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Rationale

There are nowadays strong evidences that Supermassivek Bites (SMBH,
Mgy = 10° — 10°M,) reside at the center of almost all the galaxies in the local
Universe. Moreover, studies performed in the last decadesed the existence of
a correlation between the mass of the central SMBH and thpepiies of the host
galaxies bulges, such as the bulge luminodtgrinendy & Richstone 1995the velocity
dispersion Ferrarese & Merritt 2000Gebhardt et al. 2000 remaine et al. 2002and the
stellar massNlarconi & Hunt 2003. These correlations clearly suggest that there shall
be a co-evolution between the central black hole and the drdaxy. The mechanism
connecting the growth of the SMBH (through accretion of eratturing an “active”
phase) and the evolution of the host galaxy (in terms of siemétion) is still highly
debated and it is referred ésedback To assess the nature and possible origifeefiback

a profound knowledge on the structure, the physical pr@serftsuch as the density,
ionisation state, geometry, temperature, etc) of the mattgroximity of the central
accreting SMBH is needed. The topic on which | focused dunmgPhD is the X-ray
study of Active Galactic Nuclei (AGN), i.e. the central regs of galaxies where the
accretion of matter onto a SMBH is taking place. The X-rayrgnéand is unique to
investigate this topic, because it probes the conditiorteefnnermost emittingbsorbing
regions in the active galaxies.

The phenomenon of AGN characterizes about 10-20% of thexigalan the local
Universe. They are among the most energetic sources in thesida, with bolometric
luminosities ranging from 18 to 10* erg s, in most cases outshining the luminosities
of their own host galaxies. Their spectra cover a wide wangtle range (from radio to
TeV energies) showing a continuum and strong emission linascannot be produced
by stellar processes. The strong variability, often obsgron time scales from months
to hours suggests that the central emitting regions is cotm{® 103 — 10'5%cm). The
AGN “family” has been object of several classifications,csirthe observed properties
of these sources are strongly dependent on the energy bawtiiagh they have been
found angor studied. One of the most important classifications is dhasethe properties
of the optical spectrum, designating Type 1 AGN the sourtesving both broad and
narrow emission lines, and Type 2 AGN those displaying ordyrow emission lines.
According to the most accredited paradigm, known as Unifiedi®l (Antonucci 1993,
the central engine producing the observed properties amdlifferent classes of AGN
is intrinsically the same, but it is viewed fromfiilirent angles. Indeed it envisages that
the SMBH is surrounded by an anisotropic uniform absorbegasd and dust, with a
toroidal geometry that, depending on the orientation wéhpect to the line of sight,
can intercept the radiation emitted from the innermostamgi In this scenario the
broad emission lines are produced in a region, called Braad Region (BLR), very
close to the central SMBH (®0.1 pc), whose view is blocked when we look at the
AGN along a direction that intercepts the torus. Theref@eng this direction, we
only see the narrow emission lines produced in the most madteegion (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 respebiettorus axis, then we
are able to observe both the BLR and the NLR, and the objelagsitied as a Type 1 AGN.

Even if on a general level the Unified Model can be retainedd @ the sense that
at the origin of the dferences among type 1 and type 2 sources there is the anisatrop
the absorbers), recent studies in distinct energy bandgestithe presence of several non-
uniform absorbers, located afi@irent distances from the SMBH, and afteient physical
states. These findings, leading to the formulation of adtiva models, are:

o the presence of strongly blueshifted broad absorptios lim¢he UV spectra of some
quasar, indicating the existence of outflowing winds witloggies from thousands
of km/s to 0.2c. A model was proposed Byvis (2000, in which the torus is re-
placed by a funnel-shaped thin outflow that, observed éeréint viewing angles,
can provide the observed features.

e the almost ubiquitous variability of the X-ray spectral gaaf AGN and the time
scales on which variability occurs, which suggest that théeulying absorber is
clumpy and located at distances compatible with the BRiRdliti et al. 2002

e the dependence of the fraction of obscured AGN on luminoditys thought to
indicate that the covering factor of the obscuring matesial function of luminosity
(“receding torus model”, see e.gawrence 1991Simpson 2005Lusso et al. 2013

e the observation that the IR emission of AGN is almost isdtrogespite the
anisotropic geometry of the torus (elgutz et al. 2004 Horst et al. 2005 and the
coexistence of strongly flerent temperatures at the same distance from the SMBH:
a model in which the torus is clumpy, with a soft-edge denslistribution can
explain these pattern&ljtzur 2007%.

Besides the numerous evidences of the clumpy nature of Sueladr, studies performed in
the last years showed that the absorbing material is notyalwautral. In fact significant
amounts of ionised material have been detected in ab®0®% of Type 1 AGN, thanks to
the features they imprint in the X-ray spectra, i.e. narrtoscaption lines from several
ionisation states of a high variety of elemenk&aéstra et al. 20Q0Kaspi et al. 2000
Blustin et al. 200% These ionised absorbers are called “warm absorbers” @ud)have
outflow velocities in the range 100- 1000 kmjis. WAs present many open points still
under analysis, such as their origin (accretion disk ortpgtdorus), their kinetic energy
and thus their eventual role in the feedback mechanism. hduicomplexity is provided
by the observations of highly ionised absorbers with higtilow velocities (o, = 0.1
¢, Chartas et al. 2002Chartas, Brandt, & Gallagher 200Bounds et al. 2003Braito
et al. 2007 Reeves et al. 20095 offord et al. 2011 Lobban et al. 201 1Dauser et al.
2012 Gofford et al. 2013 that have been classified under the name of “ultrafastavusfl
(UFOs, Tombesi et al. 2010b Finally, although the Unified Model of AGN is valid at
the zeroth order, according to recent models of AGN-galasagwwolution, the presence
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of obscuration (hence Type 2 versus Type 1 AGN) may be linked specific (initial)
phase of the evolution of the AGN. At this stage the central iBIstill growing and is
surrounded by large amounts of dust, probably related tot@mse star-forming activity
in the central part of the host galaxy. In this phase its taatiais mostly hidden to our
view. In a later phase, the outflows driven by the central AGpeémost of the obscuring
material, leaving the active SMBH visible (Type-1 AGN phas&his has been recently
used also to explain the relatively high (and increasinggtfon of obscured AGN at high
redshift. On a broader extent, it may be related to a highetin of mergers at high
redshift Ryan et al. 2008

Among the most useful “tools” to test the size, structure amchposition of the cir-
cumnuclear medium there is the observation of absorptioiahidity in the X-ray spec-
tra of AGN. One of the diiculties of this kind of studies is disentangling if the spalict
changes are a result of an intrinsic variation of the primamyssion or of the absorbing
medium or both. Once that a variability of the continuum carekcluded, the time scales
on which absorption variability occurs can provide somest@ints on the size and the
distance of the obscuring clouds from the central SMBHIIp et al. 201%. The most ex-
treme cases of AGN showing absorption variability have lm@ssified as “changing look”
AGN, i.e sources that, observed irffdrent epochs, are found to vary from a Compton-thin
state Ny < 10%%cm~2?) to a Compton-thick stateNg; > 10?*cm™2). Among these sources
the best examples are NGC 13@8iqaliti et al. 20052007 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. 2004Lobban etal. 201jland 1H 0419-577Rounds et al. 2004
Two different approaches can be carried on for testing the numeradsisfor the internal
structure of AGN. One is the systematic study of samples dNAIG order to estimate the
covering factor of these occultation events and the frequen which absorption variabil-
ity occurs. Among these works | cite the first statisticalveyrperformed byMarkowitz,
Krumpe, & Nikutta(2014 and a recent statistical work on X-ray occultations putais by
Torricelli-Ciamponi et al(2014).

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

In this context, during my thesis | focused on the analysiswaf AGN, for which
multi-epoch X-ray observations are available and reve@résting features for the un-
derstanding of the structure of the circumnuclear mateuia for testing the validity of
the Unified Model. In particular, starting from tiwift BAT-70 months sample a sub-
sample of 31 interacting galaxies, of which at least one @mapt is active, was defined
during the master degree thesis of a student (Elisa Salaigd@ut at INAF-Osservatorio
Astronomico di Brera. These galaxies were chosen becaageeither show signs of per-

Ihitpy/swift.gsfc.nasa.ggvesultgbs70mon
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turbed morphology in the optical images or they show thegres of one or more nearby
galaxies with which they could be interacting. They all heagshift z 0.03, high galac-

tic latitude ( b |[> 15°), signal to noise ratio /Bl> 5 and flux in the 15-150 keV higher
than 80 x 10~*%erg cnt? s71. Interacting galaxies are among the most promising sources
when searching for the initial phase of AGN activity, since @pect large amount of gas
available for feeding (and allowing the growth) of the cahblack hole. The two sources
involved in this work are:

e NGC 454E, a red elliptical Seyfert 2 galaxy part of an intérar system, at
z=0.0122. X-ray good quality data (from XMMewtonand Suzaky were public
and available. A first inspection on these data immediawgaled a very dierent
spectral shape, for which a detailed spectral analysis wahwT he high variability
in column density of the neutral absorber allowed me to melthis source in the
class of “changing look” AGN, which is still limited to a fewosrces so far.

e Mrk 348 (NGC 262), a bright Compton-thin Seyfert 2 galaxy a0D015. For
this source é&uzakuwbservation was obtained by our research group (Pl Vakentin
Braito), since the existing results obtained with XMNéwtonobservation revealed
complexity in the X-ray spectrum. Indeed in both XMNewtonandSuzakwbser-
vations | could determine the presence of multiple absertserme of which featur-
ing variability.

In Chapterl I illustrate in more detail what are AGN, their physical rmatuand
classification, the Unified Model and the most recent altdreanodels of their structure.
In Chapter2 | focus on the X-ray emission produced in the innermost regiaf AGN and
on the reprocessing and absorption observed in the X-raptrspef these sources.

In Chapter3 | describe the analysis performed on NGC 454E, where | coenfiae
X-ray spectrum observed first witBuzakuand 6 month later with XMMNewton and
detect a dramatic change in the spectral curvature betwé@V &nd 6 keV. The origin

of the variability relies in a significant change of the naltbsorber column density,
occurred during the 6 months separating the two obsenatiodeed the columns density
changes from~ 1 x 107%cm?(Suzakyi to ~ 1 x 10?cm2(XMM- Newtor), allowing to
classify NGC 454E as a “changing-look” AGN. Besides therggraariation of the neutral
absorber, the XMMNewtonspectrum also showed clear signatures of the presence of an
ionised absorber, that is absent durligzakuwbservation. An upper limit on its distance
was inferred to be- 1072 pc, consistently with being located inside the BLR.

In Chapter4 | concentrate on the study on Mrk 348, that displays lessemerfeatures
with respect to NGC 454, but shows a very complex absorbirsgesy. It is indeed
characterized by three ftierent absorbers, of which one neutral and two ionised, with
different densities and ionisation states, but with approxnahe same outflow velocity

(~ 0.05c). The distances of the ionised absorbers from the demti&ting region are likely

to be diferent, indeed the upper limits | find are 0.026 pc for the lyighhised absorber
(logé ~ 3.8 erg cm st), and 2.72 pc for the mildly ionised oneo@é ~ 2 erg cm st).

| conclude that a variation of the column density is presdsb dor Mrk 348, both

for the neutral absorbe’ANy ~ 5.5 x 10%2cm2) and for the mildly ionised absorber
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(ANy ~ 6.7 x 10%%cm™2).

The results of these two studies were publishetMarchese et al(2010 and Marchese
et al. (20149, for NGC 454 and Mrk 348 respectively. Both these studies arstep
forwards in the definition of an alternative model to the ‘ibadJnified Scheme, for
which more and more evidences are being collected suggehti the absorbing material
is hot homogeneously distributed, but it is likely compossdmultiple and multiphase
absorbers at flierent distances, densities and ionisation states. A fumiygrovement in
the comprehension of the physics very close to the SMBH caordddded by additional
observations of these same sources, that may give a higle¢ofedetail on their structure,
and the finding of other sources displaying similar featuresinally remark that such
studies are very important also in the framework the generdérstanding of the galaxy
formation and evolution, as proved by the strong correfaietween SMBH masses and
host galaxy properties.

During the PhD | was also involved in two works carried outhndt research group
at Osservatorio Astronomico di Brera. These were conndotety Master degree thesis,
that concerned the computation of the optical-UV-X-rayctfa energy distribution of a
sample Type 1 AGN extracted from tikévIM-Newton Bright Serendipitous sample (XBS,
Della Ceca et al. 20Q4Caccianiga et al. 2008in order to infer bolometric luminosities
and bolometric corrections. Physical parameters, suchMBHSmasses, accretion rate
and bolometric luminosity have been inferred from the adé optical-UV-X-ray data
and have been used to investigate the link between the hohadproducing X-rays via
Inverse Compton Scattering of optical-UV photons emittedfthe accretion disk) and the
phenomenon of accretion on the central SMBH. In the final paj¢his thesis | have at-
tached the relevant papers reporting the main results edaszinfar. 1 will resume hereafter
the topics they cover:

e Caccianiga et al.(2013: in this paper the masses of the central SMBHSs of 154 AGN
belonging to the XMMNewtonBright Serendipitous Survey (XBSS) were derived,
by using the "single-epoch’relations, based ghahd Mgll12798 A. For the same
sources the accretion rate was derived from the bolomemnigriosities, computed
starting from the optical-UV-X spectral energy distrilauti The masses found for
these AGN are comprised in the range’ 2010'°M,, and the accretion rates range
from ~ 0.05 to~ 50Mg/yr (assuming anféciency of 0.1).

e Fanali et al. (20133b): the two works published by Fanali et al. 2013 focus on the
relation between the X-ray emission in radio quiet AGN arel aacretion ratév,
for a sample of 71 AGN belonging to the XBS. In this work a defsnce of the
X-ray spectral indexXx” on the accretion rate normalized to the Eddington lumigosit
1= LLEZL) was found. This could be explained with thffeet of cooling of the
electrons in the corona: higher accretion rates imply aelarmimber of photons
produced in the accretion disc, determining a faster cgadirthe coronal electrons,

resulting in steeper X-ray spectra. Both the bolometrigemiion kyg (= —Lz'_“l’;lev
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and the two-point spectral index,? index are found to depend anandM. These
correlations suggest the presence of a link between thgedisna luminosity ratio
and the accretion rate.

2oy = LLSS((ISQXX)) wheref, and fx are, respectively, the rest-frame monochromatic fluxes at1.20x 10°

Hz (meaningly = 2500 A) andvk = 4.84 x 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 showeit tenter the presence of
a compact and luminous source of energy, reason for whighatedesignated as Active
Galactic Nuclei (AGN). In many cases the luminosity of theM@utshines the starlight of
its host galaxy, appearing as a bright and pointlike sousd®$e luminosity ranges from
10* to 10" ergs, in a wavelength interval going from the radio to fheay band).

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

e it contains a nuclear compact source, emitting more endray the corresponding
region of a galaxy of the same morphological type;

e its continuum emission is not produced by stellar processes

¢ it shows strong emission lines in the IR-optical-UV bande do non-stellar excita-
tion processes;
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e it exhibits strong and rapid variability, both in the contirm and line emission, that
indicates that the emitting region is very compact (F0'® — 10'%cm). The involved
timescales range from a few months (at radio wavelengths) féw days (at optical
wavelengths and in the X—rays). In some cases X-ray vaitialiinescales of the
order of one hour Aharonian et al. 2007or minutes (in the TeV energy band,
Aleksic et al. 2013 have been observed .

What can be the origin of all these unusual (at least for arfadir galaxy) features?
The strong energy output and variability of AGN requires aergy generation mechanism
with high dficiency in a region with a size comparable to the Solar Syst&he most
accredited model for describing such phenomenon is thatdimission is produced by
accretion onto a Supermassive Black Hole (SMBH, Rees 1884, ~ 10°M,, — 10°M,)
located at the center of the AGN. Since the interstellar gasgsses angular momentum
it cannot fall radially onto the black hole, therefore itrftg an accretion disk. In this
disk, matter loses angular momentum through viscous abdlgnt processes, converting
gravitational energy into radiation emitted at optical-dwd soft X-ray wavelengths<@
keV). These photons interact with a corona of optically thlasma (surrounding the
internal region of the accretion disk) by inverse Comptoattecing, therefore they gain
energy and are observed in the hard X-ray band. In additioadband narrow emission
lines are produced in regions containing clouds movingféti@int velocities and distances
from the central engine. The emission from the higher vefodbuds (located nearer to
the central black hole), together with the accretion distssion, is in turn absorbed along
a certain range of directions by an optically thick struetwith high covering fraction,
presumably with a toroidal geometry. The inner regions efdisc also produce highly
collimated jets of plasma. These jets are composed by dahg@eicles that interact with
the magnetic field, emitting synchrotron radiation. Theg also responsible for inverse
Compton scattering, extending the emission to higher ernesgds (GeV and TeV).

One important finding of recent years was the discovery opteeence of SMBHs in
almost all galaxies, through measurements of star propéonsoGenzel, Eisenhauer, &
Gillessen 201)) radial velocities of single gas clouds {8l maser emission at = 1.35
cm, e.g. NGC 4258Herrnstein 1998 gas kinematics (velocity inferred from emission
lines from ionized gas, e.dpavis et al. 201Band stellar dynamics (e.yValsh et al. 2012
The existence of a SMBH may have a strong influence on the tadakyjs properties,
even in the cases where the SMBH is not any more manifessngrésence by accreting
matter Kormendy & Richstone 1999Magorrian et al. 1998Ferrarese & Merritt 2000
Indeed the discovery of strong correlations between thekttale mass and some of the
host galaxy properties was a confirmation of this hypothestsoducing the concept of
co-evolution of black hole and host galaxy. When reliablesueements of the masses of
SMBH were available, the following correlations were fou(it) a correlation between the
black hole mass and the bulge luminodifig -Lpuige (Kormendy & Richstone 1995(2) a
correlation between the black hole mass and the velocipedison of their host bulges, of
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the formMgy o« o, known as théligy — o relation Ferrarese & Merritt 2000Gebhardt et
al. 2000 Tremaine et al. 2002 (3) a similar correlation between the black hole mass and
the bulge stellar mass, leading to the relatMpy ~ 1(T3Mbu|ge(Marconi & Hunt 2003.

The process through which the growth of black holes and teenally of galaxies
take place together and influence each other is known as #&@&dback This mechanism
from one end puts a constraint on the growth of the SMBH duéstdépendency on the
local environment, and from the other end it determines tlopgationality between the
star formation rate and the SMBH mass.

Feedback processes can be grouped in two main maddmtive and kinetic mode.
The dominant one is the radiative mode, also known as quasainol mode, that is
obtained when the the accretion onto the black hole is nadigtefficient and close to
the Eddington limit. In these conditions, high velocity fbaws are expected to be driven
from the central region of the AGN (King 2003, 2005). The dtznd models for radiative
feedback Fabian 1999 Fabian, Wilman, & Crawford2002 King, 2003 2005 Murray,
Quataert, & Thompsaqr2005 King & Pounds 2015 assume that when the black hole
reaches a certain mass, the surrounding material will berblaut from the host galaxy,
both causing the accretion of gas onto the black hole to stdppaeventing further star
formation Springel, Di Matteo, & Hernquist2005 Di Matteo, Springel, & Hernquist
2009. For this reason this mechanism is also known as “negagiedifack”. However
feedback from the black hole can also have an opposite rdfeeirevolution of the host
galaxy, triggering star formation, thus contributing te tjrowth of the galaxyl¢hibashi
& Fabian 2012. This is known as “positive feedback”.

The second, and less common, feedback mode iitietic mode, also known as radio
jet mode, that typically occurs when the accreting blaclelwbduces collimated jets that
release energy through mechanical processes. Thesdngtare likely produced by mag-
netic forces Blandford & Znajek 197Y, inject heat into the IGM and cause the generation
of big lobes of strong radio emission extending up-ttdMpc scales from the host galaxy.
This process releases a huge amount of energy, of the oréfeertf) that can be responsi-
ble for interrupting star-formation and heating the gadhringer et al. 2002abian 2012

Before understanding the processes causing AGN feedligslkesisential to investigate
the structure and the physical processes occurring in thigeateegion of these galaxies.
For this reason | was involved in the X-ray spectral analg$isvo Type-2 AGN, show-
ing interesting features in their spectra. In particulaiodussed on the material causing
absorption of the primary emitted radiation, on its phylsgtate, geometry and location
with respect to the central black hole, and on the implicegifor the validity of the Unified
Model of AGN. This material may be outflowing and thus it mayrbsponsible for the
feedback process that | described previously. As | will shibig study goes in the direc-
tion of confirming the necessity of a more complex model tacdbs the phenomenon of
AGN.
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1.2 Classification

First observations of AGN showed the existence of a wide gavfgdifferent properties,
among which dierent luminosities, and the presence in their spectra abwaandor
broad optical-UV emission lines. Therefore, AGN were daddnto diferent classes, ac-
cording to the properties they displayed. Since they ensfr dlie full electromagnetic
spectrum, they were discovered and classified separatdlffetent wavelengths, as tech-
nological improvements allowed to investigate new parthefelectromagnetic spectrum.
A first general classification is based on the optical lumig@nd designateSeyfert galax-
iesthe lower luminosity AGN, anduasarthe more luminous ones (Secti@r?.1). In gen-
eral quasars have bolometric luminosities betwiggn~ 10**—10*8erg s, while Seyferts
havelpg ~ 1072 —10*erg s1. A second distinction can be made on the base of the proper-
ties of their optical spectra: type 1 AGN show broad and mawpticajUV emission lines
while type 2 AGN show only narrow emission ling3gterbrock & Ferland 20Q6Finally,
the strength of the radio emission with respect to the olpflica divides AGN intoRadio
Loudor Radio Quiet Each of these classes includes a variety of subclasses.
Nowadays the attention is concentrated on a distinctioedas the &ective physical
properties, such as black hole mass, luminosity, Eddingatio (Lpo/Leqq 1) and radio
power, rather than observational features. | will now gotigh 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 enbyg Fath (1909 who
highlighted the presence of strong emission lines in thdeamncspectrum of NGC1068.
However, the first systematic study of a sample of AGN was dopn8eyfert(1943 who
analysed the nuclear regions of six unusual spiral galafiesical images showed that, dif-
ferently from non active galaxies, they display a brighhtcal, point-like core and unusual
emission lines properties (such as narrow/antiroad emission lines from highly ionised
matter). For this reason they were considered as a new dagsaxies, designated as
Seyfert galaxies. Seyfert galaxies are lower luminosityNA@vith absolute magnitudes
by definition fainter than i = —23 mag (whereMg is the absolute B band magnitude,
Schmidt & Green 1983 corresponding to luminosities fainter than5 x 10* erg s™.
For this reason their host galaxies, typically spiral oti@iar galaxies \Veedman 1977
are clearly detectable. What makes Seyfert galaxies digghable with respect to nor-
mal galaxies, is the observable contrast between the Iwgitynof central region and the
luminosity of the host galaxy.

1The Eddington luminosity.gqq is the maximum luminosity achieved by a source in hydrostdjuilib-
rium : Lggg = m ~1.3x% 10”8MM®erg s, whereor is the Thomson scattering cross-section, agds 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 tatéscopes were carried
out. Many of the observed sources could not be identified knthwn classes of objects,
and in the optical images appeared as blue stars, thus theylalelled agjuasi stellar
radio sourcesor quasars. Optical spectroscopy of these sources lede tdigcovery of
strong redshifted emission lineSc¢hmidt 1963 suggesting that quasars constituted the
more distant equivalent of Seyfert galaxies. Since theynawmeh brighter than Seyfert
galaxies (brightness is such that it dominates over thestom®f the host galaxy), quasars
can be detected at higher distances. Unlike Seyferts, guasatypically found in ellip-
tical galaxies and are those AGN with absolute magnitudigghtar than My = —23 mag
(Schmidt & Green 1983 In Fig. 1.1a combined quasar spectrum, obtained as an average
of more than 700 individual quasar spectra, is shokhnarfcis et al. 1991
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Figure 1.1: Composite quasar spectrum derived as an average of 718 gspsetra from
the Large Bright Quasar Survey. The spectrum shows the pteaence of both strong and
weak broad emission line features, typical of quasars. Iti@alar we note the hydrogen
Lya 11216+NVA1240 blend, some of the hydrogen Balmer-series linegi4861 and
Hvy4340 blended with [O 11I]4363) and the lines of the most abundant ions (MgT98
and Al 1111858 + Cll1] 12798, CIM11549). Data and image adapted frdfnancis et al.
(1991).
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1.2.2 Classification based on optical spectra: Type 1 and Tya2 AGN

A detailed study of the spectra of Seyfert galaxieskhachikian & Weedmar(19749
found two distinct types of optical spectra. All the speasdibited narrow and unre-
solved emission lines from highly ionized material, butyosbme of them also showed
broad emission lines. They classified Seyferts in two tygesording to the relative
widths of narrow (forbidden) lines and Balmer lines. Thiasslification designated as
Seyfert 1 galaxies those galaxies where the Balmer linesnynd«, HB, HS) appeared
broader (FWHM> 1000 km s?') than the forbidden lines, like the Oxygen [OlI]
and [Olll] lines, the nitrogen and neon [N 1], [Ne lll] and ENIV] lines. Instead in
Seyfert 2 galaxies both the forbidden and Balmer lines wareom. The narrow lines
arise from low density gas (electron density ~ 10° — 10°cm3) and velocities of
maximum~ 1000 km st. The broad Balmer lines are instead typical of dense matter
(Ne = 10° — 10%m3) at velocities of 18 — 10* km s™1. Moreover, while in Seyfert 1s
we observe a strong and variable optical-UV continuum, ipfé&e 2s this continuum is
rather weak with respect to the stellar continuum emittethieyhost galaxy. Two typical
spectra of the two classes of Seyfert galaxies are showngin ER. The classification
into type 1 or type 2, based on the properties of the opticabsion lines, is applica-
ble also to Quasars. That is why we can generally speak abdype 1 and Type 2 AGNSs.

The classification of a galaxy as a Seyfert 1 rather than a alogalaxy is straight-
forward due to the presence of the broad emission linesatidg the existence of high
velocity clouds illuminated by a strong radiation field. (e contrary, for Seyfert 2s we
observe narrow emission lines of elements that are alseprasthe HIl regions of star-
forming galaxies. Spectroscopic methods allow to disegiéathe two processes since the
emission lines show signatures of what is the main excitati@chanism, which is fier-
ent for stars and AGN. In fact the ionizing emission of alfstshow generally a cutfio
near the He Il edge (54.4 eV), while AGNs are typically strofagay emitters. In AGN we
expect an increase of both high- and low-ionization line#h vespect to HIl regions. This
is because:

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

¢ the high energy photons go deeper into the circumnucleaidg@sto the dependence
of the absorption cross-section on energys v~3) and extended regions of partially
ionized gas are formed. In these regions it is observablertiission of collisionally
excited low-ionization lines.

Baldwin, Phillips, & Terlevich(1981) first proposed a diagnostic diagram (now known
as the BPT diagram) using the [NHa versus [O llIJHB line ratios to distinguish Hll
regions, planetary nebulae, and the circumnuclear regibA&N, which are photoionized
by higher energy photons. This diagram (Flg3) shows that the dlierent populations are
located in diferent regions without overlapping, allowing to easily itiigrthem.
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Figure 1.2: Upper paneloptical spectra of a typical Seyfert 1 galaxy (LEDA 45128gve
the stronger broad emission lines (like the Balmer line®) miarked. The classification of
LEDA 45125 as a Seyfert 1 galaxy is due to the presence ofiemigges with Full Width at
Half Maximum (FWHM) of- 4900 krys. Lower panel optical spectra of a typical Seyfert
2 galaxy (IC 4518a), also showing the most important emmslsn@s, narrower than those
typical of Seyfert 1s. Both the figures have been adaptedNtasetti et al.(2008.
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Figure 1.3: Classification diagram using [OIIN5007HB versus [NII16583Ha. The
open circles represent HIl regions (and sources ionized dlystars), closed filled cir-
cles are AGN (Seyfert 2s and Narrow Line Radio Galaxies), @naionized by continua
with a higher fraction of high energy photons, and the trikesgrepresent Low-lonization
Nuclear Emission-Line Region (LINERS), a sub-class ofljiigabated active galaxies, on
which the ionizing phenomena originating their spectra stitt under discussion (nuclear
accretion versus shocks). The solid line divides HII regifsam 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 jathand large radio luminosi-
ties. The radio emission is produced in twdféient regions: a compact and an extended
region (the latter one is generated by the interaction ofbipelar jets with the exter-
nal medium). The emission from both these components ishsgtron radiation due to
relativistic particles (Lorents factor ~ 10%) ejected from the central nucleus in an envi-
ronment with magnetic fields. The compact emission compoisetnresolved at scales
lower than the arcsecond, and it is located in a positionamately coincident with the
central black hole.

The designation oRadio LoudAGNSs is given to those sources where the radio emission
constitutes a significant fraction of the total luminosityagic ~ 10** — 10*%erg st in the

10 MHz and~ 10 GHz band. The general criteria for classifying a radiorsewas radio
loud or radio quiet is based the ratio R of radio (5 GHz) toaadt(B band) fluxes. If R is
higher than 10Kellermann et al. 198%hen the source is classified as radio loud. These
sources constitute a small fraction of the AGN populatigrpraximately 10-20%.

Two subclasses of radio loud AGN can be defined on the baseeddghearance of the
extended radio emission:

e low luminosity Fanarti-Riley Class | (FR-I) galaxieHanardt & Riley 1974), that
show a relatively compact emission generated close to ttee(apper panel of Fig.
1.4). In these sources the outer extremities of the lobes ardath&est regions,
likely because the jets decelerate and become sub-rstativiAlthough they show
the presence of narrow emission lines, most FR-I do not a@ysbfoad opticaUV
emission linesyrry & Padovani 199h

e the high-luminosity FR-Il sourcedg-@nardf & Riley 1974), in which the structure
is dominated by the radio lobes and most of the emission appeaome from the
most external part of the extended emission, in the form tdpais (see lower panel
of Fig. 1.4). In these sources the jets remain relativistic and supér$mm the core
to the hot spots.The optical properties of the associate A& be either Seyfert-1
like or Seyfert-2 like: these are known as Broad Line Raditetdas (BLRG) and
narrow-line radio galaxies (NLRG), respectively.

There is also a quite clear division in luminosity betweenlFRd FR-II galaxiesiLgr =

2 x 10%%rg s'Hz ! at a frequency of 178 MHz.

Several models have been proposed to explain the FRI veRUgdiEhotomoy, among
them the diferent mechanisms of interaction between the jet and thesiatar medium
(Bicknell 1995, the role of the spin of the SMBH (causingi@irent kinetic power in the
jets, e.g.Meier 1999, the host galaxy environment properti&n{ith & Heckman 1990
or the accretion ratesGhisellini & Celotti 2003, where FRIIs could be characterised by
accretion in an optically thick and geometrically thin disdile FRIs by an optically thin
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advection dominated accretion flow (ADAF

The most optically luminous Radio Loud AGN are designateBadio Loud Quasars
(RLQ). They were the first quasars to be discovered, becdulsgloluminosity and strong
radio emission. Nevertheless RLQ are only 10% of the totplUfadion of quasars. Apart
from the strong radio emission, they show similar charésties as their radio quiet coun-
terparts (variable continuum flux, strong UV component,adremission lines) but they
tend to be located in more massive host galaxies with respeatlio quiet quasar®un-
lop et al. 2003). Radio Loud quasars can be further classified as Flat $pedRadio
Quasars (FSRQ), having radio spectral index > 0.5 (between 2.7 and 5 GHz) and
Steep Spectrum Radio Quasars (SSRQ), with radio specttekin < 0.5. The former
have a compact radio structure, while the latter are doméhby radio lobe emission.

1.2.4 X-ray classification

A distinction into two types of AGN exists also in the X-ray#here the AGN are classified
as absorbed or unabsorbed depending on the intrinsic dlesomeasured in this energy
band. While the optical classification into type 1 or type 2M\(S based typically on the
FWHM of the emission lines, with a dividing value assumed &difbthe range between
1000 kmis and 2000 ks (e.g. Page et a).2006 Caccianiga et al2007), in X-rays the
dividing line between the two classes is determined by thensic Hydrogen column
density Ny, designating Type 1s the unabsorbed AGN (whbgelies below a certain
threshold), and Type 2 those AGNs whose primary emissiorleiarly absorbed Ny
higher than the threshold). Depending on the published sydhe dividingNy value was
adopted to by = 4 x 10%'cm2? (Caccianiga et a1.2007 Della Ceca et a).2008 or
Ny = 10%%cm? (Garcet et a).2007 Beckmann et a/2009

Focusing on the absorbed AGN, as | will discuss in Secfioh the X-ray observed
spectrum depends strongly on the amount of absorptionéegped in terms of \) along
the line of sight. An important fraction of AGN are obscuredthe X-rays ¢ 43%
with Ny > 10%%cm? in the 20-40 keV bandMalizia et al. 2010, It is common to
refer conventionally to “Compton-thick” and “Compton#thiAGN depending on if the
Nu is higher or lower than the inverse Thomson cross seatiph = 1.5 x 10P4cm2
respectively. In FidL.5it is shown the resulting X-ray spectra forfldirent values of |,
under the hypothesis that the underlying primary emittedioaum is a simple power law
with spectral index of 2. In the Compton-thin cases whege N10?*cm2 the primary
X-ray spectrum is visible above a few keV, with a small cdnition from the Fe &
emission line. Instead, when we observe the emission frororap@n-thick AGN with
Ny > 10?*cm™2, the primary emission is transmitted only above 10 keV: Wehis energy
the spectrum is dominated by the reflected continuum, wittnceag fluorescent emission
line (EW~ 1 keV, Matt, Brandt, & Fabian 1996 probably produced in the inner surface

2Advection Dominated Accretion FlowdNarayan & Yi 1995: it is a regime in which the radiationffe
ciency of the accreting matter is too low with respect to trevigational energy liberated, causing part of this
energy to be advected with the infalling matter onto the lblaale. The geometry of an ADAF is not a disc,
since the height of the flow is proportional to its radius.

3fv &« V_m)
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Figure 1.4: Top panel Example of a FRI radio galaxy, M84, observed at 5 GHz with the
VLA. Itis evident that the strongest emission comes frorogh@al region, and it decreases
towards the extremities of the lobes. Figure adapted ft@img & Bridle (1987). Lower
panel The quasar 3C175 (classified as a FRII radio galaxy when okeskin the radio
wavelength range), observed at 4.9 GHz with the VLA&ekantly from FRI radio galaxies,
the edges of the lobes produce the strongest emission evgeitn the core.
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of the torus. In the case ofi\> 10?°cm™2 no emission is transmitted through the absorber
also at B 10 keV, and the spectrum is totally dominated by the reflaatmmponent.

Flux

4x10*

>10%

100

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

Not always the optical classification as a Seyfert 1 or a $effgalaxy coincides with
the X-ray classification. Indeed in 10-20% of AGN some dipareies were found, like
some optically classified type 2 AGN showing no or low X-raysatption Caccianiga
& Marcha 2004 Corral et al. 200b or some optically classified type 1 AGN showing
large X-ray absorptionGomastri et al.2001; Brusa et al.2003 Garcet et al.2007). The
mismatch between optical and X-ray classification is notarpble through the Unified
Model (the presence of a homogeneous dusty torus, surmogiride central engine; see
Sectionl.3), and thus supports the validity of alternative models (®ed.5). However it
is important to remark that some of these discrepancies eaué to other fects, such as
for example X-ray variability, the absence of the Broad Litegion (BLR, Sectiori.3.])
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in some AGN [aor 2003 or a diferent dust-to-gas ratio with respect to the Galactic one
(Risaliti & Elvis, 2004). Thus the reasons behind this mismatch are still highlatkh

1.2.5 Subclasses

The classes of AGN described in the previous paragraphsralemes sources presenting
“non standard” features, and that have been thus enclossubitlasses. Between these
there are thé&arrow Line Seyfert 1 Galaxig®lLS1). Their first peculiarity with respect to
“standard” Seyfert 1 galaxies, is that the permitted oplie¥ lines, despite being broader
than the narrow lines typical of Seyfert 2 galaxies, areicantly narrower than those of
Seyfert 1 galaxies (Fidl.6). The criteria used to describe NLS1 are:

e the width of the broad component of their optical Balmer emis lines is
FWHMyz < 2000 kmis. Above this threshold they are classified as Broad Line
Seyfert 1s (BLS1);

¢ the relative weakness of the [OLB007 line flux is such that [OlIJHB <3. This
values was adopted b$huder & OsterbrocK1981) to differentiate Syl and Sy2
galaxies;

e they have strong Fe Il emission with respect to thgEliHe (Fe 1/HR); this emission
is about twice as strong in NLS1 as compared to other galaxies

NLS1 constitute about 10-20% of optically selected Sy¥gliams, Mathur, & Pogge
2004, but the fraction gets higher in soft X-rays selected saspt 50%, Grupe 1996
2004). Measurements of the masses of the central BH in NLS1 shtwatdhey have on
average lower masses than other Seyferts, in the rslage~ 10°—10’M,, (Peterson et gl.
2000 Grupe & Mathur 2004, despite having comparable bolometric luminosities.sThi
suggests that these sources have higher accretion ratesttiea Seyferts?).

Other sources worth mentioning aBdazars subclasses of RL sources in which the
relativistic jet is pointing towards the observer’s linesgght. They display high variability
(with timescales<1 day), high polarization (up to a few percent), superlummation,
and non-thermal continuum. Their emission covers a largeggnrange from the radio
frequencies to very high energies (above 1 TeV). Blazarsheafurther divided intdBL
Lac objectsand FSRQ, which are in turn divided into Optical Violent \éoies (OVV)
and Highly Polarized Quasars (HPQ). The distinguishingedtim between FSRQ and
BL Lac is the equivalent widthof the emission lines (EW 5A for BL Lac objects). The
fact that in BL LACs usually the emission lines are not seafuis to the dominance of the
underlying non thermal continuum.

4The equivalent width is the width that the continuum undadythe line must have in order to contain the
same flux as the line. Itis defined as EW [ %&;wdi, whereF, (1) represents the flux across the emission

line at the wavelength, andF.(1) is the continuum flux underneath the emission line.
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Flux density (arbitrary scale)
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Figure 1.6: Comparison of the optical spectra of a Sy2 (Mrk 1066), a NLBX (
J1251.3-6603) and a Syl (NGC3516). It is evident that NLS1 show namramnission
lines than normal Syls, even if not as narrow as Sy2. The Rdtiptet emission is visi-
ble in both the Syl and the NLS1, stronger for the latter oneage adapted from Gallo
(2004).
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Figure 1.7: Example of the optical spectrum of a BL LAC source. The toglgarthe flux-
calibrated dereddened spectra, the bottom panel is the alized spectrum. With respect
to a normal quasar spectrum (Filyd) it is evident the absence (or weakness) of emission
lines, due to the relativistically enhanced continuum. Ehiedicate the telluric bands.
The flux density is in units di0%erg cnt? s~ A~ Figure adapted fronSbharufatti et al.
(2009.
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Table 1.1: Scheme describing the classification of AGN on the base @ taddness 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 isitiproperty that is observed
in type 1 AGN should also be present in type 2 AGN, even if medifiue to the dierent
viewing angle. The possibility to explain the various obséipnal properties of AGN
through diferent orientations was not so obvious at the beginning.eddewas believed
for a while that the region producing the broad emissionslimas missing from objects
showing only narrow lines, therefore making the two objéctgnsically different from
each other.

Evidences of unification As discussed, while we observe broad permitted optical-emis
sion lines (like Hr and H3) only in Seyfert 1 galaxies, high and low ionization narraneb
are common in both Seyfert 1 and Seyfert 2. This seems todtalihat both classes of
objects have the same intrinsic engine. The first evidencesification came from polar-
isation measurements performed on the Seyfert 2 NGC 106®(Anci & Miller 1985),
whose spectrum showed the presence of polarised broadilogtiission lines, like the
broad permitted lines observed in Seyfert 1s. The impbeatf this finding was that the
BLR is present also in the nuclei of Seyfert 2s, even if it isabred by the circumnuclear
matter, and it becomes visible when the light it emits istecatl towards the line of sight
by material on larger scales than the molecular torus. Théysis on the broad polarized
lines and the measurement of their polarization anglesallswed to infer the need for
an axisymmetric geometry for the absorber. Finally, a sfrevidence for the unification
of type 1 and type 2 AGN comes from the X ray observations offé&$egs. In fact the
X-ray spectra (above few keV) of these sources are chaizatieby a power law, simi-
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lar to Seyfert 1s, indicating that the central engine isinisically the same. However in
the case of Seyfert 2s the presence of an absorbing mediuntelitmn density typically
higher than 1&cm~2 is manifested in the spectrum by a photoelectric absortigrof.

In some cases we do not observe such ¢ljtboit a weaker continuum with a strong Fe K
6.4 keV emission line indicates that the primary radiat®iotally absorbed by a medium
with Ny > 10%*cm™2 and we observe only the radiation reflected in our directiprhie
circumnuclear medium.

1.3.1 Unification Scheme

The advantage coming from the formulation of a “Unified Mddslthat the diferences
due to “external” factors, such as orientation, are distisiged from intrinsic dferences,
allowing to better understand the basic physics behind liservations.

Various kind of unification models were proposed, some ofciwhafter availability of
new data and observations, were rejected/@ncevised. The simplest and still actual
scheme, that is the base to develop more elaborate modalgraposed by Antonucci in
1993. According to this model, there is no intrinsiéeience between broad-line AGN and
narrow-line AGN , regardless to their intrinsic luminositiie observed dlierent properties
are determined only by orientatiorifects. The fundamental components of the Unified
Model (Figurel.8) are:

e Black hole and accretion disk
The central engine producing the high luminosities obskimeAGN is a SMBH
at the center of the host galaxy. A black hole can be desctiredigh some basic
parameters. Among them the gravitational radiy$ 4nd the Schwartzschild radius

(rs):

rg = % , = 2rg = 3(1?8?\:@) x 10%cm (1.1)
The radius of theénnermost Stable Circular OrbiflISCO, radius at which the ma-
terial free falls into the BH) strongly depends on whether BH is spinning (Kerr
black hole) or not (Schwarzschild black hole) and, in the Gese, also on the direc-
tion of motion of the accreting particle with respect to thiection of BH rotation
(co-rotation or counter-rotation). For a non spinning Sategchild black hole the
ISCO occurs at

risco = 6rg = 3rs (12)

For a maximally co-rotating black hole, the ISCO radiusJisfiemov, Tsupko, &
Bisnovatyi-Kogan 2015
lisco = I'y (1.3)

In an AGN the central SMBH is accreting matter through anagfly thick and
geometrically thin accretion diskShakura & Sunyaev 197 3vhere matter is losing
angular momentum through viscous and turbolent proceSsese the orbital veloc-
ity of the material in the disc is much faster than its inwaoivflspeed, the material
must lose energy and angular momentum due to the intermalvidisosity. By this
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mechanism the angular momentum is transported outwardsghout the disc and
the excess energy heats the gas and is radiated away. Maitdies temperatures of
~ 10°—10°K and produces thermal emission in the optical-UV range (fron®00A
to ~ 100A). The emissivity of the disk can be described by a nauttjterature black-
body where the temperature scales with the distance fromehtal black hole as
T(R) «« R34, Thus the inner ring temperature is the highest, emittirt@highest
frequencies with respect to the more external regions. Mane the temperature
increases with the accretion rate but decreases with the afidise central object:

T(R M, M) « R¥4MY4Mm -4 (1.4)

If we assume a SMBH wittMgy ~ 10’ M, the temperature at a distance of 4@t
the Eddington accretion ratés kT = 50 eV, which at zero redshift corresponds to
frequencies in the extreme ultraviolet band (or very sofeds). This makes the peak
temperature diicult to observe since the galaxy becomes opaque in thatrapect
region. The region surrounding the accretion disk is thoughtost acorona of
optically thin and very hot (¥ 10°K) plasma of high energy electrons. This region
is responsible for the production of the X-ray emissionptigh inverse Compton
scattering of the optical-UV photons emitted in the acoretilisk with the coronal
electrons.

Broad Line Region (BLR)

This region is composed of high velocity§000-10000 kirs) clouds in the potential
well of the central BH. These clouds produce strong and bigatital emission
lines due to photoionization from the central radiation tesdi in the accretion disk.
The BLR clouds are assumed to be in photoionization eqiuilioy that means that
the rate of photoionization is balanced by the rate of redoation. Therefore if
two or more lines of dferent ionization states are observed it is possible to infer
physical parameters. The temperature is estimated to bedef of 1¢ K and the
density is believed to be very higimg ~ 10°cm3, Netzer 1990, as required by
the observed ratio between the permitted and forbiddensémnidine transitions.
The distance of these clouds, as deduced from the vanabflithe broad emission
lines and from their high velocities, is of 0.01-0.1 petzer 199Q Peterson1998
Kollatschny 2003. The structure of an individual cloud is thought to be suwdt t
the side of the cloud facing the central engine will be higblyized and, depending
on its column density the opposite side will be less ionizechostly neutral. This
manifests observationally in the coexistence of high iatian lines from ions such
as Hell, He I, O VI, NV and C IV, and low ionization lines from Mg Ca ll, O |
and Fe Il

Narrow Line Region (NLR)
Narrow emission lines, which are also commonly observed @GNAhave much
smaller widths (of the order of several hundreds up to 1008 knihan broad lines

5The Eddington accretion rate is the one for which the cei®MBH reaches the Eddington luminosity:

Meda = Leqa/ec?, wheree is the accretionfiiciency.
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(as term of comparison the typical FWHM produced by starsalaxges are- 400
km/s). They are also produced by clouds that are photoionizdtidogentral radia-
tion source, but they are located further away from the e¢htack hole, on scales of
typically ~100 pc, as inferred from their smaller keplerian velociti€he presence
of forbidden as well as semiforbidden and permitted linedmfexample, oxygen,
neon, magnesium and sulfur, suggest gas densities6f—10°cm3 (Netzer 1990

In fact, at these low densities, collisions among ions ahémparticles occur rarely,
implying that an ion can maintain its excited level until ihés a spontaneous ra-
diative decay. The emission line spectra of NLR is charasdrby a wide range
of ionization states, due to the presence of both strong dmzation lines (such as
[O1]146300) and high ionization lines (such as [OI}959,5007).

e Obscuring molecular torus
The key element of the Unified Model is the presence of a tatastiaped opti-
cally thick obscuring medium surrounding the central eegoomposed of dust and
molecular gas and extending from1 pc up to at least a few times 100 plte et
al., 2004 Burtscher et a).2013. The location and geometry of the torus is such that
the emission from the NLR is expected to be detected by argrebs independently
from the viewing angle. Instead, the emission coming fromBiLR 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 modelAfitonucci 1993, all AGN have regions very

close to the nucleus producing broad emission lines (BLR)) f@atureless continuum
radiation, and farer away regions producing narrow emis$iimes (NLR). When in a

given object the toroidal material is face-on relative te time of sight, so that both the
BLR and the NLR are observed together with the emission fieenaiccretion disk, then
the source is classified as a Type 1. Otherwise only the nagrigsion lines, produced
in the the region outside the torus are seen directly, andlagsify the source as a Type
2. Nevertheless, the radiation emitted from the nucleaionsgcan be reflected into the
observer’s direction due to scattering of electrons, wipiddduces also polarization.

1.3.1.2 Unified Scheme for Radio Loud sources

As we discussed, some radio loud sources exhibit doublefetdativistic particles and
lobes extending up to a few Mpc from the center of the hostxidaand with the same
orientation as the axis of the torus. The physical processréning the launching of
these jets is still quite uncertain, but many studies sugthed magnetic fields play an
important role in jet collimationBlandford 1993. These particles are responsible for the
production of strong radio emission through the synchromcess, and their bulk motion
is relativistic, at least near the nucleus, with similarémez factor in all sources. If the axis
of a radio loud source is directed along the line of sightnttiee spectrum observed is
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Figure 1.8: Schema representing the AGN phenomenon according to tfiedunmodel,
where the type of AGN depends on the viewing angle, whethastahe AGN produces a
significant jet emission, and how powerful the central eagn Figure adapted frorrry
& Padovani(1995.
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constituted of a continuum with superimposed broad andomaemission lines plus the
emission produced by a one-sided jet, likely with superhahimotion. When the jet is
observed at acute angles with respect to its axis, or dirglctivn it, then we observe a
rapid variable Blazar. When instead the AGN is observedeeticularly with respect to
the jet emission, then a NLRG is observed, with radio lobesthé intermediate angle
cases, if the source is observed closer to the jet it will lbssified as a core-dominated
FR-I radio galaxy, while a lobe-dominated FR-II will be obssd at angles intercepting
the torus. However, as discussed in Secfidh3.1 the division into FRI and FRII could
be attributed to dferent intrinsic properties, such as a lower accretiffitiency in FRI
with respect to FRIIGhisellini & Celotti 200).

We will see in more detail in the next sections that not all pheperties of the dierent
AGN fit into this simple picture, and that some evidences sagghat 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 gitsor variability in AGN is
increasingly common. The variability of the observed X-spgectra of AGN can be ex-
plained by two possible scenarios. The first one is an intriagriation in the primary
ionizing continuum, that propagates through an homogenabsorber and that produces
a change in the ionization state of the intervening matteterchining a variation of the
X-ray spectrum. The second and most probable explanatitiaishere is a change in
the absorber column density, and not in the continuum eamisshhis alternative implies
that the absorber is clumpy and that the observed variatiogstale is linked to the time
taken by a cloud to cross along the line of sight. A coexistaridboth phenomena is also
possible. The second scenario has been deeply discus§addyi et al. (2002, showing
that these variations are not in agreement with one of this bathe unified model, i.e the
homogeneity of the obscuring parsec-scale torus.

In particular, the rapid variability of the absorbing columiensity detected in the so called
“changing look” AGN, i.e. AGN that have been observed botlCompton-thin and re-
flection dominated stateR{saliti et al. 2002, implies that, besides being clumpy, the
absorbing material must be located at much smaller distéracethe conventional obscur-
ing “torus” with velocity, distance and size from the cehXaray source of the same order
of those of the Broad Line Region (BLR) clouds. Up to now, wa caunt only a few
“changing look” AGN where such a variability has been dismed on time-scales from a
few days down to a few hours: NGC 136Rigaliti et al. 20052007, 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. 201land 1H 0419-577Rounds
etal. 2003.

In Fig.1.9an example of X-ray spectra showing;Nariability is shown, for the Seyfert 2
galaxy NGC 7582. It is evident how the curvature of the X-rpgarum changes signifi-
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cantly on time scales of a few days.

In the most extreme cases, like for NGC 1365 (Flgl0), the spectral change exhibits a
transition from a Compton-thin stat®lg in the range of 1&cm2) to a reflection domi-
nated stateNy ~ 10%%cm2) in time scales of less than a daRigaliti et al. 20052007
Risaliti et al. 2009 Braito et al. 201R The rapidity of these occultations implies that the
cloud must be moving at velocities-v10® kmy/s, at distances of 104Rg from the central
BH. Risaliti et al.(2009 estimated the distance from the X-ray source and densitiyeof
clouds to be~ 10%cm and~ 10 — 10'cm™ respectively. These parameters suggest that
the clouds providing the obscuration are located at the BisRudce, therefore they could
be both responsible for the X-ray absorption and the broddseom lines in the optical-UV
bands.

X-ray variability studies are useful to investigate thenchy structure of the BLR, but they
cannot give information on the clumpiness of the Comptacktparsec-scale absorber. In-
deed, the existence of the parsec-scale absorber can bedhiie the X-ray band through
the Fe ke emission line and the Compton hump, giving also informatarits geometry.
However, the expected variability in the parsec scale toncsirs on longer times scales
with respect to the BLR clouds, making its monitoring mor@clilt.
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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 antihE6spectra show
significant shape variations above 3 keV. Panel (b): congoaribetween the laguzaku
observation (16 November 2007, on the left) and an XM@&lvtonobservations performed
on 30 April 2007 (on the right). From a comparison of the twe@tvations it is evident

a strong variation in the spectral curvatur&®ianchi et al. (2009 conclude that most of
the variability can be ascribed to rapid (the shortest vailidy time-scale being 20 hours)
changes of the column densitNy ~ 107%cni?) of the most internal absorber. Figures
adapted fronBianchi et al. (2009.
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Figure 1.10: X-ray spectra of the Seyfert galaxy NGC 1365, observed inofdotated NuSTAR (Nuclear Spec-
troscopic Telescope Arraydarrison et al. 2013 and XMMNewtonobservations in July and December 2012, and
January and February 2013. Thefféirent spectral curvature among the 4 observations showextieme variability

of the absorption along the line of sight. The panel on thatrigports the residuals with respect to a power law with
I' = 1.75, absorbed by partial covering neutral material: the irondi at 6 keV and the Compton hump at 30 keV are
observed in all of the four spectra. Figure adapted fridralton et al.(2014.
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1.5 Alternative models

In this section | will describe the main alternative modelsthe AGN structure, that have
been proposed to explain some features and observatiandatimat completely fit in the
Unified Model discussed in Sectidn3.

1.5.1 Elvis (2000) unified scheme

About 10-15% of optically selected quasars belong to a désbjects that hosts strong
nuclear outflows, known as Broad Absorption Line Quasars.(BAeymann et al. 1991
What characterizes these sources is the presence, in thgfand in some cases optical)
spectrum, of strongly blueshifted broad (FWEMO000km s?!) absorption lines, due to
resonant transitions of ionized metals (e.g. Mgll, AlllING CIV, NV, OVI). This indi-
cates the presence of outflowing winds with velocities frivousand of km st to 0.2 ¢
(e.g., Turnshek 1998 Trump et al, 200§. One example of BAL is the quasar PHL 5200
(Junkkarinen, Burbidge, & Smith 1983vhose spectrum is shown in Fif).11

| l PHL 5200

|

_; | '\ | | J,l \
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Figure 1.11: High resolution spectrum of the BAL PHL 5200. With respedht® op-
tical/lUV spectrum of a normal quasar (Figl.1 strong blueshifted absorption lines are
clearly detectable. Figure adapted fralunkkarinen, Burbidgey Smith(1983.

The need of explaining the existence of BALs lead to the fdatimn of an alternative
model to the standard Unified Model. Such model was propogeilis (2000 2004
and its main ingredient is the presence of a thin shell outfletaose initial direction is
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Figure 1.12: Sketch of thé&lvis (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 bemvards by radiation pressure,
becoming thicker. The funnel-like geometrical shape o thitflow is shown in Fid..12.

Depending on the viewing angle, absorbers wittiedent features (or no absorbers) are
observed:

e when we observed down the length of the cone, then we detgltvalocity and
broad absorption lines, typical of BALS;

e when we look across the flow and not along it, only a componéiiteoradial ve-

locity will be directed in the line of sight, therefore we elbpge lower velocity and
narrower absorption lines;

e when we observe the flow from above we do not detect any alrsorbe
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1.5.2 Risaliti (2002) model

As discussed in Sectiah4it is becoming quite common to observe absorption varigbili
in the X-ray spectra of AGN, often on time scales implyingtttiee absorber responsible
for this variability, besides being clumpy, is located atdnces compatible with the BLR.
The standard unified model cannot explain the X-ray absmrphly means of the BLR

clouds, since it would predict some unobserved featurededd, assuming an isotropic
distribution of the BLR clouds, it would predict these clsu have a covering factor of
~10% for a type 1 AGN, meaning that multi-epoch observatidrik@@same objects should
exhibit X-ray absorption in 10% of the cases. Neverthelbissis not in agreement with

the observations, since the fraction of objects changiom ftype 1 to type 2 is very low.

For this reasomRisaliti et al. (2002 proposed an alternative scenario, where:

e the absorbing clumpy medium is not spherically symmetratriiuted but covers
a fraction~ 0.8 of the solid angle, according to the actual ratio of Sey2srover
Seyfert 1s.

e the number of BLR clouds in Seyfert 2 galaxies is higher time8ayfert 1s.

A consequence of this is that theférence between type 1 and type 2 AGN is an intrinsic
physical property, even if orientation still plays a rolechuse the X-ray absorber is not
spherically symmetric. This model can also explain the mbsef IR emission in some
type 1 AGN, since it predicts that sources with a quite low banof clouds would almost
always be observed as Type 1 objects and their IR emissiofdve@iow as compared to
the bolometric luminosity.

Risaliti et al. (2002 propose that a possible non-spherical geometry is a l[wabone,

as described bilvis (2000. This biconical outflow is a two-phase wind, composed by a
warm phase (T 10° — 10° K), producing scattering phenomena and responsible faayX-r
warm absorbers (Sectidh5.1) and a cold phase where the clouds producing the optical
broad emission lines are located. The outer layers of thd aiia likely composed of dust,
transferred from the material inflowing from the host galayith 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 modasdipts that the variation
from type 1 to type 2 is possible only occasionally, when tredom motions result in a
line of sight free of clouds.

In Fig. 1.13we report a representation of this model, the features amgasito the
Elvis (2000 model, with the addition of dusty inflowing gas reaching éx¢ernal part of
the wind, which is located at higher distances with respetiié outflow invoked b¥lvis
(2000 model.

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

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

and we observe it as an IR bump.at= micron Barvainis 198). The existence in the
nuclei of Seyfert 1s of hot dust with temperature close todtblimation temperature
was discovered through various near-IR stud&®ichi-Bergmann, Mulchaey, & Wilson
1992 Alonso-Herrero et al2001, Oliva et al, 1999. For Seyfert galaxies the sublimation
radius is on parsec scales, while for quasars it is on sudeparcales. Early works, such
as the one performed birolik & Begelman (1988, already suggested that a smooth
distribution of dust could not survive in the proximity ofetltentral engine of AGNSs,
implying that it should be distributed in a clumpy configiwat which is the model that is
recently more accredited.

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

o Similarity of the IR emission of Type 1 and Type 2 AGN
One of the basis of the Unified Model is that the torus emissidighly anisotropic.
Nevertheless its observed emission appears to be almastipggo(Lutz et al. 2004
Horst et al. 2005 This issue was solved by the clumpy modNletkova et al.
2008ab), which can produce strongly anisotropic obscuration efAlGN together
with almost isotropic IR emission, as observed.

e Torus size and temperature
A puzzling result of high resolution IR observations of soAt@N (the best studied
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one being NGC 1068) is the coexistence of high gradients stf téiperature at the
same distance from the central engine. The solution to tiuikl@m comes with a
torus composed of dusty and optically thick clouds, wheestémperature is much
higher on the side directly exposed to the radiation witlpeesto the opposite side
(Nenkova, Ivezt, & Elitzur 2002.

Clumpiness introduces the concept of probability of disectbserving the central
engine as main driver of the feierence between type 1 and type 2 AGHlitzur 2007,
2008 Nenkova et al. 2008B). This means that we cannot exclude to observe a source
with a type 2-like orientation as a type 1 source, and ingrde case of a single cloud
obscuration, when the cloud moves out of the line of sight tha would observe directly
the nucleus and thus a transition from a type 2 to a type 1 spect
A sharp-edge density distribution for the clumpy torust(fenel of Fig. 1.14) has been
ruled out by observationdNgnkova et al. 2008B) in favour of soft-edge distributions
(right panel of Fig. 1.14), where at each viewing angle the probability of obscuratio
increases with the number of clouds. The conclusion defweglitzur (2007) is that there
are two factors determining the fraction of obscured sairtee 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 saoneAGN with the
same luminosity (due to the high spread of possible prageif the torus itself) has
consequences also on the AGN classification. Indeed, a prrflyrmed byElitzur (2012
highlights that the classification of AGN depends not onlyasientation, but also on
a higheflower probability due to highdower covering factors of the torus, where by
“covering factor” we mean the fraction of the sky covered by bbscuring material at the
AGN center. This means that if we consider a sample of AGN wittertain distribution
of covering factor<Cr, those with largeCr will have a higher probability to be observed
as type 2 sources. Therefore the distribution of coveringofa has an high impact
on the classification of AGN, with type-1 belonging preférally to the lower end of
the distribution and type-2 to the higher end. The model @z& provides a possible
explanation also to other features, such as the resultsentstudiesNlaiolino & Risaliti
2007 Della Ceca et al. 2008showing that the fraction of obscured AGN decreases as
a function of luminosity, consistently with the hypothesisa reduction of the covering
factor of the circumnuclear dust component as a functiomwiihosity. A model known
as “receding torus model”, in which the torus angular widétréases with luminosity
(Lawrence 1991Simpson 2005Lusso et al. 201B3was proposed in order to explain these
observations. According to this model the inner radius efttrus is determined by the
dust sublimation radius, which increases with the lumityosf the source. This model
assumes a sharp edge obscuration, while instead adoptifigeilge one would add a new
parameter, that is the number of clouds. This means thatlibereed relation between
fraction of obscured AGN and luminosity, could also be rejpiced by the existence of a
dependence of the number of clouds on luminosity, at congtaus 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 homogen&mrus, where every
observer located inside the opening angle (such as obs@jweill see the source as atype
2 AGN. (b) if the covering factor of the torus decreases (&.¢s a decreasing function
of luminosity,Lawrence 1991Simpson 2005 then more observers will see the source as
a type 1 AGN. (3) if the torus is clumpy the probability of alisey directly the central
engine of the AGN decreases away from the axis, but it is alwaynull.

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

In the last years many observations and theoretical woks $e indicate that the torus is
just a smooth continuation of the BLEIftzur & Ho 2009 Netzer & Laor 1993 Thus,
according to these works, the torus is a region, locatedrmktfze dust sublimation radius,
where the clouds start to contain an important amount of, caetides the gas content
characterizing the BLR clouds. Some of the evidences |gaithese hypotheses were:

e The finding of the so called “true” type 2 AGNL&or 2003, i.e. Seyfert galaxies in
which the BLR is not obscured, but it is actually missiiNjdastrq 200Q Elitzur &
Ho, 2009.

¢ In agreement with what already proposed\Btzer & Laor(1993, a work presented
by Suganuma et a(2006§ measured the inner radius of the dusty torus for a sample
of four Seyfert 1 galaxies and found evidence that the BLRm$ until this bound-
ary. The conclusion of this work is that, when the inner raditithe torus is reached,
a physical transition takes place, and dust gets embeddée itlouds, suppressing
line emission and absorbing the ionizing radiation comiagnfthe central regions.

¢ Risaliti et al. (2002 observed that the X-ray variability due to the motion ofurle
along the line of sight has the same behaviour on a big rangenefscales, that
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can be attributed both to the passage of dust-free BLR cloudsore distant dusty
clouds belonging to the torus.

According to these studies the BLR clouds and the torus angc@ie structure, charac-

terized by clouds at flierent distances and composition. Therefore there are pstqatily
different regions producing X-ray obscuration, broad emistan@s and dust obscuration,
but they all are a continuous distribution of clouds, whére diferent composition and
ionization state of the material atffirent distances determines the variety of observed
features.
This attempt of unification is in good agreement wHilvis et al. (2004 model. Indeed in
this scenario the torus is a region in a clumpy wind comingnftoe accretion disk (from
here the name “disk-wind model”), rather than being produlsg accretion of material
from the galaxy (as proposed Baskell 200%.

In agreement with observations, the disk wind scenarioipi®that at low luminosities
(< 10* ergs) the torus might not exist any more, due to the low accretm that cannot
provide the necessary outflow rate. Besides, it is expedtadvthen L decreases sitill
further, also the outflow from the inner ionized zone de@sasnplying that also the BLR
disappearsNicastrg 2000. This seems to be in agreement with the observation of some
“true” type 2 sources, among AGN withd_10* erg's (Laor 2003.

Despite the many detailed theories proposed in order taaxghe complexity of the
phenomenon of AGN, up to now there is still not a prevalent. oAk of them confirm
the existence of an axisymmetric circumnuclear inhomogsraisorber. | will discuss in
detail in the next chapter the importance that X-rays olz&ms have in the framework of
confirmingrefusing the validity of these models, being the energy hihatbetter allows
to study the most internal region of AGN.
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Observing AGN in the high energy bands (X-rays angys) provides a lot of infor-
mation that other bands do not show. In particular the X-@yginate from very close
to the central black hole, thus thefter the possibility to study the innermost regions of
SMBHSs and the still poorly understood accretion processfée them.

Figure2.1shows the typical X-ray spectrum of a Seyfert 1 galaxy withvhrious spectral
components:

e The dominant component of the X-ray spectrum is a power lailv an exponential
cut of at high energies. This component is produced by Comptorcattesing of
soft optical-UV photons emitted by the accretion disc witlativistic electrons of the
corona located above the disc. The exponential @u&tchigh energies is produced
when the scattered photons reach their maximum energyjstlilaé energy of the
electrons.

e Being isotropic, a fraction of the radiation produced intbeona is directed towards
the disc, where it is scattered generating a secondary iemiskaracterized by a
peak between 20 keV and 40 ke@ilbert & Rees1988 Lightman & White 1988
George & Fabian1991), plus fluorescence lines, the prominent one being the 6.4
keV Ka fluorescent line produced by neutral iron. The bump in the4dR0OkeV
energy range, also known as “reflection hump” is due to twegsses: at energies
< 10 keV the photoelectric absorption is the dominant inttssaanechanism, while
at higher energies>( 50 keV) the Compton down-scattering (in the Klein-Nishina
regime) induce the energetic photons to lose energy in fagbthe lower energy
electrons on which they scatter (so the spectrum falls davaigha energies).
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e For many AGN the nuclear radiation intercepts a partiallyized optically thin
plasma, called “warm absorbeiRéynolds 1997 Fabian 1999 George et a].200Q
?; Blustin et al, 2009, which imprints the main absorption features observed in
the soft X-ray spectrum. The first source in which the preseicuch intervening
medium was first discovered in QSO MR 2251-1FHalpern 1984Fig. 2.2). This
phenomenon is easily observed in Type 1 AGN.

e In most sources the X-ray spectrum shows an “excess” of @nisgith respect to
the extrapolation of the primary power law in the soft X-ragnd (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 witleaive temperature
of ~ 0.1 - 0.2 keV (Vasudevan et al. 20)4is still unclear. The first hypothesis
of being the high energy tail of the optical-UV disc emissiws been ruled out
by observations (see e.dgronti et al. 2010and references therein), sincdfdient
temperatures should be observed depending on the mass oéritral black hole
and on the accretion rate. Instead the observed temperatunech higher than
what foreseen for a standard accretion disc and it does oot sttong dependence
on the SMBH mass. Some processes that have been proposeeiinamexplain soft
excess are:

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

2. relativistically smeared absorption occurring at higlergies (above- 0.7
keV). The high velocity of the absorbing clouds make undgiishable their
atomic spectral features, resulting in an apparent sotsxavhich represents
the real power law at low energie§igrlihski & Done 2004, and a harder
spectrum at higher energies.

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

Soft excess could also result from the combination of emsknes of collisionally
ionised ions and thermal radiation produced by hot gas imdsé 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 (0-489/) of AGN can be well
described using a power law. It is common in X-ray astronoomydse as unit of measure-
ment the photon flux per unit energy F(E) (photons per keMears of the energy per unit
of frequency:

F(E) « ETe & photons cm2- s1. keV! (2.1)



2.1. X-ray primary continuum 41

Fe line

Soft Excess

Hump

0.1 1 10 100
Energy (keV)

Figure 2.1: Typical X-ray spectrum of a type 1 AGN, showing the varioexspl com-
ponents frequently observed. The components are: 1) theapyicontinuum component
(green), represented by a power law with an high energy glatcE ~ 100keV, absorbed
at soft energies; 2) a cold reflection component (blue) 3)rtbetral iron Feky emission
line at ~6.4 keV (blue); 4) a “soft excess” modelled with a black bodynponent (red).
The thick black line is the final resulting X-ray spectrum. ag@ adapted fronfabian

(2008.
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Figure 2.2: Left panel: first X-ray spectra of the QSO MR 2251-178, olextin two
occasions (June 1979 and May 1980) by Hiestein ObservatoryGiacconi et al. 1979
Halpern (19849 explained the increase in absorption column density betwbe two ob-
servations with a model where the primary continuum inggt€@nd ionises a cloud. Right
panel: Incident and emergent spectra obtained using a warsodoer model that, gier-
ently from a neutral absorber, is not totally opaque at emesgoelow 1 keV, and shows
absorption edges due to @ (739 eV) and Gt (870 eV). Figures adapted froktalpern
(1984. Itis interesting to compare this spectra with the moreer@mne shown in FigR.8.
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wherel is the photon index of the power law, related to the spect@déxa by I' =
a + 1 andE is the high energy cutfy which I'll discuss in the end of this section. The
photon index is on average in the rarige~ 1.8 — 2 (e.g. Dadina 2008 Beckmann et
al. 2009. We have seen in Sectidh3.1that the simplest mode of accretion (through a
disc) leads to the production of a strong optical-UV contingshakura & Sunyaev 1973
Thus, the thermal emission from the disc cannot be respentibthe radiation emitted
in the X-rays. Furthermore, the rapid variability obseniedhe X-rays indicates that
they originate in the innermost regions of AGN. Since thea)duminosity represents an
important fraction (about 5-40%/Jarchese et al. 20)®f the bolometric luminosity, this
mechanism must beffecient in transferring the energy released in the accretiso t a
hotter plasma, emitting higher energy radiation. The megplaining the power law shape
of the X-ray spectrum is based on Compton up-scatteringfof{aatical-UV) photons on a
corona of relativistic electrons in the inner regions ofdlseretion disclaardt & Maraschi
1991 1993. How the heating of the electrons in the corona is produsestill under
debate, however one possible explanation is that the et@nggfer from the accretion disc
is due to the presence of magnetic fields, via reconnectiomaginetic loops extending out
of the accretion disc. Since the maximum energy that theesedt photon can acquire is
related to the thermal energy of the electrons in the cortweacut-dt of the primary power
law depends on the plasma temperature. The high energyffastabserved in the range
~ 50-200 keV Malizia et al. 2014Dadina 2008 An estimate of the plasma temperature
was provided in several works (see e.Betrucci et al. 2001Molina et al. 2009 and
recently confirmed bializia et al.(2014) to be in the range from 20 to 100 keV (or 22x
1% K) 1. The recent launch of the X-ray missidtustar (Harrison et al. 2013 observing
in the 3-79 keV energy band with a lower background tBamakuand a higher fective
area than XMMNewtonabove 6 keV, is providing accurate measurements (or lowets])
to the high energy cutfbfor several AGNs: MGC-5-23-16 (116 keV; Balokovic et al.
2019, IC 4329A (186-14 keV;Brenneman et al. 20JASWIFT J2127.45654 (10&11
keV; Marinucci et al. 201} 3C 382 (21413" keV) in one of the two NUSTAR pointings,
and> 190 keV in the other pointingBallantyne et al. 2014 Ark 120 (>190 keV; Matt
et al. 2014, and in NGC 2110210 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 ofvatiens ofR;, the X-ray
continum could undergo reprocessing due to the gas presefifferent locations, from
very near to the central black hole to the outer regions. lags&ime isotropy in the X-ray
continuum photons emitted by the corona, then some of theid escape along the line of
sight and likely interact with material along their pathirsoof them may instead irradiate
the accretion disc, being then reflected towards the ohsériies implies that the observed
spectrum is a combination of the primary and the reproceXsey continuum.

1As described irMalizia et al. (2014 , when the optical depth is < 1 the plasma temperature K&
estimated as kI= E./2, instead when >> 1 a better estimate is given by KF E./3 (Petrucci et al.2001).
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2.2.1 Reflection

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

Let's assume an X-ray photon incident upon a semi-infiniéd sif uniform density,
covering Zr sr of the sky with respect to the X-ray source. The photon calergo one of
the following interactions:

e Compton down scattering with free electrons

e Photoelectric absorption, either resulting in a fluoreseenission line or followed
by Auger decay

The predominance of a process between photo-electric @imoand scattering is de-
termined by two factors: the initial energy of the photon #malrelation between the cross
sections of the two mechanisms. At energies below 10 ke\foghectric absorption is the
dominant process in neutral material, since its cross@ectecreases &3, becoming
equal the to Thomson scattering cross section at around \1.0Atehis energy the cross
sections of the two processes are approximately equalewabibve~10 keV the reflection
fraction increases and dominates over the fraction of &lesbphotons, due to the higher
scattering cross section.

At even higher energies, the photon energy is such that Gongdwn scattering is
important, so the reflection is no longer elastic and thedei photons lose energy in the
process. The amount of energy lost due to Compton down soatigets larger for higher
energy photonsMurphy & Yagoob 2009 Antonucci 1993 Typically the energy lost
by a photon during a Compton scatteringhi6/E =~ 2/mec?, thus at energies higher than
30 keV it is more than 10%. Considering all these processadyal reflection gives rise
to a flattening of the spectrum (with respect to the primarywgrolaw) at energies 5-50
keV and to a very characteristic peak between 20-50 keV, evogver energy photons are
photo-electrically absorbed (George & Fabian 1991; MadtpR & Piro 1991).

Differently from photo-electric absorption, Compton-scattedepends on the geometry
of the absorber. Indeed the reflection hump produced by &tdrabsorber with a given
opening angle is weaker than the one produced by a spheictlthé amount of reflection
is proportional to the solid angle irradiated by the cerdgralrce and to the surface area of
the absorber seen by the obsenMu(phy & Yaqoob 2009Brightman & Nandra 2011

In this thesis | will adopt a reflection modelekrav, Magdziarz & Zdziarski 199bthat
describes the radiation reflected out of the line of sight Isemi-infinite slab of cold
material subtending an angle defined by the parametddgidziarz & Zdziarski 1995
that in case of an isotropic source represents the solickasudtended by the material
producing reflection:

R=Q/2x (2.2)
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The value of the parameter R has also a dependence on theatiahi anglei between
the perpendicular to the reflector and the line of sight, wleni is small the observed
reflection component is larger. Besides tii@rav model, throughout the thesis | also
used thewyrorus model, which models the complex transmission and reflegiedtaum
of AGN over a broad energy range and for a large range of algpdwlumn densities.
The geometry assumed in the two models §edéent, in fact whilerexrav assumes the
geometry of a reflecting semi-infinite slalytorus is based on a toroidal geometry with a
half opening angle of 60 A detailed description of these models can be found in Secti
3.3.3
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Figure 2.3: X-ray reflection spectrum from a neutral, constant dendityninated slab.
The dashed line shows the incident continuum and solid hiogvs the reflected spectrum
(integrated over all angles). Most of the radiation belowk&/ is absorbed by the metals
and re-radiated at lower energies. Solar abundances arerassl. Figure adapted from
Reynolds 1997.
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2.3 Fluorescence emission lines

The reflection spectrum shown in Fig.3is characterized by several emission lines. They
are generated when an incident X-ray photon is photoetadlfi absorbed by a neutral
or partially ionised atom. This will result in either a flusoent emission line or the
ejection of an Auger electron. The probability that an esctiton will de-excite through
a fluorescent line emission versus the Augéed is given by the fluorescent yield. The
strongest fluorescent lines observed in AGN are from iroe, lahth to its high abundance
and its high fluorescence yield (which scalesZdswhereZ is the atomic number). The
production of the iron fluorescent lines occurs when one efttio electrons in the K
shell (n=1) is ejected, due to the absorption of an X-ray photon. Thestiold for this
absorption (the so called “absorption edge”) correspondthé¢ binding energy of the
inner shell, thus it depends on the ionization state of thenaflo higher ionization states
correspond higher energy absorption edges (since theaiscare more tightly bound).
For neutral iron the absorption edge is at 7.1 keV. Once tlwophhas been absorbed
and the inner shell electron has been ejected, an L-shellqnelectron can drop into the
K-shell (in a 2p-1s transition), releasing 6.4 kédof energy (in the case of neutral iron)
either as an emission line photon (34% probability) or ane&kugectron ejected from the
ion (66% per cent probabilityi-abian et al. 2000 There is also a K line at 7.06 keV,
when an &3 (M shell) electron drops to fill the hole in the K-shell (3fs transition) ;
the Ka:Kg flux ratio is approximately 13.5% (Palmeri et al 2003).

In case of Helium-like iron (FeXXV) the K line is emitted at~6.7 keV , while for
Hydrogen-like iron (FeXXVI) the Ly line is emitted at-6.97 keV.

Since reflection can be produced both by the accretion didbwa more distant repro-
cessing structure, there is a certain complexity in the miesefluorescent emission lines.
Indeed a “narrow” (FWHM5000 km s*, Murphy & Yagoob 2009Fe Ku line is always
observed Yaqoob & Padmanabhan 2004resumably produced by the outer regions of
the accretion disc of from matter locater far from the blackeh Since the peak of this
narrow Fe kv line is at~ 6.4 keV in most of the cases this provides an evidence that it
is produced by cold materiaNandra et al. 1997aNandra et al. 1997bReeves et al.
2003 Levenson et al. 2006 Besides the narrow Fedline also a component called
“Compton shoulder” is often observed. In fact, once a ladiKe is emitted it can undergo
Compton scattering, loosing part of its energy, so the varcore” of the line gets spread
downwards in energy. In a few cases, Relihe photons undergo more than one Compton
scattering and a red wing at energie$ keV is formed (Matt, Perola & Piro 1991, George
& Fabian 1991; Leahy & Creighton 1993, Sunyaev & Churazov6)9t the majority of
the cases the biggest contribution to the Compton shousdgivén by photons scattered
only once, and its EW is expected to be about 10-20 % of the &F&EW (Matt 2002;
Yaqoob & Murphy 2010). In Fig.2.4it is reported a typical X-ray reflection spectrum
from neutral material, where the Compton shoulder is \vsibl
A further complexity in some cases is due to the detection obread Fe Kk

°The Feku is the results of the blending of a doublet, theXKat 6.404 keV and K2 at 6.391 keV (see
Fig. 2.4), that currently cannot be disentangled with the curremfXinstruments.
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(FWHM~30,000 km st or even moreMurphy & Yagoob 2009 likely originating in
proximity to the central engine, and thus presenting gaieihal and Doppler energy shifts.
However such extreme cases are highly debated, since wadimehprofile is so broad it
is difficult to disentangle the contribution from the emission bmel the underlying con-
tinuum.

The profile of the Fe ik emission line can be used to study what is the motion and the
gravitational field of the matter in the location where theliemission takes place. The
intensity of the line gives insight into the amount of the@bgreflecting material, while
the peak energy of the line gives information on the ionisastate of the emitting material
(as we discussed for neutral materigkk, ~ 6.4 keV, while for FeXXVI Erek, ~ 6.97
keV). Finally, line broadening can give indication on thiatiee motion with respect to the
observer. If the line-emitting material is moving in kejéer motion, then the line profile
will show Doppler broadening. Besides, as | will discusséntrsection, the profile of the
line can show features indicative of relativistifezts.
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Figure 2.4: Model representing the typical X-ray reflection spectrunesghthe Fe k
doublet, the Fe K, the Fe K edge and the Compton hump are shown. Figure adajpied f
Ponti et al.(2013
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2.3.0.1 Relativistic &ects on the Fe kr profile

The distance of the line-emitting material with respecthe black hole determines the
importance of relativistic féects d@fecting the profile of the line. If the region producing
the emission line is located near the black hole, like in pnity of the innermost region of
accretion disc, its shape also depends on the inclinatidimeoémitting region with respect
to the line of sight and on the spin of the central black hole summary Fabian et al.
2000:

e a double horn profile is produced even in a non relativistaz ddue to the matter
whose motion along the line of sight is approaching (blu€shi receding (redshift).
The broader component of the line is due to faster movingandkius matter located
in the inner regions of the disc (first panel of F&y5);

e closer to the black hole, thdtect of special relativity is to increase the contribution
of the blue peak of the line (second panel of Fig.5). Besides, the transverse
Doppler dfect produces the shift of the emission coming from each sadia lower
energy;

¢ the gravitational redshifting (implying that “clocks rulowly”) also produces a fur-
ther shift to lower energies, as shown in the third panel gf R.5. The final line
profile produced by the combination of the above citgdas is shown in the fourth
panel of Fig.2.5

e when the line emitting region is close to the black hole the rofile is dependent
on the inclination. This is because the beaming is a strongtion of the inclination
of the disc, thus the blueshifted tail of the line increasés wclination (left panel
of Fig. 2.6);

e finally, the extension of the red wing of the line depends @nitimer radius of the
disc (right panel of Fig2.6), and therefore on if the BH is spinning. Indeed, when
the inner radius is smaller, the gravitational reddenirgjrisnger and thus the line is
broader “redwards”.
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Figure 2.5: These panels show separately the sevefatts that act on the profile of the
line: the Newtonian motion in the disc determines a symmdtiuble peak (upper panel),
the relativistic beaming enhances the peak bluewards (gkpanel) and finally gravita-
tional redshift and transverse Doppleffect shift the energies redwards (third panel). The
resulting line profile is shown in the lower panel. Figure atked fromFabian et al.(2000.
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Figure 2.6: Left panel: iron line profile produced by an accretion disoand a non
spinning (Schwarzschild) black hole, for thregahent inclination: 10, 30°, 60°. It is ob-
servable that to higher inclinations corresponds a higheteat of the high energy tail of
the line profile. Right panel: comparison of the line profigeduced by a Schwarzschild
black hole (narrower profile) and a Kerr Black hole. Thgfelient distances of the inner-
most radius §rg and 1.25ry respectively) have thefect of increasing the redshift and the
width of the line. Figures adapted froRabian et al.(2000.

2.3.1 lonised reflection

As we discussed at the beginning of Secth@.1reflection can be produced either by
neutral material or ionized matter, showingtdient features. | will now describe what
are the characteristics of the reflection spectrum prodbgeidnised matter. First of all,
when the reprocessing matter is ionized, there is a lowetribation from photoelectric
absorption, and thus the emission below 10 keV is highertrddluce here the ionisation
parameter, defined as

& = Lion/NR (2.3)

whereLio, is the 1-1000 Rydbefgonising luminosity,n is the electron number density
andR s the distance of the ionising source from the absorbingdgo This parameter is
a measure of the ratio of the ionizing radiation to the gasitigrthus it is a measure of
the degree of ionization. In figui27 | show the expected reflection spectra folfetient
ionization parameters. As shown by several workatf, Fabian, & Ross 199Matt,
Brandt, & Fabian 1996Fabian et al. 2000 there are dferent regimes of X-ray reflection
depending on the ionization state of the material. | willatdse them here and graphically
in Fig. 2.7.

e when reflection is produced in weakly ionized € 100 erg cm s') material in
the accretion disc, most of the X-ray emission is absorbéalbe 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 anualsron absorption
edge at 7.1 keV.

¢ when the disc is moderately ionised (100 erg cths ¢ < 500 erg cm st) the low
energy spectrum exhibits strong emission lines (e.g. lthesto Oxygen, Carbon,
Nitrogen, Neon, Iron L-shell transitions). The presencpantially ionised iron with
a vacancy in the L shell &R) increases the occurrence of resonant absorptiorrof K
photons so that these photons are mostly trapped in theceufahe disc, making
iron Ka emission line is very weakabian et al. 2000

¢ when the ionisation state rises ugtik 5000 erg cm st almost all elements with the
exception of iron are fully ionised, thus the spectrum indbé& X-rays shows only
weak spectral features. The iron emission line~(&.8 keV) is very strong, due to
the higher fluorescence yeld and lower Augfeet.

o when the disc is highly ionized (= 5000 erg cms') all the elements (included iron)
are completely ionized, no emission lines are produced arabsorption edges are
produced. The reflection component of the spectrum resentib¥eprimary 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 theyspectra of Seyfert galaxies
is the cut-df in the soft X-ray region due to photoelectric absorptionjoliis produced
mainly by the circumnuclear material in the active galaxg anlower part by the inter-
stellar medium. The absorbing matter is not only constituig the molecular torus, but
also other absorbing components can contribute: the BleRhaist galaxy (dust lanes and
starburst regions). This material suppresses the primamgy>continuum and thererfore
allows to detect features (such as the emission from the Nh#&)would be too weak or
hidden in Seyfert 1 galaxies.

By measuring the energy at which photoelectric absorptiurs it is possible to infer
what is the column density of the absorbing material. Thenkesl values for the intrinsic
absorption column density span frady ~ few x 10°° cm2 up toNy > 10%° cm2 with

a distribution peaked at 10?324 cm2, as reported by Risaliti, Maiolino & Salvati (1999)
for a large sample of local Seyfert 2s, thus for AGN where the bf sight intercepts
absorbing material.

In Compton-thick sources a fraction of the primary radiai®still observable at ener-
gies above 10 keV, but when the column density reathes 10?°cm™2 then the radiation
is totally blocked, even at hard X-rays. At this high valuésNpy the Compton down
scattering acts on high energy photons, which are substypéiotoelectrically absorbed.
Even when the primary radiation is totally absorbed (attleda®nergies below 10 keV)
it is still possible to observe its presence because a dracsi reflected along our line of
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Figure 2.7: The figure shows the reflection spectra produced by an iorskad (with
ionization parametek). The dotted lines on the right part of the plot show the priyna
(' = 2) power laws. When the gas is lowly or moderately ionisee (500 erg cms?)
below about 1-2 keV there is a strong contribution due to Xefay lines (such as e.g.
Oxygen, Carbon, Nitrogen, Neon, Iron L). The upper spedith@plot represent the cases
in which the disc becomes more ionized, which has a strongeimée on the importance
and the shape of the spectral features. Adapted from Falzi@dq).



2.5. lonised absorption 53

sight from neutral or ionised gas. As this component is mioa& one order of magnitude
fainter than the primary emission, Compton thick sourcesuaually more diicult to find,
especially at higher redshifts.

Type 2 AGN are those sources where the direct radiation ésdapted by the torus,
implying that the EW of the F&« is expected to be larger. For the case of Compton-thick
sources, for example, the primary radiation is completddgogbed, leaving only the
reflection component to be observed. Instead, in Comptionsthurces, where the primary
continuum is less diluted by the absorbing matter, we olesarweaker emission line. In
particular, for Compton-thin sources the equivalent widthhis emission line does not
exceed a few hundred of eV, while for Compton-thick sourtesat reach values of more
than 1 keV.

2.5 lonised absorption

2.5.1 Warm absorbers

The existence of ionized material along the line of sight wigsovered for the first time
in the '80s from the analysis of thHeinstein Observatorgpectrum of QSO MR 2251-178,
that presented a large absorption feature atkeV (Halpern 1984 Fig. 2.2).

The first works analysing this ionized absorbing gas weredasly on the detection
of broad absorption edges, due to the low energy resolufictiray instruments. Indeed
observations obtained with ASCA revealed the presence @b @evi and Ovin edges
at 0.74 keV and 0.87 keV respectively (e.g. George et al 198fich were interpreted
as evidence of ionized absorbing gas. Later on, a great iraprent in understanding
the nature of this absorbing gas was allowed by the advent-fyXmissions such as
XMM-Newtonand Chandrg where grating spectrometers became available. Nowadays,
the so called “warm absorber” (WA) is observed to be preseabout 50% (e.gRiconcelli
et al. 2005 of type 1 AGN, where the primary radiation intercepts gas pimotoionizes it,
resulting in a partially ionized plasma. The soft X-ray dpeof luminous type 1 AGN
observed with these instruments show the presence of margnnblueshifted absorption
lines from several ionization stateKgastra et al. 20QKaspi et al. 2000Blustin et al.
2005 of a wealth of elements, especially iron, oxygen, carb@mogen, neon, silicon and
sulphur, that can be associated with the presence of WAs.eS®dithe best examples of
sources showing the presence of WAs are NGC 3R&3fi et al. 20012002 Krongold
etal. 2003 Netzer et al. 2008and NGC 5548Kaastra et al. 20Q@2014).

Detailed studies (i.eKaastra et al. 20QKaspi et al. 2000Blustin et al. 2005Young
et al. 2005 Miniutti et al. 2007 Reeves et al. 20)3howed that the physical parameters of
WAS are:

e column density in the rangsy ~ 107° — 10°2cm2;

e ionisation parameter lgg~ 0 — 2 erg cm S?;
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e outflow velocityvoys ~ 100— 1000 km s?.

An example of the soft X-ray spectrum with the typical sigmas of a WAs is shown in
figure 2.8 for the QSO MR2251-178, as a modern view of the first X-ray ola®ns of
the same source shown in Fig2

Besides understanding the ionisation level, outflow vé&joand column densities of
WAs, and how they depend on the type and luminosity of the A&Kig open issue is
where WAs originate. There are two main scenarios concgthieir origin. The first one
suggests that they are generated outside the accretigratidistances comparable to the
obscuring torusBlustin et al. 200% presumably by radiation-driven evaporation occurring
in the inner part of the torukKfolik & Kriss 2001). The second model proposes that warm
absorbers are winds ejected from the accretion disc, aféahing larger distanceBroga
& Kallman 2004.

It is possible to estimate the lower and upper limits on thedistance of the absorber,
once we known the outflow velocity. An estimate of the minimadius can be given by
assuming that the outflow velocity must be higher or equahoescape velocitwisc =
e

2GM
Mmin = > B (2.4)

out

The maximum distance of the absorber can be estimated dsndgfinition of ionisation
parameteg (Equation2.3). Assuming that most of the absorbing mass is concentrated i
a layer of thicknesar smaller than its distance to the black ho% « 1). The relation
between the line-of-sight absorbing column denbityand the density of the materialR)

is:

Ny ~ n(R)CyAr (2.5)

whereC, is the volume filling factor. Combining this expression wikie definition of¢
(Equation2.3) gives:
Ar RNy &<l LionCv
— ~ R< 2.6
R I—ionCv fNH ( )
Finally, assuming that the volume filling fact@, is equal to 1 (for the case of a ho-
mogeneous flow) the maximum distance of the outflow is obthine

Lion
ENH
The low ionisation parametegsand the low velocities characterizing warm absorbers

suggest that they are located at quite large distances @mmwp to~kpc) with respect to
the black-hole.

2.7)

Mmax =

Another question is the role of WAs in terms of feedback. Ascgrated in Section
1 the injection of large amounts of kinetic energy (in the fasfroutflows launched from
the accretion disc) into the interstellar medium can beaesible for the process known as
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“feedback”, explaining the observed correlation betweest lyalaxy properties and cen-
tral SMBH. In order to understand what can be the contriloutd WAs to the feedback

mechanism, it is necessary to estimate how much energy trey &nd if this energy is a

significant fraction of the total energy output of the AGN. &rameter that is used to infer
this contribution is the mass outflow ralé,, that, for a uniform radial outflow (volume

filling factor C, = 1), is defined as

Mout = 47TC rzanbV()ut (28)

wheren is the gas density of the absorberis the distance from the central engime,

is the proton mass and = Q/4r is the covering fractionRlustin et al. 2005 Once the
mass outflow rate is known, it is possible to estimate thetiiheminosity, i.e. the kinetic
energy that the outflow carries away per unit timg = 3 Mouv2. Thus the kinetic energy
depends on the covering factor, the filling factor, the distaof the WAs and its velocity.
Depending on the filling and covering factor tM,: can be high, but the relatively low
velocities imply a low kinetic power, compared to the boldnceluminosity, typically
< 1%Ly (Blustin et al. 2005 McKernan, Yaqoob, & Reynolds 2007ombesi et al.
2013. This means that they are not expected to contribute signifiy in the feedback
process fiecting the host galaxy properties. Indeed, in orderffeca the galaxy their
mechanical power should be of the order~0d.5%L (Hopkins & Elvis 2010. Whether
the role of WAs is important in the feedback process is stitter of debate, and it cannot
be excluded that some of them could play a significant rolehen firocess. Indeed a
recent study byCrenshaw & Kraemef2012 found that in a sample of 10 Seyfert 1s with
WAs, in three of them the integrated kinetic energy of WAs oaach levels in the range
~ 0.1%L 0 — 0.5%L o1, meaning that in some cases they can have the potential uetiai
the host galaxy environment.

2.5.2 Ultrafast outflows

Recently, observations at harder X-rays lead to the detectiionised absorbers showing
highly ionised Fe K-shell (transition 4s2p of the ions FeXXV and FeXXVI) absorption
lines atE > 7 keV, characterized by high blueshiftifartas et al. 200Zhartas, Brandt,
& Gallagher 2003 Pounds et al. 2003Braito et al. 2007 Reeves et al. 2009 offord
et al. 2011 Lobban et al. 2011Dauser et al. 201250fford et al. 2013 Tombesi et al.
(20108 performed the first systematic search for such featuresamgple of 42 Seyferts at
z < 0.1 observed wittKMM-Newtonand found that these absorbers are detected46%
of the sources in the sample. The higher velocities of thbseraers with respect to WAs
(Vout > 3000 kmjs), lead to classify them under the nameitfrafast-Outflows(UFOSs).
These absorbers are characterised by:

e column density i) =~ 107224 cm™2;
e ionisation parameter l@g~ 3 - 6 erg cm S?;

e mildly relativistic outflow velocities in the range 0.01 — 0.3c (~ 3,000 —
100,000 km s, (Tombesi et al. 201)3
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Figure 2.8: Soft X-ray spectrum (below 2 keV) of the QSO MR2251-178, a@rfdim
of residuals with respect to the continuum, as observed éytiandraMedium Energy
Grating in 2011. The bottom axis of the plot reports the remtne wavelength, while the
upper axis is the rest energy. In thgjdrent panels are shown absorption features from
the Si K band (first panel), the Mg K band (second panel),si\dNe x and L-shell Fe
(third panel), inner shell absorption from Ne V-Ne IX (fdugganel) and the iron M-shell
UTA band (last panel). The source was also observedil-Newton Reflection Grating
Spectrometer in the same year. It is remarkable the higH tEveetails detectable in this
spectrum, with respect to the first observations performih the Einstein Observatory
(Fig. 2.2), where X-ray grating spectroscopy was still not availatfiggure adapted from
Reeves et a(2013.
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The high ionisation state and high velocity imply that UF®@s abserved at sub-parsec
distances from the central engine. For these absorberatibebetween mass outflow and
accretion rate, which depends on the covering factor (seatitm2.8), may reach values
close or higher than 1. This means that UFOs could potentigtfermine significant mass
loss and energy loss from the central regions and that thechamical power could con-
stitute a fraction-few% of the bolometric luminosity. However, the coveringtta plays
an important role in understanding the validity of this hifyasis, and its estimates are still
uncertain and valid for only few sources. A confirmation @& ffotential role played by the
UFOs in thefeedbackmechanism comes from a recent study, publisheiNasdini et al.
(2015. It consists of a detailed X-ray spectral analysis of thailous quasar PDS 456,
that highlighted the presence of a nearly spherical outftmiginated in the accretion disc
and expelled with relativistic speed (terminal velocity~00.35c). The X-ray observations
of this source (performed witKMM-Newton andNuSta) allowed to determine the solid
angleQ filled by the wind Q ~ 3.2z sr) and its starting point (a few hundreds Ry).
After estimating a mass outflow rate bfoy, ~ 10My/year the kinetic power is inferred
to be~ 2 x 10%erg/s, corresponding to 20% of the bolometric luminosity of thasar,
enough to produce significant feedback on the host galaxgthen recent worklombesi
et al. (2015 detected the presence of an accretion disc wind with gleci0.25c in the
Ultraluminous Infrared Galaxy (ULIRG) IRAS F11148257 in the X-ray band. For this
source a powerful300 pc-scale molecular outflow was also detected in the I”,baith
an outflow velocity o~ 1000 km s? and an estimated kinetic power 2% of the bolo-
metric luminosity. A further observational result Bgruglio et al(2019 is the finding in
the ultra-luminous IR galaxy Mrk 231 of a powerful kpc-scalatflow, traced by CO(2-
1) observations, together with a highly ionized UFO withoaitly ~ 2000 kms?: they
find that the kinetic energy released by the UFO is almost ¢eiely transferred to the
kpc-scale outflow, that undergoes an adiabatic expansioesdafindings allowed to relate
the large scale molecular outflows observed in ULIRGs to thtiwity of AGN, since they
support the hypothesis that AGN winds can transfer sigmifieanounts of energy to the
surrounding interstellar medium. Indeed, according totéical models, large molecular
outflows could be the result of energy-conserving flows odting from fast accretion disc
winds. The energy-conserving flow is one of the possiblertiteal regimes of interaction
between a mildly relativistic disc wind and the surroundingprstellar matter. According
to it, the result of this shock (between the wind and the stédlar matter) is a flow where
the cooling is infficient and the gas expands adiabatically (conserving itgygheOppo-
sitely to this mode and ruled out for this source, there isnioenentum-conserving flow,
where the gas cooldfeciently and the kinetic energy is mostly irradiated.

Furthermore a study performed Bgmbesi et al(2013 showed that when comparing
parameters (such as ionisation, column density, velocity distance) of both WAs and
UFOs together, significant correlations are observed. dn\WWAs and UFOs appear to lie
at the opposite ends of the same correlations. The immicatf this result is that even
if they have been classified asffdrent types of absorbers, they could just bedent
components of a unique large scale outflow observedtiatrdnt location along the line of
sight (Fig.2.9).
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Observer

BH Accfetion disc

Figure 2.9: Schematic diagram of a stratified accretion disc wind. Thegpwhich is
not shown here, could be an extension of the outer accreigmitdelf. Figure taken from
Tombesi et al(2012.

We note that in case of WAS, even if their location is infertecbe of the order of
the parsec scale torus, their origin is not necessarilyethBrdeed some theories suggest
that the torus itself is the most external part of a stratifidéad (Elvis 200Q Kazanas et
al. 2013. The hypothesis that WAs and UFOs are the same physicarmyiststill highly
debated. Indeed, some worlsaha et al. 2014do not find that UFOs follow the same
correlations as WAs, in the parameter space defineg bl andv,,;. However the same
authors conclude that the low statistical quality of UFOseslations cannot exclude that
WAs and UFOs are the same astrophysical system. They alswecldhe lack of detection
of UFOs in a sample of sources, whose presence was instezaded\y a previous analysis
(Tombesi et al. 2010b This study was followed by a work bjombesi & Cappi(2014
who indicated that the reason for thefdrent results is attributable to the use of single
events only (and not also double events) in the studiabfa et al.(2014, that reduced
by 40% the total counts. In conclusion, even if this is stildliaputed topic, more and
more evidences are being collected favouring the potertialof AGN driven outflows in
determining co-evolution between SMBH and host galaxy.
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NGC454: a changing look AGN
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As discussed in the previous chapter the X-ray spectra of A@Ntomplex and consti-
tuted by multiple components related to the still poorly erstood condition of the matter
near the active nucleus. In particular, the significantalality of the absorbing column
density (Ny) detected in the so called “changing look” AGN, i.e. AGN thave been ob-
served both in Compton-thirN{=10?3cm2) and Compton-thick statedN> 10?*cm™2)
(Risaliti et al. 2002, implies that the absorbing material has to be clumpy aotaisly
at much smaller distance than the conventional obscurioigust with velocity, distance
and size from the central X-ray source of the same order sktlobthe Broad Line Region
(BLR) clouds.

Up to now, we can count only a few “changing look” AGN wherefsacvariability has
been discovered on time-scales from a few days down to a femshdlGC 1365 Risaliti
et al. 20052007 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. 200%
UGC 4203 Risaliti et al. 2010, NGC4051 Uttley et al. 2004Lobban et al. 201land
1H 0419-577 Pounds et al. 2004 Among them we also recall NGC299%/¢aver et al.
1996: for this source one year monitoring with RXTEIgrphy et al. 200y unveiled the
presence of short-term flaring activity rather than a changlee covering of the absorber.

Working within a research group having availability of obvsgional data of nearby ob-
jects, in particular the X-ray spectra of some of the mosihoms AGN in theSwiftBAT-70
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months sample | took responsibility of the analysis of two peculiar olidNGC 454 and
Mrk 348. They were drawn from a subsample of 31 interactirlgxges, of which at least
one component is active. The sample was defined during theendegree thesis of Elisa
Sala (Universita di Milano-Bicocca), selecting the gadaxeither with signs of perturbed
morphology in the optical images, or with the presence of @neore nearby galaxies
with which they could be interacting, . They all have redshif 0.03, high galactic lat-
itude ( b |> 15°), a signal to noise ratio/S> 5 and flux in the 15-150 keV higher than
8.0 x 10 '2%erg cnm? s71. Interacting galaxies are interesting sources when sieay¢br
AGN activity, since large amount of gas is predicted to belalke for feeding and allow-
ing the growth of central black hole. The X-ray spectral gsiall performed allowed me to
classify NGC 454 (discusses in this chapter) as a changiigAGN. Mrk 348 is a source
for which a Suzakuobservation was proposed within our research group (PInViake
Braito), since the existing results obtained with XMN&wtonobservation revealed com-
plexity in the X-ray spectrum. As | will discuss in Chap#&rMrk 348 is a source whose
X-ray spectra changes in a less extreme way with respect © #8843, but with evidences
of multiple absorbers with éfierent column densities and ionization states. The detailed
study of both sources will provide insight on the presencalsforbing material along the
line of sight and on its physical state, it will then give esies on its distance and thus
on where it has originated. The results of these two stude® \wublished omMonthly
Notices of the Royal Astronomical Soci@t§archese et al2012 2014).

3.1 NGC454

Optical studiesArp & Madore 1987 Johansson 198&tiavelli et al. 1998 of the in-
teracting system NGC454 (see Fig®4,3.2and3.5, right panel) describe it as a pair of
emission line galaxies consisting of a red elliptical gglégastern component, hereafter
NGC454E) and a blue irregular galaxy (western componengdfier NGC454W, see Fig.
3.1), at redshift 20.0122. The distorted morphology of both these galaxiegtteer with
the spectroscopic (Fig.3and3.4) and photometric evidence of a young stellar population,
is a clear sign of the interacting nature of the system. [euantlore, three very blue knots
(Fig. 3.2 discussed in sectioB.2.3.9, probably Stromgren sphefesurrounding clusters
of very hot newly formed stars, are located (and likely ediatto the south of NGC454W.
HST observations of the system, performed with the Wide Fietth®ary Camera 2, con-
firmed that NGC454 is in the early stages of interactiBtigvelli et al. 1998 The above
authors stated also that an important fraction of gas héedltio the center of the eastern
component, but it has yet not produced any significant \esgthr formation activity; a
population of young star clusters has formed around theern@sbmponent.

The optical spectrum of NGC454E is consistent with that oegf&@t 2 galaxy Yéron-
Cetty & Véron 2001 as seen by its [O 1I§5007 much stronger with respect to thg,H

Ihttpy/swift.gsfc.nasa.ggvesultgbs70mon

2Stromgren spheres, also called Hlil regions, are sphesggbms of interstellar gas, composed of almost
completely ionized hydrogen (HII) with a thin outer shelltéf. Such regions surround hot stars (typically
present in galaxies with high star formation), that are ablproduce large amount of UV radiation (energy
above 13.6 eV), capable to ionize the surrounding hydrotemsa
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and its [N 11146583 stronger than thedH although none of the high excitation lines, e.g.
Hell lines, can be seen. Instead, no optical evidence of aN A&3resent in the spec-
trum of NGC454W which is fully consistent with that of a starming galaxy Johansson
19838.

3.2 Observations and data Reduction

3.2.1 Suzaku data

NGC454 was observed on April 29, 2009 by the Japanese X-talittaSuzakyMitsuda

et al, 2007 for a total exposure time of about 130 kseBuzakucarries on board four
X-ray Imaging Spectrometers (XI&pyama et al, 2007), with X-ray CCDs at their focal
plane, and a non-imaging hard X-ray detector (HXD-PTakahashi et al., 2007). At
the time of this observation only three of the XIS were wogkirone back-illuminated
(Bl) CCD (XI1S1) and two front-illuminated (FI) CCDs (XISO dnXIS3). All together
the XIS and the HXD-PIN cover the 0.5-10 keV and 12-70 keV baedpectively. 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 tBezakusatellite can be found in
Appendix A. Data from the XIS and HXD-PIN were processed using v2.4.@flthe
Suzakupipelin€ (for a manual orSuzakudata analysis we referred to the ABC guide:
http;/heasarc.gsfc.nasa.gowocgsuzakyanalysigabgabc.htm) and applying the standard
screening parameters. The screening filters all eventsniiile South Atlantic Anomaly
(SAA) as well as with an Earth elevation angle (EL¥)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.texf 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 irk3 and 5<5 editmodes using only good events with grades
0,2,3,4,6 and filtering the hot and flickering pixels with #ugiptsisclean the net exposure
times are 103 ksec for each of the XIS. The XIS source spectra wxtracted from a
circular region of 2.2radius centered on the source, and the background spectea we
extracted from two circular regions with the same radiushefgource region,ftset from
the source and the calibration sources. The XIS responds)(and ancillary response
(arfs) files were produced, using the latest calibratiors féeailable, with thdtools tasks
xisrmfgenand xissimarfgernrespectively. The spectra from the two FI CDDs (XIS 0 and
XIS 3) were combined to create a single source spectrum dftereXIS—FI), while the

Bl (the XIS1) spectrum was kept separate and fitted simubtaslg. The net 0.5-10 keV
count rates are: (0117+0.0005) ctgs, (Q0142+ 0.0005) ctgs, (00132+ 0.0006) ctgs for

the X1S0, XIS3 and XIS1 respectively. The energy rangesidensd for the data are 0.5—
10 keV for the XIS—FI and 0.6—7 keV for the XIS—BI (because Xi8—Bl is optimized

3httpy/heasarc.gsfc.nasa.gdecgsuzakyprocessing
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_ 1.75arcmin

Figure 3.1: NGC 454 in al.75x 1.75 arcmin image taken from the Hubble Space Tele-
scope, as a part of a collection of 59 images of merging gelxiublished for its 18th
anniversary. NGC 454 is an interacting system of galaxiesnmosed by an elliptical
galaxy and an irregular blue galaxy. This system is in the fiteases of interaction, and
thus the two galaxies show evident features of morpholbdistortion. On the bottom left,
three blue knots are visible, and are presumably newly fdrgiebular clusters, related to
the irregular galaxy. The pair is located at a distance of epqimately 164 million light
years away. The filters used in this image are B (at 435 nm,ur)blV (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 bandpasss imtge
there are the following sources indicated: NGC454E (labgINEGC454W (label W) and
the three blue knots (labels SE, SW and S) that in the XW&wWtonpn image (Fig.3.5)
are commonly indicated with the name “XS”. These latter ¢hregions are presumably
newly formed globular clusters, related to NGC454WHhansson 1988 Figure adapted

from Johansson(1988.
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Figure 3.3: Optical spectrum of the central £2” (corresponding to 1.0x 0.5 kpc) of

NGC 454 East, as observed by Image Dissector Scanner (IDS,&5m telescope) in
1979. The spectrum is dominated a stellar continuum tymtain elliptical galaxy, with

strong forbidden emission lines. The flux density is in uhit@*®Wm—2A-1. Image

adapted fromJohansson(1988.
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Figure 3.4: Optical spectrum of the central & 3” (corresponding to 1.0< 0.7 kpc) of
NGC 454 West as observed by Image Dissector Scanner (IDS3ES@ telescope) in
1979. The spectrum is dominated by a blue stellar continunchsérong emission lines,
with line widths less thar 250km s*. The flux density is in unit acf0-**wWm—2A-1,
Image adapted fromdohansson(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 ob&@ts per bin.

3.2.1.2 TheSuzaku HXD-PIN data reduction

For the HXD-PIN data reduction and analysis | followed the$aSuzakuwlata reduction
guide (the ABC guide Version*®, and used the rev2 data, which include all 4 cluster
units. The HXD-PIN instrument team provides the backgro(kmtbwn as the “tuned”
background) event file, which accounts for the instrumetitadn X-ray Background”
(NXB; Kokubun et al. 200 The systematic uncertainty of this “tuned” background
model is+1.3% in 15-40 keV (at thedt level for a net 20 ksec expos@je

The source and background spectra were extracted usingathe sommon good time
interval. Besides, the source spectrum was corrected éodétector dead time. The net
exposure time after the screening was 106 ksec. Then a spetdr the cosmic X-ray
background countsBpldt 1987 Gruber et al. 1999was simulated and added to the
instrumental one.

NGC454 is detected at a level of 3.4 % above the backgroundh&naet count rate in
the 15-30 keV band is.01+0.002 ctgs. For the spectral analysis the source spectrum was
rebinned in order to have a signal-to-noise ratlin each energy bin. | fit th8&uzaku
HXD spectrum with a single power-law component with a phdtatex fixed tolI' = 1.9
and derived an observed 15-30 keV flux&.4+0.9 x 10 *%erg cnt? s71.

3.2.2 TheSwift-BAT observation

NGC454 was also detected with the BAT detector on boai®\vaft (Gehrels et al. 2004
BAT is a coded aperture imaging camera that operates in the5D4keV energy range; it
has a large field of view (1.4 steradian half coded), and atspread function (PSF) of
18 arcmin (HEW).SwiftBAT is devoted mainly to the monitoring of a large fractioh o
the sky for the occurrence of gamma ray bursts (GRBs); whdiing for new GRBs, it
continuously collects spectral and imaging informatiosunvey mode, covering a fraction
between 50% and 80% of the sky every day.

NGC454 (BAT name: SWIFT J0114.4-5522) is part of the PaleBwift BAT 54 Month
hard X-ray catalogueQusumano et al. 20}(and theSwiftBAT 70-Month Hard X-
ray Survey (heasarc.gsfc.nasa fglocgswift/resultgbs70mon ; Baumgartner et al. 2013
This latter survey detected 1171 sources in the 14-195 ke Hawn to a significance
level of 4.8r, reaching a flux level of D3 x 10 'lerg cnT? s over 50% of the sky (and
1.34x 10 erg cnt? s Lover 90% of the sky).

The 14-195 keV flux of NGC454 is @0 + 0.5) x 10 *erg cn? s~1(Baumgartner et al.
2013 and the photon index B = 1.80 + 0.3; this is in good agreement with the expected

“httpy/heasarc.gsfc.nasa.gducgsuzakyanalysigabg
5ftp://legacy.gsfc.nasa.gmuzakydoghxd/'suzakumemo-2008-03.pdf
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14-195 keV flux ¢ 1.6x 10 terg cnt? s71) extrapolated from that measured whzaku
in the 15-30 keV range and the photon index cf 1.92.

3.2.3 The XMM-Newton observation

NGC454 was observed with XMNilewtonon November 5, 2009 for a total exposure time
of about 30 ksec. The XMMNewtonObservatory (Jansen et al. 2001) carries, among its
onboard instruments, three 1500<cKray telescopes, each with EPIC (European Photon
Imaging Camera) imaging spectrometers at the focus. TwheoEPIC use MOS CCDs
(Turner et al. 200fLand one uses a pn CCI3tfider et al. 2001 These CCDs allow
observations in the range0.5-10 keV. The spatial resolution of the 2 MOSs-isl4”’
(HEW), and~ 15” (HEW) for the pn Ehle et al. 2001

During this observation the pn, MOS1, and MOS2 cameras readtdium filter ap-
plied and they were operating in full frame Window mode. Thé&dave been processed
and cleaned using the Science Analysis Software (SAS V&).aBd analysed using stan-
dard software packages (FTOOLS ver. 6.1 and XSPEC ver. .1E\8nt files have been
filtered for high-background time intervals, and only egezgrresponding to patterns 0—12
(MOS1, MOS2) and to patterns 0—4 (pn) have been used. Thexpesire times at the
source position after data cleaning af3.9 ksec (pn);-29.1 ksec (MOS1) and29.2 ksec
(MOS2).

-

NGCa54E% c
ED

Figure 3.5: Left panel: XMMNewtonEPIC-pn image (0.5-10 keV) with superimposed
the SuzakuXIS extraction region. Right PaneDigital Sky Survey(DSS) optical image
with overlaid the XMMNewtonPN 0.5-10 keV contours. | marked the main X-ray sources
discussed in this thesis. It is evident that the main X-ray®is positionally coincident
with NGC454E (classified as a Seyfert 2) while no X-ray enssidetected at the position
of NGC454W. Since the distance between the two nuclei i28h)yat the XMM-Newton
spatial resolution we were unable to estimate a flux uppeit lian NGC454W. The two
figures have the same scale on sky.

In the right panel of Figur8.51 report the optical DSS image of the system NGC454,
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together with the XMMNewton0.5-10 keV contours (red) from EPIC-pn. It is evident
that the bulk of the X-ray emission is positionally coinaitievith NGC454E (the galaxy
spectroscopically classified as a Seyfert 2) while no stdomgy emission is detected at the
position of NGC454W (the source spectroscopically cleesifis a star-forming galaxy).
A weak X-ray source (labelled XS) is also detected to thers@fitNGC454, which is
positionally coincident with one of the three very blue Isdiscussed above, likely a star
forming region belonging to NGC454W.

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

3.2.3.1 Contamination from unresolved sources in th8uzaku (XIS, HXD) and Swift-
BAT extraction region/field of view

In the left panel of Figur&.51 show the XMM-Newton0.5-10 keV pn image along with
the Suzakuwextraction region (circle with 2’Zadius). As discussed above the main X-ray
source is centered on NGC454E but given the XNidwtonbetter angular resolution
(14"-18" HEW) as compared t8uzaky120” HEW), four other X-ray sources are clearly
distinguishable, besides NGC454E, entering in $uzakuXIS extraction region. The
XMM- Newtonspectra for the three brighter sources (XS, XE and XSE, ndairk&igure
3.5for clarity) were extracted and analysed in order to esentlair possible contribution
to the Suzakuspectrum; the remaining source (XW) has orl¥0 counts detected in the
~ 0.5-10 keV band (see below).

XS is well fitted with a power law, modified only by Galactic abgstion, plus a
thermal componentvgkat) with a resulting photon indek ~ 1.6, kKT ~ 0.2 keV and a
2-10 keV flux fp_10kev ~ 2.2 x 10-*erg cn? s7; the extrapolated flux in the 14-70
keV band is fia-7okev ~ 3.1 x 107%%erg cnt? s71. As said above this source is likely
associated with a star forming region related to NGC454V8pjfassuming = 0.0122,
its 2-10 keV luminosity idp_10kev ~ 7.8 x 10° erg s. It is not possible to establish
if this luminosity is due to one or more sources and thus dpezwon itgtheir nature,
because we lack both the spatial resolution and a good ensagipling to assess its
variability and spectral properties. This 2-10 keV lumitysonverted into star formation
rate (SFR), yields SFR 1.8 My /yr (depending on the relation betwekp_igkev that it
is used: 1.6My/yr using Ranalli, Comastri, & Setti 2008elation, and 2M/yr using
the relation inferred byPersic & Rephaeli 20Q7 This is in good agreement with the
SFR inferred from théHa luminosity Johansson 1988&ising the relation byennicutt
(1983, which yields SFR 1.2 Mg/yr. The source to the East of NGC454E (hereafter
XE) can be fitted with a power-law and a thermal componentdyig I' ~1.6,kT ~ 0.3
and Fpp_1okev ~ 1.3 x 107 *erg cn? s (Fua-7oev ~ 1.18 x 107%erg cm? s1).
The source to the South-East of NGCA454E (hereafter XSE) canfited with
an absorbed power lamN{j~ 2.2 x 107 cm2) with photon index set to 1.8 and
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Fo-1okev ~ 2.7 x 10 Y%erg cn? s} (Fja-70ikev ~ 3.4 x 107%%erg cn? s71). Finally,
the fourth source located to the West of NGC454E (hereaftér) Xias not enough
counts for a meaningful spectral analysis 80 counts) and its estimated fluxes are
Fo-10kev ~2.0x107erg cnt? stand Fuia-7opev ~ 2.5 x 107%erg cnt? sl(adopting

I' ~ 1.9). According to the extragalactic logN-logS distribusonomputed byMateos

et al. (2008, at this flux level the number of random 2-10 keV sources éShzaku
extraction region is- 2, thus the sources XE, XSE and XW are probably those expbgted
"chance". For XE, XSE and XW there is no identification auaiafrom source archives
(NED® and SIMBAD).

The combined 2-10 keV flux of all these 4 possible contamrmgeagburces (f-1ojkev ~
8.2x10 1%erg cnT? s71) imply that they will provide a negligible contribution tbeSuzaku
XIS spectrum of NGC454 (F-10jkev ~ 6x 107 13erg cnt2 s71), unless significant variabil-
ity is present. More importantly, their estimated Foev are well below theSuzaku
HXD-PIN or Swift-BAT sensitivity. On the other hand this ateis still not suficient for
these two latter instruments since their FOV is larger tie of theSuzakuXIS instru-
ment. Assuming that the X-ray emission above 10 keV detegttitthe HXD-PIN or the
Swift-BAT is associated to the same source, as the good mgreeof the measured fluxes
strongly suggests, | used the instrument with the smallev FS&wiftBAT) to perform
further checks. In particular using known catalogues ohiges (NED and SIMBAD)
| performed a search for bright X-raptical sources within 6 arcmin radius error circle
(corresponding to 99.7% confidence level for a source deteat 4.8 standard deviations,
Cusumano et al. 20)@hat could be responsible of the observed X-ray emissioveat0
keV. No plausible contaminant source was found and, in thewng, | will assume that
the emission above 10 keV comes from NGC454E. | note that Iém @ssuming a negligi-
ble contribution to the emission above 10 keV from the congragalaxy in the interacting
system, NGC454W. While a confirmation of this assumptiontbagait for direct imaging
observations above 10 keV with adequate spatial resolutistness that no emission was
detected below 10 keV from NGC454W, while a contribution \ddoe expected even in
the case of a deeply buried AGN (see dglla Ceca et al. 20021 thus conclude that a
significant contamination is not expected from the nearlys to theSuzakuand Swift
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 BaNd was considered
by fitting simultaneously th&uzakuXIS, SuzakuHXD and SwiftBAT data. The cross-

normalisation factor between the HXD and the XIS-FI was s€t.18, as recommended
for HXD nominal observation processed after 2008 July (Manet al. 2007; Maeda et al.

Shttpy/ned.ipac.caltech.eglu
httpy/simbad.u-strasbg/simbad
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2008), while the cross-normalisation betweSwiftand XIS was allowed to vary.

In the subsequent sections the statistics was used for the fit, the errors are quoted to
90% confidence level for 1 parameter of interest and all tieetsgl parameters are quoted
in the rest frame of the source.

The continuum was fitted with a redshifted power-law modealdified only by Galac-
tic (Ny= 2.73 x 10°° cm?, Dickey & Lockman, 1990 modelwass in xspec) absorp-
tion. This model did not provide an adequate descriptionheftiroadband spectrum of
NGC454E (?/dof=522.6122). When fitting only the 2-5 keV continuum, thus excluding
possible complexity in the soft energy range and near the Eelssion line complex, a
very flat photon indexI{ ~ 0.15) is found, strongly suggesting that NGC454E is an ab-
sorbed AGN, in agreement with its optical spectral clasifr.

The residuals with respect to this simple unabsorbed ptavemodel, which are
shown in Figure3.6, allowed to infer the main features of the observed spectrém
excess at energies below 1 keV, an emission line features @t keV (likely associated
with Fe Ka), together with a line-like feature af7 keV, and an excess at energies between
10 and 20 keV are clearly evident. The residuals in the sofiyé suggest the presence of
a thermal component probably related to the host galaxy.sithaltaneous occurrence of
a strong Fe & emission line at6.4 keV (figure3.6 upper and lower panel), a very flat
observed™ and an excess in the hard X-rays (above 10 keV) is the distinspectral sig-
nature of a highly absorbed source, with a possible strongpfan reflected component.
The excess observed-at keV (Figure3.6lower panel) is likely due to the combination of
the Fe K3 emission line (7.06 keV), the Fe XXVMB.97 keV) and the Fe edge .11 keV).

In order to include in the model the features observed in¢B&luals described in Fig.
3.6the broad band fit was performed according to the followiegpst

1. | used a model composed by a primary intrinsically absbibewer law and an
unabsorbed power law (representing the fraction of primé&nay radiation that is
scattered into our line of sight). The photon indices of the power laws were tied
to each other. The absorber was modelled by a combinatidmeefits andzrrass
models in XSPEC, assuming the same column density, singedpeesent the same
medium producing two dlierent éfects (i.e. the non-relativistic Compton scattering
out of the line of sight and photoelectric absorption of thenary radiation, respec-
tively). This fit is still poor and yieldg?/dof= 241.5108 andNy ~ 4 x 10”3cm2.

2. Due to the residual emission that it is still found in thé sGray band, a thermal
component was added (modelled with thaar. model,Mewe et al., 1986, leading
to an improvement of the fit byy? = 23 for 2 d.o.f, with kT~0.5 keV.

3. Two Gaussian components were added, to account for@h keV (Fe kv) and
7.06 keV (Fe KB) emission lines.The energy of the F¢g Kvas kept fixed to 7.06

8httpy/www.astro.isas.jaxa.jpuzakydogsuzakumemsuzakumemo-2007-11.pdf;
httpy/www.astro.isas.jaxa.jpuzakydogsuzakumenmysuzakumemo-2008-06.pdf
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Figure 3.6: Upper panel: ratio between th8uzakuand Swift data (XIS-FI: black filled
squares; XIS1: red open circles; HXD: green rhombs; and BAE open squares) and the

unabsorbed power-law model used tdSitzakudata in the 2-5 keV energy range. Lower

panel: zoom into the 5-8 keV energy range (XIS-FI: blackdfiiquares, XIS1: red open
circles). Itis visible at 6.4 keV the excess characterisfithe Fe kx emission line and at
~ 7 keV, the combined contribution of the Fg8 Emission line (7.06 keV), Fe XX\4§.97
keV), and the reflector edge. The central energies of thedrari€l Fe K3 are marked with

dashed vertical lines.
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keV, its intrinsic width ¢) was tied to the width of the corresponding Fe Kne

and its flux fixed to be 13% of the FeaKflux, consistent with the theoretical value

(Palmeri et al. 2008 The resulting fit improves significantl\¢? = 75 for 2 d.o.f),

ileldmg)( /dof=142.5104. The energy centroid for the Ferine is E=6.38" /5
eV.

4. Finally | added a Compton reflected component, modellétl thie pExrav model
in xspec (Magdziarz & Zdziarski, 1999, which represents a power-law spectrum
(with a cut-df) reflected from a infinite slab of neutral material. The pagters of
the reflected component are: an inclination arigiixed to 60 ° (seeNoguchi et
al. 2010, abundance ZZ, a reflection fraction (defined by the subtending solid
angle of the reflectoR = Q/2r) fixed to be -1 (i.e. pure reflectiol) the cut-o¢f
energy (fixed at 200 ke\Dadina 2008 and the normalisation. The fit including the
reflection component improves iy ? = 38 for 1 d.o.f {?/dof= 104.5103).

The final model setup is thus:
WABSGalX[ MEKAL + ZPOWERLW + ZGAUSS + ZGAUSS + PEXRAV + CABSXZPHABSX( ZPOWERLW)]

This model provides a good representation of the X-ray dorissf NGC454E {?/dof=
104.5103). The resulting best-fit parameters are reported iretdldl and the unfolded
spectrum is shown in Fig3.7. In particular, this best-fit model yielded = 1.927332,
Np= 2.05'125 x 10%* cm2. The rest-frame energy of the FexHs Ex, = 6.38 + 0.02
keV and its equivalent width with respect to the observedinaom is E\N:340jggev. At
the Suzakuspectral resolution this emission line is unresolved; il@vthe widtho free

to vary it was found to ber < 70 eV (at the 90% confidence level), thus it was fixed
to be~ 10 eV. The cross-normalisation factor between SvaftBAT and the XIS-Fl is
l.05j8:gg. | remark that a dferent choice of the cutfbenergy in the range between 100
and 300 keV does noffect significantly the best-fit reflection parameters obthinethis
work. The relative importance of the reflection componergiven by the ratio between
the normalizations of the primary absorbed power-law ardéfiection component; in our
case this ratio is.Gtng, which at first order would correspond to a reprocessor Goyex
solid angler. The fraction of scattered radiation4s0.1%. The observed 2—-10 keV flux is
~ 6.3x10 13erg cnT? s~1while the intrinsic 2—10 keV luminosity obtained with thisdel

is 7.2x10%erg st

%In the pexrav model, O represent a face on configuration thus, considering thatjtiadity of the data
does not allow to constrain bothand the normalization at the same time, we assumed an itiohinangle
of a typical Sy2 (which is-60 °). A change in the assumption on the inclination angle coalkhan impact
only the normalization of theexrav component and not on the geometry (see Appediar further details
on pexrav). However, for our purposes, it is important to detect ameya change of normalization between
Suzakuand XMM-Newtonobservations, so we kept as starting point the same inidimaingle in the two
observations.

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

Model Component Parameter Suzaku XMM- Newton
0.29 011
Power law F . 1.9288& 1997557
Normalisatio® 7.39% " 2777908

Scattered Component Normalisation 8.55:5(‘5‘3% 1073 1.62:929 x 1072

Absorber Ny 2.05"25 x 1074 cm2 10792 x 1023 cr2
Thermal emission KT 627210 keV 0627211 kev
Normalisatiof§ 6.94"295 x 10°° 349122 x 10°°
Neutral reflection Normalisatién 3462 355122
Fe Ko Energy 6387005 keV 6.36,95° keV
EW 34030 eV 12030 eV
Normalisatiof 3.62972%x 1073 475713 % 1073
Fe KB Energy 706 keV (frozen) 706 keV (frozen)
EW 40 eV 16 eV
Normalisatiof§ fixed to 13% Fe k fixed to 13% Fe k
lonised Absorber N 6.057895 x 107%cm2
loge 355"09%rg cm s*
Viurb . 300 km st
x?/dof 104.3103 190.7197
F [gi"_""e")kev ~1.7x10Mergcm?s?! ~85x10Pergcm?s?
Fosokev  ~49x10Mergecm?s? ~58x10%ergcm?s?
Fo-10)kev ~6.3x10Bergcnm?s?t ~1.9x10%ergcm?st
F (14-150)keV ~14x 10_11€I’g cm?s!t ~13x 1011erg cmést
L Egik_asl)kev ~ 5.6 x 10%%rg st ~ 2.8 x 10%%rg st
L (0.5-2)keV ~ 47 x 1042€I’g st ~ 2 X 1042erg st
L (2-10)kev ~7.2%x10%erg st ~25x 10%erg st
L(l4~l50)keV ~14x 1043erg st ~48x 1042erg st

2 units of 103 photons keV?! cm™2 71,

b Due to a degeneracy between the normalisations of the priptaver law andexrav,
the errors were computed fixing the reflection normalisatioits best-fit value.

¢ The normalisation of the thermal component is definel 354,4%(1112))2 fneanV
whereD, is the angular diameter distance, z is the redshift,

ne andny are the electron and hydrogen density (éjwespectively, and dV is the volume
from which the deprojected emission originates.

4 The line is unresolved; the intrinsic width has been fixedete:H0 eV.

€ units of 10 photons cm? s71.

For a comparison on the luminosities measurefuaakuand XMM-Newtonsee Section
3.3.3
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Figure 3.7: Unfolded Suzakuspectrum, showing separately thgfelient components of
the best-fit model: in green the scattered power-law and thegry absorbed power-law,
in red the soft thermal component, in yellow the iroa End KB emission lines, in light
blue the reflection component, and in blue the total resgl§pectrum.
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3.3.2 Comparison with XMM-Newton data

In Figure3.81 report theSuzakXIS (black, lower spectrum), HXD (black) ar@Wwift BAT
spectra (green). In red (upper spectrum) | also show the XNi#w4onpn and MOS data,
revealing a dramatic change in the spectral curvature lggth8eand 6 keV. This variation
is most likely due to a change in the amount of absorption @ftfimary radiation. To test
this hypothesis th8uzakwest-fit model was applied to the XMMewtonspectra, leaving
only the absorbing column densitiNg) free to vary. Also, both the cross-normalisation
factors between the pn and the MOS spectra and bet®&edhBAT and pn data were left
free to vary; they were found to be 10204 and 1.0@8:}‘6‘ respectively.

During the XMM-Newtonobservation théy decreased by about one order of magni-
tude (from~ 2.1x 10%%cm 2 to ~ 2.6 x 1073cm~2); this change in the amount of absorption
is suficient to explain the bulk of the flerences between the observed XMi¢wtonand
Suzakuspectra.
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Figure 3.8: Comparison between thiguzakuXIS (black, lower spectrum), HXD (black),
Swift-BAT (green) and the XMNilewton(red, upper spectrum) data showing the dramatic
change in the 3-10 keV energy range. The underlying modesktzind green line) is the
one obtained fitting only th8uzakuXIS (black) andSwift-BAT data (green).
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For completeness, also the photon indEk the normalisation of both the power law
components, the thermal component and theskergy and normalisation were allowed to
vary. The fit yieldedy?/dof=213.9199 and the only parameter changing well beyond the
Suzakerrors is, as expected, thgy, decreasing t0.28718 x 1073 cm2. This confirms
that the strong variation between XMMewtonand Suzakus due to a change in column
density ofANy~1.8x10?* cm2.

Prompted from this result, | carried out the analysis of ti&n8ft X-ray Telescope (XRT)
observations taken in 2006 with a time lag of the order of lagsdrom each other. It
was found that the source was in a state similar to that obddsy XMM-Newton The
exposure time of each of the observations is less than 10(B348, 8661 and 3667 sec
respectively), thus the relatively low statistics doesaltmw to establish if there is a vari-
ability between the single observations.

Ratio

Rest Energy (keV)

Figure 3.9: Residuals of the XMNNewtondata (pn data are the black filled squares and
MOS data are the red open circles) in the range 4-8 keV witheetsto the spectral model
discussed in sectioB.3.2 An absorption feature at about 6.7 keV and a spectral cuneat
in the 56 keV range are clearly present.

A closer inspection of the residuals in the 4-8 keV energgeato this best-fit model
showed some residual curvature between 5 and 6 keV, togeittera clear absorption
feature centered at 6.7 keV (see Figur8.9), which is present in both the pn and MOS
spectra and is suggestive of a more complex and likely ioha®sorber. After checking
the significance of this absorption line, an additional zexi absorber (see sectidrB.2.)



76 Chapter 3. NGC454: a changing look AGN

was included in the model. | remark that, after accountingtfie absorption feature at
~6.7 keV, the excess of curvature in the range 5-6 keV is hagpteanymore.

The final parameters of the XMMlewtonbest-fit model are reported in tal8el and
the final model setup is described in sect®B.2.1 The diference in the best-fit normal-
isations of the thermal and scattering component betv&erakuand XMM-Newtonare
likely due to a degeneracy between these two parametersednithe 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 x
101%erg cm? s71, while the intrinsic 2-10 keV luminosityL-1ojkevs iS ~ 2.5 X
10*%erg s, about a factor 2.8 below the intrinsic luminosity computeing only the
Suzakuwata. Although such a variation of the intrinsic luminosgynot unusual in AGN,
part of this diference could be due to the geometry assumed by the modeleddopthe
high column density absorber. Indeed | will show in sect®®.3that this diference is
smaller (a factor 1.7) when thdytoruscode 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 kel Gaussian absorb-
ing component was added; setting = 0.05 keV, the centroid of the line is found at
E=6.75'30% keV, the normalisation is-3.75'115 x 107 and Ay?=24 for 2 dof. The
absorption line appears to be marginally resolved; howkaing its width free to vary
only an upper limito- < 0.3 keV can be inferred (corresponding to an upper limit on the
broadening velocity 0f-0.044c), while the energy centroid=B.77*55keV is found to

be consistent within the errors. The energy of this absamgine suggests an association
with absorption from highly ionized Fe (i.e. kev at E~6.7 keV) and thus a clear
signature of the presence of an ionized absorber. The messEhan ionized absorber
is not exceptional, as discussed in SectibB.l Indeed recent sensitive observations
with Chandrg XMM- Newton andSuzakwnveiled the presence of red- and blue-shifted
photoionized absorption lines both in type 1 and type 2 AGNvall as in Radio Quiet
and Radio Loud AGN Tombesi et al. 201QbTombesi et al. 2001 Thus, it appears
that there is a substantial amount of ionized gas in the ho€l&GNs, which may be
linked to gas outflowing on parsec scales with velocitiesnfioundreds of kifs up to
Vout ~ 0.04 — 0.15¢c (Tombesi et al. 2010b Red- and blue-shifted absorption lines are
predicted in several theoretical models of failed disk wiffroga & Kallman 2004Sim

et al. 2010 or of aborted jet Ghisellini et al. 2004 However, before proceeding with
any further modelling of the absorption feature | checksdaignificance.

To assess the significance of the absorption feature, éx¢el®ntecarlo simulations
were performed, as detailed below. The assumed null hypigtimodel is the best-fit
model discussed at the end of sect®3.2 and S3000 spectra were simulated (with
the fakeit command in XSPEC), with the same exposure time as the real daach
one of these simulated spectra was then fitted with the nplbthesis model to obtain a
2 value, searching systematically for an absorption linehin 2-10 keV energy range,
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stepping the energy centroid of the Gaussian in incremdrfislkeV and refitting at each
step. For each simulated spectrum a minimyhwas obtained and allowed to create a
distribution of 3000 simulated values of thg? (compared to the null hypothesis model).
This indicates the fraction of random generated absorgéatures in the 2—10 keV band
that are expected to haveAg? greater than a threshold value. If N of these simulated
values are greater than the real value, then the estimatedtidea confidence level is
1-N/S. Using this analysis it is possible to conclude that the tletection is significant at
>99.97% level, i.e. only 0.03% of the simulated spectra shaw%higher than the real
value.

In order to obtain a physical description of the absorberGhessian absorption line
was replaced with a model representing a photoionized Bbsarhich has been produced
using a multiplicative grid of absorption model generateithvihe xstarv 2.1 code
(Kallman et al, 2004). This grid describes an ionized absorber parametrisetstmpiumn
density (i), and its ionisation parametef)( Since there is no apparent broadening of the
absorption line a turbulence velocity @af,, = 300 km st was assumed.

The inclusion of this ionized absorber significantly impedvthe fit §2/dof=190.7197,
Ax? = 25 for 2 dof), with a column density &y = 6.05892x 10?3 cm~2and an ionisation

-4.10

of log(&/erg cm st) = 355372, The improvement in thg? is determined solely by
fitting the absorption feature in the 6—7 keV band, since arséxd absorber with such a

high level of ionization does not produce any feature beldwe\2

The parameters of the XMNltewtonbest-fit model are reported in talbdel and the
model setup is the following:

WABSX[ MEKAL + ZPOWERLW + ZGAUSS + ZGAUSS + PEXRAV + XSTAR *CABS * ZPHABS
X (zZPOWERLW)]

Since this absorption feature is not observed inS$oe@akuspectrum, a Gaussian ab-
sorption line was added to ttf&uzakubest-fit model, using the same parameters obtained
with the XMM-Newtondata. The lower limit for the detection of an absorption mi¢h
central energy of 6.75 keV and width of 0.05 keV, is -1x1875 for the Suzakudata. Thus,
being the normalisation of this line -3.X%0°¢ in the XMM-Newtonspectrum, one can
infer that the ionised absorber should be detectabl8umaku The simplest interpretation
is that also the ionized absorber is variable; which is noprising since there are sev-
eral reported cases of variable absorption feauturembesi et al. 201Qbrombesi et al.
2011, Braito et al. 2007 Cappi et al. 2009Dadina et al. 2005Risaliti et al. 200%.
Moreover instability of the outflowing ionized absorbergredicted both in disk winds
models Proga & Kallman 2004Sim et al. 201Dor of aborted jetGhisellini et al. 2003
This will cause the presence of transient absorption featand variability of the derived
outflowing velocities and their EW as observed in severaiczsi(see e.glombesi et al.
20108
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3.3.3 A physical interpretation with MyTorusmodel

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

In order to alleviate these problems and, thus, to furtheessthe possible geometry
andor nature of the variable absorber, | tested the model fotdheidal reprocessott
as descried burphy & Yaqoob (2009. This model, recently included in the XSPEC
software package, is valid for column densities in the rat@fé to 1*> cm2 and for en-
ergies up to 500 keV (the relativistidfects being taken into account); more importantly
the reprocessed continuum and fluorescent line emissianeated self-consistently. This
model assumes that the absorber geometry is toroidal withlfaopening angle of 60
(corresponding to a covering factaf)/(4n) = 0.5), and cosmic abundances/nders &
Grevess€1989. Among the free parameters there are the viewing angletenddiumn
density (see httpywww.mytorus.corfmanualindex.html). | remark, as a point of fter-
ence, that theexrav model assumes that the reflector has the geometry of a stabfdhe
its parameters don't give information on the geometry ofttmeidal material surrounding
the AGN. Themytorus model is composed by three tables:

e myTORUSZ: @ multiplicative table that, applied to the primary poviewr, describes
the zeroth order continuum, i.e. the spectrum resultingftioe photons that do not
interact with the intervening matter. This spectrum isatt&td with respect to the
direct continuum, because of photoelectric absorptiono(@tenergies) and Klein-
Nishina scattering (at higher energies, due to the energgrikence of the Klein-
Nishina scattering cross section).

e MYTORUSS: an additive table describing the scattéreftected continuum towards the
line of sight

e MmytorusL: an additive table describing the emission lines (ke ke k3 and the
Compton shoulder)

Since we are clearly seeing a variation of the absorbingneoldensity along the line
of sight | used a spectral configuration Mf/Torusthat canmimica clumpy absorber and
which also takes into account the fact that the ke iK rather constant (see takiel).
This has been done by decoupling the direct (unscatteretjncom passing through
the reprocessor and the refle¢gsmdittered continuum from reprocessor. In practice this
means decoupling the inclination angle parameters for ifeetdcontinuum and the re-
flectedscattered continuum, and leaving the column densities egetiwo components
independent from each other (meaning that Maeresponsible for absorption along the
line of sight can be dierent with respect to thBly responsible for reflectigacattering
towards the line of sight).

Uhttpy/www.mytorus.com
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Therefore, for the direct continuum | fixed the inclinationgée between the line of
sight and the axis of the torus to be 90 degrees, as for a coatfiign of edge-on torus.
Then, | assumed a patchy reprocessor in which the scattergohgum is observed from
reflection in matter on the far-side of the X-ray source, withintercepting any other
“clouds,” (while the intrinsic continuum is filtered by clds "passing"” through our line-
of-sight to the central engine). This configuration can beupetrized with theryrorusS
component, fixing the inclination angle to O degrees, i.eefan, which represents the
back-scattered radiation without intercepting any akisgrbmatter. Finally, since the
XMM- Newtonspectrum unveiled the presence of an additional ionizedrbbg which
affects the line-of-sight continuum, also an ionized absowses included, which is mod-
elled adopting the same XSTAR grid as described in se&i8rP.1

The best-fit model obtained using therorus model is:

PHABS (ZPOWERLW * XSTAR * MyTORUSZ + Ag * MYTORUSS + A_* GSMOOTH* MYTORUSL +
MEKAL + CONSTANT * ZPOWERLW)

The xspec model gsmoors is a gaussian convolution model that allows to leave the line
width as free parameter, since therorusL is characterised by an intrinsic velocity width
of 10 knys. As andA_ are the relative normalizations of the reflected continuunth af
the emission lines, respectively. Also a soft power law congmt was included, in order
to account for the scattering due to optically-thin ioniged.

Applying this model to the the XMM-EPIC ar8wift BAT spectra a good fit was found,
with the same absorbing column densily(= 2.75'593 x 10%cm2; y?/dof=201/192)
filtering the line-of-sight intrinsic continuum and prodiug the scattered component (in-
cluding the production of the fluorescent emission lined)e parameters of the ionized
absorber areNy = 6.46'35¢ x 10%cm2and log = 3.26"0%%rg cm s?; these values
are in good agreement with those found with the best-fit mddstribed in tabl&.1, to-
gether with the parameters of the thermal componenikAr). The photon index of the
primary power-law component is ndw= 1.86_311 and the intrinsic emitted luminosity is
Li2-10pkev ~ 1.4 x 10*%erg s1. Using theSuzakwandSwiftdata, a good fit can be obtained
with an absorber producing the reflected components havirdyastatistically consistent
with that obtained using the XMNNewtondata (thus suggesting that this component is
likely associated with the distant reflector or torus), wtolr line of sight to the central
engine intercepts a column density; = (0.88 + 0.09) x 10?* cm~2. The photon index of
the primary power-law componentlis= 1.8*013, consistently with what found for XMM-
Newton The parameters of theekar remain in good agreement with the values reported
in table3.1

In summary this analysis, which is based on a model whichstake account consis-
tently the physical process in place within the X-ray absgrhows that the change of
state of NGC454E can be understood simply by a change inrteeofisight obscuration
(AN ~ 6 x 107 cm~2) while the global obscurer remains unchanged.

The intrinsic luminosity derived from th@uzakuwata is Lip_1okev ~ 2.4x 10%%erg st
UsingMytorusthe derived change of the intrinsic luminosity between e data sets are
in better agreement (a factor 1.7) with respect to thosedonrSection3.3.2 However,

with the present statistic and the complexity of the obsgpgectra, itis not possible to rule
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Table 3.2: Summary of th&uzakwnd XMM-Newtornparameters using thevrorus model
described in Sectio.3.3

Model Component Parameter Suzaku XMM- Newton
Power law r 1807313 I'=18617
Normalisatiot 2,932, 3.22138
MYTorusZ N+ 0.887308 x 1074 cm™2  2.75'9.9% x 107%cm?
Inclination 90 o0
MY TorusS Ny 6.22' 152 x 1072 cm2 313528 x 10?2 cm 2
Inclination (0] o°
Thermal emission KT 8329 kev 0587207 keV
Normalisatiof ~ 6.2173:99 x 10°® 7.68732x 10°°
lonised Absorber N . 6467394 x 107%cm2
logé . 32673%rg cm s*
Viurb . 300 km st
x?/dof 107.6108 203192
L (2-10)keV ~24x10%ergs!  ~14x10%ergs?

2 units of 103 photons keV?! cm™2 71,

b The normalisation of the thermal component is definel as4n(+(]:f-z))2 fneanV
whereD, is the angular diameter distance, z is the redshift,

ne andny are the electron and hydrogen density (éjespectively, and dV is the volume

from which the deprojected emission originates.

out or confirm a possible variation in luminosity of about atéa 2, frequently observed
in AGN; indeed by comparing the 54-months and 9-months BAjhtenergy (14-195
keV) spectra of this source, the intensity is found to be &igh the 9-months spectrum.
However, fitting the spectra with a single absorbed powsrdamponent, a constant flux
is also well within the errors on the best-fit normalizatia@fshis primary power-law.

3.4 Constraints on the distance of the ionised absorber

Using very simple considerations it is now possible to esténwhat is the maximum dis-
tance of this ionised absorber from the central black helafing the ionisation parameter,
the density of the absorber and the continuum luminasigy through Eq. 2.3 and Eq.
2.7. In this case, after extrapolating the measured power ldemb8.5 keVc , Lig, (in
the energy range between 13.6 eV and 13.6 keV)3x71.0* erg s. Assuming that the
thickness of the absorbéfR=Ng/n is smaller than the distancgoR(AR/Rion < 1), the
upper limit to the distance is:

_ LionAR Lion

Rion = <

=23x10%m=~ 7.5x 103pc 3.1
NHER ~ Nué P .
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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 estimat¢hef BLR size R g for
NGC454E can be inferred by using the relation betwegprRind the monochromatic
luminosity at 5100 AlLg;oa (Kaspi et al. 20055788 = 2.45 x (AL, (5100A)505).
Since the luminosity of the optical continuum cannot be mess directly from the
spectrum, because of the strong absorptibg, .4 is estimated from the intensity
of the [OlI]5007A line flux, assuming a mean F[OII]5007&5100A) ratio. This
ratio has been inferred from the AGN template presented andis et al. (1991)
(F(5100A) = 0.059F ([Ol11])). Using the [OI11]5007A flux published in Johansson (1988
we obtainLg; oo ~ 1 x 10*erg s A~ and, thus, an approximate size of the BLR of 0.05

pc, i.e. about 50 timeRjgn.

3.5 Summary and Conclusion

In this chapter | discussed the resultsSafzaky XMM- Newtonand Swift observations of
the interacting system NGC454=@.0122). The bulk of the measured 2—10 keV emission
comes from the active galaxy NGC454E fLioev ~ 2 x 10%%erg s1); no emission from
the center of the companion galaxy (NGC454W) in the intamngctystem is detected. The
nuclear X-ray emission of NGC454E is filtered by an absorlgiolgmn density typical of

a Type 2 AGN, in agreement with the optical classification ef&t 2 galaxy.

No variability in the light curves has been observed durimg length ofSuzakuand
XMM- Newtonobservations respectively. A comparison between the tvsemfations
(taken 6 months later) revealed a significant change in tketisp of NGC454E in the
energy range between 3 and 6 keV. This variation can be wplamed by a variability
of about an order of magnitude in the absorbing column dgmding the line of sight:
from ~ 1 x 10%%cm2(Suzakiito ~ 1 x 10?3cm2(XMM- Newton). In this work | also
used the most recent model for the toroidal reprocessorMu& Yagoob 2009), which
takes into account consistently the physical processelmae pvithin the X-ray absorber.
Furthermore, regarding the XMMewtonspectrum, | detected a statistically significant
absorption feature & 6.7 keV, a clear signature of the presence of a ionised absorb
with ionisation parameter log(erg cm st) = 3.55 and column densit{y = 5.31 x 10?3
cm 2. The absence of this feature in tBazakispectrum, despite its detectability, implies
that it has varied between the two observations. Absorpin@s associated with ionized
iron have been now observed in several sources and thesmia alear evidence that these
lines are variable as in the case of NGC454. Furthermorepnmescases the measured
blue-shifts of the energy centroids imply a large velocifythese absorbers and a likely
association with powerful disk winds (King & Pound 2003),il8hin other cases there is
no measurable motion as in our case.

In summary, NGC454E is a new member of the class of “changing”’|AGN, i.e.
AGN that have been observed in both Compton-tthNp£10°3cm~2) and Compton-thick
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states K> 10%*cm2). A possible scenario is that a stable and likely distanbetes
responsible for the iron emission line is present. Howdbere is also a clear variation of
the Ny of the line of sight absorber, probably indicative of thenspy nature of the rather
neutral absorber itself. Unfortunately the comparisonveen diferent observations,
typically performed at intervals of months to years (asé¢hdiscussed here), provides only
upper limits to the intrinsic time scales bify variations and thus on the possible location
of the thicker obscuring material (obscuring “torus" vs.o&d Line Region clouds). The
low exposure of thé&wift XRT 2006 observations, when the source was in a state similar
to the XMM-Newtonone, did not allow us to establish ting variability on smaller time
scales (i.e. intra-day) of the single observations. An oupment of the estimates of
velocity, distance and size from the central X-ray sourcéhefobscuring material could
be obtained only through monitoring observational campaigithin a few days or weeks
andor through the search faNyvariations within single long observation. For what
concerns the ionised absorber, as derived from my first asténate of its distance from
the central black hole (i.e. within 1® 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£R3 mag) at z0.015 (correspond-
ing to 84 Mpc, Khachikian & Weedman 1974; de Vaucouleurs.€t@91). It is one of the
brightest sources in the BAT catalogigis-195 kev) ~ 1.6x 10-%erg cnt? s71, Baumgart-
ner et al. 2013) and for which the availability 8tizakudata allows to perform for the first
time a detailed analysis of the spectrum above 10 keV. Thead@®pectrum is character-
ized by narrow, high-excitation emission lines (Fg2, Marcha et al. 1996) and a hidden
BLR was revealed through the detection of a broaddthission line {7500 knjs) in the
polarized spectrum (Miller & Goodrich 1990).

To the east of Mrk 348 a companion galaxy at the same redstpfieisent, at a distance of
~ 22.2 kpc. The optical images of Mrk 348 published Agitén et al.(2002 (taken with
the Nordic Optical Telescope) in Fig.1reveal that Mrk 348 is a spiral galaxy, where the
end of one disrupted arm reaches the eastern companiorygetairming that they are
interacting on large scale, as already propose&ibykin et al.(198% using radio obser-
vations. Interestingly the region of the eastern componeiter to the external arm of
Mrk 348 is bluer, as if star formation has been triggered Igyjititeraction between the two
galaxies.

Mrk 348 is a relatively strong radio emitter and was obsetwethe Very Large Array
(VLA) and the Multi-Element-Radio-Linked-Interferometdetwork (MERLIN, Unger
et al. 1984 Anton et al. 2002 It is characterised by a flat radio spectrum continuing wel
into the infrared, as well as a core-dominated radio strectund rapid radio variability
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Figure 4.1: Mrk 348 and its companion galaxy, as observed by the Nordiic@lpTele-
scope, in the U (top left), B (top right), R (bottom left) an@dttom right) bands. For each
image the field of view is 3.83.3', the North is up and the East is on the left. The B,R
and | images also show the spiral arms, appearing very synurietthe internal region

and with a slightly more disturbed morphology in the extépaat. Images adapated from
Antén 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 Schmidis€elge on Palomar Mountain
and the UK Schmidt Telescogottom panel Optical spectrum of Mrk 348 as reported by
Marcha et al.(1996. The presence of narrow emission lines allows to claskiysburce
as a Seyfert 2 galaxy.
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(Neff & de Bruyn 1983. The complex radio properties of this source and tligcdities

in determining its orientation with respect to the line ajhdi make its classification as a
radio-quiet or as a radio loud source uncertain, howeveordowy to the standard radio
classification (Sectiot.2.3.] it belongs to the class of Radio Quiet sourcgg,(Livio, &
Baum 1999.

The first X-ray observation of this source was performed3ayga and provided evi-
dence of an absorbedilig~ 10?°cm~2) X-ray source, with photon indek ~1.7 (Warwick
et al. 1989. Mrk 348 was also observed with titossi X-Ray Timing ExplorgRXTE
mission in twelve observations during the period Decemi8rl®96 to July 12, 1997.
Smith et al.(200]) analysed these spectra and described the resulting tumieaeed 3—20
keV spectrum with a power-law continuui ¢ 1.8) absorbed by a column density M
~ 10%cm2, plus a Fe K emission line with equivalent widtBW ~ 100 eV, plus a Comp-
ton reflection component. They found variations in the ingi¢ column density occurring
over periods of typically weeks to months, with the largdstrgge ANy ~ 1073cm2), tak-
ing place on a time-scale ef 70 days. They also found X-ray continuum variations with
the shortest observed timescale~ol day. Smith et al.(200]) also found that the Fe K
line flux did not change significantly during the multiple ebgations, deducing that much
of the line emission is produced in a layer of material witlather constant sky coverage
and thickness, as viewed from the nucleus. They modelle€Ctdmpton reflection com-
ponent usingexrav (Magdziarz & Zdziarski 199 finding that the data were consistent
with a reflection strength dR ~ 0.3 — 0.8. The 2—-10 keV luminosity measured in these
observations was, depending on the obseNgdf each observation, in the range 0.8—
3.4x10%erg st (for Hp = 50; ¢y = 0.5), a factor 3 higher than that measured3igiga
Smith et al.(200]) suggested that the absorber in Mrk 348 could consist oViitdal
clouds; motions in and out of the line of sight could expldia bbserved variations Ny.
Akylas et al.(2002 analyzed the same data @miith et al.(2001) but with additional 25
RXTEobservations taken in May—June 1996. This analysis conditimespectral variabil-
ity already observed bgmith et al.(2001).

Finally, a more recent work b8ingh et al(2011) on the X-ray spectral properties of a
sample of Seyfert galaxies, analysed the 0.5-10 keV XM&ivtonEPIC-pn spectrum of
Mrk 348. They suggested the presence of two absorbers éptimg the primary radiation,

a fully covering absorber, withly ~ 7 x 10?°cm2and a partial covering component, with
Ny ~ 1 x 10?%cm 2 and covering fraction of; ~ 0.84. They also found a narrow FexK
line with EW ~34 eV.

In this work | analysed thé&uzakuand XMM-Newtonspectra of Mrk 348, finding
a variability in the spectral curvature between them. Irhbezdses the structure of the
absorbers intercepting the primary radiation is quite demipthree layers of absorption,
of which one is neutral and two are ionized. | engaged in theysbf which are the
physical parameters responsible for the observed vatiabils | will discuss in detail in
this chapter, | found that Mrk 348 is characterized by a vianain the column density of
both the neutral and one of the ionized absorbers, togetitleawariation in the ionization
level of the same absorber. The results of this work have peblished orvionthly Notices
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4.1 Observations and data reduction

4.1.1 Suzaku

Mrk 348 was observed b$uzaku(Mitsuda et al. 200) on 28th June 2008 for a total
exposure time of about 88 ks.

A detailed description of th&uzakuelescope and instruments is presented in Appendix
A.

4.1.1.1 TheSuzaku XIS data reduction

The XIS data were selected inxX33 and 5x 5 editmodes using only good events with
grades 0, 2, 3, 4, 6 and filtering the hot and flickering pixelh whe scriptsisclean The
XIS response (rmfs) and ancillary response (arfs) files wesduced, using the latest cal-
ibration files available, with th&ools tasksxisrmfgenandxissimarfgerrespectively. The
net exposure times are 76 ks for each of the XIS. The XIS sapeetra were extracted
from a circular region of 2/9centered on the source, and the background spectra were ex-
tracted from two circular regions with radius 2.8ffset from the source and the calibration
sources. The spectra from the two FI CDDs (XIS 0 and XIS 3) werabined to create
a single source spectrum (hereafter XIS—FI), while the Bé& (KIS1) spectrum was kept
separate and fitted simultaneously. The net 0.5-10 keV cates are: (F93+ 0.003)
counts st, (0.829+ 0.003) counts ', (0.709+ 0.003) counts S for the XIS0O, XIS3 and
XIS1 respectively. We considered data in the range 0.6—Wfd&ethe XIS—FI and in the
range 0.6-9 keV for the XIS-BI (ignoring the band 1.6-1.9 ké\e to the presence of
instrumental calibration uncertainties). Th&eliience on the upper boundary for the XIS1
spectra is because this CCD is optimised for the soft X-radpwith higher background
at higher energies.

The net XIS source spectra were physically binned atSteakuenergy resolution,
then they were further grouped to a minimum of 20 counts peritiorder to usey?
statistics.

4.1.1.2 TheSuzaku HXD-PIN data reduction

For the HXD-PIN data reduction and analysis | followed the$aSuzakuwlata reduction
guide (the ABC guide Version'®, and used the rev2 data, which include all 4 cluster
units. The HXD-PIN instrument team provides the backgro(kmtbwn as the “tuned”
background) event file, which accounts for the instrumetftedn X-ray Background”
(NXB; Kokubun et al. 200} The systematic uncertainty of this “tuned” background
model is+1.3% (at the & level for a net 20 ks exposurEukazawa et al. 2009

The source and background spectra were extracted usingitiiee @mmon good time in-
terval, and corrected the source spectrum for the deteetad time. The net exposure
time after screening was 73 ks. | then simulated a spectrurmosmic X-ray background
counts Boldt 1987 Gruber et al. 1998and added it to the instrumental one. Mrk 348 was
detected at a level of 36.8% above the background.

httpy/heasarc.gsfc.nasa.gdecgsuzakyanalysigabg
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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 regioRight panel Suzaku XIS-0 image (0.5-10 keV), where
the illuminated areas in the two left corners are caused tey°fire calibration sources
illuminating each XIS sensor.

Fitting this spectrum with a power law we obtain a photon indle = 1.50"2% and
Faa-70 kev) ~ 1.5x 107%rg cn? s71. The extrapolation of this flux in the 14-195 keV
band (using the best-fit photon index) givegsFigs kev) ~ 3.4 x 10 %erg cnr2 sL.

Mrk 348 was also detected with the BAT detector on boardSwift (Gehrels et al.
2009. Its BAT name is SWIFT JO048+8155 and it is part of th&wiftBAT 70-Month
Hard X-ray Survey (heasarc.gsfc.nasa/goegswift/resultgbs70mop ; Baumgartner et
al. 2013. The flux obtained by fitting th&uzakHXD spectrum is higher than tHewift-
BAT flux, which is F14-105 kev) ~ 1.6 x 107%rg cn? s7! (Baumgartner et al. 20}3
We also note thaBwift-BAT observation provides a fiierent photon indexI” ~ 1.9,
probably due to the wider energy range. If we fit simultangoBuzakuHXD-PIN
and Swift-BAT spectra, fixing the photon indexes to the same value, meIfi~ 1.8;
if we extrapolate the flux in the 14-195 keV band fr®@nzakuHXD observation we

find FHXD.. o ~ 2.3 x 10 erg cn? s71, while the flux measured witSwift-BAT is
Fafl% kev)~ 16X 101%rg cn1? s71. The variation could be explained by the fact that

Swift-BAT spectrum is an average of the observations made dufingohths, while the
HXD observation provides a snapshot of the spectrum, whefiulk was possibly higher,
therefore it is not surprising to find intrinsic variationstlyeen them. It is very unlike
that this variation could be due to background issues. Fmpewison | verified that the
background for this observation deviates less than 5% fta@rohe observed in the HXD
observation of NGC 454. This background variation is muetelothan the flux variation
between HXD andwift-BAT spectra.
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4.1.2 XMM-Newton

XMM- Newtonobserved Mrk 348 on July 18, 2002 for a total duration of atxfuks.

During this observation the pn, MOS1, and MOS2 cameras &ipgrin Full Frame
Window mode) had the medium filter applied. The data have Ipeecessed using the
Science Analysis Software (SAS ver. 6.5) and analysed stamglard software packages
(FTOOLS ver. 6.1). Event files have been filtered for highkigasund time intervals, and
only events corresponding to patterns 0-12 (MOS1, MOS2}apatterns 0—4 (pn) have
been used. The net exposure times at the source positiordafeecleaning are31.5 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 & (pn), 0.647+ 0.004 counts g (MOS1) and 0.6500.004 counts
s1 (MOS2). The €ect of pile-up for this source is negligible.

The results of the analysis of the XMMewtonobservation were already published in past
works (Singh et al. 2011Guainazzi et al. 2091 describing a best-fit model composed of
a fully covering absorberNy ~ 7 x 10?2cm2), and a partial covering component with
Ny ~ 105 x 10%2cm2and covering fraction o€¢ ~ 0.84. Therefore in this work for
simplicity only the pn data were used (the MOS spectra arsistant with it), in order to
compare it to the nevBuzakuspectra.

4.2 Spectral analysis

All the models were fitted to the data using standard softwackagesxsrec ver. 12.6.0,
Arnaud 1998 and including Galactic absorptioiN ga = 5.86 x 10?%m?; Kalberla et
al. 2005. In the following, unless otherwise stated, fit paramesgesquoted in the rest
frame of the source a=0.015 and errors are at the 90% confidence level for one Biiege
parameterfy? = 2.71).

4.2.1 Suzaku spectral analysis

For the analysis a simultaneous fit of tAezakispectra from the XIS-FI (0.6-10 keV), the
XIS1(0.6-9 keV) and HXD-PIN (14-70 keV) was performed. Thess-normalization
factor between the HXD and the XIS-FI spectra was set to lalléwing it to vary by
+5%), as recommended for XIS nominal observation procesiied 2008 Jul§. The
cross normalization factor between the XIS-FI and the X|gdca was allowed to vary.

As a starting point the data were fitted by a simple model c@agwf an absorbed
primary power-law component and an unabsorbed power lgresenting the fraction of
primary X-ray radiation that is scattered into our line @tgi The photon indices of these
two components were tied to each other. At this first stage i@ continuum was fitted,
excluding the data between 5 and 7.5 keV where the &emdission complex is expected.
This model provided a poor fit with g of 411.4 for 266 degrees of freedomh¢.f), with
a photon index” ~1.57 andNp~ 1.24x10°°cm™2. When including the data in the 5-7.5

2httpy/www.astro.isas.jaxa.jpuzakydogsuzakumemsuzakumemo-2007-11.pdf;
httpy/www.astro.isas.jaxa.jpuzakydogsuzakumenmysuzakumemo-2008-06.pdf



4.2. Spectral analysis

91

! I i _'
g | + _
Lt AL
LA s

Rest Energy (keV)

Figure 4.4: Datgmodel ratio between theuzakudata (XIS-FI: black filled squares; XIS1.:
red open triangles) and a basic continuum model composed absorbed and an addi-
tional unabsorbed (scattered) power law, showing the iioe profile. The two vertical
dashed lines correspond to the rest-frame energies of th&oFend Fe K3 emission lines
at 6.4 keV and 7.06 keV respectively. The star indicates silplesabsorption feature at

7.4 keV.
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keV energy range g°/d.o.f.= 950’344 is obtained. In Figurd.4| report the residuals of
this simple model, including all data, which clearly revda presence of emission lines
at energies corresponding to Fe KE ~ 6.4 keV), and to Fe R (E ~ 7.06 keV).

Thus two Gaussian components were added, in order to regedtiese emission lines,
fixing the normalization of the Fe/Kline to be 13.5% of the Fed& consistent with
the theoretical valueRalmeri et al. 2008 The addition of the Fe & and Fe K3 lines
improved significantly the fit, yielding as energy centroad the Fe K line E=6.39"531
keV and for the Fe K line E=7.10730¢ keV and aAy? = 3384 for 3 d.o.f, with respect to
the first model applied to all the data (5-7.5 keV). This wikrsit a good fit §?/d.o.f.=
611.6341). The equivalent width of the FeaKwith respect to the observed continuum
is EW = 81520 eV and the line width isr = 67.9*33% eV. Considering that along the
line of sight | measured aNy of ~ 1.2 x 10?3cm™2, | expect it to produce in transmission
an equivalent width oEW ~ 30 eV for Solar abundance#(rphy & Yaqgoob 2011
Therefore | can suppose that the measured &eBuivalent width EW ~ 81 eV) is
mainly due to reflection by Compton thick matter located duhe line of sight.

Given the presence of a flat continuuih ¢ 1.57) and of the Fe Kk emission with an
equivalent width ofEW ~ 81 eV, a Compton reflection component was included in the
fit. Fitting the data including this component (modelled ldiag the pexrav model
(Magdziarz & Zdziarski 199byields y?/d.0.f=594.0340 (thusAy?> = 17.6 compared
to the model with the Fe & and Fe K3 emission lines). The parameters characterizing
the reflected component are: an inclination angfexed to 602, abundance ZZ., a
reflection fraction found to bR ~ 0.41 and a normalisation fixed to the normalisation of
the absorbed power law. The fact that the reflection is quéakws in agreement with the
modest equivalent widthEW ~ 81 eV) found for the Fe Kk emission line Ghisellini,
Haardt, & Matt 1994 Matt, Brandt, & Fabian 1996

The model still did not provide a good fit, in particular beeme2 and 2.4 keV, as
can be observed in Figuse5. 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 exclidatithese features could
be instrumental features, such as the Au M edge2(2 keV). This provided a better
representation of the soft X-ray spectrum, yielding%aof 534.1 for 336 d.o.f. Ay?
of 59.9 for 4 d.o.f.). The energy centroids found for the dirgeE = 2.22'592 keV
andE = 242533 keV. The model achieved until this point gives the followibgst-fit
parametersl’ = 1757098, R = 0.417317, Ny= 1.297338 x 10?%cm2. Since there are still
some residuals in the soft X-ray band also a thermal compiomas added, through the

MEKAL model Mewe et al. 198Bin xspec.

As a second step a neutral reflection compomexitav was replaced with theexmon
model Nandra et al. 2007 which self-consistently includes the FerKFe KB, Ni Ka and
the Fe kv Compton shoulder. The parameters characteriziagion are: an inclination
anglei fixed to 60, a cut df energy ofE =200 keV Dadina 2008 a scaling reflection

3as discussed for NGC 454, we assume the inclination angletyfieal Seyfert 2, as confirmed by the
work of Antén et al.(2002), requiring that the inclination angle is higher thari 45
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Figure 4.5: Datgmodel ratio in the soft X-ray energy region to tBeizakudata (XIS-

FI: black filled squares; XIS1: red open triangles) and thedglancluding the reflection
component (modelled witlixrav). The band 1.6—1.9 keV was ignored, due to the presence
of instrumental calibration uncertainties. These residuzighlight the possible presence
of an emission line at 2.2 keV and of an absorption line at2.4 keV.
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factor R left free to vary, abundancg = Z;, and a reflection normalisation fixed to the
normalisation of the absorbed power law. The fit includimgkar and pExmoN gives a

x?/d.0.f=514.3337, andR = 0.437)57. The fit is still poor due to the presence of residuals
in the energy range 5-8 keV (see Hig6). The model at this stage is :

F(E) = wabsx[mekak(zphabsxpowlxpexmonrrpow2+2.2keV emisline+2.4keV abdine)].
4.2)
and a summary of the values of its main free parameters istezbim Table??.

§::%ﬂ44#.1| 1,mﬂ %}h#ﬂ e
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Figure 4.6: Datggmodel ratio in the 4-8 keV energy region betweenSheakudata (XIS-
FI: black filled squares; XIS1: red open triangles) and thedglancluding the reflection
component (modelled witlkxmon).

4.2.1.1 Fe K complex

In this Section | discuss the possible presence of emisgi@s belonging to the Fe K
complex and their properties. The search for signature®miteéd emission lines was
performed by adding a Gaussian component centered=ab.7 keV (rest frame) and then
atE = 6.96 keV (rest frame). The fit did not improve significantly ahé upper limit on
the equivalent width of each of these lines is less than 10 eV.

However, if we observe Figu4.6, reporting the residuals of the last model, including the
PEXMON CcOmponent, the presence of a residual weak curvature betwead 6 keV and
weak absorption lines near 7 keV is noticeable.

First a test was performed for detecting the presence ofleroag of the Fe & emission
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line , due to relativistic ffects manifesting when the line is produced in the inner regio
of the accretion disk.

Starting from the model includingzxmon, a Gaussian component initially centered at
aboutE = 6.4 keV was added, allowing its centroid energy to vary withenu constraint.
The addition of this component could account for the cumeatinly through a very broad
and implausible (from a physical point of view) emissiorelioentered aE ~ 5.6 keV
and witho ~ 1 keV. Finally, in order to describe more precisely the limeission from
a relativistic accretion disk a new component was addedi.4bve model inxspec (Laor
1991, representing the emission line profile from around a makynrotating black
hole. The outer radiu&,,: was fixed at 100 R the inclination was constrained to be
> 45° (appropriate for a type 2 AGN) and we allowed as free paramédbe emissivity
index, the innermost radiuR,, and the normalization. The fit still fails to reproduce
the curvature, unless the inclination is allowed to vargcheng a best-fit value of 25
(x?/d.0.f=398.7333), but this model produces more than one inconsistenaytadt it
represents a face-on orientation (which is in disagreemitht the classification of this
source as a Sy2 under classical SByP unification schemes) and the Fe Kne has an
equivalent width oEW ~ 168 eV which, without considering the narrow Fe Kmission
line, would imply a reflection fraction dR ~ 1, in contrast with what we findR ~ 0.4).
Given that the observed curvature appears unlikely tormaigi from a disk line, in Section
4.2.1.2 | will discuss if it could be due to a more complex absorber.

4.2.1.2 lonized absorber

Since, as discussed in sectidr?.1.1and shown in Figurel.6, the presence of a weak
residual curvature and of weak absorption features is,desaluated if a more complex
absorber (i.e. partial covering or ionised) was requirethieypresent data.

Firstly, a partial covering absorber was included in the eboth addition to the fully
covering one, using thercraBs model (see AppendiB). This results in a significant
improvement of the fit, yielding\y? = 1119 for 2 d.o.f.. The column density of this
absorber is\L=1.20"331 x 10°7%cm2and the covering fraction i&o, = 0.50°315. Despite
this being a better fit, the curvature in the 5-6 keV regionowéwver still present. Then
the best-fit values obtained I8ingh et al. 2011who adopted the same model) were used,
fixing the covering fraction tdo,=0.84 and findindN partcov. = 9.16"5:8% x 1072 cm2and

N ful.cov. = 6.79%0 33 x 1072 cm2. However the fit get worse byy? = —-11.2 for 1 d.o.f.

It is thus possible to consider if this feature of the spentican be better described
using an ionised absorber. This was done through a mulipli grid of absorption model
generated with thestar v 2.1 code Kallman et al. 2004 as already done for NGC454.
The turbulence velocity was assumed to be 5000 khasd the outflow velocity was fixed
to zero for simplicity.

A significant improvement was obtained, providing%d.o.f.= 3856/335 (Ay? = 1287
for 2 d.o.f with respect to the model described at the end ofiae 4.2.1); the pa-
rameters obtained with this fit arBly(neutral absorber)= 5.8573¢% x 10?2 cm?,
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Ny (ionized absorber)=
183915

logé =
reproducing the curvature in the 5—6 keV energy range @.ig.

Ratio

-0.14

1.49+910 » 10?3cm

2 and a photoionization parameter of
erg cm S1. The addition of this mildly ionised absorber succeeds in
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Figure 4.7: Datgimodel ratio in the 4—8 keV energy region betweenSheakudata (XIS-
FI: black filled squares; XIS1: red open triangles) and thedeloincluding an ionised
absorber. In the range 5-6 keV it is noticeable an improvemeéth respect to the fit
shown in Fig. 4.6, where the ionised absorber was not included, however taerestill
some residuals in the region 6-7.5 keV, in particular at E4 keV.

Despite being a better description of the data, this modelestves some residual fea-
tures in the region 6—7.5 keV, in particular an absorpti@iuee at~ 7.4 keV.
As a first step an absorption line was added, modelled by artetw Gaussian, with its
centroid and width left free to vary. This yielded? = 7.8 for 3 d.o.f, corresponding
to a significance of 95.5%, with energy of the lige7.407357 keV ando- ~ 0.046 keV,
which implies a FWHM 0f~4400 knjs. The most likely candidate for this weak feature
is blue-shifted ¥ ~ 0.05c) absorption due to the 4s2p transition of H-like Fe (E6.97
keV), while if it is assumed a lower ionization state of Fe.(iFe xxv) the corresponding
blue-shift would be highen(~ 0.1c).
The last consideration lead to investigate if the weak adtigor feature could be well de-
scribed by substituting the inverted Gaussian componettt assecond more ionized ab-
sorber, with turbulence velocity 5000 ksn The assumption of this turbulence velocity, for
the two ionised absorbers, is in agreement with the meastv@dM of the Fe xxv ab-
sorption line. At this step, for simplicity, the outflow veity of the more ionised absorber
was tied to the velocity of the mildly ionised one, leavindrée to vary. The resulting fit
with this additional component providad/d.o.f. = 3693/332 (Ay? = 16.4 for 3 d.o.f),
and gives an acceptable model for the absorption feature7ad keV. Then the outflow
velocity of the highly ionised absorber was left free to yamyorder to test for an improve-
ment of the fit, but it did not statistically improvg4/d.o.f. = 3646/331). The same is
true when fixing the outflow velocity of the more ionised alb&orto zero. Thus hereafter
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I will make the simple assumption that the two absorbers taesame outflow velocity.
The final “best-fit model” is thus:

F(E) = wabsx [mekal+ (zphabsx ion abs1x ion abs2x pow1)+ pexmon+ pow2+
2.2keV emisline + 2.4keV abdine)].

This model describes a general scenario in which:

e athermal emission component (modelled wiitxaL) is observable in the spectrum
below 1 keV

¢ the primary radiation (“powl”) is absorbed by a neutral abso rHaBs) and two
ionised absorbers (“ion abs1” and “ion abs2")

e the same radiation is reflected along the line of sight byrakobld matter gexmon)
o the primary radiation is scattered along line of sight fratmeo directions (“pow2”).

The main parameters of the best-fit model amions = 1.50°533 x 107%cm2,
Nneutral = 4.147393 x 10722 cm 2, Nyjonz = 1.417383 x 107Pcm 2, logéy = 1.63735%erg
cm st, logé; = 3.880%%rg cm st andvieniz = 0.057°0.90%. | remark that, being
the Ny of the two ionised absorbers very similar, it could be due ttratification of
the same absorber withftérent ionisation states. This model gives a flux in the 2-10
keV energy range of F1gkev ~ 3.60 x 10~ terg cnm? s and an intrinsic luminosity of
Lo_10kev ~ 3.26 X 1043erg st
The value of measured outflow velocity (0.@p74s in agreement with assuming an

absorption feature due to blueshifted &1 absorption line.

Physically this model describes radiation that interceptseutral absorber and two
photoionised absorbers that have an outflow velocity @¢£06c, attenuating the primary
AGN emission and producing blueshifted absorption lineg.(#.8).
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Table 4.1: Summary of the X-ray emission lines detected in the 2—-8 kedttspm of
Suzaku The energies of the lines are quoted in the rest frame. Elard identifications
are reported in column 2 and 3. TE&V are reported in column 4 and they are calculated
against the total observed continuum at their respectieegées. In column 5 the improve-
ment of fit is shown with respect to the continuum model, tHaeséor the model with no
lines isy?/d.o.f.=950.0344.

Energy Flux ID EW  Ay?
(keV)  (10°phcnT?s1) (eV)

(1) @) @) 4 0
2.22:002 8.213 SKe 3083 54
2.42:008 -4.6°24 Sxv  13.6%8 22
6.39°5:91 44859 FeKe 81533 335

7.06 135% Felk  FeKs 10eV 5

6.7 <4.8 Fexxv <12 0

6.97 <5.8 Fexxvi <10 0

@ the normalisation is fixed to 13.5% of the FerKPalmeri et al. 2008
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Figure 4.8: Suzaku0.5-70 keV data and best-fit model (XIS-FI black; XIS1 redDHX
blue) of Mrk 348; data have been rebinned for plotting pugmsThe upper panel shows
the data and best-fit model described at the end of sedtidri.2(see table4.3 for the
best-fit parameters). The lower panel shows the/daidel 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.(201])
Mrk 348 is candidate for a variable absorber. Themeasured wittSuzakus a factor of
1.8 lower than théNy reported bySingh et al.(2011) from XMM-Newton in agreement
with the presence of a variable absorber. Thus | re-analysedMM-Newtonspectra with
some of the models used to describe $uzakispectrum.

At first the simplest model was considered, where the reflectomponent is
represented byexrav plus a Gaussian component for the Fe Emission line. When
fitting simultaneously theSuzakuand XMM-Newtondata the energy centroid of the
Fe Ka was found to be consistent between the two observationde whinormalization

Suzaku _ 0.66 5 21 uzaku _ 10
changed (from 205 = 4.47°082 x 10-%photons cm?s ! and EWEe K= 8270 eV to

Iég' '\|A<a/ = 2377023 x 10~°photons cm?s™* and EWé"\s" ’\&l =473 eV).
In Figure4.91 plot the SuzakuXIS (black, upper spectrum), HXD (blue) and XMM-
Newtonpn (red, lower spectrum) data (using the best-fit model, sdaM), confirming
a change in the spectral curvature between 1 and 6 keV. Whaharspectral compo-
nents that could be responsible for this variation? Firsalbthe model including the
partial covering absorber was tested. Fixing the covermagtion of bothSuzakuand
XMM-Newtonto fco, = 0.84 theNy changes fronNypiit,, = 1.557313 x 107%cm 2 to

Suzaku _ 0.69 2672 i i XXMM _
N parccov = 8.72"552 x 107%cm 2 for the partial covering absorber, and frawaf =

116395 x 107%cm2 to N 772k = 6.930.38 x 1072cm2 for the full covered component.
Then theSuzakubest-fit model was adopted, where the presence of a refleletsr p
a Fe kv and Fe K3 emission lines was consistently modelled by themon component.
Given the observed variation of the Fe l€mission line intensity it is expected that, when
applying the best-fit model simultaneously $Snizakuand XMM-Newtondata, diferent
reflection scaling factors afkxmon are needed.
Now | will consider as starting point the best-fit model foufod Suzaku(thus the

model including the ionised absorbers). The analysis was @othe following steps:

1. If | allow as free parameters between the two observatmmyg the Ny of the
neutral absorber together with the reflection R factorrofmon as well as the
soft emission and absorption lines the resultyfgd.o.f. = 5898/409. The
neutral absorber column density varies frip 22k = 4.27+050 x 1022cm 2 to

XMM 0.06 3 2 neutral
NHneutraI - 1'23t0206 x 10P%cm 2,

2. Since there are some residuals in the 6—8 keV region, ladstolumn densities of the
ionized absorbers were allowed to vary as free parametdrs. yieldsy?/d.o.f. =
5687/407 (Ay?=21.1 for 2 d.o.f.); the parameters changing more signifigaare
the Ny of the neutral absorber and th&; of the mildly ionised absorber, implying
that the source, when observed with XMNewton is generally more absorbed than
when observed witlBsuzaku

3. Finally also the ionization parameters were allowed try \@tweenSuzakuand
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XMM- Newton obtainingy?/d.o.f. = 5516/407. The ionisation parameter of the
mildly ionised absorber change from y“®'= 1.67*91lerg cm s? to logeXMM =
2.04*51%erg cm s*. This will be considered as the bestfit model and all thetivela

best-fit parameters are listed in tadl.

I note that if the outflow velocity of XMMNewtonionised absorbers is untied with respect
to Suzakuthen Ay? = 17 with respect to the best fit model; the outflow velocity of th
first ionised absorber is statistically unchanged, whiletlie second ionised absorber it is
slightly lower = —0.020'3.35¢ , corresponding to a velocity of 0.084

When attempting to fix th&lyneural Of XMM- Newtonto the Suzakubest fit value, the fit
gets worse by a factaky?=20.

I conclude that the dlierence in the observed X-ray spectra betwBamakuand XMM-
Newtoncan be accounted for through a variation in absorbing coldemsity of both the
neutral absorber and one of the ionised absorbers, togsitiea change in the ionisation
parameter of the same ionised absorber.
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Figure 4.9: Comparison between the X-ray emission measuredSvitakun 2008 (black
data points) and XMMNewton (red data points) in 2002. The continuum model is the
best fit model composed of a primary power-law componensingted trough a neutral
absorber, a scattered power-law component, a Compton teflecomponent (modelled
with pexmon), and two ionized absorbers.
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4.3.1 Reflection scenarios

As discussed in Sectiof.3, when fitting Suzakuand XMM-Newtondata | assumed that
different reflection scaling factors efxmon are needed, due to the observed variation in the
Fe Ka emission line intensity. The validity of this hypothesisidze tested by comparing
the two following scenarios (summarised in Tabld):

1. a variable continuum and a constant reflection compomenta scenario in which
the reflecting matter is quite far and does not respond imatelglito the continuum
variability. In terms of fitting parameters this is represehby

¢ a free normalization of the primary power law between XNNéwtonand
Suzaku

e the reflection parameters of XMMewton(reflection fractionR and normal-
ization) tied to those oBuzaku

The resulting fit yielded® = 567.7 for 407 d.o.f., and the assumption of constant
reflection leaves residuals in the Fe Kegion.

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

e a free normalization of the primary power law between XMNédwtonand
Suzaku

¢ afree reflection fractioRxmm with respect tdRsyzakg

e The normalization obexmon tied to the normalization of the primary power
law, for XMM-Newtonand Suzakundependently.

This representation lead to a better fi (= 5511 for 406 d.o.f.), where the con-
tinuum is unchanged (variations within the errors) while taflection fraction does
change, as expected.

Thus, it is possible to conclude th&uzakuand XMM-Newtonobservations do not
show continuum variability, but the FeaKemission line does show signs of variation be-
tween the two spectra. For this reason | can consider thab@ description of th&uzaku
and XMM-Newtondata is obtained by fixing the continuum and tiemon normaliza-
tions, while allowing the reflection fractioR free to vary between the two observations.
This confirms the validity of the assumption made in the Kiesibtained at the end of
Section4.3.
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Table 4.2: Model parameters of the two possible scenarios (describb&kc. 4.3 to ex-
plain the variation of the Fe ikemission line intensity betweeuzakwand XMM-Newton
observations.

Scenario Model Component Parameter Suzaku XMM- Newton
Constant Reflection Power Law Normalisatich 1.61,098x 102  1.70098x 1072
Reflection Normalisatich 1.61f*edx 102  1.61fixed x 1072

R 0.22003 0'22fixed

—-0.03

y?/d.0.t=567.7407

Variable Reflection Power Law Normalisatich 1.60,9x 102  1.66.03 x 1072
Reflection Normalisatich 1.60%edx 102  1.66fxed x 1072
R 0287505 0127553

y?%/d.0.£=551.7406

@ units of photons ket cm=2 s71,

4.3.2 Ny past observations

The measured values bl found here are within the range of the column densities mea-
sured in past observationsifiga AscaandRXTE), as shown and summarised in Fg10Q
where | reported the measured valuedNgfof previous observations together with XMM-
NewtonandSuzakwbservations. In particular the results of the previousplaions are:

¢ Ginga(1987): the measured column density Was- 1072 cm™2.

e ASCA(August 1996). as published by Awaki et al. (2000) the coluensity was
Ny ~ 1.6 x 10?3 cm2. | remark that during this observation the observed 2—10 keV
flux was~ 5 x 10 *%erg cnt? s71, that is respectively a factor 5 and a factor 7 lower
than what we observed with XMN{tewtonand Suzaku If | hypothesize a scenario
where there is a delay in FeaKresponse with respect to continum variations, this
intrinsic variability in the continuum could be responsilibr the diferent Fe k
intensities discussed at the beginning of Sectddd In fact, the lower intensity
Fe Ka line observed with XMMNewtoncould be responding with a time delay to
a different past continum (in this case a weaker continum) in aastewhere the
reflector producing this emission line is far from the celnteaiable X-ray source.

e RXTE(from mid 1996 to mid 1997, and in 2011y took values in the range 0.9
— 3.2x10%cm2during 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 0?2 cm~2during the observation
in 2011 (Markowitz, Krumpe, & Nikutta 2013).

40 i -

30 — —

N, (10?2 cm™)

20 — E _
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‘ | | ‘ | | ‘ |
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1995 20

Figure 4.10: Comparison of the measured values @f N ASCA observation Awaki et

al. 200Q green empty circles), IRXTE observation (red squares) during the time lag from
1997 to 2011 Akylas et al. 200&and A. Markowitz in prep. for the 2011 data) and the
Ny measured fronSuzakuand XMMNewtonobservations (blue stars, this work). The
Npvalues of this work and odRXTE observations are based on the abundances relative to
Solar reported inWilms et al. (2000.



Table 4.3: Summary of theSuzakuand XMM-Newtonparameters for the best-fit models described in seetidrl.2 and4.3.

Model Component Parameter Suzaku XMM- Newton
2008-June 2002-July
Power law r 172730 fixed toTsuzaku
Normalisatiort 1.60,598 x 1072 fixed to NOrMyyaky

Normalisaffon
Normalisatiof?
ke T
Neutral Absorber N
Reflection R
lonised Absorber 1 Ny

logé
z

Vturb
lonised Absorber 2 Ny

logé

z

Scattered Component
MEKAL

Vturb
F (05-2)kev
F (0.5-2)mekakev
F-10)kev
F (14-150)kev
L (05-2)kev
L (0.5-2)mekakev
L 2-10)kev
L (14-150)keV

36693 x 107
4347070 % 107°
0.247302 keV

—-0.02

450°9%8 x 1672 cm-2

(9:9%4

.04
1447310 % 107%cm2

1.67*51erg cm st
fixed to z of lonised Absorber 2
5000 km st
1317322 x 107%cm2

011 1
387 3€rgcms

0,043
5000 km st
~3.3x103erg cn? st
~ 3.4 x 10 erg cn? st
~36x 10 ergcm? st
~ 7.6x 10 2%erg cm? st
~1.72x 10%erg st
~2.15x 10%%rg st
~ 3.26x 10%erg st

~451x 10%erg st

fixed to norMmyyzaky
fixed to norn¥yzaky
fixed to kTsuzaku
9.99;138 x 1072 cm2
01255
2.11791% x 10°3%cmr2
2.04+05%rg cm st
fixed to z of lonised Absorber 2
5000 km st
9.94298 » 10%2cm2

057
3.739%%erg cm st

0,27
fixed t0Zsyzaku
5000 km st
~3.4x103erg cn? st
~ 4.04x 10 %erg cn? st
~42x10Mergcm? st
~ 7.04%x 10 %erg cm? st
~1.73x 10%%rg st
~211x 10%%rg st
~317x 10%erg st

~4.20x 10%%rg st

2 ynits of photons keVt cm2 s,

90T
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4.4 Discussion

As already done for NGC454 it is now interesting to make a brsler estimate of the
maximum distance of this ionised absorber from the centiedkbhole by means of the

equation
I—ionAR

R|0n - NHfR
relating the ionisation parameter, the density of the di@aand the continuum luminosity
Lion- In this case the estimate bf,, (in the energy range between 13.6 eV and 13.6 keV)
from the best fit model is of the order b, ~ 7x10* erg s1. Assuming that the thickness
of the absorberAR=Ngy/n, is smaller than the distand®,, (AR/Rion < 1), we can set an
upper limit to the distances of each ionised absorber, USurakuwbservations:

< I—ion
on _NHf

(4.2)

R (4.3)
These upper limits are 0.026 pc and 2.72 pc for the highly hednrtildly ionised absorber
respectively. Despite being upper limits, they suggedttti@likely location of these ab-
sorbers does not corresponds to the same radius with respdet central source. The
distance of the first ionised absorber is consistent in baimgnd launched from a region
located within the Broad Line Region.

The higher distance inferred for the mildly ionised absoibealue to the lower ionisation
parameter, with respect to the highly ionised absorbefodtstion could correspond to the
region of the molecular torus, at a parsec-scale distace fine central source. However
as this is an upper limit, we should not exclude the possiititiat we are observing across
this wind, thus we are not viewing directly the inner radiwkjch could be located at sub-
parsec scales.

Another method to put a constraint on the possible locatidhese absorbers is to estimate
a lower limit on the radial distance by determining the escaulius at which the material
will be able to leave the system. This can be determined omckave an estimate of the
outflow velocity. Assuming spherical geometry, this radgauis

Rech — = (44)

whereRy is the gravitational radius%:GM/cz). Since the measured outflow velocity
is ~0.055 c, | obtain thaResc > 660R;. From the literature we have estimates of the
mass of the central black hole, ranging fravgy ~ 1.6 X 107M® (Woo & Urry 2002)

to Mgy ~ 7.5 X 107M@ (Nikolajuk, Papadakis, & Czerny 2004), so | can infer that
Ry ~ 25— 111 x 10*2cm, thusResc > 1.6 — 7.3 x 10'°%cm ~ 0.0005- 0.002 pc. This
means that the wind may have been launched at least from ancksiof the order of
104 — 10~3pc from the central black hole in order for it to escape, so @giroin the
accretion disk or the Broad Line Region is plausible. Inipatar, this estimate suggests
that the range of location of the first highly ionised absoibebetween 5< 10~4 pc and
0.026 pc Suzakwbservation). However, it is worth noting that another gwkty could

be that the wind is part of some aborted outflow, i.e. a windhwiltflow velocity lower



108 Chapter 4. The variable ionized absorber in the Seyfert Rrk 348

than the escape velocity and thus unable to leave the systdimgt case we would only
have an estimate of the maximum distance of the ionised bésbut not the minimum
distance from which it was launched.

This analysis highlights the complexity and possible #ications of the absorbers
intercepting our line of sight. Indeed the observed spettoould be explained with
physically diferent scenarios: a unique and multi-phase absorber, wigneridensity
(and lower ionisation) clouds are confined by lower denditigh{er ionisation) clouds,
implying that the location of the two absorbers are actutily same; or a configuration
where there arefiectively two winds at dterent physical states and distances, intercepting
the line of sight. Neither of these two explanations can ledrout at the moment, since
higher spectral resolution observations are needed.

I conclude that the comparison betweSnzakuand XMM-Newtonobservations of
Mrk 348 does not show extreme variability, such as the tti@mmsfrom a Compton-thick
to a Compton-thin state characterizing “changing look” AGhwever | cannot exclude
that, given the long time elapsed between observationss hetable to observe the source
during an obscured Compton-thick phase. In this work | doalisierve a variation of the
primary continuum, despite past RXTE observations whiawsd brightness variations
on time scales down to 1 day (Smith et al. 2001). The satél8€A also observed the
source (13 years earlier) in a state with flux 7 times lowenttie flux observed with
Suzaku
Mrk 348 can be placed among the large number of AGN where a nidoron distribution
of the circumnuclear absorbing matter determifgsariations in diferent epochs. This
is consistent with recent theoretical models (Nenkova .e2@08a,b) and works (Elitzur
2008, 2012) supported by mid-IR observations, that inditaé possible clumpy nature
of the torus, suggesting that the unified model of AGN is a totplfied scheme. The
unified scheme is based on the assumption of a uniform toriik, the same opening
angle for all AGN, implying that the viewing angle is the umgfactor determining the
classification into Type 1 and Type 2 AGN. This is clearly imflict with both theNy
variability and infrared observations (Lutz et al. 2004 rste@t al. 2006) showing that there
is no significant dierence in the mid-IR emission, normalized to the X-ray fluxType
1 and Type 2 AGN, contrary to the expectation of strong arogyt of the unified model.
The results presented here for Mrk 348 agree with the modsbft-€dged” clumpy torus
(Elitzur 2012)

45 Conclusions

| presented the analysis of the X-ray spectrum of Mrk 348inbthby Suzakuand com-
pared it to the spectrum observed by XMNewton
The main results can be summarised in this way:

e The best-fit model representing the observed X-ray emidsicomposed of a pri-
mary continuum intercepting three absorbers withedent densities and ionisations
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(including one neutral absorber). | suggest that the lonatif the neutral absorber
and of the mildly ionised absorber are at a parsec scalendist#hus consistent with
the location of the putative torus. Instead, the highly seni absorber appears to be
located within~ 0.03 pc from the central source, likely in the Broad Line Region

e The comparison with the XMMNewtonobservation leads to the conclusions that:
1) the normalization and photon index of the primary andtsoad power law do
not vary between the two observations, despite such vamgatvere observed in past
observations (Smith et al. 2001, Awaki et al. 2000); 2) theepbed spectral variation
requires a change Ny of the neutral ANy ~ 5.5x 10°?cm2) and one of the ionised
absorbersANy ~ 6.7 x 10%2cm™2).

¢ | find the presence of the FeaKemission line, with equivalent widtBW ~81 eV
during theSuzakwbservation, in agreement with a fairly weak reflection doot
tion. During the XMMNewtonobservation the equivalent width is lowdE\(/ ~ 47
eV), and it could be responding to a past weaker continuurnaassobserved dur-
ing earlierASCAobservations (Awaki et al. 2000). | do not observe any broeue
of the Fe kx line as expected for lines produced in the inner regions efatcre-
tion disk, in agreement with the results of Smith et al. (2081d Netzer, Turner, &
George (1998).

¢ | detect a weak absorption line with an energy centroié at7.4 keV, consistent
with a possible blueshifted 4s2p transition of Fexvi (at 6.95 keV). | infer that
the ionised absorber responsible for this feature has aenadxs outflow velocity
of Vout ~0.05 c. Higher resolution observations are needed in ocdgnprove the
significance of this detection.

e The long time elapsed between the two observations doedlowt as to infer the
time scale of the variability, so | can only determine upperits on the distances
of the ionised absorbers. However, as the mass of the cdttiek hole is known
from previous works, it is possible to estimate the minimwtepe radius of the out-
flowing material. The ionisation parameters inferred fa to ionised absorbers
suggest that one of them must be located at sub-parsec,saateshus in the re-
gion ranging from the accretion disk to the BLR, while thes®tabsorber is likely
located at a parsec-scale distance.






CHAPTER 5

Conclusions and Future prospects

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

e NGC 454E, a Seyfert galaxy belonging to the interactingesydtl GC454, at redshift
z=0.0122. The high variability in column density of the nelidasorber allowed me
to include it in the class of “changing look” AGN, where stihly few sources have
been found up to now.

e Mrk 348 (NGC 262), a bright Compton-thin Seyfert 2 galaxy a0015, with a
complex X-spectrum, showing the presence of multiple diesst some of which
featuring variability.

In this conclusive chapter | will go through the common cltesastics found for the
two sources, together with thefdirences.

Variability of absorption column density of the neutral absorber For both sources

| found a variation in the absorbing column density, leadim@ diterent spectral shape
of the observed X-ray spectra relative tdfdient epochs. For NGC 454E tingy of
the neutral absorber undergoes an extreme variation, foinx 10%“cm 2(Suzaki to

~ 1 x 10%2%cm ?(XMM- Newton in 6 months, which is rarely observed. Mrk 348 has
a more moderate variation of théy of the neutral absorbeANy ~ 5.5 x 10°2cm™2).
However, even if Mrk 348 does not show a variability as exeera the one characterizing
NGC 454E, it is not possible to exclude that this source whrdugh an unobserved
obscured Compton-thick phase, given the long time elapstgden observations.

Variability of the ionised absorbers In both sources the X-ray spectrum reveals that
the primary emitted radiation intercepts ionised absariimedia, besides the neutral one.
In the case of NGC 454E, during XMMewtonobservation | found a ionised absorber
with ionisation parameter lgg= 3.55 erg cm st and column densitiNy = 5.31 x 1073
cm~2. This absorber was not observed durBigzakwbservation, despite its detectability,
indicating that it may have varied or moved away from the lfieight in the 6 months
between the two observations.

For Mrk 348 | found features revealing the presence of twaskxh absorbers, one highly
ionised (0gé¢ ~ 3.8 erg cm st) and one mildly ionisedlggé ~ 2 erg cm st), both having
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an outflow velocity of~ 0.03c. When comparin§uzakwand XMM-Newtonspectra | found
that the mildly ionised absorber changes both in columnitie(sNy ~ 6.7 x 107%cm™2)

and ionization state (from lgg= 1.67*3-17erg cm s* to logg = 2.04*33%erg cm s*).

Variability of the reflected emission While in the observations of NGC 454E | did not
detect a change of the reflected emission betwerakuand XMM-Newtonspectra, for
Mrk 348 such variability is present. In fact the EW of the fee&mission line changes from
823 eV during Suzakubbservation to 473 eV during XMM-Newtonobservations. This
suggests that the reflected emission observe8umakuvas responding to a past weaker
emission (as confirmed by a previoSCAobservations, Awaki et al. 2000).

Distances of the ionised absorbers Unfortunately, none of these sources was observed
in monitoring campaigns, thus the comparison betwedierdint observations, typically
performed at intervals of months to years (as those disdussee), provides only upper
limits to the intrinsic time scales dfy variations and thus on the possible location of the
thicker obscuring material (obscuring “torus” vs. Broadd.Region clouds).

Concerning the ionised absorbers, | derived a first ordématd of their distance from
the central BH for the two sources. The ionised absorberdonrNGC 454 is estimated
to have a location within TG pc, consistent with being inside the BLR. For Mrk 348,
besides estimating an upper limit to the distance of thesamhiabsorbers (0.026 pc and
2.72 pc for the highly and the mildly ionised absorber retipely), | could also infer

a lower limit, thanks to the outflow velocity derived in ther&y spectral analysis and
being the mass of the SMBH known from previous studies. Theentluded that range
of location of the highly ionised absorber is betweer 50 pc and 0.026 pcSuzaku
observation), consistently with an origin of the wind eitlire the accretion disk or the
BLR. The moderately ionised absorber is instead likely tedat a parsec-scale distance,
consistent with a location on a scale typical of the putativscuring torus.

In Fig. 5.1 and5.2 1 report in graphical schemes the scenarios described foC483
and Mrk348 respectively, with the indication of the main gmments causing the X-ray
spectral variability.

As highlighted by the studies performed in the last yeard,amfirmed in this thesis,
X-ray spectra of AGN show higher complexity than what foersby the standard unified
model. Among the factors influencing the shape of the spegtthere is the presence of
clumpy neutral or ionized absorbers and multiphase outfltwated at dierent distances
and having diterent physical states. The clumpiness of the absorbingameai scenario
shared by most of the recent alternative models (as disgussgectionl.5), suggesting
that the clouds responsible for the variable absorptionhamntdime scales may be located
closer-in than the putative torus and, in some cases, asistent in being the same clouds
that produce the broad emission lines in the BLR, as | showeNGC 454.

The observed spectrum of Mrk 348 can be explained ffgdint scenarios, all contradict-
ing the uniformity of the molecular torus depicted in the stgd Unified Model. Indeed

a possible configuration is an absorbing medium composednimue and multi-phase
absorber, where higher density (and lower ionisation) ddoare confined by lower
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Figure 5.1: Possible absorption scenario for tigizaku(upper panel) and XMMNewton
(lower panel) observations of NGC 454.
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Figure 5.2: Possible absorption scenario for tiguzaku(upper panel) and XMMNewton
(lower panel) observations of Mrk 348.



115

density (higher ionisation) clouds, implying that the loea of the two absorbers are
actually the same. An alternative scenario foresees treepee of two wind located at
different physical states and distances, intercepting theofisgyht. Neither of these two
explanations can be ruled out at the moment, since highetrapeesolution observations
are needed.

As remarked in this study, the long times elapsed during tiseivations is a strong
limitation in placing stronger constraints on the locafiagimensions and origin of the
different absorbers, thus a more precise monitoring programdwioel needed. An
alternative approach in the study of X-ray variability in NGs the systematic analysis
of the variations in X-ray column densities in samples ofaloBGN. Such studies are
currently being performed by flierent research groups. Among these, the first statistical
survey with the goal of modelling the circumnuclear matearaund SMBH was recently
performed by Markowitz, Krumpe, & Nikutta (2014). In this vk thanks toRXTE
observations, they disposed of a multi time-scale (fromsdiyyears) X-ray spectral
monitoring of a selected sample of 55 Seyfert galaxies (37eBels and 18 Compton-thin
Seyfert 2s). They found 12 eclipse events in 8 sources, atdndies of the clouds in the
range B — 140Ry, thus in the outer regions of the BLR or factors up to 10 the BTk
average diameter of the clouds was estimated te b6 x 10'4cm. They concluded that
the probability of detecting an absorption event in a squngth a duration between 0.2
days and 16 years is@6'9.353 for Syls and @103} for Sy2s, thus it is higher for
Sy2s, for which in most cases there is also detection of Xatagorption due to a likely
homogeneous absorber. The observation of eclipse evetttgbdype 1 and Type 2 AGN
is in support of a smooth-edged cloud distribution, rathanta sharp-edged one.

Another very recent statistical work on X-ray occultatiomsmpublished by Torricelli-
Ciamponi et al. (2014), where a representative sample dbD X-ray bright AGN with
XMM- Newtonand Suzakwbservations have been analysed. About 64% of these sources
are in common with the study of Markowitz, Krumpe, & Nikut@0{4). The result of this
study, besides suggesting a new faster method to identifyltation (based on the hardness
ratio curve), is that eclipse events due to the passage of @&Ris 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 8§,ug > Rx, whereRy is the X-ray source radius.

A future mission that can provide X-ray monitoring similarthe one obtained thanks
to RXTEis Rontgen Survey with an Imaging TelescpROSITAPredehl et al. 2011). In-
deed, an intensive monitoring on time scales higher thawgéar and in a large range of
luminosities, is of great importance in order to test theentralternative models to the Uni-
fied Scheme. Further X-ray missions are ASTRO-HAtitena The launch of ASTRO-H
(2015), carrying on board an X-ray calorimeter spectrometél allow to perform high
resolution X-ray spectroscopy in the Fe-K band, with anesrely high signal-to-noise
ratio. This will give an improved view of the X-ray reflecti@ignatures, in particular of
the fluorescent iron emission line, whose profile containsealtir of information on the

Ihttpy/astro-h.isas.jaxa.jery
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dynamics and the geometry of the emitting material. A furilmgprovement will concern
the study of UFOs, since ASTRO-H will be able to detect altsampfeatures at higher
ionisation states with respect to current satellitdghen& mission (launch in 2028) will
provide improved angular resolution, spectral resolytaetection sensitivity and a larger
throughput. Among the key issues that will be treated thaokshenaare the physics of
accretion onto black holes, the launch of winds and outflomnfaccretion disks around
black holes and the physical conditions characterizinggtioevth of SMBH at redshifts
z~ 1 - 4. In particular, for nearby and bright sources, its higlotighput and spectral
resolution will allow to determine the physical parameteirsutfows, on a short dynam-
ical time scales, comparable to the time scales of vartghili the central X-ray source,
therefore it will be able to resolve changes in the wind $tmecof bright AGN.

To conclude, the present and "near future” X-ray missiorisméke the next years fruit-
ful for the study of the structure and evolution of AGN, anginew open questions but
especially allowing to put constraints on our knowledge draihappens inside these fas-
cinating and complex objects.

2httpy/www.the-athena-x-ray-observatory.eu



APPENDIX A

XMM- Newton and Suzaku

In this appendix | will review the X-ray missions whose obsdions were of biggest im-
portance in this thesis: XMNMNewtonandSuzaku

A.1 The XMM- Newton Observatory

The X-ray Multi Mirror Mission Newton (XMMNewton Jansen et al. (2001)) is an or-
biting X-ray mission launched in December 1999, whose pabjifetime was designed to
be 10 years, but thanks to the excellent performances ohiteiments it is estimated to
be operational until the end of 2019. Its orbit has an apofed 5,000 km and a perigee
of ~ 6000 km. The satellite weights 3.8 tons and has a total leofyfl® metres, which
becomes 16 metres when the solar arrays are deployed. Tpesdisof the telescopes
and the instruments onboard the XMNewtonspacecraft is shown in FigA.1. XMM-
Newtoncarries on board three Wolter-type 1 X-ray telescopes, eattiem containing 58
concentric mirror shells, with a combineffective area of 4650 cfrat 1.5 keV and-3000
cn? at 6 keV (Fig. A.2). Each of the X-ray telescopes has at its focus a CCD camera
(EPIC-MOSL1, EPIC-MOS2 and EPIC-pn). Besides, two of thedhelescopes (those fo-
cussing on the MOS cameras) are equipped with a ReflectidinG®@pectrometer (RGS),
allowing high resolution spectroscopy.

In more detail, on XMMNewtonthere are:

o three European Photon Imaging Cameras (EPIC-MOS1, EPIG2HNd EPIC-pn)
working in the band 0.15-15 keV, for imaging and spectrogcop

o the Reflection Grating Spectrometer (RGS) for high resofuipectroscopy, sensi-
tive below 2 keV, placed along the converging beam of eacheftwo telescopes
having EPIC MOS cameras at their focus. It consists of aryafaeflection grat-
ings that intercepts half of the light coming from the X-rajescope and deflects
it to a CCD detector (Fig.A.5), while the undeflected X-rays are detected by the
EPIC-MQOS cameras;

e a 30 cm diameter Ritchey Chretien optjti¥ telescope (OM, Mason et al. 2001),
sensitive in the band 180-600 mm and with a field of view of 1¢ran. It allows
multi-wavelength observations of the same target bothendhrays and optical-Uv
bands. In my thesis | did not make use of the data availabite fhe OM, thus it will
not be discussed further.
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Figure A.1: Diagram of the XMMNewtonspacecraft (adapted from the ESA website).
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Figure A.2: Representation of the path followed by radiation incidenttee XMMNewton
X-ray telescope mirrors, with the pn camera in focus (imagieo scale: adapted from the
XMM-Newton User’'s Handbook).
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A.1l.1 EPIC

Each of the three EPIC cameras have80 arcmin FOV, an angular resolution of 6”
FWHM and a spectral resolution &/AE ~ 20— 50. All the EPIC detectors are
charge-coupled devices (CCDs), with the EPIC-MOS camedaptang metal oxide
semi-conductors (MOS) CCDs, and the EPIC-pn using a new ¢ygeCD (pn). They
operate in photon counting mode, registering for each phitégposition, arrival time and
energy.

The two EPIC-MOS detectors (Turner et al. 2001) are frootiihated CCD cameras,
each of them consisting of on array of seven silicon chipgleng of a matrix of 608600,

40 micron square pixels. Each pixel covers £.1.1 arcsec on the FOV. Since the depth
of silicon is only 40um, the EPIC-MOS are less responsive to high energy X-raygpisot
with respect to EPIC-pn.

The EPIC-pn detector is a back illuminated CCD camera, caegof a single chip, with
thickness of 30um that allows a moreficient detection of high energy. The pn detector
has 40&400 pixel matrix of 6 cnx 6 cm. The pixel size is 158 150 micron (4.1 arcsec).
The 36 cm sensitive area made it the largest X-ray CCD detector buitiat time, and it
remained like this for many years.

The X-ray images produced by the EPIC cameras are storedeimporary data col-
lecting area. Depending on the speed at which the data anr@ddrom this area, there is
a different number of images. Thus there are several modes ofedatmg.

For the MOS cameras they are:

o “Full Frame” mode: all pixels are read out and the whole FO\asered, thus
the number of images taken per second is rather limited. isntiode the observer
receives a full 60R600 pixels image every 2.6 s;

¢ “Partial Window": in this mode only part of the CCD of the MOSriead out. The
possible modes are the Large Window Mode (ax38D pixels image every 0.9 s)
or the Small Window Mode (a 16100 pixels image every 0.3 s);

e “Timing Mode™: a one dimensional 1600 pixels image is produced at high speed
(1.75 ms). As the 2 MOS cameras are oriented at an angle ob80dach other, the
resulting imaging directions are perpendicular to eackroth

For the pn camera the readout modes are:
e “Full Frame”: a 376384 pixels image every 73.5 ms;
e “Extended Full Frame’: a 336384 pixels image every 199.1 ms;

e “Partial Window”: it includes the Large Window Mode and then&@l Window
Mode. In the Large Window Mode half of the area of the 12 CCDeead out
and a 19&384 pixels image is produced every 47.7 ms. In the Small Wintllode
only a part of CCD number 4 is used, and a638 pixels image is produced every
57 ms;
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e “Timing Mode”: a one dimensional 6400 pixels image is produced at a speed of
0.03 ms;

e “Burst Mode”: this mode allows very high time resolutiornu§J.

The choice of the frame mode is also dependent on the souatastibeing observed.
Indeed a source could be too faint to be detected within desfregme, or on the contrary it
could be so bright to causepile up effect, when more than one X-ray photon arrive at the
same pixel, in a time less than the reading time of the CCD/gmting the measurement
of the right photon energy, since the single photon inforomatannot be disentangled.

Figure A.3: Operating modes of the MOS-CCD cameras: On the top left thiefilaune
mode, on top right the Large window mode, on bottom left thallSmmdow 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 iofdgang system to a point
source, i.e. the spatial distribution of the light receiyeain the point source. The shape
of the PSFs of the three X-ray telescopes of XMNdwtonis different among each other,



A.1. The XMM- Newton Observatory 121

as shown in FigA.4, in particular the FWHM of the PSFs varies from 12.5 arcsdeWH
15.2 arcsec) for the pn te 4 arcsec (HEW~ 13 arcsec) for the MOS cameras at on-axis
position. The PSF can béfacted by pile-up, because when many photons arrive witkin th
same readout frame in the core of the PSF, they create a pixétiphoton patterns. This
means that we are not able to understand if several photamsdeeected in the time frame
or if only one photon was detected, with an equivalent higimargy. The latter scenario is
which is what is registered by the system electronics, tiespih a artificially higher X-ray
spectrum. Generally pile-up occurs more frequently forNt@S camera with respect to
the pn, for a source with the same flux. It is possible to mim@ar correct for the pile-up
through the Science Analysis System (SAB,However this is necessary only for the pn,
since for the MOS camera these patterns are already autathatiejected by the on board
event reconstruction softare. In presence of pile up, tHegP®ws artificial “holes”.

Figure A.4: PSFs for the MOS1 (left panel), MOS2 (central panel) and therght
panel) X-ray telescopes, for the same source. It is visti#ediferent shapes of the PSFs,
in particular for the MOS2, which shows a triangular shapégufe adapted from the ESA
website.

A.1.1.2 The EPIC background

The background in the EPIC cameras can be divided into 3edassmic X-ray back-
ground, particle background and instrumental backgroiiheé. cosmic X-ray background
is produced by astrophysical sources, and it is constitbiyethermal emission at low en-
ergies & 1 keV, produced by Galactic emission, in particular by thedes in the local
bubble) and by a power law at higher energies (produced lgsoived AGN).

The particle X-ray background be distinguished into 2 congmts. The first one is an
external “flaring” and variable component. It is producedsiojt proton flares (energies
below a few 100 keV) from the Sun, which are thought to be letah clouds in the Earth
magnetosphere, and that can be encountered by the satétita frequency dependent on
its position and on the solar activity. The second compoisean internal and stable back-
ground, produced by high energy particles (E higher tharesigi®V) interacting with the
structure around the detectors or even with the CCDs theasel' he background spectra
resulting from these interactions is flat with the preserfcgpectral fluorescence features

1 httpy/xmm.esac.esa.ifexterngixmm_data_analysis



122 Appendix A. XMM- Newton and Suzaku

from the detectors: Al-k and Si-Ku lines are observable in the MOS spectrum. For the
pn Al-Ka and a complex due to CueK Ni-Ka and Z-Ka lines around 8 keV are visible.
Finally, the instrumental background, which can be impurtt energies below 0.2 keV,
is the electronic noise produced by the detectors thenmsdike bright pixels or readout
noise.

A.l.2 RGS

The two MOS-focusing telescopes have a grating structurthein mirror, reflecting~
40 per cent of the radiation to a secondary focus, with its @@D camera, while 44
percent of the radiation is directed to the EPIC MOS camerésegprimary focus of the
telescope. The Reflection Grating Spectrometer (RGS, dederlet al. 2001), allows
high resolution spectroscopy. The two reflection gratirrgys on XMM-Newton are each
composed of 182 grating plates, each of them with about 6dévgs per mm. The RGS
works in an energy range ef 0.35— 1.8 keV.

The back-illuminated CCDs of the RGS operate in single phatounting and they
can measure accurately position and energy of the incontfiotpp, achieving a spectral
resolution ofE/AE ~ 200- 800.
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Figure A.5: Design of the RG3Bfinkman et al. 1998
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A.1.2.1 XMM-Newton prominent features

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

Chandra The Chandra X-ray Observatorwas launched on July 23, 1999 and its X-
ray telescope is composed by 4 Wolter type | mirrors, caltedHigh Resolution Mirror
Assembly (HRMA), with an fective area of 800 cfrat 0.25 keV, 400 crhat 5 keV and
100 cn? at 8 keV (therefore a lowerfiective area with respect to XMNMewtor). The
on axis Point Spread Function 6handrais ~ 0.5”. The X-rays focussed by the mirrors
converge to two focal plane science instruments:

¢ the Advanced CCD Imaging Spectrometer (ACIS), working mehergy range 0.2-
10 keV

¢ the High Resolution Camera (HRC), composed by two microcbbplates. It has a
FOV OF 30 x 30, it works in the energy range 0.08-10 keV.

Two other instruments on board @handraare the Low energy Transmission Grating
Spectrometer (LETGS, energy range of 0.08-2.00 keV) andiitje Energy Transmission
Grating Spectrometer (HETG, energy range 0.4-10 keV). Trengths ofChandraare
the excellent angular resolution (on axis FWHMO0.5 arcsec) and the low background,
which makes it sensitive to faint sources and implies a highad-to-noise ratio.

In TableA.1 | report what are the main characteristics of XM\&wtonwith respect
to other X-ray past and present missions, of which the mogbitant ones are:

¢ the high Earth orbit, allowing longer uninterrupted obsgions of up to 40 hours
(while a lower orbit would have more frequent Earth occidtag);

e the simultaneous activity of all the scientific instrumenisparticular of the opti-
cajUV observations, allowing an optical identification of therdy sources;

o the large €ective area (4650 cfrat 1 keV, as compared to Chandra’s 558, only
NuStar has a higher one) which implies a large photon cogrstiatistics;

o the large FOV of the EPIC-MOS camera is good for performingsskveys, even if
the PSF not as good &handrg

¢ the good energy resolution (4 eV at 1 keV), similatbandra(l eV at 1 keV);

e the relatively good angular resolution (the PSF has a FWHEI'ofais compared to
the~ 0.5” of Chandr3g;

¢ high and unstable background with respecCtandra(faint sources are moreftlr
cult to detect).
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Table A.1: Main characteristics of XMMNewton(see The XMMNewtonUsers’ 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? 5-135 ks 5-135 ks 5-145 ks 5-145 ks
Sensitivity?) ~10 -14% ~10 -143 ~8x10-5% 20.7 mag®
Field of view (FOV) 30 30 ~5’ 17

PSF ( FWHMHEW) 5"/14” 6"/15" N/A 1.4"-1.9”

Pixel size AQum (1.1") 150um (4.1") 81um (9x10-3 A) 0.47"
Timing resolutioff) 1.5ms 0.03ms 16 ms 05s
Spectral resolutid® ~70 eV ~80 eV 0.040.025 A 35@°)

(1) Total time available for science per orbit.

(2) After 10 ks.

©) In the energy range 0.15-15.0 keV, in units of etéesn 2.

) OVII 0.57 keV line flux in photons gcm™2, for an integration time of 10 ks and a
background of 10" photons stcm2keV-1.

() 5.0 detection of an A0 star in 1000 s.

©) In fast data acquisition mode (i.e., fast mode for OM andrigmode for EPIC, high
time resolution mode for RGS).

(") At 1 keV. At the energy of Fe K (6.4 keV), the energy resolution of both EPIC
cameras-150 eV.

(8) Resolving power{/A1) with UV and optical grism.



Table A.2: Comparison of the main XMMNewtonproperties with the other X-ray missions

Satellite Mirror PSF  Mirror PSF E range At 1 keV  Orbital target Energy resolution
FWHM[”] HEW]["”] [keV] [cm?]2 visibility [hr]

XMM-Newton 6 15 0.15-12 4650 36%7 4 eV atlkeV (RGS)

Chandra 0.2 0.5 0.1-10 555 (ACIS-S) a4 leVatlkeV (HETG)

ROSAT 35 7 01-24 400 13 500 eV at 1 keV

ASCA 73 174 0.5-10 350 059 100 eV at 1 keV

Suzaku n.a¥. 120 0.2-600 1760 (XIS) 0.72 130 eV at 6 keV

RXTE n.a® n.af 2-250 n.e 1° n.a®

Swift 8.8 18 0.2-10 (XRT) 133.5 ~0.8 70 eV at 1 keV

NuSTAR 18 n.av 3-79 n.at ~0.8° 0.4 keV at 6 keV, 0.9 keV at 60 keV

a Mirror effective area.

b Orbital visibility outside the particle-radiation domiea zone.

¢ Low orbit with Earth occultation.
d At 1.5 keV.
€n.av.: not available, n.a.: not applicable.
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A.2 Suzaku

The Japanese X-ray missi®@uzakuMitsuda et al. 2007) was launched on July 10,2005
by a Japanese M-V 6 rocket from the Uchinoura Space Cente€)Hid 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 weight$700 kg.

Suzaku covers the energy range 0.2-600 keV, and it carriémard the following instru-
ments: an X-ray micro-calorimeter (X-ray SpectrometerX&S, no longer operative),
four X-ray CCDs (the X-ray Imaging Spectrometers, or XISgy&ma et al. 2007), and a
hard X-ray detector (HXD, Takahashi et al. 2007). All thesgniuments operate simulta-
neously.
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Orbital path el (4 units)

Figure A.6: (a) Schematic image of the Suzaku satellite in orbit (b) Siee of Suzaku
with the internal structuresMitsuda et al. 200Y.

A2.1 XIS

Each of the XISs is located at the focus of an X-ray telescofiRT( Serlemitsos et al.
2007). The XRTs are Wolter-1 X-ray reflection mirrors, witfoaal length of 4.5 m each.
They are composed by closely nested conical reflectorsctieiieX-ray photons having
small grazing incident angleg (0.7°). Each XRT module is composed by 175 thin foil
layers. The angular resolution (expressed as Half-PowemnBier) of each X-ray mirror is
of ~ 2.

Each XIS CCD camera, at the focal plane of an XRT, has a sifmgte with an imaging
area of 10241024 pixels and a field of view of 18 x 18. Each chip is composed by
four segments (named A,B,C and D), each with its own readode risee FigA.7).

Three of the XIS CCDs (XISO0, XIS2, XIS3) are front-illumieat (FI) and detect X-
rays that penetrate the gate structure with a thicknessOof um, while the XIS1 is a
back-illuminated (BI) CCD, where the thickness of the stefalead layer is- 10 um.
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A.2. Suzaku
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The Bl CCD reach a high quantunffieiency (which measures the capability of incident
photons to be absorbed in the depletion region of the dejemten at low energies (below
~ 1 keV), since the gate structure is not present. Howevesedime depletion layer of the
FI CCDs is thicker £ 76 um) than the one of the BI CCD+(42 um), they have a higher
guantum éiciency for high energy photons. In particular, the FI CCDgetdhe energy
range 0.6-10 keV, with a resolution of FWHM120— 150 eV at 6 keV and the XIS1 and
has a better sensitivity at energies below 2 keV (down to 8\ k

The XISs can work in a normal two-dimensional mode or the f-swde, that produces
a one dimensional image and provides a better time resolufibe normal mode includes
two further options: the window option, that uses a smakdeded area of the CCD, and
the burst option, that uses a smaller exposure time in tloorgantervals.

1024

A Eaas

p quad quad quad
i C D
0
0 » 1024

Figure A.8: XIS2 field, showing the calibration sources that illuminatee
upper corners, with their extraction regions identified. glie adapted from
http;/space.mit.edX1Smonitoyccdperf .

Calibration Sources In order to perform on-orbit calibration, each XIS unit is is
equipped with two radioactive calibration sourc@¥€). °°Fe decays leaving®Mn via
electron capture (in 88.5% of the cases) from the K-shellagsnsequence strong fluo-
rescence lines are emitted at 5.9 keV (Ma)kand 6.5 keV (Mn K8). As shown in Fig.
A.7 and Fig.A.8 these sources illuminate the two far corners of the segnfeatsl 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 feetive area of- 260 cn?, sen-
sitive in the energy range 12-600 keV, thus allowing broaddbstudies of astrophysical
sources. It consisting of 16 well-counter units, each ofttmposed by two types of
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detectors: four (22) silicon PIN diodes located in front of Gadolinium Silieatrystal
(GSO) scintillators. The PIN diodes are sensitive in thegneange 12-70 keV and be-
come gradually transparent to higher energy photons; émargy resolution is 4.0 keV.
The GSO phoswich counter is sensitive to the photons that fpamsugh the PIN in the
energy range 50-600 keV and it has an energy resolutiorbpfyEvey%. The HXD field
of view is collimated to %6° x 4.5° for energies> 100 keV, and it is further collimated to a
field of view of 34 x 34 at energieg 100 keV.
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Figure A.9: Picture and scheme of the HXBldkubun et al. 2007

In tableA.3 | summarise the main characteristics of Sigzakusatellite and its instru-
ments.

A.2.3 Background

Suzakdow Earth orbit has the advantage of providing protectiamfrmost of the cosmic
ray particles that in XMMNewtonandChandraobservations (both in higher orbits) induce
stronger background contamination. Since the event daliade both particle background
events (the Non X-Ray Background, NXB) and X-ray backgroewents, their contribu-
tion must be estimated and subtracted to the observed datahd- XIS event data, this
can be done by measuring the background in an extractioonrrdgr away from the tar-
get source, in the same XIS CCD. When this is not feasible,flik the case of extended
sources, then the NXB can be estimated from observatioes @kring the “night Earth”,
i.e. whenSuzakwbserves the night side of the Earth and the X-ray emissiobssured.
For the HXD event files it is not possible to obtain backgrodath from the observations,
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Table A.3: Main features of th&uzakwspacecraft and instruments

Spacecraft Altitude ~ 570 km
Orbital Inclination 3%
Orbital Period 31
Weight 1706 kg
Length 6.5m
XRT Focal Length 4.75m
Effective area 440 cfrat 1.5 keV, 250 crhat 8 keV
Angular Resolution 2’ (half power diameter)
XIS Energy Coverage 0.2-12 keV
Field of View 17.8x 17'.8
Energy resolution ~130 eV at 6 keV (FWHM)
Effective Area 330 crh(FI1), 370 cnt (BI) at 1.5 keV
Time resolution 8 s (hormal mode), 7.8 s (P-sum mode)
HXD Energy Coverage 12-70 keV (PIN), 50-600 keV (GSO)
Field of View 34 x 34 (< 100 keV), £.5x 4°.5 (> 100 keV)

Energy Resolution  PIN% 3keV (FWHM)

GSO : 76/ VEmev% (FWHM)
Effective Area ~160 cnt at 20 keV,~260 cnt at 100 keV
Time resolution 6um

being PIN a collimated instrument. Therefore, for the NXBduls of particle background
are provided by the HXD team. These background event file% shmtude the cosmic X-
ray background, that needs to be estimated (performinglations) and subtracted after
the NXB.

A source of background is also due to the passag&udfakuthrough the South
Atlantic Anomaly (a region of high patrticle flux, due to the#ly weaker Earth magnetic
field), given the low-Earth orbit. Indeed during this passagccurring in one third of
the revolutions, the instrumental performances are highlyacted, therefore the events
registered during this phase must be excluded.

To conclude, | will go through the main featuresSiizakuwvith respect to other mis-
sions:

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

o it allows a simultaneous wide-band X-ray spectral coverthgnks to the contem-
poraneous observations of the XISs and the HXD;

o its efective area is better thabhandra but smaller than XMMNewton

e it has a large PSF, meaning that it is not as goo@laandraand XMM-Newtonfor
studies where high spatial resolution is required (e.gstoveys).
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A.3  Swift Gamma-ray burst observatory

Even if | didn’t analyse the X-ray spectra froBwift| will briefly describe the features of
this satellite. Theswift Gamma-ray burst observatofehrels et al. 2004) was launched
on 20th November 2004, and was dedicated to the observatidrstady of gamma-ray
bursts (GRBSs). The satellite was put in a low Earth orbit adltitude of~ 600 km with a
low inclination of 22 degrees (to minimize the time spentha 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 gemay bursts, and to use them
to study the early Universe. Besides tHaiyift was 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 Tabes@dRT), the Ultravio-
let/Optical Telescope (UVOT) and the Burst Alert Telescope (BAfius any source can be
observed simultaneously inftkrent wavebands. Up to February 2(@wift has detected
942 bursts.

UV/Optical Telescope : Sunshade
tU\'rOT:I g . ' I/
q X-Ray Telescope

Burst Alert Telescope Sl (XRT)

(BAT)

Optical Bench

Spacecraft

XRT Radiator

Figure A.10: Scheme of th8wift observatory Gehrels et al. 2004

A.3.1 Burst Alert Telescope (BAT)

The Burst Alert Telescope (BAT) (Figh.11, Barthelmy et al. 2005), is a large coded-mask
telescope sensitive in the energy band 15-150 keV, withkeV energy resolution, and a
sensitivity of~ 10-8erg cnt? s71. BAT was designed to detect transient GRBs: it has a
large field of view of 60x 100 degrees, much larger than the other instruments on board
allowing it to detect GRBs from a large fraction of sky, at dimye. In fact BAT is the first

of the Swiftinstruments to detect a GRB shortly after it occurs. The g@rstrategy of
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observation is to target predefined sources with the narmd €if the XRT, until a GRB
is detected by BAT. BAT calculates on board the burst pasitigith an accuracy of 1-4
arcminutes, within-20 sec after the event starts. The position is transmittédeetXRT and
UVOT, that within 20-70 sec are re-pointed to target the G&#l follow it until the X-ray
afterglow fade & below the detection limit. Besides observing bursts, BAiomatically
performs an all-sky hard X-ray survey.

BAT is composed by 52,000 pieces of leack(®x 1mm) with a separation of 1 m between
mask and detector plane. The BAT can operate in two modest imade, producing burst
positions, and survey mode, to perform hard X-ray survegt (tiollect count rate data in
five-minute time bins for 80 energy intervals). A table willetmain features of BAT is
reported in FigA.12.
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Figure A.11: Scheme of thBurst Alert TelescopéBAT) Gehrels et al. 2004
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Parameter Value
[Energy Range 15-150 keV
Fnerey Resolution -7 keV

Aperture

Coded mask. random pattern. 50% open

Detecting Area

5240 cm”

Detector Material

CdZnTe (CZT)

Detector Operation

Photon counting

Field of View

1.4 sr (half-coded)

Detector Elements

256 Modules of 128 elements/Module

Detector Element Size

1.00 x 4.00 x 2.00 mm’

Coded Mask Cell Size

5.00 x 5.00 x 1.00 mm’ Pb tiles

Tnstrument Dimensions

24dmx 12mx 1.2 m

17 arcmin
1-4 arcmin

Telescope PSF
Source Position Accuracy

Figure A.12: Table reporting the main features of the BAT instrumd&drthelmy 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 offa 3.
m focal length grazing Wolter 1 telescope, with dfeetive area 110 cfy field of view
23.6'x23.6’, a resolution of 18 (half power diameter). The CCD detector is sensitive in
the energy band 0.2-10 keV, to a flux ak20 **erg cnT2 s71 in 104 seconds, and it has an
image area of 600602 pixels. The energy resolution4s190 eV at 10 keV and 50 eV

at 0.1 keV. Two read-out modes are supported: the ImagingelVibihit measures the total
energy received in each pixel and does not allow spectrgsem the Photon Counting
Mode, that permits to obtain full spectral and spatial infation. A table with the main
features of theXRTis reported in FigA.4.

A.3.3 Ultraviolet and Optical Telescope (UVOT)

UVOT is a 30 cm diameter modified Ritchey-Chrétien telescopih a field of view
of ~ 17, sensitive to magnitude 22.3 in 1000 s. The light receivedhaytelescope is
then directed by a 45 degree mirror to two dectectors, domesti by micro-channel plate
intensified charged-coupled devices (MICs), lying behirzhfdpass filters that cover the
range of 170-650 nm, and two OptigdV grisms. The MICs operate in a photon counting
mode. The good sensitivity achieved despite the modestrdiinies, comparable to a 4
m ground-based telescope on Earth, is due to the absence Batth atmosphere and to
the low sky background permitted by the low Earth orbit odedpby the satellite. In Fig.
A.14 | report a table with the main parameters of tH¢OT instrument (Roming et al.
2005).



134 Appendix A. XMM- Newton and Suzaku

Radiator

Other Swilt Science Instruments

Figure A.13: Scheme of th8wift X-ray Telescop€XRT,Burrows et al. 200b

Table A.4: Table with the main features of ti&wift X-ray Telescop€XRT, Burrows et al.
2005.

Telescope: Wolter | (3.5 m focal length)
Detector: e2v CCD-22

Detector Format: 60& 600 pixels

Pixel Size: 4Qum x 40 um

Readout Modes: Image (IM) mode

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

Pixel Scale: 2.36 arcsecoripxel
Field of View: 23.6x 23.6 arcminutes
PSF: 18 arcseconds HPD @ 1.5 keV

22 arcseconds HPD @ 8.1 keV
Position Accuracy: 3 arcseconds
Time Resolution: 0.14ms, 1.8 ms,or2.5s
Energy Range: 0.2-10 keV
Energy Resolution: 140 eV @ 5.9 keV (at launch)
Effective Area: ~125cnt @ 1.5 keV

~20cm @ 8.1 keV
Sensitivity: 2x 107 erg cn1? s7tin 10* seconds
Operation: Autonomous
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Telescope Modified Ritchey-Chrétien
Aperture 30 cm diameter

f-number 12.7

Filters 11

Wavelength Range | 170-600 nm

Detector MCP Intensified CCD

Detector Operation

Photon Counting

Sensitivity

mp=24.0 in white light in 1000s

Field of View

17 x 17 arcmin®

Detection Element

256 x 256 pixels

Sampling Element

2048 x 2048 after centroiding

Telescope PSF

0.9 arcsec FWHM @ 350nm

Pixel Scale

0.5 arcsec

Figure A.14: Table reporting the main parameter &fVOT (Roming et al. 2006

The Swift mission received the contribution of Italy, thanks to theaficing of the
Italian Space Agency (ASI) and the Istituto Nazionale dirafisica (INAF), for the mirrors

of the XRT and part of the X-ray data analysis software. Besigwiftuses antennas of the

Malindi (Kenya) ASI station to receive data and transmit omends, about twelve times

per day.






APPENDIX B

Modelling AGN X-ray spectra

The XSPEC software (Arnaud 1996) is an X-ray spectral fitiragram including a wide

range of models to fit X-ray spectra. Throughout this thesisdd XSPEC in order to
infer the physical parameters of the best-fit models desgyithe observed X-ray spectra.
In this section | will discuss what are the most common moaekided in XSPEC and

adopted to describe theffirent components of a typical AGN X-ray spectrum.

e The simplest starting model to describe the AGN spectra @ageplaw, which rep-
resents the primary X-ray emission due to inverse Comptattering of the optical-
UV photons emitted by the accretion disk, without any obatan. The correspond-
ing model will be referred asowerLaw, and takes as input parameters the normal-
ization at 1 keV (in units of photons keWecm2s-1) and the photon indek.

¢ Photo-electric absorption of the intrinsic power law camizelled through dier-
ent multiplicative models, depending on the photoeledrass sections and relative
abundances. | will go through the most used ones and indicatain diferences.
All the models have the form:

M(E) = e N#o(B®) (B.1)

whereo(E) is the photoelectric cross section. A model that used tordes Galactic
absorption, isvass model, where the cross sections are those computed by iorris
& McCammon 1983, and that do not include Thomson scattering.

Another model that | used to describe photo-electric aligorps paass, which is
similar to wags, but it leaves as free parameters the photo-electric creston
and the relative abundance. In this work | used the crossosectomputed by
Balucinska-Church & McCammon 1992 with a new He cross-sadiased on Yan,
Sadeghpour, & Dalgarno (1998). To describe absorption bgraab covering ab-
sorber, thecrass model can be used. It is defined as:

M(E) = f x e™Mo® 4 (1 f) (B.2)

wheref, is the covering factor, defined in the range G < 1, thus a fully covering
absorber corresponds fo= 1. Since Compton scattering is not included in these
models,wass, pHaBs andpcrass best describe a structure with low column density (
Ny < 5x 10%%cm2) along the line of sight, where no scattering occurs. Tiuzesthe
loss of high energy photons that occurs at higher columnitiensust be described
with some other model.
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e A model that describaon-relativistic optically-thin Compton scatteririg thecass
model, that accounts for the photons that are Comptonesedttaway from the
line of sight, in an optically-thin medium. Geometrically represents a sphere
of material that intercepts the primary radiation. Its egsion is always of the
form described in EgB.1, buto is the Thomson cross-section with Klein-Nishina
corrections at high energies. Combining des with the puass model allow us
to describe the attenuation due both to Compton scattenlgta photoelectric
absorption. However, since this model is a good descriptidy for optically-thin
medium, it does not account for the "forward scatteringg, ithe downshifting
in energy of the photons coming from other directions andted into the line
of sight, but it accounts only for the attenuation of the @iynradiation due to
photons scattered out of the line of sight. For high colummsiies the fraction of
primary X-ray continuum that can be suppressed by Comptemndzattering is
not negligible.

Thus, a more realistic model iscass (Yagqoob 1997), describing a cuffgpower
law observed through dense, cold matter. It accounts bothéaransmitted and the
scattered radiation into the line of sight, produced byyfalbvering matter spheri-
cally distributed around the X-ray source (thus feaient geometry than thewss
model), correctly taking into account also Compton dowattseing. However this
model can be considered valid only up to column densitie§pf= 5 x 10?*cm2,
and in a range of energies between 10 and 18.5 keV in the ssefrdepending
on the column density (Yagoob 1997). One point of attentidvenvusing theass
and rrLcass models to describe scattering is that they can givEedint constraint
on luminosity, at the same N In fact, sincecass only subtracts photons to the
continuum and does not consider the addition of photondesedt into the line
of sight from other directions, the intrinsic luminosity tamed from this model
can only be considered as an upper limit. Instead, the gitrilmminosity inferred
from therLcass model can be considered as a lower limit, since in this caseth
is also the contribution from the photons scattered intdlitreeof sight from other
directions, almost compensating the photons scatteredfaeé line of sight.

e As we discussed in Sectidh2.], either the putative torus or the accretion disk, pro-
duce a reflection spectrum characterized by a hump in theerari — 30 keV, as
well as fluorescent emission lines and “Compton shouldarsttfe emission lines
produced by elements, such as Fe, which have high abund@heeX-ray contin-
uum reflected out of the line of sight by a semi-infinite slabcold material can
be modelled by theexrav model (Magdziarz & Zdziarski 1995), representing an
exponentially cut & power law spectrum reflected from neutral material. The main
parameters of this model are the photon index, the high greergaf (in keV units),
the abundances relative to the solar ones, the cosine ahatioh angle and the
reflection scaling factor R which is a measure of the solideasgbtended by the re-
flecting material as seen from the source emitting the pgroantinuum, R=Q/2r,
so itis equal to 1 for for point source isotropically illuraitng infinite optically thick
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slab. R is< 0 if there is only the reflection component and no direct eimissSince
PExrAV describes only the reflected continuum, in order to accolgotfar the con-
tribution of the Fe kr and Fe KB emission lines it is possible to use simple gaussian
profiles (modelled through thesuss component). Alternatively, theexmon model
(Nandra et al. 2007) can be used, which combinasav consistently with Fe K,

Fe KB, Ni Ka and the Fe & Compton shoulder. The parameters of the model are
the same as farexrav.

When X-ray irradiation is intense and matter get ionise@, rigsflection spectrum
changes, as described in Secti@dB8.1 One of the models that can describe such
ionised reflected spectrum igrLionx (Ross & Fabian (2005)). This model as-
sumes that the primary radiation illuminates a constansitiempartially ionised
semi-infinite slab of optically thick gas (such as the swefaf the accretion disk)
and gets reflected by this ionized slab. The illuminatingatah has a high-energy
exponential cut-fi fixed at 300 keV and a low energy cuffat 0.1 keV. The model
include lines and edges from Fe, O, Si, Mg, N and C, as well hsratlements.
The input parameters of therLionx model are the iron abundance, the ionization
parameter of the reflecting matter (in the range 30 tb&@ crjs, so this model
cannot be used for neutral absorbers), the photon indexealitiminating radiation
and the normalization.

We saw that the photoelectric absorption by neutral matterbe modelled through
the waBs, pHABS, caBs models. However when the absorbing matter is ionised, the
presence of several narrow absorption lines and edgesndiegeon the material
ionisation state, is evident in the spectrum. XSPEC ingdusteme built in models
to represent ionised absorbers (suchmsri) but they are a first order approxima-
tion of a more complex scenario. For this reason the complexithese absorbers
can be modelled through the use of numerical codes makingrg®ns on atomic
data, numerical algorithms and physical processes. Irthbiss | used pre-created
grids, obtained through thestar photoionization code (Kallman et al. 2004), that
calculates the physical state and the emigaiosorption spectra produced by pho-
toionised gas. The physical scenario it describes is eafigr spherical shell of gas
surrounding a source of ionizing radiation, absorbing etfoa of it and re-emitting
the radiation at diferent wavelengths. The result of the code calculation is i-mu
plicative grid (in FITS format) that can be usedxispec to fit the spectral data, with
three free parameters: the ionisation parameter, the cotlensity 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 HB and MglI12798 A 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 10! M, with a peak around 8 x 10® 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; Giiltekin 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

Article published by EDP Sciences

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 100000 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 AGNss.

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 (XBS!, 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 10* 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 flat ACDM cosmology with Hy = 65, Q4 = 0.7
and Qy = 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 x 10~'* erg s~ 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
AGN:Ss. In total, the XBS contains 276 type 1 AGN but we have
computed the Mgy 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

' 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.
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Fig. 1. Redshift distribution for the 154 XBS AGNI 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 H3 and MgI[12798 A 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 AGNSs. 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 (Rprr), 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 Rgpr/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 Mgy-o 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 Mgy measurement depend
on the redshift of the source. For the XBS sample, the type 1
AGN:Ss cover a redshift range between 0.02 and 2, therefore, the
emission lines that can be used for the mass estimate are the HB
(up to z ~ 0.8) and the MglIl12798 A (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 HB, we
used the relation discussed in Vestergaard & Peterson (2006):

FWHM(HB) ALgo0
PIAUIR) | .50 Log Z=3104
1000 kms 1 0008 Ta e, (D

For the MgI112798 A line we used the relation presented in Shen
et al. (2011):

Log Mgy = 6.91+2 Log

FWHM(MgIT) ALy
Log My = 6.74 + 2 Log ~ i AMII) () 62 1.0g 3000 A
08 MeH T2 000 kms T % 10 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 HB 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 Mgy on line width and luminosity
(see Egs. (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 Mgy 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 HB and MglI12798 A 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 HS line)
and by the iron pseudo-continuum (which is critical for the
MglI12798 A 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 Fell 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 HB and MglI.

3.1.1. HB

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

XBSJ024204.7+000814
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4900 5000 5100

A (rest frame) &

4700 4800

Fig.2. Example of a spectral model used to fit the region around the
Hp 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 HS and
the two [OIII] lines, plus an additional Gaussian to describe the broad
component of the HB 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 A (rest-frame) spectral region. In this procedure
there are three independent parameters that need to be deter-
mined: the normalization of the iron template (Ng.), the line
broadening (o), and velocity offset (Vg.) 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 HB 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 HB and the
two [OIII] narrow lines. The width of the component describ-
ing the narrow Hp 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 A to avoid
problems with the fitting procedure). The broad and the narrow
Hp 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
Hp width. The possibity that the iron lines could be systemat-
ically shifted with respect to the HS line has been investigated
by several authors, and although there have been some claims
of systematic large velocity offsets (up to 2000 kms™!) 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 Hf 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 Hf line.

signal-to-noise ratio (S/N) spectra has recently demonstrated
that the actual offsets are much smaller (<300 km s~! 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 MgII12798 A 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 HB (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 Fell com-
ponents usually observed at 4924 A and 5023 A. 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 HB 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 HpB 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
(~30) systematic offset between the line widths, the HB 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 HB 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
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Fig.4. Example of a spectral model to fit the region around the
Mgll12798 A 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 HB 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 HB 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 HB line of ~0.11. This offset is within the average sta-
tistical uncertainty on the masses computed from the HB line
(~0.18 dex).

We finally note that fitting the HB 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 HB 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. Mgll

For the MglI we did not follow the same procedure as adopted
for the HB 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 Mgll12798 A plus four additional
Gaussians to reproduce the iron humps at 2630 A, 2740 A,
2886 A and 2950 A plus a power-law continuum (see Fig. 4).
Since, in the case of MgllI, we do not have the two [OIII] line
as a reference for the narrow line widths, we set the MglI nar-
row component to be equal to the instrumental resolution, for
the spectra with a resolution worse than 500 kms™'. For the
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very few spectra with better resolution, the width of the nar-
row component is fixed to 500 kms~'. 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 A 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 MgII12798 A line, the ac-
tual presence of a narrow component is less obvious than for
the HB line. In their work, Vestergaard & Osmer (2009) did
not subtract a narrow component during the fitting procedure
of the MgllI 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 MgII1298 A line as in the analysis pre-
sented here. The choice of including the narrow component of
the MgII12798 A is somewhat arbitrary. In our analysis, includ-
ing the narrow MglI12798 A component gives a slightly better
consistency between the masses computed using MgII12798 A
and those computed using HB, 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 kms™'), we applied a correction to the
widths of the broad components of both H3 and MgI112798 A,
resulting from the fitting procedures described above, to account
for the instrumental broadening, i.e.,

Ad= (A2 - AR,

where AA, A, and A, are the intrinsic, the observed, and the
instrumental line width, respectively.

3.2. Monochromatic luminosities

Determination of the monochromatic luminosities at 5100 A and
3000 A 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 (Ay 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 A 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 Ny 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 (typel/type2 AGN) and the measured
levels of Ny (lower or greater than 4 x 102! 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 A and 3000 A lumi-
nosities to be used in Egs. (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 HB emission line while for 70 ob-
jects we have covered only the MgI112798 A 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 HB, in 62 cases, and from MgII12798 A
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:

+- +,— 2 += N2
OLogm = \/ (AO—LogFWHM) + (BO—LogL)

where A = 2 and B is equal to 0.5 for the HB while it is 0.62 for
Mgll12798 A. o~ are the asymmetric errors (at the 68% con-
fidence level) to the logarithm of the FWHM and luminosities,
respectively.

The errors on the HB and MglI12798 A broad components
are derived from the fitting precedure described above, by im-
posing Ay? = +1. Similarly, the errors on the monochromatic
luminosities are computed from the SED fitting procedure by
again imposing Ay?> = +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 AGNI.
Dotted (red) and dashed (blue) histograms show masses derived from
Hp3 and MglI12798 A lines respectively.

1010

errors on the photometric points into account. These 1o 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 A break, is not folded into
these errors. However, in Marchese et al. (2012) we evaluated
that by changing the starting value of the 4000 A 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 1-0 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 Mgy for all the AGN1 for which either the HB
or the MgI112798 A lines have been observed. For the 52 sources
where both HB and MgI112798 A are included in the spectrum
it is possible to compare the two Mpy 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 MgI1.12798 A line and the narrow component of the HB 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.
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Fig. 6. Comparison between black-hole masses computed on the basis
of the MglI12798 A and the HB 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 HB, and the S10 for MgI112798 A.
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 MgII12798 A. 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 i1

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

A = Lyol/Lgaq 3)
where:
M
Leaa = 1.26 x 103 =2 grg 57! )
Mg
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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.
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Fig.8. Distribution of the values of Eddington ratio for the 154
XBS AGNI. Dotted (red) and dashed (blue) histograms show the values

based on masses derived from HB and MgII12798 A 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:

. L
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Fig. 9. Distribution of the values of M for the 154 XBS AGNI. Line
styles as in Fig. 5.

100

where Ly is the bolometric luminosity in units of 10* ergs™!

and 7 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 M 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 M 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 M are not going to change significantly (on average) if we use
only the disk emission in Eq. (5).

The distribution of M is reported in Fig. 9. To facilitate the
comparison with previous figures we also show the M separately
for HB and MgI112798 A mass-derived sources, although in this
case, the value of M 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):

a
1+/10(1 _a+(rTNH)] (6)

where Mgy is the “real” black-hole mass, Mgy o is the black-hole
virial mass computed by neglecting the radiation pressure, A is
the Eddington ratio computed using Mpp, @ = Lion/L (i.e. the
ratio between the ionizing continuum luminosity and the bolo-
metric luminosity), ot is the Thomson cross-section, and Ny
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 (~10%* 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

Mgn = Mguyp
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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-o 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 ¢ = 0.6 and Ny = 10%°* cm™ (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
AGN:s belonging to the XBS sample. The masses were derived
using the single-epoch method and adopting the most recent
scaling relations involving the HB and the MgI112798 A emis-
sion lines. The selected sources cover a range of masses from
107 to 10'° M, with a peak around 8 x 103 M, and a range of ac-
cretion rates from 0.01 to ~50 My/y (assuming an efficiency of
0.1), with a peak at around 1 My/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
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Fig. 11. Distribution of the Eddington ratios corrected for the radiation
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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, I', and the X-ray
‘loudness’, and the accretion rate, both absolute (M) and normalized to the Eddington lumi-
nosity (Eddington ratio, A). We parametrize the X-ray loudness using three different quantities:
the bolometric correction Ky, the two-point spectral index «px 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 I" — A correlation.
The two proxies usually adopted in the literature to quantify the X-ray loudness of an AGN,
i.e. Ky and apx, behave differently, with Ky, being more sensitive to the Eddington ratio and
aox 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 INTRODUCTION

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 (10°-10° 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’ =
103-10° 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 (I") 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 Ky, (e.g. Vasudevan & Fabian 2009),
defined as the ratio between bolometric luminosity and 2-10 keV
luminosity, or with the two-point spectral index «ox (e.g. Vignali,
Brandt & Schneider 2003), defined between 2500 A 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 I" (¢ 5-2.4)kev and the full
width at half-maximum (FWHM) of HB 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 I" (g 5-2.4)kev and some physical parameters like the BH
mass or accretion rate. In particular, it was suggested that the main

© 2013 The Authors
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physical driver of this correlation is the accretion rate normalized
to the Eddington luminosity! (Eddington ratio): sources accret-
ing close to the Eddington limit produce the steepest values of
o524y (Laor et al. 1997; Sulentic et al. 2000; Grupe et al.
2004; Wang, Watarai & Mineshige 2004). However, since the mea-
sured value of 'y s— 4kev can be significantly contaminated by the
presence of a spectral component called ‘soft excess’,” 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
(T (2-10)kev) has a strong dependence with the FWHM(HS). 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(Hp). 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 I'(>_jg)kev and the BH mass Mgy (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 Mgy 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 I' 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
I' and FWHM(Hp) is a secondary correlation induced by the de-
pendence between I" 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 K}, 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 Ky, 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 aox, defined as the slope between 2500 A
and 2 keV. Past studies generally found a strong correlation be-
tween aox and Lyy (e.g. Vignali et al. 2003; Marchese et al.
2012) or Ly, (Kelly et al. 2008; Shemmer et al. 2008) while
a dependence of apx with the Eddington ratio is usually weak
or absent (Young, Elvis & Risaliti 2010), contrary to what has
been found for K. This is quite surprising since Ky, and oox
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-

! The Eddington luminosity is a theoretical limit beyond which the accretion
process stops for effect of radiation pressure.

2The ‘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).
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vey (XBS). In particular, we study the spectral index I" 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 Ky, the aox 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 A cold dark matter (ACDM) cosmology
with Hy = 65 km s~! Mpc_l, Qx =0.7and Qy = 0.3.

2 XMM-NEWTON BRIGHT SERENDIPITOUS
SURVEY

The XBS is a wide-angle (~28 degz) 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 x
10~'* erg cm™2 s~ 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 ~10keV,
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 I, Kyo1, @ox 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 Ly,
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 x 10%° 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 x 10*!
t0 9 x 10% erg s~! and redshift from 0.04 to 2.

L e . AL A B B B B e B

I

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) Lyo; and M. Bolometric luminosities were obtained as the sum
of the accretion disc luminosity (L) and the 0.1-100 keV X-ray
luminosity. L4 was obtained by fitting the optical-UV data with
a disc model (Marchese et al. 2012), while Ly 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

M= ¢y

where 7 is the efficiency of the mass to energy conversion, assumed
to be 0.1. The uncertainties associated with the values of M in
Table C1 are those related to the bolometric luminosity, i.e. we do
not assume any error on 1. The uncertainty on this value is difficult to
assess. Marconi et al. (2004) estimate a range of values for n between
0.04 and 0.16 and, therefore, an additional uncertainty on M 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 M we are implicitly assuming that the
energy budget carried by the X-ray emission is directly related to
the accretion process.

(i1) Mpy and Eddington ratio A. 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 Mgy estimate depends on the redshift of the source. In
this sample we used HB (for 0 < z < 0.8) and Mg 11 at 2798 A lines
(for 0.8 < z < 2). In particular, we adopted the relation discussed
in Vestergaard & Peterson (2006) for the HB:

FWHM(HR)

LogMgy = 6.91 +2L
ogMon 2o 00 ks !

ALsi00A
0.50Log ——————, 2
+ 810w ergs~! @
and the relation presented in Shen et al. (2011) for the Mg 1 12798 A
line:
FWHM(Mg 1)

LogMgy; = 6.74 + 2 Lo
&M £71000kms !

AL3o00 4

+0.62 Log 0% ergs1" 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 Hp 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
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Table 1. Spearman ‘rank’ correlation coefficients and probabilities for the null hypothesis for the relations discussed in the

text.
r I'o-10)kev Kol aox Disc/corona
fobs,P Tobs» P Tobs» P Tobs» P Tobs, P
ri}’ ri}’ rih ri}’ ri]’
z —0.27, 1.64 percent  —0.13,28.92percent  0.03, 80.26 percent = —0.22, 6.29 per cent 0.18, 11.41 per cent
A 0.36, 0.10 per cent 0.24, 4.14 per cent 0.33, 0.42 per cent —0.25, 3.32 percent 0.28, 1.64 per cent
0.60 0.51 0.52 —0.39 0.44
M 0.17,15.86 per cent 0.27, 2.14 per cent —0.41, <0.10percent  0.37, <0.10 per cent

0.19 0.24

—0.41 0.37

“These values of rops 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 A (Ls094)
and 3000 A (L5, 4), 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

L
A= bol ’ (4)
LEaa
where Lgyq is the Eddington luminosity:
4nGeM, M
Lpgg = 2By 56 1038 (ﬂ> ergs ™. 6)
O, Mgp

(iii) I', Lo—10)kev, Kbol, ®ox and disc/corona luminosity ratio.
The values of I 5_10)kev and L—j0)kev are taken from the spectral
X-ray analysis presented in Corral et al. (2011). The bolometric
corrections and the values of agx are available from Marchese et al.
(2012). In particular, the bolometric correction is defined as

Lol

Kyt = ——, (6)
ool Lio—10)kev
while ax is defined as
L
oy = 28U/ 1) ™
Log(vo/vx)

where f, and f; are, respectively, the rest-frame monochromatic
fluxes at v, = 1.20 x 10'° Hz (corresponding to A, = 2500 A) and
v, = 4.84 x 10"7 Hz (corresponding to E = 2 keV).

Finally, the disc/corona luminosity ratios, defined as the ratio
between the accretion disc luminosity, L., 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 I', Ky, @0x, disc/corona
luminosity ratio) and accretion rate (absolute M and normalized

to Eddington luminosity, ). 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 (Ko, ®ox 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 I 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 I" 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 A 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:

_ €; )
Ty = Tobs 1+0_2 1+02 s (8)
X ¥

where ¢,, €, are the average errors on the two variables, GXZ and
of are the intrinsic variances on the two variables, 7 is the ob-
served coefficient and the term under square root is the correction
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factor. The intrinsic variances can be obtained from the observed
variances, of,o and 03‘0, by subtracting quadratically the errors, i.e.
ol =0, —€lando] =0 —e].

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 rq,s. 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 rgps.

3.3 Induced correlations

M and X are interrelated quantities since they both depend on bolo-
metric luminosity. A possible correlation, e.g. between I' and A,
can create an unreal correlation between I" and M. 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 A, excluding the dependence on M 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, Ny > 4 x
10?! cm~2) or ‘type 1’ (unabsorbed, Ni; < 4 x 10%! 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—j0)kev
lower than 10* erg s~'. In the sample considered here, i.e. the XBS
type 1 AGN from Marchese et al. (2012) with low values of Ny,
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 Ky,
and the ‘flattest’ values of aox (all but one have log Ky, < 1.3 and
aox > —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 Mg = —0.37(K + 24) + 8.29, ©)]

where Mgy 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 M. As expected, these objects have low accretion rates with
respect to the rest of the sample (log A < —1.7 and log M < —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 RESULTS

4.1 Spectral index I’

The spectral index I" is found to marginally correlate with the Ed-
dington ratio (rops = 0.27, P = 1.64 percent, Fig. 3) while the
correlation between I' and M is not significant (rops = 0.17, P =
15.86 per cent). Since I" marginally depends also on z (7, = —0.27,
P = 1.64 per cent) it is important to verify whether the observed I" —
A 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 I — A 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 I' — A plane at
the same time. The correlation in this bin of z is highly significant
(rops = 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 75 = 0.36 (P = 0.10 per cent). We conclude that the I' — A
correlation is not induced by z. Rather, the effect of z is to weaken
the correlation (see Fig. 3).
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Figure 3. Plotof I" against A. 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 A (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 I" against A 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 A (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 I" — z dependence.
The spectral index I' 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 (Gierlifiski & 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 I'. 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
I' and z making steeper values of I" at low redshifts. In order to
test whether the soft excess is at the origin of the observed I' — z
dependence, we have re-computed the values of I" 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 I'o—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 I'o—¢) kev
do not depend on z (rops = —0.13, P = 28.92 per cent), while they
depend on A, although with a lower significance (ry,s = 0.24, P =
4.14 per cent) when compared to I'. In principle, given the larger er-
rors on I'o—j)ev if compared to I", 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
I"2—10)kev (€ ~ 0.20) is a factor ~2.5 larger than the average error on
I (e ~ 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 I'o—ig)kev
had the same dependence on z and A as I" (r,ps = —0.27 and 0.36,
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respectively) we should expect to observe correlation coefficients
reduced by a factor of 1.3, i.e. rops = —0.21 and 0.28, respectively.
While the observed coefficient for the I'o—jg)ev — A correlation
(0.24) is quite close to the expected one (0.28), the I'o—j0)kev — 2
correlation coefficient (—0.13) is nearly half than the expected one
(—0.21). We consider this as an indication that the I'( s—jokev) — A
and I" — A 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 I 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 I' and, in particular, A 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 I" and A, we have thus applied the corrections
described in Section 3.2 finding a corrected value of r; of 0.6. In
the case of linear correlation, the square of r; gives an indication of
how much of the observed variance on I" is regulated by the value
of . We thus conclude that about 40 per cent of the variance on the
spectral index is explained by A. 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 I' — A correlation while the [—M
correlation remains not significant. We conclude that the observed
I' — A correlation is not due to the exclusion of the elusive AGN.

We compute the OLS fit for the correlation I' — A and we obtain

logT' = 0.25log A +2.48 (10)
with an error of £0.05 on the slope, and the bisector from which
logI' = 0.751og A — 2.77 an

with an error of £0.04 on the slope.

4.2 Bolometric correction K,

We find a significant correlation between Ky, and A (rps = 0.33,
P = 0.42 percent, Fig. 5), while the correlation between Ky, and
M is only marginally significant (7, = 0.27, P = 2.14 per cent).
By using the equation (8) to correct the correlation coeffi-
cient of Ky, — A correlation, we obtain r; = 0.52 which suggests
that ~25 per cent of the variance on Ky is explained by A. We
compute the OLS fit for the correlation Ky, — A and we obtain

log Kvo1 = 0.18log A + 1.61 (12)
with an error of £0.06 on the slope, and the bisector from which
log Ko = 0.7210g A — 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 (~2.5¢) flatter (0.18
versus 0.39). The discrepancy is slightly reduced if we fit the data
on the same range of K,,,; 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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1.5

log kg,

log A

Figure 5. Plot of K} against A. 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 A (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 I’
and the bolometric correction K, depend significantly on A: steep
I' (~2.5) and high Ky, (~30-60) values correspond to higher A
(~1), flat " (~1.7) and low Ky, values (~10) correspond to lower
A (~1072). Since Ky, depends also on I it is possible that the
Kyvo1 — A correlation is induced by the (stronger) I' — A correlation.
Again, we have verified this hypothesis using the partial correlation
analysis and found that the dependence between K, and A can
indeed be explained as induced to the I' — A correlation.

In order to visualize these dependences we show in Fig. 6 two
theoretical SEDs representing two extreme cases of low (A ~ 1073,
left-hand panel) and high (A ~ 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 I' — A and Ky, — A 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 Ky, with A can

keV2 (Photons cm-2 s keV-1)

L aiun P PRI R R Ll ol
104 108 0.01 0.1 1 10 100
Energy (keV)

—-1.2 k;r -

oxX

-14

18| . -

logM

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

be simply explained as due to a change of I, 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 I" and Kj,,; obtained from the fits.

4.3 0ox

Contrary to what is observed for the Ky, we find a marginally
significant anticorrelation between apx and A (rq,s = —0.25, P =
3.32 percent) while we find a significant anticorrelation between
aox and M (rgs = —0.41, P < 0.10percent, Fig. 7). Even if
we weight the correlation coefficients for the errors the depen-
dence between aox and M remains the strongest one (r; = —0.41
versus —0.39). This result confirms what is usually found in the
literature, i.e. that the value of apx 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 aox — A and aox — M correlations.

Since both K, and apx 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 (Ky,) on the relative
accretion rate and the other (agx) 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 apx is defined at given monochromatic frequencies while Ky
is the ratio of two integrated quantities. For a fixed value of Ky

o
CE T T T T T ™
= | r=25 ]
> Kbol = 60
X oL A=1 u
o E
£ [ ]
o
% L J
c
8]
o T F E
£ E 3
o f E
s L
[
= [ 4
SE 3
Lo vvaanl sl vl Lauu L Sl P
10+ 108 0.01 0.1 1 10 100

Energy (keV)

Figure 6. SEDs obtained using the results of the I' — A and Kpo] — A best fits. The SED on the left represents the case of low accretion (1 ~ 1073): the Kpol
value is low and I is flat. The SED on the right represents instead the case of high accretion rate (A ~ 1): in this case Ky is high and I' is steep.
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Figure 8. Plot of disc—corona luminosity ratio against M. A typical error
is shown in the upper left-hand corner and it is the average statistical error
on disc—corona luminosity ratio and M. The solid line represents the OLS
best-fitting relation. Blue triangles are the binned data.

we can measure different values of apx depending on the actual
spectral shape and vice versa. In particular, the value of @px is less
sensitive to the slope of the X-ray emission if compared to Ky
(robs = —0.24, P =4.04 per cent for px — I', and rops = 0.53, P <
0.1 percent for K,, — I'). As shown in the previous section, the
dependence of Ky, to the Eddington ratio is probably induced by a
change of I so it is probable that the weaker dependence of opx on
A is a consequence of the weaker dependence of opx on I'.

On the other hand, the significant dependence of apx with M
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 Ky, and «px 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 A. 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 Ky, and
aox case. We find significant correlation with M (Fops = 0.37, P <
0.10 per cent, Fig. 8) and a marginally significant correlation with
A (rops = 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; ~ 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 A and M, as expected from the combination of the results
obtained for Ky, and aox.

5 DISCUSSION AND CONCLUSIONS

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 I' in the range 0.5-10 and 2-10 keV band
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Figure 9. Plot of disc—corona ratio against A. 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 A (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 Ky, (defined as the ratio between bolometric luminosity and
2-10 keV luminosity) and the two-points spectral index oox. 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
Mgy 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 I" depends significantly on accretion rate
normalized to Eddington luminosity; in particular, ~40 per cent of
I" variance could be explained by A. 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 A. The I" —
A dependence can be speculatively attributed to the effect of cooling
of the electrons in the corona: for high values of A, 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 X, 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 A and M but the de-
pendence with A is probably just the consequence of the (stronger)
I" — X dependence.

(iii) The strength of the dependence between the ‘X-ray loudness’
and A or M is different depending on whether we parametrize the
X-ray loudness using the Ky, or the oox: while Ky, seems to depend
mainly on A, the values of apx show a stronger dependence with
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M. The explanation is likely connected to the different sensitivity
of these two parameters to the X-ray spectral index.
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APPENDIX A: ERROR IMPACT ON
CORRELATION COEFFICIENT

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:

r=r (1 + i) (1 + 6’2) (A1)
i = Tobs o2 o2 )
x y

where €,, €, are the average errors on the two variables, o2 and o
are the intrinsic (i.e. not folded with the errors) variances on the two
variables, s 1S 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 » ~ 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. Al).

10°

5x108

10°

5x108

400 600
X

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 rqps is shown in Fig. A2 (blue stars).
In Fig. A2 we also report the values of r; estimated according
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Figure A2. Results of numerical simulations that show the variation
of the observed correlation coefficient (blue stars) with respect to the
error’/variance ratio, assuming a starting value of 7 ~ 0.87. The red points
represent corrected r values.
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to equation (Al) (red points). The starting value of r; ~ 0.9 is
reasonably recovered.

APPENDIX B: PARTIAL CORRELATIONS

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 |5 is the correlation coefficient between x; and x, and ry3 and r»3
are the correlation coefficients of the two variables with z, the cor-
relation coefficient between x; and x,, excluding the effect of z, is

T2 — 133
(=i —r3)
This equation can be generalized to more than three variables. For
example, in the case of four variables it becomes

(BI)

rns3 =

F12,4 — F13,4723.4
r2,34 = > .
\/(1 —riza)(I—r334)

(B2)

APPENDIX 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 r I210 Log Kbl Log Mgn Log M Log A @ox Log(Ldise/Lcorona)
XBS J000027.7-250442 0336 1.8770%¢ 1577021 1327000 8637010 —0.94700 1937013 —1.430 0.497
XBSJ000031.7-245502 0284 2297008 1867042 1487040 8027032 —1.05T04 —143%03F —1362 0.638
XBS J000102.4—245850 0433 2.12700% 1897038 0947007 8167017 —L06%007  —1.587011  —1.106 —0.093
XBSJ001831.6+162925 0553 2397004 2114043 1691008 8541098 0.06t0 00 —0.84T012  —1.501 0.757
XBS J002618.5+105019 0473 204700+ 195707 1507008 9.03701 0207008 —L19T01¢  —1.469 0.757
XBS J002637.4+165953  0.554 2157007 2077043 12670% 821704 —020700 07770 1363 0.420
XBS J003418.9—115940  0.850  2.10%0%  2.03%08 1324004 ggatdll 005018 125708 1310 0.497
XBS J005009.9-515934  0.610 2287000 211704 1.22%008  g4s5t0R 0487008 1207030 1287 0.289
XBSJ010432.8-583712  1.640  1.95709% 17604 1187010 9947008 0827000 1487013 —1.285 0.289
XBSJ012025.2—-105441 1338 240702 232703 1907014 9.687008 LIty 0937916 —1.558 1.016
XBSJ012119.9-110418 0204  2.6670% 3567178 1.697013 8137008 —072t 3 —121700% 1424 0.540
XBS J013204.9-400050 0445 2427007 24870 163701 8057013 —047707)  —0.88701%  —1.470 0.757
XBS J020029.0+002846  0.174  2.42%040 222706 1137008 765700 —161T00S  —1.620A)  —1.218 0.002
XBS J021808.3-045845 0712 1.9110:%% nd. 1467000 0451096 0531090 —128%0 00 —1.465 0.694
XBSJ021817.4—045113  1.080  1.83%007 1787008 0987005 9237007 046700 —1.13709) 181 —0.128
XBSJ021820.6-050427  0.646  1.81700; 1707015 140709 8767098 —0.12700 —1.2470% 1451 0.540
XBSJ0219232-045148  0.632 2417007 220703 1.637000 8817001 0117000 —1.28700%  —1.470 0.757
XBS J024200.9+000020  1.112 2037007 1o1%043  138%00T 9797000 0577007 —1.58700.  —1.439 0.587
XBS J024207.3+000037 0385 2.52%00% 1937030 1527005 8427010 0797005 1577010 —1.368 0.497
XBSJ031015.5-765131  1.187  1o1%00r 1847000 1267000 1002700 099700 —1397012  —1.364 0.385
XBSJ033208.7-274735  0.544 1997000 1927000 1377097 9.60709 04510 241700 —1.441 0.587
XBS J050446.3-283821  0.840  1.97700  1.877048 0977008 820703 044700 1007038 1178 —0.037
XBS J050501.8—284149 0257  2.18%00% 2157032 1207041 7447000 —133%091  —113707F —1.350 0.457
XBS J051955.5-455727 0562 2.09%09% 2001038 1217098 gs51F00 —03170%  —1a8t0ll —1.262 0.351
XBS J065400.0+742045 0362 2307015 2371090 156%043 8241010 —061%012 1217018 —1.456 0.694
XBS J074352.04744258  0.800  2.037007 1927020 139709 9.06700% 021701 —121%013  —1.418 0.638
XBS J080504.6+245156 0980  2.08¥010  1.77703%  0.96700; 8397017 —033T00: 108701  —L1.155 —0.075
XBS JO80608.1+244420 0357 2491004 2214008 1534006 g st00T 0251006 076709 —1.380 0.540
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Table C1 - continued

Name z r I'2-10 Log Kot Log Mgn Log M Log 2 oOx Log(Ladise/Lcorona)
XBS J100100.0+252103  0.794 2207007 2.127017 1257008 8787008 0157008 —1.207000 1346 0.385
XBS J100309.4+554135  0.673 2277007 186703  L61TO0E 887700 001100y —1.237000  —1.454 0.757
XBS J100828.8+535408  0.384  2.047003 1297060 1497007 8757030 —0.827007  —1.93703%  —1.491 0.757
XBS J100921.7+534926 0387 2357008 1947030 128709 822712 083700 —141701¢ 1309 0.320
XBSJ101838.0+411635 0577 2367007 2097030 1457006 879100 0337007 148700 —1.332 0.540
XBSJ101850.5+411506  0.577 2307002 217705 1387005 8.89T00 007700 —L18TOe  —1372 0.540
XBS J101922.6+412049  0.239  2.12704¢ n.d. Lo4%007 890709 —10sT00  —231%090 1186 —0.163
XBSJ103120.0+311404 1190 1.8570¢2 1767030 1.09700% 927709 0357002 128704 —1.240 0.132
XBSJ103154.14310732 0299  1.887013 142708 1207006 9257035 —122%000 283707 1369 0.385
XBS J103932.7+205426 0237  1.877005 187708 1047007 g.02%00]  —136700  —-174701%  —1.273 0.132
XBS J103935.8+533036 0229  2.087010 2227035 1347099 8707007 —0.9970%  —2.05701 1333 0.587
XBS J104026.94+204542 0465 1997003 1.887013 097700 8.s52M00° 001700 —0.89T005  —1.043 0.002
XBSJ104509.3-012442 0472 21475080 2137020 1197006 8001098 0857002 —12179%8 1301 0.320
XBSJ104912.84330459 0226 1677002 191703 086700 846702 —1.40700 222703 —1.060 —0.603
XBSJ105014.9+331013  1.012 2337037 245t0% 2017019 972%0 3 07171 —137701¢ —1.643 1.146
XBSJ105239.74572431 1113 2107002 2041012 1714000 9487005 0827007 —1.02709)  —1.550 0.914
XBSJ105316.9+573551 1204  1.807005 1977018 L11t00 882%00r 053700 —0.65T013  —1.285 0.109
XBSJ105624.2—-033522  0.635  2.167009 2207035 1447007 8757007 0207000 1317005 —1.425 0.638
XBSJ112022.3+125252 0406 2227000 1757038 1267006 8267000 —057700¢ 1197008 —1.295 0.420
XBS J120359.1+443715  0.641 2437013 2577090 137701 877700 0347010 147701 —1.396 1.600
XBSJ123116.5+641115 0454 1927005 1917035 098700 9217018 —107700} 2647017 -1217 0.002
XBS J123759.6+621102 0910  2.05700¢  1.897012 1457007 9167007 0407008 1127008 —1.443 0.638
XBS J123800.9+621338 0440 2547000 2017028 1917000 844700 —048T00E  —128701 1571 1.016
XBSJ124214.1-112512  0.820 181700 1.60701S 1327000 8897007 0.12%00s  —L13T0)  —1431 0.457
XBS J124607.6+022153 0491 2467002 1817037 1427006 8407010 —0.427005  —118T013  —1326 0.420
XBS J124641.8+022412 0934 2217007 2007039 1547000 0.11t00r  070700s  —0.77709%  —1.485 0.757
XBS J124949.4—-060722  1.053 2167007 1701034 1447000 8537005 0347006 0557098 1422 0.638
XBS J132101.6+340656  0.335 2447000 2187008 1687007 8497007 0307098 124709 1351 0.757
XBS J133807.5+242411  0.631  2.0870¢8  1.847032 1827007 8.93700¢  0.18T00) L1179 —1.601 1.016
XBS J134749.9+582111  0.646 2207005 1937006 LSITOOT 9.65T007 0847008 —11770% 1419 0.694
XBSJ140102.0—111224* 0037 1917902 1747012 140701 7717098 2067005 2137085 —1.382 0.638
XBS J141531.5+113156  0.257  1.857003 n.d. LOI¥ot 913017 —1.06700  —2.55T01F —1.174 0.043
XBS J144937.5+090826 1260  1.817007  1.807010 1197008 9501007 0567008 —130700  —1.332 0.261
XBS J160706.6+075709 0233 242700% 2027062 140700 7707000 —1247005 —1307013 -1382 0.420
XBSJ160731.5+081202 0226  2.677033 2327072 1747000 6.99%00)  —1.09T008  —0.44T013 1335 0.587
XBS J165406.6+142123  0.641  1.8870¢2 1937037  L6ITH13 8907090 004701y 1227078 1478 0.829
XBS J165425.3+142159 0178 211700 1971013 089700, 7.61703%  —1.02%00)  —0.99703°  —1.124 ~0.196
XBS J165448.5+141311 0320 1817007 1787930 081700 875700 —0.687002  —1.79709 1016 —0.540
XBS J205635.7-044717  0.217 2407008 1.837033 1437011 7.607000  —LOIT)Y)  —097701 —1347 0.497
XBSJ213002.3—153414  0.562 2067013 231703 168713 853705 0397017 —03507018  —1.567 1.016
XBS J214041.4-234720 0490 2177005 191T0N 1467000 9317000 0017008 1667015 —1.400 0.694
XBS J225050.2—-642900  1.251 2,040t 1937012 126701 omit0ll 069701, 1387015 —1.374 0.457
XBSJ231342.5-423210 0973 2147007 2007018 121790 9427y 0307005 —118Tgy3 —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 I' are at 90 per cent

confidence level).

“The 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 Kyo1, @ox 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

R. Fanali'-?, A. Caccianiga', P. Severgnini', R. Della Ceca', M. Dotti?, and

E. Marchese®!

' INAF - Osservatorio Astronomico di Brera, via Brera 28, I-20121 Milano, Italy
2 Universita degli Studi di Milano Bicocca, Piazza Della Scienza 3, 1-20126 Milano, Italy
e-mail: rossella. fanali@brera.inaf.it

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 typel 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 (M) and relative to the
Eddington limit (Eddington ratio, 1). 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 AGNss is
powered by the accretion of matter onto the
SMBH, placed in the center of the host galaxy:
the matter is heated (~ 10% 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 (~ 10%
K) reprocessing the primary UV-optical emis-
sion of the disk via inverse-Compton mech-
anism (Haardt & Maraschil[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 typel AGNs selected
from the XMM-Newton Bright Serendipitous
survey (XBS). In this work we study the spec-
tral index I" between 0.5 and 10 keV and the
bolometric correction K, defined as the ratio
between bolometric luminosity and 2 — 10 keV
luminosity. I gives direct information about
the energy distribution of the electrons in the
corona, while Ky, 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: A ~ 1073 (upper panel) and 1 ~ 1 (lower
panel). See text for more details.

significant correlations between these param-
eters and the value of accretion rate, absolute
(M) and normalized to Eddington limit (1),
presented in (Caccianiga et al.|2013)).

2. Results

We find that I" depends significantly on A while
the dependence on M is weak. By using partial
correlation we demonstrate that the observed
correlations are not induced by redshift. We
find a similar I' — A 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.

R. Fanali et al.: X-ray emission and accretion rate

soft excess). We also find a correlation between
Ko and A while, again, the dependece on M is
weak. We represent graphically the results of
the I' — A and K}, — A correlations by showing
the theoretical SEDs in two extreme cases of
low and high Eddington ratios (Fig. [I): 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 I' and K, are taken from
our fits of the I' — A and K},,; — A 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 Ky, could be en-
tirely attributed to the variation of I'. 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 I' — A correlation alone. This re-
sult suggests a speculative interpretation based
on the electron cooling of corona: for high val-
ues of A, 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 Ky,,. For low A, less photons are
available and this makes electron cooling inef-
ficient, thus producing flat X-ray spectra and
low values of K.

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