second most abundant molecule in the interstellar
medium, ISM) emission lines are the most straightforward and reliable tracer of Hy in
galaxies (e.g., Carilli & Walter 2013). Its strong rotational transitions emit lines through
collisions with Hy and CO has a weak permanent dipole moment and a ground rotational
transitions with a low excitation energy. The CO rotational transitions are observed in
the (sub-)millimeter range (e.g., CO(1-0) at 2.6 mm, CO(2-1) at 1.3 mm, CO(3-2) at
0.87 mm).
The standard relation between the observed CO intensity and the column density of Hy is
given by

N(Hy) = Xcol(CO, J=1—0), (5.1)

where N (Hy) is the column density in unit of cm =2, I(CO) is the CO integrated line intensity
in units of K km s~!, J =1 — 0 indicates the transition from the (rotationally) excited
state to the ground one, and X¢p is the CO-to-Hy conversion factor (e.g., Bolatto et al.
2013). We used the value of Xcp =2 x 102 em™2 (K km s71)~!, recommended for Milky
Way-like disks (e.g., Bolatto et al. 2013). The CO-to-Hy conversion factor can also be
expressed in terms of acp defined as:

aco = s (52)

where M(Hs) is the mass of Hy in Mg, and L{,, is the CO line luminosity in K km s~! pc?
(Narayanan et al. 2012). The value of Xco =2 x 10?° em™2 (K km s~ 1)~! corresponds to
aco = 3.2 My, (K km s7* pc®)~t. As is usual in the literature, we refer to the CO-to-H,
conversion factor both in terms of Xcp and aco.

From the integrated intensity CO(3-2) map, i.e., the moment 0 map, we computed the
CO integrated flux density (see Section 5.2.2) and, from it, the CO luminosity. Following
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Solomon & Vanden Bout (2005), the CO luminosity L}, can be computed as
S(COYAV \ [ vpess \~2 ( D1\’ B _
Ly = 3.25 x 107 G ZE) (1427t K L pe? .
Lo = 3.25 % 10 (Jy — 51> GHZ) Vi) (127 K kT pe] (53)

where S(CO)dV is the integrated line flux density, v,..q is the rest frame frequency, z is the
redshift and Dy, is the luminosity distance.

5.2 NGC613 analyzed maps

In this Section we will present the analyzed maps for the galaxy NGC613. As anticipated
in Section 4.6, we focused on the study of the CO(3-2) emission line with the aim of
characterizing the distribution of the molecular gas in the innermost region of NGC613.
These data have already been published in Combes et at. (2019) and Audibert et al.
(2019).

We will present our analysis and corresponding results, comparing them with those present
in the literature. Our goal is to calculate the Hy column density (N(H,)), as traced by CO,
in order to compare it with the value obtained in X-ray analysis performed in Section 3.3.
We obtained N (Hz) values for three regions centered on the nucleus of NGC613: i) within
the FoV of ALMA Band 7 observations, i) within the region occupied by the molecular
torus, 4ii) within a very central region available from the literature.

5.2.1 Continuum map

The continuum map was used to redefine the position of the central AGN. This is possible
when the nucleus has a strong point-like emission in the radio continuum.

Figure 5.1 shows the 345 GHz continuum map obtained towards the nucleus of NGC613.
The center of NGC613 is originally taking from NED! (RA: 01h 34m 18.170s, Dec: -29d
25m 06.10s). These coordinates, which are those commonly adopted for NGC613 (e.g.,
Combes et al. 2019, Audibert et al. 2019), are identified in Fig. 5.1 with the black cross.
We detected a central continuum point-like source emission (RA: 01h 34m 18.19s, Dec: -
29d 25m 06.60s) which is represented in the right panel of Fig 5.1 by the blue star. The
center of the observations is not coincident with the peak of the continuum emission: we
measured this shift to be As ~ 0.6” (mainly in RA). The displacement between the center
provided by NED and the center of the continuum emission that we found can be ascribed
to an approximation of the coordinates provided by NED. The AGN position we found is
consistent with those derived by Combes et al. (2019) and Audibert et al. (2019).

The left panel of Fig. 5.1 shows the central 10” x 10” of NGC613. The continuum emission
is distributed in a clumpy ring of radius ~4” corresponding to a star forming ring, observed
in K-band (e.g., Boker et al. 2008). The right panel of Fig. 5.1 shows the zoom of the
central 2" x 2" of NGC613, where the peak of the continuum emission is well defined. We
assumed that the continuum emission peak corresponds to the position of the central black
hole, as commonly done in similar studies (e.g., Casasola et al. 2011, Combes et al. 2013,
Combes et al. 2019).

From the ALMA continuum map at 345 GHz we have estimated an integrated flux of
(2.50 £ 0.25) mJy compatible with (2.4 £ 0.1) mJy obtained by Audibert et al. (2019).

Thttps://ned.ipac.caltech.edu/
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Figure 5.1: Continuum emission at 345 GHz towards the nucleus of NGC613. Left panel:
central 10” x 10”. Right panel: zoom of the central 2” x 2”. The center of the observations
is represented by the black cross in both panels. The peak of the continuum emission, i.e.,
the "new" galaxy center, is represented by the blue star (see discussion in Section 5.2.1).
The beam size (0.16” x 0.14”) is shown as an the orange ellipse in the bottom-left corner of
the left panel. The color scale is in Jy/beam.

5.2.2 CO(3-2) emission line map

In order to identify the molecular torus, which is expected at the center of galaxies as
NGC613, we used the CO(3-2) emission line map, shown in Fig. 5.2. It shows the molec-
ular gas distribution traced by the CO(3-2) emission line in the inner 14” x 14" (~FoV) of
NGC613. In this map we observe a nuclear emission with a well-defined central peak and a
spiralling structure with two arms. The ring structure is well-defined, despite the gas is not
homogeneously distributed along the ring itself (see also Miyamoto et al. 2017, Combes et
al. 2019, Audibert et al. 2019).

We derived an integrated emission of the CO(3-2) line within the FoV of S(CO)dV =
(1276 £+ 75)Jy km/s, which is consistent with the value of (1307 &+ 121) Jy km/s derived
from Audibert et al. (2019) for ALMA Cycle 4 Band 7 data (see Table 4.4). From equation
(5.3), we obtained Ly, = (1.02 £ 0.06) x 10® (K km s~' pc*) within the FoV.

We evaluated the Hy mass under two assumptions: the CO-to-Hy conversion factor acp=3.2 M,
(K km s™! pc?)~! from Bolatto et al. (2013), a typical value for Milky Way and disk galax-
ies (see Section 5.1), and acp=0.8 My (K km s~! pc?)~! from Bolatto et al. (2013), a
typical value for ultra-luminous infrared galaxies (ULIRGs, Lrrr > 10'? Ly). Moreover, we
assumed an intensity line ratio Ri3 = Lo _g)/Lo@_g) = 2 (e.g., Tacconi et al. 2013), for
both assumptions of aco.
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Figure 5.2: The CO(3-2) integrated intensity map of NGC613 in the central 14” x 14”. The
beam size (0.16” x 0.14") is shown as red ellipse in the bottom-left corner. The color scale
is in Jy/beam km/s.

From the L[, we obtained M (H,) as

(6.53 4 0.38) x 10® M, for aco = 3.2 My, (K km s~ pc?)~!,
(1.63 £ 0.10) x 108 My for aco = 0.8 Mg (K km s pc?)~t

(5.4)
M (H) do not takes into account the helium contribution. Taking into account the helium
contribution (or, more in general, that of heavier elements), the value of M(Hs) should be
multiplied by a factor of 1.36 (see, e.g., Schruba et al. 2011).

We derived the column density N (H,) within the FoV from the corresponding surface density
Y(H,) as

M(Hs) = acoLoolis = {

M,
(4.1140.24) x 107 —2 for aco = 3.2 My, (K km s™" pc) ™",

pc
Y(Hy) = (5.5)

M
(1.03 £ 0.60) x 1073° p_c(; for aco =0.8 My (K km s pc®)™".

From equation (5.5), we derived the Hy density column N(H,) as

2,444 0.14) x 1022 em ™2 f =32 M, (K km s7! pc?)~!
N 2):{( ) X em™* for aco o (K km s pc®)™, (5.6)

(6.12+0.36) x 10** em™2 for aco = 0.8 Mg, (K km s7! pc?)~1,

The assumption made to derive N(Hs) within the FoV is based on the uniform distribution
of gas within the region under analysis, and therefore it tends to underestimate N(Hs),
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given the gas distribution shown in Fig. 5.2.

Let us focus on the nuclear region only. In Fig. 5.3 we show the zoom of the molecular
gas distribution in the inner 2” x 2” of NGC613. This nuclear structure is morphologically
separated from the outermost ring (see Fig. 5.2). The kinematics analysis of this nuclear
structure shows that it is also decoupled from the rest of molecular gas emission (see Audib-
ert et al. 2019). This kinematic decoupling of the nuclear region with respect to the outer
parts is observed also in the dense gas traced by the HCO™(4-3) emission line (see, for
instance, Fig. 7 in Combes et al. 2019). Given its position and the amount of gas present
in this region, this structure can be interpreted as the molecular gas torus of NGC613.

[wo2g/4p] =ni4

ADec "]

—0.5

0.5 8]
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Figure 5.3: The CO(3-2) emission within the inner 2” x 2” of NGC613. The white intensity
contours start from 30 (1o = 0.34 Jy/beam) and move by integer multiples. The red ellipse
corresponds to the defined molecular gas torus (see text for details). The color scale is in
Jy/beam km/s.

We identified the torus in the CO(3-2) data through ellipse-fitting with the adopted center
as the continuum point source. We found that the torus is twice the size of the beam and
estimated a radius of (15+4) pc. The derived radius of the torus is consistent, within errors,
with the one measured in Combes et al. (2019) (r = (14+£3) pc), under similar assumptions.
We derived an integrated emission of the CO(3-2) emission line within the region occupied
by the torus of S(CO)dV = (64 +4)Jy km/s corresponding - based on equation (5.3) - to
Lo = (5.10+0.30) x 10° (K km s~! pc?). From L, we obtained M (Hz) by

(3.26 £ 0.19) x 107 Mg, for aco = 3.2 Mg (K km s pc?)™,
(8.16 £ 0.48) x 105 My, for aco = 0.8 My, (K km s7! pc?)~L.
(5.7)
Following the method adopted by Gilli et al. (2014), we assumed a spherical symmetry for
the molecular gas torus of NGC613. According to Ruffa et al. (2018), Circosta et al. (2019)
and D’Amato et al. (2020), the Hy column density could be roughly estimated multiplying
the Hy density (i.e., M(Hs)/4 x m x r*) by the radius of torus. With these prescriptions,

M(H,) = acoLcoliz = {
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we obtained:
N(Hy) = {(2.27 +0.13) x 10% em™2 for aco = 3.2 My (K km s~! pc?)~, 55)

(5.68 +0.33) x 10?3 cm =2 for aco = 0.8 My, (K km s7! pc?)~L.

Finally, we explored the nuclear region of radius » = 3.1 pe¢, corresponding to the beam
(0.04”) of ALMA Cycle 4 CO(3-2) data presented by Combes et al. (2019, see also Table
4.4 of this Thesis). We obtained molecular gas mass values for the nuclear region of r = 3.1 pc
of:

5.9
(1.84 4 0.05) x 10° My, for ago = 0.8 My, (K km s pc?)~, 9

M(H,) = {(7.35 +0.18) x 10° My, for aco = 3.2 My (K km s~ pc?)~!,
corresponding to N (Hj) values, under the assumption of spherical symmetry (as done for
the torus) of:

(5.10)

N(H,) = (1.20 £ 0.03) x 10% em™2 for aco = 3.2 My, (K km s~ pc?)~1,
(2.99 £ 0.08) x 10** em™2 for aco = 0.8 My, (K km s~ pc?)~L.

5.3 NGC1808 analyzed map

In this Section we will present the analyzed maps for NGC1808. As done for NGC613, we
focused on the CO(3-2) emission line and we obtained the N(Hz) values for three regions
centered on the nucleus of NGC1808. These data have already been published in Combes
et at. (2019) and presented in Audibert et al. (2020, submitted).

5.3.1 Continuum map

We used the continuum map to redefine the positions of AGN. In Fig. 5.4 we show the 345
GHz continuum map obtained for the central region of NGC1808.

The galaxy center is taken from NED (RA: 05h 07m 42.340s, Dec: -37d 30m 46.98s) and
these coordinates are represented by the orange cross in Fig. 5.4. The peak of the con-
tinuum emission (RA: 05h 07m 42.329s, Dec: -37d 30m 45.88s) is indicated with the blue
star in the right panel Fig. 5.4. We measured the displacement between the center of the
observations and the peak of emission to be As ~ 0.5” (mainly in Dec). We assumed that
the position given by the peak of the continuum emission is coincident with the position
of the AGN and we defined it as the "new" map center. The AGN position we derive is
consistent with that adopted by Combes et al. (2019) and Audibert et al. (2020).

The left panel of Fig. 5.4, displaying the inner 14” x 14” of NGC1808, shows that the contin-
uum emission is distributed in an incomplete ring of radius of ~5”. In the right panel of Fig.
5.4, we see the zoom of the inner 7”7 x 7", where the central point-like nuclear component is
well-defined.

From ALMA continuum map at 345 GHz we estimated an integrated flux of (6.10 + 0.61) mJy,
compatible with (6.78 £ 0.68) m.Jy obtained by Audibert et al. (2020, submitted).
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Figure 5.4: Continuum emission at 345 GHz towards the center of NGC1808. Left panel:
central 14" x 14”. Right panel: zoom of the inner 7 x 7”. The center of the observations is
represented by the orange cross in both panels. The peak of the continuum emission, i.e.,
the "new" galaxy center, is represented by the blue star in the right panel (see discussion in
Section 5.3.1). The beam size (0.30"” x 0.31") is shown as the red ellipse in the bottom-left
corner of the left panel. The color scale is in Jy/beam.

5.3.2 CO(3-2) emission line map

We analyzed the CO(3-2) emission line map in order to identify the molecular gas torus of
NGC1808. Figure 5.5 displays the inner 20” x 20” of the CO(3-2) distribution. This map
shows that the CO(3-2) gas has a central peak, two well-defined spiral arms at ~3” from
the center, and a single arm at ~6” from the center.

We estimated an integrated emission of the CO(3-2) line within the FoV of S(CO)dV =
(3348 £ 368)Jy km/s. From equation (5.3), we derived the CO luminosity of Lg, =
(7.8540.86) x 107 (K km s~! pc?), consistent with the CO luminosity derived from Audibert
et al. (2020, submitted).

We derived the Hy mass under the same assumptions used for NGC613. From the L, we
obtained M (H,) within the FoV as

2

—_

5.02 £ 0.55) x 10® M, for aco = 3.2 My (K km s~ pc
O] ©
(1.26 £ 0.13) x 10® Mg, for aco = 0.8 Mg (K km s~ pc?)
(5

_7
-1

11)

M(H;) = acoLoobis = {

where M (H;) does not take into account the helium contribution.



126 CHAPTER 5. ALMA DATA ANALYSIS

N
o

ADec ["]
[s/w wpaq/Ar] xn|4

(@]

0
ARA ["]

Figure 5.5: The CO(3-2) integrated intensity map in the inner 20” x 20” of NGC1808. The
beam size (0.30” x 0.31”) is shown as red ellipse in the bottom-left corner. The intensity

contours start from 30 (1o = 0.13 Jy/beam) and move by steps of 30. The color scale is in
Jy/beam km/s.

We derived the column density N (H;) within the FoV from the corresponding surface density
Y(H;) as

M
(1.02 £0.11) x 10734 p—cf for aco = 3.2 My, (K km s~ pc®)7!,

S(Hy) = (5.12)

M,
(2.56 & 0.28) x 10730 p—cf for aco = 0.8 My (K km s~ ! pc®)~L.

From equation (5.12), we derived the Hy density column N(Hj) as

6.06 4 0.66) x 10?2 cm=2 f =32 M, (K km st pc?)~1

(1.52 4+ 0.17) x 10 em™2 for aco = 0.8 Mg, (K km s™! pc?)~1,

Also in this case, the assumption adopted to derive N(H,) within the FoV tends to under-
estimate N(Hs), given the gas distribution shown in Fig. 5.5.

Then, we focused in the central inner 4” x 4” region, shown in Fig. 5.6. This map shows
the central nuclear structure, morphologically separated and kinematically decoupled from
the outermost ring (Audibert et al. 2020, submitted). This structure can be interpreted as
the molecular gas torus expected in NGC1808. We identified the torus in the CO(3-2) data
through ellipse-fitting with the adopted center as the continuum point source. We found
that the size of the torus is comparable to that of the beam and estimated a radius for the
torus of (5 £+ 1) pc. This value is consistent with that derived by Combes et al. (2019)
(r = (6 £ 2) pc), under similar assumptions.
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Figure 5.6: The CO(3-2) emission within the inner 4” x 4” of NGC1808. The white intensity
contours starting from 30 and moving by integer multiples. The blue ellipse corresponds to
the defined molecular gas torus (see text for details). The color scale is in Jy/beam km/s.

For the region occupied by the torus, we obtained an integrated emission of the CO(3-2) line
of S(CO)dV = (66+27)Jy km/s corresponding to L, = (1.54+0.17) x10° (K km s~ pc?).
From L, we obtained M (H,)

(9.86 & 1.08) x 105 My, for aco = 3.2 My, (K km s7! pc?)™1,
(2.46 £+ 0.27) x 105 My, for aco = 0.8 My, (K km s7! pc?)~L

(5.14)
Following the analysis of NGC613, we assumed a spherical symmetry for the molecular torus
of NGC1808 and we obtained the Hy column density:

M(H,) = acoLcoliz = {

5.86 % 0.64) x 10% em 2 f —32 My (K km s p)~
N(Hz)Z{( )X 10" em™ for aco o (Kkms™ pc)™ (515

(1.46 £ 0.16) x 10** em™2 for aco = 0.8 My, (K km s~ pc?)~L.

Finally, we analyzed the nuclear region of radius » = 1.6 pc and we obtained molecular gas
mass of:

M(H,) = (3.67 £ 0.40) x 10° My, for aco = 3.2 My, (K km s pc?)~1, 510
27 ) (917 £ 1.01) x 101 My, for aco = 0.8 My (K km s~ pc?)~1, :
corresponding to N(Hs), under the assumption of spherical symmetry, of:
N(Hy) = (2.27 £0.25) x 10" em™2 for aco = 3.2 My, (K km s~ pc?)~!, _
? (5.67 £ 0.62) x 102 em~2 for aco = 0.8 My (K km s~ pc?). :
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5.4 Radial distribution of gas

Typically, molecular gas (Hy) and atomic gas (HI) in spiral galaxies have a complementary
distribution in galaxy disks. Molecular gas traced by CO observations - as done in this
Thesis - is abundant in the central regions of galaxies and exponentially decreases towards
the outside, vice versa the HI is very low in the center and increase in the outer parts.
Figure 5.7 shows the different distribution of Hy (turquoise curve) and HI (grey curve) gas
for the nearby galaxy NGC5457 (M101) hosting an AGN as NGC613 and NGC1808. Based
on the observed Hy and H I gas profiles and taking into account that we are focusing on the
central region of both galaxies where we expect N(HI) ~ 0, we can assume:

N(HI)~0 — N(Hy) ~ Ny.

where N(H,) values are those determined thanks to the analysis of ALMA data performed
in this Thesis. This value can be directly compared with the hydrogen column density
obtained in the X-ray analysis (see Section 3.3).
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Figure 5.7: Surface density profiles for the mass of dust (orange), molecular gas (turquoise),
atomic gas (grey), and total gas (pink) of the galaxy NGC5457, from Casasola et al. (2017).
The gas-mass profiles have been corrected for the dust-to-gas mass ratio.

Summing up, in this section we have carried out the estimates of N(Hs) (~ N(H)) for two
different values of aco and, for the very central regions, under the assumption of spherical
symmetry of gas. This approach provides a range of values of N(Hs) allowing for wider
comparison with the results obtained in the X-ray band.

In Tables 5.1 and 5.2 we report the values of Ny obtained from the millimetric and X-ray
analyses for NGC613 and NGC1808, respectively.

The X-ray values of Ny reported in Table 5.1 are obtained from Chandra and XMM-
Newton best-fit models, MYTorus decoupled in face-on configurations. Notice that the val-
ues obtained from the X-ray analysis and the values obtained from the ALMA analysis
(considering the beam region and aco = 0.8 (K km s~ pc?)™1), are compatible within the
eITors.
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NGC613
Region a(co) M (H>) Ny
(] km ™" pe?) ™! (Mo) (em™?)
ALMA r= 0.8 kpc 3.2 (6.53 +0.38) x 10® | (2.44 4+ 0.14) x 10*?
This Thesis (FoV) 0.8 (1.63 £ 0.10) x 108 | (6.12 = 0.36) x 10!
r =15 pc 3.2 (3.26 £0.19) x 107 | (2.27 +0.13) x 10**
(torus) 0.8 (8.16 £ 0.48) x 10° | (5.68 £ 0.33) x 10%
ALMA r =31 pc 3.2 (7.35£0.18) x 107 | (1.20 £ 0.03) x 10%
Combes et al. (2019) (beam) 0.8 (1.84 4+ 0.05) x 10° | (2.99 4 0.08) x 10%*
Chandra r=0.5 kpc (2.90 £+ 0.06) x 10*
This Thesis

XMM-Newton r = 2.6 kpc (2.83 £ 0.07) x 10*

This Thesis

Table 5.1: Comparison of ALMA and X-ray data for NGC613. The X-ray values of "global
average" column density Ny are obtained from the MYTorus decoupled in face-on configura-
tions, both in Chandra and in XMM-Newton. All the errors reported at the 1o confidence

level.

This Thesis

NGC1808
Region a(co) M (H>) Ny
(K km s~ pc®) ™ (Mo) (em™?)
ALMA r = 0.4 kpc 3.2 (5.02 £0.55) x 10% | (6.06 & 0.66) x 10*2
This Thesis (FoV) 0.8 (1.26 +0.13) x 10% | (1.52 £ 0.17) x 1022
r =5 pe 3.2 (9.86 & 1.08) x 10° | (5.86 =+ 0.64) x 10%
(torus) 0.8 (2.46 £ 0.27) x 10° | (1.46 = 0.16) x 102!
ALMA r = 1.6 pc 3.2 (3.67 4 0.40) x 10° | (2.27 4+ 0.25) x 10**
Combes et al. (2019) (beam) 0.8 (9.17 £1.01) x 10* | (5.67 +0.62) x 10%3
Chandra r = 0.5 kpc (2.140.05) x 10%3
This Thesis

XMM-Newton r=1.2 kpc (1.6 4 0.02) x 10?3

Table 5.2: Comparison of ALMA and X-ray data for NGC1808. X-ray Ny are obtain from
best-fit models for the source regions, both in Chandra and in XMM-Newton. All the errors
reported at the 1o confidence level.
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The X-ray values of Ny reported in Table 5.2 are obtained from Chandra and XMM-
Newton phenomenological best-fit models for the source regions. In contrast to NGC613,
for NGC1808 only phenomenological models have been used. These models do not allow the
characterization of the "global average" column density, but only of the one along the line
of sight. By confronting the line of sight column density, which suggests local properties of
the material, with the global column density obtained in ALMA observations, we can infer
the presence of local overdensities or underdensities. This can give some hints on the patchy
structure of the torus. In our case, the local Ny is much smaller than the global one (with
a factor spanning from ~ 1/5 to ~ 1/20), hence suggesting a local underdensity along the
line of sight.



Chapter 6

Conclusions and perspectives

According to the Unified Model (Antonucci 1993), the line of sight of Type 2 AGN intercepts
obscuring material forming the so-called dusty torus. This originates the obscuration ob-
served in the X-ray band. However, the torus has also recently been studied, on parsec scales,
through molecular data in nearby galaxies, especially through ALMA (e.g., Garcia-Burillo
et al. 2014, Combes et al. 2019). Our Thesis project starts from these considerations, in or-
der to provide indications on the torus as characterized by X-ray observations, coupled with
the outcomes coming from millimeter observations. In particular, we started from Combes’
et al. 2019 sample, in which the selected galaxies host low-luminosity AGN and have a wide
range of activity types (Seyferts 1 to 2, LINERs), and barred or ringed morphologies. As
such, the original sample may be considered as a collection of interesting case studies to pave
the way for future studies on more homogeneous and more refined samples of AGN. Among
the sources which are present in the starting sample, we analyzed two sources, NGC613 (z
= 0.0049) and NGC1808 (z = 0.0033), on the basis of the availability of high quality X-ray
and molecular data.

On the one hand, from X-ray band observations we estimate the obscuration likely ascribed
to the torus; on the other hand, from millimetric observations we investigate, through inten-
sity maps, the distribution of the molecular gas, traced by the CO. The major uncertainties
provided by the ALMA analysis concern the assumption of the CO-to-H, conversion factor,
while those derived in the X-ray analysis include limited photons statistics and modeling.
The main goal of this Thesis is therefore to derive the properties of the tori through multi-
band analysis. This multi-frequency analysis allows us to correlate the obscuration at high
energies with the molecular gas at low energies, in order to elucidate physical and geomet-
rical properties of the tori in NGC613 and NGC1808.

Results and discussion

The X-ray and millimeter properties of NGC613 and NGC1808 derived in this Thesis are
suggestive of clumpy structure of the molecular tori for both sources.

The X-ray analysis was carried out using the data available from Chandra and XMM-Newton
satellites. The analyses for both sources were performed in the energy ranges of 0.3—7 keV
for Chandra observations and 0.3—10 keV for XMM-Newton observations. The X-ray spec-
tral analyses of NGC613 and NGC1808 were conducted in slightly different ways, because of
the different number of counts available for the two sources. In particular, in the hard band

131
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for NGC613 we have ~ 1500 counts in a region of r = 6” in Chandra and ~ 5000 counts in
a region of r = 33" in XMM-Newton, while for NGC1808 we have ~ 1300 counts in a region
of r = 11”7 in Chandra and ~ 5000 counts in a region of r = 37” in XMM-Newton. Both
phenomenological and physically motivated models (MYTorus and borus) were adopted for
NGC613, while only phenomenological ones were used for NGC1808. The former are used
to reproduce the typical spectral components of AGN, hence, providing constrains on the
overall emission from the source; the latter are used to reproduce the geometric properties
of AGN, both locally and globally. In other words, the physically motivated models allows
us to decouple the column density along the line of sight from the "global average" column
density of the torus. However, such models, based on Monte-Carlo simulations, require

relatively higher number of counts. For this reason it was not possible to adopt MYTorus
and borus for NGC1808.

From the X-ray spectral analysis, we obtained photon indices (I' = 2.23%012, for NGC613
and T' = 1.93%3-28 for NGC1808) compatible with typical values observed and theorized in
AGN. Even if the purpose of this analysis was focused on the investigation of the geometry
of the obscuring material, we also studied the properties of the soft X-ray emission, in order
to have a wider description for both sources. For NGC613, we found that the contribution
to the soft emission comes from several components: the fraction of photons that are scat-
tered by the surrounding medium, rather than being absorbed, is lower than 1% of the main
emission component, consistent with the average value obtained for obscured AGN (e.g.,
Marchesi et al. 2018); the 0.3—2 keV emission is well fitted using two thermal components,
originated by the presence of diffuse structured gas also in the nuclear region, with tem-
peratures of kT ~ 0.4 keV and kT, ~ 1.1 keV. For NGC1808, the gas obscuration below
0.5 keV is reproduced by a further absorption component with an hydrogen column density
Nigas ~ 10 em™2. This component takes into account the absorption given by the gas
on galactic scales (see, e.g., the dust lanes observed in HST images by Flood & Mutchler
1997). The 0.3—3 keV emission is due to gas heated by SNRs and/or hot bubbles in the
central star forming region and is represented by a thermal component with a temperature
of kT ~ 0.6 keV; we also detected two emission lines, which are expected in good quality
spectra of obscured sources, associated to MgXI and SiXIII (also found in other obscured
AGN, e.g., Brinkman et al. 2002).

In order to study the geometrical and the physical properties of the tori, we focused our
attention both to the hydrogen column density along the line of sight and to the "global
average" one. Starting with Ny, for both sources, we obtained Nj““13 ~ 0.30 — 0.44 x
10** em~? and N%ifﬂlg% ~ 0.31 — 0.34 x 10** em~2. Since for NGC1808 we used the
phenomenological model only, we were unable to estimate the "global average" column
density of the torus, but only the column density along the line of sight. The derived
column densities, being lower than the threshold of ~ 10%* ¢m ™2, suggest the presence of a
Compton-thin material along the l.o.s., which allows us to classify NGC613 and NGC1808
as a Compton-thin galaxy:.

The "global average" column density, derived from MYTorus models for NGC613 only, results
to be Ny ~ 3 x 10** em™2. We then deduced that, while the material along the l.o.s.
results to be Compton-thin, the average column density of the torus is above the Compton-
thick threshold. This result suggests a scenario in which the source is observed through a
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portion of the torus (or collection of clouds) with a lower density with respect to its average
density, suggesting that a patchy (or clumpy) structure is preferred to the basic smooth,
doughnut-like, geometry. Furthermore, from borus02 we obtained the torus covering factor
of Crogr ~ 0.30, corresponding to an half opening angle of ~ 73°. The torus of NGC613 has
a small covering factor, i.e., it is in a sort of disk-like structure. In Fig. 6.1 we show the
stylized representation of the obscuring torus structure of NGC613, taking into account the
results of the X-ray spectral modeling.

'I
NGC613

(a)

Figure 6.1: Schematic representation of the obscuring torus of NGC613. The central BH is
represented by the magenta star, the torus is represented by the cyan clouds. The black line,
the dotted black line and the red line represent the torus axis, the opening angle (associated
to the covering factor) and the line of sight, respectively.

The nuclear emission of NGC1808 is likely to be diluted by the contribution of the host
galaxy, as we obtained from the study of the luminosity in the X-ray spectral analysis. For
a better comprehension the AGN role only, we also studied the SFR of the galaxy. To have
an idea of the contribution from stellar processes to the X-ray emission, we calculated the
SFR (from literature values of luminosities at different wavelengths) adopting the relations
reported by Mineo et al. 2012. We obtained SFR ~ 5 — 10M/yr. We compared the
luminosity of the HXRBs with the total X-ray luminosity, in which only the contribution
due to the primary emission of the AGN is taken into account. In this way, we singled out
the contribution of the AGN to the total emission of the galaxy: HMXBs contribute to the
X-ray luminosity up to ~ 50 — 60% of the total emission of the galaxy in Chandra and
XMM-Newton observations.

In the second part of the thesis, we also analyzed the data available in the millimeter band
and computed the amount of molecular gas, traced by CO.

From the CO(3-2) emission line maps, we calculated the column densities in three different
regions corresponding to the FoV (r = 1.5 kpc for NGC613, r = 0.8 kpc for NGC1808),
the torus regions (r = 15 pc for NGC613, r = 5 pec for NGC1808) and the beam regions
(r = 3.1 pcfor NGC613, r = 1.6 pc for NGC1808). The last four (two for each source) regions
have been determined via ellipse-fitting on CO(3-2) maps. The region corresponding to the
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FoV allowed to observe the total CO(3-2) distribution on a larger scale but, because of the
assumption of uniform surface density, the N(H,) values are likely to be underestimated.
For the very central regions defined by the torus and the ALMA beam, we assumed that the
molecular gas is distributed uniformly in a sphere (i.e., spherical symmetry). Therefore, we
focused on the beam regions only, in order to investigate the innermost N(Hs) distributions.
Indeed, the beam scale in ALMA corresponds to the expected torus scale in X-ray band.
We used two values of the aco conversion factor, 0.8 and 3.2 (K km s~! pc®)~!, typical for
ULIRGs and Milky Way disks, respectively. This approach allows us for wide comparison
between ALMA and X-ray results.

In Table 6.1 we report the values of Ny for the beam regions, with the two acp assumptions,
for both sources.

Source Region a(co) Ny
(Kkms™1pc?)~1) (em™2)
NGC613 | r=3.1pc 3.2 (M) (1.20 £+ 0.03) x 10%
(beam) 0.8 (M) (2.99 £ 0.08) x 10*
NGC1808 | r = 1.6 pc 3.2 (M) (2.27 4 0.25) x 10%
(beam) 0.8 (M) (5.67 +0.62) x 10%

Table 6.1: The hydrogen column density Ny for the beam regions in both NGC613 and
NGC1808. All the errors are reported at 1o confidence level.

For NGC613, the hydrogen column density of the beam region obtained from ALMA ob-
servation, under the assumption of aco = 0.8 (K km s~ pc?)~! is compatible, within the
errors, with those found in the X-ray spectral analysis for both X-ray datasets.

For NGC1808, the column density values obtained from the X-ray spectral analysis are lower
than the values found in ALMA. This is expected, since, actually, the two values of column
density do not correspond exactly to the same type of information. In particular, the values
obtained from the X-ray spectral analysis consider the Ny along the line of sight only, hence
giving a "local" information. The values from ALMA refer to the average column density
of the torus, hence corresponding to a "global" information. However, the comparison of
the local and global densities are used as a hint for the identification of overdense (or un-
derdense) regions that suggest a non-uniform distribution of the gas in the torus. We want
to stress that multi-band analysis is crucial for the study for molecular tori. In particular,
while for NGC613 we were able to obtain global properties, for NGC1808 we derived only
the local ones. However, the global information obtained in the millimeter band allowed us
to compare the l.o.s. column density with the average one, so that we have been able to
infer geometrical properties of the torus.

For both sources, we found that both the line of sight gas column densities, responsible
for the absorption of X-rays, and the molecular gas column densities derived from CO(3-
2) transitions, have high values. This suggests that the neutral gas line of sight column
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densities of the molecular tori, imaged by ALMA with ~ 12—14 pc resolution for both
studied galaxies, contribute significantly to the obscuration of X-rays.

Future perspectives

We performed our analysis on two of the seven galaxies of the sample analyzed by Combes
et al. (2019). Because of the heterogeneity of this sample, it would be very interesting to
investigate all the other sources, through multi-band analyses. The case of NGC1808, in
particular, has shown how crucial multi-frequency studies are. They not only allow us to
cross-check data and results, but also to complement for unavailable data or analyses, as
for the example described above. With this mind, it would be interesting to gather data
from Nuclear Spectroscopic Telescope Array (NuSTAR), operating in a wide energy range
(3—79 keV) and with a large collecting area (~ 850 cm? at 9 keV and ~ 60 cm? at ~78
keV). Thanks to the wide energy range, we could be able to better characterize the powerlaw
at high energies; at the moment there are no available NuSTAR data for the two sources
we examined in this Thesis. The high collecting area would allow us to obtain data with
a large number of counts that could permit to implement physically motivated models to
those sources with not enough data from Chandra and XMM-Newton (as was the case of
NGC1808).

In recent years, several multi-wavelength studies were carried out to investigate the prop-
erties of the obscuring material in AGN (see, e.g., da Silva et al.2020, Esparza-Arredondo
et al. 2021, Garcia-Burillo et al. 2021). Various models have been developed to describe
the structure, distribution and the kinematics of this material, in order to constrain its
physical and geometric properties (e.g., Balokovi¢ et al. 2018, Buchner et al.2019, Esparza-
Arredondo et al. 2019). Esparza-Arredondo et al. (2021) present the results obtained from
fitting a sample of AGN using both clumpy and smooth models, to reproduce their mid-IR
and X-ray emissions, in order to understand if the same structures can produce both spectral
components in AGN. However, the comparison between the X-ray reflector and the dusty
torus inferred from mid-IR spectral fitting is quite complex. They found that up to ~78% of
the sample is well reproduced by the smooth model at X-ray wavelengths and up to ~69%
is well fitted by clumpy models at mid-IR wavelengths. They found at least six scenarios
which describe the observational properties of their sample. In particular, in these scenar-
ios, the gas-dust distribution combinations allow three different solutions: clumpy-clumpy,
smooth-smooth, and smooth-clumpy. However, the question of how the torus mid-infrared
and the X-ray emission are correlated remains an open question.

Garcia-Burillo et al. (2021) present the first results of the Galaxy Activity, Torus and
Outflows Survey (GATOS). In this first paper in a series, they aim at understanding the
properties of the dusty molecular tori and their connection with host galaxies in nearby
Seyferts. Furthermore, they expand the range of AGN luminosities covered by other ALMA
surveys of Seyferts (such as NUGA) and allow the study of gas feeding and feedback cycle
in a combined sample of 19 Seyferts. They found that 13/19 galaxies tend to show an equa-
torial orientation of their extended components, i.e., close to perpendicular relative to the
AGN wind axes. A smaller subset of four galaxies displays a mixed geometry intermediate
between polar and equatorial. The dusty molecular tori imaged by ALMA in the GATOS
Seyferts have average diameters of ~ 42 pc, median molecular gas masses of ~ 6 x 10°M,
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and median hard X-ray luminosity (2—10 keV) of ~ 8 x 10*? (erg/s).

This emphasizes the necessity to catalogue as many AGN as possible, in order to obtain
statistically significant data that could suggest both phenomenological and theoretical de-
scriptions of the intrinsic properties of molecular tori. A starting short-term project could
be the completion of the analysis of the seven source in Combes et al. (2019).
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