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Rationale

There are nowadays strong evidences that Supermassive Black Holes (SMBH,
MBH = 106 − 109M⊙) reside at the center of almost all the galaxies in the local
Universe. Moreover, studies performed in the last decades proved the existence of
a correlation between the mass of the central SMBH and the properties of the host
galaxies bulges, such as the bulge luminosity (Kormendy & Richstone 1995), the velocity
dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002) and the
stellar mass (Marconi & Hunt 2003). These correlations clearly suggest that there shall
be a co-evolution between the central black hole and the hostgalaxy. The mechanism
connecting the growth of the SMBH (through accretion of matter, during an “active”
phase) and the evolution of the host galaxy (in terms of star formation) is still highly
debated and it is referred asfeedback. To assess the nature and possible origin offeedback
a profound knowledge on the structure, the physical properties (such as the density,
ionisation state, geometry, temperature, etc) of the matter in proximity of the central
accreting SMBH is needed. The topic on which I focused duringmy PhD is the X-ray
study of Active Galactic Nuclei (AGN), i.e. the central regions of galaxies where the
accretion of matter onto a SMBH is taking place. The X-ray energy band is unique to
investigate this topic, because it probes the conditions ofthe innermost emitting/absorbing
regions in the active galaxies.
The phenomenon of AGN characterizes about 10-20% of the galaxies in the local
Universe. They are among the most energetic sources in the Universe, with bolometric
luminosities ranging from 1041 to 1048 erg s−1, in most cases outshining the luminosities
of their own host galaxies. Their spectra cover a wide wavelength range (from radio to
TeV energies) showing a continuum and strong emission linesthat cannot be produced
by stellar processes. The strong variability, often observed on time scales from months
to hours suggests that the central emitting regions is compact (R∼ 1013 − 1015cm). The
AGN “family” has been object of several classifications, since the observed properties
of these sources are strongly dependent on the energy band inwhich they have been
found and/or studied. One of the most important classifications is based on the properties
of the optical spectrum, designating Type 1 AGN the sources showing both broad and
narrow emission lines, and Type 2 AGN those displaying only narrow emission lines.
According to the most accredited paradigm, known as Unified Model (Antonucci 1993),
the central engine producing the observed properties and the different classes of AGN
is intrinsically the same, but it is viewed from different angles. Indeed it envisages that
the SMBH is surrounded by an anisotropic uniform absorber ofgas and dust, with a
toroidal geometry that, depending on the orientation with respect to the line of sight,
can intercept the radiation emitted from the innermost region. In this scenario the
broad emission lines are produced in a region, called Broad Line Region (BLR), very
close to the central SMBH (R<0.1 pc), whose view is blocked when we look at the
AGN along a direction that intercepts the torus. Therefore,along this direction, we
only see the narrow emission lines produced in the most external region (Narrow Line
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Region, NLR, R∼ hundreds of pc) and we designate the source as Type 2 AGN. When
instead we observe the source at small angles with respect tothe torus axis, then we
are able to observe both the BLR and the NLR, and the object is classified as a Type 1 AGN.

Even if on a general level the Unified Model can be retained valid (in the sense that
at the origin of the differences among type 1 and type 2 sources there is the anisotropy of
the absorbers), recent studies in distinct energy bands suggest the presence of several non-
uniform absorbers, located at different distances from the SMBH, and at different physical
states. These findings, leading to the formulation of alternative models, are:

• the presence of strongly blueshifted broad absorption lines in the UV spectra of some
quasar, indicating the existence of outflowing winds with velocities from thousands
of km/s to 0.2c. A model was proposed byElvis (2000), in which the torus is re-
placed by a funnel-shaped thin outflow that, observed on different viewing angles,
can provide the observed features.

• the almost ubiquitous variability of the X-ray spectral shape of AGN and the time
scales on which variability occurs, which suggest that the underlying absorber is
clumpy and located at distances compatible with the BLR (Risaliti et al. 2002).

• the dependence of the fraction of obscured AGN on luminosity: it is thought to
indicate that the covering factor of the obscuring materialis a function of luminosity
(“receding torus model”, see e.g.Lawrence 1991; Simpson 2005; Lusso et al. 2013)

• the observation that the IR emission of AGN is almost isotropic despite the
anisotropic geometry of the torus (e.g.Lutz et al. 2004; Horst et al. 2006), and the
coexistence of strongly different temperatures at the same distance from the SMBH:
a model in which the torus is clumpy, with a soft-edge densitydistribution can
explain these patterns (Elitzur 2007).

Besides the numerous evidences of the clumpy nature of the absorber, studies performed in
the last years showed that the absorbing material is not always neutral. In fact significant
amounts of ionised material have been detected in about∼50% of Type 1 AGN, thanks to
the features they imprint in the X-ray spectra, i.e. narrow absorption lines from several
ionisation states of a high variety of elements (Kaastra et al. 2000; Kaspi et al. 2000;
Blustin et al. 2005). These ionised absorbers are called “warm absorbers” (WA)and have
outflow velocities in the range∼ 100− 1000 km/s. WAs present many open points still
under analysis, such as their origin (accretion disk or putative torus), their kinetic energy
and thus their eventual role in the feedback mechanism. A further complexity is provided
by the observations of highly ionised absorbers with high outflow velocities (vout & 0.1
c, Chartas et al. 2002; Chartas, Brandt, & Gallagher 2003; Pounds et al. 2003; Braito
et al. 2007; Reeves et al. 2009; Gofford et al. 2011; Lobban et al. 2011; Dauser et al.
2012; Gofford et al. 2013), that have been classified under the name of “ultrafast outflows”
(UFOs,Tombesi et al. 2010b). Finally, although the Unified Model of AGN is valid at
the zeroth order, according to recent models of AGN-galaxy co-evolution, the presence
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of obscuration (hence Type 2 versus Type 1 AGN) may be linked to a specific (initial)
phase of the evolution of the AGN. At this stage the central BHis still growing and is
surrounded by large amounts of dust, probably related to an intense star-forming activity
in the central part of the host galaxy. In this phase its radiation is mostly hidden to our
view. In a later phase, the outflows driven by the central AGN expel most of the obscuring
material, leaving the active SMBH visible (Type-1 AGN phase). This has been recently
used also to explain the relatively high (and increasing) fraction of obscured AGN at high
redshift. On a broader extent, it may be related to a higher fraction of mergers at high
redshift (Ryan et al. 2008).

Among the most useful “tools” to test the size, structure andcomposition of the cir-
cumnuclear medium there is the observation of absorption variability in the X-ray spec-
tra of AGN. One of the difficulties of this kind of studies is disentangling if the spectral
changes are a result of an intrinsic variation of the primaryemission or of the absorbing
medium or both. Once that a variability of the continuum can be excluded, the time scales
on which absorption variability occurs can provide some constraints on the size and the
distance of the obscuring clouds from the central SMBH (Ballo et al. 2015). The most ex-
treme cases of AGN showing absorption variability have beenclassified as “changing look”
AGN, i.e sources that, observed in different epochs, are found to vary from a Compton-thin
state (NH < 1024cm−2) to a Compton-thick state (NH & 1024cm−2). Among these sources
the best examples are NGC 1365 (Risaliti et al. 2005, 2007, 2009; Risaliti et al. 2009),
NGC 4388 (Elvis et al. 2004), NGC 7674 (Bianchi et al. 2005), NGC 4151 (Puccetti et
al. 2007), NGC 7582 (Bianchi et al. 2009), UGC 4203 (Risaliti et al. 2010), NGC4051
(Uttley et al. 2004; Lobban et al. 2011) and 1H 0419-577 (Pounds et al. 2004).
Two different approaches can be carried on for testing the numerous models for the internal
structure of AGN. One is the systematic study of samples of AGN, in order to estimate the
covering factor of these occultation events and the frequency on which absorption variabil-
ity occurs. Among these works I cite the first statistical survey performed byMarkowitz,
Krumpe, & Nikutta(2014) and a recent statistical work on X-ray occultations published by
Torricelli-Ciamponi et al.(2014).

A second approach, that is also the one performed in this thesis, is the accurate study
of single objects, thanks to multi-epoch or monitoring X-ray observations, with the aim of
defining a more detailed scenario of the geometry, size and physical state of the obscuring
medium, and compare this outcome with the Unified Model and the current alternative
schemes.

In this context, during my thesis I focused on the analysis oftwo AGN, for which
multi-epoch X-ray observations are available and reveal interesting features for the un-
derstanding of the structure of the circumnuclear materialand for testing the validity of
the Unified Model. In particular, starting from theSwift BAT-70 months sample1, a sub-
sample of 31 interacting galaxies, of which at least one component is active, was defined
during the master degree thesis of a student (Elisa Sala), carried out at INAF-Osservatorio
Astronomico di Brera. These galaxies were chosen because they either show signs of per-

1http://swift.gsfc.nasa.gov/results/bs70mon/
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turbed morphology in the optical images or they show the presence of one or more nearby
galaxies with which they could be interacting. They all haveredshift z< 0.03, high galac-
tic latitude (| b |> 15◦), signal to noise ratio S/N> 5 and flux in the 15-150 keV higher
than 8.0 × 10−12erg cm−2 s−1. Interacting galaxies are among the most promising sources
when searching for the initial phase of AGN activity, since we expect large amount of gas
available for feeding (and allowing the growth) of the central black hole. The two sources
involved in this work are:

• NGC 454E, a red elliptical Seyfert 2 galaxy part of an interacting system, at
z=0.0122. X-ray good quality data (from XMM-NewtonandSuzaku) were public
and available. A first inspection on these data immediately revealed a very different
spectral shape, for which a detailed spectral analysis was worth. The high variability
in column density of the neutral absorber allowed me to include this source in the
class of “changing look” AGN, which is still limited to a few sources so far.

• Mrk 348 (NGC 262), a bright Compton-thin Seyfert 2 galaxy at z=0.015. For
this source aSuzakuobservation was obtained by our research group (PI Valentina
Braito), since the existing results obtained with XMM-Newtonobservation revealed
complexity in the X-ray spectrum. Indeed in both XMM-NewtonandSuzakuobser-
vations I could determine the presence of multiple absorbers, some of which featur-
ing variability.

In Chapter1 I illustrate in more detail what are AGN, their physical nature and
classification, the Unified Model and the most recent alternative models of their structure.
In Chapter2 I focus on the X-ray emission produced in the innermost regions of AGN and
on the reprocessing and absorption observed in the X-ray spectra of these sources.
In Chapter3 I describe the analysis performed on NGC 454E, where I compare the
X-ray spectrum observed first withSuzakuand 6 month later with XMM-Newton, and
detect a dramatic change in the spectral curvature between 3keV and 6 keV. The origin
of the variability relies in a significant change of the neutral absorber column density,
occurred during the 6 months separating the two observations. Indeed the columns density
changes from∼ 1 × 1024cm−2(Suzaku) to ∼ 1 × 1023cm−2(XMM- Newton), allowing to
classify NGC 454E as a “changing-look” AGN. Besides the strong variation of the neutral
absorber, the XMM-Newtonspectrum also showed clear signatures of the presence of an
ionised absorber, that is absent duringSuzakuobservation. An upper limit on its distance
was inferred to be∼ 10−3 pc, consistently with being located inside the BLR.
In Chapter4 I concentrate on the study on Mrk 348, that displays less extreme features
with respect to NGC 454, but shows a very complex absorbing system. It is indeed
characterized by three different absorbers, of which one neutral and two ionised, with
different densities and ionisation states, but with approximately the same outflow velocity
(∼ 0.05c). The distances of the ionised absorbers from the central emitting region are likely
to be different, indeed the upper limits I find are 0.026 pc for the highly ionised absorber
(logξ ∼ 3.8 erg cm s−1), and 2.72 pc for the mildly ionised one (logξ ∼ 2 erg cm s−1).
I conclude that a variation of the column density is present also for Mrk 348, both
for the neutral absorber (∆NH ∼ 5.5 × 1022cm−2) and for the mildly ionised absorber
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(∆NH ∼ 6.7× 1022cm−2).
The results of these two studies were published inMarchese et al.(2010) andMarchese
et al. (2014), for NGC 454 and Mrk 348 respectively. Both these studies are a step
forwards in the definition of an alternative model to the “basic” Unified Scheme, for
which more and more evidences are being collected suggesting that the absorbing material
is not homogeneously distributed, but it is likely composedby multiple and multiphase
absorbers at different distances, densities and ionisation states. A further improvement in
the comprehension of the physics very close to the SMBH can beprovided by additional
observations of these same sources, that may give a higher level of detail on their structure,
and the finding of other sources displaying similar features. I finally remark that such
studies are very important also in the framework the generalunderstanding of the galaxy
formation and evolution, as proved by the strong correlation between SMBH masses and
host galaxy properties.

During the PhD I was also involved in two works carried out with a research group
at Osservatorio Astronomico di Brera. These were connectedto my Master degree thesis,
that concerned the computation of the optical-UV-X-ray spectral energy distribution of a
sample Type 1 AGN extracted from theXMM-Newton Bright Serendipitous sample (XBS,
Della Ceca et al. 2004; Caccianiga et al. 2008), in order to infer bolometric luminosities
and bolometric corrections. Physical parameters, such as SMBH masses, accretion rate
and bolometric luminosity have been inferred from the available optical-UV-X-ray data
and have been used to investigate the link between the hot corona (producing X-rays via
Inverse Compton Scattering of optical-UV photons emitted from the accretion disk) and the
phenomenon of accretion on the central SMBH. In the final pages of this thesis I have at-
tached the relevant papers reporting the main results reached so far. I will resume hereafter
the topics they cover:

• Caccianiga et al.(2013): in this paper the masses of the central SMBHs of 154 AGN
belonging to the XMM-NewtonBright Serendipitous Survey (XBSS) were derived,
by using the ”single-epoch”relations, based on Hβ and MgIIλ2798 Å. For the same
sources the accretion rate was derived from the bolometric luminosities, computed
starting from the optical-UV-X spectral energy distribution. The masses found for
these AGN are comprised in the range 107 − 1010M⊙ and the accretion rates range
from ∼ 0.05 to∼ 50M⊙/yr (assuming an efficiency of 0.1).

• Fanali et al. (2013a,b): the two works published by Fanali et al. 2013 focus on the
relation between the X-ray emission in radio quiet AGN and the accretion rateṀ,
for a sample of 71 AGN belonging to the XBS. In this work a dependence of the
X-ray spectral indexΓ on the accretion rate normalized to the Eddington luminosity
(λ = Lbol

LEdd
) was found. This could be explained with the effect of cooling of the

electrons in the corona: higher accretion rates imply a larger number of photons
produced in the accretion disc, determining a faster cooling of the coronal electrons,
resulting in steeper X-ray spectra. Both the bolometric correction kbol(=

Lbol
L2−10keV

)
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and the two-point spectral indexαox
2 index are found to depend onλ andṀ. These

correlations suggest the presence of a link between the disc/corona luminosity ratio
and the accretion rate.

2αox =
Log(f0/fX )
Log(ν0/νX ) where f0 and fX are, respectively, the rest-frame monochromatic fluxes atν0 = 1.20× 1015

Hz (meaningλ0 = 2500 Å) andνX = 4.84× 1017 Hz (meaning E= 2 keV)
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1.1 Active Galactic Nuclei

In the local Universe about 10%-20% of the galaxies show at their center the presence of
a compact and luminous source of energy, reason for which they are designated as Active
Galactic Nuclei (AGN). In many cases the luminosity of the AGN outshines the starlight of
its host galaxy, appearing as a bright and pointlike source (whose luminosity ranges from
1041 to 1048 erg/s, in a wavelength interval going from the radio to theγ-ray band).

Following the definition given byNetzer(1990) we can refer to a source as an AGN if
one of the following criteria is satisfied:

• it contains a nuclear compact source, emitting more energy than the corresponding
region of a galaxy of the same morphological type;

• its continuum emission is not produced by stellar processes;

• it shows strong emission lines in the IR-optical-UV band, due to non-stellar excita-
tion processes;
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• it exhibits strong and rapid variability, both in the continuum and line emission, that
indicates that the emitting region is very compact (R∼ 1013− 1015cm). The involved
timescales range from a few months (at radio wavelengths), to a few days (at optical
wavelengths and in the X–rays). In some cases X-ray variability timescales of the
order of one hour (Aharonian et al. 2007) or minutes (in the TeV energy band,
Aleksić et al. 2014) have been observed .

What can be the origin of all these unusual (at least for a “normal” galaxy) features?
The strong energy output and variability of AGN requires an energy generation mechanism
with high efficiency in a region with a size comparable to the Solar System.The most
accredited model for describing such phenomenon is that this emission is produced by
accretion onto a Supermassive Black Hole (SMBH, Rees 1984,MBH ∼ 106M⊙ − 109M⊙)
located at the center of the AGN. Since the interstellar gas possesses angular momentum
it cannot fall radially onto the black hole, therefore it forms an accretion disk. In this
disk, matter loses angular momentum through viscous and turbulent processes, converting
gravitational energy into radiation emitted at optical-UVand soft X-ray wavelengths (<2
keV). These photons interact with a corona of optically thinplasma (surrounding the
internal region of the accretion disk) by inverse Compton scattering, therefore they gain
energy and are observed in the hard X-ray band. In addition broad and narrow emission
lines are produced in regions containing clouds moving at different velocities and distances
from the central engine. The emission from the higher velocity clouds (located nearer to
the central black hole), together with the accretion disc emission, is in turn absorbed along
a certain range of directions by an optically thick structure with high covering fraction,
presumably with a toroidal geometry. The inner regions of the disc also produce highly
collimated jets of plasma. These jets are composed by charged particles that interact with
the magnetic field, emitting synchrotron radiation. They are also responsible for inverse
Compton scattering, extending the emission to higher energy bands (GeV and TeV).

One important finding of recent years was the discovery of thepresence of SMBHs in
almost all galaxies, through measurements of star proper motions (Genzel, Eisenhauer, &
Gillessen 2010), radial velocities of single gas clouds (H2O maser emission atλ = 1.35
cm, e.g. NGC 4258,Herrnstein 1999), gas kinematics (velocity inferred from emission
lines from ionized gas, e.g.Davis et al. 2013) and stellar dynamics (e.g.Walsh et al. 2012).
The existence of a SMBH may have a strong influence on the host galaxy’s properties,
even in the cases where the SMBH is not any more manifesting its presence by accreting
matter (Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese & Merritt 2000).
Indeed the discovery of strong correlations between the black hole mass and some of the
host galaxy properties was a confirmation of this hypothesis, introducing the concept of
co-evolution of black hole and host galaxy. When reliable measurements of the masses of
SMBH were available, the following correlations were found: (1) a correlation between the
black hole mass and the bulge luminosityMBH -Lbulge (Kormendy & Richstone 1995); (2) a
correlation between the black hole mass and the velocity dispersion of their host bulges, of
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the formMBH ∝ σ4, known as theMBH−σ relation (Ferrarese & Merritt 2000; Gebhardt et
al. 2000; Tremaine et al. 2002); (3) a similar correlation between the black hole mass and
the bulge stellar mass, leading to the relationMBH ∼ 10−3Mbulge (Marconi & Hunt 2003).

The process through which the growth of black holes and the assembly of galaxies
take place together and influence each other is known as AGNfeedback. This mechanism
from one end puts a constraint on the growth of the SMBH due to its dependency on the
local environment, and from the other end it determines the proportionality between the
star formation rate and the SMBH mass.
Feedback processes can be grouped in two main modes,radiative and kinetic mode.
The dominant one is the radiative mode, also known as quasar or wind mode, that is
obtained when the the accretion onto the black hole is radiatively efficient and close to
the Eddington limit. In these conditions, high velocity outflows are expected to be driven
from the central region of the AGN (King 2003, 2005). The standard models for radiative
feedback (Fabian, 1999; Fabian, Wilman, & Crawford, 2002; King, 2003, 2005; Murray,
Quataert, & Thompson, 2005; King & Pounds, 2015) assume that when the black hole
reaches a certain mass, the surrounding material will be blown out from the host galaxy,
both causing the accretion of gas onto the black hole to stop and preventing further star
formation (Springel, Di Matteo, & Hernquist, 2005; Di Matteo, Springel, & Hernquist,
2005). For this reason this mechanism is also known as “negative feedback”. However
feedback from the black hole can also have an opposite role inthe evolution of the host
galaxy, triggering star formation, thus contributing to the growth of the galaxy (Ishibashi
& Fabian 2012). This is known as “positive feedback”.
The second, and less common, feedback mode is thekinetic mode, also known as radio
jet mode, that typically occurs when the accreting black hole produces collimated jets that
release energy through mechanical processes. These jets, that are likely produced by mag-
netic forces (Blandford & Znajek 1977), inject heat into the IGM and cause the generation
of big lobes of strong radio emission extending up to∼ Mpc scales from the host galaxy.
This process releases a huge amount of energy, of the order 1060 erg, that can be responsi-
ble for interrupting star-formation and heating the gas (Böhringer et al. 2002; Fabian 2012).

Before understanding the processes causing AGN feedback, it is essential to investigate
the structure and the physical processes occurring in the central region of these galaxies.
For this reason I was involved in the X-ray spectral analysisof two Type-2 AGN, show-
ing interesting features in their spectra. In particular, Ifocussed on the material causing
absorption of the primary emitted radiation, on its physical state, geometry and location
with respect to the central black hole, and on the implications for the validity of the Unified
Model of AGN. This material may be outflowing and thus it may beresponsible for the
feedback process that I described previously. As I will show, this study goes in the direc-
tion of confirming the necessity of a more complex model to describe the phenomenon of
AGN.
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1.2 Classification

First observations of AGN showed the existence of a wide range of different properties,
among which different luminosities, and the presence in their spectra of narrow and/or
broad optical-UV emission lines. Therefore, AGN were divided into different classes, ac-
cording to the properties they displayed. Since they emit over the full electromagnetic
spectrum, they were discovered and classified separately atdifferent wavelengths, as tech-
nological improvements allowed to investigate new parts ofthe electromagnetic spectrum.
A first general classification is based on the optical luminosity and designatesSeyfert galax-
iesthe lower luminosity AGN, andquasarthe more luminous ones (Section1.2.1). In gen-
eral quasars have bolometric luminosities betweenLbol ≈ 1044−1048erg s−1, while Seyferts
haveLbol ≈ 1042−1044erg s−1. A second distinction can be made on the base of the proper-
ties of their optical spectra: type 1 AGN show broad and narrow optical/UV emission lines
while type 2 AGN show only narrow emission lines (Osterbrock & Ferland 2006). Finally,
the strength of the radio emission with respect to the optical flux divides AGN intoRadio
Loudor Radio Quiet. Each of these classes includes a variety of subclasses.
Nowadays the attention is concentrated on a distinction based on the effective physical
properties, such as black hole mass, luminosity, Eddingtonratio (Lbol/LEdd

1) and radio
power, rather than observational features. I will now go through the general characteristics
of the main classes of AGN.

1.2.1 Classification based on bolometric luminosity

1.2.1.1 Seyfert Galaxies

The first description of the optical spectrum of an AGN was made by Fath (1909) who
highlighted the presence of strong emission lines in the nuclear spectrum of NGC1068.
However, the first systematic study of a sample of AGN was doneby Seyfert(1943) who
analysed the nuclear regions of six unusual spiral galaxies. Optical images showed that, dif-
ferently from non active galaxies, they display a bright, central, point-like core and unusual
emission lines properties (such as narrow and/or broad emission lines from highly ionised
matter). For this reason they were considered as a new class of galaxies, designated as
Seyfert galaxies. Seyfert galaxies are lower luminosity AGN, with absolute magnitudes
by definition fainter than MB = −23 mag (whereMB is the absolute B band magnitude,
Schmidt & Green 1983), corresponding to luminosities fainter than∼ 5 × 1044 erg s−1.
For this reason their host galaxies, typically spiral or lenticular galaxies (Weedman 1977),
are clearly detectable. What makes Seyfert galaxies distinguishable with respect to nor-
mal galaxies, is the observable contrast between the luminosity of central region and the
luminosity of the host galaxy.

1The Eddington luminosityLEdd is the maximum luminosity achieved by a source in hydrostatic equilib-
rium : LEdd =

4πGMmpc
σT

∼ 1.3× 1038 M
M⊙

erg s−1, whereσT is the Thomson scattering cross-section, andmp is the
mass of a proton.
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1.2.1.2 Quasars

In the late 1950s and early 1960s large sky surveys using radio telescopes were carried
out. Many of the observed sources could not be identified withknown classes of objects,
and in the optical images appeared as blue stars, thus they were labelled asquasi stellar
radio sources, or quasars. Optical spectroscopy of these sources lead to the discovery of
strong redshifted emission lines (Schmidt 1963), suggesting that quasars constituted the
more distant equivalent of Seyfert galaxies. Since they aremuch brighter than Seyfert
galaxies (brightness is such that it dominates over the emission of the host galaxy), quasars
can be detected at higher distances. Unlike Seyferts, quasars are typically found in ellip-
tical galaxies and are those AGN with absolute magnitudes brighter than MB = −23 mag
(Schmidt & Green 1983). In Fig. 1.1a combined quasar spectrum, obtained as an average
of more than 700 individual quasar spectra, is shown (Francis et al. 1991).

Figure 1.1: Composite quasar spectrum derived as an average of 718 quasar spectra from
the Large Bright Quasar Survey. The spectrum shows the clearpresence of both strong and
weak broad emission line features, typical of quasars. In particular we note the hydrogen
Lyα λ1216+NVλ1240 blend, some of the hydrogen Balmer-series lines ( Hβλ4861 and
Hγλ4340 blended with [O III]λ4363) and the lines of the most abundant ions (MgIIλ2798
and Al IIIλ1858+ CIII] λ2798, CIVλ1549). Data and image adapted fromFrancis et al.
(1991).
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1.2.2 Classification based on optical spectra: Type 1 and Type 2 AGN

A detailed study of the spectra of Seyfert galaxies byKhachikian & Weedman(1974)
found two distinct types of optical spectra. All the spectraexhibited narrow and unre-
solved emission lines from highly ionized material, but only some of them also showed
broad emission lines. They classified Seyferts in two types,according to the relative
widths of narrow (forbidden) lines and Balmer lines. This classification designated as
Seyfert 1 galaxies those galaxies where the Balmer lines (mainly Hα, Hβ, Hδ) appeared
broader (FWHM> 1000 km s−1) than the forbidden lines, like the Oxygen [OII]
and [OIII] lines, the nitrogen and neon [N II], [Ne III] and [Ne IV] lines. Instead in
Seyfert 2 galaxies both the forbidden and Balmer lines were narrow. The narrow lines
arise from low density gas (electron densityne ≃ 103 − 106cm−3) and velocities of
maximum∼ 1000 km s−1. The broad Balmer lines are instead typical of dense matter
(ne ≃ 108 − 1010cm−3) at velocities of 103 − 104 km s−1. Moreover, while in Seyfert 1s
we observe a strong and variable optical-UV continuum, in Seyfert 2s this continuum is
rather weak with respect to the stellar continuum emitted bythe host galaxy. Two typical
spectra of the two classes of Seyfert galaxies are shown in Fig. 1.2. The classification
into type 1 or type 2, based on the properties of the optical emission lines, is applica-
ble also to Quasars. That is why we can generally speak about of Type 1 and Type 2 AGNs.

The classification of a galaxy as a Seyfert 1 rather than a normal galaxy is straight-
forward due to the presence of the broad emission lines indicating the existence of high
velocity clouds illuminated by a strong radiation field. On the contrary, for Seyfert 2s we
observe narrow emission lines of elements that are also present in the HII regions of star-
forming galaxies. Spectroscopic methods allow to disentangle the two processes since the
emission lines show signatures of what is the main excitation mechanism, which is differ-
ent for stars and AGN. In fact the ionizing emission of all stars show generally a cut off
near the He II edge (54.4 eV), while AGNs are typically strongX-ray emitters. In AGN we
expect an increase of both high- and low-ionization lines, with respect to HII regions. This
is because:

• the material in inner regions of AGN is more strongly ionizedand therefore emits
strong high ionization lines.

• the high energy photons go deeper into the circumnuclear gas(due to the dependence
of the absorption cross-section on energy,σν ∝ ν−3) and extended regions of partially
ionized gas are formed. In these regions it is observable theemission of collisionally
excited low-ionization lines.

Baldwin, Phillips, & Terlevich(1981) first proposed a diagnostic diagram (now known
as the BPT diagram) using the [NII]/Hα versus [O III]/Hβ line ratios to distinguish HII
regions, planetary nebulae, and the circumnuclear regionsof AGN, which are photoionized
by higher energy photons. This diagram (Fig.1.3) shows that the different populations are
located in different regions without overlapping, allowing to easily identify them.
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Figure 1.2: Upper panel: optical spectra of a typical Seyfert 1 galaxy (LEDA 45125) where
the stronger broad emission lines (like the Balmer lines) are marked. The classification of
LEDA 45125 as a Seyfert 1 galaxy is due to the presence of emission lines with Full Width at
Half Maximum (FWHM) of∼ 4900 km/s. Lower panel: optical spectra of a typical Seyfert
2 galaxy (IC 4518a), also showing the most important emission lines, narrower than those
typical of Seyfert 1s. Both the figures have been adapted fromMasetti et al.(2008).
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Figure 1.3: Classification diagram using [OIII]λ5007/Hβ versus [NII]λ6583/Hα. The
open circles represent HII regions (and sources ionized by hot stars), closed filled cir-
cles are AGN (Seyfert 2s and Narrow Line Radio Galaxies), that are ionized by continua
with a higher fraction of high energy photons, and the triangles represent Low-Ionization
Nuclear Emission-Line Region (LINERs), a sub-class of highly debated active galaxies, on
which the ionizing phenomena originating their spectra arestill under discussion (nuclear
accretion versus shocks). The solid line divides HII regions from AGN. Image adapted from
Peterson(1997).
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1.2.3 Classification based on Radio emission properties

1.2.3.1 Radio Loud and Radio Quiet AGN

Radio galaxies are sources for which we observe bright radiojets and large radio luminosi-
ties. The radio emission is produced in two different regions: a compact and an extended
region (the latter one is generated by the interaction of thebipolar jets with the exter-
nal medium). The emission from both these components is synchrotron radiation due to
relativistic particles (Lorents factorγ ∼ 104) ejected from the central nucleus in an envi-
ronment with magnetic fields. The compact emission component is unresolved at scales
lower than the arcsecond, and it is located in a position approximately coincident with the
central black hole.
The designation ofRadio LoudAGNs is given to those sources where the radio emission
constitutes a significant fraction of the total luminosity:Lradio ∼ 1041 − 1046erg s−1 in the
102 MHz and∼ 10 GHz band. The general criteria for classifying a radio source as radio
loud or radio quiet is based the ratio R of radio (5 GHz) to optical (B band) fluxes. If R is
higher than 10 (Kellermann et al. 1989) then the source is classified as radio loud. These
sources constitute a small fraction of the AGN population, approximately 10-20%.
Two subclasses of radio loud AGN can be defined on the base of the appearance of the
extended radio emission:

• low luminosity Fanaroff-Riley Class I (FR-I) galaxies (Fanaroff & Riley 1974), that
show a relatively compact emission generated close to the core (upper panel of Fig.
1.4). In these sources the outer extremities of the lobes are thefaintest regions,
likely because the jets decelerate and become sub-relativistic. Although they show
the presence of narrow emission lines, most FR-I do not display broad optical/UV
emission lines (Urry & Padovani 1995).

• the high-luminosity FR-II sources (Fanaroff & Riley 1974), in which the structure
is dominated by the radio lobes and most of the emission appears to come from the
most external part of the extended emission, in the form of hotspots (see lower panel
of Fig. 1.4). In these sources the jets remain relativistic and supersonic from the core
to the hot spots.The optical properties of the associated AGN can be either Seyfert-1
like or Seyfert-2 like: these are known as Broad Line Radio Galaxies (BLRG) and
narrow-line radio galaxies (NLRG), respectively.

There is also a quite clear division in luminosity between FR-I and FR-II galaxies:LR =

2× 1033erg s−1Hz−1 at a frequency of 178 MHz.
Several models have been proposed to explain the FRI versus FRII dichotomoy, among
them the different mechanisms of interaction between the jet and the interstellar medium
(Bicknell 1995), the role of the spin of the SMBH (causing different kinetic power in the
jets, e.g.Meier 1999), the host galaxy environment properties (Smith & Heckman 1990)
or the accretion rates (Ghisellini & Celotti 2001), where FRIIs could be characterised by
accretion in an optically thick and geometrically thin disc, while FRIs by an optically thin
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advection dominated accretion flow (ADAF2)
The most optically luminous Radio Loud AGN are designated asRadio Loud Quasars

(RLQ). They were the first quasars to be discovered, because of high luminosity and strong
radio emission. Nevertheless RLQ are only 10% of the total population of quasars. Apart
from the strong radio emission, they show similar characteristics as their radio quiet coun-
terparts (variable continuum flux, strong UV component, broad emission lines) but they
tend to be located in more massive host galaxies with respectto radio quiet quasars (Dun-
lop et al. 2003). Radio Loud quasars can be further classified as Flat Spectrum Radio
Quasars (FSRQ), having radio spectral index3 αr & 0.5 (between 2.7 and 5 GHz) and
Steep Spectrum Radio Quasars (SSRQ), with radio spectral indexαr . 0.5. The former
have a compact radio structure, while the latter are dominated by radio lobe emission.

1.2.4 X-ray classification

A distinction into two types of AGN exists also in the X-rays,where the AGN are classified
as absorbed or unabsorbed depending on the intrinsic absorption measured in this energy
band. While the optical classification into type 1 or type 2 AGN is based typically on the
FWHM of the emission lines, with a dividing value assumed to be in the range between
1000 km/s and 2000 km/s (e.g. Page et al., 2006; Caccianiga et al., 2007), in X-rays the
dividing line between the two classes is determined by the intrinsic Hydrogen column
density NH, designating Type 1s the unabsorbed AGN (whoseNH lies below a certain
threshold), and Type 2 those AGNs whose primary emission is clearly absorbed (NH

higher than the threshold). Depending on the published works, the dividingNH value was
adopted to beNH = 4 × 1021cm−2 (Caccianiga et al., 2007; Della Ceca et al., 2008) or
NH = 1022cm−2 (Garcet et al., 2007; Beckmann et al., 2009.
Focusing on the absorbed AGN, as I will discuss in Section2.4, the X-ray observed
spectrum depends strongly on the amount of absorption (expressed in terms of NH) along
the line of sight. An important fraction of AGN are obscured in the X-rays (∼ 43%
with NH > 1022cm−2 in the 20-40 keV band,Malizia et al. 2010). It is common to
refer conventionally to “Compton-thick” and “Compton-thin” AGN depending on if the
NH is higher or lower than the inverse Thomson cross sectionσ−1

T = 1.5 × 1024cm−2

respectively. In Fig.1.5 it is shown the resulting X-ray spectra for different values of NH,
under the hypothesis that the underlying primary emitted continuum is a simple power law
with spectral index of 2. In the Compton-thin cases where NH . 1024cm−2 the primary
X-ray spectrum is visible above a few keV, with a small contribution from the Fe Kα
emission line. Instead, when we observe the emission from a Compton-thick AGN with
NH > 1024cm−2, the primary emission is transmitted only above 10 keV; below this energy
the spectrum is dominated by the reflected continuum, with a strong fluorescent emission
line (EW∼ 1 keV, Matt, Brandt, & Fabian 1996), probably produced in the inner surface

2Advection Dominated Accretion Flows (Narayan & Yi 1995): it is a regime in which the radiation effi-
ciency of the accreting matter is too low with respect to the gravitational energy liberated, causing part of this
energy to be advected with the infalling matter onto the black hole. The geometry of an ADAF is not a disc,
since the height of the flow is proportional to its radius.

3 fν ∝ ν−αr )
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Figure 1.4: Top panel: Example of a FRI radio galaxy, M84, observed at 5 GHz with the
VLA. It is evident that the strongest emission comes from thecentral region, and it decreases
towards the extremities of the lobes. Figure adapted fromLaing& Bridle (1987). Lower
panel: The quasar 3C175 (classified as a FRII radio galaxy when observed in the radio
wavelength range), observed at 4.9 GHz with the VLA. Differently from FRI radio galaxies,
the edges of the lobes produce the strongest emission together with the core.
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of the torus. In the case of NH > 1025cm−2 no emission is transmitted through the absorber
also at E> 10 keV, and the spectrum is totally dominated by the reflection component.

Figure 1.5: X-ray spectrum of an AGN, for different column densities. Figure adapted from
Matt, Guainazzi,& Maiolino (2003).

Not always the optical classification as a Seyfert 1 or a Seyfert 2 galaxy coincides with
the X-ray classification. Indeed in 10-20% of AGN some discrepancies were found, like
some optically classified type 2 AGN showing no or low X-ray absorption (Caccianiga
& Marchã 2004; Corral et al. 2005) or some optically classified type 1 AGN showing
large X-ray absorption (Comastri et al., 2001; Brusa et al., 2003; Garcet et al., 2007). The
mismatch between optical and X-ray classification is not explainable through the Unified
Model (the presence of a homogeneous dusty torus, surrounding the central engine; see
Section1.3), and thus supports the validity of alternative models (Section 1.5). However it
is important to remark that some of these discrepancies can be due to other effects, such as
for example X-ray variability, the absence of the Broad LineRegion (BLR, Section1.3.1)
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in some AGN (Laor 2003) or a different dust-to-gas ratio with respect to the Galactic one
(Risaliti & Elvis, 2004). Thus the reasons behind this mismatch are still highly debated.

1.2.5 Subclasses

The classes of AGN described in the previous paragraphs alsoincludes sources presenting
“non standard” features, and that have been thus enclosed insub-classes. Between these
there are theNarrow Line Seyfert 1 Galaxies(NLS1). Their first peculiarity with respect to
“standard” Seyfert 1 galaxies, is that the permitted optical-UV lines, despite being broader
than the narrow lines typical of Seyfert 2 galaxies, are significantly narrower than those of
Seyfert 1 galaxies (Fig.1.6). The criteria used to describe NLS1 are:

• the width of the broad component of their optical Balmer emission lines is
FWHMHβ < 2000 km/s. Above this threshold they are classified as Broad Line
Seyfert 1s (BLS1);

• the relative weakness of the [OIII]λ5007 line flux is such that [OIII]/Hβ <3. This
values was adopted byShuder & Osterbrock(1981) to differentiate Sy1 and Sy2
galaxies;

• they have strong Fe II emission with respect to the Hβ line (Fe II/Hβ); this emission
is about twice as strong in NLS1 as compared to other galaxies.

NLS1 constitute about 10-20% of optically selected Sy1s (Williams, Mathur, & Pogge
2004), but the fraction gets higher in soft X-rays selected samples (∼ 50%,Grupe, 1996,
2004). Measurements of the masses of the central BH in NLS1 showedthat they have on
average lower masses than other Seyferts, in the rangeMBH ∼ 105−107M⊙ (Peterson et al.,
2000; Grupe & Mathur, 2004), despite having comparable bolometric luminosities. This
suggests that these sources have higher accretion rates than other Seyferts (?).

Other sources worth mentioning areBlazars, subclasses of RL sources in which the
relativistic jet is pointing towards the observer’s line ofsight. They display high variability
(with timescales≤1 day), high polarization (up to a few percent), superluminal motion,
and non-thermal continuum. Their emission covers a large energy range from the radio
frequencies to very high energies (above 1 TeV). Blazars canbe further divided intoBL
Lac objectsand FSRQ, which are in turn divided into Optical Violent Variables (OVV)
and Highly Polarized Quasars (HPQ). The distinguishing criterium between FSRQ and
BL Lac is the equivalent width4 of the emission lines (EW< 5Å for BL Lac objects). The
fact that in BL LACs usually the emission lines are not seen isdue to the dominance of the
underlying non thermal continuum.

4The equivalent width is the width that the continuum underlying the line must have in order to contain the
same flux as the line. It is defined as EWλ =

∫

Fl (λ)−Fc(λ)
Fc(λ) dλ, whereFl (λ) represents the flux across the emission

line at the wavelengthλ, andFc(λ) is the continuum flux underneath the emission line.
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Figure 1.6: Comparison of the optical spectra of a Sy2 (Mrk 1066), a NLS1 (RX
J1251.0+6603) and a Sy1 (NGC3516). It is evident that NLS1 show narrower emission
lines than normal Sy1s, even if not as narrow as Sy2. The FeII multiplet emission is visi-
ble in both the Sy1 and the NLS1, stronger for the latter one. Image adapted from Gallo
(2004).
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Figure 1.7: Example of the optical spectrum of a BL LAC source. The top panel is the flux-
calibrated dereddened spectra, the bottom panel is the normalized spectrum. With respect
to a normal quasar spectrum (Fig.1.1) it is evident the absence (or weakness) of emission
lines, due to the relativistically enhanced continuum. The⊕ indicate the telluric bands.
The flux density is in units of10−16erg cm−2 s−1 Å−1 Figure adapted fromSbarufatti et al.
(2009).
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Table 1.1: Scheme describing the classification of AGN on the base of radio loudness and
presence of broad and narrow emission lines.

Radio Loudness AGN type Sub Type Broad Balmer Lines Narrow Balmer Lines
Radio Loud

QSO Type 1 yes yes
Type 2 no yes

FRI some yes
FRII BLRG yes yes

NLRG no yes
Blazar FSRQ,SSRQ yes yes

BL Lac no no
NLS1 yes yes

Radio Quiet
QSO Type 1 yes yes

Type 2 no yes
Seyfert Type 1 yes yes

Type 2 no yes
NLS1 yes yes

1.3 AGN Unification

One of the fundamentals of the unified model is that any intrinsic property that is observed
in type 1 AGN should also be present in type 2 AGN, even if modified due to the different
viewing angle. The possibility to explain the various observational properties of AGN
through different orientations was not so obvious at the beginning. Indeed it was believed
for a while that the region producing the broad emission lines was missing from objects
showing only narrow lines, therefore making the two objectsintrinsically different from
each other.

Evidences of unification As discussed, while we observe broad permitted optical emis-
sion lines (like Hα and Hβ) only in Seyfert 1 galaxies, high and low ionization narrow lines
are common in both Seyfert 1 and Seyfert 2. This seems to indicate that both classes of
objects have the same intrinsic engine. The first evidences of unification came from polar-
isation measurements performed on the Seyfert 2 NGC 1068 (Antonucci & Miller 1985),
whose spectrum showed the presence of polarised broad optical emission lines, like the
broad permitted lines observed in Seyfert 1s. The implication of this finding was that the
BLR is present also in the nuclei of Seyfert 2s, even if it is obscured by the circumnuclear
matter, and it becomes visible when the light it emits is scattered towards the line of sight
by material on larger scales than the molecular torus. The analysis on the broad polarized
lines and the measurement of their polarization angles alsoallowed to infer the need for
an axisymmetric geometry for the absorber. Finally, a strong evidence for the unification
of type 1 and type 2 AGN comes from the X ray observations of Seyfert 2s. In fact the
X-ray spectra (above few keV) of these sources are characterized by a power law, simi-
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lar to Seyfert 1s, indicating that the central engine is intrinsically the same. However in
the case of Seyfert 2s the presence of an absorbing medium with column density typically
higher than 1022cm−2 is manifested in the spectrum by a photoelectric absorptioncut-off.
In some cases we do not observe such cut-off, but a weaker continuum with a strong Fe Kα
6.4 keV emission line indicates that the primary radiation is totally absorbed by a medium
with NH > 1024cm−2 and we observe only the radiation reflected in our direction by the
circumnuclear medium.

1.3.1 Unification Scheme

The advantage coming from the formulation of a “Unified Model” is that the differences
due to “external” factors, such as orientation, are distinguished from intrinsic differences,
allowing to better understand the basic physics behind the observations.
Various kind of unification models were proposed, some of which, after availability of
new data and observations, were rejected and/or revised. The simplest and still actual
scheme, that is the base to develop more elaborate models, was proposed by Antonucci in
1993. According to this model, there is no intrinsic difference between broad-line AGN and
narrow-line AGN , regardless to their intrinsic luminosity: the observed different properties
are determined only by orientation effects. The fundamental components of the Unified
Model (Figure1.8) are:

• Black hole and accretion disk
The central engine producing the high luminosities observed in AGN is a SMBH
at the center of the host galaxy. A black hole can be describedthrough some basic
parameters. Among them the gravitational radius (rg) and the Schwartzschild radius
(rs):

rg =
GMBH

c2
, rs = 2rg ≃ 3

(

MBH

108M⊙

)

× 1013cm (1.1)

The radius of theInnermost Stable Circular Orbit(ISCO, radius at which the ma-
terial free falls into the BH) strongly depends on whether the BH is spinning (Kerr
black hole) or not (Schwarzschild black hole) and, in the first case, also on the direc-
tion of motion of the accreting particle with respect to the direction of BH rotation
(co-rotation or counter-rotation). For a non spinning Schwarzschild black hole the
ISCO occurs at

r isco = 6rg = 3rs (1.2)

For a maximally co-rotating black hole, the ISCO radius is (Jefremov, Tsupko, &
Bisnovatyi-Kogan 2015):

r isco = rg (1.3)

In an AGN the central SMBH is accreting matter through an optically thick and
geometrically thin accretion disk (Shakura & Sunyaev 1973) where matter is losing
angular momentum through viscous and turbolent processes.Since the orbital veloc-
ity of the material in the disc is much faster than its inward flow speed, the material
must lose energy and angular momentum due to the internal disc viscosity. By this
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mechanism the angular momentum is transported outwards throughout the disc and
the excess energy heats the gas and is radiated away. Matter reaches temperatures of
∼ 105−106K and produces thermal emission in the optical-UV range (from∼ 7000Å
to∼ 100Å). The emissivity of the disk can be described by a multitemperature black-
body where the temperature scales with the distance from thecentral black hole as
T(R) ∝ R−3/4. Thus the inner ring temperature is the highest, emitting atthe highest
frequencies with respect to the more external regions. Moreover, the temperature
increases with the accretion rate but decreases with the mass of the central object:

T(R, Ṁ,M) ∝ R−3/4Ṁ1/4M−1/4 (1.4)

If we assume a SMBH withMBH ∼ 107M⊙ the temperature at a distance of 10rS at
the Eddington accretion rate5 is kT = 50 eV, which at zero redshift corresponds to
frequencies in the extreme ultraviolet band (or very soft X-rays). This makes the peak
temperature difficult to observe since the galaxy becomes opaque in that spectral
region. The region surrounding the accretion disk is thought to host acorona of
optically thin and very hot (T∼ 109K) plasma of high energy electrons. This region
is responsible for the production of the X-ray emission, through inverse Compton
scattering of the optical-UV photons emitted in the accretion disk with the coronal
electrons.

• Broad Line Region (BLR)
This region is composed of high velocity (∼3000-10000 km/s) clouds in the potential
well of the central BH. These clouds produce strong and broadoptical emission
lines due to photoionization from the central radiation emitted in the accretion disk.
The BLR clouds are assumed to be in photoionization equilibrium, that means that
the rate of photoionization is balanced by the rate of recombination. Therefore if
two or more lines of different ionization states are observed it is possible to infer
physical parameters. The temperature is estimated to be of order of 104 K and the
density is believed to be very high (ne ∼ 109cm−3, Netzer 1990), as required by
the observed ratio between the permitted and forbidden emission line transitions.
The distance of these clouds, as deduced from the variability of the broad emission
lines and from their high velocities, is of 0.01-0.1 pc (Netzer, 1990; Peterson, 1998;
Kollatschny, 2003). The structure of an individual cloud is thought to be such that
the side of the cloud facing the central engine will be highlyionized and, depending
on its column density the opposite side will be less ionized or mostly neutral. This
manifests observationally in the coexistence of high ionization lines from ions such
as He II, He I, O VI, N V and C IV, and low ionization lines from MgII, Ca II, O I
and Fe II.

• Narrow Line Region (NLR)
Narrow emission lines, which are also commonly observed in AGN, have much
smaller widths (of the order of several hundreds up to 1000 kms−1) than broad lines

5The Eddington accretion rate is the one for which the centralSMBH reaches the Eddington luminosity:
ṀEdd = LEdd/εc2, whereε is the accretion efficiency.
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(as term of comparison the typical FWHM produced by stars in galaxies are∼ 400
km/s). They are also produced by clouds that are photoionized bythe central radia-
tion source, but they are located further away from the central black hole, on scales of
typically ∼100 pc, as inferred from their smaller keplerian velocities. The presence
of forbidden as well as semiforbidden and permitted lines of, for example, oxygen,
neon, magnesium and sulfur, suggest gas densities of∼ 103−106cm−3 (Netzer 1990).
In fact, at these low densities, collisions among ions and other particles occur rarely,
implying that an ion can maintain its excited level until there is a spontaneous ra-
diative decay. The emission line spectra of NLR is characterized by a wide range
of ionization states, due to the presence of both strong low ionization lines (such as
[OI]λ6300) and high ionization lines (such as [OIII]λλ4959,5007).

• Obscuring molecular torus
The key element of the Unified Model is the presence of a toroidal shaped opti-
cally thick obscuring medium surrounding the central engine, composed of dust and
molecular gas and extending from∼ 1 pc up to at least a few times 100 pc (Jaffe et
al., 2004; Burtscher et al., 2013). The location and geometry of the torus is such that
the emission from the NLR is expected to be detected by any observer, independently
from the viewing angle. Instead, the emission coming from the BLR is detectable
only if the line of sight does not intercept the torus.

1.3.1.1 The overall picture

According to the Unified Model model (Antonucci 1993), all AGN have regions very
close to the nucleus producing broad emission lines (BLR) and featureless continuum
radiation, and farer away regions producing narrow emission lines (NLR). When in a
given object the toroidal material is face-on relative to the line of sight, so that both the
BLR and the NLR are observed together with the emission from the accretion disk, then
the source is classified as a Type 1. Otherwise only the narrowemission lines, produced
in the the region outside the torus are seen directly, and we classify the source as a Type
2. Nevertheless, the radiation emitted from the nuclear regions can be reflected into the
observer’s direction due to scattering of electrons, whichproduces also polarization.

1.3.1.2 Unified Scheme for Radio Loud sources

As we discussed, some radio loud sources exhibit double jetsof relativistic particles and
lobes extending up to a few Mpc from the center of the host galaxies and with the same
orientation as the axis of the torus. The physical process determining the launching of
these jets is still quite uncertain, but many studies suggest that magnetic fields play an
important role in jet collimation (Blandford 1993). These particles are responsible for the
production of strong radio emission through the synchrotron process, and their bulk motion
is relativistic, at least near the nucleus, with similar Lorentz factor in all sources. If the axis
of a radio loud source is directed along the line of sight, then the spectrum observed is
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Figure 1.8: Schema representing the AGN phenomenon according to the unified model,
where the type of AGN depends on the viewing angle, whether ornot the AGN produces a
significant jet emission, and how powerful the central engine is. Figure adapted fromUrry
& Padovani(1995).
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constituted of a continuum with superimposed broad and narrow emission lines plus the
emission produced by a one-sided jet, likely with superluminal motion. When the jet is
observed at acute angles with respect to its axis, or directly down it, then we observe a
rapid variable Blazar. When instead the AGN is observed perpendicularly with respect to
the jet emission, then a NLRG is observed, with radio lobes. In the intermediate angle
cases, if the source is observed closer to the jet it will be classified as a core-dominated
FR-I radio galaxy, while a lobe-dominated FR-II will be observed at angles intercepting
the torus. However, as discussed in Section1.2.3.1, the division into FRI and FRII could
be attributed to different intrinsic properties, such as a lower accretion efficiency in FRI
with respect to FRII (Ghisellini & Celotti 2001).
We will see in more detail in the next sections that not all theproperties of the different
AGN fit into this simple picture, and that some evidences suggest that the scenario of
intrinsically different AGN cannot be excluded at all.

1.4 Insights on AGN structure from X-ray absorption
variability

The observation of both short and long time scale X-ray absorption variability in AGN is
increasingly common. The variability of the observed X-rayspectra of AGN can be ex-
plained by two possible scenarios. The first one is an intrinsic variation in the primary
ionizing continuum, that propagates through an homogeneous absorber and that produces
a change in the ionization state of the intervening matter, determining a variation of the
X-ray spectrum. The second and most probable explanation isthat there is a change in
the absorber column density, and not in the continuum emission. This alternative implies
that the absorber is clumpy and that the observed variation timescale is linked to the time
taken by a cloud to cross along the line of sight. A coexistence of both phenomena is also
possible. The second scenario has been deeply discussed byRisaliti et al. (2002), showing
that these variations are not in agreement with one of the basis of the unified model, i.e the
homogeneity of the obscuring parsec-scale torus.
In particular, the rapid variability of the absorbing column density detected in the so called
“changing look” AGN, i.e. AGN that have been observed both inCompton-thin and re-
flection dominated states (Risaliti et al. 2002), implies that, besides being clumpy, the
absorbing material must be located at much smaller distancethan the conventional obscur-
ing “torus” with velocity, distance and size from the central X-ray source of the same order
of those of the Broad Line Region (BLR) clouds. Up to now, we can count only a few
“changing look” AGN where such a variability has been discovered on time-scales from a
few days down to a few hours: NGC 1365 (Risaliti et al. 2005, 2007, 2009; Risaliti et al.
2009; Braito et al. 2013), NGC 4388 (Elvis et al. 2004), NGC 7674 (Bianchi et al. 2005),
NGC 4151 (Puccetti et al. 2007), NGC 7582 (Bianchi et al. 2009), UGC 4203 (Risaliti et
al. 2010), NGC4051 (Uttley et al. 2004; Lobban et al. 2011) and 1H 0419-577 (Pounds
et al. 2004).
In Fig.1.9an example of X-ray spectra showing NH variability is shown, for the Seyfert 2
galaxy NGC 7582. It is evident how the curvature of the X-ray spectrum changes signifi-
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cantly on time scales of a few days.
In the most extreme cases, like for NGC 1365 (Fig.1.10), the spectral change exhibits a
transition from a Compton-thin state (NH in the range of 1023cm−2) to a reflection domi-
nated state (NH ∼ 1024cm−2) in time scales of less than a day (Risaliti et al. 2005, 2007;
Risaliti et al. 2009; Braito et al. 2013). The rapidity of these occultations implies that the
cloud must be moving at velocities v> 103 km/s, at distances of∼ 104Rg from the central
BH. Risaliti et al.(2009) estimated the distance from the X-ray source and density ofthe
clouds to be∼ 1016cm and∼ 1010− 1011cm−3 respectively. These parameters suggest that
the clouds providing the obscuration are located at the BLR distance, therefore they could
be both responsible for the X-ray absorption and the broad emission lines in the optical-UV
bands.
X-ray variability studies are useful to investigate the clumpy structure of the BLR, but they
cannot give information on the clumpiness of the Compton-thick parsec-scale absorber. In-
deed, the existence of the parsec-scale absorber can be inferred in the X-ray band through
the Fe kα emission line and the Compton hump, giving also informationon its geometry.
However, the expected variability in the parsec scale torusoccurs on longer times scales
with respect to the BLR clouds, making its monitoring more difficult.
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Figure 1.9: Panel (a): Suzakumonitoring campaign of the Seyfert 2 galaxy NGC 7582,
that was observed 4 times, on May 1 and 28, and November 9 and 16. The spectra show
significant shape variations above 3 keV. Panel (b): comparison between the lastSuzaku
observation (16 November 2007, on the left) and an XMM-Newtonobservations performed
on 30 April 2007 (on the right). From a comparison of the two observations it is evident
a strong variation in the spectral curvature.Bianchi et al. (2009) conclude that most of
the variability can be ascribed to rapid (the shortest variability time-scale being 20 hours)
changes of the column density (∆NH ∼ 1023cm−2) of the most internal absorber. Figures
adapted fromBianchi et al. (2009).
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Figure 1.10: X-ray spectra of the Seyfert galaxy NGC 1365, observed in 4 coordinated NuSTAR (Nuclear Spec-
troscopic Telescope Array,Harrison et al. 2013) and XMM-Newtonobservations in July and December 2012, and
January and February 2013. The different spectral curvature among the 4 observations shows theextreme variability
of the absorption along the line of sight. The panel on the right reports the residuals with respect to a power law with
Γ = 1.75, absorbed by partial covering neutral material: the iron line at 6 keV and the Compton hump at 30 keV are
observed in all of the four spectra. Figure adapted fromWalton et al.(2014).
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1.5 Alternative models

In this section I will describe the main alternative models for the AGN structure, that have
been proposed to explain some features and observations that do not completely fit in the
Unified Model discussed in Section1.3.

1.5.1 Elvis (2000) unified scheme

About 10-15% of optically selected quasars belong to a classof objects that hosts strong
nuclear outflows, known as Broad Absorption Line Quasars (BAL, Weymann et al. 1991).
What characterizes these sources is the presence, in their UV (and in some cases optical)
spectrum, of strongly blueshifted broad (FWHM≥ 2000km s−1) absorption lines, due to
resonant transitions of ionized metals (e.g. MgII, AlIII, SiIV, CIV, NV, OVI). This indi-
cates the presence of outflowing winds with velocities from thousand of km s−1 to 0.2 c
(e.g.,Turnshek, 1998; Trump et al., 2006). One example of BAL is the quasar PHL 5200
(Junkkarinen, Burbidge, & Smith 1983), whose spectrum is shown in Fig.1.11.

Figure 1.11: High resolution spectrum of the BAL PHL 5200. With respect tothe op-
tical/UV spectrum of a normal quasar (Fig.1.1 strong blueshifted absorption lines are
clearly detectable. Figure adapted fromJunkkarinen, Burbidge,& Smith(1983).

The need of explaining the existence of BALs lead to the formulation of an alternative
model to the standard Unified Model. Such model was proposed by Elvis (2000, 2004)
and its main ingredient is the presence of a thin shell outflow, whose initial direction is
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Figure 1.12: Sketch of theElvis (2000) model. BALs are seen in the spectrum when the
funnel-shaped outflow intercepts the line of sight.
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vertical with respect to the accretion disk, and then is bentoutwards by radiation pressure,
becoming thicker. The funnel-like geometrical shape of this outflow is shown in Fig.1.12).
Depending on the viewing angle, absorbers with different features (or no absorbers) are
observed:

• when we observed down the length of the cone, then we detect high velocity and
broad absorption lines, typical of BALs;

• when we look across the flow and not along it, only a component of the radial ve-
locity will be directed in the line of sight, therefore we observe lower velocity and
narrower absorption lines;

• when we observe the flow from above we do not detect any absorber.
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1.5.2 Risaliti (2002) model

As discussed in Section1.4 it is becoming quite common to observe absorption variability
in the X-ray spectra of AGN, often on time scales implying that the absorber responsible
for this variability, besides being clumpy, is located at distances compatible with the BLR.
The standard unified model cannot explain the X-ray absorption by means of the BLR
clouds, since it would predict some unobserved features. Indeed, assuming an isotropic
distribution of the BLR clouds, it would predict these clouds to have a covering factor of
∼10% for a type 1 AGN, meaning that multi-epoch observations of the same objects should
exhibit X-ray absorption in 10% of the cases. Nevertheless this is not in agreement with
the observations, since the fraction of objects changing from type 1 to type 2 is very low.
For this reasonRisaliti et al. (2002) proposed an alternative scenario, where:

• the absorbing clumpy medium is not spherically symmetric distributed but covers
a fraction∼ 0.8 of the solid angle, according to the actual ratio of Seyfert2s over
Seyfert 1s.

• the number of BLR clouds in Seyfert 2 galaxies is higher than in Seyfert 1s.

A consequence of this is that the difference between type 1 and type 2 AGN is an intrinsic
physical property, even if orientation still plays a role, because the X-ray absorber is not
spherically symmetric. This model can also explain the absence of IR emission in some
type 1 AGN, since it predicts that sources with a quite low number of clouds would almost
always be observed as Type 1 objects and their IR emission would be low as compared to
the bolometric luminosity.
Risaliti et al. (2002) propose that a possible non-spherical geometry is a biconical one,
as described byElvis (2000). This biconical outflow is a two-phase wind, composed by a
warm phase (T∼ 105 − 106 K), producing scattering phenomena and responsible for X-ray
warm absorbers (Section2.5.1) and a cold phase where the clouds producing the optical
broad emission lines are located. The outer layers of the wind are likely composed of dust,
transferred from the material inflowing from the host galaxy. With respect to the model
proposed byElvis (2000), they suggest that the BLR clouds inside the wind are more
numerous and thus they cover all lines of sights. This model predicts that the variation
from type 1 to type 2 is possible only occasionally, when the random motions result in a
line of sight free of clouds.

In Fig. 1.13 we report a representation of this model, the features are similar to the
Elvis (2000) model, with the addition of dusty inflowing gas reaching theexternal part of
the wind, which is located at higher distances with respect to the outflow invoked byElvis
(2000) model.

1.5.3 Elitzur (2007) model: torus model and clumpy unification

The IR emission characterizing the spectral energy distribution of AGN is a strong indica-
tor of the presence of dust intercepting the primary radiation emitted by the accretion disk.
In fact, the radiation absorbed by the obscuring dust is re-radiated at longer wavelengths,
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Figure 1.13: Model proposed byRisaliti et al. (2002) to account for X-ray absorption
variability in Seyfert 2s. Both the X-ray continuum produced in the inner regions of the
disk, and the broad emission lines (emitted by the dust-freeclouds populating the internal
region of the outflow) are absorbed by the dusty clouds in the external layer of the wind.

and we observe it as an IR bump atλ ≥ micron (Barvainis 1987). The existence in the
nuclei of Seyfert 1s of hot dust with temperature close to thesublimation temperature
was discovered through various near-IR studies (Storchi-Bergmann, Mulchaey, & Wilson,
1992; Alonso-Herrero et al., 2001; Oliva et al., 1999). For Seyfert galaxies the sublimation
radius is on parsec scales, while for quasars it is on sub-parsec scales. Early works, such
as the one performed byKrolik & Begelman (1988), already suggested that a smooth
distribution of dust could not survive in the proximity of the central engine of AGNs,
implying that it should be distributed in a clumpy configuration, which is the model that is
recently more accredited.

A lot of observational and theoretical evidences (summarised below) lead to the con-
clusion that the torus is clumpy, instead of having a smooth distribution:

• Similarity of the IR emission of Type 1 and Type 2 AGN
One of the basis of the Unified Model is that the torus emissionis highly anisotropic.
Nevertheless its observed emission appears to be almost isotropic (Lutz et al. 2004;
Horst et al. 2006). This issue was solved by the clumpy model (Nenkova et al.
2008a,b), which can produce strongly anisotropic obscuration of the AGN together
with almost isotropic IR emission, as observed.

• Torus size and temperature
A puzzling result of high resolution IR observations of someAGN (the best studied
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one being NGC 1068) is the coexistence of high gradients of dust temperature at the
same distance from the central engine. The solution to this problem comes with a
torus composed of dusty and optically thick clouds, where the temperature is much
higher on the side directly exposed to the radiation with respect to the opposite side
(Nenkova, Ivezíc, & Elitzur 2002).

Clumpiness introduces the concept of probability of directly observing the central
engine as main driver of the difference between type 1 and type 2 AGN (Elitzur 2007,
2008; Nenkova et al. 2008a,b). This means that we cannot exclude to observe a source
with a type 2-like orientation as a type 1 source, and inversely. In case of a single cloud
obscuration, when the cloud moves out of the line of sight than we would observe directly
the nucleus and thus a transition from a type 2 to a type 1 spectrum.
A sharp-edge density distribution for the clumpy torus (left panel of Fig. 1.14) has been
ruled out by observations (Nenkova et al. 2008a,b) in favour of soft-edge distributions
(right panel of Fig. 1.14), where at each viewing angle the probability of obscuration
increases with the number of clouds. The conclusion derivedby Elitzur (2007) is that there
are two factors determining the fraction of obscured sources: the torus angular width and
the average number of clouds along the line of sight.

The fact that the obscuring torus of AGN could not be the same for AGN with the
same luminosity (due to the high spread of possible properties of the torus itself) has
consequences also on the AGN classification. Indeed, a studyperformed byElitzur (2012)
highlights that the classification of AGN depends not only onorientation, but also on
a higher/lower probability due to higher/lower covering factors of the torus, where by
“covering factor” we mean the fraction of the sky covered by the obscuring material at the
AGN center. This means that if we consider a sample of AGN witha certain distribution
of covering factorsCT, those with largerCT will have a higher probability to be observed
as type 2 sources. Therefore the distribution of covering factors has an high impact
on the classification of AGN, with type-1 belonging preferentially to the lower end of
the distribution and type-2 to the higher end. The model of Elitzur provides a possible
explanation also to other features, such as the results of recent studies (Maiolino & Risaliti
2007; Della Ceca et al. 2008) showing that the fraction of obscured AGN decreases as
a function of luminosity, consistently with the hypothesisof a reduction of the covering
factor of the circumnuclear dust component as a function of luminosity. A model known
as “receding torus model”, in which the torus angular width decreases with luminosity
(Lawrence 1991; Simpson 2005; Lusso et al. 2013) was proposed in order to explain these
observations. According to this model the inner radius of the torus is determined by the
dust sublimation radius, which increases with the luminosity of the source. This model
assumes a sharp edge obscuration, while instead adopting a soft edge one would add a new
parameter, that is the number of clouds. This means that the observed relation between
fraction of obscured AGN and luminosity, could also be reproduced by the existence of a
dependence of the number of clouds on luminosity, at constant torus angular width, instead
of a simple dependence of angular width on luminosity.
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Figure 1.14: Adapted fromElitzur (2012). Scheme showing the classification of AGN in
the unified models. (a) Standard Unified model of an homogeneous torus, where every
observer located inside the opening angle (such as observer2) will see the source as a type
2 AGN. (b) if the covering factor of the torus decreases (e.g.it is a decreasing function
of luminosity,Lawrence 1991; Simpson 2005), then more observers will see the source as
a type 1 AGN. (3) if the torus is clumpy the probability of observing directly the central
engine of the AGN decreases away from the axis, but it is always not null.

1.5.4 Torus disk-wind model: basis for a “grand unification scheme”?

In the last years many observations and theoretical works seem to indicate that the torus is
just a smooth continuation of the BLR (Elitzur & Ho 2009; Netzer & Laor 1993). Thus,
according to these works, the torus is a region, located beyond the dust sublimation radius,
where the clouds start to contain an important amount of dust, besides the gas content
characterizing the BLR clouds. Some of the evidences leading to these hypotheses were:

• The finding of the so called “true” type 2 AGN (Laor 2003), i.e. Seyfert galaxies in
which the BLR is not obscured, but it is actually missing (Nicastro, 2000; Elitzur &
Ho, 2009).

• In agreement with what already proposed byNetzer & Laor(1993), a work presented
by Suganuma et al.(2006) measured the inner radius of the dusty torus for a sample
of four Seyfert 1 galaxies and found evidence that the BLR extends until this bound-
ary. The conclusion of this work is that, when the inner radius of the torus is reached,
a physical transition takes place, and dust gets embedded inthe clouds, suppressing
line emission and absorbing the ionizing radiation coming from the central regions.

• Risaliti et al. (2002) observed that the X-ray variability due to the motion of clouds
along the line of sight has the same behaviour on a big range oftime-scales, that
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can be attributed both to the passage of dust-free BLR cloudsor more distant dusty
clouds belonging to the torus.

According to these studies the BLR clouds and the torus are a unique structure, charac-
terized by clouds at different distances and composition. Therefore there are not physically
different regions producing X-ray obscuration, broad emissionlines and dust obscuration,
but they all are a continuous distribution of clouds, where the different composition and
ionization state of the material at different distances determines the variety of observed
features.
This attempt of unification is in good agreement withElvis et al. (2004) model. Indeed in
this scenario the torus is a region in a clumpy wind coming from the accretion disk (from
here the name “disk-wind model”), rather than being produced by accretion of material
from the galaxy (as proposed byGaskell 2009).

In agreement with observations, the disk wind scenario predicts that at low luminosities
(< 1042 erg/s) the torus might not exist any more, due to the low accretionrate that cannot
provide the necessary outflow rate. Besides, it is expected that when L decreases still
further, also the outflow from the inner ionized zone decreases, implying that also the BLR
disappears (Nicastro, 2000). This seems to be in agreement with the observation of some
“true” type 2 sources, among AGN with L< 1042 erg/s (Laor 2003).

Despite the many detailed theories proposed in order to explain the complexity of the
phenomenon of AGN, up to now there is still not a prevalent one. All of them confirm
the existence of an axisymmetric circumnuclear inhomogenous absorber. I will discuss in
detail in the next chapter the importance that X-rays observations have in the framework of
confirming/refusing the validity of these models, being the energy bandthat better allows
to study the most internal region of AGN.
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Observing AGN in the high energy bands (X-rays andγ rays) provides a lot of infor-
mation that other bands do not show. In particular the X-raysoriginate from very close
to the central black hole, thus they offer the possibility to study the innermost regions of
SMBHs and the still poorly understood accretion process that feed them.
Figure2.1shows the typical X-ray spectrum of a Seyfert 1 galaxy with the various spectral
components:

• The dominant component of the X-ray spectrum is a power law with an exponential
cut off at high energies. This component is produced by Compton up-scattering of
soft optical-UV photons emitted by the accretion disc with relativistic electrons of the
corona located above the disc. The exponential cut-off at high energies is produced
when the scattered photons reach their maximum energy, thatis the energy of the
electrons.

• Being isotropic, a fraction of the radiation produced in thecorona is directed towards
the disc, where it is scattered generating a secondary emission characterized by a
peak between 20 keV and 40 keV (Guilbert & Rees, 1988; Lightman & White, 1988;
George & Fabian, 1991), plus fluorescence lines, the prominent one being the 6.4
keV Kα fluorescent line produced by neutral iron. The bump in the 20–40 keV
energy range, also known as “reflection hump” is due to two processes: at energies
< 10 keV the photoelectric absorption is the dominant interaction mechanism, while
at higher energies (> 50 keV) the Compton down-scattering (in the Klein-Nishina
regime) induce the energetic photons to lose energy in favour of the lower energy
electrons on which they scatter (so the spectrum falls down at high energies).
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• For many AGN the nuclear radiation intercepts a partially ionized optically thin
plasma, called “warm absorber” (Reynolds, 1997; Fabian, 1999; George et al., 2000;
?; Blustin et al., 2005), which imprints the main absorption features observed in
the soft X-ray spectrum. The first source in which the presence of such intervening
medium was first discovered in QSO MR 2251-178 (Halpern 1984, Fig. 2.2). This
phenomenon is easily observed in Type 1 AGN.

• In most sources the X-ray spectrum shows an “excess” of emission with respect to
the extrapolation of the primary power law in the soft X-ray band (below 1 keV),
known as “soft excess” (Holt et al., 1980; Pravdo et al., 1981; Singh, Garmire, &
Nousek, 1985; Arnaud et al., 1985). The origin of this soft X-ray component, that
can be phenomenologically modelled with a blackbody with effective temperature
of ∼ 0.1 − 0.2 keV (Vasudevan et al. 2014), is still unclear. The first hypothesis
of being the high energy tail of the optical-UV disc emissionhas been ruled out
by observations (see e.g.Ponti et al. 2010and references therein), since different
temperatures should be observed depending on the mass of thecentral black hole
and on the accretion rate. Instead the observed temperatureis much higher than
what foreseen for a standard accretion disc and it does not show strong dependence
on the SMBH mass. Some processes that have been proposed in order to explain soft
excess are:

1. ionised reflection in the inner regions of the accretion disc, where the X-ray
lines undergo relativistic blurring (Ross & Fabian 2005);

2. relativistically smeared absorption occurring at high energies (above∼ 0.7
keV). The high velocity of the absorbing clouds make undistinguishable their
atomic spectral features, resulting in an apparent soft excess, which represents
the real power law at low energies (Gierliński & Done, 2004), and a harder
spectrum at higher energies.

3. the existence of two Comptonizing regions, a hotter one responsible for high
energy emission, and a colder one producing the soft X-rays (Laor et al., 1997;
Magdziarz et al., 1998).

Soft excess could also result from the combination of emission lines of collisionally
ionised ions and thermal radiation produced by hot gas in thehost galaxy, especially
if the galaxy has a significant star formation activity.

2.1 X-ray primary continuum

As anticipated, the primary broadband X-ray spectrum (1–300 keV) of AGN can be well
described using a power law. It is common in X-ray astronomy to use as unit of measure-
ment the photon flux per unit energy F(E) (photons per keV) instead of the energy per unit
of frequency:

F(E) ∝ E−Γe−
E
Ec photons· cm−2 · s−1 · keV−1 (2.1)



2.1. X-ray primary continuum 41

Figure 2.1: Typical X-ray spectrum of a type 1 AGN, showing the various spectral com-
ponents frequently observed. The components are: 1) the primary continuum component
(green), represented by a power law with an high energy cut-off at E ∼ 100keV, absorbed
at soft energies; 2) a cold reflection component (blue) 3) theneutral iron FeKα emission
line at ∼6.4 keV (blue); 4) a “soft excess” modelled with a black body component (red).
The thick black line is the final resulting X-ray spectrum. Image adapted fromFabian
(2006).
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(a)

Figure 2.2: Left panel: first X-ray spectra of the QSO MR 2251-178, observed in two
occasions (June 1979 and May 1980) by theEinstein Observatory(Giacconi et al. 1979).
Halpern (1984) explained the increase in absorption column density between the two ob-
servations with a model where the primary continuum intercepts and ionises a cloud. Right
panel: Incident and emergent spectra obtained using a warm absorber model that, differ-
ently from a neutral absorber, is not totally opaque at energies below 1 keV, and shows
absorption edges due to O (739 eV) and O (870 eV). Figures adapted fromHalpern
(1984). It is interesting to compare this spectra with the more recent one shown in Fig.2.8.
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whereΓ is the photon index of the power law, related to the spectral indexα by Γ =
α + 1 andEc is the high energy cut-off, which I’ll discuss in the end of this section. The
photon index is on average in the rangeΓ ∼ 1.8 − 2 (e.g. Dadina 2008; Beckmann et
al. 2009). We have seen in Section1.3.1that the simplest mode of accretion (through a
disc) leads to the production of a strong optical-UV continum (Shakura & Sunyaev 1973).
Thus, the thermal emission from the disc cannot be responsible for the radiation emitted
in the X-rays. Furthermore, the rapid variability observedin the X-rays indicates that
they originate in the innermost regions of AGN. Since the X-ray luminosity represents an
important fraction (about 5–40%,Marchese et al. 2010) of the bolometric luminosity, this
mechanism must be efficient in transferring the energy released in the accretion disc to a
hotter plasma, emitting higher energy radiation. The modelexplaining the power law shape
of the X-ray spectrum is based on Compton up-scattering of soft (optical-UV) photons on a
corona of relativistic electrons in the inner regions of theaccretion disc (Haardt & Maraschi
1991, 1993). How the heating of the electrons in the corona is produced is still under
debate, however one possible explanation is that the energytransfer from the accretion disc
is due to the presence of magnetic fields, via reconnection ofmagnetic loops extending out
of the accretion disc. Since the maximum energy that the scattered photon can acquire is
related to the thermal energy of the electrons in the corona,the cut-off of the primary power
law depends on the plasma temperature. The high energy cut-off is observed in the range
∼ 50−200 keV (Malizia et al. 2014; Dadina 2008). An estimate of the plasma temperature
was provided in several works (see e.g.Petrucci et al. 2001; Molina et al. 2009) and
recently confirmed byMalizia et al.(2014) to be in the range from 20 to 100 keV (or 2−12×
108 K) 1. The recent launch of the X-ray missionNustar(Harrison et al. 2013), observing
in the 3-79 keV energy band with a lower background thanSuzakuand a higher effective
area than XMM-Newtonabove 6 keV, is providing accurate measurements (or lower limits)
to the high energy cut-off for several AGNs: MGC-5-23-16 (116±6 keV; Balokovíc et al.
2015), IC 4329A (186±14 keV;Brenneman et al. 2014), SWIFT J2127.4+5654 (108±11
keV; Marinucci et al. 2014), 3C 382 (214+147

−63 keV) in one of the two NuSTAR pointings,
and> 190 keV in the other pointing,Ballantyne et al. 2014), Ark 120 (>190 keV;Matt
et al. 2014), and in NGC 2110 (>210 keV;Marinucci et al. 2015), NGC 5506 (>350 keV,
Matt et al. 2015).

2.2 The reprocessed X-ray spectrum

Since the AGN corona is likely to be located at distance of a few tens ofRg, the X-ray
continum could undergo reprocessing due to the gas present in different locations, from
very near to the central black hole to the outer regions. If weassume isotropy in the X-ray
continuum photons emitted by the corona, then some of them could escape along the line of
sight and likely interact with material along their path, some of them may instead irradiate
the accretion disc, being then reflected towards the observer. This implies that the observed
spectrum is a combination of the primary and the reprocessedX-ray continuum.

1As described inMalizia et al. (2014) , when the optical depth isτ ≤ 1 the plasma temperature kTe is
estimated as kTe = Ec/2, instead whenτ >> 1 a better estimate is given by kTe = Ec/3 (Petrucci et al., 2001).
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2.2.1 Reflection

The designation of Compton “reflection” refers to those photons that are scattered “back”
towards the observer, thus they maintain the initial direction. The optically thick material
responsible for the reflection can be located near to the central engine (the accretion disc)
or further away (like the putative molecular torus).

Let’s assume an X-ray photon incident upon a semi-infinite slab of uniform density,
covering 2π sr of the sky with respect to the X-ray source. The photon can undergo one of
the following interactions:

• Compton down scattering with free electrons

• Photoelectric absorption, either resulting in a fluorescent emission line or followed
by Auger decay

The predominance of a process between photo-electric absorption and scattering is de-
termined by two factors: the initial energy of the photon andthe relation between the cross
sections of the two mechanisms. At energies below 10 keV, photoelectric absorption is the
dominant process in neutral material, since its cross section decreases asE−3, becoming
equal the to Thomson scattering cross section at around 10 keV. At this energy the cross
sections of the two processes are approximately equal, while above∼10 keV the reflection
fraction increases and dominates over the fraction of absorbed photons, due to the higher
scattering cross section.

At even higher energies, the photon energy is such that Compton down scattering is
important, so the reflection is no longer elastic and the incident photons lose energy in the
process. The amount of energy lost due to Compton down scattering gets larger for higher
energy photons (Murphy & Yaqoob 2009; Antonucci 1993). Typically the energy lost
by a photon during a Compton scattering is∆E/E ≃ 2/mec2, thus at energies higher than
30 keV it is more than 10%. Considering all these processes, neutral reflection gives rise
to a flattening of the spectrum (with respect to the primary power law) at energies 5-50
keV and to a very characteristic peak between 20-50 keV, where lower energy photons are
photo-electrically absorbed (George & Fabian 1991; Matt, Perola & Piro 1991).
Differently from photo-electric absorption, Compton-scattering depends on the geometry
of the absorber. Indeed the reflection hump produced by a toroidal absorber with a given
opening angle is weaker than the one produced by a sphere. In fact the amount of reflection
is proportional to the solid angle irradiated by the centralsource and to the surface area of
the absorber seen by the observer (Murphy & Yaqoob 2009; Brightman & Nandra 2011).
In this thesis I will adopt a reflection model (, Magdziarz & Zdziarski 1995) that
describes the radiation reflected out of the line of sight by asemi-infinite slab of cold
material subtending an angle defined by the parameter R (Magdziarz & Zdziarski 1995),
that in case of an isotropic source represents the solid angle subtended by the material
producing reflection:

R= Ω/2π (2.2)



2.2. The reprocessed X-ray spectrum 45

The value of the parameter R has also a dependence on the inclination anglei between
the perpendicular to the reflector and the line of sight, i.e.when i is small the observed
reflection component is larger. Besides the model, throughout the thesis I also
used the model, which models the complex transmission and reflected spectrum
of AGN over a broad energy range and for a large range of absorbing column densities.
The geometry assumed in the two models is different, in fact while assumes the
geometry of a reflecting semi-infinite slab, is based on a toroidal geometry with a
half opening angle of 60◦. A detailed description of these models can be found in Section
3.3.3.

Figure 2.3: X-ray reflection spectrum from a neutral, constant density illuminated slab.
The dashed line shows the incident continuum and solid line shows the reflected spectrum
(integrated over all angles). Most of the radiation below 20keV is absorbed by the metals
and re-radiated at lower energies. Solar abundances are assumed. Figure adapted from
Reynolds 1997.
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2.3 Fluorescence emission lines

The reflection spectrum shown in Fig.2.3 is characterized by several emission lines. They
are generated when an incident X-ray photon is photoelectrically absorbed by a neutral
or partially ionised atom. This will result in either a fluorescent emission line or the
ejection of an Auger electron. The probability that an excited ion will de-excite through
a fluorescent line emission versus the Auger effect is given by the fluorescent yield. The
strongest fluorescent lines observed in AGN are from iron, due both to its high abundance
and its high fluorescence yield (which scales asZ4, whereZ is the atomic number). The
production of the iron fluorescent lines occurs when one of the two electrons in the K
shell (n=1) is ejected, due to the absorption of an X-ray photon. The threshold for this
absorption (the so called “absorption edge”) corresponds to the binding energy of the
inner shell, thus it depends on the ionization state of the atom. To higher ionization states
correspond higher energy absorption edges (since the electrons are more tightly bound).
For neutral iron the absorption edge is at 7.1 keV. Once the photon has been absorbed
and the inner shell electron has been ejected, an L-shell (n= 2) electron can drop into the
K-shell (in a 2p→1s transition), releasing 6.4 keV2 of energy (in the case of neutral iron)
either as an emission line photon (34% probability) or an Auger electron ejected from the
ion (66% per cent probability,Fabian et al. 2000). There is also a Kβ line at 7.06 keV,
when an n=3 (M shell) electron drops to fill the hole in the K-shell (3p→1s transition) ;
the Kα:Kβ flux ratio is approximately 13.5% (Palmeri et al 2003).
In case of Helium-like iron (FeXXV) the Kα line is emitted at∼6.7 keV , while for
Hydrogen-like iron (FeXXVI) the Lyα line is emitted at∼6.97 keV.

Since reflection can be produced both by the accretion disc and by a more distant repro-
cessing structure, there is a certain complexity in the observed fluorescent emission lines.
Indeed a “narrow” (FWHM<5000 km s−1, Murphy & Yaqoob 2009) Fe Kα line is always
observed (Yaqoob & Padmanabhan 2004), presumably produced by the outer regions of
the accretion disc of from matter locater far from the black hole. Since the peak of this
narrow Fe Kα line is at∼ 6.4 keV in most of the cases this provides an evidence that it
is produced by cold material (Nandra et al. 1997a; Nandra et al. 1997b; Reeves et al.
2003; Levenson et al. 2006). Besides the narrow Fe Kα line also a component called

“Compton shoulder” is often observed. In fact, once a Fe Kα line is emitted it can undergo
Compton scattering, loosing part of its energy, so the “narrow core” of the line gets spread
downwards in energy. In a few cases, Fe Kα line photons undergo more than one Compton
scattering and a red wing at energies< 6 keV is formed (Matt, Perola & Piro 1991, George
& Fabian 1991; Leahy & Creighton 1993, Sunyaev & Churazov 1996). In the majority of
the cases the biggest contribution to the Compton shoulder is given by photons scattered
only once, and its EW is expected to be about 10-20 % of the Fe Kα EW (Matt 2002;
Yaqoob & Murphy 2010). In Fig.2.4 it is reported a typical X-ray reflection spectrum
from neutral material, where the Compton shoulder is visible.
A further complexity in some cases is due to the detection of abroad Fe Kα

2The FeKα is the results of the blending of a doublet, the Kα1 at 6.404 keV and Kα2 at 6.391 keV (see
Fig. 2.4), that currently cannot be disentangled with the current X-ray instruments.
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(FWHM∼30,000 km s−1 or even more,Murphy & Yaqoob 2009), likely originating in
proximity to the central engine, and thus presenting gravitational and Doppler energy shifts.
However such extreme cases are highly debated, since when the line profile is so broad it
is difficult to disentangle the contribution from the emission lineand the underlying con-
tinuum.

The profile of the Fe Kα emission line can be used to study what is the motion and the
gravitational field of the matter in the location where the line emission takes place. The
intensity of the line gives insight into the amount of the absorbing/reflecting material, while
the peak energy of the line gives information on the ionisation state of the emitting material
(as we discussed for neutral material EFeKα ∼ 6.4 keV, while for FeXXVI EFeKα ∼ 6.97
keV). Finally, line broadening can give indication on the relative motion with respect to the
observer. If the line-emitting material is moving in keplerian motion, then the line profile
will show Doppler broadening. Besides, as I will discuss in next section, the profile of the
line can show features indicative of relativistic effects.
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Figure 2.4: Model representing the typical X-ray reflection spectrum where the Fe Kα
doublet, the Fe Kβ, the Fe K edge and the Compton hump are shown. Figure adapted from
Ponti et al.(2013)
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2.3.0.1 Relativistic effects on the Fe Kα profile

The distance of the line-emitting material with respect to the black hole determines the
importance of relativistic effects affecting the profile of the line. If the region producing
the emission line is located near the black hole, like in proximity of the innermost region of
accretion disc, its shape also depends on the inclination ofthe emitting region with respect
to the line of sight and on the spin of the central black hole. In summary (Fabian et al.
2000):

• a double horn profile is produced even in a non relativistic disc, due to the matter
whose motion along the line of sight is approaching (blueshift) or receding (redshift).
The broader component of the line is due to faster moving matter, thus matter located
in the inner regions of the disc (first panel of Fig.2.5);

• closer to the black hole, the effect of special relativity is to increase the contribution
of the blue peak of the line (second panel of Fig.2.5). Besides, the transverse
Doppler effect produces the shift of the emission coming from each radius to a lower
energy;

• the gravitational redshifting (implying that “clocks run slowly”) also produces a fur-
ther shift to lower energies, as shown in the third panel of Fig. 2.5. The final line
profile produced by the combination of the above cited effects is shown in the fourth
panel of Fig.2.5;

• when the line emitting region is close to the black hole the line profile is dependent
on the inclination. This is because the beaming is a strong function of the inclination
of the disc, thus the blueshifted tail of the line increases with inclination (left panel
of Fig. 2.6);

• finally, the extension of the red wing of the line depends on the inner radius of the
disc (right panel of Fig.2.6), and therefore on if the BH is spinning. Indeed, when
the inner radius is smaller, the gravitational reddening isstronger and thus the line is
broader “redwards”.
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Figure 2.5: These panels show separately the several effects that act on the profile of the
line: the Newtonian motion in the disc determines a symmetric double peak (upper panel),
the relativistic beaming enhances the peak bluewards (second panel) and finally gravita-
tional redshift and transverse Doppler effect shift the energies redwards (third panel). The
resulting line profile is shown in the lower panel. Figure adapted fromFabian et al.(2000).
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Figure 2.6: Left panel: iron line profile produced by an accretion disc around a non
spinning (Schwarzschild) black hole, for three different inclination: 10◦, 30◦, 60◦. It is ob-
servable that to higher inclinations corresponds a higher extent of the high energy tail of
the line profile. Right panel: comparison of the line profilesproduced by a Schwarzschild
black hole (narrower profile) and a Kerr Black hole. The different distances of the inner-
most radius (6rg and1.25rg respectively) have the effect of increasing the redshift and the
width of the line. Figures adapted fromFabian et al.(2000).

2.3.1 Ionised reflection

As we discussed at the beginning of Section2.2.1 reflection can be produced either by
neutral material or ionized matter, showing different features. I will now describe what
are the characteristics of the reflection spectrum producedby ionised matter. First of all,
when the reprocessing matter is ionized, there is a lower contribution from photoelectric
absorption, and thus the emission below 10 keV is higher. I introduce here the ionisation
parameter, defined as

ξ = Lion/nR2 (2.3)

whereLion is the 1–1000 Rydberg3 ionising luminosity,n is the electron number density
andR is the distance of the ionising source from the absorbing clouds. This parameter is
a measure of the ratio of the ionizing radiation to the gas density, thus it is a measure of
the degree of ionization. In figure2.7 I show the expected reflection spectra for different
ionization parameters. As shown by several works (Matt, Fabian, & Ross 1993; Matt,
Brandt, & Fabian 1996; Fabian et al. 2000), there are different regimes of X-ray reflection
depending on the ionization state of the material. I will describe them here and graphically
in Fig. 2.7:

• when reflection is produced in weakly ionized (ξ < 100 erg cm s−1) material in
the accretion disc, most of the X-ray emission is absorbed below ∼10 keV, and the

31 Ry=13.605 eV
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spectrum is characterized by a cold iron line at 6.4 keV and a small iron absorption
edge at 7.1 keV.

• when the disc is moderately ionised (100 erg cm s−1 < ξ < 500 erg cm s−1) the low
energy spectrum exhibits strong emission lines (e.g. linesdue to Oxygen, Carbon,
Nitrogen, Neon, Iron L-shell transitions). The presence ofpartially ionised iron with
a vacancy in the L shell (n=2) increases the occurrence of resonant absorption of Kα

photons so that these photons are mostly trapped in the surface of the disc, making
iron Kα emission line is very weak (Fabian et al. 2000).

• when the ionisation state rises untilξ ∼ 5000 erg cm s−1 almost all elements with the
exception of iron are fully ionised, thus the spectrum in thesoft X-rays shows only
weak spectral features. The iron emission line (at∼ 6.8 keV) is very strong, due to
the higher fluorescence yeld and lower Auger effect.

• when the disc is highly ionized (ξ ≥ 5000 erg cms−1) all the elements (included iron)
are completely ionized, no emission lines are produced and no absorption edges are
produced. The reflection component of the spectrum resembles the primary power
law, thus the reflecting medium behaves like a perfect mirror.

2.4 X-ray absorption

2.4.1 Cold X-ray absorption: Compton-thin and Compton-thick matter

The most important broad spectral feature observed in the X-ray spectra of Seyfert galaxies
is the cut-off in the soft X-ray region due to photoelectric absorption, which is produced
mainly by the circumnuclear material in the active galaxy and in lower part by the inter-
stellar medium. The absorbing matter is not only constituted by the molecular torus, but
also other absorbing components can contribute: the BLR, the host galaxy (dust lanes and
starburst regions). This material suppresses the primary X-ray continuum and thererfore
allows to detect features (such as the emission from the NLR)that would be too weak or
hidden in Seyfert 1 galaxies.
By measuring the energy at which photoelectric absorption occurs it is possible to infer
what is the column density of the absorbing material. The observed values for the intrinsic
absorption column density span fromNH ∼ few × 1020 cm−2 up toNH > 1025 cm−2 with
a distribution peaked at∼ 1023−24 cm−2, as reported by Risaliti, Maiolino & Salvati (1999)
for a large sample of local Seyfert 2s, thus for AGN where the line of sight intercepts
absorbing material.

In Compton-thick sources a fraction of the primary radiation is still observable at ener-
gies above 10 keV, but when the column density reachesNH > 1025cm−2 then the radiation
is totally blocked, even at hard X-rays. At this high values of NH the Compton down
scattering acts on high energy photons, which are subsequently photoelectrically absorbed.
Even when the primary radiation is totally absorbed (at least at energies below 10 keV)
it is still possible to observe its presence because a fraction is reflected along our line of
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Figure 2.7: The figure shows the reflection spectra produced by an ionizedslab (with
ionization parameterξ). The dotted lines on the right part of the plot show the primary
(Γ = 2) power laws. When the gas is lowly or moderately ionised (ξ < 500 erg cms−1)
below about 1-2 keV there is a strong contribution due to softX-ray lines (such as e.g.
Oxygen, Carbon, Nitrogen, Neon, Iron L). The upper spectra of the plot represent the cases
in which the disc becomes more ionized, which has a strong influence on the importance
and the shape of the spectral features. Adapted from Fabian (2000).
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sight from neutral or ionised gas. As this component is more than one order of magnitude
fainter than the primary emission, Compton thick sources are usually more difficult to find,
especially at higher redshifts.

Type 2 AGN are those sources where the direct radiation is intercepted by the torus,
implying that the EW of the FeKα is expected to be larger. For the case of Compton-thick
sources, for example, the primary radiation is completely absorbed, leaving only the
reflection component to be observed. Instead, in Compton-thin sources, where the primary
continuum is less diluted by the absorbing matter, we observe a weaker emission line. In
particular, for Compton-thin sources the equivalent widthof this emission line does not
exceed a few hundred of eV, while for Compton-thick sources it can reach values of more
than 1 keV.

2.5 Ionised absorption

2.5.1 Warm absorbers

The existence of ionized material along the line of sight wasdiscovered for the first time
in the ’80s from the analysis of theEinstein Observatoryspectrum of QSO MR 2251-178,
that presented a large absorption feature at∼ 1 keV (Halpern, 1984, Fig. 2.2).

The first works analysing this ionized absorbing gas were based only on the detection
of broad absorption edges, due to the low energy resolution of X-ray instruments. Indeed
observations obtained with ASCA revealed the presence of deep O and O edges
at 0.74 keV and 0.87 keV respectively (e.g. George et al 1997), which were interpreted
as evidence of ionized absorbing gas. Later on, a great improvement in understanding
the nature of this absorbing gas was allowed by the advent of X-ray missions such as
XMM-NewtonandChandra, where grating spectrometers became available. Nowadays,
the so called “warm absorber” (WA) is observed to be present in about 50% (e.g.Piconcelli
et al. 2005) of type 1 AGN, where the primary radiation intercepts gas and photoionizes it,
resulting in a partially ionized plasma. The soft X-ray spectra of luminous type 1 AGN
observed with these instruments show the presence of many narrow blueshifted absorption
lines from several ionization states (Kaastra et al. 2000; Kaspi et al. 2000; Blustin et al.
2005) of a wealth of elements, especially iron, oxygen, carbon, nitrogen, neon, silicon and
sulphur, that can be associated with the presence of WAs. Some of the best examples of
sources showing the presence of WAs are NGC 3783 (Kaspi et al. 2001, 2002; Krongold
et al. 2003; Netzer et al. 2003) and NGC 5548 (Kaastra et al. 2000, 2014).

Detailed studies (i.e.Kaastra et al. 2000; Kaspi et al. 2000; Blustin et al. 2005; Young
et al. 2005; Miniutti et al. 2007; Reeves et al. 2013) showed that the physical parameters of
WAs are:

• column density in the rangeNH ∼ 1020 − 1022cm−2;

• ionisation parameter logξ ∼ 0− 2 erg cm s−1;
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• outflow velocityvout ∼ 100− 1000 km s−1.

An example of the soft X-ray spectrum with the typical signatures of a WAs is shown in
figure2.8 for the QSO MR2251-178, as a modern view of the first X-ray observations of
the same source shown in Fig.2.2.

Besides understanding the ionisation level, outflow velocity and column densities of
WAs, and how they depend on the type and luminosity of the AGN,a big open issue is
where WAs originate. There are two main scenarios concerning their origin. The first one
suggests that they are generated outside the accretion disc, at distances comparable to the
obscuring torus (Blustin et al. 2005), presumably by radiation-driven evaporation occurring
in the inner part of the torus (Krolik & Kriss 2001). The second model proposes that warm
absorbers are winds ejected from the accretion disc, after reaching larger distances (Proga
& Kallman 2004).
It is possible to estimate the lower and upper limits on the the distance of the absorber,
once we known the outflow velocity. An estimate of the minimumradius can be given by
assuming that the outflow velocity must be higher or equal to the escape velocity (vesc =
√

2GM
R ):

rmin ≡
2GMBH

v2
out

(2.4)

The maximum distance of the absorber can be estimated using the definition of ionisation
parameterξ (Equation2.3). Assuming that most of the absorbing mass is concentrated in
a layer of thickness∆r smaller than its distance to the black hole (∆r

R 6 1). The relation
between the line-of-sight absorbing column densityNH and the density of the materialn(R)
is:

NH ∼ n(R)Cv∆r (2.5)

whereCv is the volume filling factor. Combining this expression withthe definition ofξ
(Equation2.3) gives:

∆r
R
∼
ξRNH

LionCv

∆r
R 61
−−−−→ R6

LionCv

ξNH
(2.6)

Finally, assuming that the volume filling factorCv is equal to 1 (for the case of a ho-
mogeneous flow) the maximum distance of the outflow is obtained:

rmax ≡
Lion

ξNH
(2.7)

The low ionisation parametersξ and the low velocities characterizing warm absorbers
suggest that they are located at quite large distances (from∼pc up to∼kpc) with respect to
the black-hole.

Another question is the role of WAs in terms of feedback. As anticipated in Section
1 the injection of large amounts of kinetic energy (in the formof outflows launched from
the accretion disc) into the interstellar medium can be responsible for the process known as
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“feedback”, explaining the observed correlation between host galaxy properties and cen-
tral SMBH. In order to understand what can be the contribution of WAs to the feedback
mechanism, it is necessary to estimate how much energy they carry and if this energy is a
significant fraction of the total energy output of the AGN. A parameter that is used to infer
this contribution is the mass outflow ratėMout that, for a uniform radial outflow (volume
filling factor Cv = 1), is defined as

Ṁout = 4πCr2nmpvout (2.8)

wheren is the gas density of the absorber,r is the distance from the central engine,mp

is the proton mass andC = Ω/4π is the covering fraction (Blustin et al. 2005). Once the
mass outflow rate is known, it is possible to estimate the kinetic luminosity, i.e. the kinetic
energy that the outflow carries away per unit timeLkin =

1
2 Ṁoutv2. Thus the kinetic energy

depends on the covering factor, the filling factor, the distance of the WAs and its velocity.
Depending on the filling and covering factor thėMout can be high, but the relatively low
velocities imply a low kinetic power, compared to the bolometric luminosity, typically
≪ 1%Lbol (Blustin et al. 2005; McKernan, Yaqoob, & Reynolds 2007; Tombesi et al.
2013). This means that they are not expected to contribute significantly in the feedback
process affecting the host galaxy properties. Indeed, in order to affect the galaxy their
mechanical power should be of the order of∼ 0.5%Lbol (Hopkins & Elvis 2010). Whether
the role of WAs is important in the feedback process is still matter of debate, and it cannot
be excluded that some of them could play a significant role in the process. Indeed a
recent study byCrenshaw & Kraemer(2012) found that in a sample of 10 Seyfert 1s with
WAs, in three of them the integrated kinetic energy of WAs canreach levels in the range
∼ 0.1%Lbol−0.5%Lbol, meaning that in some cases they can have the potential to influence
the host galaxy environment.

2.5.2 Ultrafast outflows

Recently, observations at harder X-rays lead to the detection of ionised absorbers showing
highly ionised Fe K-shell (transition 1s→2p of the ions FeXXV and FeXXVI) absorption
lines atE ≥ 7 keV, characterized by high blueshift (Chartas et al. 2002; Chartas, Brandt,
& Gallagher 2003; Pounds et al. 2003; Braito et al. 2007; Reeves et al. 2009; Gofford
et al. 2011; Lobban et al. 2011; Dauser et al. 2012; Gofford et al. 2013). Tombesi et al.
(2010b) performed the first systematic search for such features in asample of 42 Seyferts at
z≤ 0.1 observed withXMM-Newtonand found that these absorbers are detected in∼ 40%
of the sources in the sample. The higher velocities of these absorbers with respect to WAs
(vout > 3000 km/s), lead to classify them under the name ofUltrafast-Outflows(UFOs).
These absorbers are characterised by:

• column density (NH) ≃ 1022−24 cm−2;

• ionisation parameter logξ ≃ 3− 6 erg cm s−1;

• mildly relativistic outflow velocities in the range∼ 0.01 − 0.3c (∼ 3, 000 −
100, 000 km s−1, (Tombesi et al. 2013).
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Figure 2.8: Soft X-ray spectrum (below 2 keV) of the QSO MR2251-178, in the form
of residuals with respect to the continuum, as observed by the ChandraMedium Energy
Grating in 2011. The bottom axis of the plot reports the rest frame wavelength, while the
upper axis is the rest energy. In the different panels are shown absorption features from
the Si K band (first panel), the Mg K band (second panel), Ne, Ne  and L-shell Fe
(third panel), inner shell absorption from Ne V-Ne IX (fourth panel) and the iron M-shell
UTA band (last panel). The source was also observed byXMM-Newton Reflection Grating
Spectrometer in the same year. It is remarkable the high level of details detectable in this
spectrum, with respect to the first observations performed with the Einstein Observatory
(Fig. 2.2), where X-ray grating spectroscopy was still not available. Figure adapted from
Reeves et al.(2013).
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The high ionisation state and high velocity imply that UFOs are observed at sub-parsec
distances from the central engine. For these absorbers the ratio between mass outflow and
accretion rate, which depends on the covering factor (see Equation2.8), may reach values
close or higher than 1. This means that UFOs could potentially determine significant mass
loss and energy loss from the central regions and that their mechanical power could con-
stitute a fraction>few% of the bolometric luminosity. However, the covering factor plays
an important role in understanding the validity of this hypothesis, and its estimates are still
uncertain and valid for only few sources. A confirmation of the potential role played by the
UFOs in thefeedbackmechanism comes from a recent study, published byNardini et al.
(2015). It consists of a detailed X-ray spectral analysis of the luminous quasar PDS 456,
that highlighted the presence of a nearly spherical outflow,originated in the accretion disc
and expelled with relativistic speed (terminal velocity of∼ 0.35c). The X-ray observations
of this source (performed withXMM-Newton andNuStar) allowed to determine the solid
angleΩ filled by the wind (Ω ∼ 3.2π sr) and its starting point (a few hundreds ofRg).
After estimating a mass outflow rate oḟMout ∼ 10M⊙/year the kinetic power is inferred
to be∼ 2 × 1046erg/s, corresponding to 20% of the bolometric luminosity of the quasar,
enough to produce significant feedback on the host galaxy. Another recent workTombesi
et al. (2015) detected the presence of an accretion disc wind with velocity ∼ 0.25c in the
Ultraluminous Infrared Galaxy (ULIRG) IRAS F11119+3257 in the X-ray band. For this
source a powerful∼300 pc-scale molecular outflow was also detected in the IR band, with
an outflow velocity of∼ 1000 km s−1 and an estimated kinetic power of∼ 2% of the bolo-
metric luminosity. A further observational result byFeruglio et al.(2015) is the finding in
the ultra-luminous IR galaxy Mrk 231 of a powerful kpc-scaleoutflow, traced by CO(2-
1) observations, together with a highly ionized UFO with velocity ∼ 2000 kms−1: they
find that the kinetic energy released by the UFO is almost completely transferred to the
kpc-scale outflow, that undergoes an adiabatic expansion. These findings allowed to relate
the large scale molecular outflows observed in ULIRGs to the activity of AGN, since they
support the hypothesis that AGN winds can transfer significant amounts of energy to the
surrounding interstellar medium. Indeed, according to theoretical models, large molecular
outflows could be the result of energy-conserving flows originating from fast accretion disc
winds. The energy-conserving flow is one of the possible theoretical regimes of interaction
between a mildly relativistic disc wind and the surroundinginterstellar matter. According
to it, the result of this shock (between the wind and the interstellar matter) is a flow where
the cooling is inefficient and the gas expands adiabatically (conserving its energy). Oppo-
sitely to this mode and ruled out for this source, there is themomentum-conserving flow,
where the gas cools efficiently and the kinetic energy is mostly irradiated.

Furthermore a study performed byTombesi et al.(2013) showed that when comparing
parameters (such as ionisation, column density, velocity and distance) of both WAs and
UFOs together, significant correlations are observed. In fact WAs and UFOs appear to lie
at the opposite ends of the same correlations. The implication of this result is that even
if they have been classified as different types of absorbers, they could just be different
components of a unique large scale outflow observed at different location along the line of
sight (Fig.2.9).
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Figure 2.9: Schematic diagram of a stratified accretion disc wind. The torus, which is
not shown here, could be an extension of the outer accretion disc itself. Figure taken from
Tombesi et al.(2012).

We note that in case of WAs, even if their location is inferredto be of the order of
the parsec scale torus, their origin is not necessarily there. Indeed some theories suggest
that the torus itself is the most external part of a stratifiedwind (Elvis 2000; Kazanas et
al. 2012). The hypothesis that WAs and UFOs are the same physical system is still highly
debated. Indeed, some works (Laha et al. 2014) do not find that UFOs follow the same
correlations as WAs, in the parameter space defined byξ, NH andvout. However the same
authors conclude that the low statistical quality of UFOs observations cannot exclude that
WAs and UFOs are the same astrophysical system. They also claimed the lack of detection
of UFOs in a sample of sources, whose presence was instead revealed by a previous analysis
(Tombesi et al. 2010b). This study was followed by a work byTombesi & Cappi(2014)
who indicated that the reason for the different results is attributable to the use of single
events only (and not also double events) in the study ofLaha et al.(2014), that reduced
by 40% the total counts. In conclusion, even if this is still adisputed topic, more and
more evidences are being collected favouring the potentialrole of AGN driven outflows in
determining co-evolution between SMBH and host galaxy.
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As discussed in the previous chapter the X-ray spectra of AGNare complex and consti-
tuted by multiple components related to the still poorly understood condition of the matter
near the active nucleus. In particular, the significant variability of the absorbing column
density (NH) detected in the so called “changing look” AGN, i.e. AGN thathave been ob-
served both in Compton-thin (NH=1023cm−2) and Compton-thick states (NH> 1024cm−2)
(Risaliti et al. 2002), implies that the absorbing material has to be clumpy and probably
at much smaller distance than the conventional obscuring “torus” with velocity, distance
and size from the central X-ray source of the same order of those of the Broad Line Region
(BLR) clouds.

Up to now, we can count only a few “changing look” AGN where such a variability has
been discovered on time-scales from a few days down to a few hours: NGC 1365 (Risaliti
et al. 2005, 2007, 2009; Risaliti et al. 2009), NGC 4388 (Elvis et al. 2004), NGC 7674
(Bianchi et al. 2005), NGC 4151 (Puccetti et al. 2007), NGC 7582 (Bianchi et al. 2009),
UGC 4203 (Risaliti et al. 2010), NGC4051 (Uttley et al. 2004; Lobban et al. 2011) and
1H 0419-577 (Pounds et al. 2004). Among them we also recall NGC2992 (Weaver et al.
1996): for this source one year monitoring with RXTE (Murphy et al. 2007) unveiled the
presence of short-term flaring activity rather than a changein the covering of the absorber.

Working within a research group having availability of observational data of nearby ob-
jects, in particular the X-ray spectra of some of the most luminous AGN in theSwiftBAT-70
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months sample1, I took responsibility of the analysis of two peculiar objects, NGC 454 and
Mrk 348. They were drawn from a subsample of 31 interacting galaxies, of which at least
one component is active. The sample was defined during the master degree thesis of Elisa
Sala (Università di Milano-Bicocca), selecting the galaxies either with signs of perturbed
morphology in the optical images, or with the presence of oneor more nearby galaxies
with which they could be interacting, . They all have redshift z< 0.03, high galactic lat-
itude (| b |> 15◦), a signal to noise ratio S/N> 5 and flux in the 15-150 keV higher than
8.0 × 10−12erg cm−2 s−1. Interacting galaxies are interesting sources when searching for
AGN activity, since large amount of gas is predicted to be available for feeding and allow-
ing the growth of central black hole. The X-ray spectral analysis I performed allowed me to
classify NGC 454 (discusses in this chapter) as a changing-look AGN. Mrk 348 is a source
for which a Suzakuobservation was proposed within our research group (PI Valentina
Braito), since the existing results obtained with XMM-Newtonobservation revealed com-
plexity in the X-ray spectrum. As I will discuss in Chapter4, Mrk 348 is a source whose
X-ray spectra changes in a less extreme way with respect to NGC 454, but with evidences
of multiple absorbers with different column densities and ionization states. The detailed
study of both sources will provide insight on the presence ofabsorbing material along the
line of sight and on its physical state, it will then give estimates on its distance and thus
on where it has originated. The results of these two studies were published onMonthly
Notices of the Royal Astronomical Society(Marchese et al.(2012, 2014)).

3.1 NGC454

Optical studies (Arp & Madore 1987; Johansson 1988; Stiavelli et al. 1998) of the in-
teracting system NGC454 (see Figure3.1,3.2 and3.5, right panel) describe it as a pair of
emission line galaxies consisting of a red elliptical galaxy (eastern component, hereafter
NGC454E) and a blue irregular galaxy (western component, hereafter NGC454W, see Fig.
3.1), at redshift z=0.0122. The distorted morphology of both these galaxies, together with
the spectroscopic (Fig.3.3and3.4) and photometric evidence of a young stellar population,
is a clear sign of the interacting nature of the system. Furthermore, three very blue knots
(Fig. 3.2; discussed in section3.2.3.1), probably Strömgren spheres2 surrounding clusters
of very hot newly formed stars, are located (and likely related) to the south of NGC454W.
HSTobservations of the system, performed with the Wide Field Planetary Camera 2, con-
firmed that NGC454 is in the early stages of interaction (Stiavelli et al. 1998). The above
authors stated also that an important fraction of gas has drifted to the center of the eastern
component, but it has yet not produced any significant visible star formation activity; a
population of young star clusters has formed around the western component.
The optical spectrum of NGC454E is consistent with that of a Seyfert 2 galaxy (Véron-
Cetty & Véron, 2001) as seen by its [O III]λ5007 much stronger with respect to the Hβ,

1http://swift.gsfc.nasa.gov/results/bs70mon/
2Strömgren spheres, also called HII regions, are spherical regions of interstellar gas, composed of almost

completely ionized hydrogen (HII) with a thin outer shell ofHI. Such regions surround hot stars (typically
present in galaxies with high star formation), that are ableto produce large amount of UV radiation (energy
above 13.6 eV), capable to ionize the surrounding hydrogen atoms.
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and its [N II]λ6583 stronger than the Hα, although none of the high excitation lines, e.g.
HeII lines, can be seen. Instead, no optical evidence of an AGN is present in the spec-
trum of NGC454W which is fully consistent with that of a star-forming galaxy (Johansson
1988).

3.2 Observations and data Reduction

3.2.1 Suzaku data

NGC454 was observed on April 29, 2009 by the Japanese X-ray satellite Suzaku(Mitsuda
et al., 2007) for a total exposure time of about 130 ksec.Suzakucarries on board four
X-ray Imaging Spectrometers (XIS,Koyama et al., 2007), with X-ray CCDs at their focal
plane, and a non-imaging hard X-ray detector (HXD-PIN,Takahashi et al., 2007). At
the time of this observation only three of the XIS were working: one back-illuminated
(BI) CCD (XIS1) and two front-illuminated (FI) CCDs (XIS0 and XIS3). All together
the XIS and the HXD-PIN cover the 0.5–10 keV and 12–70 keV bands respectively. The
spatial resolution of the XIS is∼ 2 arcmin (HEW), while the field of view (FOV) of the
HXD-PIN is 34 arcmin radius. Further details on theSuzakusatellite can be found in
Appendix A. Data from the XIS and HXD-PIN were processed using v2.1.6.14 of the
Suzakupipeline3 (for a manual onSuzakudata analysis we referred to the ABC guide:
http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/abc.html) and applying the standard
screening parameters. The screening filters all events within the South Atlantic Anomaly
(SAA) as well as with an Earth elevation angle (ELV)< 5◦ and Earth day-time elevation
angles (DYE_ELV) less than 20◦. Furthermore also data within 256s of the SAA were
excluded from the XIS and within 500s of the SAA for the HXD. Cut-off rigidity (COR)
criteria of> 8 GV for the HXD data and> 6 GV for the XIS were used.

3.2.1.1 TheSuzaku XIS data reduction

The XIS data were selected in 3×3 and 5×5 editmodes using only good events with grades
0,2,3,4,6 and filtering the hot and flickering pixels with thescriptsisclean; the net exposure
times are 103 ksec for each of the XIS. The XIS source spectra were extracted from a
circular region of 2.2′ radius centered on the source, and the background spectra were
extracted from two circular regions with the same radius of the source region, offset from
the source and the calibration sources. The XIS response (rmfs) and ancillary response
(arfs) files were produced, using the latest calibration files available, with theftools tasks
xisrmfgenandxissimarfgenrespectively. The spectra from the two FI CDDs (XIS 0 and
XIS 3) were combined to create a single source spectrum (hereafter XIS–FI), while the
BI (the XIS1) spectrum was kept separate and fitted simultaneously. The net 0.5–10 keV
count rates are: (0.0117±0.0005) cts/s, (0.0142±0.0005) cts/s, (0.0132±0.0006) cts/s for
the XIS0, XIS3 and XIS1 respectively. The energy ranges considered for the data are 0.5–
10 keV for the XIS–FI and 0.6–7 keV for the XIS–BI (because theXIS–BI is optimized

3http://heasarc.gsfc.nasa.gov/docs/suzaku/processing/
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Figure 3.1: NGC 454 in a1.75× 1.75 arcmin image taken from the Hubble Space Tele-
scope, as a part of a collection of 59 images of merging galaxies published for its 18th
anniversary. NGC 454 is an interacting system of galaxies, composed by an elliptical
galaxy and an irregular blue galaxy. This system is in the first phases of interaction, and
thus the two galaxies show evident features of morphological distortion. On the bottom left,
three blue knots are visible, and are presumably newly formed globular clusters, related to
the irregular galaxy. The pair is located at a distance of approximately 164 million light
years away. The filters used in this image are B (at 435 nm, in blue), V (at 555 nm, in
green), Infrared (814 nm, in red).
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Figure 3.2: NGC 454 as seen by ESO 3.6m telescope, in the U bandpass. In this image
there are the following sources indicated: NGC454E (label E), NGC454W (label W) and
the three blue knots (labels SE, SW and S) that in the XMM-Newtonpn image (Fig.3.5)
are commonly indicated with the name “XS”. These latter three regions are presumably
newly formed globular clusters, related to NGC454W (Johansson 1988). Figure adapted
from Johansson(1988).
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Figure 3.3: Optical spectrum of the central 4”×2” (corresponding to 1.0× 0.5 kpc) of
NGC 454 East, as observed by Image Dissector Scanner (IDS, ESO 3.6 m telescope) in
1979. The spectrum is dominated a stellar continuum typicalof an elliptical galaxy, with
strong forbidden emission lines. The flux density is in unit of 10−19Wm−2Å−1. Image
adapted fromJohansson(1988).

Figure 3.4: Optical spectrum of the central 4”× 3” (corresponding to 1.0× 0.7 kpc) of
NGC 454 West as observed by Image Dissector Scanner (IDS, ESO3.6 m telescope) in
1979. The spectrum is dominated by a blue stellar continuum and strong emission lines,
with line widths less than∼ 250km s−1. The flux density is in unit of10−19Wm−2Å−1.
Image adapted fromJohansson(1988).
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for observing below∼ 7 keV). For both the XIS-FI and XIS-BI the band 1.6–1.9 keV was
ignored, due to instrumental calibration uncertainties.

The net XIS source spectra were then binned to a minimum of 50 counts per bin.

3.2.1.2 TheSuzaku HXD-PIN data reduction

For the HXD-PIN data reduction and analysis I followed the latestSuzakudata reduction
guide (the ABC guide Version 24), and used the rev2 data, which include all 4 cluster
units. The HXD-PIN instrument team provides the background(known as the “tuned”
background) event file, which accounts for the instrumental“Non X-ray Background”
(NXB; Kokubun et al. 2007). The systematic uncertainty of this “tuned” background
model is±1.3% in 15-40 keV (at the 1σ level for a net 20 ksec exposure5).
The source and background spectra were extracted using the same common good time
interval. Besides, the source spectrum was corrected for the detector dead time. The net
exposure time after the screening was 106 ksec. Then a spectrum for the cosmic X-ray
background counts (Boldt 1987; Gruber et al. 1999) was simulated and added to the
instrumental one.

NGC454 is detected at a level of 3.4 % above the background andthe net count rate in
the 15–30 keV band is 0.01±0.002 cts/s. For the spectral analysis the source spectrum was
rebinned in order to have a signal-to-noise ratio>3 in each energy bin. I fit theSuzaku-
HXD spectrum with a single power-law component with a photonindex fixed toΓ = 1.9
and derived an observed 15–30 keV flux of∼3.4±0.9× 10−12erg cm−2 s−1.

3.2.2 TheSwift-BAT observation

NGC454 was also detected with the BAT detector on board ofSwift (Gehrels et al. 2004).
BAT is a coded aperture imaging camera that operates in the 14–150 keV energy range; it
has a large field of view (1.4 steradian half coded), and a point spread function (PSF) of
18 arcmin (HEW).Swift-BAT is devoted mainly to the monitoring of a large fraction of
the sky for the occurrence of gamma ray bursts (GRBs); while waiting for new GRBs, it
continuously collects spectral and imaging information insurvey mode, covering a fraction
between 50% and 80% of the sky every day.
NGC454 (BAT name: SWIFT J0114.4-5522) is part of the PalermoSwift-BAT 54 Month
hard X-ray catalogue (Cusumano et al. 2010) and theSwift-BAT 70-Month Hard X-
ray Survey (heasarc.gsfc.nasa.gov/docs/swift/results/bs70mon/ ; Baumgartner et al. 2013).
This latter survey detected 1171 sources in the 14–195 keV band down to a significance
level of 4.8σ, reaching a flux level of 1.03× 10−11erg cm−2 s−1over 50% of the sky (and
1.34× 10−11erg cm−2 s−1over 90% of the sky).
The 14–195 keV flux of NGC454 is (1.90± 0.5) × 10−11erg cm−2 s−1(Baumgartner et al.
2013) and the photon index isΓ = 1.80± 0.3; this is in good agreement with the expected

4http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/
5ftp://legacy.gsfc.nasa.gov/suzaku/doc/hxd/suzakumemo-2008-03.pdf
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14–195 keV flux (∼ 1.6×10−11erg cm−2 s−1) extrapolated from that measured withSuzaku
in the 15–30 keV range and the photon index ofΓ ∼ 1.92.

3.2.3 The XMM-Newton observation

NGC454 was observed with XMM-Newtonon November 5, 2009 for a total exposure time
of about 30 ksec. The XMM-NewtonObservatory (Jansen et al. 2001) carries, among its
onboard instruments, three 1500 cm2 X-ray telescopes, each with EPIC (European Photon
Imaging Camera) imaging spectrometers at the focus. Two of the EPIC use MOS CCDs
(Turner et al. 2001) and one uses a pn CCD (Strüder et al. 2001). These CCDs allow
observations in the range∼0.5–10 keV. The spatial resolution of the 2 MOSs is∼ 14′′

(HEW), and∼ 15′′ (HEW) for the pn (Ehle et al. 2001).
During this observation the pn, MOS1, and MOS2 cameras had the medium filter ap-

plied and they were operating in full frame Window mode. The data have been processed
and cleaned using the Science Analysis Software (SAS ver. 6.5) and analysed using stan-
dard software packages (FTOOLS ver. 6.1 and XSPEC ver. 11.3). Event files have been
filtered for high-background time intervals, and only events corresponding to patterns 0–12
(MOS1, MOS2) and to patterns 0–4 (pn) have been used. The net exposure times at the
source position after data cleaning are∼23.9 ksec (pn),∼29.1 ksec (MOS1) and∼29.2 ksec
(MOS2).

XW

NGC454W

NGC454E

XSE XS

XE

XW

NGC454E

1 arcmin

XSE

XS

XE

Figure 3.5: Left panel: XMM-NewtonEPIC-pn image (0.5–10 keV) with superimposed
the SuzakuXIS extraction region. Right Panel:Digital Sky Survey(DSS) optical image
with overlaid the XMM-NewtonPN 0.5–10 keV contours. I marked the main X-ray sources
discussed in this thesis. It is evident that the main X-ray source is positionally coincident
with NGC454E (classified as a Seyfert 2) while no X-ray emission is detected at the position
of NGC454W. Since the distance between the two nuclei is only28”, at the XMM-Newton
spatial resolution we were unable to estimate a flux upper limit for NGC454W. The two
figures have the same scale on sky.

In the right panel of Figure3.5 I report the optical DSS image of the system NGC454,
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together with the XMM-Newton0.5–10 keV contours (red) from EPIC-pn. It is evident
that the bulk of the X-ray emission is positionally coincident with NGC454E (the galaxy
spectroscopically classified as a Seyfert 2) while no strongX-ray emission is detected at the
position of NGC454W (the source spectroscopically classified as a star-forming galaxy).
A weak X-ray source (labelled XS) is also detected to the south of NGC454, which is
positionally coincident with one of the three very blue knots discussed above, likely a star
forming region belonging to NGC454W.

The pn, MOS1 and MOS2 source spectra were extracted from a circular region of
0.46 arcmin radius centered on the source (NGC454E), while the background spectra were
extracted from two circular regions with 0.5 arcmin radius offset from the source. The
MOS1 and MOS2 spectra were combined together, then both the EPIC-pn and EPIC-MOS
spectra were grouped with a minimum of 30 counts per channel.

3.2.3.1 Contamination from unresolved sources in theSuzaku (XIS, HXD) and Swift-
BAT extraction region/field of view

In the left panel of Figure3.5 I show the XMM-Newton0.5–10 keV pn image along with
theSuzakuextraction region (circle with 2.2′ radius). As discussed above the main X-ray
source is centered on NGC454E but given the XMM-Newtonbetter angular resolution
(14′′–15′′ HEW) as compared toSuzaku(120′′ HEW), four other X-ray sources are clearly
distinguishable, besides NGC454E, entering in theSuzakuXIS extraction region. The
XMM- Newtonspectra for the three brighter sources (XS, XE and XSE, marked in Figure
3.5for clarity) were extracted and analysed in order to estimate their possible contribution
to theSuzakuspectrum; the remaining source (XW) has only∼ 80 counts detected in the
∼ 0.5− 10 keV band (see below).

XS is well fitted with a power law, modified only by Galactic absorption, plus a
thermal component () with a resulting photon indexΓ ∼ 1.6, kT ∼ 0.2 keV and a
2–10 keV flux F[2−10]keV ∼ 2.2 × 10−14erg cm−2 s−1; the extrapolated flux in the 14–70
keV band is F[14−70]keV ∼ 3.1 × 10−15erg cm−2 s−1. As said above this source is likely
associated with a star forming region related to NGC454W; ifso, assumingz = 0.0122,
its 2–10 keV luminosity isL[2−10]keV ∼ 7.8 × 1039 erg s−1. It is not possible to establish
if this luminosity is due to one or more sources and thus speculate on its/their nature,
because we lack both the spatial resolution and a good enoughsampling to assess its
variability and spectral properties. This 2-10 keV luminosity, converted into star formation
rate (SFR), yields SFR∼ 1.8 M⊙/yr (depending on the relation betweenL[2−10]keV that it
is used: 1.6M⊙/yr using Ranalli, Comastri, & Setti 2003relation, and 2M⊙/yr using
the relation inferred byPersic & Rephaeli 2007). This is in good agreement with the
SFR inferred from theHα luminosity (Johansson 1988) using the relation byKennicutt
(1983), which yields SFR∼ 1.2 M⊙/yr. The source to the East of NGC454E (hereafter
XE) can be fitted with a power-law and a thermal component, yielding Γ ∼1.6, kT ∼ 0.3
and F[2−10]keV ∼ 1.3 × 10−14erg cm−2 s−1(F[14−70]keV ∼ 1.18 × 10−15erg cm−2 s−1).
The source to the South-East of NGC454E (hereafter XSE) can be fitted with
an absorbed power law (NH∼ 2.2 × 1022 cm−2) with photon index set to 1.8 and
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F[2−10]keV ∼ 2.7 × 10−14erg cm−2 s−1(F[14−70]keV ∼ 3.4 × 10−15erg cm−2 s−1). Finally,
the fourth source located to the West of NGC454E (hereafter XW) has not enough
counts for a meaningful spectral analysis (∼ 80 counts) and its estimated fluxes are
F[2−10]keV ∼2.0×10−14erg cm−2 s−1and F[14−70]keV ∼ 2.5 × 10−15erg cm−2 s−1(adopting
Γ ∼ 1.9). According to the extragalactic logN-logS distributions computed byMateos
et al. (2008), at this flux level the number of random 2–10 keV sources in the Suzaku
extraction region is∼ 2, thus the sources XE, XSE and XW are probably those expectedby
"chance". For XE, XSE and XW there is no identification available from source archives
(NED6 and SIMBAD7).

The combined 2–10 keV flux of all these 4 possible contaminating sources (F[2−10]keV ∼
8.2×10−14erg cm−2 s−1) imply that they will provide a negligible contribution to theSuzaku
XIS spectrum of NGC454 (F[2−10]keV ∼ 6×10−13erg cm−2 s−1), unless significant variabil-
ity is present. More importantly, their estimated F[14−70]keV are well below theSuzaku
HXD-PIN or Swift-BAT sensitivity. On the other hand this check is still not sufficient for
these two latter instruments since their FOV is larger than that of theSuzakuXIS instru-
ment. Assuming that the X-ray emission above 10 keV detectedwith the HXD-PIN or the
Swift-BAT is associated to the same source, as the good agreement of the measured fluxes
strongly suggests, I used the instrument with the smaller FOV (Swift-BAT) to perform
further checks. In particular using known catalogues or archives (NED and SIMBAD)
I performed a search for bright X-ray/optical sources within 6 arcmin radius error circle
(corresponding to 99.7% confidence level for a source detection at 4.8 standard deviations,
Cusumano et al. 2010) that could be responsible of the observed X-ray emission above 10
keV. No plausible contaminant source was found and, in the following, I will assume that
the emission above 10 keV comes from NGC454E. I note that I’m also assuming a negligi-
ble contribution to the emission above 10 keV from the companion galaxy in the interacting
system, NGC454W. While a confirmation of this assumption hasto wait for direct imaging
observations above 10 keV with adequate spatial resolution, I stress that no emission was
detected below 10 keV from NGC454W, while a contribution would be expected even in
the case of a deeply buried AGN (see e.g.Della Ceca et al. 2002). I thus conclude that a
significant contamination is not expected from the nearby sources to theSuzakuandSwift
spectra.

3.3 Spectral analysis

3.3.1 TheSuzaku and Swift broad band X-ray emission

As a first step the X-ray spectrum of NGC454E in the 0.5–100 keVband was considered
by fitting simultaneously theSuzakuXIS, SuzakuHXD and Swift-BAT data. The cross-
normalisation factor between the HXD and the XIS-FI was set to 1.18, as recommended
for HXD nominal observation processed after 2008 July (Manabu et al. 2007; Maeda et al.

6http://ned.ipac.caltech.edu/
7http://simbad.u-strasbg.fr/simbad/
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20088), while the cross-normalisation betweenSwiftand XIS was allowed to vary.
In the subsequent sections theχ2 statistics was used for the fit, the errors are quoted to
90% confidence level for 1 parameter of interest and all the spectral parameters are quoted
in the rest frame of the source.

The continuum was fitted with a redshifted power-law model, modified only by Galac-
tic (NH= 2.73 × 1020 cm−2, Dickey & Lockman, 1990, model in ) absorp-
tion. This model did not provide an adequate description of the broadband spectrum of
NGC454E (χ2/dof=522.6/122). When fitting only the 2–5 keV continuum, thus excluding
possible complexity in the soft energy range and near the Fe Kemission line complex, a
very flat photon index (Γ ∼ 0.15) is found, strongly suggesting that NGC454E is an ab-
sorbed AGN, in agreement with its optical spectral classification.

The residuals with respect to this simple unabsorbed power-law model, which are
shown in Figure3.6, allowed to infer the main features of the observed spectrum. An
excess at energies below 1 keV, an emission line feature at∼6.4 keV (likely associated
with Fe Kα), together with a line-like feature at∼7 keV, and an excess at energies between
10 and 20 keV are clearly evident. The residuals in the soft X-rays suggest the presence of
a thermal component probably related to the host galaxy. Thesimultaneous occurrence of
a strong Fe Kα emission line at∼6.4 keV (figure3.6 upper and lower panel), a very flat
observedΓ and an excess in the hard X-rays (above 10 keV) is the distinctive spectral sig-
nature of a highly absorbed source, with a possible strong Compton reflected component.
The excess observed at∼7 keV (Figure3.6lower panel) is likely due to the combination of
the Fe Kβ emission line (7.06 keV), the Fe XXVI (∼6.97 keV) and the Fe edge (∼7.11 keV).

In order to include in the model the features observed in the residuals described in Fig.
3.6the broad band fit was performed according to the following steps:

1. I used a model composed by a primary intrinsically absorbed power law and an
unabsorbed power law (representing the fraction of primaryX-ray radiation that is
scattered into our line of sight). The photon indices of the two power laws were tied
to each other. The absorber was modelled by a combination of the and
models in XSPEC, assuming the same column density, since they represent the same
medium producing two different effects (i.e. the non-relativistic Compton scattering
out of the line of sight and photoelectric absorption of the primary radiation, respec-
tively). This fit is still poor and yieldsχ2/dof= 241.5/108 andNH ∼ 4× 1023cm−2.

2. Due to the residual emission that it is still found in the soft X-ray band, a thermal
component was added (modelled with themodel,Mewe et al., 1986), leading
to an improvement of the fit by∆χ2 = 23 for 2 d.o.f, with kT∼0.5 keV.

3. Two Gaussian components were added, to account for the∼6.4 keV (Fe Kα) and
7.06 keV (Fe Kβ) emission lines.The energy of the Fe Kβ was kept fixed to 7.06

8http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/suzakumemo-2007-11.pdf;
http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/suzakumemo-2008-06.pdf
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Figure 3.6: Upper panel: ratio between theSuzakuand Swift data (XIS-FI: black filled
squares; XIS1: red open circles; HXD: green rhombs; and BAT:blue open squares) and the
unabsorbed power-law model used to fitSuzakudata in the 2–5 keV energy range. Lower
panel: zoom into the 5–8 keV energy range (XIS-FI: black filled squares, XIS1: red open
circles). It is visible at 6.4 keV the excess characteristicof the Fe Kα emission line and at
∼ 7 keV, the combined contribution of the Fe Kβ emission line (7.06 keV), Fe XXVI (∼6.97
keV), and the reflector edge. The central energies of the Fe Kα and Fe Kβ are marked with
dashed vertical lines.
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keV, its intrinsic width (σ) was tied to the width of the corresponding Fe Kα line
and its flux fixed to be 13% of the Fe Kα flux, consistent with the theoretical value
(Palmeri et al. 2003). The resulting fit improves significantly (∆χ2 = 75 for 2 d.o.f),
yielding χ2/dof= 142.5/104. The energy centroid for the Fe Kα line is E=6.38+0.02

−0.02
keV.

4. Finally I added a Compton reflected component, modelled with the  model
in  (Magdziarz & Zdziarski, 1995), which represents a power-law spectrum
(with a cut-off) reflected from a infinite slab of neutral material. The parameters of
the reflected component are: an inclination anglei fixed to 60◦ 9 (seeNoguchi et
al. 2010), abundance Z=Z⊙, a reflection fraction (defined by the subtending solid
angle of the reflectorR = Ω/2π) fixed to be -1 (i.e. pure reflection)10, the cut-off
energy (fixed at 200 keV,Dadina 2008) and the normalisation. The fit including the
reflection component improves by∆χ2 = 38 for 1 d.o.f (χ2/dof= 104.5/103).

The final model setup is thus:

Gal×[  +  +  +  +  + ××( )]

This model provides a good representation of the X-ray emission of NGC454E (χ2/dof=
104.5/103). The resulting best-fit parameters are reported in table 3.1 and the unfolded
spectrum is shown in Fig.3.7. In particular, this best-fit model yieldedΓ = 1.92+0.29

−0.36,
NH= 2.05+4.25

−1.38 × 1024 cm−2. The rest-frame energy of the Fe Kα is EKα = 6.38± 0.02
keV and its equivalent width with respect to the observed continuum is EW=340+60

−80eV. At
the Suzakuspectral resolution this emission line is unresolved; leaving the widthσ free
to vary it was found to beσ . 70 eV (at the 90% confidence level), thus it was fixed
to be≃ 10 eV. The cross-normalisation factor between theSwift-BAT and the XIS-FI is
1.05+0.64

−0.39. I remark that a different choice of the cut-off energy in the range between 100
and 300 keV does not affect significantly the best-fit reflection parameters obtained in this
work. The relative importance of the reflection component isgiven by the ratio between
the normalizations of the primary absorbed power-law and the reflection component; in our
case this ratio is 0.5+0.5

−0.1, which at first order would correspond to a reprocessor covering a
solid angleπ. The fraction of scattered radiation is∼ 0.1%. The observed 2–10 keV flux is
∼ 6.3×10−13erg cm−2 s−1while the intrinsic 2–10 keV luminosity obtained with this model
is 7.2×1042erg s−1.

9In the  model, 0◦ represent a face on configuration thus, considering that thequality of the data
does not allow to constrain bothi and the normalization at the same time, we assumed an inclination angle
of a typical Sy2 (which is∼60 ◦). A change in the assumption on the inclination angle could have an impact
only the normalization of the component and not on the geometry (see AppendixB for further details
on ). However, for our purposes, it is important to detect an eventual change of normalization between
Suzakuand XMM-Newtonobservations, so we kept as starting point the same inclination angle in the two
observations.

10Since in the “pure reflection” PEXRAV model there is a degeneracy between R and the normalisation, the
reflection scaling factor was set to -1 and the normalisationwas allowed to vary.
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Table 3.1: Summary of theSuzakuand XMM-Newtonparameters for the best-fit models
described in Section3.3.1, and3.3.2.1.

Model Component Parameter Suzaku XMM- Newton

Power law Γ 1.92+0.29
−0.36 1.99+0.11

−0.07
Normalisationa 7.39+30.00,b

−4.39 2.77+0.71
−0.65

Scattered Component Normalisationa 8.55+5.48
−4.52 × 10−3 1.62+0.29

−0.22 × 10−2

Absorber NH 2.05+4.25
−1.38× 1024 cm−2 1.0+0.1

−0.2 × 1023 cm−2

Thermal emission kT 0.62+0.10
−0.17 keV 0.62+0.11

−0.11 keV
Normalisationc 6.94+2.40

−2.22 × 10−6 3.49+1.52
−1.50 × 10−6

Neutral reflection Normalisationa 3.46+2.14
−1.61 3.55+1.52

−1.81
Fe Kα Energy 6.38+0.02

−0.02 keV 6.36+0.03
0.03 keV

EW 340+60
−80 eV 120+40

−40 eV
Normalisatione 3.62+0.79

−0.78 × 10−3 4.75+1.35
−1.40 × 10−3

Fe Kβ Energy 7.06 keV (frozen) 7.06 keV (frozen)
EW 40 eV 16 eV

Normalisatione fixed to 13% Fe Kα fixed to 13% Fe Kα
Ionised Absorber NH .. 6.05+8.95

−4.10 × 1023cm−2

logξ .. 3.55+0.49
−0.25erg cm s−1

vturb .. 300 km s−1

χ2/dof 104.5/103 190.7/197
F mekal

(0.1−3)keV ∼ 1.7× 10−14erg cm−2 s−1 ∼ 8.5× 10−15erg cm−2 s−1

F (0.5−2)keV ∼ 4.9× 10−14erg cm−2 s−1 ∼ 5.8× 10−14erg cm−2 s−1

F(2−10)keV ∼ 6.3× 10−13erg cm−2 s−1 ∼ 1.9× 10−12erg cm−2 s−1

F (14−150)keV ∼ 1.4× 10−11erg cm−2 s−1 ∼ 1.3× 10−11erg cm−2 s−1

L mekal
(0.1−3)keV ∼ 5.6× 1039erg s−1 ∼ 2.8× 1039erg s−1

L (0.5−2)keV ∼ 4.7× 1042erg s−1 ∼ 2× 1042erg s−1

L(2−10)keV ∼ 7.2× 1042erg s−1 ∼ 2.5× 1042erg s−1

L(14−150)keV ∼ 1.4× 1043erg s−1 ∼ 4.8× 1042erg s−1

a units of 10−3 photons keV−1 cm−2 s−1.
b Due to a degeneracy between the normalisations of the primary power law and,
the errors were computed fixing the reflection normalisationto its best-fit value.
c The normalisation of the thermal component is defined asK = 10−14

4π(DA(1+z))2

∫

nenHdV
whereDA is the angular diameter distance, z is the redshift,
ne andnH are the electron and hydrogen density (cm−3) respectively, and dV is the volume
from which the deprojected emission originates.
d The line is unresolved; the intrinsic width has been fixed to be≃ 10 eV.
e units of 10−3 photons cm−2 s−1.
For a comparison on the luminosities measured inSuzakuand XMM-Newtonsee Section
3.3.3.
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Figure 3.7: UnfoldedSuzakuspectrum, showing separately the different components of
the best-fit model: in green the scattered power-law and the primary absorbed power-law,
in red the soft thermal component, in yellow the iron Kα and Kβ emission lines, in light
blue the reflection component, and in blue the total resulting spectrum.
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3.3.2 Comparison with XMM-Newton data

In Figure3.8I report theSuzakuXIS (black, lower spectrum), HXD (black) andSwift-BAT
spectra (green). In red (upper spectrum) I also show the XMM-Newtonpn and MOS data,
revealing a dramatic change in the spectral curvature between 3 and 6 keV. This variation
is most likely due to a change in the amount of absorption of the primary radiation. To test
this hypothesis theSuzakubest-fit model was applied to the XMM-Newtonspectra, leaving
only the absorbing column density (NH) free to vary. Also, both the cross-normalisation
factors between the pn and the MOS spectra and betweenSwift-BAT and pn data were left
free to vary; they were found to be 1.02±0.04 and 1.06+0.14

−0.16 respectively.
During the XMM-Newtonobservation theNH decreased by about one order of magni-

tude (from∼ 2.1×1024cm−2 to∼ 2.6×1023cm−2); this change in the amount of absorption
is sufficient to explain the bulk of the differences between the observed XMM-Newtonand
Suzakuspectra.

Figure 3.8: Comparison between theSuzakuXIS (black, lower spectrum), HXD (black),
Swift-BAT (green) and the XMM-Newton(red, upper spectrum) data showing the dramatic
change in the 3–10 keV energy range. The underlying model (black and green line) is the
one obtained fitting only theSuzakuXIS (black) andSwift-BAT data (green).
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For completeness, also the photon index (Γ), the normalisation of both the power law
components, the thermal component and the Kα energy and normalisation were allowed to
vary. The fit yieldedχ2/dof=213.9/199 and the only parameter changing well beyond the
Suzakuerrors is, as expected, theNH, decreasing to 2.78+0.16

−0.17 × 1023 cm−2. This confirms
that the strong variation between XMM-NewtonandSuzakuis due to a change in column
density of∆NH∼1.8×1024 cm−2.
Prompted from this result, I carried out the analysis of the 3Swift-X-ray Telescope (XRT)
observations taken in 2006 with a time lag of the order of 1–2 days from each other. It
was found that the source was in a state similar to that observed by XMM-Newton. The
exposure time of each of the observations is less than 10 ksec(8713, 8661 and 3667 sec
respectively), thus the relatively low statistics does notallow to establish if there is a vari-
ability between the single observations.
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Figure 3.9: Residuals of the XMM-Newtondata (pn data are the black filled squares and
MOS data are the red open circles) in the range 4–8 keV with respect to the spectral model
discussed in section3.3.2. An absorption feature at about 6.7 keV and a spectral curvature
in the 5–6 keV range are clearly present.

A closer inspection of the residuals in the 4–8 keV energy range to this best-fit model
showed some residual curvature between 5 and 6 keV, togetherwith a clear absorption
feature centered at∼ 6.7 keV (see Figure3.9), which is present in both the pn and MOS
spectra and is suggestive of a more complex and likely ionized absorber. After checking
the significance of this absorption line, an additional ionized absorber (see section3.3.2.1)
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was included in the model. I remark that, after accounting for the absorption feature at
∼6.7 keV, the excess of curvature in the range 5–6 keV is not present anymore.

The final parameters of the XMM-Newtonbest-fit model are reported in table3.1 and
the final model setup is described in section3.3.2.1. The difference in the best-fit normal-
isations of the thermal and scattering component betweenSuzakuand XMM-Newtonare
likely due to a degeneracy between these two parameters. Indeed the 0.5–2 keV flux did
not strongly vary between the two observations.
The fraction of scattered radiation is∼ 5%. The observed 2–10 keV flux is∼ 1.9 ×
10−12erg cm−2 s−1, while the intrinsic 2–10 keV luminosity,L(2−10)keV, is ∼ 2.5 ×
1042erg s−1, about a factor 2.8 below the intrinsic luminosity computedusing only the
Suzakudata. Although such a variation of the intrinsic luminosityis not unusual in AGN,
part of this difference could be due to the geometry assumed by the models adopted for the
high column density absorber. Indeed I will show in section3.3.3 that this difference is
smaller (a factor 1.7) when theMytoruscode is used for the absorber.

3.3.2.1 The∼ 6.7 keV absorption feature in the XMM- Newton observation

As a first step to model the absorption feature in the 6–7 keV band a Gaussian absorb-
ing component was added; settingσ = 0.05 keV, the centroid of the line is found at
E=6.75+0.06

−0.04 keV, the normalisation is−3.75+1.12
−1.13 × 10−6 and ∆χ2=24 for 2 dof. The

absorption line appears to be marginally resolved; howeverleaving its width free to vary
only an upper limitσ < 0.3 keV can be inferred (corresponding to an upper limit on the
broadening velocity of∼0.044c), while the energy centroid E=6.77+0.08

−0.06keV is found to
be consistent within the errors. The energy of this absorption line suggests an association
with absorption from highly ionized Fe (i.e. Fe at E∼6.7 keV) and thus a clear
signature of the presence of an ionized absorber. The presence of an ionized absorber
is not exceptional, as discussed in Section2.5.1. Indeed recent sensitive observations
with Chandra, XMM-Newton, andSuzakuunveiled the presence of red- and blue-shifted
photoionized absorption lines both in type 1 and type 2 AGN aswell as in Radio Quiet
and Radio Loud AGN (Tombesi et al. 2010b; Tombesi et al. 2011). Thus, it appears
that there is a substantial amount of ionized gas in the nuclei of AGNs, which may be
linked to gas outflowing on parsec scales with velocities from hundreds of km/s up to
vout ∼ 0.04− 0.15c (Tombesi et al. 2010b). Red- and blue-shifted absorption lines are
predicted in several theoretical models of failed disk winds (Proga & Kallman 2004; Sim
et al. 2010) or of aborted jet (Ghisellini et al. 2004). However, before proceeding with
any further modelling of the absorption feature I checked its significance.

To assess the significance of the absorption feature, extensive Montecarlo simulations
were performed, as detailed below. The assumed null hypothesis model is the best-fit
model discussed at the end of section3.3.2, and S=3000 spectra were simulated (with
the fakeit command in XSPEC), with the same exposure time as the real data. Each
one of these simulated spectra was then fitted with the null hypothesis model to obtain a
χ2 value, searching systematically for an absorption line in the 2–10 keV energy range,



3.3. Spectral analysis 77

stepping the energy centroid of the Gaussian in increments of 0.1 keV and refitting at each
step. For each simulated spectrum a minimumχ2 was obtained and allowed to create a
distribution of 3000 simulated values of the∆χ2 (compared to the null hypothesis model).
This indicates the fraction of random generated absorptionfeatures in the 2–10 keV band
that are expected to have a∆χ2 greater than a threshold value. If N of these simulated
values are greater than the real value, then the estimated detection confidence level is
1-N/S. Using this analysis it is possible to conclude that the line detection is significant at
>99.97% level, i.e. only 0.03% of the simulated spectra show a∆χ2 higher than the real
value.

In order to obtain a physical description of the absorber theGaussian absorption line
was replaced with a model representing a photoionized absorber, which has been produced
using a multiplicative grid of absorption model generated with the v 2.1 code
(Kallman et al., 2004). This grid describes an ionized absorber parametrised by its column
density (NH), and its ionisation parameter (ξ). Since there is no apparent broadening of the
absorption line a turbulence velocity ofvturb = 300 km s−1 was assumed.
The inclusion of this ionized absorber significantly improved the fit (χ2/dof=190.7/197,
∆χ2 = 25 for 2 dof), with a column density ofNH = 6.05+8.95

−4.10×1023 cm−2and an ionisation
of log(ξ/erg cm s−1) = 3.55+0.49

−0.25. The improvement in theχ2 is determined solely by
fitting the absorption feature in the 6–7 keV band, since an ionised absorber with such a
high level of ionization does not produce any feature below 2keV.

The parameters of the XMM-Newtonbest-fit model are reported in table3.1 and the
model setup is the following:

×[  +  +  +  +  + XSTAR * *
×()]

Since this absorption feature is not observed in theSuzakuspectrum, a Gaussian ab-
sorption line was added to theSuzakubest-fit model, using the same parameters obtained
with the XMM-Newtondata. The lower limit for the detection of an absorption linewith
central energy of 6.75 keV and width of 0.05 keV, is -1.18×10−6 for theSuzakudata. Thus,
being the normalisation of this line -3.75×10−6 in the XMM-Newtonspectrum, one can
infer that the ionised absorber should be detectable bySuzaku. The simplest interpretation
is that also the ionized absorber is variable; which is not surprising since there are sev-
eral reported cases of variable absorption feautures (Tombesi et al. 2010b; Tombesi et al.
2011; Braito et al. 2007; Cappi et al. 2009; Dadina et al. 2005; Risaliti et al. 2005).
Moreover instability of the outflowing ionized absorbers ispredicted both in disk winds
models (Proga & Kallman 2004; Sim et al. 2010) or of aborted jet (Ghisellini et al. 2004).
This will cause the presence of transient absorption features and variability of the derived
outflowing velocities and their EW as observed in several sources (see e.g.Tombesi et al.
2010b)
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3.3.3 A physical interpretation with MyTorusmodel

The models discussed so far, which are based on spectral components largely used from
the astronomical community, do not treat both fluorescent emission lines and continuum
components self-consistently. Furthermore all these spectral components may be deficient
in one or more aspect of modelling the complex transmission and reflected spectrum of
AGN over a broad energy range and for a large range of absorbing column densities (see
section 2 of Murphy and Yaqoob, 2009 for a critical discussion of these points).

In order to alleviate these problems and, thus, to further assess the possible geometry
and/or nature of the variable absorber, I tested the model for thetoroidal reprocessor11

as descried byMurphy & Yaqoob (2009). This model, recently included in the XSPEC
software package, is valid for column densities in the range1022 to 1025 cm−2 and for en-
ergies up to 500 keV (the relativistic effects being taken into account); more importantly
the reprocessed continuum and fluorescent line emission aretreated self-consistently. This
model assumes that the absorber geometry is toroidal with a half opening angle of 60◦

(corresponding to a covering factor∆Ω/(4π) = 0.5), and cosmic abundances ofAnders &
Grevesse(1989). Among the free parameters there are the viewing angle and the column
density (see http://www.mytorus.com/manual/index.html). I remark, as a point of differ-
ence, that themodel assumes that the reflector has the geometry of a slab, therefore
its parameters don’t give information on the geometry of thetoroidal material surrounding
the AGN. The model is composed by three tables:

• Z: a multiplicative table that, applied to the primary power-law, describes
the zeroth order continuum, i.e. the spectrum resulting from the photons that do not
interact with the intervening matter. This spectrum is distorted with respect to the
direct continuum, because of photoelectric absorption (atlow energies) and Klein-
Nishina scattering (at higher energies, due to the energy dependence of the Klein-
Nishina scattering cross section).

• S: an additive table describing the scattered/reflected continuum towards the
line of sight

• L: an additive table describing the emission lines (Fe kα, Fe kβ and the
Compton shoulder)

Since we are clearly seeing a variation of the absorbing column density along the line
of sight I used a spectral configuration ofMyTorusthat canmimica clumpy absorber and
which also takes into account the fact that the Fe Kα is rather constant (see table3.1).
This has been done by decoupling the direct (unscattered) continuum passing through
the reprocessor and the reflected/scattered continuum from reprocessor. In practice this
means decoupling the inclination angle parameters for the direct continuum and the re-
flected/scattered continuum, and leaving the column densities of these two components
independent from each other (meaning that theNH responsible for absorption along the
line of sight can be different with respect to theNH responsible for reflection/scattering
towards the line of sight).

11http://www.mytorus.com/
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Therefore, for the direct continuum I fixed the inclination angle between the line of
sight and the axis of the torus to be 90 degrees, as for a configuration of edge-on torus.
Then, I assumed a patchy reprocessor in which the scattered continuum is observed from
reflection in matter on the far-side of the X-ray source, without intercepting any other
“clouds,” (while the intrinsic continuum is filtered by clouds "passing" through our line-
of-sight to the central engine). This configuration can be parametrized with theS
component, fixing the inclination angle to 0 degrees, i.e. face-on, which represents the
back-scattered radiation without intercepting any absorbing matter. Finally, since the
XMM- Newtonspectrum unveiled the presence of an additional ionized absorber, which
affects the line-of-sight continuum, also an ionized absorberwas included, which is mod-
elled adopting the same XSTAR grid as described in section3.3.2.1.

The best-fit model obtained using the model is:

 ( * XSTAR * Z + AS * S+ AL* * L+
 +  * )

The  model  is a gaussian convolution model that allows to leave the line
width as free parameter, since theL is characterised by an intrinsic velocity width
of 10 km/s. AS andAL are the relative normalizations of the reflected continuum and of
the emission lines, respectively. Also a soft power law component was included, in order
to account for the scattering due to optically-thin ionisedgas.

Applying this model to the the XMM-EPIC andSwift-BAT spectra a good fit was found,
with the same absorbing column density (NH = 2.75+0.05

−0.04 × 1023cm−2; χ2/dof=201/192)
filtering the line-of-sight intrinsic continuum and producing the scattered component (in-
cluding the production of the fluorescent emission lines). The parameters of the ionized
absorber are:NH = 6.46+5.04

−1.96 × 1023cm−2and logξ = 3.26+0.20
−0.21erg cm s−1; these values

are in good agreement with those found with the best-fit modeldescribed in table3.1, to-
gether with the parameters of the thermal component (). The photon index of the
primary power-law component is nowΓ = 1.86−0.11

+0.17 and the intrinsic emitted luminosity is
L[2−10]keV ∼ 1.4× 1042erg s−1. Using theSuzakuandSwiftdata, a good fit can be obtained
with an absorber producing the reflected components having an NH statistically consistent
with that obtained using the XMM-Newtondata (thus suggesting that this component is
likely associated with the distant reflector or torus), while our line of sight to the central
engine intercepts a column densityNH = (0.88± 0.09)× 1024 cm−2. The photon index of
the primary power-law component isΓ = 1.8+0.12

−0.12, consistently with what found for XMM-
Newton. The parameters of the remain in good agreement with the values reported
in table3.1.

In summary this analysis, which is based on a model which takes into account consis-
tently the physical process in place within the X-ray absorber, shows that the change of
state of NGC454E can be understood simply by a change in the line-of-sight obscuration
(∆NH ∼ 6× 1023 cm−2) while the global obscurer remains unchanged.

The intrinsic luminosity derived from theSuzakudata is L[2−10]keV ∼ 2.4×1042erg s−1.
UsingMytorusthe derived change of the intrinsic luminosity between the two data sets are
in better agreement (a factor 1.7) with respect to those found in Section3.3.2. However,
with the present statistic and the complexity of the observed spectra, it is not possible to rule
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Table 3.2: Summary of theSuzakuand XMM-Newtonparameters using themodel
described in Section3.3.3.

Model Component Parameter Suzaku XMM- Newton

Power law Γ 1.80+0.12
−0.12 Γ = 1.86−0.11

+0.17
Normalisationa 2.932.56

−0.83 3.22+1.36
−1.03

MYTorusZ NH 0.88+0.08
−0.09 × 1024 cm−2 2.75+0.05

−0.04 × 1023cm−2

Inclination 90◦ 90◦

MYTorusS NH 6.22+1.65
−1.36 × 1022 cm−2 3.13+8.26

−3.13 × 1022 cm−2

Inclination 0◦ 0◦

Thermal emission kT 0.53+0.09
−0.17 keV 0.58+0.07

−0.08 keV
Normalisationb 6.21+4.00

−2.84 × 10−6 7.68+4.19
−4.97 × 10−6

Ionised Absorber NH .. 6.46+5.04
−1.96 × 1023cm−2

logξ .. 3.26+0.20
−0.21erg cm s−1

vturb .. 300 km s−1

χ2/dof 107.6/108 201/192
L(2−10)keV ∼ 2.4× 1042erg s−1 ∼ 1.4× 1042erg s−1

a units of 10−3 photons keV−1 cm−2 s−1.
b The normalisation of the thermal component is defined asK = 10−14

4π(DA(1+z))2

∫

nenHdV
whereDA is the angular diameter distance, z is the redshift,
ne andnH are the electron and hydrogen density (cm−3) respectively, and dV is the volume
from which the deprojected emission originates.

out or confirm a possible variation in luminosity of about a factor 2, frequently observed
in AGN; indeed by comparing the 54-months and 9-months BAT high energy (14–195
keV) spectra of this source, the intensity is found to be higher in the 9-months spectrum.
However, fitting the spectra with a single absorbed power-law component, a constant flux
is also well within the errors on the best-fit normalizationsof this primary power-law.

3.4 Constraints on the distance of the ionised absorber

Using very simple considerations it is now possible to estimate what is the maximum dis-
tance of this ionised absorber from the central black hole, relating the ionisation parameter,
the density of the absorber and the continuum luminosityLion through Eq. 2.3 and Eq.
2.7. In this case, after extrapolating the measured power law below 0.5 keVc ,Lion (in
the energy range between 13.6 eV and 13.6 keV) is 7.3× 1042 erg s−1. Assuming that the
thickness of the absorber∆R=NH/n is smaller than the distance Rion (∆R/Rion < 1), the
upper limit to the distance is:

Rion =
Lion∆R
NHξR

<
Lion

NHξ
= 2.3× 1015cm≈ 7.5× 10−3pc (3.1)
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This maximum distance of∼ 10−3pc is consistent with a location of the ionised absorber
within the Broad Line Region of the AGN. Indeed an estimate ofthe BLR size RBLR for
NGC454E can be inferred by using the relation between RBLR and the monochromatic
luminosity at 5100 Å,L5100Å (Kaspi et al. 2005, RBLR

10 lt−days = 2.45× (λLλ(5100Å))0.608).
Since the luminosity of the optical continuum cannot be measured directly from the
spectrum, because of the strong absorption,L5100Å is estimated from the intensity
of the [OIII]5007Å line flux, assuming a mean F[OIII]5007Å/F(5100Å) ratio. This
ratio has been inferred from the AGN template presented in Francis et al. (1991)
(F(5100Å)= 0.059F([OIII ])). Using the [OIII]5007Å flux published in Johansson (1988)
we obtainL5100Å ∼ 1× 1041erg s−1 Å−1 and, thus, an approximate size of the BLR of 0.05
pc, i.e. about 50 timesRion.

3.5 Summary and Conclusion

In this chapter I discussed the results ofSuzaku, XMM-NewtonandSwift observations of
the interacting system NGC454 (z=0.0122). The bulk of the measured 2–10 keV emission
comes from the active galaxy NGC454E (L[2−10]keV ∼ 2× 1042erg s−1); no emission from
the center of the companion galaxy (NGC454W) in the interacting system is detected. The
nuclear X-ray emission of NGC454E is filtered by an absorbingcolumn density typical of
a Type 2 AGN, in agreement with the optical classification as Seyfert 2 galaxy.

No variability in the light curves has been observed during the length ofSuzakuand
XMM- Newtonobservations respectively. A comparison between the two observations
(taken 6 months later) revealed a significant change in the spectra of NGC454E in the
energy range between 3 and 6 keV. This variation can be well explained by a variability
of about an order of magnitude in the absorbing column density along the line of sight:
from ∼ 1 × 1024cm−2(Suzaku) to ∼ 1 × 1023cm−2(XMM- Newton). In this work I also
used the most recent model for the toroidal reprocessor (Murphy & Yaqoob 2009), which
takes into account consistently the physical processes in place within the X-ray absorber.
Furthermore, regarding the XMM-Newtonspectrum, I detected a statistically significant
absorption feature a∼ 6.7 keV, a clear signature of the presence of a ionised absorber,
with ionisation parameter log(ξ/erg cm s−1) = 3.55 and column densityNH = 5.31× 1023

cm−2. The absence of this feature in theSuzakuspectrum, despite its detectability, implies
that it has varied between the two observations. Absorptionlines associated with ionized
iron have been now observed in several sources and there is also a clear evidence that these
lines are variable as in the case of NGC454. Furthermore, in some cases the measured
blue-shifts of the energy centroids imply a large velocity of these absorbers and a likely
association with powerful disk winds (King & Pound 2003), while in other cases there is
no measurable motion as in our case.

In summary, NGC454E is a new member of the class of “changing look” AGN, i.e.
AGN that have been observed in both Compton-thin (NH=1023cm−2) and Compton-thick
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states (NH> 1024cm−2). A possible scenario is that a stable and likely distant absorber
responsible for the iron emission line is present. However,there is also a clear variation of
theNH of the line of sight absorber, probably indicative of the clumpy nature of the rather
neutral absorber itself. Unfortunately the comparison between different observations,
typically performed at intervals of months to years (as those discussed here), provides only
upper limits to the intrinsic time scales ofNH variations and thus on the possible location
of the thicker obscuring material (obscuring “torus" vs. Broad Line Region clouds). The
low exposure of theSwift XRT 2006 observations, when the source was in a state similar
to the XMM-Newtonone, did not allow us to establish theNH variability on smaller time
scales (i.e. intra-day) of the single observations. An improvement of the estimates of
velocity, distance and size from the central X-ray source ofthe obscuring material could
be obtained only through monitoring observational campaigns within a few days or weeks
and/or through the search forNHvariations within single long observation. For what
concerns the ionised absorber, as derived from my first orderestimate of its distance from
the central black hole (i.e. within 10−3 pc), the most likely location for this absorber is
much closer in than the stable and rather neutral one.
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Mrk 348 (NGC 262) is a bright Seyfert 2 galaxy (R=13 mag) at z=0.015 (correspond-
ing to 84 Mpc, Khachikian & Weedman 1974; de Vaucouleurs et al. 1991). It is one of the
brightest sources in the BAT catalogue (F(14−195 keV)∼ 1.6×10−10erg cm−2 s−1, Baumgart-
ner et al. 2013) and for which the availability ofSuzakudata allows to perform for the first
time a detailed analysis of the spectrum above 10 keV. The optical spectrum is character-
ized by narrow, high-excitation emission lines (Fig.4.2, Marcha et al. 1996) and a hidden
BLR was revealed through the detection of a broad Hα emission line (∼7500 km/s) in the
polarized spectrum (Miller & Goodrich 1990).
To the east of Mrk 348 a companion galaxy at the same redshift is present, at a distance of
∼ 22.2 kpc. The optical images of Mrk 348 published byAntón et al.(2002) (taken with
the Nordic Optical Telescope) in Fig.4.1reveal that Mrk 348 is a spiral galaxy, where the
end of one disrupted arm reaches the eastern companion galaxy, confirming that they are
interacting on large scale, as already proposed bySimkin et al.(1987) using radio obser-
vations. Interestingly the region of the eastern componentnearer to the external arm of
Mrk 348 is bluer, as if star formation has been triggered by the interaction between the two
galaxies.

Mrk 348 is a relatively strong radio emitter and was observedby the Very Large Array
(VLA) and the Multi-Element-Radio-Linked-Interferometer-Network (MERLIN, Unger
et al. 1984; Antón et al. 2002). It is characterised by a flat radio spectrum continuing well
into the infrared, as well as a core-dominated radio structure and rapid radio variability
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Figure 4.1: Mrk 348 and its companion galaxy, as observed by the Nordic Optical Tele-
scope, in the U (top left), B (top right), R (bottom left) and I(bottom right) bands. For each
image the field of view is 3.3’×3.3’, the North is up and the East is on the left. The B,R
and I images also show the spiral arms, appearing very symmetric in the internal region
and with a slightly more disturbed morphology in the external part. Images adapated from
Antón et al.(2002).
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Figure 4.2: Top panel: Digital Sky Survey(DSS) 11.7× 6.8 arcmin optical image, based
on photographic data obtained using the Oschin Schmidt Telescope on Palomar Mountain
and the UK Schmidt Telescope.Bottom panel: Optical spectrum of Mrk 348 as reported by
Marcha et al.(1996). The presence of narrow emission lines allows to classify the source
as a Seyfert 2 galaxy.
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(Neff & de Bruyn 1983). The complex radio properties of this source and the difficulties
in determining its orientation with respect to the line of sight make its classification as a
radio-quiet or as a radio loud source uncertain, however according to the standard radio
classification (Section1.2.3.1) it belongs to the class of Radio Quiet sources (Xu, Livio, &
Baum 1999).

The first X-ray observation of this source was performed byGinga, and provided evi-
dence of an absorbed (NH∼ 1023cm−2) X-ray source, with photon indexΓ ∼1.7 (Warwick
et al. 1989). Mrk 348 was also observed with theRossi X-Ray Timing Explorer(RXTE)
mission in twelve observations during the period December 29, 1996 to July 12, 1997.
Smith et al.(2001) analysed these spectra and described the resulting time–averaged 3–20
keV spectrum with a power-law continuum (Γ ∼ 1.8) absorbed by a column density ofNH

∼ 1023cm−2, plus a Fe Kα emission line with equivalent widthEW∼ 100 eV, plus a Comp-
ton reflection component. They found variations in the intrinsic column density occurring
over periods of typically weeks to months, with the largest change (∆NH ∼ 1023cm−2), tak-
ing place on a time-scale of∼ 70 days. They also found X-ray continuum variations with
the shortest observed timescale of∼ 1 day. Smith et al.(2001) also found that the Fe Kα
line flux did not change significantly during the multiple observations, deducing that much
of the line emission is produced in a layer of material with a rather constant sky coverage
and thickness, as viewed from the nucleus. They modelled theCompton reflection com-
ponent using (Magdziarz & Zdziarski 1995), finding that the data were consistent
with a reflection strength ofR ∼ 0.3 − 0.8. The 2–10 keV luminosity measured in these
observations was, depending on the observedNH of each observation, in the range 0.8–
3.4×1043erg s−1 (for H0 = 50; q0 = 0.5), a factor 3 higher than that measured byGinga.
Smith et al.(2001) suggested that the absorber in Mrk 348 could consist of individual
clouds; motions in and out of the line of sight could explain the observed variations inNH.
Akylas et al.(2002) analyzed the same data asSmith et al.(2001) but with additional 25
RXTEobservations taken in May–June 1996. This analysis confirmed the spectral variabil-
ity already observed bySmith et al.(2001).

Finally, a more recent work bySingh et al.(2011) on the X-ray spectral properties of a
sample of Seyfert galaxies, analysed the 0.5–10 keV XMM-NewtonEPIC-pn spectrum of
Mrk 348. They suggested the presence of two absorbers intercepting the primary radiation,
a fully covering absorber, withNH ∼ 7× 1022cm−2and a partial covering component, with
NH ∼ 1× 1023cm−2 and covering fraction ofC f ∼ 0.84. They also found a narrow Fe Kα
line with EW∼34 eV.

In this work I analysed theSuzakuand XMM-Newtonspectra of Mrk 348, finding
a variability in the spectral curvature between them. In both cases the structure of the
absorbers intercepting the primary radiation is quite complex: three layers of absorption,
of which one is neutral and two are ionized. I engaged in the study of which are the
physical parameters responsible for the observed variability. As I will discuss in detail in
this chapter, I found that Mrk 348 is characterized by a variation in the column density of
both the neutral and one of the ionized absorbers, together with a variation in the ionization
level of the same absorber. The results of this work have beenpublished onMonthly Notices
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of the Royal Astronomical Society(Marchese et al. 2014).
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4.1 Observations and data reduction

4.1.1 Suzaku

Mrk 348 was observed bySuzaku(Mitsuda et al. 2007) on 28th June 2008 for a total
exposure time of about 88 ks.
A detailed description of theSuzakutelescope and instruments is presented in Appendix
A.

4.1.1.1 TheSuzaku XIS data reduction

The XIS data were selected in 3× 3 and 5× 5 editmodes using only good events with
grades 0, 2, 3, 4, 6 and filtering the hot and flickering pixels with the scriptsisclean. The
XIS response (rmfs) and ancillary response (arfs) files wereproduced, using the latest cal-
ibration files available, with theftools tasksxisrmfgenandxissimarfgenrespectively. The
net exposure times are 76 ks for each of the XIS. The XIS sourcespectra were extracted
from a circular region of 2.9′ centered on the source, and the background spectra were ex-
tracted from two circular regions with radius 2.3′, offset from the source and the calibration
sources. The spectra from the two FI CDDs (XIS 0 and XIS 3) werecombined to create
a single source spectrum (hereafter XIS–FI), while the BI (the XIS1) spectrum was kept
separate and fitted simultaneously. The net 0.5–10 keV countrates are: (0.793± 0.003)
counts s−1, (0.829± 0.003) counts s−1, (0.709± 0.003) counts s−1 for the XIS0, XIS3 and
XIS1 respectively. We considered data in the range 0.6–10 keV for the XIS–FI and in the
range 0.6–9 keV for the XIS–BI (ignoring the band 1.6–1.9 keV, due to the presence of
instrumental calibration uncertainties). The difference on the upper boundary for the XIS1
spectra is because this CCD is optimised for the soft X-ray band, with higher background
at higher energies.

The net XIS source spectra were physically binned at theSuzakuenergy resolution,
then they were further grouped to a minimum of 20 counts per bin in order to useχ2

statistics.

4.1.1.2 TheSuzaku HXD-PIN data reduction

For the HXD-PIN data reduction and analysis I followed the latestSuzakudata reduction
guide (the ABC guide Version 21), and used the rev2 data, which include all 4 cluster
units. The HXD-PIN instrument team provides the background(known as the “tuned”
background) event file, which accounts for the instrumental“Non X-ray Background”
(NXB; Kokubun et al. 2007). The systematic uncertainty of this “tuned” background
model is±1.3% (at the 1σ level for a net 20 ks exposure,Fukazawa et al. 2009).
The source and background spectra were extracted using the same common good time in-
terval, and corrected the source spectrum for the detector dead time. The net exposure
time after screening was 73 ks. I then simulated a spectrum for cosmic X-ray background
counts (Boldt 1987; Gruber et al. 1999) and added it to the instrumental one. Mrk 348 was
detected at a level of 36.8% above the background.

1http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/
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Figure 4.3: Left panel: XMM-Newton EPIC-pn image (0.5-10 keV) with superimposed
the Suzaku XIS-0 extraction region.Right panel: Suzaku XIS-0 image (0.5-10 keV), where
the illuminated areas in the two left corners are caused by the 55Fe calibration sources
illuminating each XIS sensor.

Fitting this spectrum with a power law we obtain a photon index Γ = 1.50+0.09
−0.09 and

F(14−70 keV) ∼ 1.5 × 10−10erg cm−2 s−1. The extrapolation of this flux in the 14–195 keV
band (using the best-fit photon index) gives F(14−195 keV)∼ 3.4× 10−10erg cm−2 s−1.
Mrk 348 was also detected with the BAT detector on board ofSwift (Gehrels et al.
2004). Its BAT name is SWIFT J0048.8+3155 and it is part of theSwift-BAT 70-Month
Hard X-ray Survey (heasarc.gsfc.nasa.gov/docs/swift/results/bs70mon/ ; Baumgartner et
al. 2013). The flux obtained by fitting theSuzakuHXD spectrum is higher than theSwift–
BAT flux, which is F(14−195 keV) ∼ 1.6 × 10−10erg cm−2 s−1 (Baumgartner et al. 2013).
We also note thatSwift–BAT observation provides a different photon index,Γ ∼ 1.9,
probably due to the wider energy range. If we fit simultaneously SuzakuHXD-PIN
and Swift–BAT spectra, fixing the photon indexes to the same value, we find Γ ∼ 1.8;
if we extrapolate the flux in the 14–195 keV band fromSuzakuHXD observation we
find FHXD

14−195keV ∼ 2.3 × 10−10erg cm−2 s−1, while the flux measured withSwift–BAT is
FBAT

(14−195 keV) ∼ 1.6× 10−10erg cm−2 s−1. The variation could be explained by the fact that
Swift–BAT spectrum is an average of the observations made during 70 months, while the
HXD observation provides a snapshot of the spectrum, when the flux was possibly higher,
therefore it is not surprising to find intrinsic variations between them. It is very unlike
that this variation could be due to background issues. For comparison I verified that the
background for this observation deviates less than 5% from the one observed in the HXD
observation of NGC 454. This background variation is much lower than the flux variation
between HXD andSwift–BAT spectra.
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4.1.2 XMM-Newton

XMM- Newtonobserved Mrk 348 on July 18, 2002 for a total duration of about50 ks.
During this observation the pn, MOS1, and MOS2 cameras (operating in Full Frame

Window mode) had the medium filter applied. The data have beenprocessed using the
Science Analysis Software (SAS ver. 6.5) and analysed usingstandard software packages
(FTOOLS ver. 6.1). Event files have been filtered for high-background time intervals, and
only events corresponding to patterns 0–12 (MOS1, MOS2) andto patterns 0–4 (pn) have
been used. The net exposure times at the source position after data cleaning are∼31.5 ks
(pn),∼38.3 ks (MOS1) and∼38.2 ks (MOS2). The net count rate in the 0.5–10 keV band
is 2.078±0.008 counts s−1 (pn), 0.647± 0.004 counts s−1 (MOS1) and 0.650±0.004 counts
s−1 (MOS2). The effect of pile-up for this source is negligible.
The results of the analysis of the XMM-Newtonobservation were already published in past
works (Singh et al. 2011; Guainazzi et al. 2011), describing a best-fit model composed of
a fully covering absorber (NH ∼ 7 × 1022cm−2), and a partial covering component with
NH ∼ 10.5 × 1022cm−2and covering fraction ofC f ∼ 0.84. Therefore in this work for
simplicity only the pn data were used (the MOS spectra are consistent with it), in order to
compare it to the newSuzakuspectra.

4.2 Spectral analysis

All the models were fitted to the data using standard softwarepackages ( ver. 12.6.0,
Arnaud 1996) and including Galactic absorption (NH,Gal = 5.86× 1020cm−2; Kalberla et
al. 2005). In the following, unless otherwise stated, fit parametersare quoted in the rest
frame of the source atz=0.015 and errors are at the 90% confidence level for one interesting
parameter (∆χ2 = 2.71).

4.2.1 Suzaku spectral analysis

For the analysis a simultaneous fit of theSuzakuspectra from the XIS-FI (0.6–10 keV), the
XIS1(0.6–9 keV) and HXD-PIN (14–70 keV) was performed. The cross-normalization
factor between the HXD and the XIS-FI spectra was set to 1.16 (allowing it to vary by
±5%), as recommended for XIS nominal observation processed after 2008 July2. The
cross normalization factor between the XIS-FI and the XIS1 spectra was allowed to vary.

As a starting point the data were fitted by a simple model composed of an absorbed
primary power-law component and an unabsorbed power law, representing the fraction of
primary X-ray radiation that is scattered into our line of sight. The photon indices of these
two components were tied to each other. At this first stage only the continuum was fitted,
excluding the data between 5 and 7.5 keV where the Fe Kα emission complex is expected.
This model provided a poor fit with aχ2 of 411.4 for 266 degrees of freedom (d.o.f.), with
a photon indexΓ ∼1.57 andNH∼ 1.24×1023cm−2. When including the data in the 5–7.5

2http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/suzakumemo-2007-11.pdf;
http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/suzakumemo-2008-06.pdf
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Figure 4.4: Data/model ratio between theSuzakudata (XIS-FI: black filled squares; XIS1:
red open triangles) and a basic continuum model composed of an absorbed and an addi-
tional unabsorbed (scattered) power law, showing the iron line profile. The two vertical
dashed lines correspond to the rest-frame energies of the FeKα and Fe Kβ emission lines
at 6.4 keV and 7.06 keV respectively. The star indicates a possible absorption feature at∼
7.4 keV.
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keV energy range aχ2/d.o.f.= 950/344 is obtained. In Figure4.4 I report the residuals of
this simple model, including all data, which clearly revealthe presence of emission lines
at energies corresponding to Fe Kα (E ∼ 6.4 keV), and to Fe Kβ (E ∼ 7.06 keV).
Thus two Gaussian components were added, in order to reproduce these emission lines,
fixing the normalization of the Fe Kβ line to be 13.5% of the Fe Kα consistent with
the theoretical value (Palmeri et al. 2003). The addition of the Fe Kα and Fe Kβ lines
improved significantly the fit, yielding as energy centroid for the Fe Kα line E=6.39+0.01

−0.01
keV and for the Fe Kβ line E=7.10+0.06

−0.06 keV and a∆χ2 = 338.4 for 3 d.o.f, with respect to
the first model applied to all the data (5–7.5 keV). This was still not a good fit (χ2/d.o.f.=
611.6/341). The equivalent width of the Fe Kα with respect to the observed continuum
is EW = 81.5+9.0

−8.8 eV and the line width isσ = 67.9+19.1
−21.0 eV. Considering that along the

line of sight I measured anNH of ∼ 1.2× 1023cm−2, I expect it to produce in transmission
an equivalent width ofEW ∼ 30 eV for Solar abundances (Murphy & Yaqoob 2011).
Therefore I can suppose that the measured Fe Kα equivalent width (EW ∼ 81 eV) is
mainly due to reflection by Compton thick matter located out of the line of sight.
Given the presence of a flat continuum (Γ ∼ 1.57) and of the Fe Kα emission with an
equivalent width ofEW ∼ 81 eV, a Compton reflection component was included in the
fit. Fitting the data including this component (modelled by adding the model
(Magdziarz & Zdziarski 1995) yields χ2/d.o.f.=594.0/340 (thus∆χ2 = 17.6 compared
to the model with the Fe Kα and Fe Kβ emission lines). The parameters characterizing
the reflected component are: an inclination anglei fixed to 60◦3, abundance Z=Z⊙, a
reflection fraction found to beR ∼ 0.41 and a normalisation fixed to the normalisation of
the absorbed power law. The fact that the reflection is quite weak is in agreement with the
modest equivalent width (EW ∼ 81 eV) found for the Fe Kα emission line (Ghisellini,
Haardt, & Matt 1994; Matt, Brandt, & Fabian 1996).

The model still did not provide a good fit, in particular between 2 and 2.4 keV, as
can be observed in Figure4.5. Thus an emission line at about 2.2 keV and an absorption
line at about 2.4 keV were added, even if it cannot be excludedthat these features could
be instrumental features, such as the Au M edge (∼ 2.2 keV). This provided a better
representation of the soft X-ray spectrum, yielding aχ2 of 534.1 for 336 d.o.f. (∆χ2

of 59.9 for 4 d.o.f.). The energy centroids found for the lines areE = 2.22+0.02
−0.02 keV

and E = 2.42−0.03
+0.03 keV. The model achieved until this point gives the followingbest-fit

parameters:Γ = 1.75+0.06
−0.05, R = 0.41+0.17

−0.16, NH= 1.29+0.28
−0.31 × 1023cm−2. Since there are still

some residuals in the soft X-ray band also a thermal component was added, through the
 model (Mewe et al. 1986) in .

As a second step a neutral reflection component was replaced with the
model (Nandra et al. 2007), which self-consistently includes the Fe Kα, Fe Kβ, Ni Kα and
the Fe Kα Compton shoulder. The parameters characterizing are: an inclination
anglei fixed to 60◦, a cut off energy ofE =200 keV (Dadina 2008), a scaling reflection

3as discussed for NGC 454, we assume the inclination angle of atypical Seyfert 2, as confirmed by the
work of Antón et al.(2002), requiring that the inclination angle is higher than 45◦.
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Figure 4.5: Data/model ratio in the soft X-ray energy region to theSuzakudata (XIS-
FI: black filled squares; XIS1: red open triangles) and the model including the reflection
component (modelled with). The band 1.6–1.9 keV was ignored, due to the presence
of instrumental calibration uncertainties. These residuals highlight the possible presence
of an emission line at∼ 2.2 keV and of an absorption line at∼2.4 keV.
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factor R left free to vary, abundanceZ = Z⊙, and a reflection normalisation fixed to the
normalisation of the absorbed power law. The fit including and  gives a
χ2/d.o.f.=514.3/337, andR= 0.43+0.04

−0.04. The fit is still poor due to the presence of residuals
in the energy range 5–8 keV (see Fig.4.6). The model at this stage is :

F(E) = wabs×[mekal+(zphabs×pow1)+pexmon+pow2+2.2keV emis.line+2.4keV abs.line)].
(4.1)

and a summary of the values of its main free parameters is reported in Table??.
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Figure 4.6: Data/model ratio in the 4–8 keV energy region between theSuzakudata (XIS-
FI: black filled squares; XIS1: red open triangles) and the model including the reflection
component (modelled with).

4.2.1.1 Fe K complex

In this Section I discuss the possible presence of emission lines belonging to the Fe K
complex and their properties. The search for signatures of ionised emission lines was
performed by adding a Gaussian component centered atE = 6.7 keV (rest frame) and then
at E = 6.96 keV (rest frame). The fit did not improve significantly and the upper limit on
the equivalent width of each of these lines is less than 10 eV.
However, if we observe Figure4.6, reporting the residuals of the last model, including the
 component, the presence of a residual weak curvature between 5 and 6 keV and
weak absorption lines near 7 keV is noticeable.
First a test was performed for detecting the presence of broadening of the Fe Kα emission
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line , due to relativistic effects manifesting when the line is produced in the inner regions
of the accretion disk.

Starting from the model including, a Gaussian component initially centered at
aboutE = 6.4 keV was added, allowing its centroid energy to vary withoutany constraint.
The addition of this component could account for the curvature only through a very broad
and implausible (from a physical point of view) emission line centered atE ∼ 5.6 keV
and withσ ∼ 1 keV. Finally, in order to describe more precisely the line emission from
a relativistic accretion disk a new component was added, the model in (Laor
1991), representing the emission line profile from around a maximally rotating black
hole. The outer radiusRout was fixed at 100 Rg, the inclination was constrained to be
> 45◦ (appropriate for a type 2 AGN) and we allowed as free parameters the emissivity
index, the innermost radiusRin and the normalization. The fit still fails to reproduce
the curvature, unless the inclination is allowed to vary, reaching a best-fit value of 25◦

(χ2/d.o.f.=398.7/333), but this model produces more than one inconsistency. In fact it
represents a face-on orientation (which is in disagreementwith the classification of this
source as a Sy2 under classical Sy1/Sy2 unification schemes) and the Fe Kα line has an
equivalent width ofEW ∼ 168 eV which, without considering the narrow Fe Kα emission
line, would imply a reflection fraction ofR ∼ 1, in contrast with what we find (R ∼ 0.4).
Given that the observed curvature appears unlikely to originate from a disk line, in Section
4.2.1.2) I will discuss if it could be due to a more complex absorber.

4.2.1.2 Ionized absorber

Since, as discussed in section4.2.1.1and shown in Figure4.6, the presence of a weak
residual curvature and of weak absorption features is clear, I evaluated if a more complex
absorber (i.e. partial covering or ionised) was required bythe present data.
Firstly, a partial covering absorber was included in the model, in addition to the fully
covering one, using the model (see AppendixB). This results in a significant
improvement of the fit, yielding∆χ2 = 111.9 for 2 d.o.f.. The column density of this
absorber isNH=1.20+5.11

−2.65 × 1023cm−2and the covering fraction isfcov = 0.50+0.19
−0.14. Despite

this being a better fit, the curvature in the 5–6 keV region is however still present. Then
the best-fit values obtained bySingh et al. 2011(who adopted the same model) were used,
fixing the covering fraction tofcov=0.84 and findingNH,part.cov. = 9.16+0.61

−0.67×1022 cm−2and
NH,ful.cov. = 6.79+0.33

−0.28 × 1022 cm−2. However the fit get worse by∆χ2 = −11.2 for 1 d.o.f.

It is thus possible to consider if this feature of the spectrum can be better described
using an ionised absorber. This was done through a multiplicative grid of absorption model
generated with the v 2.1 code (Kallman et al. 2004), as already done for NGC454.
The turbulence velocity was assumed to be 5000 km s−1 and the outflow velocity was fixed
to zero for simplicity.
A significant improvement was obtained, providing aχ2/d.o.f.= 385.6/335 (∆χ2 = 128.7
for 2 d.o.f with respect to the model described at the end of section 4.2.1); the pa-
rameters obtained with this fit areNH(neutral absorber)= 5.85+0.61

−0.66 × 1022 cm−2,
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NH(ionized absorber)= 1.49+0.10
−0.09 × 1023cm−2 and a photoionization parameter of

logξ = 1.83+0.15
−0.14erg cm s−1. The addition of this mildly ionised absorber succeeds in

reproducing the curvature in the 5–6 keV energy range (Fig.4.7).
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Figure 4.7: Data/model ratio in the 4–8 keV energy region between theSuzakudata (XIS-
FI: black filled squares; XIS1: red open triangles) and the model including an ionised
absorber. In the range 5–6 keV it is noticeable an improvement with respect to the fit
shown in Fig. 4.6, where the ionised absorber was not included, however thereare still
some residuals in the region 6–7.5 keV, in particular at E∼ 7.4 keV.

Despite being a better description of the data, this model still leaves some residual fea-
tures in the region 6–7.5 keV, in particular an absorption feature at∼ 7.4 keV.
As a first step an absorption line was added, modelled by an inverted Gaussian, with its
centroid and width left free to vary. This yielded∆χ2 = 7.8 for 3 d.o.f., corresponding
to a significance of 95.5%, with energy of the lineE=7.40+0.07

−0.06 keV andσ ∼ 0.046 keV,
which implies a FWHM of∼4400 km/s. The most likely candidate for this weak feature
is blue-shifted (v ∼ 0.05c) absorption due to the 1s→2p transition of H-like Fe (E=6.97
keV), while if it is assumed a lower ionization state of Fe (i.e. Fe xxv) the corresponding
blue-shift would be higher (v ∼ 0.1c).
The last consideration lead to investigate if the weak absorption feature could be well de-
scribed by substituting the inverted Gaussian component with a second more ionized ab-
sorber, with turbulence velocity 5000 km/s. The assumption of this turbulence velocity, for
the two ionised absorbers, is in agreement with the measuredFWHM of the Fe xxv ab-
sorption line. At this step, for simplicity, the outflow velocity of the more ionised absorber
was tied to the velocity of the mildly ionised one, leaving itfree to vary. The resulting fit
with this additional component providedχ2/d.o.f.= 369.3/332 (∆χ2 = 16.4 for 3 d.o.f),
and gives an acceptable model for the absorption feature at∼ 7.4 keV. Then the outflow
velocity of the highly ionised absorber was left free to vary, in order to test for an improve-
ment of the fit, but it did not statistically improve (χ2/d.o.f. = 364.6/331). The same is
true when fixing the outflow velocity of the more ionised absorber to zero. Thus hereafter
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I will make the simple assumption that the two absorbers havethe same outflow velocity.
The final “best-fit model” is thus:

F(E) = wabs× [mekal+ (zphabs× ion abs1× ion abs2× pow1)+ pexmon+ pow2+
2.2keV emis.line+ 2.4keV abs.line)].

This model describes a general scenario in which:

• a thermal emission component (modelled with) is observable in the spectrum
below 1 keV

• the primary radiation (“pow1”) is absorbed by a neutral absorber () and two
ionised absorbers (“ion abs1” and “ion abs2”)

• the same radiation is reflected along the line of sight by neutral cold matter ()

• the primary radiation is scattered along line of sight from other directions (“pow2”).

The main parameters of the best-fit model are:NHion1 = 1.50+0.09
−0.09 × 1023cm−2,

NHneutral = 4.14+0.41
−0.40 × 1022 cm −2, NHion2 = 1.41+0.80

−0.79 × 1023cm−2, logξ1 = 1.63+0.08
−0.07erg

cm s−1, logξ2 = 3.88+0.09
−0.28erg cm s−1 and vion1,2 = 0.057+0.006

−0.005c. I remark that, being
the NH of the two ionised absorbers very similar, it could be due to astratification of
the same absorber with different ionisation states. This model gives a flux in the 2–10
keV energy range of F2−10keV ∼ 3.60× 10−11erg cm−2 s−1 and an intrinsic luminosity of
L2−10keV ∼ 3.26× 1043erg s−1.
The value of measured outflow velocity (0.057c) is in agreement with assuming an
absorption feature due to blueshifted Fe absorption line.

Physically this model describes radiation that interceptsa neutral absorber and two
photoionised absorbers that have an outflow velocity of∼ 0.06c, attenuating the primary
AGN emission and producing blueshifted absorption lines (Fig. 4.8).
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Table 4.1: Summary of the X-ray emission lines detected in the 2–8 keV spectrum of
Suzaku. The energies of the lines are quoted in the rest frame. Fluxes and identifications
are reported in column 2 and 3. TheEW are reported in column 4 and they are calculated
against the total observed continuum at their respective energies. In column 5 the improve-
ment of fit is shown with respect to the continuum model, the value for the model with no
lines isχ2/d.o.f.=950.0/344.

Energy Flux ID EW ∆χ2

(keV) (10−6ph cm−2 s−1) (eV)
(1) (2) (3) (4) (5)

2.22+0.02
−0.02 8.2+1.9

−1.9 SKα 30+8.2
−8.2 54

2.42+0.03
−0.03 -4.6+2.4

−2.5 Sxv 13.6+6.6
−6.8 22

6.39+0.01
−0.01 44.8+5.0

−4.9 Fe Kα 81.5+9.0
−8.8 335

7.06 13.5% Fe Kα Fe Kβ 10 eVa 5

6.7 <4.8 Fe <12 0

6.97 <5.8 Fe <10 0

a the normalisation is fixed to 13.5% of the Fe Kα (Palmeri et al. 2003).
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Figure 4.8: Suzaku0.5–70 keV data and best-fit model (XIS-FI black; XIS1 red; HXD
blue) of Mrk 348; data have been rebinned for plotting purposes. The upper panel shows
the data and best-fit model described at the end of section4.2.1.2(see table4.3 for the
best-fit parameters). The lower panel shows the data/model ratio to this model.
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4.3 XMM- Newton data analysis

According to the works byAkylas et al.(2002); Smith et al.(2001); Singh et al.(2011)
Mrk 348 is candidate for a variable absorber. TheNH measured withSuzakuis a factor of
1.8 lower than theNH reported bySingh et al.(2011) from XMM-Newton, in agreement
with the presence of a variable absorber. Thus I re-analysedthe XMM-Newtonspectra with
some of the models used to describe theSuzakuspectrum.

At first the simplest model was considered, where the reflection component is
represented by plus a Gaussian component for the Fe Kα emission line. When
fitting simultaneously theSuzakuand XMM-Newton data the energy centroid of the
Fe Kα was found to be consistent between the two observations, while its normalization
changed (fromIS uzaku

Fe Kα = 4.47+0.66
−0.65 × 10−5photons cm−2s−1 andEWS uzaku

Fe Kα = 82+10
−10 eV to

I XMM
Fe Kα = 2.37+0.63

−0.61 × 10−5photons cm−2s−1 andEWXMM
Fe Kα = 47+13

−12 eV).

In Figure4.9 I plot theSuzakuXIS (black, upper spectrum), HXD (blue) and XMM-
Newtonpn (red, lower spectrum) data (using the best-fit model, see below), confirming
a change in the spectral curvature between 1 and 6 keV. What are the spectral compo-
nents that could be responsible for this variation? First ofall the model including the
partial covering absorber was tested. Fixing the covering fraction of bothSuzakuand
XMM- Newtonto fcov = 0.84 theNH changes fromNH

XMM
part.cov. = 1.55+0.12

−0.13 × 1023cm−2 to

NH
Suzaku
part.cov. = 8.72+0.69

−0.75 × 1022cm−2 for the partial covering absorber, and fromNH
XMM
f ul.cov. =

1.16+0.05
−0.05 × 1023cm−2 to NH

Suzaku
f ul.cov. = 6.93+0.36

−0.31 × 1022cm−2 for the full covered component.
Then theSuzakubest-fit model was adopted, where the presence of a reflector plus

a Fe Kα and Fe Kβ emission lines was consistently modelled by the component.
Given the observed variation of the Fe Kα emission line intensity it is expected that, when
applying the best-fit model simultaneously toSuzakuand XMM-Newtondata, different
reflection scaling factors of are needed.

Now I will consider as starting point the best-fit model foundfor Suzaku(thus the
model including the ionised absorbers). The analysis was done in the following steps:

1. If I allow as free parameters between the two observationsonly the NH of the
neutral absorber together with the reflection R factor of as well as the
soft emission and absorption lines the result isχ2/d.o.f. = 589.8/409. The
neutral absorber column density varies fromNH

Suzaku
neutral = 4.27+0.50

−0.47 × 1022cm−2 to
NH

XMM
neutral= 1.23+0.06

−0.06 × 1023cm−2.

2. Since there are some residuals in the 6–8 keV region, also the column densities of the
ionized absorbers were allowed to vary as free parameters. This yieldsχ2/d.o.f. =
568.7/407 (∆χ2=21.1 for 2 d.o.f.); the parameters changing more significantly are
the NH of the neutral absorber and theNH of the mildly ionised absorber, implying
that the source, when observed with XMM-Newton, is generally more absorbed than
when observed withSuzaku.

3. Finally also the ionization parameters were allowed to vary betweenSuzakuand
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XMM- Newton, obtainingχ2/d.o.f. = 551.6/407. The ionisation parameter of the
mildly ionised absorber change from logξSuzaku

1 = 1.67+0.11
−0.10erg cm s−1 to logξXMM

1 =

2.04+0.19
−0.18erg cm s−1. This will be considered as the best–fit model and all the relative

best-fit parameters are listed in table4.3.

I note that if the outflow velocity of XMM-Newtonionised absorbers is untied with respect
to Suzakuthen∆χ2 = 17 with respect to the best fit model; the outflow velocity of the
first ionised absorber is statistically unchanged, while for the second ionised absorber it is
slightly lower (z= −0.020+0.006

−0.006 , corresponding to a velocity of 0.034c).
When attempting to fix theNHneutral of XMM- Newtonto theSuzakubest fit value, the fit
gets worse by a factor∆χ2=20.
I conclude that the difference in the observed X-ray spectra betweenSuzakuand XMM-
Newtoncan be accounted for through a variation in absorbing columndensity of both the
neutral absorber and one of the ionised absorbers, togetherwith a change in the ionisation
parameter of the same ionised absorber.
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Figure 4.9: Comparison between the X-ray emission measured withSuzakuin 2008 (black
data points) and XMM-Newton (red data points) in 2002. The continuum model is the
best fit model composed of a primary power-law component transmitted trough a neutral
absorber, a scattered power-law component, a Compton reflected component (modelled
with ), and two ionized absorbers.
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4.3.1 Reflection scenarios

As discussed in Section4.3, when fittingSuzakuand XMM-Newtondata I assumed that
different reflection scaling factors of are needed, due to the observed variation in the
Fe Kα emission line intensity. The validity of this hypothesis can be tested by comparing
the two following scenarios (summarised in Table4.2):

1. a variable continuum and a constant reflection component,i.e. a scenario in which
the reflecting matter is quite far and does not respond immediately to the continuum
variability. In terms of fitting parameters this is represented by

• a free normalization of the primary power law between XMM-Newtonand
Suzaku;

• the reflection parameters of XMM-Newton(reflection fractionR and normal-
ization) tied to those ofSuzaku.

The resulting fit yieldedχ2 = 567.7 for 407 d.o.f., and the assumption of constant
reflection leaves residuals in the Fe Kα region.

2. a scenario where both the primary continuum and the reflection component were
allowed to vary betweenSuzakuand XMM-Newtonobservations, i.e. a situation
where, by the time the second observation is performed, a variability in the con-
tinuum reverberates in the reflecting material, meaning that the reflector would be
located closer in. Thus the fit was characterised by

• a free normalization of the primary power law between XMM-Newtonand
Suzaku;

• a free reflection fractionRXMM with respect toRSuzaku;

• The normalization of tied to the normalization of the primary power
law, for XMM-NewtonandSuzakuindependently.

This representation lead to a better fit (χ2 = 551.1 for 406 d.o.f.), where the con-
tinuum is unchanged (variations within the errors) while the reflection fraction does
change, as expected.

Thus, it is possible to conclude thatSuzakuand XMM-Newtonobservations do not
show continuum variability, but the Fe Kα emission line does show signs of variation be-
tween the two spectra. For this reason I can consider that a good description of theSuzaku
and XMM-Newtondata is obtained by fixing the continuum and the normaliza-
tions, while allowing the reflection fractionR free to vary between the two observations.
This confirms the validity of the assumption made in the best-fit obtained at the end of
Section4.3.
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Table 4.2: Model parameters of the two possible scenarios (described in Sec.4.3 to ex-
plain the variation of the Fe Kα emission line intensity betweenSuzakuand XMM-Newton
observations.

Scenario Model Component Parameter Suzaku XMM- Newton

Constant Reflection Power Law Normalisationa 1.61−0.08
+0.08 × 10−2 1.70−0.08

+0.08 × 10−2

Reflection Normalisationa 1.61f ixed × 10−2 1.61f ixed × 10−2

R 0.22−0.03
−0.03 0.22f ixed

χ2/d.o.f=567.7/407

Variable Reflection Power Law Normalisationa 1.60−0.08
+0.08 × 10−2 1.66−0.19

+0.31 × 10−2

Reflection Normalisationa 1.60f ixed × 10−2 1.66f ixed × 10−2

R 0.28−0.05
−0.04 0.12+0.05

−0.05

χ2/d.o.f=551.1/406

a units of photons keV−1 cm−2 s−1.

4.3.2 NH past observations

The measured values ofNH found here are within the range of the column densities mea-
sured in past observations (Ginga, AscaandRXTE), as shown and summarised in Fig.4.10,
where I reported the measured values ofNH of previous observations together with XMM-
NewtonandSuzakuobservations. In particular the results of the previous observations are:

• Ginga(1987): the measured column density wasNH∼ 1023 cm−2.

• ASCA(August 1996): as published by Awaki et al. (2000) the columndensity was
NH ∼ 1.6× 1023 cm−2. I remark that during this observation the observed 2–10 keV
flux was∼ 5× 10−12erg cm−2 s−1, that is respectively a factor 5 and a factor 7 lower
than what we observed with XMM-NewtonandSuzaku. If I hypothesize a scenario
where there is a delay in Fe Kα response with respect to continum variations, this
intrinsic variability in the continuum could be responsible for the different Fe Kα
intensities discussed at the beginning of Section4.3. In fact, the lower intensity
Fe Kα line observed with XMM-Newtoncould be responding with a time delay to
a different past continum (in this case a weaker continum) in a scenario where the
reflector producing this emission line is far from the central variable X-ray source.

• RXTE(from mid 1996 to mid 1997, and in 2011):NH took values in the range 0.9
– 3.2×1023cm−2during 14 months between mid 1996 and mid 1997 (Akylas et al.
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2002; Smith et al. 2001) and in the range 14 – 17×1022 cm−2during the observation
in 2011 (Markowitz, Krumpe, & Nikutta 2013).

Figure 4.10: Comparison of the measured values of NH in ASCA observation (Awaki et
al. 2000, green empty circles), inRXTE observation (red squares) during the time lag from
1997 to 2011 (Akylas et al. 2002and A. Markowitz in prep. for the 2011 data) and the
NH measured fromSuzakuand XMM-Newtonobservations (blue stars, this work). The
NHvalues of this work and ofRXTE observations are based on the abundances relative to
Solar reported inWilms et al. (2000).
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Table 4.3: Summary of theSuzakuand XMM-Newtonparameters for the best-fit models described in section4.2.1.2, and4.3.

Model Component Parameter Suzaku XMM- Newton
2008-June 2002-July

Power law Γ 1.72+0.02
−0.02 fixed toΓSuzaku

Normalisationa 1.60−0.08
+0.08 × 10−2 fixed to normSuzaku

Scattered Component Normalisationa 3.66+0.41
−0.42 × 10−5 fixed to normSuzaku

 Normalisationa 4.34+0.71
−0.70 × 10−5 fixed to normSuzaku

kBT 0.24+0.02
−0.02 keV fixed to kTSuzaku

Neutral Absorber NH 4.50+0.56
−0.51 × 1022 cm−2 9.99−1.39

+1.32 × 1022 cm−2

Reflection R 0.29+0.04
−0.04 0.12+0.05

−0.05
Ionised Absorber 1 NH 1.44+0.10

−0.10 × 1023cm−2 2.11+0.19
−0.18× 1023cm−2

logξ 1.67+0.11
−0.10erg cm s−1 2.04+0.03

−0.01erg cm s−1

z fixed to z of Ionised Absorber 2 fixed to z of Ionised Absorber 2
vturb 5000 km s−1 5000 km s−1

Ionised Absorber 2 NH 1.31+1.22
−0.88 × 1023cm−2 9.94+29.6

−0.57× 1022cm−2

logξ 3.87+0.11
−0.39erg cm s−1 3.73+0.52

−0.27erg cm s−1

z -0.044+0.007
−0.006 fixed tozSuzaku

vturb 5000 km s−1 5000 km s−1

F (0.5−2)keV ∼ 3.3× 10−13erg cm−2 s−1 ∼ 3.4× 10−13erg cm−2 s−1

F (0.5−2)mekalkeV ∼ 3.4× 10−14erg cm−2 s−1 ∼ 4.04× 10−14erg cm−2 s−1

F(2−10)keV ∼ 3.6× 10−11erg cm−2 s−1 ∼ 4.2× 10−11erg cm−2 s−1

F (14−150)keV ∼ 7.6× 10−12erg cm−2 s−1 ∼ 7.04× 10−12erg cm−2 s−1

L (0.5−2)keV ∼ 1.72× 1043erg s−1 ∼ 1.73× 1043erg s−1

L (0.5−2)mekalkeV ∼ 2.15× 1040erg s−1 ∼ 2.11× 1040erg s−1

L(2−10)keV ∼ 3.26× 1043erg s−1 ∼ 3.17× 1043erg s−1

L(14−150)keV ∼ 4.51× 1042erg s−1 ∼ 4.20× 1042erg s−1

a units of photons keV−1 cm−2 s−1.
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4.4 Discussion

As already done for NGC454 it is now interesting to make a firstorder estimate of the
maximum distance of this ionised absorber from the central black hole by means of the
equation

Rion =
Lion∆R
NHξR

(4.2)

relating the ionisation parameter, the density of the absorber and the continuum luminosity
Lion. In this case the estimate ofLion (in the energy range between 13.6 eV and 13.6 keV)
from the best fit model is of the order ofLion ∼ 7×1043 erg s−1. Assuming that the thickness
of the absorber,∆R=NH/n, is smaller than the distanceRion (∆R/Rion < 1), we can set an
upper limit to the distances of each ionised absorber, usingSuzakuobservations:

Rion <
Lion

NHξ
(4.3)

These upper limits are 0.026 pc and 2.72 pc for the highly and the mildly ionised absorber
respectively. Despite being upper limits, they suggest that the likely location of these ab-
sorbers does not corresponds to the same radius with respectto the central source. The
distance of the first ionised absorber is consistent in beinga wind launched from a region
located within the Broad Line Region.
The higher distance inferred for the mildly ionised absorber is due to the lower ionisation
parameter, with respect to the highly ionised absorber. Itslocation could correspond to the
region of the molecular torus, at a parsec-scale distance from the central source. However
as this is an upper limit, we should not exclude the possibility that we are observing across
this wind, thus we are not viewing directly the inner radius,which could be located at sub-
parsec scales.
Another method to put a constraint on the possible location of these absorbers is to estimate
a lower limit on the radial distance by determining the escape radius at which the material
will be able to leave the system. This can be determined once we have an estimate of the
outflow velocity. Assuming spherical geometry, this radiusis:

Resc≥
2GM

v2
out

≃
2c2Rg

v2
out

(4.4)

whereRg is the gravitational radius (Rg=GM/c2). Since the measured outflow velocity
is ∼0.055 c, I obtain thatResc ≥ 660Rg. From the literature we have estimates of the
mass of the central black hole, ranging fromMBH ∼ 1.6 × 107M⊙ (Woo & Urry 2002)

to MBH ∼ 7.5 × 107M⊙ (Nikolajuk, Papadakis, & Czerny 2004), so I can infer that

Rg ∼ 2.5 − 11.1 × 1012cm, thusResc ≥ 1.6 − 7.3 × 1015cm ∼ 0.0005− 0.002 pc. This
means that the wind may have been launched at least from a distance of the order of
10−4 − 10−3pc from the central black hole in order for it to escape, so an origin in the
accretion disk or the Broad Line Region is plausible. In particular, this estimate suggests
that the range of location of the first highly ionised absorber is between 5× 10−4 pc and
0.026 pc (Suzakuobservation). However, it is worth noting that another possibility could
be that the wind is part of some aborted outflow, i.e. a wind with outflow velocity lower
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than the escape velocity and thus unable to leave the system;in that case we would only
have an estimate of the maximum distance of the ionised absorber but not the minimum
distance from which it was launched.

This analysis highlights the complexity and possible stratifications of the absorbers
intercepting our line of sight. Indeed the observed spectrum could be explained with
physically different scenarios: a unique and multi-phase absorber, where higher density
(and lower ionisation) clouds are confined by lower density (higher ionisation) clouds,
implying that the location of the two absorbers are actuallythe same; or a configuration
where there are effectively two winds at different physical states and distances, intercepting
the line of sight. Neither of these two explanations can be ruled out at the moment, since
higher spectral resolution observations are needed.

I conclude that the comparison betweenSuzakuand XMM-Newtonobservations of
Mrk 348 does not show extreme variability, such as the transition from a Compton-thick
to a Compton-thin state characterizing “changing look” AGN. However I cannot exclude
that, given the long time elapsed between observations, I was not able to observe the source
during an obscured Compton-thick phase. In this work I do notobserve a variation of the
primary continuum, despite past RXTE observations which showed brightness variations
on time scales down to 1 day (Smith et al. 2001). The satelliteASCA also observed the
source (13 years earlier) in a state with flux 7 times lower than the flux observed with
Suzaku.
Mrk 348 can be placed among the large number of AGN where a non uniform distribution
of the circumnuclear absorbing matter determinesNHvariations in different epochs. This
is consistent with recent theoretical models (Nenkova et al. 2008a,b) and works (Elitzur
2008, 2012) supported by mid-IR observations, that indicate the possible clumpy nature
of the torus, suggesting that the unified model of AGN is a too simplified scheme. The
unified scheme is based on the assumption of a uniform torus, with the same opening
angle for all AGN, implying that the viewing angle is the unique factor determining the
classification into Type 1 and Type 2 AGN. This is clearly in conflict with both theNH

variability and infrared observations (Lutz et al. 2004; Horst et al. 2006) showing that there
is no significant difference in the mid-IR emission, normalized to the X-ray flux, of Type
1 and Type 2 AGN, contrary to the expectation of strong anisotropy of the unified model.
The results presented here for Mrk 348 agree with the model a “soft-edged” clumpy torus
(Elitzur 2012)

4.5 Conclusions

I presented the analysis of the X-ray spectrum of Mrk 348 obtained bySuzakuand com-
pared it to the spectrum observed by XMM-Newton.
The main results can be summarised in this way:

• The best-fit model representing the observed X-ray emissionis composed of a pri-
mary continuum intercepting three absorbers with different densities and ionisations
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(including one neutral absorber). I suggest that the location of the neutral absorber
and of the mildly ionised absorber are at a parsec scale distance, thus consistent with
the location of the putative torus. Instead, the highly ionised absorber appears to be
located within∼ 0.03 pc from the central source, likely in the Broad Line Region.

• The comparison with the XMM-Newtonobservation leads to the conclusions that:
1) the normalization and photon index of the primary and scattered power law do
not vary between the two observations, despite such variations were observed in past
observations (Smith et al. 2001, Awaki et al. 2000); 2) the observed spectral variation
requires a change inNH of the neutral (∆NH ∼ 5.5×1022cm−2) and one of the ionised
absorbers (∆NH ∼ 6.7× 1022cm−2).

• I find the presence of the Fe Kα emission line, with equivalent widthEW ∼81 eV
during theSuzakuobservation, in agreement with a fairly weak reflection contribu-
tion. During the XMM-Newtonobservation the equivalent width is lower (EW∼ 47
eV), and it could be responding to a past weaker continuum, aswas observed dur-
ing earlierASCAobservations (Awaki et al. 2000). I do not observe any broadening
of the Fe Kα line as expected for lines produced in the inner regions of the accre-
tion disk, in agreement with the results of Smith et al. (2001) and Netzer, Turner, &
George (1998).

• I detect a weak absorption line with an energy centroid atE ∼7.4 keV, consistent
with a possible blueshifted 1s→2p transition of Fe (at 6.95 keV). I infer that
the ionised absorber responsible for this feature has an observed outflow velocity
of vout ∼0.05 c. Higher resolution observations are needed in order to improve the
significance of this detection.

• The long time elapsed between the two observations does not allow us to infer the
time scale of the variability, so I can only determine upper limits on the distances
of the ionised absorbers. However, as the mass of the centralblack hole is known
from previous works, it is possible to estimate the minimum escape radius of the out-
flowing material. The ionisation parameters inferred for the two ionised absorbers
suggest that one of them must be located at sub-parsec scales, and thus in the re-
gion ranging from the accretion disk to the BLR, while the second absorber is likely
located at a parsec-scale distance.
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Conclusions and Future prospects

In this PhD thesis I studied two sources belonging to the Swift BAT-70 months catalogue,
displaying promising features for the understanding of thestructure and condition of the
matter in the inner regions of AGNs, in the context of the validity of the Unified Model.
The sources considered for this study are

• NGC 454E, a Seyfert galaxy belonging to the interacting system NGC454, at redshift
z=0.0122. The high variability in column density of the neutral absorber allowed me
to include it in the class of “changing look” AGN, where stillonly few sources have
been found up to now.

• Mrk 348 (NGC 262), a bright Compton-thin Seyfert 2 galaxy at z=0.015, with a
complex X-spectrum, showing the presence of multiple absorbers, some of which
featuring variability.

In this conclusive chapter I will go through the common characteristics found for the
two sources, together with the differences.

Variability of absorption column density of the neutral absorber For both sources
I found a variation in the absorbing column density, leadingto a different spectral shape
of the observed X-ray spectra relative to different epochs. For NGC 454E theNH of
the neutral absorber undergoes an extreme variation, from∼ 1 × 1024cm−2(Suzaku) to
∼ 1 × 1023cm−2(XMM- Newton) in 6 months, which is rarely observed. Mrk 348 has
a more moderate variation of theNH of the neutral absorber (∆NH ∼ 5.5 × 1022cm−2).
However, even if Mrk 348 does not show a variability as extreme as the one characterizing
NGC 454E, it is not possible to exclude that this source went through an unobserved
obscured Compton-thick phase, given the long time elapsed between observations.

Variability of the ionised absorbers In both sources the X-ray spectrum reveals that
the primary emitted radiation intercepts ionised absorbing media, besides the neutral one.
In the case of NGC 454E, during XMM-Newtonobservation I found a ionised absorber
with ionisation parameter logξ = 3.55 erg cm s−1 and column densityNH = 5.31× 1023

cm−2. This absorber was not observed duringSuzakuobservation, despite its detectability,
indicating that it may have varied or moved away from the lineof sight in the 6 months
between the two observations.
For Mrk 348 I found features revealing the presence of two ionised absorbers, one highly
ionised (logξ ∼ 3.8 erg cm s−1) and one mildly ionised (logξ ∼ 2 erg cm s−1), both having
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an outflow velocity of∼ 0.03c. When comparingSuzakuand XMM-Newtonspectra I found
that the mildly ionised absorber changes both in column density (∆NH ∼ 6.7× 1022cm−2)
and ionization state (from logξ = 1.67+0.11

−0.10erg cm s−1 to logξ = 2.04+0.03
−0.01erg cm s−1).

Variability of the reflected emission While in the observations of NGC 454E I did not
detect a change of the reflected emission betweenSuzakuand XMM-Newtonspectra, for
Mrk 348 such variability is present. In fact the EW of the FeKα emission line changes from
82+9
−8 eV duringSuzakuobservation to 47+13

−12 eV during XMM-Newtonobservations. This
suggests that the reflected emission observed bySuzakuwas responding to a past weaker
emission (as confirmed by a previousASCAobservations, Awaki et al. 2000).

Distances of the ionised absorbers Unfortunately, none of these sources was observed
in monitoring campaigns, thus the comparison between different observations, typically
performed at intervals of months to years (as those discussed here), provides only upper
limits to the intrinsic time scales ofNH variations and thus on the possible location of the
thicker obscuring material (obscuring “torus" vs. Broad Line Region clouds).
Concerning the ionised absorbers, I derived a first order estimate of their distance from
the central BH for the two sources. The ionised absorber found in NGC 454 is estimated
to have a location within 10−3 pc, consistent with being inside the BLR. For Mrk 348,
besides estimating an upper limit to the distance of the ionised absorbers (0.026 pc and
2.72 pc for the highly and the mildly ionised absorber respectively), I could also infer
a lower limit, thanks to the outflow velocity derived in the X-ray spectral analysis and
being the mass of the SMBH known from previous studies. Thus Iconcluded that range
of location of the highly ionised absorber is between 5× 10−4 pc and 0.026 pc (Suzaku
observation), consistently with an origin of the wind either in the accretion disk or the
BLR. The moderately ionised absorber is instead likely located at a parsec-scale distance,
consistent with a location on a scale typical of the putativeobscuring torus.
In Fig. 5.1 and 5.2 I report in graphical schemes the scenarios described for NGC454
and Mrk348 respectively, with the indication of the main components causing the X-ray
spectral variability.

As highlighted by the studies performed in the last years, and confirmed in this thesis,
X-ray spectra of AGN show higher complexity than what foreseen by the standard unified
model. Among the factors influencing the shape of the spectrum, there is the presence of
clumpy neutral or ionized absorbers and multiphase outflows, located at different distances
and having different physical states. The clumpiness of the absorbing media is a scenario
shared by most of the recent alternative models (as discussed in Section1.5), suggesting
that the clouds responsible for the variable absorption on short time scales may be located
closer-in than the putative torus and, in some cases, are consistent in being the same clouds
that produce the broad emission lines in the BLR, as I showed for NGC 454.
The observed spectrum of Mrk 348 can be explained by different scenarios, all contradict-
ing the uniformity of the molecular torus depicted in the “basic” Unified Model. Indeed
a possible configuration is an absorbing medium composed by unique and multi-phase
absorber, where higher density (and lower ionisation) clouds are confined by lower
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Figure 5.1: Possible absorption scenario for theSuzaku(upper panel) and XMM-Newton
(lower panel) observations of NGC 454.
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Figure 5.2: Possible absorption scenario for theSuzaku(upper panel) and XMM-Newton
(lower panel) observations of Mrk 348.
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density (higher ionisation) clouds, implying that the location of the two absorbers are
actually the same. An alternative scenario foresees the presence of two wind located at
different physical states and distances, intercepting the lineof sight. Neither of these two
explanations can be ruled out at the moment, since higher spectral resolution observations
are needed.

As remarked in this study, the long times elapsed during the observations is a strong
limitation in placing stronger constraints on the location, dimensions and origin of the
different absorbers, thus a more precise monitoring program would be needed. An
alternative approach in the study of X-ray variability in AGN is the systematic analysis
of the variations in X-ray column densities in samples of local AGN. Such studies are
currently being performed by different research groups. Among these, the first statistical
survey with the goal of modelling the circumnuclear material around SMBH was recently
performed by Markowitz, Krumpe, & Nikutta (2014). In this work, thanks toRXTE
observations, they disposed of a multi time-scale (from days to years) X-ray spectral
monitoring of a selected sample of 55 Seyfert galaxies (37 Seyfert 1s and 18 Compton-thin
Seyfert 2s). They found 12 eclipse events in 8 sources, and distances of the clouds in the
range 0.3− 140Rg, thus in the outer regions of the BLR or factors up to 10 the BLR. The
average diameter of the clouds was estimated to be∼ 6.5 × 1014cm. They concluded that
the probability of detecting an absorption event in a source, with a duration between 0.2
days and 16 years is 0.006+0.160

−0.003 for Sy1s and 0.110+0.461
−0.071 for Sy2s, thus it is higher for

Sy2s, for which in most cases there is also detection of X-rayabsorption due to a likely
homogeneous absorber. The observation of eclipse events both in Type 1 and Type 2 AGN
is in support of a smooth-edged cloud distribution, rather than a sharp-edged one.
Another very recent statistical work on X-ray occultation was published by Torricelli-
Ciamponi et al. (2014), where a representative sample of∼ 40 X-ray bright AGN with
XMM- NewtonandSuzakuobservations have been analysed. About 64% of these sources
are in common with the study of Markowitz, Krumpe, & Nikutta (2014). The result of this
study, besides suggesting a new faster method to identify occultation (based on the hardness
ratio curve), is that eclipse events due to the passage of BLRclouds are very common in
AGN (with rate of occurrence of∼ 54% in their sample). They also provide an estimate on
the lower limit of the size of the clouds ofRcloud ≥ RX, whereRX is the X-ray source radius.

A future mission that can provide X-ray monitoring similar to the one obtained thanks
to RXTEis Röntgen Survey with an Imaging Telescope(eROSITA, Predehl et al. 2011). In-
deed, an intensive monitoring on time scales higher than a few year and in a large range of
luminosities, is of great importance in order to test the current alternative models to the Uni-
fied Scheme. Further X-ray missions are ASTRO-H andAthena. The launch of ASTRO-H1

(2015), carrying on board an X-ray calorimeter spectrometer, will allow to perform high
resolution X-ray spectroscopy in the Fe-K band, with an extremely high signal-to-noise
ratio. This will give an improved view of the X-ray reflectionsignatures, in particular of
the fluorescent iron emission line, whose profile contains a wealth of information on the

1http://astro-h.isas.jaxa.jp/en/
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dynamics and the geometry of the emitting material. A further improvement will concern
the study of UFOs, since ASTRO-H will be able to detect absorption features at higher
ionisation states with respect to current satellites.Athena2 mission (launch in 2028) will
provide improved angular resolution, spectral resolution, detection sensitivity and a larger
throughput. Among the key issues that will be treated thanksto Athenaare the physics of
accretion onto black holes, the launch of winds and outflows from accretion disks around
black holes and the physical conditions characterizing thegrowth of SMBH at redshifts
z∼ 1 − 4. In particular, for nearby and bright sources, its high throughput and spectral
resolution will allow to determine the physical parametersof outfows, on a short dynam-
ical time scales, comparable to the time scales of variability of the central X-ray source,
therefore it will be able to resolve changes in the wind structure of bright AGN.
To conclude, the present and ”near future” X-ray missions will make the next years fruit-
ful for the study of the structure and evolution of AGN, arising new open questions but
especially allowing to put constraints on our knowledge on what happens inside these fas-
cinating and complex objects.

2http://www.the-athena-x-ray-observatory.eu/
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XMM- Newton and Suzaku

In this appendix I will review the X-ray missions whose observations were of biggest im-
portance in this thesis: XMM-NewtonandSuzaku.

A.1 The XMM- Newton Observatory

The X-ray Multi Mirror Mission Newton (XMM-Newton, Jansen et al. (2001)) is an or-
biting X-ray mission launched in December 1999, whose original lifetime was designed to
be 10 years, but thanks to the excellent performances of the instruments it is estimated to
be operational until the end of 2019. Its orbit has an apogee of ∼115,000 km and a perigee
of ∼ 6000 km. The satellite weights 3.8 tons and has a total lengthof 10 metres, which
becomes 16 metres when the solar arrays are deployed. The disposal of the telescopes
and the instruments onboard the XMM-Newtonspacecraft is shown in Fig.A.1. XMM-
Newtoncarries on board three Wolter-type 1 X-ray telescopes, eachof them containing 58
concentric mirror shells, with a combined effective area of 4650 cm2 at 1.5 keV and∼3000
cm2 at 6 keV (Fig. A.2). Each of the X-ray telescopes has at its focus a CCD camera
(EPIC-MOS1, EPIC-MOS2 and EPIC-pn). Besides, two of the three telescopes (those fo-
cussing on the MOS cameras) are equipped with a Reflection Grating Spectrometer (RGS),
allowing high resolution spectroscopy.

In more detail, on XMM-Newtonthere are:

• three European Photon Imaging Cameras (EPIC-MOS1, EPIC-MOS2 and EPIC-pn)
working in the band 0.15-15 keV, for imaging and spectroscopy;

• the Reflection Grating Spectrometer (RGS) for high resolution spectroscopy, sensi-
tive below 2 keV, placed along the converging beam of each of the two telescopes
having EPIC MOS cameras at their focus. It consists of an array of reflection grat-
ings that intercepts half of the light coming from the X-ray telescope and deflects
it to a CCD detector (Fig.A.5), while the undeflected X-rays are detected by the
EPIC-MOS cameras;

• a 30 cm diameter Ritchey Chretien optical/UV telescope (OM, Mason et al. 2001),
sensitive in the band 180-600 mm and with a field of view of 17 arcmin. It allows
multi-wavelength observations of the same target both in the X-rays and optical-UV
bands. In my thesis I did not make use of the data available from the OM, thus it will
not be discussed further.
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Figure A.1: Diagram of the XMM-Newtonspacecraft (adapted from the ESA website).

Figure A.2: Representation of the path followed by radiation incident on the XMM-Newton
X-ray telescope mirrors, with the pn camera in focus (image not to scale: adapted from the
XMM-Newton User’s Handbook).
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A.1.1 EPIC

Each of the three EPIC cameras have∼ 30 arcmin FOV, an angular resolution of∼ 6′′

FWHM and a spectral resolution ofE/∆E ∼ 20 − 50. All the EPIC detectors are
charge-coupled devices (CCDs), with the EPIC-MOS cameras adopting metal oxide
semi-conductors (MOS) CCDs, and the EPIC-pn using a new typeof CCD (pn). They
operate in photon counting mode, registering for each photon its position, arrival time and
energy.
The two EPIC-MOS detectors (Turner et al. 2001) are front illuminated CCD cameras,
each of them consisting of on array of seven silicon chips, made up of a matrix of 600×600,
40 micron square pixels. Each pixel covers 1.1× 1.1 arcsec on the FOV. Since the depth
of silicon is only 40µm, the EPIC-MOS are less responsive to high energy X-ray photons,
with respect to EPIC-pn.
The EPIC-pn detector is a back illuminated CCD camera, composed of a single chip, with
thickness of 300µm that allows a more efficient detection of high energy. The pn detector
has 400×400 pixel matrix of 6 cm× 6 cm. The pixel size is 150× 150 micron (4.1 arcsec).
The 36 cm2 sensitive area made it the largest X-ray CCD detector built at that time, and it
remained like this for many years.

The X-ray images produced by the EPIC cameras are stored in a temporary data col-
lecting area. Depending on the speed at which the data are acquired from this area, there is
a different number of images. Thus there are several modes of data reading.
For the MOS cameras they are:

• “Full Frame” mode: all pixels are read out and the whole FOV iscovered, thus
the number of images taken per second is rather limited. In this mode the observer
receives a full 600×600 pixels image every 2.6 s;

• “Partial Window”: in this mode only part of the CCD of the MOS is read out. The
possible modes are the Large Window Mode (a 300×300 pixels image every 0.9 s)
or the Small Window Mode (a 100×100 pixels image every 0.3 s);

• “Timing Mode”: a one dimensional 100×600 pixels image is produced at high speed
(1.75 ms). As the 2 MOS cameras are oriented at an angle of 90 from each other, the
resulting imaging directions are perpendicular to each other.

For the pn camera the readout modes are:

• “Full Frame”: a 376×384 pixels image every 73.5 ms;

• “Extended Full Frame’: a 376×384 pixels image every 199.1 ms;

• “Partial Window”: it includes the Large Window Mode and the Small Window
Mode. In the Large Window Mode half of the area of the 12 CCDs isread out
and a 198×384 pixels image is produced every 47.7 ms. In the Small Window Mode
only a part of CCD number 4 is used, and a 63×64 pixels image is produced every
5.7 ms;
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• “Timing Mode”: a one dimensional 64×200 pixels image is produced at a speed of
0.03 ms;

• “Burst Mode”: this mode allows very high time resolution (7µs).

The choice of the frame mode is also dependent on the source that is being observed.
Indeed a source could be too faint to be detected within a single frame, or on the contrary it
could be so bright to cause apile upeffect, when more than one X-ray photon arrive at the
same pixel, in a time less than the reading time of the CCD, preventing the measurement
of the right photon energy, since the single photon information cannot be disentangled.

Figure A.3: Operating modes of the MOS-CCD cameras: On the top left the Full frame
mode, on top right the Large window mode, on bottom left the Small window mode and on
bottom right the Timing mode.

A.1.1.1 The EPIC Point Spread Function

The Point Spread Function (PSF) measures the response of theimaging system to a point
source, i.e. the spatial distribution of the light receivedfrom the point source. The shape
of the PSFs of the three X-ray telescopes of XMM-Newtonis different among each other,
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as shown in Fig.A.4, in particular the FWHM of the PSFs varies from 12.5 arcsec (HEW
15.2 arcsec) for the pn to∼ 4 arcsec (HEW∼ 13 arcsec) for the MOS cameras at on-axis
position. The PSF can be affected by pile-up, because when many photons arrive within the
same readout frame in the core of the PSF, they create a multi-pixel photon patterns. This
means that we are not able to understand if several photons were detected in the time frame
or if only one photon was detected, with an equivalent higherenergy. The latter scenario is
which is what is registered by the system electronics, resulting in a artificially higher X-ray
spectrum. Generally pile-up occurs more frequently for theMOS camera with respect to
the pn, for a source with the same flux. It is possible to minimize or correct for the pile-up
through the Science Analysis System (SAS,1). However this is necessary only for the pn,
since for the MOS camera these patterns are already automatically rejected by the on board
event reconstruction softare. In presence of pile up, the PSF shows artificial “holes”.

Figure A.4: PSFs for the MOS1 (left panel), MOS2 (central panel) and the pn (right
panel) X-ray telescopes, for the same source. It is visible the different shapes of the PSFs,
in particular for the MOS2, which shows a triangular shape. Figure adapted from the ESA
website.

A.1.1.2 The EPIC background

The background in the EPIC cameras can be divided into 3 classes: cosmic X-ray back-
ground, particle background and instrumental background.The cosmic X-ray background
is produced by astrophysical sources, and it is constitutedby thermal emission at low en-
ergies (< 1 keV, produced by Galactic emission, in particular by the hot gas in the local
bubble) and by a power law at higher energies (produced by unresolved AGN).
The particle X-ray background be distinguished into 2 components. The first one is an
external “flaring” and variable component. It is produced bysoft proton flares (energies
below a few 100 keV) from the Sun, which are thought to be located in clouds in the Earth
magnetosphere, and that can be encountered by the satellitewith a frequency dependent on
its position and on the solar activity. The second componentis an internal and stable back-
ground, produced by high energy particles (E higher than some MeV) interacting with the
structure around the detectors or even with the CCDs themselves. The background spectra
resulting from these interactions is flat with the presence of spectral fluorescence features

1 http://xmm.esac.esa.int/external/xmm_data_analysis/
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from the detectors: Al-Kα and Si-Kα lines are observable in the MOS spectrum. For the
pn Al-Kα and a complex due to Cu-Kα, Ni-Kα and Z-Kα lines around 8 keV are visible.
Finally, the instrumental background, which can be important at energies below 0.2 keV,
is the electronic noise produced by the detectors themselves, like bright pixels or readout
noise.

A.1.2 RGS

The two MOS-focusing telescopes have a grating structure ontheir mirror, reflecting∼
40 per cent of the radiation to a secondary focus, with its ownCCD camera, while 44
percent of the radiation is directed to the EPIC MOS cameras at the primary focus of the
telescope. The Reflection Grating Spectrometer (RGS, den Herder et al. 2001), allows
high resolution spectroscopy. The two reflection grating arrays on XMM-Newton are each
composed of 182 grating plates, each of them with about 645 grooves per mm. The RGS
works in an energy range of∼ 0.35− 1.8 keV.

The back-illuminated CCDs of the RGS operate in single photon counting and they
can measure accurately position and energy of the incoming photon, achieving a spectral
resolution ofE/∆E ∼ 200− 800.

Figure A.5: Design of the RGS (Brinkman et al. 1998)



A.1. The XMM- Newton Observatory 123

A.1.2.1 XMM-Newton prominent features

To conclude this section, I will now discuss what are the maincharacteristics of XMM-
Newtonwith respect to other X-ray missions. For this reason, a small digression on the
ChandraX-ray mission is worth.

Chandra The Chandra X-ray Observatorywas launched on July 23, 1999 and its X-
ray telescope is composed by 4 Wolter type I mirrors, called the High Resolution Mirror
Assembly (HRMA), with an effective area of 800 cm2 at 0.25 keV, 400 cm2 at 5 keV and
100 cm2 at 8 keV (therefore a lower effective area with respect to XMM-Newton). The
on axis Point Spread Function ofChandrais ∼ 0.5′′. The X-rays focussed by the mirrors
converge to two focal plane science instruments:

• the Advanced CCD Imaging Spectrometer (ACIS), working in the energy range 0.2-
10 keV

• the High Resolution Camera (HRC), composed by two microchannel plates. It has a
FOV OF 30′ × 30′, it works in the energy range 0.08-10 keV.

Two other instruments on board ofChandraare the Low energy Transmission Grating
Spectrometer (LETGS, energy range of 0.08-2.00 keV) and theHigh Energy Transmission
Grating Spectrometer (HETG, energy range 0.4-10 keV). The strengths ofChandraare
the excellent angular resolution (on axis FWHM∼ 0.5 arcsec) and the low background,
which makes it sensitive to faint sources and implies a high signal-to-noise ratio.

In TableA.1 I report what are the main characteristics of XMM-Newtonwith respect
to other X-ray past and present missions, of which the most important ones are:

• the high Earth orbit, allowing longer uninterrupted observations of up to 40 hours
(while a lower orbit would have more frequent Earth occultations);

• the simultaneous activity of all the scientific instruments, in particular of the opti-
cal/UV observations, allowing an optical identification of the X-ray sources;

• the large effective area (4650 cm2 at 1 keV, as compared to Chandra’s 555cm2, only
NuStar has a higher one) which implies a large photon counting statistics;

• the large FOV of the EPIC-MOS camera is good for performing sky surveys, even if
the PSF not as good asChandra;

• the good energy resolution (4 eV at 1 keV), similar toChandra(1 eV at 1 keV);

• the relatively good angular resolution (the PSF has a FWHM of6′′, as compared to
the∼ 0.5′′ of Chandra);

• high and unstable background with respect toChandra(faint sources are more diffi-
cult to detect).
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Table A.1: Main characteristics of XMM-Newton(see The XMM-NewtonUsers’ Hand-
book for further details).

Instrument EPIC MOS EPIC pn RGS OM

Bandpass 0.15-12 keV 0.15-15 keV 0.35-2.5 keV 180-600 nm
Orbital target vis.(1) 5-135 ks 5-135 ks 5-145 ks 5-145 ks
Sensitivity(2) ∼10 -14(3) ∼10 -14(3) ∼8×10-5(4) 20.7 mag(5)

Field of view (FOV) 30’ 30’ ∼5’ 17’
PSF ( FWHM/HEW) 5”/14” 6”/15” N/A 1.4”-1.9”
Pixel size 40µm (1.1”) 150µm (4.1”) 81µm (9×10-3 Å) 0.47”
Timing resolution(6) 1.5 ms 0.03 ms 16 ms 0.5 s
Spectral resolution(7) ∼70 eV ∼80 eV 0.04/0.025 Å 350(8)

(1) Total time available for science per orbit.
(2) After 10 ks.
(3) In the energy range 0.15-15.0 keV, in units of erg s−1cm−2.
(4) OVII 0.57 keV line flux in photons s−1cm−2, for an integration time of 10 ks and a
background of 10−4 photons s−1cm−2keV−1.
(5) 5-σ detection of an A0 star in 1000 s.
(6) In fast data acquisition mode (i.e., fast mode for OM and timing mode for EPIC, high
time resolution mode for RGS).
(7) At 1 keV. At the energy of Fe Kα (6.4 keV), the energy resolution of both EPIC
cameras∼150 eV.
(8) Resolving power (λ/∆λ) with UV and optical grism.
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Table A.2: Comparison of the main XMM-Newtonproperties with the other X-ray missions

Satellite Mirror PSF Mirror PSF E range Ae at 1 keV Orbital target Energy resolution
FWHM [ ′′] HEW [ ′′] [keV] [cm2]a visibility [hr]

XMM-Newton 6 15 0.15 - 12 4650 36.7b 4 eV at 1 keV (RGS)
Chandra 0.2 0.5 0.1 - 10 555 (ACIS-S) 44.4b 1 eV at 1 keV (HETG)
ROSAT 3.5 7 0.1 - 2.4 400 1.3c 500 eV at 1 keV
ASCA 73 174 0.5 - 10 350 0.9c 100 eV at 1 keV
Suzaku n.av.e 120 0.2 - 600 1760 (XIS) 0.72c 130 eV at 6 keV
RXTE n.a.e n.a.e 2-250 n.a.e 1c n.a.e

Swift 8.8 18d 0.2-10 (XRT) 133.5 ∼0.8c 70 eV at 1 keV
NuSTAR 18 n.av.e 3-79 n.a.e ∼0.8c 0.4 keV at 6 keV, 0.9 keV at 60 keV

a Mirror effective area.
b Orbital visibility outside the particle-radiation dominated zone.
c Low orbit with Earth occultation.
d At 1.5 keV.
e n.av.: not available, n.a.: not applicable.
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A.2 Suzaku

The Japanese X-ray missionSuzaku(Mitsuda et al. 2007) was launched on July 10,2005
by a Japanese M-V 6 rocket from the Uchinoura Space Center (USC), and was put into a
low circular orbit at an altitude of∼ 570 km, with an orbital period of∼ 96 minutes. The
spacecraft is long 6.5 m and weights∼1700 kg.
Suzaku covers the energy range 0.2-600 keV, and it carries onboard the following instru-
ments: an X-ray micro-calorimeter (X-ray Spectrometer, orXRS, no longer operative),
four X-ray CCDs (the X-ray Imaging Spectrometers, or XISs, Koyama et al. 2007), and a
hard X-ray detector (HXD, Takahashi et al. 2007). All these instruments operate simulta-
neously.

Figure A.6: (a) Schematic image of the Suzaku satellite in orbit (b) Sideview of Suzaku
with the internal structures (Mitsuda et al. 2007).

A.2.1 XIS

Each of the XISs is located at the focus of an X-ray telescope (XRT, Serlemitsos et al.
2007). The XRTs are Wolter-1 X-ray reflection mirrors, with afocal length of 4.5 m each.
They are composed by closely nested conical reflectors, reflecting X-ray photons having
small grazing incident angles (. 0.7◦). Each XRT module is composed by 175 thin foil
layers. The angular resolution (expressed as Half-Power Diameter) of each X-ray mirror is
of ∼ 2′.

Each XIS CCD camera, at the focal plane of an XRT, has a single chip, with an imaging
area of 1024×1024 pixels and a field of view of∼ 18′ × 18′. Each chip is composed by
four segments (named A,B,C and D), each with its own readout node (see Fig.A.7).

Three of the XIS CCDs (XIS0, XIS2, XIS3) are front-illuminated (FI) and detect X-
rays that penetrate the gate structure with a thickness of∼0.7 µm, while the XIS1 is a
back-illuminated (BI) CCD, where the thickness of the surface dead layer is∼ 10 µm.



A.2. Suzaku 127

Figure A.7: Scheme of the XIS CCD (Koyama et al. 2007).
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The BI CCD reach a high quantum efficiency (which measures the capability of incident
photons to be absorbed in the depletion region of the detector) even at low energies (below
∼ 1 keV), since the gate structure is not present. However, since the depletion layer of the
FI CCDs is thicker (∼ 76 µm) than the one of the BI CCD (∼ 42 µm), they have a higher
quantum efficiency for high energy photons. In particular, the FI CCDs cover the energy
range 0.6-10 keV, with a resolution of FWHM≃ 120− 150 eV at 6 keV and the XIS1 and
has a better sensitivity at energies below 2 keV (down to 0.2 keV).
The XISs can work in a normal two-dimensional mode or the P-sum mode, that produces
a one dimensional image and provides a better time resolution. The normal mode includes
two further options: the window option, that uses a smaller selected area of the CCD, and
the burst option, that uses a smaller exposure time in the readout intervals.

Figure A.8: XIS2 field, showing the calibration sources that illuminatethe
upper corners, with their extraction regions identified. Figure adapted from
http://space.mit.edu/XIS/monitor/ccdperf/ .

Calibration Sources In order to perform on-orbit calibration, each XIS unit is is
equipped with two radioactive calibration sources (55Fe). 55Fe decays leaving55Mn via
electron capture (in 88.5% of the cases) from the K-shell. Asa consequence strong fluo-
rescence lines are emitted at 5.9 keV (Mn Kα) and 6.5 keV (Mn Kβ). As shown in Fig.
A.7 and Fig.A.8 these sources illuminate the two far corners of the segmentsA and D, on
the opposite side of the readout nodes, for each detector.

A.2.2 Hard X-ray Detector (HXD)

The HXD is a non-imaging collimated detector, with an effective area of∼ 260 cm2, sen-
sitive in the energy range 12-600 keV, thus allowing broad band studies of astrophysical
sources. It consisting of 16 well-counter units, each of them composed by two types of
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detectors: four (2×2) silicon PIN diodes located in front of Gadolinium Silicate crystal
(GSO) scintillators. The PIN diodes are sensitive in the energy range 12-70 keV and be-
come gradually transparent to higher energy photons; theirenergy resolution is∼ 4.0 keV.
The GSO phoswich counter is sensitive to the photons that pass through the PIN in the
energy range 50-600 keV and it has an energy resolution of 7.6/

√
EMeV%. The HXD field

of view is collimated to 4.5◦ × 4.5◦ for energies& 100 keV, and it is further collimated to a
field of view of 34′ × 34′ at energies. 100 keV.

Figure A.9: Picture and scheme of the HXD (Kokubun et al. 2007).

In tableA.3 I summarise the main characteristics of theSuzakusatellite and its instru-
ments.

A.2.3 Background

Suzakulow Earth orbit has the advantage of providing protection from most of the cosmic
ray particles that in XMM-NewtonandChandraobservations (both in higher orbits) induce
stronger background contamination. Since the event data include both particle background
events (the Non X-Ray Background, NXB) and X-ray backgroundevents, their contribu-
tion must be estimated and subtracted to the observed data. For the XIS event data, this
can be done by measuring the background in an extraction region far away from the tar-
get source, in the same XIS CCD. When this is not feasible, like for the case of extended
sources, then the NXB can be estimated from observations taken during the “night Earth”,
i.e. whenSuzakuobserves the night side of the Earth and the X-ray emission isobscured.
For the HXD event files it is not possible to obtain backgrounddata from the observations,
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Table A.3: Main features of theSuzakuspacecraft and instruments

Spacecraft Altitude ∼ 570 km
Orbital Inclination 31◦

Orbital Period 31◦

Weight 1706 kg
Length 6.5 m

XRT Focal Length 4.75 m
Effective area 440 cm2 at 1.5 keV, 250 cm2 at 8 keV
Angular Resolution 2’ (half power diameter)

XIS Energy Coverage 0.2-12 keV
Field of View 17’.8× 17’.8
Energy resolution ∼130 eV at 6 keV (FWHM)
Effective Area 330 cm2 (FI), 370 cm2 (BI) at 1.5 keV
Time resolution 8 s (normal mode), 7.8 s (P-sum mode)

HXD Energy Coverage 12-70 keV (PIN), 50-600 keV (GSO)
Field of View 34′ × 34′ (. 100 keV), 4◦.5× 4◦.5 (& 100 keV)
Energy Resolution PIN :∼ 3keV (FWHM)

GSO : 7.6/
√

EMeV% (FWHM)
Effective Area ∼160 cm2 at 20 keV,∼260 cm2 at 100 keV
Time resolution 61µm

being PIN a collimated instrument. Therefore, for the NXB, models of particle background
are provided by the HXD team. These background event files don’t include the cosmic X-
ray background, that needs to be estimated (performing simulations) and subtracted after
the NXB.

A source of background is also due to the passage ofSuzakuthrough the South
Atlantic Anomaly (a region of high particle flux, due to the locally weaker Earth magnetic
field), given the low-Earth orbit. Indeed during this passage, occurring in one third of
the revolutions, the instrumental performances are highlyimpacted, therefore the events
registered during this phase must be excluded.

To conclude, I will go through the main features ofSuzakuwith respect to other mis-
sions:

• it has a low and stable background, thanks to the low Earth orbit. This is good to
observe X-ray sources with low surface brightness;

• it allows a simultaneous wide-band X-ray spectral covering, thanks to the contem-
poraneous observations of the XISs and the HXD;

• its effective area is better thanChandra, but smaller than XMM-Newton;

• it has a large PSF, meaning that it is not as good asChandraand XMM-Newtonfor
studies where high spatial resolution is required (e.g. forsurveys).
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A.3 Swift Gamma-ray burst observatory

Even if I didn’t analyse the X-ray spectra fromSwift I will briefly describe the features of
this satellite. TheSwift Gamma-ray burst observatory(Gehrels et al. 2004) was launched
on 20th November 2004, and was dedicated to the observation and study of gamma-ray
bursts (GRBs). The satellite was put in a low Earth orbit at analtitude of∼ 600 km with a
low inclination of 22 degrees (to minimize the time spent in the South Atlantic Anomaly),
it has a diameter of∼ 2.7 m and a length of∼ 5.7 m. The main objectives of the mission
concern the determination of the origin and evolution of gamma ray bursts, and to use them
to study the early Universe. Besides that,Swiftwas designed to perform the first sensitive
survey of the the sky in the hard X-ray band.
Swift carries on board 3 co-aligned telescopes, the X-ray Telescope (XRT), the Ultravio-
let/Optical Telescope (UVOT) and the Burst Alert Telescope (BAT), thus any source can be
observed simultaneously in different wavebands. Up to February 2015Swift has detected
942 bursts.

Figure A.10: Scheme of theSwift observatory (Gehrels et al. 2004).

A.3.1 Burst Alert Telescope (BAT)

The Burst Alert Telescope (BAT) (Fig.A.11, Barthelmy et al. 2005), is a large coded-mask
telescope sensitive in the energy band 15-150 keV, with∼ 7 keV energy resolution, and a
sensitivity of∼ 10−8erg cm−2 s−1. BAT was designed to detect transient GRBs: it has a
large field of view of 60× 100 degrees, much larger than the other instruments on board,
allowing it to detect GRBs from a large fraction of sky, at anytime. In fact BAT is the first
of the Swift instruments to detect a GRB shortly after it occurs. The general strategy of
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observation is to target predefined sources with the narrow field of the XRT, until a GRB
is detected by BAT. BAT calculates on board the burst position, with an accuracy of 1-4
arcminutes, within∼20 sec after the event starts. The position is transmitted tothe XRT and
UVOT, that within 20-70 sec are re-pointed to target the GRB,and follow it until the X-ray
afterglow fade off below the detection limit. Besides observing bursts, BAT automatically
performs an all-sky hard X-ray survey.
BAT is composed by 52,000 pieces of lead (5×5×1mm) with a separation of 1 m between
mask and detector plane. The BAT can operate in two modes: burst mode, producing burst
positions, and survey mode, to perform hard X-ray survey (that collect count rate data in
five-minute time bins for 80 energy intervals). A table with the main features of BAT is
reported in Fig.A.12.

Figure A.11: Scheme of theBurst Alert Telescope(BAT) (Gehrels et al. 2004)
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Figure A.12: Table reporting the main features of the BAT instrument (Barthelmy et al.
2005).

A.3.2 X-Ray Telescope (XRT)

The XRT (Fig. A.13) is a X-ray CCD imaging spectrometer at the focal plane of a 3.5
m focal length grazing Wolter 1 telescope, with an effective area 110 cm2, field of view
23.6’×23.6’, a resolution of 18′′ (half power diameter). The CCD detector is sensitive in
the energy band 0.2-10 keV, to a flux of 2×10−14erg cm−2 s−1 in 104 seconds, and it has an
image area of 600×602 pixels. The energy resolution is∼ 190 eV at 10 keV and∼ 50 eV
at 0.1 keV. Two read-out modes are supported: the Imaging Mode, that measures the total
energy received in each pixel and does not allow spectroscopy, and the Photon Counting
Mode, that permits to obtain full spectral and spatial information. A table with the main
features of theXRT is reported in Fig.A.4.

A.3.3 Ultraviolet and Optical Telescope (UVOT)

UVOT is a 30 cm diameter modified Ritchey-Chrétien telescope, with a field of view
of ∼ 17′, sensitive to magnitude 22.3 in 1000 s. The light received bythe telescope is
then directed by a 45 degree mirror to two dectectors, constituted by micro-channel plate
intensified charged-coupled devices (MICs), lying behind 6bandpass filters that cover the
range of 170-650 nm, and two Optical/UV grisms. The MICs operate in a photon counting
mode. The good sensitivity achieved despite the modest dimensions, comparable to a 4
m ground-based telescope on Earth, is due to the absence of the Earth atmosphere and to
the low sky background permitted by the low Earth orbit occupied by the satellite. In Fig.
A.14 I report a table with the main parameters of theUVOT instrument (Roming et al.
2005).
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Figure A.13: Scheme of theSwift X-ray Telescope(XRT,Burrows et al. 2005).

Table A.4: Table with the main features of theSwift X-ray Telescope(XRT, Burrows et al.
2005).

Telescope: Wolter I (3.5 m focal length)
Detector: e2v CCD-22
Detector Format: 600× 600 pixels
Pixel Size: 40µm× 40µm
Readout Modes: Image (IM) mode

Photodiode (PD) mode
Windowed Timing (WT) mode
Photon-Counting (PC) mode

Pixel Scale: 2.36 arcseconds/pixel
Field of View: 23.6× 23.6 arcminutes
PSF: 18 arcseconds HPD @ 1.5 keV

22 arcseconds HPD @ 8.1 keV
Position Accuracy: 3 arcseconds
Time Resolution: 0.14 ms, 1.8 ms, or 2.5 s
Energy Range: 0.2 - 10 keV
Energy Resolution: 140 eV @ 5.9 keV (at launch)
Effective Area: ∼ 125 cm2 @ 1.5 keV

∼ 20 cm2 @ 8.1 keV
Sensitivity: 2× 10−14 erg cm−2 s−1in 104 seconds
Operation: Autonomous
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Figure A.14: Table reporting the main parameter ofUVOT (Roming et al. 2005).

The Swift mission received the contribution of Italy, thanks to the financing of the
Italian Space Agency (ASI) and the Istituto Nazionale di Astrofisica (INAF), for the mirrors
of the XRT and part of the X-ray data analysis software. Besides,Swiftuses antennas of the
Malindi (Kenya) ASI station to receive data and transmit commands, about twelve times
per day.
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Modelling AGN X-ray spectra

The XSPEC software (Arnaud 1996) is an X-ray spectral fittingprogram including a wide
range of models to fit X-ray spectra. Throughout this thesis Iused XSPEC in order to
infer the physical parameters of the best-fit models describing the observed X-ray spectra.
In this section I will discuss what are the most common modelsincluded in XSPEC and
adopted to describe the different components of a typical AGN X-ray spectrum.

• The simplest starting model to describe the AGN spectra is a power law, which rep-
resents the primary X-ray emission due to inverse Compton-scattering of the optical-
UV photons emitted by the accretion disk, without any obscuration. The correspond-
ing model will be referred as, and takes as input parameters the normal-
ization at 1 keV (in units of photons keV−1cm−2s−1) and the photon indexΓ.

• Photo-electric absorption of the intrinsic power law can bemodelled through differ-
ent multiplicative models, depending on the photoelectriccross sections and relative
abundances. I will go through the most used ones and indicatethe main differences.
All the models have the form:

M(E) = e−NHσ(E) (B.1)

whereσ(E) is the photoelectric cross section. A model that used to describe Galactic
absorption, ismodel, where the cross sections are those computed by Morrison
& McCammon 1983, and that do not include Thomson scattering.
Another model that I used to describe photo-electric absorption is , which is
similar to , but it leaves as free parameters the photo-electric cross section
and the relative abundance. In this work I used the cross sections computed by
Balucinska-Church & McCammon 1992 with a new He cross-section based on Yan,
Sadeghpour, & Dalgarno (1998). To describe absorption by a partial covering ab-
sorber, themodel can be used. It is defined as:

M(E) = f × e−NHσ(E) + (1− f ) (B.2)

where f , is the covering factor, defined in the range 0< f < 1, thus a fully covering
absorber corresponds tof = 1. Since Compton scattering is not included in these
models,,  and best describe a structure with low column density (
NH < 5× 1023cm−2) along the line of sight, where no scattering occurs. Therefore the
loss of high energy photons that occurs at higher column densities must be described
with some other model.
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• A model that describenon-relativistic optically-thin Compton scatteringis the
model, that accounts for the photons that are Compton-scattered away from the
line of sight, in an optically-thin medium. Geometrically it represents a sphere
of material that intercepts the primary radiation. Its expression is always of the
form described in Eq.B.1, butσ is the Thomson cross-section with Klein-Nishina
corrections at high energies. Combining the with the  model allow us
to describe the attenuation due both to Compton scattering and to photoelectric
absorption. However, since this model is a good descriptiononly for optically-thin
medium, it does not account for the "forward scattering", i.e. the downshifting
in energy of the photons coming from other directions and scattered into the line
of sight, but it accounts only for the attenuation of the primary radiation due to
photons scattered out of the line of sight. For high column densities the fraction of
primary X-ray continuum that can be suppressed by Compton down-scattering is
not negligible.
Thus, a more realistic model is (Yaqoob 1997), describing a cut-off power
law observed through dense, cold matter. It accounts both for the transmitted and the
scattered radiation into the line of sight, produced by fully covering matter spheri-
cally distributed around the X-ray source (thus a different geometry than the
model), correctly taking into account also Compton down-scattering. However this
model can be considered valid only up to column densities ofNH = 5 × 1024cm−2,
and in a range of energies between 10 and 18.5 keV in the rest frame, depending
on the column density (Yaqoob 1997). One point of attention when using the
and  models to describe scattering is that they can give different constraint
on luminosity, at the same NH. In fact, since only subtracts photons to the
continuum and does not consider the addition of photons scattered into the line
of sight from other directions, the intrinsic luminosity obtained from this model
can only be considered as an upper limit. Instead, the intrinsic luminosity inferred
from the  model can be considered as a lower limit, since in this case there
is also the contribution from the photons scattered into theline of sight from other
directions, almost compensating the photons scattered outof the line of sight.

• As we discussed in Section2.2.1, either the putative torus or the accretion disk, pro-
duce a reflection spectrum characterized by a hump in the range ∼ 10− 30 keV, as
well as fluorescent emission lines and “Compton shoulders” for the emission lines
produced by elements, such as Fe, which have high abundance.The X-ray contin-
uum reflected out of the line of sight by a semi-infinite slab ofcold material can
be modelled by the model (Magdziarz & Zdziarski 1995), representing an
exponentially cut off power law spectrum reflected from neutral material. The main
parameters of this model are the photon index, the high energy cut-off (in keV units),
the abundances relative to the solar ones, the cosine of inclination angle and the
reflection scaling factor R which is a measure of the solid angle subtended by the re-
flecting material as seen from the source emitting the primary continuum, R=Ω/2π,
so it is equal to 1 for for point source isotropically illuminating infinite optically thick
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slab. R is< 0 if there is only the reflection component and no direct emission. Since
 describes only the reflected continuum, in order to account also for the con-
tribution of the Fe Kα and Fe Kβ emission lines it is possible to use simple gaussian
profiles (modelled through the component). Alternatively, the model
(Nandra et al. 2007) can be used, which combines consistently with Fe Kα,
Fe Kβ, Ni Kα and the Fe Kα Compton shoulder. The parameters of the model are
the same as for.

When X-ray irradiation is intense and matter get ionised, the reflection spectrum
changes, as described in Section2.3.1. One of the models that can describe such
ionised reflected spectrum is (Ross & Fabian (2005)). This model as-
sumes that the primary radiation illuminates a constant density partially ionised
semi-infinite slab of optically thick gas (such as the surface of the accretion disk)
and gets reflected by this ionized slab. The illuminating radiation has a high-energy
exponential cut-off fixed at 300 keV and a low energy cut-off at 0.1 keV. The model
include lines and edges from Fe, O, Si, Mg, N and C, as well as other elements.
The input parameters of the model are the iron abundance, the ionization
parameter of the reflecting matter (in the range 30 to 104 erg cm/s, so this model
cannot be used for neutral absorbers), the photon index of the illuminating radiation
and the normalization.

• We saw that the photoelectric absorption by neutral matter can be modelled through
the, ,  models. However when the absorbing matter is ionised, the
presence of several narrow absorption lines and edges, depending on the material
ionisation state, is evident in the spectrum. XSPEC includes some built in models
to represent ionised absorbers (such as) but they are a first order approxima-
tion of a more complex scenario. For this reason the complexity of these absorbers
can be modelled through the use of numerical codes making assumptions on atomic
data, numerical algorithms and physical processes. In thisthesis I used pre-created
grids, obtained through the photoionization code (Kallman et al. 2004), that
calculates the physical state and the emission/absorption spectra produced by pho-
toionised gas. The physical scenario it describes is essentially a spherical shell of gas
surrounding a source of ionizing radiation, absorbing a fraction of it and re-emitting
the radiation at different wavelengths. The result of the code calculation is a multi-
plicative grid (in FITS format) that can be used in to fit the spectral data, with
three free parameters: the ionisation parameter, the column density and the redshift
of the absorber.
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ABSTRACT

Aims. We derive masses of the central supermassive black hole (SMBH) and accretion rates for 154 type 1 AGN belonging to a
well-defined X-ray-selected sample, the XMM-Newton serendipitous sample (XBS).
Methods. We used the most recent “single-epoch” relations, based on Hβ and MgIIλ2798 Å emission lines, to derive the SMBH
masses. We then used the bolometric luminosities, computed on the basis of an SED-fitting procedure, to calculate the accretion rates,
both absolute and normalized to the Eddington luminosity (Eddington ratio).
Results. The selected AGNs cover a range of masses from 107 to 1010 M� with a peak around 8 × 108 M� and a range of accretion
rates from 0.01 to ∼50 M�/year (assuming an efficiency of 0.1), with a peak at ∼1 M�/year. The values of Eddington ratio range from
0.001 to ∼0.5 and peak at 0.1.

Key words. galaxies: active – galaxies: nuclei – X-rays: galaxies – surveys

1. introduction

The nuclear activity of an active galactic nucleus (AGN) is pow-
ered by the accretion of matter into the gravitational well of the
central supermassive black hole (SMBH). It has now become
clear that the majority of galaxies host an SMBH and that they
must have experienced an activity phase during their lifetime
(see Merloni & Heinz 2012 for a review). Much observational
evidence, like the SMBH mass-bulge relations (e.g. Magorrian
et al. 1998; Gültekin et al. 2009), strongly suggest that this ac-
tivity phase must have played a critical role in galaxy evolution.
For these reasons, a better understanding of the accretion mech-
anism represents a fundamental step not only in improving our
knowledge of the AGN physics, but also for general comprehen-
sion of the galaxy formation and evolution.

X-rays offer a direct probe of the accretion mechanism since
they are produced in the very inner part of the nucleus through a
(still poorly understood) mechanism that probably involves the
electrons in a “hot” corona and the UV photons produced within
the accretion disk (e.g. Haardt & Maraschi 1991, 1993), thus car-
rying direct information on the physics very close to the SMBH.
The highly penetrating capability of X-rays often makes them
the only tool for gathering direct information on the nuclear ac-
tivity when the disk emission, peaked in the UV part of the spec-
trum, is absorbed and unobservable.

� Based on observations collected at the Telescopio Nazionale
Galileo (TNG) and at the European Southern Observatory (ESO),
La Silla, Chile and on observations obtained with XMM-Newton,
an ESA science mission with instruments and contributions directly
funded by ESA Member States and the USA (NASA).
�� Table 1 is available in electronic form at http://www.aanda.org

While X-ray observations of single sources can shed light
on the complexity of the emission at these energies, a statistical
approach based on large samples offers the unique opportunity
of studying the link between hot corona and the phenomenon
of accretion on the central SMBH (e.g. see Young et al. 2010;
Vasudevan & Fabian 2009; Grupe et al. 2010; Lusso et al. 2012,
and references therein). To this end, statistically complete and
well-defined samples of AGNs equipped with X-ray spectral
data and with a reliable estimate of the accretion parameters
(SMBH mass, the absolute accretion rate, the accretion rate nor-
malized to the Eddington limit) are required.

The recent availability of statistical relations (see
Vestergaard 2009 for a review) that allow the systematic
computation of the black-hole mass on large numbers of
AGN has made it possible to estimate black-hole masses for
very large samples of AGNs (usually optically selected): for
instance, the last release of the SDSS QSO catalogue contains
a mass estimate for more than 100 000 AGNs (Shen et al.
2011). In spite of these large numbers, the samples that contain
information on both black-hole masses and X-ray spectra are
significantly smaller. In particular, if we restrict attention to the
hard X-ray energies (above 2 keV), where the primary X-ray
emission is best observed and studied, the largest samples
available for this kind of study contain a few hundred objects
at most. The largest samples are often built using X-ray data
from the XMM-Newton archive combined with optical data that
come from SDSS (Risaliti et al. 2009; Vagnetti et al. 2010),
from the literature (Bianchi et al. 2009) or from dedicated
observations (Lusso et al. 2012; Grupe et al. 2010). A major
problem affecting many samples is that they are often just a
collection of sources available in both an X-ray and an optical
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catalogue so they do not necessarily represent a statistically
complete and representative sample of AGNs.

To limit the possible biases deriving from this kind of se-
lection, we present here a new data set containing black-hole
masses and accretion rates (both absolute and normalized to the
Eddington limit) for a well-defined flux-limited sample of X-ray
sources selected from XMM-Newton, the Bright Serendipitous
Survey (XBS1, Della Ceca et al. 2004; Caccianiga et al. 2008).
The XBS is now almost completely identified (>98%) after ten
years of dedicated spectroscopic observations, and it contains,
by definition, XMM-Newton data of medium/good quality (from
100 to 104 net counts) that has allowed systematic X-ray spectral
analysis for all the selected AGN (Corral et al. 2011). For most
of the type 1 AGN contained in this sample, the optical/UV spec-
tral energy distribution has been studied and a reliable estimate
(i.e. not based on a bolometric correction) of the bolometric lu-
minosity has already been published (Marchese et al. 2012). In
this paper we present the estimate of the black-hole masses, us-
ing the single-epoch method. In a companion paper we will use
these values, combined with the results of the X-ray analysis, to
study the statistical relationship between X-ray properties and
the accretion rate on the central SMBH (Fanali et al., in prep.).

The structure of the paper is the following. In Sect. 2 we
briefly describe the XBS sample while in Sects. 3 and 4 we
present the derivation of black-hole masses and accretion rates,
respectively. In Sect. 5 we discuss how the presence of the radi-
ation pressure can change the derived quantities, and in Sect. 6
we summarize results and conclusions.

We assume a flatΛCDM cosmology with H0 = 65,ΩΛ = 0.7
and ΩM = 0.3.

2. The XBS sample of type 1 AGN

The XBS (Della Ceca et al. 2004; Caccianiga et al. 2008) is a
wide-angle (28 sq. deg), high Galactic latitude (|b| > 20 deg) sur-
vey based on the XMM-Newton archival data. It is composed of
two samples that are both flux-limited (∼7× 10−14 erg s−1 cm−2)
in two separate energy bands: the 0.5−4.5 keV band (the BSS
sample) and the 4.5−7.5 keV band (the “hard” HBSS sample).
A total of 400 sources have been selected, 389 belonging to the
BSS sample and 67 to the HBSS sample (56 sources are in com-
mon). Selection criteria and the general properties of the 400 ob-
jects are discussed in Della Ceca et al. (2004).

To date, the spectroscopic identification has nearly been
completed, and 98% of the 400 sources have been spectroscopi-
caly observed and classified. The details of the classification pro-
cess are presented in Caccianiga et al. (2007, 2008). In this paper
we want to derive the mass of the central SMBH for the type 1
AGNs. In total, the XBS contains 276 type 1 AGN but we have
computed the MBH only for the sub-sample of sources that was
studied by Marchese et al. (2012) in order to have a reliable es-
timate of the bolometric luminosity. The sub-sample considered
by Marchese et al. contains the type 1 AGN that fall in the area
of sky surveyed by GALEX (Martin et al. 2005; Morrissey et al.
2007), therefore it can be considered as representative of the en-
tire XBS sample of type 1 AGN. We have then excluded a few

1 The XBS is one of the research programmes conducted by
the XMM-Newton Survey Science Center (SSC, see http://
xmmssc-www.star.le.ac.uk), a consortium of 10 international in-
stitutions, appointed by the European Space Agency (ESA) to help the
XMM-Newton Science Operations Centre (SOC) in developing the soft-
ware analysis system, to pipeline process all the XMM-Newton data, and
to exploit the XMM-Newton serendipitous detections. The Osservatorio
Astronomico di Brera is one of the Consortium Institutes.

Fig. 1. Redshift distribution for the 154 XBS AGN1 discussed in this
paper (continuous black line) compared to the distribution of the total
sample of 276 AGN1 (green short-dashed line). Dotted (red) and long-
dashed (blue) histograms indicate the objects whose black-hole mass
has been derived using the Hβ and MgIIλ2798 Å lines, respectively.

sources whose optical spectrum is either not available or without
broad emission lines required to compute the BH mass, leaving
us with a total of 154 AGNs. In Fig. 1, we compare the redshift
distribution of the 154 type 1 AGN studied here and of the to-
tal XBS sample of 276 type 1 AGN. The two distributions are
similar, as demonstrated by a KS test (KS probability of 98.6%).

3. Black-hole mass

To estimate the black-hole masses of the XBS type 1 AGN, we
used the “single epoch” (SE) spectral method, which is based
on measuring the broad line widths and the continuum emis-
sion in a single spectrum (e.g. see Peterson 2010 and Marziani
& Sulentic 2012, and references therein). The method assumes
both that the BLR traces the gravitational potential due to the
presence of the central SMBH and that the virial theorem can
be applied. The two input quantities, the velocity dispersion and
the size of the system (RBLR), can be inferred directly from the
optical/UV spectrum: the line width yields direct information on
the velocity dispersion, while the continuum luminosity can be
used to estimate the system size through the RBLR/L “scaling re-
lations” (e.g. Kaspi et al. 2000; Bentz et al. 2009). The unknown
geometry of the BLR is one fundamental source of uncertainty
for this method and, in general, for all methods based on the
BLR kinematics (including the reverberation mapping method,
Vestergaard 2009). The average value of the “virial factor” that
takes the particular geometry of the system into account can be
assumed “a priori” (e.g. McLure & Jarvis 2002) or it can be esti-
mated through a comparison with the MBH-σ empirical relation
observed in non-active galaxies (Onken et al. 2004; Woo et al.
2010; Graham et al. 2011). That the BLR geometry is probably
different from object to object creates an intrinsic dispersion on
the “virial factor”, which is one of the most important sources
of uncertainty associated to these methods. Besides this “zero
point” uncertainty, the SE method has an additional source of
uncertainty due to the scatter on the size-luminosity relation. All
considered, the total uncertainty on the SE method has been re-
cently estimated to be between 0.35 and 0.46 dex (Park et al.
2012).
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The emission lines used for the MBH measurement depend
on the redshift of the source. For the XBS sample, the type 1
AGNs cover a redshift range between 0.02 and 2, therefore, the
emission lines that can be used for the mass estimate are the Hβ
(up to z ∼ 0.8) and the MgIIλ2798 Å (from z ∼ 0.3). In a number
of cases both lines are included in the observed spectral range.

In this paper we adopt the relationships that are anchored to
the virial factor estimated by Onken et al. (2004). For the Hβ, we
used the relation discussed in Vestergaard & Peterson (2006):

Log MBH = 6.91+2 Log
FWHM(Hβ)
1000 km s−1

+0.50 Log
λL5100 Å

1044 erg
· (1)

For the MgIIλ2798 Å line we used the relation presented in Shen
et al. (2011):

Log MBH = 6.74 + 2 Log
FWHM(MgII)

1000 km s−1
+ 0.62 Log

λL3000 Å

1044 erg
(2)

this equation has been obtained by Shen et al. (2011) in such a
way that the zero-order point (i.e. the virial factor) is the same as
in the Hβ relation presented above (Eq. (1)) so that the masses
are consistently derived from these two equations. In both re-
lations, the line widths refer to the broad component, and it is
assumed that a narrow component has been subtracted during
the fitting procedure.

In the following sections we describe in detail the meth-
ods adopted to compute the two critical input quantities of the
equations reported above, i.e. the line widths and the continuum
luminosity.

3.1. Line width measurements

The different dependence of MBH on line width and luminosity
(see Eqs. (1) and (2)) means that the statistical (i.e. not including
the intrinsic dispersion of the relation and the uncertainty on the
virial factor) uncertainty of the final MBH estimate will mostly
come from the uncertainty on the line width. The line width mea-
surement is then particularly difficult owing to the presence of
different spectral components and considering the average qual-
ity of our spectra (average S/N ∼ 10−11 in the spectral regions
close to Hβ and MgIIλ2798 Å emission lines, with ∼25% of ob-
jects having S/N below 5).

In particular, the correct determination of the width of the
broad component of the emission line is hampered by a nar-
row component (which is particularly important for the Hβ line)
and by the iron pseudo-continuum (which is critical for the
MgIIλ2798 Å line). A simple component fit, not considering the
possible presence of a narrow component, would lead to a sys-
tematic under-estimate of the broad line width (Denney et al.
2009). At the same time, not considering the existence of the
iron pseudo-continuum may lead to an over-estimate of the line
width. A common practice for taking this spectral complexity
into account is to subtract a FeII template from the spectrum
and, then, fit the subtracted spectrum with a number of narrow
and broad components (usually with a Gaussian profile, e.g. see
Shen et al. 2011, for details on the method). In the following, we
discuss separately the methods used to derive the width of the
broad components of the Hβ and MgII.

3.1.1. Hβ

For the fit of the Hβ line we use the method usually adopted
in the literature i.e. we subtract an iron template to the spectra

Fig. 2. Example of a spectral model used to fit the region around the
Hβ line. As described in the text, we first subtract an iron template from
the spectrum (black line) and then we fit the residual (blue line) with a
power-law continuum plus 3 Gaussians describing the narrow Hβ and
the two [OIII] lines, plus an additional Gaussian to describe the broad
component of the Hβ line. These components are represented by the
dashed green lines while the total fit is represented by the red continuous
line.

and then fit the residuals. To this end, we use the iron tem-
plate presented in Véron-Cetty et al. (2004) and consider the
3500−6000 Å (rest-frame) spectral region. In this procedure
there are three independent parameters that need to be deter-
mined: the normalization of the iron template (NFe), the line
broadening (σFe), and velocity offset (VFe) of the iron lines.
Constraining the lattest two parameters is usually difficult even
for good quality spectra. In medium quality spectra (like the
one of the SDSS spectra considered by Shen et al. 2011, where
S/N ∼ 10) these parameters are poorly constrained (e.g. see dis-
cussion in Shen et al. 2011). The quality of our spectra is, on
average, similar to the ones of the SDSS spectra (and in some
cases even lower), so we decided to fix both parameters. After
subtracting of the iron template, we fit the resulting spectrum
around the Hβ line using a model composed by three compo-
nents: a PL continuum plus four Gaussians representing, respec-
tively, the narrow and the broad components of the Hβ and the
two [OIII] narrow lines. The width of the component describ-
ing the narrow Hβ is constrained to be equal to the width of
two [OIII] lines. We run the fit in two steps: first we freeze the
positions of the Gaussians to the expected wavelengths. In a sec-
ond step, we leave the positions of the Gaussians describing the
emission lines free to vary (with the maximum possible variation
in the position of the iron components fixed to ∼30 Å to avoid
problems with the fitting procedure). The broad and the narrow
Hβ components do not necessarily peak at the same wavelength
to account for possible velocity offsets between the BLR and the
NLR. We show an example of this fitting procedure in Fig. 2.

We note that keeping the iron line width and position fixed
during the fitting procedure may introduce a certain degeree of
uncertainity (even systematic) in the computation of the broad
Hβ width. The possibity that the iron lines could be systemat-
ically shifted with respect to the Hβ line has been investigated
by several authors, and although there have been some claims
of systematic large velocity offsets (up to 2000 km s−1) in the
spectra of SDSS quasars (Hu et al. 2008), the analysis of good
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Fig. 3. Difference between the logarithms of the broad Hβ emission line
width derived with two different methods, one based on the subtraction
of an iron template where the line widths are fixed and a second method
that, instead, leaves the iron line widths free to vary (see text for details).
The data are split on the basis of the signal-to-noise around the Hβ line.

signal-to-noise ratio (S/N) spectra has recently demonstrated
that the actual offsets are much smaller (<300 km s−1, Sulentic
et al. 2012), if present. The impact of such small offsets on our
fitting procedure is not going to be relevant. On the contrary,
keeping the iron line width fixed can have a more significant im-
pact on our mass estimates. To quantitatively evaluate this effect,
we applied a second fitting method, not based on subtraction of
an iron template, using an approach similar to the one used for
fitting the MgIIλ2798 Å line (see below). In this method, we
adopted a model composed of six Gaussians plus a power-law
continuum. Two Gaussians are used to model the Hβ (for the nar-
row and the broad components), while two Gaussians are used
to fit the two [OIII] narrow emission lines. The remaining two
Gaussians are used to account for the two strongest FeII com-
ponents usually observed at 4924 Å and 5023 Å. The widths of
these two lines are left free to vary. Then we ran the fitting pro-
cedure following the two steps described above and found the
best-fit width of the broad Hβ component. The resulting widths
were finally compared to those obtained by subtracting the iron
template. We carried out this comparison by splitting the sam-
ple into two sets: a first data set containing only the low S/N (in
the Hβ region) spectra (S/N < 7) and a second data set contain-
ing the best spectra we have (S/N > 10). In Fig. 3 we show the
distribution of the difference in the widths (in Log) computed
using the two procedures, for both data sets. In the case of low
S/N spectra there is no systematic difference between the two
estimates. This is expected since, in case of very poor quality
spectra, it is very difficult to detect any real difference in the
iron line width, and all the differences are probably due just to
random fluctuations in the fitting procedure. In contrast, for rel-
atively good spectra (S/N > 10), we do observe a significant
(∼3σ) systematic offset between the line widths, the Hβ being
typically larger in the iron template subtraction method (where
the iron lines are fixed), when compared to the method where
the iron lines are left free to vary. This is probably because,
in the first method, part of the iron emission may be included
in the broad Hβ component thus producing larger widths. We
stress, however, that even in the S/N > 10 data set, the average
quality of the spectra (S/N between 10 and 30) is certainly not
comparable to the one typically required for a proper spectral

Fig. 4. Example of a spectral model to fit the region around the
MgIIλ2798 Å line. This method includes the iron lines directly in the
fitting procedure rather than subtracting an iron template from the spec-
trum, as typically done in the literature. The total fit is represented by
the solid red line while the different components (the power-law con-
tinuum, the narrow and the broad components of the line and the iron
humps) are represented by the dashed lines.

deconvolution (>50) and, therefore, there is a high degree of de-
generacy in the fitting process. We cannot exclude, for instance,
that part of the observed offset is related to an underestimate of
the broad Hβ component in the method where the iron widths are
left free to vary. For this reason, it is difficult to establish which
one of the two methods gives better results. However, the ob-
served offset can be used as an estimate of the possible effect on
the broad Hβ width because we have fixed the iron width when
subtracting the iron template. The observed offset is 0.057 dex,
which translates into an expected offset in the mass computed
using the Hβ line of ∼0.11. This offset is within the average sta-
tistical uncertainty on the masses computed from the Hβ line
(∼0.18 dex).

We finally note that fitting the Hβ broad line using only one
Gaussian is certainly a simplification. The analysis of high S/N
spectra of local Seyfert galaxies has revealed a complex phe-
nomenology (e.g. see Sulentic et al. 2000, for a review). Given
the typical S/N of our spectra, however, any attempt to provide a
more complex fit to the broad Hβ profile would lead to very un-
certain results, except for very few cases. Indeed, this is a general
problem connected with the systematic application of the SE re-
lation to large samples of spectra whose quality is typically much
lower than that of the brightest and best-studied local Seyferts.

3.1.2. MgII

For the MgII we did not follow the same procedure as adopted
for the Hβ line due to the difficulty of obtaining a reliable
iron template at these wavelengths. We thus decided to in-
clude the iron components in the fitting procedure. Specifically,
we adopted a model including two Gaussians for the narrow
and broad components of MgIIλ2798 Å plus four additional
Gaussians to reproduce the iron humps at 2630 Å, 2740 Å,
2886 Å and 2950 Å plus a power-law continuum (see Fig. 4).

Since, in the case of MgII, we do not have the two [OIII] line
as a reference for the narrow line widths, we set the MgII nar-
row component to be equal to the instrumental resolution, for
the spectra with a resolution worse than 500 km s−1. For the
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very few spectra with better resolution, the width of the nar-
row component is fixed to 500 km s−1. Again, as a first step we
fix the positions of the components to the expected values and,
then, we left them free to vary (with a maximum possible vari-
ation of 30 Å for the iron components). In fitting the MgII line
we have thus assumed that a narrow component is present. It
should be noted, however, that for the MgIIλ2798 Å line, the ac-
tual presence of a narrow component is less obvious than for
the Hβ line. In their work, Vestergaard & Osmer (2009) did
not subtract a narrow component during the fitting procedure
of the MgII profile (which was modelled with two Gaussians
both attributed to the broad component), while other authors
(e.g. Mc Lure & Dunlop 2004) have considered a narrow plus a
broad component for the MgIIλ298 Å line as in the analysis pre-
sented here. The choice of including the narrow component of
the MgIIλ2798 Å is somewhat arbitrary. In our analysis, includ-
ing the narrow MgIIλ2798 Å component gives a slightly better
consistency between the masses computed using MgIIλ2798 Å
and those computed using Hβ, so we decided to adopt this type
of model.

3.1.3. Instrumental resolution

Finally, given the moderate resolution of the spectroscopic ob-
servations (∼650−1200 km s−1), we applied a correction to the
widths of the broad components of both Hβ and MgIIλ2798 Å,
resulting from the fitting procedures described above, to account
for the instrumental broadening, i.e.,

Δλ =
√
Δλ2

o − Δλ2
inst

where Δλ, Δλo and Δλinst are the intrinsic, the observed, and the
instrumental line width, respectively.

3.2. Monochromatic luminosities

Determination of the monochromatic luminosities at 5100 Å and
3000 Å also requires some caution. In principle we can use the
fluxes derived directly from the spectra. This procedure, how-
ever, is not accurate for several reasons:

– the absolute spectro-photometric calibration of our spectra
is not always accurate since most of the data have been col-
lected during non-photometric nights;

– the spectra are often contaminated by the host galaxy light
(the slit width used was often relatively large, from 1 to 2 arc-
secs, depending to the seeing conditions);

– the spectra must be corrected for the extinction, both
Galactic and at the source. This is a particularly critical point
since, given the relatively hard X-ray selection band, the
XBS sample contains many type 1 AGNs with moderate lev-
els of absorption (AV up to 1−2 mag, see Caccianiga et al.
2008).

To account for these points, we used the result of a systematic
study of the optical/UV spectral energy distribution (SED) of
the type 1 AGN of the XBS survey, described in Marchese et al.
(2012). In this work we have collected photometric points, both
in the optical (most from the SDSS) and in the UV band (from
GALEX) and built the SED for each source. In the derivation of
the SED we carefully took the presence of the host galaxy into
account, on the basis of the strength of the 4000 Å contrast, and

excluded it from the final SEDs. We also corrected the photomet-
ric points for the extinction, both due to our Galaxy and at the
source, using the values of NH derived from the X-ray analysis
(Corral et al. 2011) and assuming a Galactic gas-to-dust ratio.
This is certainly an approximation since there are well-known
examples of AGN where the dust-to-gas ratio is significantly
different from what is observed in our Galaxy. However, in the
XBS survey we have found generally good agreement between
the optical classification (type1/type2 AGN) and the measured
levels of NH (lower or greater than 4 × 1021 cm−2), with only
a few (<10%) exceptions (Caccianiga et al. 2004; Corral et al.
2011). Therefore, we expect that this problem is not going to
have a strong impact on our results, at least from a statistical
point of view.

These SEDs have been then fitted with a multi-colour black-
body accretion disk model, which includes corrections for tem-
perature distribution near the black hole (for details see DISKPN
in the XSPEC 12 software package, Arnaud et al. 1996). From
this fit, we computed the rest frame 5100 Å and 3000 Å lumi-
nosities to be used in Eqs. (1) and (2) for the mass estimate.

3.3. Computing the BH masses

Using the methods described in the previous sections, we com-
puted the black-hole masses for all the 154 type 1 AGNs of the
XBS for which we analysed the SED, as described in Marchese
et al. (2012) and for which we acquired an optical spectrum. For
32 objects we only covered the Hβ emission line while for 70 ob-
jects we have covered only the MgIIλ2798 Å line. In 52 cases we
have detected both lines in the spectrum. In these cases we chose
the mass estimate that is considered more accurate, i.e. the one
based on the line with the best S/N and/or with the smallest error
in the measured width (quite often, one of the two lines is at the
edge of the observed spectrum). Overall, the black-hole masses
were derived from the Hβ, in 62 cases, and from MgIIλ2798 Å
line, in 92 cases.

The masses for the 154 type 1 AGN are reported in Table 1,
together with the (statistical) errors. In Table 1 we also report the
full width at half maximum (FWHM) of the lines and the values
of the monochromatic luminosities used for the mass estimate.
The distribution of the masses obtained for the 154 AGN1 of the
XBS sample are reported in Fig. 5.

3.4. Uncertainties on BH masses

Statistical uncertainities on the BH masses were estimated
by combining the statistical errors on both line width and
monochromatic luminosity, assuming that the two errors are
independent:

σ+,−LogM =
√

(Aσ+,−Log FWHM )2 + (Bσ+,−Log L)2

where A = 2 and B is equal to 0.5 for the Hβ while it is 0.62 for
MgIIλ2798 Å. σ+,− are the asymmetric errors (at the 68% con-
fidence level) to the logarithm of the FWHM and luminosities,
respectively.

The errors on the Hβ and MgIIλ2798 Å broad components
are derived from the fitting precedure described above, by im-
posing Δχ2 = ±1. Similarly, the errors on the monochromatic
luminosities are computed from the SED fitting procedure by
again imposing Δχ2 = ±1 from the best-fit value. As described
in Marchese et al. (2012), the SED fitting procedure takes the
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Fig. 5. Distribution of the black-hole masses for the 154 XBS AGN1.
Dotted (red) and dashed (blue) histograms show masses derived from
Hβ and MgIIλ2798 Å lines respectively.

errors on the photometric points into account. These 1σ uncer-
tainities include both the errors on photometry and additional
sources of error due to the correction for the intrinsic extinction
and the long term variability (since the used photometric data
are not simultaneous). The uncertainty due to the correction for
the host galaxy, based on the 4000 Å break, is not folded into
these errors. However, in Marchese et al. (2012) we evaluated
that by changing the starting value of the 4000 Å break within a
reasonable range of values (from 45% to 55%), the variations in
the photometric points only produce a negligible (≤14%) change
in the best fit luminosity.

The statistical 1-σ errors on the broad line widths,
monochromatic luminosities, and on the final black-hole masses
are reported in Table 1. We stress that the errors on black-hole
masses do not include the uncertainity on the SE method that,
as already explained, is expected to be between 0.35 dex and
0.46 dex (Park et al. 2012) i.e. dominant when compared to the
average statistical errors (∼0.14 dex).

3.5. Comparison of the black-hole mass estimates

With the derived line widths and monochromatic luminosities
we computed the MBH for all the AGN1 for which either the Hβ
or the MgIIλ2798 Å lines have been observed. For the 52 sources
where both Hβ and MgIIλ2798 Å are included in the spectrum
it is possible to compare the two MBH estimates. To evaluate
the presence systematic offsets better, we first considered the
objects with a relatively good spectrum (S/N > 5) and ex-
cluded the sources with large statistical errors on the final mass
estimate (>0.2 dex). The comparison (Fig. 6) shows generally
good agreement, without significant offsets and with a spread
of ∼0.28 dex. Considering all the objects, including those with
less accurate determination of the mass the spread increases to
∼0.38 dex, and there seems to be a systematic shift probably
related to the difficulty of properly accounting for all the com-
ponents during the spectral fit (in particular the iron lines around
the MgIIλ2798 Å line and the narrow component of the Hβ line).
In Table 1 we have flagged the masses derived from a prob-
lematic fit and those resulting from the analysis of poor S/N
(<5) spectra.

Fig. 6. Comparison between black-hole masses computed on the basis
of the MgIIλ2798 Å and the Hβ lines for the XBS AGNs where both
lines are included in the spectrum. Red points represent sources with a
relatively high S/N (>5) around the line of interest and with lower statis-
tical error bars (<0.2 dex) while grey points are objects with lower S/N
spectra and/or larger error bars. As reference we plot the relation 1:1
(solid line), while the two dashed lines represent a scatter of 0.5 dex.

As a further test of the reliability of our mass estimate we
compared the black-hole masses derived in our work with those
computed in Shen et al. (2011) for the few sources in common.
Since Shen et al. (2011) presents masses computed using differ-
ent formulae, we used the ones computed in the same way for the
comparison, i.e. the VP06 for Hβ, and the S10 for MgIIλ2798 Å.
The result of the comparison is presented in Fig. 7. In some
cases, we used the same SDSS spectrum to derive the BH masses
while in other cases we acquired an independent spectrum. As
before, we first excluded from the test the sources with low S/N
(<5) spectra (used in our analysis) and large errors (>0.2 dex) in
either our estimate or in the Shen et al. estimate. The comparison
shows a spread of ∼0.2−0.3 dex and a marginal systematic offset
between the two masses, with the ones computed in this work be-
ing larger on average by a factor ∼0.17 dex. The offset is mainly
present in the masses computed from MgIIλ2798 Å. By compar-
ing separately the line widths and the monochromatic luminosi-
ties we have established that this offset is mainly attributed to an
offset in luminosity rather than in line width. This offset is prob-
ably due to the method we used to compute the monochromatic
luminosities that corrects for the extinction (both Galactic and at
the source), as explained in the previous sections, thus yelding,
on average, to higher corrected luminosities, in particular in the
blue/UV spectral region. Considering all the sources in common
between the two samples the spread increases to ∼0.4 dex.

4. Eddington ratio and Ṁ

An important parameter that is suspected of regulating a number
of observational properties of AGNs is the “normalized” bolo-
metric luminosity, i.e. the so-called Eddington ratio, which is
defined as

λ = Lbol/LEdd (3)

where:

LEdd = 1.26 × 1038 MBH

M�
erg s−1 (4)
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Fig. 7. Comparison between black-hole masses computed in this pa-
per and those computed by Shen et al. (2011), for the XBS AGNs in-
cluded in the SDSS sample. Red and black points represent the objects
with higher signal-to-noise ratio (>5) and smaller uncertainties on the
mass derivation (<0.2 dex). Grey points, instead, represent the data with
lower S/N and/or larger error bars. Filled (and red, in electronic version)
points are sources for which we have used the SDSS spectrum to derive
the BH mass, while open points indicate sources for which we used an
optical spectrum taken in our own observations. As reference we plot
the relation 1:1 (solid line), while the two dashed lines represent a scat-
ter of 0.5 dex.

Fig. 8. Distribution of the values of Eddington ratio for the 154
XBS AGN1. Dotted (red) and dashed (blue) histograms show the values
based on masses derived from Hβ and MgIIλ2798 Å lines respectively.

We compute the values of Eddington ratio using the bolometric
luminosities taken from Marchese et al. (2012) which was com-
puted, as explained above, by fitting the optical/UV data with
a disk model. The photometric points, and therefore the bolo-
metric luminosity, were corrected for reddening as detailed in
Marchese et al. (2012). The distribution of Eddington ratios is
reported in Fig. 8.

From the bolometric luminosity we can also derive an esti-
mate of the absolute (i.e. not normalized to the Eddington limit)
accretion rate:

Ṁ =
Lbol

ηc2
∼ 1.8 × 10−3 L44

η
M� yr−1 (5)

Fig. 9. Distribution of the values of Ṁ for the 154 XBS AGN1. Line
styles as in Fig. 5.

where L44 is the bolometric luminosity in units of 1044 erg s−1

and η is the efficiency of the mass-to-energy conversion. We as-
sume here an efficiency of 0.1 (Marconi et al. 2004). We note that
the bolometric luminosities used to compute Ṁ also include the
X-ray emission (in addition to the disk component) as described
in Marchese et al. (2012). Therefore, by using these bolometric
luminosities to compute Ṁ we are implicitly assuming that the
energy budget carried by the X-ray emission is directly related
to the accretion process. This is, of course, not an obvious as-
sumption, since the origin of the X-ray emission is still an open
issue. In any case, we stress that the contribution of the X-ray
emission to the bolometric luminosity is, in general, relatively
low (∼25% on average in our sample) and, therefore, the values
of Ṁ are not going to change significantly (on average) if we use
only the disk emission in Eq. (5).

The distribution of Ṁ is reported in Fig. 9. To facilitate the
comparison with previous figures we also show the Ṁ separately
for Hβ and MgIIλ2798 Å mass-derived sources, although in this
case, the value of Ṁ does not depend on the derived BH mass.

5. The effect of radiation pressure

It has been suggested (Marconi et al. 2008; Marconi et al. 2009)
that the black-hole masses derived from the virial theorem can
be severely underestimated due to the effect of the radiation pres-
sure. This effect, not considered in the usual SE relations, is ex-
pected to be important for accretion rates close to the Eddington
limit according to the following equation (Marconi et al. 2008):

MBH = MBH,0

[
1 + λ0

(
1 − a +

a
σT NH

)]
(6)

where MBH is the “real” black-hole mass, MBH,0 is the black-hole
virial mass computed by neglecting the radiation pressure, λ0 is
the Eddington ratio computed using MBH,0, a = Lion/L (i.e. the
ratio between the ionizing continuum luminosity and the bolo-
metric luminosity), σT is the Thomson cross-section, and NH
the column density of each BLR cloud along the line of sight.
As noted by Marconi et al. (2008), for reasonable assumptions
on the BLR density (∼1023 cm−2) if the accretion is close to the
Eddington limit, the correction could be as high as a factor 10.
The actual importance of the radiation pressure, however, has
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Fig. 10. Distribution of the black-hole masses corrected for the radiation
pressure (red continuous line), as described in the text. For comparison
we show the distribution of uncorrected masses (black dashed line).

been debated in the recent literature. Netzer (2009), for instance,
notes that the Eddington ratios of a sample of type 1 AGN from
the SDSS (whose black-hole masses were computed using the
virial method), when corrected for the radiation pressure, turnes
out to be significantly lower when compared to the Eddington ra-
tio distribution of an SDSS sample of type 2 AGN for which the
black-hole masses have been computed using a different tech-
nique (M-σ relation). In contrast, if no correction is applied, the
two distributions are similar.

Given the difficulty of assessing the actual importance of the
radiation pressure, we decided to present both the corrected and
the uncorrected masses and Eddington ratios in this paper. The
corrected masses, in particular, were computed using the equa-
tion above and assuming a = 0.6 and NH = 1023 cm−2 (the
values assumed in Marconi et al. 2008).

In Fig. 10 we show the black-hole mass and in Fig. 11 the
Eddington ratio distributions corrected for the radiation pres-
sure and compared with the uncorrected quantities. As expected,
the corrected masses are shifted towards the higher values, while
the Eddington ratio presents a sharp cut off at 0.1 (see discussion
in Marconi et al. 2008).

The values of masses and Eddington ratios corrected for the
radiation pressure are included in Table 1.

6. Summary and conclusions

We have presented black-hole masses and accretion rates (both
absolute and relative to the Eddington limit) for 154 type 1
AGNs belonging to the XBS sample. The masses were derived
using the single-epoch method and adopting the most recent
scaling relations involving the Hβ and the MgIIλ2798 Å emis-
sion lines. The selected sources cover a range of masses from
107 to 1010 M� with a peak around 8×108 M� and a range of ac-
cretion rates from 0.01 to ∼50 M�/y (assuming an efficiency of
0.1), with a peak at around 1 M�/y. The values of the Eddington
ratio range from 0.001 to ∼0.5 and peak at 0.1.

We have verified that the computed masses are in broad
agreement with the ones presented in Shen et al. (2011) although
we found a systematic offset of ∼0.17 dex (with our masses

Fig. 11. Distribution of the Eddington ratios corrected for the radiation
pressure (red continuous line), as described in the text. For comparison
we show the distribution of uncorrected masses (black dashed line).

being higher) probably because of the different methods adopted
in the two works to estimate the continuum luminosity.

We stress that the 154 type 1 AGN presented here constitute
a well-defined flux-limited sample of type 1 AGN and not just
a collection of data from the literature or from public archives.
This characteristic, combined with the systematic availability for
all these objects of crucial X-ray information (based on X-ray
spectral analysis) and on the optical/UV SED, makes this sample
instrumental for statistical studies. In a companion paper (Fanali
et al., in prep.), we will use the results presented here to study the
link between the hot-corona, responsible for the X-ray emission,
and the accretion process onto the central black hole.
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ABSTRACT
We study the link between the X-ray emission in radio-quiet active galactic nuclei (AGN) and
the accretion rate on the central supermassive black hole using a statistically well-defined and
representative sample of 71 type 1 AGN extracted from the XMM–Newton Bright Serendip-
itous Survey. We search and quantify the statistical correlations between some fundamental
parameters that characterize the X-ray emission, i.e. the X-ray spectral slope, �, and the X-ray
‘loudness’, and the accretion rate, both absolute (Ṁ) and normalized to the Eddington lumi-
nosity (Eddington ratio, λ). We parametrize the X-ray loudness using three different quantities:
the bolometric correction Kbol, the two-point spectral index αOX and the disc/corona luminosity
ratio. We find that the X-ray spectral index depends on the normalized accretion rate while
the ‘X-ray loudness’ depends on both the normalized and the absolute accretion rate. The
dependence on the Eddington ratio, in particular, is probably induced by the � – λ correlation.
The two proxies usually adopted in the literature to quantify the X-ray loudness of an AGN,
i.e. Kbol and αOX, behave differently, with Kbol being more sensitive to the Eddington ratio and
αOX having a stronger dependence with the absolute accretion. The explanation of this result
is likely related to the different sensitivity of the two parameters to the X-ray spectral index.

Key words: galaxies: active – galaxies: nuclei – quasars: general – X-rays: galaxies.

1 IN T RO D U C T I O N

The engine of active galactic nuclei (AGN) is powered by the accre-
tion of matter on to the supermassive black hole (SMBH), placed
in the centre of the host galaxy: the matter is heated (105–106 K)
through viscous and magnetic processes and forms an accretion disc
around the SMBH emitting in the ultraviolet (UV)–optical region.
A fraction of energy is also emitted in the X-ray band with a spec-
trum that can be represented, at first order, by a power law from 0.1
to 100 keV at rest frame. In the now accepted disc–corona model
(Haardt & Maraschi 1991), the X-rays are produced in a hot (T =
108–109 K) corona, reprocessing the primary UV–optical emission
of the disc via inverse-Compton mechanism. X-rays are a probe
of accretion since they are produced in the very inner part of the
nucleus and carry direct information on the physics very close to
the SMBH. For instance, the hard X-ray spectral index (�) gives
direct information about the energy distribution of the electrons in

� E-mail: r.fanali@campus.unimib.it

the corona, while the intensity of the X-ray emission with respect to
the UV–optical emission quantifies the relative importance between
disc and corona. This latter quantity is often parametrized with the
X-ray bolometric correction Kbol (e.g. Vasudevan & Fabian 2009),
defined as the ratio between bolometric luminosity and 2–10 keV
luminosity, or with the two-point spectral index αOX (e.g. Vignali,
Brandt & Schneider 2003), defined between 2500 Å and 2 keV.
The different values of X-ray spectral index and of the disc/corona
luminosity ratio observed from source to source are likely a con-
sequence of fundamental differences in the physical parameters of
the central engine.

First studies, essentially based on ROSAT data, suggested cor-
relations between the ‘soft’ spectral index �(0.5–2.4) keV and the full
width at half-maximum (FWHM) of Hβ emission line coming from
the broad line region (BLR; Wang, Brinkmann & Bergeron 1996;
Laor et al. 1997; Sulentic, Marziani & Dultzin-Hacyan 2000; Grupe
et al. 2004). Assuming that BLR dynamics is directly dependent on
the black hole (BH) mass, this correlation was suggesting a direct
link between �(0.5–2.4) keV and some physical parameters like the BH
mass or accretion rate. In particular, it was suggested that the main

C© 2013 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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physical driver of this correlation is the accretion rate normalized
to the Eddington luminosity1 (Eddington ratio): sources accret-
ing close to the Eddington limit produce the steepest values of
�(0.5–2.4) keV (Laor et al. 1997; Sulentic et al. 2000; Grupe et al.
2004; Wang, Watarai & Mineshige 2004). However, since the mea-
sured value of �0.5–2.4 keV can be significantly contaminated by the
presence of a spectral component called ‘soft excess’,2 it was dif-
ficult to establish on a firm ground whether it was the slope of the
primary emission that correlates with the accretion rate or, instead,
it was the intensity of the soft excess.

Using ASCA observations, Brandt, Mathur & Elvis (1997) and
Wang et al. (2004) have found that also the ‘hard’ spectral slope
(�(2–10) keV) has a strong dependence with the FWHM(Hβ). Since
the 2–10 keV energy range is not affected by the ‘soft excess’,
this result was considered as a compelling indication that the slope
of the primary component of the X-ray emission actually corre-
lates with FWHM(Hβ). First studies made with XMM–Newton,
Chandra and Swift-X-Ray Telescope (XRT) have further suggested
the possible presence of a second trend, i.e. an anticorrelation
between �(2–10) keV and the BH mass MBH (Porquet et al. 2004;
Piconcelli et al. 2005). The availability of hard X-ray data from
XMM–Newton and Chandra and of statistical relations that allow
the systematic computation of MBH on large numbers of AGN have
produced in the very recent years a big leap forward on this kind
of study, extending the analysis on significantly larger samples, in-
cluding up to a few hundreds of sources (Kelly et al. 2008; Shemmer
et al. 2008; Gu & Cao 2009; Risaliti, Young & Elvis 2009; Grupe
et al. 2010; Zhou & Zhang 2010). These studies seem to confirm
the presence of a correlation between the hard � and the Eddington
ratio (Risaliti et al. 2009; Grupe et al. 2010) with some exceptions
(Bianchi et al. 2009). Shemmer et al. (2008) have also demonstrated
that the observed strong anticorrelation usually observed between
� and FWHM(Hβ) is a secondary correlation induced by the de-
pendence between � and the Eddington ratio.

Also the bolometric correction is expected to be related to the
physical parameters that regulate the accretion mechanism. A pos-
sible dependence of the Kbol with the luminosity has been sug-
gested (Marconi et al. 2004; Hopkins, Richards & Herquist 2007),
but more recent observations seem to point out that the principal
dependence is between Kbol and the Eddington ratio (Vasudevan
& Fabian 2007, 2009; Kelly et al. 2008; Lusso et al. 2012). An
alternative way to study the relative intensity between disc and
corona is through the αOX, defined as the slope between 2500 Å
and 2 keV. Past studies generally found a strong correlation be-
tween αOX and LUV (e.g. Vignali et al. 2003; Marchese et al.
2012) or Lbol (Kelly et al. 2008; Shemmer et al. 2008) while
a dependence of αOX with the Eddington ratio is usually weak
or absent (Young, Elvis & Risaliti 2010), contrary to what has
been found for Kbol. This is quite surprising since Kbol and αOX

are both supposed to be proxies of the disc/corona relative in-
tensity and, therefore, they are somehow expected to behave in a
similar way.

In this paper we investigate the link between X-ray properties
and the accretion rate by analysing a well-defined sample of type
1 AGN selected from the XMM–Newton Bright Serendipitous Sur-

1 The Eddington luminosity is a theoretical limit beyond which the accretion
process stops for effect of radiation pressure.
2 The ‘soft excess’ is an excess of counts, at energies below 2 keV, with
respect to the power-law component fitted at higher energies (typically
between 2 and 10 keV).

vey (XBS). In particular, we study the spectral index � estimated
in the energy range 0.5–10 and 2–10 keV and three different pa-
rameters that quantify the ‘X-ray loudness’, i.e. the bolometric cor-
rection Kbol, the αOX and the disc/corona luminosity ratio (i.e. the
ratio between the accretion disc luminosity and the 0.1–100 keV
X-ray luminosity). The approach followed in this study is to search
for statistically significant correlations between these parameters
and the value of accretion rate, both absolute and normalized to
Eddington luminosity.

The structure of the paper is the following. In Section 2 we de-
scribe the survey, the sample selection and the parameters used
for our work. In Section 3 we describe the statistical analysis
used to find the correlations between the parameters, taking into
account a number of potential biases. In Section 4 we present
our results. Finally, in Section 5 we report the summary and
conclusions.

We assume here a flat � cold dark matter (�CDM) cosmology
with H0 = 65 km s−1 Mpc−1, �� = 0.7 and �M = 0.3.

2 XMM–NEWTON B R I G H T S E R E N D I P I TO U S
SURV EY

The XBS is a wide-angle (∼28 deg2) high Galactic latitude (|b| >

20◦) survey based on the XMM–Newton archival data. It is composed
of two flux-limited samples: the XMM Bright Source Sample (BSS;
0.5–4.5 keV band, 389 sources) and the XMM Hard Bright Source
Sample (HBSS; 4.5–7.5 keV band, 67 sources, with 56 sources
in common with the BSS sample), having a flux limit of ∼7 ×
10−14 erg cm−2 s−1 in both energy selection bands. Selection cri-
teria and properties of these samples are described in Della Ceca
et al. (2004). The XBS is composed of sources that are detected
serendipitously in the field-of-view of the XMM–Newton pointing,
thus excluding the targets of the observations. For this reason the
XBS can be considered as representative of the X-ray sky down to
its flux limit.

To date, the spectroscopic identification level has reached 98 and
100 per cent in the BSS and the HBSS samples, respectively. Most
of the spectroscopic identifications are presented and discussed in
Caccianiga et al. (2007, 2008).

The availability of good XMM–Newton data for the sources in the
XBS sample, spanning the energy range between ∼0.3 and ∼10 keV,
allowed us to perform a reliable X-ray spectral analysis for almost
every AGN of the sample (Corral et al. 2011).

2.1 The sample

Since the goal of this paper is the study of the possible dependence
of �, Kbol, αOX and the disc/corona luminosity ratio on the accretion
rate, we restrict the analysis to the subsample of radio-quiet 154 type
1 AGN for which all these parameters have been already derived
by fitting the UV–optical spectral energy distribution (SEDs) of the
sources (Marchese et al. 2012) and by studying the X-ray and opti-
cal spectra. The radio-loud AGN of the sample (see Galbiati et al.
2005) were not considered to avoid possible contamination from
the relativistic jet to the SED. The analysis of the SEDs was carried
out on a subset of objects for which optical and UV data are avail-
able (either a detection or an upper limit) from existing catalogues
[Sloan Digital Sky Survey (SDSS) and Galaxy Evolution Explorer
(GALEX)]. Since the availability of these data depends mainly on
the position of the source in the sky and not on its intrinsic prop-
erties, this subset can be confidently considered as a representative
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Figure 1. Eddington ratio distribution for the total sample presented in
Marchese et al. (2012) (solid black line, 154 AGN) and for the subsample
used here (dashed blue line, 71 AGN). The K–S test gives a probability for
the null hypothesis (i.e. the two distributions are drawn from the same parent
population) of 0.12.

subsample of the original one (see Marchese et al. 2012). In addi-
tion, in order to minimize the uncertainties on the values of Lbol,
we have further restricted the analysis on a subsample of objects
for which the possible effects of absorption are negligible, i.e. type
1 AGN with an intrinsic absorbing column density, measured from
the X-ray spectra, below 5 × 1020 cm−2. Finally, we have excluded
from the analysis the small fraction (∼8 per cent) of ‘elusive’ type
1 AGN, i.e. those sources whose optical spectrum is dominated by
the host galaxy (see Severgnini 2003; Caccianiga et al. 2007), due
to the impossibility of computing the BH mass through the single
epoch (SE) spectral method (e.g. see Peterson 2010; Marziani &
Sulentic 2012). In total, the final sample contains 71 objects. A
Kolmogorov–Smirvov (K–S) test indicates that this subsample is
not statistically different (at 95 per cent confidence level) from the
original one from what concerns the Eddington ratio (Fig. 1) and the
redshift (Fig. 2) distributions. We have also evaluated the possible
impact of the exclusion of ‘elusive’ AGN from the analysis (see
Section 3). The final sample used in this work consists of type 1
AGN with rest frame 2–10 keV luminosities ranging from 6 × 1041

to 9 × 1046 erg s−1 and redshift from 0.04 to 2.

Figure 2. Redshift distribution for the total sample presented in March-
ese et al. (2012) (solid black line, 154 AGN) and for the subsample used
here (dashed blue line, 71 AGN). The K–S test gives a probability for the
null hypothesis (i.e. the two distributions are drawn from the same parent
population) of 0.35.

2.2 Parameters

In this section, we describe the methods adopted to determine the
parameters of interest (all reported in Table C1).

(i) Lbol and Ṁ . Bolometric luminosities were obtained as the sum
of the accretion disc luminosity (Ldisc) and the 0.1–100 keV X-ray
luminosity. Ldisc was obtained by fitting the optical–UV data with
a disc model (Marchese et al. 2012), while LX was obtained by
extrapolating the results obtained in the 2–10 keV energy range
analysing the XMM–Newton data (Corral et al. 2011). As described
in Marchese et al. (2012), the uncertainties on the bolometric lumi-
nosities take into account both the statistical errors on photometry
and additional sources of error due to the correction for the intrinsic
extinction and the long-term variability (since the used photometric
data are not simultaneous).

From bolometric luminosities we estimate the absolute accretion
rate, defined as

Ṁ = Lbol

ηc2
, (1)

where η is the efficiency of the mass to energy conversion, assumed
to be 0.1. The uncertainties associated with the values of Ṁ in
Table C1 are those related to the bolometric luminosity, i.e. we do
not assume any error on η. The uncertainty on this value is difficult to
assess. Marconi et al. (2004) estimate a range of values for η between
0.04 and 0.16 and, therefore, an additional uncertainty on Ṁ up to
a factor of ∼2 could be expected, besides that reported in Table
C1. We note that, as explained above, the bolometric luminosities
include the X-ray emission. Therefore, by using these bolometric
luminosities to compute Ṁ we are implicitly assuming that the
energy budget carried by the X-ray emission is directly related to
the accretion process.

(ii) MBH and Eddington ratio λ. Black hole masses of the XBS
type 1 AGN are computed in Caccianiga et al. (2013) using the SE
method (Peterson 2010; Marziani & Sulentic 2012). This method
assumes that the BLR is gravitationally influenced by the SMBH,
so the virial theorem can be applied. The velocity dispersion is
derived from the broad emission line widths while the BLR size is
estimated from the continuum luminosity. The choice of emission
lines used for MBH estimate depends on the redshift of the source. In
this sample we used Hβ (for 0 < z ≤ 0.8) and Mg II at 2798 Å lines
(for 0.8 < z ≤ 2). In particular, we adopted the relation discussed
in Vestergaard & Peterson (2006) for the Hβ:

LogMBH = 6.91 + 2 Log
FWHM(Hβ)

1000 km s−1

+ 0.50 Log
λL5100 Å

1044 erg s−1
, (2)

and the relation presented in Shen et al. (2011) for the Mg II λ2798 Å
line:

LogMBH = 6.74 + 2 Log
FWHM(Mg II)

1000 km s−1

+ 0.62 Log
λL3000 Å

1044 erg s−1
, (3)

the latter equation has been obtained by Shen et al. (2011) in such
a way that the zero-order point (the virial factor) is the same as
in the Hβ relation presented above so that the masses are consis-
tently derived from these two equations (see the discussion in Shen
et al. 2011). In both relations, the line widths refer to the broad
component, and it is assumed that a narrow component has been

 at IN
A

F B
rera M

ilano (O
sservatorio A

stronom
ico di B

rera) on M
ay 7, 2015

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


X-ray emission and accretion 651

Table 1. Spearman ‘rank’ correlation coefficients and probabilities for the null hypothesis for the relations discussed in the
text.

� �(2–10) keV Kbol αOX Disc/corona
ra

obs, P robs, P robs, P robs, P robs, P
rb

i rb
i rb

i rb
i rb

i

z −0.27, 1.64 per cent −0.13, 28.92 per cent 0.03, 80.26 per cent −0.22, 6.29 per cent 0.18, 11.41 per cent

λ 0.36, 0.10 per cent 0.24, 4.14 per cent 0.33, 0.42 per cent −0.25, 3.32 per cent 0.28, 1.64 per cent
0.60 0.51 0.52 −0.39 0.44

Ṁ 0.17, 15.86 per cent 0.27, 2.14 per cent −0.41, <0.10 per cent 0.37, <0.10 per cent
0.19 0.24 −0.41 0.37

aThese values of robs are computed by excluding the dependence on redshift via partial correlation.
bThese values of r are an estimate of the ‘intrinsic’ correlation coefficients computed by taking into account the role of errors
(see text for details).

subtracted during the fitting procedure and that the iron emission
has been taken into account. All the details on how the FWHM
of the emission lines have been computed are given in Caccianiga
et al. (2013). The monochromatic luminosities at 5100 Å (L5100 Å)
and 3000 Å (L3000 Å), respectively, are derived from the SED fitting
presented in Marchese et al. (2012).

The SE method is intrinsically affected by a large uncertainty,
usually estimated between 0.35 and 0.46 dex (Park et al. 2012),
essentially due to the unknown geometry of the BLR. Since the
presence of large uncertainties can reduce significantly the strength
of the correlations involving BH masses (and the derived quanti-
ties) we have estimated the impact of these errors on the analysis
presented here (see Section 3.2).

From the BH masses we can estimate the accretion rate normal-
ized to Eddington luminosity, defined as

λ = Lbol

LEdd
, (4)

where LEdd is the Eddington luminosity:

LEdd = 4πGcMBHmp

σe
= 1.26 × 1038

(
MBH

M�

)
erg s−1. (5)

(iii) �, L(2–10) keV, Kbol, αOX and disc/corona luminosity ratio.
The values of �(0.5–10) keV and L(2–10) keV are taken from the spectral
X-ray analysis presented in Corral et al. (2011). The bolometric
corrections and the values of αOX are available from Marchese et al.
(2012). In particular, the bolometric correction is defined as

Kbol = Lbol

L(2–10) keV
, (6)

while αOX is defined as

αOX = Log(fo/fx)

Log(νo/νx)
, (7)

where fo and fx are, respectively, the rest-frame monochromatic
fluxes at νo = 1.20 × 1015 Hz (corresponding to λo = 2500 Å) and
νx = 4.84 × 1017 Hz (corresponding to E = 2 keV).

Finally, the disc/corona luminosity ratios, defined as the ratio
between the accretion disc luminosity, Ldisc, and the 0.1–100 keV
X-ray luminosity (LX), are computed on the basis of the luminosities
presented, again, in the Marchese et al. (2012) work.

3 STATISTICAL ANALYSIS

We perform a non parametric Spearman rank test on each correlation
between X-ray properties (spectral index �, Kbol, αOX, disc/corona
luminosity ratio) and accretion rate (absolute Ṁ and normalized

to Eddington luminosity, λ). When the correlation is statistically
significant, we perform a fit to the data [using both the ordinary
least-squares (OLS) and the bisector methods; Isobe et al. 1990
to derive the functional dependence. We define a very significant
correlation if the probability of null hypothesis (the two quantities
are not correlated) is P ≤ 0.10 per cent, a significant correlation if
P ≤ 1.00 per cent and a marginal correlation if P ≤ 5.00 per cent.
For convenience, the main correlation coefficients and probabilities
computed in this paper are summarized in Table 1. During the
analysis, we evaluate the impact of some possible biases that we
detail in the following subsections.

3.1 Flux limited nature of the sample

The XBS is a flux-limited sample. The strong L–z correlation, in-
duced by the presence of a flux limit, may create spurious correla-
tions or cancel real ones. This is not a problem for the correlations
involving the X-ray loudness (Kbol, αOX and disc/corona luminos-
ity ratio) since we find that these parameters are not dependent
on z (see Table 1). On the contrary, the values of � turned out to
be marginally dependent on z (see Section 4.1) and, therefore, the
correlations involving this quantity are potentially affected by the
aforementioned problem. To exclude this possible effect, we use
the partial correlation analysis (Kendall & Stuart 1979, see also
Appendix ) which allows us to evaluate the correlation between two
parameters excluding a third variable on which both parameters
depend (in this case, the redshift). As further check of the effect of
z on the correlations, we analyse the correlations involving � in a
relatively narrow bin of z (0 ≤ z < 0.4).

3.2 Error impact on correlation coefficient

As explained above, some parameters like the BH mass and λ are
characterized by uncertainties comparable with their variance. This
clearly reduces the strength of a correlation by decreasing the values
of the correlation parameters. Under the hypothesis of independent
errors, and if the average error on the quantities is known, it is
possible to have an estimate of the intrinsic correlation parameter
using the following relation:

ri = robs

√√√√(
1 + ε2

x

σ 2
x

) (
1 + ε2

y

σ 2
y

)
, (8)

where εx, εy are the average errors on the two variables, σ 2
x and

σ 2
y are the intrinsic variances on the two variables, robs is the ob-

served coefficient and the term under square root is the correction

 at IN
A

F B
rera M

ilano (O
sservatorio A

stronom
ico di B

rera) on M
ay 7, 2015

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


652 R. Fanali et al.

factor. The intrinsic variances can be obtained from the observed
variances, σ 2

x,o and σ 2
y,o, by subtracting quadratically the errors, i.e.

σ 2
x = σ 2

x,o − ε2
x and σ 2

y = σ 2
y,o − ε2

y .
The relation (8) can be derived from linear correlation coefficient,

assuming independent errors on variables. Using Monte Carlo sim-
ulations we have verified that it can be also applied to Spearman
coefficients in the case of a non-linear relation (Appendix A).

The correction presented above is particularly important for the
correlations involving the Eddington ratio, since its computation
is based on the highly uncertain BH mass estimate. In this work
we assume an intrinsic uncertainty on the BH mass of 0.40 dex
which corresponds to a correction factor for the Eddington ratio of
about ∼1.57.

We note that the correction discussed above can be used only to
have an estimate of the intrinsic strength of the correlation under
study. The probability associated with the correlation coefficient
(to assess the actual presence of a correlation), instead, is still the
one associated with the value of robs. Therefore, we will apply this
correction only to the correlations that have been established to be
statistically significant on the basis of the probabilities associated
with the values of robs.

3.3 Induced correlations

Ṁ and λ are interrelated quantities since they both depend on bolo-
metric luminosity. A possible correlation, e.g. between � and λ,
can create an unreal correlation between � and Ṁ . To verify this
situation, we use partial correlation analysis which allows us to
calculate the correlation degree between the parameters of X-ray
emission and λ, excluding the dependence on Ṁ and vice versa. If
the correlation disappears by excluding the dependence on the other
variable, it is possible that the observed correlation is just induced
by the other variable. Conversely, if the correlation remains, then
both the observed correlations are likely to be real and not induced
by the other variable.

3.4 Elusive AGN

As already mentioned, we have excluded from the analysis a num-
ber of type 1 AGN whose optical spectrum is dominated by the
light from the host galaxy. As discussed in Severgnini (2003) and
Caccianiga et al. (2007) these sources appear in the optical band as
‘normal’ (i.e. non-active galaxies) because the nuclear light is di-
luted by the light coming from the host galaxy. The spectrum shows
no emission lines (the so-called XBONG sources) or few emission
lines that do not allow the clear recognition of the AGN and to de-
rive the correct spectral classification. In Caccianiga et al. (2007) we
have used the X-ray spectral analysis to assess the actual presence
of the AGN and to characterize it as ‘type 2’ (absorbed, NH > 4 ×
1021 cm−2) or ‘type 1’ (unabsorbed, NH < 4 × 1021 cm−2) AGN. As
expected, the frequency of ‘elusive’ AGN is higher in type 2 AGN,
since the absorption makes the dilution more effective to hide the
AGN. However, also a fraction (∼8 per cent; see Caccianiga et al.
2007) of type 1 AGN is affected by this problem and this fraction
increases rapidly when we consider type 1 AGN of lower and lower
X-ray luminosity, becoming very high (>50 per cent) for L(2–10) keV

lower than 1043 erg s−1. In the sample considered here, i.e. the XBS
type 1 AGN from Marchese et al. (2012) with low values of NH,
there are seven elusive AGN that we have excluded from the analy-
sis. Even if few, these objects could in principle change the results
of the statistical analysis if they are not randomly distributed. We
know, for instance, that these objects typically have the lowest val-

ues of the optical-to-X-ray flux ratio, i.e. the lowest values of Kbol

and the ‘flattest’ values of αOX (all but one have log Kbol < 1.3 and
αOX > −1.4). In order to evaluate the impact of the exclusion of
these objects from the analysis, we have derived a rough estimate
of the BH mass using the absolute magnitude in the K band and
adopted the relation discussed in Graham (2007):

log MBH = −0.37(K + 24) + 8.29, (9)

where MBH is given in units of solar masses and K is the absolute
K-band magnitude. We have then estimated the values of Eddington
ratio and Ṁ . As expected, these objects have low accretion rates with
respect to the rest of the sample (log λ < −1.7 and log Ṁ < −1.3).
We found that the elusive AGN in general follow the trends observed
in the total sample, so their impact on the analysis is not important.
However, during the analysis presented in the following sections
we will discuss, case by case, the effect of introducing the elusive
AGN on the correlation parameters.

4 R ESULTS

4.1 Spectral index �

The spectral index � is found to marginally correlate with the Ed-
dington ratio (robs = 0.27, P = 1.64 per cent, Fig. 3) while the
correlation between � and Ṁ is not significant (robs = 0.17, P =
15.86 per cent). Since � marginally depends also on z (robs = −0.27,
P = 1.64 per cent) it is important to verify whether the observed � –
λ correlation is in some way influenced by the luminosity–z correla-
tion induced by the flux-limited nature of the sample (see discussion
in Section 3.1). In Fig. 4 we present the � – λ correlation for sources
in the range 0 ≤ z < 0.4. This is the range that contains the greatest
number of object and offers the widest coverage of � – λ plane at
the same time. The correlation in this bin of z is highly significant
(robs = 0.71, P < 0.10 per cent).

To further check this correlation, we have used the partial corre-
lation method to exclude the dependence on z from the analysis on
the total sample of 71 AGN. Again, we find a significant correlation
with robs = 0.36 (P = 0.10 per cent). We conclude that the � – λ

correlation is not induced by z. Rather, the effect of z is to weaken
the correlation (see Fig. 3).

Figure 3. Plot of � against λ. A typical error is shown in the upper left-hand
corner: the green solid error bar is the statistical error, the red dashed one
corresponds to the total error on λ (which includes the uncertainty related
to the virial method used to estimate the BH masses). The filled points (blue
in the colour version) are sources with 0 ≤ z < 0.4, triangles (magenta in
the colour version) are sources with 0.4 ≤ z < 0.8 and the stars (red in the
colour version) are sources with 0.8 ≤ z < 2.
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Figure 4. Plot of � against λ in the range 0 ≤ z < 0.4. A typical error is
shown in the upper left-hand corner: the green solid error bar is the statistical
error, the red dashed one corresponds to the total error on λ (which includes
the uncertainty related to the virial method used to estimate the BH masses).
The solid line represents the OLS best-fitting relation. Blue triangles are the
binned data.

It is interesting to establish the origin of the � – z dependence.
The spectral index � was computed using data in the range be-
tween 0.5 and 10 keV at rest frame. In this energy range the X-ray
spectrum could be contaminated by the presence of the soft ex-
cess component. The origin of this component is still unclear. The
classical interpretation of the soft excess is represented by the high-
energy tail of blackbody emission of the disc accretion (Czerny &
Elvis 1987; Grupe et al. 2010). However, this interpretation was
questioned when several studies showed that the observed temper-
ature of resulting blackbody is remarkably constant across orders
of magnitude of luminosities and BH masses (Gierliński & Done
2004; Crummy et al. 2006). In the spectral analysis discussed in
Corral et al. (2011) the soft excess component has been included
in the model only if statistically required by the fit. This means
that, if the number of counts is not large enough, the presence of
the soft excess could be undetected and, thus, not included as ad-
ditional component in the fitting procedure. In these cases the fit is
expected to produce a steeper value of �. Notably, the influence of
this component depends on z: with increasing z, the soft excess is
confined to lower energies and it becomes negligible for z > 1 –
2 (Mateos et al. 2010; Scott et al. 2011). Therefore, the presence
of the soft excess can produce a spurious anticorrelation between
� and z making steeper values of � at low redshifts. In order to
test whether the soft excess is at the origin of the observed � – z

dependence, we have re-computed the values of � by restricting the
data to energies above 2 keV (rest frame) in order to exclude the
possible contamination due to the soft excess. The resulting values
of �(2–10) keV are poorly determined due to the low statistics in the
hard part of the spectrum. Nevertheless, they can be used as an inde-
pendent test of our conclusions. We find that the values of �(2–10) keV

do not depend on z (robs = −0.13, P = 28.92 per cent), while they
depend on λ, although with a lower significance (robs = 0.24, P =
4.14 per cent) when compared to �. In principle, given the larger er-
rors on �(2–10) keV if compared to �, we do expect any correlation to
be weaker when considering this parameter. Using equation (8) dis-
cussed in Section 3.2, it is possible to have an estimate of the impact
of the larger errors on the correlations. Since the average error on
�(2–10) keV (ε ∼ 0.20) is a factor ∼2.5 larger than the average error on
� (ε ∼ 0.08) we expect a decrease by a factor of ∼1.3 of the corre-
lation coefficient just due to the increased errors. Thus, if �(2–10) keV

had the same dependence on z and λ as � (robs = −0.27 and 0.36,

respectively) we should expect to observe correlation coefficients
reduced by a factor of 1.3, i.e. robs = −0.21 and 0.28, respectively.
While the observed coefficient for the �(2–10) keV – λ correlation
(0.24) is quite close to the expected one (0.28), the �(2–10) keV – z

correlation coefficient (−0.13) is nearly half than the expected one
(−0.21). We consider this as an indication that the �(0.5–10 keV) – λ

and � – λ correlation has probably a similar strength while the de-
pendence of the hard spectral index with redshift is much weaker
(if any). These results support both the idea that the dependence
between � and z is (mainly) induced by the presence of the soft
excess and the idea that it is the spectral index of the primary X-ray
component, and not the soft excess intensity, that correlates with
the Eddington ratio. Clearly, better quality spectra, in particular at
energies above 2 keV, are required to put these conclusions on a
firmer ground.

Both � and, in particular, λ are characterized by uncertainties
that are on average large with respect to the variance of the param-
eters. As explained in Section 3.2, the presence of such large errors
reduces significantly the measured strength of the correlation, i.e.
the value of r. In order to have a better estimate of the actual level of
correlation between � and λ, we have thus applied the corrections
described in Section 3.2 finding a corrected value of r i of 0.6. In
the case of linear correlation, the square of r i gives an indication of
how much of the observed variance on � is regulated by the value
of λ. We thus conclude that about 40 per cent of the variance on the
spectral index is explained by λ. This is the strongest correlation
found in the sample. We have evaluated the impact of the elusive
AGN (Section 3.4) by adding these objects to the sample. We find
that their addition improves the � – λ correlation while the �–Ṁ

correlation remains not significant. We conclude that the observed
� – λ correlation is not due to the exclusion of the elusive AGN.

We compute the OLS fit for the correlation � – λ and we obtain

log � = 0.25 log λ + 2.48 (10)

with an error of ±0.05 on the slope, and the bisector from which

log � = 0.75 log λ − 2.77 (11)

with an error of ±0.04 on the slope.

4.2 Bolometric correction Kbol

We find a significant correlation between Kbol and λ (robs = 0.33,
P = 0.42 per cent, Fig. 5), while the correlation between Kbol and
Ṁ is only marginally significant (robs = 0.27, P = 2.14 per cent).

By using the equation (8) to correct the correlation coeffi-
cient of Kbol – λ correlation, we obtain r i = 0.52 which suggests
that ∼25 per cent of the variance on Kbol is explained by λ. We
compute the OLS fit for the correlation Kbol – λ and we obtain

log Kbol = 0.18 log λ + 1.61 (12)

with an error of ±0.06 on the slope, and the bisector from which

log Kbol = 0.72 log λ − 2.32 (13)

with an error of ±0.05 on the slope.
The slope obtained using the bisector method (0.72 ± 0.05) is in

good agreement with that presented in Lusso et al. (2012) (0.75 ±
0.04) while the OLS slope is significantly (∼2.5σ ) flatter (0.18
versus 0.39). The discrepancy is slightly reduced if we fit the data
on the same range of Kbol observed in Lusso et al. (2012) (we find
0.24 ± 0.11). Again, we have verified that the observed correlations
are not due to the exclusion of the elusive AGN.
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Figure 5. Plot of Kbol against λ. A typical error is shown in the upper left-
hand corner: the green solid error bar is the statistical error, the red dashed
one corresponds to the total error on λ (which includes the uncertainty
related to the virial method used to estimate the BH masses). The solid line
represents the OLS best-fitting relation. Blue triangles are the binned data.

In conclusion, the results show that both the spectral index �

and the bolometric correction Kbol depend significantly on λ: steep
� (∼2.5) and high Kbol (∼30–60) values correspond to higher λ

(∼1), flat � (∼1.7) and low Kbol values (∼10) correspond to lower
λ (∼10−2). Since Kbol depends also on � it is possible that the
Kbol – λ correlation is induced by the (stronger) � – λ correlation.
Again, we have verified this hypothesis using the partial correlation
analysis and found that the dependence between Kbol and λ can
indeed be explained as induced to the � – λ correlation.

In order to visualize these dependences we show in Fig. 6 two
theoretical SEDs representing two extreme cases of low (λ ∼ 10−3,
left-hand panel) and high (λ ∼ 1, right-hand panel) accretion rate.
We have built these SEDs using a Shakura–Sunyaev disc model
with a maximum temperature of 3 eV (corresponding to the av-
erage temperature of the sample sources) and a power law in the
range between ∼0.01 and 100 keV with a cut-off at 0.1 keV. The
values of the spectral index of the X-ray power law and the rela-
tive normalizations between the disc and the X-ray component are
obtained from our � – λ and Kbol – λ fits, i.e. from (10) and (12).
In this way the two SEDs of Fig. 6 can be considered as a visual
representation of the correlation analysis discussed in the previous
sections. To simplify the comparison between the two SEDs, we
assumed the same disc emission in both cases. It is clear from the
comparison of the two SEDs that the variation of Kbol with λ can

Figure 7. Plot of αOX against Ṁ . A typical error is shown in the upper left-
hand corner and it is the average statistical error on αOX and Ṁ . The solid line
represents the OLS best-fitting relation. Blue triangles are the binned data.

be simply explained as due to a change of �, as suggested by the
partial correlation analysis. We stress that the point where the disc
emission intersects the corona emission is not fixed ‘a priori’ but it
comes from the values of � and Kbol obtained from the fits.

4.3 αOX

Contrary to what is observed for the Kbol, we find a marginally
significant anticorrelation between αOX and λ (robs = −0.25, P =
3.32 per cent) while we find a significant anticorrelation between
αOX and Ṁ (robs = −0.41, P < 0.10 per cent, Fig. 7). Even if
we weight the correlation coefficients for the errors the depen-
dence between αOX and Ṁ remains the strongest one (r i = −0.41
versus −0.39). This result confirms what is usually found in the
literature, i.e. that the value of αOX anticorrelates with the bolo-
metric/UV luminosity while it has weaker dependence with the
Eddington ratio. The inclusion of the elusive AGN improves the
significance of both αOX – λ and αOX – Ṁ correlations.

Since both Kbol and αOX are expected to be in some way proxies
of the disc/corona relative intensity, the fact of finding two different
dependences for these two quantities, one (Kbol) on the relative
accretion rate and the other (αOX) on the absolute accretion, seems
difficult to reconcile. However, these two observational parameters
are clearly related but not identical. The major difference is the fact
that αOX is defined at given monochromatic frequencies while Kbol

is the ratio of two integrated quantities. For a fixed value of Kbol

Figure 6. SEDs obtained using the results of the � – λ and Kbol – λ best fits. The SED on the left represents the case of low accretion (λ ∼ 10−3): the Kbol

value is low and � is flat. The SED on the right represents instead the case of high accretion rate (λ ∼ 1): in this case Kbol is high and � is steep.
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Figure 8. Plot of disc–corona luminosity ratio against Ṁ . A typical error
is shown in the upper left-hand corner and it is the average statistical error
on disc–corona luminosity ratio and Ṁ . The solid line represents the OLS
best-fitting relation. Blue triangles are the binned data.

we can measure different values of αOX depending on the actual
spectral shape and vice versa. In particular, the value of αOX is less
sensitive to the slope of the X-ray emission if compared to Kbol

(robs = −0.24, P = 4.04 per cent for αOX – �, and robs = 0.53, P <

0.1 per cent for Kbol – �). As shown in the previous section, the
dependence of Kbol to the Eddington ratio is probably induced by a
change of � so it is probable that the weaker dependence of αOX on
λ is a consequence of the weaker dependence of αOX on �.

On the other hand, the significant dependence of αOX with Ṁ

suggests that the disc/corona relative intensity depends also on the
absolute accretion rate. We test this hypothesis in the next section
by studying directly the disc/corona luminosity ratio.

4.4 Disc–corona luminosity ratio

The dependences of Kbol and αOX discussed in the previous sections
seem to suggest a complex relationship between the disc/corona
luminosity ratio and the accretion. From the one hand, there is a
significant dependence on the Eddington ratio, probably related to
a change of X-ray slope with λ. On the other hand, there could
be also a dependence of the disc/corona luminosity ratio on the
absolute level of accretion rate. We now want to study directly the
dependence of the disc/corona luminosity ratio with accretion. As
expected, the situation in this case is more complex than the Kbol and
αOX case. We find significant correlation with Ṁ (robs = 0.37, P <

0.10 per cent, Fig. 8) and a marginally significant correlation with
λ (robs = 0.28, P = 1.64 per cent, Fig. 9). We find a similar result if
we add the elusive AGN into the analysis. The strength of the two
correlations, once corrected for the errors, is quite similar (r i ∼ 0.4)
so it is difficult to establish if there is a dominant correlation that
explains also the other one. It is thus possible that both correlations
are in fact present, i.e. that the disc/corona relative intensity depends
both on λ and Ṁ , as expected from the combination of the results
obtained for Kbol and αOX.

5 D I S C U S S I O N A N D C O N C L U S I O N S

In this paper we studied the link between X-ray emission and accre-
tion rate in a statistically well-defined and complete sample of 71
type 1 AGN extracted from the XBS. The X-ray properties analysed
here are the spectral index � in the range 0.5–10 and 2–10 keV band

Figure 9. Plot of disc–corona ratio against λ. A typical error is shown in
the upper left-hand corner: the green solid error bar is the statistical error,
the red dashed one corresponds to the total error on λ (which includes the
uncertainty related to the virial method used to estimate the BH masses).
The solid line represents the OLS best-fitting relation. Blue triangles are the
binned data.

and the X-ray ‘loudness’ parametrized with both the bolometric cor-
rection Kbol (defined as the ratio between bolometric luminosity and
2–10 keV luminosity) and the two-points spectral index αOX. We
have also directly analysed the disc/corona luminosity ratio. The
spectral index gives direct information about the energy distribu-
tion of the electrons in the corona, while the other three parameters
quantify, in different ways, the relative importance between disc
and corona.

We have considered different possible biases which can influence
final results, such as

(i) soft excess contamination;
(ii) redshift-induced correlations (important in flux-limited

samples);
(iii) impact of errors on correlation coefficients (especially on

MBH estimate);
(iv) interconnected dependences due to the fact that the parame-

ters considered in the analysis are not all independent;
(v) the impact of the exclusion of ‘elusive’ AGN from the analysis

on the final results.

The results can be summarized as follows.

(i) The spectral index � depends significantly on accretion rate
normalized to Eddington luminosity; in particular, ∼40 per cent of
� variance could be explained by λ. This correlation is not due
to the soft excess contamination, but it probably reflects a true
dependence of the slope of the primary X-emission with λ. The � –
λ dependence can be speculatively attributed to the effect of cooling
of the electrons in the corona: for high values of λ, a large number of
photons comes from the accretion disc and cools corona electrons
rapidly, thus producing steep X-ray spectra while for low values
of λ, less photons are available and this makes electron cooling
inefficient, thus producing flat X-ray spectra (see for instance Cao
2009).

(ii) The ‘X-ray loudness’ depends both on λ and Ṁ but the de-
pendence with λ is probably just the consequence of the (stronger)
� – λ dependence.

(iii) The strength of the dependence between the ‘X-ray loudness’
and λ or Ṁ is different depending on whether we parametrize the
X-ray loudness using the Kbol or the αOX: while Kbol seems to depend
mainly on λ, the values of αOX show a stronger dependence with
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Ṁ . The explanation is likely connected to the different sensitivity
of these two parameters to the X-ray spectral index.
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A P P E N D I X A : E R RO R I M PAC T O N
C O R R E L AT I O N C O E F F I C I E N T

Some parameters used in this analysis (like the BH mass and the
Eddington ratio) are characterized by very large errors, principally
related to the method adopted to estimate the BH masses. If the
error is comparable to the variance of a variable, this can reduce
the strength of a correlation by decreasing the values of the corre-
lation coefficients. We estimate the intrinsic correlation parameter
by using the relation:

ri = robs

√√√√(
1 + ε2

x

σ 2
x

) (
1 + ε2

y

σ 2
y

)
, (A1)

where εx, εy are the average errors on the two variables, σ 2
x and σ 2

y

are the intrinsic (i.e. not folded with the errors) variances on the two
variables, robs is the observed coefficient and the term under square
root of this variable is the correction factor. This relation can be
derived from linear correlation coefficient, assuming independent
errors on variables. Using Monte Carlo simulations we have veri-
fied that it can be also applied to Spearman coefficients in the case
of a non-linear relation. Fig. A1 represents a Monte Carlo simula-
tion where we show the case of a cubic correlation between two
variables, X and Y, with an intrinsic correlation coefficient r ∼ 0.87
(lower panel in Fig. A1). If we add an error on Y comparable to the
variance on this variable, the coefficient correlation is reduced to
r ∼ 0.62 (upper panel in Fig. A1).

Figure A1. Numerical simulation (∼1000 points) that shows the impact of
a big error (comparable with the variance of the variable, in this example Y)
on the Y – X correlation. In this example we assume a correlation coefficient
r ∼ 0.87 (lower panel) and we add an error on Y comparable with the intrinsic
variance on Y. The resulting correlation (upper panel) is significantly reduced
(r ∼ 0.62).
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We repeated these simulations for different values of errors and
the trend of the observed robs is shown in Fig. A2 (blue stars).
In Fig. A2 we also report the values of ri estimated according

Figure A2. Results of numerical simulations that show the variation
of the observed correlation coefficient (blue stars) with respect to the
error2/variance ratio, assuming a starting value of r ∼ 0.87. The red points
represent corrected r values.

to equation (A1) (red points). The starting value of ri ∼ 0.9 is
reasonably recovered.

A P P E N D I X B : PA RT I A L C O R R E L AT I O N S

As explained in Section 3.1, in a flux-limited sample like the XBS
the luminosity is strongly correlated with redshift. This relation
could give rise to spurious correlations. A way of dealing with the
problem is to examine the correlations between luminosities ex-
cluding the dependence on redshift via partial correlation analysis.
If r12 is the correlation coefficient between x1 and x2 and r13 and r23

are the correlation coefficients of the two variables with z, the cor-
relation coefficient between x1 and x2, excluding the effect of z, is

r12,3 = r12 − r13r23√
(1 − r2

13)(1 − r2
23)

. (B1)

This equation can be generalized to more than three variables. For
example, in the case of four variables it becomes

r12,34 = r12,4 − r13,4r23,4√
(1 − r2

13,4)(1 − r2
23,4)

. (B2)

APPENDI X C : THE SAMPLE

In this section we present the table (Table C1) including all the
quantities used in the analysis discussed in the text.

Table C1. Main properties of the sample of 70 type 1 AGN analysed in this work.

Name z � �2–10 Log Kbol Log MBH Log Ṁ Log λ αOX Log(Ldisc/Lcorona)

XBS J000027.7−250442 0.336 1.87+0.06
−0.05 1.57+0.27

−0.25 1.32+0.09
−0.11 8.63+0.10

−0.12 −0.94+0.09
−0.12 −1.93+0.13

−0.17 −1.430 0.497

XBS J000031.7−245502 0.284 2.29+0.08
−0.08 1.86+0.42

−0.52 1.48+0.10
−0.34 8.02+1.32

−0.25 −1.05+0.11
−0.33 −1.43+1.32

−0.41 −1.362 0.638

XBS J000102.4−245850 0.433 2.12+0.08
−0.07 1.89+0.28

−0.34 0.94+0.07
−0.06 8.16+0.15

−0.14 −1.06+0.07
−0.06 −1.58+0.17

−0.15 −1.106 −0.093

XBS J001831.6+162925 0.553 2.39+0.04
−0.04 2.11+0.14

−0.17 1.69+0.10
−0.08 8.54+0.06

−0.05 0.06+0.10
−0.09 −0.84+0.12

−0.10 −1.501 0.757

XBS J002618.5+105019 0.473 2.04+0.04
−0.04 1.95+0.16

−0.15 1.50+0.10
−0.08 9.03+0.10

−0.14 0.20+0.10
−0.08 −1.19+0.14

−0.16 −1.469 0.757

XBS J002637.4+165953 0.554 2.15+0.04
−0.03 2.07+0.13

−0.13 1.26+0.09
−0.11 8.21+0.11

−0.41 −0.20+0.08
−0.11 −0.77+0.14

−0.42 −1.363 0.420

XBS J003418.9−115940 0.850 2.10+0.27
−0.16 2.03+0.43

−0.51 1.32+0.14
−0.16 8.84+0.11

−0.13 −0.05+0.14
−0.16 −1.25+0.18

−0.21 −1.310 0.497

XBS J005009.9−515934 0.610 2.28+0.09
−0.08 2.11+0.44

−0.42 1.22+0.08
−0.06 8.45+0.35

−0.58 −0.48+0.08
−0.06 −1.29+0.36

−0.58 −1.287 0.289

XBS J010432.8−583712 1.640 1.95+0.05
−0.04 1.76n.d.

n.d. 1.18+0.10
−0.10 9.94+0.08

−0.09 0.82+0.10
−0.09 −1.48+0.13

−0.13 −1.285 0.289

XBS J012025.2−105441 1.338 2.40+0.21
−0.18 2.32+0.36

−0.31 1.90+0.14
−0.14 9.68+0.08

−0.08 1.11+0.14
−0.14 −0.93+0.16

−0.16 −1.558 1.016

XBS J012119.9−110418 0.204 2.66+0.23
−0.14 3.56+1.54

−1.16 1.69+0.12
−0.12 8.13+0.08

−0.09 −0.72+0.12
−0.12 −1.21+0.14

−0.15 −1.424 0.540

XBS J013204.9−400050 0.445 2.42+0.17
−0.14 2.48+0.52

−0.43 1.63+0.13
−0.13 8.05+0.13

−0.12 −0.47+0.13
−0.13 −0.88+0.18

−0.18 −1.470 0.757

XBS J020029.0+002846 0.174 2.42+0.10
−0.10 2.22+0.66

−0.80 1.13+0.06
−0.05 7.65+0.17

−0.20 −1.61+0.06
−0.05 −1.62+0.18

−0.21 −1.218 0.002

XBS J021808.3−045845 0.712 1.91+0.04
−0.03 n.d. 1.46+0.10

−0.08 9.45+0.06
−0.05 0.53+0.09

−0.08 −1.28+0.11
−0.09 −1.465 0.694

XBS J021817.4−045113 1.080 1.83+0.04
−0.03 1.78+0.08

−0.07 0.98+0.06
−0.07 9.23+0.07

−0.09 0.46+0.05
−0.07 −1.13+0.09

−0.11 −1.181 −0.128

XBS J021820.6−050427 0.646 1.81+0.04
−0.04 1.70+0.14

−0.13 1.40+0.06
−0.12 8.76+0.06

−0.10 −0.12+0.06
−0.12 −1.24+0.08

−0.16 −1.451 0.540

XBS J021923.2−045148 0.632 2.41+0.07
−0.04 2.20+0.23

−0.22 1.63+0.10
−0.08 8.81+0.07

−0.05 −0.11+0.10
−0.08 −1.28+0.12

−0.09 −1.470 0.757

XBS J024200.9+000020 1.112 2.03+0.05
−0.04 1.91+0.13

−0.17 1.38+0.07
−0.04 9.79+0.06

−0.04 0.57+0.07
−0.04 −1.58+0.09

−0.06 −1.439 0.587

XBS J024207.3+000037 0.385 2.52+0.12
−0.08 1.93+0.31

−0.27 1.52+0.06
−0.07 8.42+0.10

−0.10 −0.79+0.06
−0.07 −1.57+0.12

−0.12 −1.368 0.497

XBS J031015.5−765131 1.187 1.91+0.02
−0.02 1.84+0.06

−0.06 1.26+0.09
−0.12 10.02+0.08

−0.10 0.99+0.09
−0.12 −1.39+0.12

−0.16 −1.364 0.385

XBS J033208.7−274735 0.544 1.99+0.09
−0.07 1.92+0.19

−0.24 1.37+0.07
−0.13 9.60+0.07

−0.11 −0.45+0.07
−0.13 −2.41+0.10

−0.17 −1.441 0.587

XBS J050446.3−283821 0.840 1.97+0.11
−0.08 1.87+0.46

−0.38 0.97+0.08
−0.07 8.20+0.35

−0.36 −0.44+0.08
−0.06 −1.00+0.36

−0.36 −1.178 −0.037

XBS J050501.8−284149 0.257 2.18+0.05
−0.05 2.15+0.39

−0.35 1.29+0.14
−0.11 7.44+0.11

−0.09 −1.33+0.14
−0.11 −1.13+0.18

−0.14 −1.350 0.457

XBS J051955.5−455727 0.562 2.09+0.04
−0.04 2.00+0.38

−0.33 1.21+0.08
−0.10 8.51+0.07

−0.08 −0.31+0.08
−0.11 −1.18+0.11

−0.14 −1.262 0.351

XBS J065400.0+742045 0.362 2.30+0.19
−0.12 2.37+0.60

−0.49 1.56+0.13
−0.13 8.24+0.10

−0.10 −0.61+0.12
−0.13 −1.21+0.16

−0.16 −1.456 0.694

XBS J074352.0+744258 0.800 2.03+0.07
−0.06 1.92+0.20

−0.25 1.39+0.09
−0.12 9.06+0.08

−0.09 0.21+0.10
−0.12 −1.21+0.13

−0.15 −1.418 0.638

XBS J080504.6+245156 0.980 2.08+0.10
−0.10 1.77+0.32

−0.28 0.96+0.04
−0.04 8.39+0.14

−0.17 −0.33+0.03
−0.05 −1.08+0.14

−0.18 −1.155 −0.075

XBS J080608.1+244420 0.357 2.49+0.04
−0.03 2.21+0.18

−0.23 1.53+0.06
−0.07 8.15+0.07

−0.07 −0.25+0.06
−0.07 −0.76+0.09

−0.10 −1.380 0.540
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Table C1 – continued

Name z � �2–10 Log Kbol Log MBH Log Ṁ Log λ αOX Log(Ldisc/Lcorona)

XBS J100100.0+252103 0.794 2.20+0.07
−0.04 2.12+0.17

−0.16 1.25+0.08
−0.07 8.78+0.06

−0.05 −0.15+0.08
−0.07 −1.29+0.10

−0.09 −1.346 0.385

XBS J100309.4+554135 0.673 2.27+0.07
−0.06 1.86+0.35

−0.42 1.61+0.07
−0.08 8.87+0.05

−0.05 −0.01+0.08
−0.08 −1.23+0.09

−0.09 −1.454 0.757

XBS J100828.8+535408 0.384 2.04+0.12
−0.09 1.29+0.64

−0.54 1.49+0.07
−0.08 8.75+0.30

−0.24 −0.82+0.07
−0.08 −1.93+0.31

−0.25 −1.491 0.757

XBS J100921.7+534926 0.387 2.35+0.08
−0.05 1.94+0.35

−0.34 1.28+0.08
−0.10 8.22+0.12

−0.12 −0.83+0.08
−0.10 −1.41+0.14

−0.16 −1.309 0.320

XBS J101838.0+411635 0.577 2.36+0.07
−0.06 2.09+0.30

−0.26 1.45+0.06
−0.07 8.79+0.05

−0.06 −0.33+0.07
−0.07 −1.48+0.09

−0.09 −1.332 0.540

XBS J101850.5+411506 0.577 2.30+0.05
−0.03 2.17+0.15

−0.20 1.38+0.06
−0.07 8.89+0.05

−0.04 0.07+0.07
−0.08 −1.18+0.09

−0.08 −1.372 0.540

XBS J101922.6+412049 0.239 2.12+0.16
−0.05 n.d. 1.04+0.05

−0.04 8.90+0.08
−0.75 −1.05+0.05

−0.04 −2.31+0.09
−0.75 −1.186 −0.163

XBS J103120.0+311404 1.190 1.85+0.12
−0.08 1.76+0.20

−0.18 1.09+0.09
−0.05 9.27+0.09

−0.06 0.35+0.09
−0.05 −1.28+0.13

−0.08 −1.240 0.132

XBS J103154.1+310732 0.299 1.88+0.13
−0.12 1.42+0.84

−0.76 1.20+0.06
−0.07 9.25+0.26

−0.19 −1.22+0.06
−0.06 −2.83+0.27

−0.20 −1.369 0.385

XBS J103932.7+205426 0.237 1.87+0.11
−0.09 1.87+0.63

−0.54 1.04+0.07
−0.05 8.02+0.17

−0.13 −1.36+0.07
−0.05 −1.74+0.18

−0.14 −1.273 0.132

XBS J103935.8+533036 0.229 2.08+0.15
−0.10 2.22+0.56

−0.43 1.34+0.09
−0.12 8.70+0.07

−0.09 −0.99+0.09
−0.12 −2.05+0.11

−0.15 −1.333 0.587

XBS J104026.9+204542 0.465 1.99+0.03
−0.03 1.88+0.13

−0.13 0.97+0.04
−0.05 8.52+0.05

−0.08 −0.01+0.04
−0.04 −0.89+0.06

−0.09 −1.043 0.002

XBS J104509.3−012442 0.472 2.14+0.11
−0.06 2.13+0.29

−0.31 1.19+0.06
−0.06 8.00+0.06

−0.05 −0.85+0.05
−0.06 −1.21+0.08

−0.08 −1.301 0.320

XBS J104912.8+330459 0.226 1.67+0.12
−0.09 1.91+0.46

−0.39 0.86+0.03
−0.03 8.46+0.21

−0.18 −1.40+0.02
−0.03 −2.22+0.21

−0.18 −1.060 −0.603

XBS J105014.9+331013 1.012 2.33+0.37
−0.20 2.45+0.95

−0.69 2.01+0.10
−0.13 9.72+0.13

−0.09 0.71+0.10
−0.13 −1.37+0.16

−0.16 −1.643 1.146

XBS J105239.7+572431 1.113 2.10+0.02
−0.02 2.04+0.12

−0.16 1.71+0.07
−0.09 9.48+0.05

−0.06 0.82+0.07
−0.09 −1.02+0.09

−0.11 −1.550 0.914

XBS J105316.9+573551 1.204 1.80+0.02
−0.02 1.97+0.14

−0.18 1.11+0.05
−0.05 8.82+0.12

−0.14 0.53+0.05
−0.05 −0.65+0.13

−0.15 −1.285 0.109

XBS J105624.2−033522 0.635 2.16+0.09
−0.06 2.20+0.26

−0.23 1.44+0.07
−0.08 8.75+0.05

−0.05 −0.20+0.07
−0.08 −1.31+0.09

−0.09 −1.425 0.638

XBS J112022.3+125252 0.406 2.22+0.09
−0.08 1.75+0.38

−0.50 1.26+0.06
−0.07 8.26+0.06

−0.06 −0.57+0.06
−0.06 −1.19+0.08

−0.08 −1.295 0.420

XBS J120359.1+443715 0.641 2.43+0.12
−0.12 2.57+0.40

−0.34 1.37+0.11
−0.10 8.77+0.06

−0.06 −0.34+0.11
−0.10 −1.47+0.13

−0.12 −1.396 1.600

XBS J123116.5+641115 0.454 1.92+0.05
−0.05 1.91+0.25

−0.22 0.98+0.04
−0.04 9.21+0.18

−0.13 −1.07+0.05
−0.04 −2.64+0.19

−0.14 −1.217 0.002

XBS J123759.6+621102 0.910 2.05+0.04
−0.04 1.89+0.12

−0.15 1.45+0.07
−0.08 9.16+0.05

−0.05 0.40+0.06
−0.08 −1.12+0.08

−0.09 −1.443 0.638
XBS J123800.9+621338 0.440 2.54+0.04

−0.05 2.01+0.26
−0.33 1.91+0.07

−0.09 8.44+0.09
−0.10 −0.48+0.07

−0.08 −1.28+0.11
−0.13 −1.571 1.016

XBS J124214.1−112512 0.820 1.81+0.05
−0.05 1.60+0.16

−0.15 1.32+0.10
−0.08 8.89+0.07

−0.06 0.12+0.09
−0.08 −1.13+0.11

−0.10 −1.431 0.457

XBS J124607.6+022153 0.491 2.46+0.12
−0.08 1.81+0.57

−0.48 1.42+0.06
−0.07 8.40+0.10

−0.10 −0.42+0.06
−0.07 −1.18+0.12

−0.12 −1.326 0.420

XBS J124641.8+022412 0.934 2.21+0.07
−0.05 2.00+0.19

−0.23 1.54+0.04
−0.08 9.11+0.02

−0.06 0.70+0.03
−0.08 −0.77+0.04

−0.10 −1.485 0.757

XBS J124949.4−060722 1.053 2.16+0.07
−0.06 1.70+0.31

−0.28 1.44+0.07
−0.08 8.53+0.05

−0.06 0.34+0.06
−0.08 −0.55+0.08

−0.10 −1.422 0.638

XBS J132101.6+340656 0.335 2.44+0.04
−0.04 2.18+0.18

−0.20 1.68+0.07
−0.08 8.49+0.07

−0.08 −0.39+0.06
−0.09 −1.24+0.09

−0.12 −1.351 0.757

XBS J133807.5+242411 0.631 2.08+0.10
−0.08 1.84+0.32

−0.35 1.82+0.07
−0.09 8.93+0.04

−0.06 0.18+0.07
−0.09 −1.11+0.08

−0.11 −1.601 1.016

XBS J134749.9+582111 0.646 2.20+0.02
−0.02 1.93+0.06

−0.06 1.51+0.07
−0.08 9.65+0.07

−0.07 0.84+0.06
−0.08 −1.17+0.09

−0.11 −1.419 0.694

XBS J140102.0−111224a 0.037 1.91+0.02
−0.02 1.74+0.12

−0.12 1.40+0.19
−0.35 7.71+0.96

−0.82 −2.06+0.07
−0.09 −2.13+0.96

−0.82 −1.382 0.638

XBS J141531.5+113156 0.257 1.85+0.02
−0.04 n.d. 1.01+0.04

−0.05 9.13+0.17
−0.15 −1.06+0.05

−0.05 −2.55+0.18
−0.16 −1.174 0.043

XBS J144937.5+090826 1.260 1.81+0.07
−0.04 1.80+0.11

−0.10 1.19+0.08
−0.06 9.50+0.07

−0.06 0.56+0.08
−0.06 −1.30+0.11

−0.08 −1.332 0.261

XBS J160706.6+075709 0.233 2.42+0.09
−0.08 2.02+0.62

−0.55 1.40+0.06
−0.07 7.70+0.10

−0.11 −1.24+0.06
−0.07 −1.30+0.12

−0.13 −1.382 0.420

XBS J160731.5+081202 0.226 2.67+0.22
−0.13 2.32+0.72

−0.87 1.74+0.09
−0.08 6.99+0.09

−0.11 −1.09+0.09
−0.08 −0.44+0.13

−0.14 −1.335 0.587

XBS J165406.6+142123 0.641 1.88+0.12
−0.08 1.93+0.39

−0.34 1.61+0.13
−0.13 8.90+0.09

−0.10 0.04+0.13
−0.13 −1.22+0.16

−0.16 −1.478 0.829

XBS J165425.3+142159 0.178 2.11+0.04
−0.02 1.97+0.13

−0.13 0.89+0.05
−0.04 7.61+0.26

−0.36 −1.02+0.04
−0.04 −0.99+0.26

−0.36 −1.124 −0.196

XBS J165448.5+141311 0.320 1.81+0.07
−0.04 1.78+0.20

−0.27 0.81+0.02
−0.02 8.75+0.05

−0.06 −0.68+0.02
−0.02 −1.79+0.05

−0.06 −1.016 −0.540

XBS J205635.7−044717 0.217 2.40+0.10
−0.08 1.83+0.52

−0.73 1.43+0.11
−0.11 7.60+0.10

−0.09 −1.01+0.11
−0.11 −0.97+0.15

−0.14 −1.347 0.497

XBS J213002.3−153414 0.562 2.06+0.13
−0.12 2.31+0.33

−0.30 1.68+0.13
−0.14 8.53+0.08

−0.07 0.39+0.14
−0.13 −0.50+0.16

−0.15 −1.567 1.016

XBS J214041.4−234720 0.490 2.17+0.05
−0.05 1.91+0.19

−0.24 1.46+0.10
−0.08 9.31+0.06

−0.06 0.01+0.10
−0.08 −1.66+0.12

−0.10 −1.400 0.694

XBS J225050.2−642900 1.251 2.04+0.04
−0.04 1.93+0.12

−0.12 1.26+0.11
−0.11 9.71+0.11

−0.08 0.69+0.11
−0.10 −1.38+0.16

−0.13 −1.374 0.457
XBS J231342.5−423210 0.973 2.14+0.08

−0.04 2.00+0.16
−0.15 1.21+0.08

−0.06 9.12+0.11
−0.11 0.30+0.08

−0.06 −1.18+0.14
−0.13 −1.309 0.351

Notes. Column 1: source name; column 2: redshift; column 3: X-ray spectral index between 0.5 and 10 keV; column 4: X-ray spectral index between 2 and
10 keV; column 5: logarithm of the bolometric correction; column 6: logarithm of the BH mass in units of solar masses; columns 7: logarithm of the absolute
accretion rate in units of solar masses per year; column 8: logarithm of Eddington ratio; column 9: two-point spectral index; column 10: logarithm of the
disc/corona luminosity ratio. All errors are at 68 per cent confidence level (please note that in Corral et al. 2011 the reported errors on � are at 90 per cent
confidence level).
aThe X-ray luminosity of XBS J140102.0−111224 reported here is different from the value that appears in Corral et al. (2011) because of a typo discovered
in that paper. Therefore, also the derived quantities, like Kbol, αOX are different from what reported in Marchese et al. (2012).
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The relationship between X-ray emission and
accretion in X-ray selected AGNs
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Abstract. We study the link between the X-ray emission in radio-quiet AGNs and the
accretion rate on the central Supermassive Black-Hole (SMBH) using a well-defined and
statistically complete sample of 70 type1 AGNs extracted from the XMM-Newton Bright
Serendipitous survey (XBS). To this end, we search and quantify the statistical correlations
between the main parameters that characterize the X-ray emission (i. e. the X-ray spectral
slope and the X-ray loudness), and the accretion rate, both absolute (Ṁ) and relative to the
Eddington limit (Eddington ratio, λ). Here, we summarize and discuss the main statistical
correlations found and their possible implications on current disk-corona models.

Key words. active galaxies, X-ray properties, accretion rate

1. Introduction

It is now accepted that the engine of AGNs is
powered by the accretion of matter onto the
SMBH, placed in the center of the host galaxy:
the matter is heated (∼ 106 K) through vis-
cous and magnetic process and forms an ac-
cretion disk around the SMBH emitting in the
UV-optical region. A fraction of energy is also
emitted in the X-ray band with a spectrum
that can be represented, at a zeroth order, by
a power-law from 0.1 to 100 keV. It is believed
that X-rays are produced in a hot corona (∼ 108

K) reprocessing the primary UV-optical emis-
sion of the disk via inverse-Compton mech-
anism (Haardt & Maraschi 1991). The main
properties of X-ray emission change signifi-

Send offprint requests to: R. Fanali

cantly from source to source. Recent results
suggest that the differences can be partly re-
lated to the value of accretion rate or to the
black-hole mass (Grupe et al. 2010, Risaliti
et al. 2009, Vasudevan & Fabian 2009). The
aim of this work is to establish the actual link
between X-ray properties and the parameters
that quantify the accretion rate by analyzing a
well defined sample of 70 type1 AGNs selected
from the XMM-Newton Bright Serendipitous
survey (XBS). In this work we study the spec-
tral index Γ between 0.5 and 10 keV and the
bolometric correction Kbol, defined as the ratio
between bolometric luminosity and 2− 10 keV
luminosity. Γ gives direct information about
the energy distribution of the electrons in the
corona, while Kbol quantifies the relative im-
portance between disk and corona. The ap-
proach followed is to search for statistically
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Fig. 1. Theoretical spectral energy distribu-
tions that represent two extreme cases of accre-
tion: λ ∼ 10−3 (upper panel) and λ ∼ 1 (lower
panel). See text for more details.

significant correlations between these param-
eters and the value of accretion rate, absolute
(Ṁ) and normalized to Eddington limit (λ),
presented in (Caccianiga et al. 2013).

2. Results

We find that Γ depends significantly on λ while
the dependence on Ṁ is weak. By using partial
correlation we demonstrate that the observed
correlations are not induced by redshift. We
find a similar Γ − λ correlation also using the
hard 2 − 10 keV spectral index. Therefore the
observed correlation is directly linked to the
primary component of the X-ray emission and
not due to secondary spectral component (e.g.

soft excess). We also find a correlation between
Kbol and λ while, again, the dependece on Ṁ is
weak. We represent graphically the results of
the Γ − λ and Kbol − λ correlations by showing
the theoretical SEDs in two extreme cases of
low and high Eddington ratios (Fig. 1): these
SEDs were built using a Shakura & Sunyaev
disk model plus a power-law in the range be-
tween 0.01 and 100 keV with a cut-off at 0.1
keV. The values of Γ and Kbol are taken from
our fits of the Γ − λ and Kbol − λ correlations.

To simplify the comparison, we assume
the same disk emission normalization in both
cases. The comparison of the two SEDs sug-
gests that the variation of Kbol could be en-
tirely attributed to the variation of Γ. We also
test this idea by using the partial correlation
analysis and we conclude that the correlations
observed in this work can be in principle ex-
plained by the Γ − λ correlation alone. This re-
sult suggests a speculative interpretation based
on the electron cooling of corona: for high val-
ues of λ, a large number of photons comes from
the accretion disk and cools corona electrons
rapidly, thus poducing steep X-ray spectra and
high values of Kbol. For low λ, less photons are
available and this makes electron cooling inef-
ficient, thus producing flat X-ray spectra and
low values of Kbol.

Full details are reported in Fanali et al.
(2013).
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