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Introduction

A few percent of bright galaxies host an active nucleus witission due to non-
stellar processes: they are called Active Galactic Nué&&N) and are powered
by accretion of matter onto a supermassive black hole (rgnfjom 16 - 1¢°
solar masses). Accretion occurs via an accretion disc fifiateatly converts
gravitational energy into radiation.

Seyfert galaxies are a sub-class of the wide variety of AGNuher classifi-
cation is based on their optical/UV spectra: broad and maemission lines are
both present in Seyfert 1s while only the latters are vidibl8eyfert 2s.

The standard Unification Model for AGN assumes the samerniatatructure for
both Seyfert 1 and Seyfert 2 galaxies (Antonucci 1993), withobservational
differences ascribed to an axisymmetric distribution of,dacated between the
Broad Line Region (BLR) and the Narrow Line Region (NLR), irder to ob-
scure the former, but not the latter. A natural geometrical physical scenario
is that of a homogeneous torus on a parsec scale (Krolik & IBege1988). If
the so-called torus intercepts our line of sight the primamjssion and the BLR
are obscured with a resulting lack of broad lines in the @€V spectrum and
a classification as Seyfert 2. On the contrary, if the nuclsusobscured, the
source is classified as a Seyfert 1 and every component opdatram is visible.
This scenario came into existence after the discovery @rprad broad permit-
ted emission lines in the optical/UV spectrum of one of thighiest Seyfert 2
galaxies, NGC 1068 (Antonucci & Miller 1985; Miller & Antorwgi 1983), sug-
gesting a geometry in which: (a) BLRs are confined in a redftismall region {
light-days) surrounding the central source, (b) theirctirgew (in Seyfert 2s) is
obscured by a flat distribution of distant material coplamitin the disc-plane, and
(c) their line emission is Compton-scattered into the lifsight by a population
of warm electrons extending at large radii above and bel@attretion disc.

A further discrimination among Seyfert 2 galaxies is basedhe column den-
sity of the absorbing circumnuclear material in the torug)(NCompton thick
(N > 10%*cm2) and Compton thin (N < 10?*cm2) AGN. The latter class of
objects have an observed flux much higher than the former ecause the cir-
cumnuclear material becomes transparent to the radiatitimei 2-10 keV band.
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Introduction

In the X-ray spectra the reprocessing of the primary emmsBiom the circum-
nuclear gas gives origin to a cold neutral reflection of thelear radiation and
emission lines, in particular the neutral Fe K

However in the past few years, exceptions to orientatissetainification models
have been found, suggesting the possibility that not alfe3e® galaxies host a
Seyfert 1 nucleus. Indeed, spectropolarimetric surveydfiat only about 50% of
the brightest Seyfert 2 galaxies show hidden broad-linensg(HBLR) in their
optical-polarimetric spectra (Tran 2001, 2003). Seveuthars have suggested
that the presence of BLRs in Seyfert 2s can be linked to thénlosity of the ac-
tive nucleus, and may disappear at low luminosities (Lumsdélexander 2001;
Laor 2003; Elitzur & Ho 2009) , or low accretion rates (Nicas?2000) . In both
cases, the presence of the BLR is not an inescapable fedtalleSeyfert galax-
ies, as postulated by the unification model, but it is tigtithked to a physical
parameter of the AGN, either the luminosity or the accretais.

Furthermore, recent studies on X-ray absorbing columnityectsanges performed
with Chandra, XMM-NewtomandSuzakusatellites ruled out a universal geomet-
rical structure of the circumnuclear absorber, as posdlay the Unified Model.
Absorption variability has been found to be common (almbguitous) when we
compare observations months to years apart (Risaliti 2@02), most notably, on
time scales of hours to days in several sources, such as N&B5GR3saliti et al.
2005, 2007, 2009), NGC 4388 (Elvis et al. 2004), NGC 4151 ¢Pticet al. 2007)
and NGC 7582 (Bianchi et al. 2009).

In the framework of this complex scenario, my work will be fised on the con-
nection between the Hidden Broad Line Region and the aocretite in Seyfert
2 galaxies and on the study of the geometrical structure of galaxies that
showed very peculiar characteristics in their spectraperties. In particular, |
will address two different, complementary, approachesudysthe circumnuclear
medium of AGN: a statistical analysis of a small sample oh@dompton Thin
and Compton Thick Seyfert 2 galaxies and via a detailed Xsp@ctral investiga-
tion of two among the brightest Seyfert 2 galaxies known.

With concern to the former topic we will use the observed ¥{210 keV) con-
tinuum emission as a direct probe of the AGN activity. We atedesample of type
2 Seyfert galaxies with good quality spectropolarimetnd X-ray observations,
for which we can give a good estimate of the mass of the cesiaérmassive
black hole. By doing so, we find evidence suggesting thategicer rate is the
main parameter that sets the existence of HBLRs in SeyfaateXgs, confirming
the model presented by Nicastro (2000) and suggesting sioavof the Unified
Model.

Then we will investigate the geometrical structure of threwwnnuclear environ-
ment in two nearby Seyfert 2 galaxies: NGC 4945 and NGC 4505 wW per-
form a time, spectral and imaging analysis of the X-ray insteucture of NGC
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Introduction

4945, which reveals its geometrical and physical propemigh unprecedented
detail. NGC 4945 hosts one of the brightest AGN in the sky aklt¥y keV, but
it is only visible through its reflected/scattered emissiahow 10 keV, due to
absorption by a column density of N~ 4 x 10°*cm™2. A new Suzakucam-
paign of 5 observations spanning 6 months, together with)dd#1- Newtonand
Chandraobservations, show a remarkable constancy (within 10%)efeflected
component. Instead, Swift-BAT reveals strong intrinsidadaility on time scales
longer than one year. We show that the reflector is at a distar3®-50 pc, well
within the imaging capabilities of Chandra at the distanic@C 4945. Indeed,
the Chandra imaging reveals a resolved, flattened, 150mrdmpy structure,
whose spectrum is fully consistent with cold reflection & grimary AGN emis-
sion. The clumpiness may explain the small covering factrived from the
spectral and variability properties. This study provideslence for absorption
variability at a parsec-scale distance and proves the fuedtal importance of a
broadband X-ray study of AGN.

We will then present a spectral analysis of an XMi¢wtonand Chandra
campaign of the obscured AGN in the Seyfert 2 galaxy NGC 4B0idsisting of
six observations spanning a period of six months. Using thie &d the ACIS-S
CCD cameras, we can detect strong absorption variabilityno@ scales between
1.5 and 4 months in the circumnuclear material through a detgiled spec-
tral analysis. The variation of the absorbing column densithe first one ever
observed on these time scales for this source and it sugipastthe obscuring
material consists of gas clouds at parsec-scale distanice.latk of variability
on shorter time scales rules out the possibility of absorpby broad line re-
gion clouds, which was instead found in other studies of lsinsources. This
shows that a single, universal structure of the absorb#rgfeBLR clouds, or the
parsec-scale torus) is not enough to reproduce the obseoveglexity of the X-
ray absorption features of (at least) these two AGN.

This thesis is divided as follows:

e Chapter 1: a general view on Active Galactic Nuclei and Seyfert Galsxie
is presented, with a description of the physics of accratianfuels this pe-
culiar class of galaxies and determines their emissiortidaéar emphasis
will be placed on the components arising from the reproogssf the X-
ray primary continuum from the circumnuclear matter, siitég the main
focus of this work;

e Chapter 2: the contribution of this work to the subject of a revision loé t
Unification Model of AGN will be presented, with a detailedsdaption
of our study on the relation between the accretion rate aagtbsence of
polarized broad lines in Seyfert 2 galaxies;
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e Chapter 3: the investigation of the circumnuclear structure of AGNIwil
be described, through the X-ray spectral analysis of twghbrgalaxies,
namely NGC 4945 and NGC 4507,

e Chapter 4: a discussion on the results of this work and their outcomes on
the orientation-based Unification Model of AGN will be prets,;

e Chapter 5: future perspectives on the investigation of the complesuri-
nuclear environment of AGN will be discussed.



Chapter 1

Active Galactic Nuclel and their
environment

1.1 Classification of AGN

The term Active Galactic Nuclei (AGN) indicates the compaatl inner regions,
ranging from a few hundreds of parsecs down to the sub-pasfadew percent
of bright galaxies whose energetic phenomena cannot bleuaétd to stellar pro-
cesses.

A supermassive black hole (ranging from®1010° solar masses) is present at
the center of the nucleus, surrounded by an accretion di$etficiently converts
gravitational energy into radiation.

Indeed, this definition includes a wide variety of phenomegyp The resulting
classification is very complex and is mainly based on lumitgpslectromagnetic
spectrum and spatial morphology.

A first classification comes from two main parameters of treegpim of an AGN:

1. Radio Emission: AGN show a large distribution of radid_¢) and optical
(Lo) luminosities with a bimodal distribution of the ratio beten the two
luminosities, withLR 10 as the dividing value. Objects below this value
are called Radio- Qwet AGN, sources Wlthﬁa> 10 are indicated as Radio-
Loud AGN. This last class of galaxies is 10 15% of the totdie Tntense
radio emission in Radio-Loud AGN is believed to be relatethwiie pres-
ence of relativistic, collimated flows of matter (jets). & will investigate
only radio-quiet objects in this thesis, in the following lliMiocus on the
characteristics of this subclass.
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2. Emission lines: in the optical/UV spectrum of AGN emission lines much
more intense and broader than in usual galaxies are usualigpt. They
can be divided into:

e Broad Emission Lines: lines corresponding to permittedditgons
with FWHM of thousands of km3;

e Narrow Emission Lines: lines from permitted and forbiddesmsi-
tions with FWHM of hundreds of kng?

Broad lines observed in the optical/UV spectra of Seyfefagdas have typical
widths of ~ 5000 km s?, but can be as large as 10000 km er more. Such
widths are interpreted as being due to the keplerian vedsottf a large number
of clouds (the Broad Line Region: BLR) rotating around the &t distance of
0.01-0.1 pc (see figure 1.1). The density of this gas is beti¢w be very high, of

the order of 18— 10* cm3, as required by the observed ratio between forbidden

and permitted emission transitions. Still under debatkearigin of these clouds
and several models have been proposed, see Sect. 1.3. The haes have
much smaller widths, typically a few times 100 kit sThis is easily explained
if they are produced by gas (the Narrow Line Region: NLR)Hartaway from
the BH, extending on the 100 pc scale (see figure 1.1), as ditectly observed
in the images. The gas has a density of 2A.0° cm3, lower than that required
for the BLR and low enough to explain the presence of forbidhiees. It is
likely composed by the inner part of the Galactic disc, plastzed by the nuclear
continuum (Bianchi et al. 2006; Bianchi & Guainazzi 2007).

A further classification depends on the presence or absenBeoad Emission
Lines. Two different class of sources can be introduced:

1. Type 1 AGN: Broad Emission Lines and Narrow Emission Liags both
present in the optical spectrum;

2. Type 2 AGN: only narrow emission lines are present.

The column density of the absorbing matter around the demiicieus (I\;) can
be used as a further classification criterium:

1. Obscured AGN: evidence of intrinsic cold absorption ia ¥xray band in
excess to that due to the Milky Way;

2. Unobscured AGN: there is no excess cold absorption in th@band.

A good correlation between this classification and the joevione is observed:
type 2 AGN are usually absorbed, while type 1 AGN are not. Aghthre un-
obscured AGN a further discrimination can be introducecenei classified as
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1.2. Fueling the central engine

type 2 AGN, these objects have a nuclear luminosity which maycompletely
absorbed in X-rays by the circumnuclear material. The Yailhg classification is
based on the column density of the absorbing circumnucledenmal in the torus

(Nw):

e Compton Thin sources: present a typical N < 10?4 cm2. They have a
nuclear flux much higher than a Compton Thick object’s oneabse the
circumnuclear material is transparent to the radiatiomé2-10 keV band.

e Compton Thick sources: present a typical N > 10°4 cm™2. Most of the
radiation coming from the inner part of the galaxy is absdrbgthe torus.

1.1.1 Seyfert Galaxies

This class of AGN shows a nuclear luminosity not exceedimgghbst galaxy’s
one,L < 10* erg/s.

Most of Seyfert galaxies are nearby (X 1) spiral galaxies (Adams 1977). From a
spectroscopic point of view they show strong emission laras faint absorption
lines.

Like all other AGN Seyfert Galaxies are divided in two sulsskes based on their
optical/ UV spectra: Seyfert 1s show both broad and narrowgson lines, while
only narrow lines are visible in Seyfert 2s, with intermedielassifications of 1.0,
1.2,1.5and1.8,1.9and 2.0.

The Unification Model (Antonucci 1993) postulates that the tlasses are intrin-
sically the same, their observational differences beirglgalue to the presence
of cold, absorbing gas along the line of sight. This matesalsually supposed
to be a molecular torus surrounding the accretion disc am@tbad Line Region
(BLR). If the torus intercepts the line of sight, the primamission is obscured
and broad lines are invisible: only narrow lines, producatsiole the torus, are
present in the spectrum, leading to a classification as &8&yfOtherwise, every
component of the spectrum is visible and the source is fiedsis a Seyfert 1.

1.2 Fueling the central engine

One of the main characteristics of AGN is their extreme |uwsities, typically
ranging between ¥ and 108 erg s* and produced in a very small region. Since
the first quasar’s (3C 273) redshift was measured in 1963 bgteda Schmidt
(Schmidt 1963) great efforts have been spent in understgmanat mechanisms
could be involved in producing such a great amount of raglaith such compact
regions, without exceeding the Eddington luminosity tokte process effective.
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Figure 1.1: A cartoon illustrating the Unification Model. Credit: M. Petta,
Laurea Thesis, 1996, adapted from Urry and Padovani, 1995

The extreme compactnedd (R) of the nuclei of active galaxies leads almost un-
ambiguously to postulate the presence of supermassivk btdes (SMBHS), in
the range 19— 10°M,.

In the following we will discuss the process of accretiomught to be responsible
for fueling the central engine of AGN and compact systemseinegal, through
the conversion of gravitational energy into radiation.



1.2. Fueling the central engine

1.2.1 Accretion efficiency

The mechanism of accretion on a supermassive black holdécsbewery efficient
in order to produce such high luminosities in active galaxi¢f the energy is
converted so thd = ymc, the efficiencyy needs to be very high. If we consider
the standard nuclear processes that fuel stars we can aaly e&emaximum value
of n=0.007, in the case of Hydrogen burning. In the following wi# show that
the process of accretion can reach 0.42.

Let us consider an object with masswhich is falling onto a much more massive
body with mass\.. If the object of masmis in a free-falling regime from infinity
it gains kinetic energy at the expense of gravitational g@neif we consider a

proton with massn, :

1
EmIOV%f =

When matter reaches the surface of the compact object &iargrgy is trans-
formed into heat, with a consequent irradiation. If the ation rate ism, the
kinetic energy dissipation l};m\ﬁff and hence the luminositl, = ‘fj—'f is:

GMm,

(1.1)

1. Mr

- (1.2)

It is convenient to introduce the Schwarzschild’s radiusdio object with mass

M:
_ 2GM

CZ
which corresponds roughly tox310" ¢cm or 0.01 light days for a M, black
hole. Inserting s in the expression 1.2 we get:

: (1.3)

I's

1. ,r15
L= Emc?(?) (1.4)

Defining 5 = 5, then:
L = nmc. (1.5)

It would then seem natural to assume that the accretion exffigi reaches its
higher values in the vicinity of a BH. However, this is not assarily true, be-
cause BHs do not have a surface and the accretion mechanistrbminduced
by the presence of an accretion disc of gas rotating arounBlth

The value of the efficiency factaris of the order of 0.1 for a neutron star and it is
very easy to show that it is proportional to the compactnésiseohidden object.
Considering a spinning BH, with a non null angular momenttime, accretion
takes place not beyond the so called 'radius of marginalilgialn s Since fs

in a Kerr metric is strongly dependent from the BH spin we have 0.06 for a

9



Chapter 1. Active Galactic Nuclei and their environment

non-rotating BH andy ~ 0.42 for a maximally rotating BH. We refer the reader
to Shapiro & Teukolsky (1983) for a very elegant mathemaaparoach.

1.2.2 The accretion disc

Accretion via a disc consists in the extraction of energy angular momentum
from a distribution of matter gravitating around a centradlyp by letting it slowly
spiraling inwards. An accretion disc configuration canyfulescribe the loss of
angular momentum and the conversion of gravitational gnietg radiation. The
main physical driver of such phenomenon is the viscositsiragifrom the differ-
ential rotation in the annuli of the disc. This topic has bestely discussed and
debated in the past, presented for the first time by Shakurar§&ev (1973) and
reviewed by Pringle (1981) some years later. We will refeintyeo these works
in the following sections.

1.2.3 Eddington Luminosity

In order to have a stable system, the outward force due tcattiation pressure
cannot exceed the inward gravitational force. The outflgwiax of energy at a
distancer is F = L/4nr?, whereL is the luminosity (erg/s) of the source. Since
the momentum of a photon with ener§y= hv is p = E/c,the total outflowing
momentum will be:

—F_ _L
Prad = c  4ar’ct

The outward radiation force on a single photon can be obdammeltiplying P,aq

times the interaction cross section of the photon:
L

T anrac

where o is the Thomson cross section. The gravitational force oncéopr

electron couple by an object with malskis:

-GM(m, +mg) —-GM
Fora = R i) (L.7)
Since the gravitational force acting on the gas has to balanexceed the out-

flowing radiation force to keep the system stable, from aqoat.6 and 1.7 we
have:

Frad = (1.6)

|Frad| < |Fgrav|
L GMm,
<
Teharec = 12

10
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4rGemy

Ledd < M =~ 1.26 x 10°4(M/M,) erg/s (1.8)

e

The equation 1.8 is known d&ddington luminosityand it can be used to deter-
mine the minimum massMgqq) to produce a luminositygqq. The Eddington
luminosity can also be interpreted as the maximum lumigasita source with
massM fueled by a spherical accretion.

1.2.4 Radiatively-inefficient discs

A fundamental parameter is the accretion maten the so-called standard model
for accretion discs (Eqg. 1.5). The physical scenario foretaan discs, presented
in Shakura & Sunyaev (1973), stands true for accretion mraés$oo high or too
low with respect to the critical valuey, (typically ranging between 0.14h,),
corresponding to the Eddington luminosity. The fact thacklholes do pos-
sess an event horizon instead of a hard surface leads to & fahsolutions
where a significant fraction of the dissipated enddfiR) is advected through the
event horizon. Among this class we find Advection Dominatedration Flows
(ADAFs: Ichimaru 1977; Abramowicz et al. 1995) models, alsed to explain
the emission from the Galactic Center (Narayan et al. 1995 radiative effi-
ciencyn becomes rather low in both cases where< m, or m > m. In the
former case the accretion rate is sufficiently small thatfiewing gas has low
density and it is unable to cool down, all the energy residehe ions and the
coupling to electrons is so weak that very little radiatisremitted. In the lat-
ter case the accretion rate and gas density are so high thflbtin is extremely
optically thick and radiation cannot escape, being dragimun the black hole,
producing a sub-Eddington luminosity.

1.3 Geometry of the inner structure: is the Unifica-
tion Model still valid?

The unification model for active galactic nuclei (AGN) ineska paradigm for
Seyfert 2 and Seyfert 1 galaxies (Antonucci 1993) in whicb tifferent types of
galaxies are believed to be intrinsically the same but gifieservationally, due
to orientation effects only: Seyfert 1 galaxies are obsgelow angles (face-
on) while Seyfert 2 galaxies are seen edge-on through lastyenn densities of
obscuring material, which prevent the direct view of theleacregions of these
sources.

This scenario was first proposed after the discovery of padrbroad permitted
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emission lines in one of the brightest Seyfert 2 galaxiesCNIB®68 (Antonucci &
Miller 1985; Miller & Antonucci 1983), suggesting a geomein which:

e BLRs are confined in a relatively small region ljght-days) surrounding
the central source;

¢ their direct view (in Seyfert 2s) is obscured by a flat disttibn of distant
material coplanar with the disc-plane;

¢ their line emission is Compton-scattered into the line ghsdirection by
a population of hot electrons extending at large radii aksowe below the
accretion disc.

The key ingredient in such a model is therefore the geonatstoucture of the ob-
scuring medium. The need for a axisymmetric, toroidal stmecof the absorber
was initially inferred from the polarization of the refledtbroad lines and from
the measured polarization angles. If we had a simple cloutbehe line of sight,
reflection should come from all directions and hence thd patkarization should
be zero, by averaging from all angles. To break the symmétityeopolarization
angles the absorbing structure should prevent the nudtgdartd be scattered in a
significant range of angles: a "torus” is the natural configion that can take into
account this effect (Fig. 1.1).

The size of the toroidal absorber was initially postulatetde on the parsec scale
(Krolik & Begelman 1988). Such typical size was simply imét by the need for
the absorber to be large enough to obscure the BLR, whichyife@auclei has a
size well below a parsec, but small enough not to obscure énelN Line Region
(NLR), which is distributed on the 10-100 pc scale. If thegoriof the NLR can
be ascribed to photoionization from the nuclear UV/X raytaarum hidden from
our line of sight from the torus we should expect it to havecabical morphology
(Pogge 1988; Tadhunter & Tsvetanov 1989). Indeed, higHuen and narrow
band imaging revealed such ionization cones in many nea@iy fe.g. Wilson &
Tsvetanov 1994; Bianchi et al. 2007; Barbosa et al. 2009refiedences therein).
The opening angle of the cones gives the fraction of the sttgtdm to our line of
sight, which is roughly in agreement with what inferred frime relative fraction
between type 1 and type 2 AGN in the local universe (MaiolinRi&ke 1995).
Since the first seminal models proposed to describe the gghgbthe toroidal ab-
sorbing medium many theoretical works have been proposegptoduce all the
observable properties. Instead of assuming a simple umitbstribution of gas
and dust within a parsec-scale radius (e.g Krolik & Begelt@88; Pier & Krolik
1992) alternative models suggested more extended geesyaip to 100 pc, to
explain the observed infrared spectral energy distrilbbu¢ranato et al. 1997).
Recently the hypothesis of a uniform gas and dust distobutias been revised,

12



1.3. Geometry of the inner structure: is the Unification Mad#l valid?

in favor of a clumpy structure of the absorbing material (FIg2 and Elitzur &
Shlosman 2006; Nenkova et al. 2008; Honig & Kishimoto 2010)

While the presence of non-spherically symmetric absoragexplanation for the
type 1/type 2 dichotomy remains still valid, throughoutylears observational ev-
idence showed that the geometry of the absorbing matenalich more complex
than the one postulated by the Unification Model. A uniforingke absorbing
medium is likely not enough to explain all the observaticieaitures of a AGN
and hence multiple absorbers should be present around ritr@lcgource, possi-
bly distributed on different physical scales.

| toobserver | toobserver

Rd Ro

Figure 1.2: On the left panel the clumpy model for dust clouds with indual
optical depthr, in a fixed toroidal volume is shown. The inner radit)(is
determined by the dust-sublimation temperature. On the pgnel the clumpy
model where the dust clouds are not bound in a fixed volumea#ishFor this
particular geometry, there is a small, non-zero probatitiait a dust cloud may
obscure the BLR when the incident angle of the observer is iE#Qure adapted
from Nenkova et al. (2008).

1.3.1 Alternative Models

The important successes of Unified Models, together witlexigtence of a num-
ber of observational data which remain to be explainedifyusli the efforts that
have been spent to propose a number of alternatives. Amamg, tbne of the
most promising is the one discussed by Elvis (2000). In tlop@sed scenario,
gas is thrown off the accretion disc vertically in a narroméaf radii. As this
wind is hit by the inner primary radiation it bends radiallyteard, forming a
funnel-shaped thin flow that can substitute the torus arnerethis possibility to
explain many other features observed in AGN (see Fig. 1tBdrder to produce

13
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GEOMETRY TAXONOMY
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Figure 1.3: A cartoon depicting the alternative Unification Model prepd by
Elvis (2000). The figure is divided in four quadrants whidhstrate (clockwise
from top left): the geometrical angles involved in the stase, the resulting clas-
sification for a distant observer, the outflow velocities éach line of sight and
typical radii and column densities (from Elvis 2000).

them, the wind, arising radially from the disc, should bentix@rd to a cone an-
gle of ~ 60 deg with a divergence angle f6 deg, ensuring a covering factor of
~ 10%.

Several other exceptions to orientation-based unificatiodels have been found
in the past few years, suggesting the possibility that i@eyfert 2 galaxies host
a Seyfert 1 nucleus. Indeed, spectropolarimetric survagdiiat only about 50%
of the brightest Seyfert 2 galaxies show hidden broad-leggans (HBLR) in
their optical-polarimetric spectra (Tran 2001, 2003). €&al authors have sug-
gested that the presence of BLRs in Seyfert 2s can be linkégetluminosity of
the active nucleus, and may disappear at low luminositisedden & Alexander
2001; Tran 2001; Gu & Huang 2002; Martocchia & Matt 2002; T2&®3; Laor
2003; Elitzur & Ho 2009) or low accretion rates (Nicastro @p0licastro et al.
2003; Czerny et al. 2004) . In both cases, the presence ofltRei8not an in-
escapable feature of all Seyfert galaxies, as postulatédeoynification model,
but it is tightly linked to a physical parameter of the AGNther the luminosity
or the accretion rate.

One interesting model is the one proposed by Nicastro (2088)roposed that
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1.3. Geometry of the inner structure: is the Unification Mad#l valid?

Sub-Eddington:
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Figure 1.4: The relationship between the accretion rate (in the ramgg¢m)—10)
and the expected FWHM(;,q) (solid, thick curves) and FWHM/{.,) (dashed,
thin curves), fom = 10°, 107, 1%, 10° is shown. At the bottom of the plot the
four horizontal lines indicate these valueswfi,(m), from (Nicastro 2000).

a vertical disc wind, originating at a critical distance lretaccretion disc, could
be the origin of the Broad Emission Lines and that their wsdire the Keplerian
velocities of the accretion disc at the radius where thighvanses. The disc wind
forms for external accretion rates higher than a minimunuevddelow which a
standard Shakura-Sunyaev disc is stable and extends dothe tast stable or-
bit. The transition radiusy,,, derived by setting equal the radiation pressure at
I < ryan @and the gas pressurerat ry4n, in a standard SS-disc, can be expressed
as a function of the accretion rate:

1 16/21
wherem = M/M;, of the accreting sourcd, = f(r) = (1 -r°°) are the boundary

conditions at the marginally stable orhih = M/Mgqq. They assumed constant
values for radiative efficiency = 0.06 and viscosityr = 0.1. Equation 1.9 allows
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Chapter 1. Active Galactic Nuclei and their environment

us to define the minimum external accretion rate needed foeranally unstable
radiation pressure dominated region to exist. At loweretoon rates a SS-disc is
stable down to the last stable orbit: all the available epergissipated in the disc
and no radiation pressure supported and driven wind is g&agkr The transition
radius is a function of the accretion rate, and becomes enthtn the innermost
stable orbit for accretion rates (and therefore lumines)tiower than a threshold
that depends weakly on the BH mass. Weak AGN should, thexdemrk the BLR
(Fig. 1.4).

1.4 The continuum emission

AGN shine over~ 10 decades of the electromagnetic spectrum, from the radio
to the gamma rays and in most of this wide energy range thetharberightest
objects in the sky. In the following sections we will deseriihe Spectral Energy
Distribution (SED, shown in Fig. 1.5) of Seyfert galaxiesthe different energy
bands of the electromagnetic spectrum. It should be notgdltle following de-
scription applies well to all radio quiet AGN, once accoutfiar the characteristic
properties of each subclass. Moreover, the same consarelatids true for radio
loud objects (at least those not dominated by jet emissew®n if, in this case,
the differences are clearly better defined in some electyoetsc bands, such as
the radio emission, naturally larger in this class, andythay spectrum, typically
observed only in blazars.

1.4.1 Optical/lUV

The dominant feature in the UV/optical spectra of AGN is tigelidue bump, as
we can clearly see in Fig. 1.5 and 1.6, which can be attribid¢dermal emis-
sion from a plasma at a temperature in the rang&!1k. The peak energy is
around the Lyman edged & 1216A), and the spectrum can be well approximated
by a power law both at lower and higher frequencies. The eomgsom an op-
tically thick and geometrically thin accretion disc for a BM should peak in
the UV (its temperatures are expected to be of the order #€° K.). The big
blue bump is therefore most likely ascribed to thermal eimisfrom the accre-
tion disc. However, this association is not evident, sif@edxact shape of the
optical/UV continuum is often strongly contaminated byrlgght from the host
galaxy, absorption by intervening materials and reddehindust. Moreover, the
superposition of the broad emission lines in this energgeamakes this analy-
sis very complex. In particular, a set of blended Balmer amdl Emission lines
together with the Balmer continuum make up the 'small bluaptiwhich alters
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1.4. The continuum emission
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Figure 1.5: A typical Spectral Energy Distribution (SED) for a radio guAGN
is shown. The y axis is arbitrarily normalized, data wereetakkom (Elvis et al.
1994), together with an extrapolation in the 'gap’ (see textetails).

the shape of the underlying continuum in the range betw@890 A and 4000 A
(see figure 1.6). It should also be remarked that in the exndtnaviolet our own
Galaxy is opaque and no data are available in that 'gap’ (geefil.5).

1.4.2 Infrared

The integrated IR emission (2-2@@n) accounts, on average, for the30% of
the bolometric luminosity and it is believed to be mainly dogeprocessing of
the primary radiation from dust. The presence of the IR bumith a minimum
around m (see Fig. 1.5), is ubiquitous in AGN (Sanders et al. 19834t al.
2005) and it leads to the conclusion that the emission musitdrenal, since the
required temperatures are in the right range000K) for hot dust in the nuclear
regions (at higher temperatures dust grains would subdimdihe submillimeter
break at the end of the far-IR band (see Fig. 1.5) can be easibnciled with
the rapid loss of efficiency of dust grains at long waveleagithis would explain
the sharp cutoff observed just short ward of 1 mm. A sublioratadius can be
defined as the minimum distance from the AGN at which grairs given com-
position can exist. Indeed, in the clumpy torus model preddsy Nenkova et al.
(2008) the inner radius of the torus is defined by the dusimaion temperature
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Figure 1.6: Merged UV/optical spectrum of the Seyfert 1 galaxy Mrk 33%a-M

jor emission features are labelled and the small blue bumpbeaseen between
2000A and 4000 A (from Zheng et al. 1995)

Tsupas follows:

L )0.5( 1500 K)z.e oc (1.10)

wherelL is the intrinsic AGN luminosity and J is typically in the range 1000-
1500 K. In more luminous AGN, Rincreases, and hence the opening angle of
the torus must also increase. This leads to a luminosityrigece on the ob-
served Sy1-Sy?2 ratio: this is often referred to as the regptbrus (Lawrence
1991; Simpson 2005).

The reprocessing dust model is also supported by infraredbibty. A opti-
cal/UV variation should be followed by an IR variation, buithva significant
time delay due to the larger scale where the dust is dis&tbuln the particular
case of Fairall 9 this is exactly what was observed: a delaymeasured of about
400 days (Clavel et al. 1989). This means that the minimurtance of dust is just
below a parsec or so, in extremely good agreement with theateg sublimation
radius for an object of such luminosity. The emerging sdenara nucleus where
the UV/optical continuum fully depletes the dust up to thielsnation radius. Be-
yond this radius, the same radiation heats the dust to a witgerof temperatures
(depending on the distance from the central source), piodube observed IR

Ry ~ 0.4 (
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1.4. The continuum emission

bump around 10-3@m. It should be noted, however, that a significant contri-
bution of starlight to the dust heating has been proposedcesly in the far IR
band (Prieto et al. 2001).

1.4.3 Radio

The radio emission, in Seyfert galaxies, contributes véig to the bolometric lu-
minosity; the luminosity can be 5-6 orders of magnitude lotivan the UV/optical
continuum. The emitting region is usually very compact idioaquiet AGN, the
radio spectra are very flat and become steeper at shortetengties (see Lal &
Ho 2010, and references therein). This a typical charatterf non-thermal
emission and hence synchrotron radiation is generallyked@s the mechanism
responsible for the radio continuum. The flatness of theoragectrum can be
ascribed to a complex source structure and the presencerdféquency cutoffs
found in some objects can be explained in terms of synchictedf absorption,
even if the frequency dependence is not as steep as it sheuld b

The search for intrinsic differences between the radio @rtigs of Seyfert 1s and
Seyfert 2s is still essentially inconclusive. In particuitais not clear why the
powering mechanism of radio loud AGN (ultra relativistieerons in jets) is so
weaker in radio quiet sources.

1.4.4 X-rays

The X-ray properties of AGN have been intensively studiethmlast 25 years,
since the first X-ray missions in the mid-1970’s. In the fallng we will discuss
the main physical mechanisms in this energy range and trerdinal features
that can be investigated, focusing our attention on botlwiesl and unobscured
objects.

The primary emission

The primary X-ray spectrum of Seyfert galaxies is a simplegdaw with spec-
tral index 1.8-2.0 and a high-energy cutoff around 100-280 kPerola et al.
2002). In AGN, a radiatively-efficient accretion disc cahaocount directly for
the hard X-ray emission, since it mainly radiates in the W#/X. After the sem-
inal work by Shakura & Sunyaev (1973) the most promising pafsnechanism
to produce such components is Comptonization of UV seed®pb@roduced by
the disc in a surrounding hot 'corona’ (Liang & Price 1977ahg 1979), possibly
due to magnetic fields from the body of the disc itself (Ha&daraschi 1991,
Zdziarski et al. 1994). The 'two-phase’ model assumes awg@hdgeometry
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Chapter 1. Active Galactic Nuclei and their environment

where the hot corona (dominated by electron-positron paiteermal equilib-
rium at a temperatureg) completely embeds the accretion disc, in this scenario
the high-energy cutoff naturally arises as a function gf The optical depthr
of the corona is defined by the compactness paramevtenith depends on the
height scale of the corona, the accretion disc radius andweeall luminosity of
the object. The inverse Compton scattering of the UV seetbpisemitted by the
underlying disc on the hot electrons produces a X-ray posawispectrum, which
photon index is a function only ofslandr.

However, this simple model fails to reproduce the observeadyXspectra, since it
is required that most of the gravitational energy must bsipiéged in the corona
rather than in the disc, implying a X-ray luminosity comgaesato the one emit-
ted in the UV band. It has been shown that, on the contrary, Wwwnosity are
much larger (Walter & Fink 1993). More complex geometriegdhaeen therefore
proposed. For instance, Haardt et al. (1994) proposed arelaged a 'patchy
corona’ model, where hot electrons partially cover the disd are not distributed
uniformly around it. The emission from the regions of thecdisider the active
clouds is then effectively dominated by the radiation pastlby the corona, but
the rest of the disc simply radiates as if the corona were restgnt.

The reprocessed emission

The interaction between the disc and the corona is a fundamiegredient of
the two-phase model. A substantial fraction of the X-raytphe (actually half
of them in the plane parallel limit, if the corona emissiorisstropic) is emit-
ted in the direction of the accretion disc again. A large nendf these photons
are absorbed by the disc and then re-emitted as black bodticend contribut-
ing once again as the seed photons to be Comptonized by tbeacoAnother
fraction of the X-ray radiation interacting with the disacG®mpton scattered and
adds to the primary spectrum emitted by the corona. Thissgige to a char-
acteristic reprocessed spectrum, very dependent fronotheation state of the
disc. If it is highly ionized, Compton scattering becomes thain interaction
mechanism, leading to a power law spectrum indistinguighiabm the primary
nuclear continuum. On the contrary, if matter is mostly reutphotoelectric-
absorption prevails at lower energies (Guilbert & Rees 128htman & White
1988). This last process is responsible for an emissiontigpeavhere fluores-
cent narrow K lines from the most abundant metals are detected. The &sbng
emission line is produced by iron, at 6.4 keV if the matter wstty neutral, and
up to 6.68 and 6.97 keV from more ionized material. This linenes together
with a sharp ionization edge at 7.1 keV, which accounts ferabsorbed photons
above the photoionization threshold for neutral iron (gmergy clearly shifts to
higher values for ionized iron). Photoelectric absorpi®an energy-dependent
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Figure 1.7: Top panel Reflection of a power law X-ray spectrum from an op-
tically thick neutral material. The incident continuum Isogvn as a dashed line,
while the straight line is the reprocessed spectrum, incgithe Ka lines from the
indicated elements, from (Reynolds 1998ottom panel The broadband spec-
trum of a Seyfert 2 galaxy. The primary continuum (greenkiavily absorbed by
a column density N> 10?* cm™2, identified as the putative torus, partially block-
ing the line of sight. This material is responsible from tlearty neutral X-ray
reflection (blue) from the visible side of the torus. Since ghimary continuum
flux is much lower with respect to unobscured objects sewsragsion lines due
to photoionized gas are detected (red), from Fabian & Min{2005).

process, so that incident soft X-rays are mostly absorbbde\ward photons tend
to be Compton scattered back out of the disc, producing asbrtmp peaking at
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Chapter 1. Active Galactic Nuclei and their environment

~ 30 keV (George & Fabian 1991; Matt et al. 1991). The typicabX-reflection

spectrum from a neutral and uniform density semi-infinigds¥f gas is shown in
Fig. 1.7 (top panel), where several emission lines are ptdssdow 10 keV and
the Compton hump can be seen above 20 keV.

The soft excess

A soft, quasi-blackbody excess is often observed in theggnmange below 1 keV
in most spectra of Seyfert 1s. For a very complete review mstlibject we refer
the reader to Fabian & Ross (2010). So far, we described #reaso where the
irradiation is weak and the gas dense, so it remains newtnath is unlikely in the
innermost regions of an AGN. It is expected that the irradafrom the corona
is intense enough to ionize at least the surface of the asoriédw. There might
also be sufficient radiation intrinsic to the accretion fl@ag( thermal black body
emission) which also ionizes the matter. Ross & Fabian (L88Rulated X-ray
reflection spectra taking into account different paransetérthe accretion disc,
such as ionization state and temperature. In Fig. 1.8 we shazed reflection
models calculated for different accretion rates (15%, 20%8% and 30% of the
Eddington limit), for a 18 M,, black hole. Several models have been proposed
in the last few years but the origins of such spectral featureéhe soft X-rays of
AGN are still under debate. A blurred ionized reflection hasrbproposed by
(Crummy et al. 2006): the soft X-ray lines in the reflectioesjpum at standard
solar abundances might overlap each other so that theyistiaally blur into a
mildly-structured soft hump. In this scenario the soft ¥gahould be linked with
the hard £10 keV) X-rays and reflection components; i.e., a broad irmaand a
bump at~30 keV, are expected. Other authors proposed that the szEtssxould
result from warm Comptonization in an optically thick plasifPetrucci et al.
2012; Done et al. 2012). In this case, a correlation betweel/i/ and soft X-ray
emission is expected. Finally, the effect of partial covgiibnized absorption can
also account for part of the observed soft excess withoutireg material to be
moving at extreme velocities (e.g. Miller et al. 2008).

1.5 Signatures of the circumnuclear environment

Most of the emission from AGN is somewhat, or at least in paloscured. In
the local universe optically obscured type 2 AGN outnumbehscured type 1
AGN by a factor~ 4, as shown by Maiolino & Rieke (1995). Moreover, heavy
absorption in the X-rays is very common, since about halfiefdptically selected
Seyfert 2s in the local Universe are Compton-thick (Maiolet al. 1998).

22



1.5. Signatures of the circumnuclear environment
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Figure 1.8: : lonized reflection models calculated for different adomtrates
(15%, 20%, 25% and 30% of the Eddington limit), for a8 1a, black hole.
Solid curves show the spectrum emerging from the surfa flmy each model.
Dashed and dotted curves show the illuminating hard spmacfeupower-law of
photon index 1.8) and the soft spectrum entering the sutéa@s from the disc
below, respectively. From Ross & Fabian (1993).

The geometry of the different absorbers distributed aratiedcentral engine is
therefore crucial for the understanding of the mechanisrasfuel AGN. In the
following we will describe the different emission featurfesm the reprocessing
of the nuclear radiation from the circumnuclear absorbirgemal.

In the previous sections we showed how reflection in X-ragsiesto photoelectric
absorption (dominant below 4 keV) and Compton scattering (dominant frem
7 keV up to~ 30 keV). The X-ray properties of obscured AGN strongly debem
the amount of absorbing column density: column densitieseds;* = 1.5x 1074
cm2 (i.e. when the optical depth for Compton scattering equailyicompletely
block the X-ray primary emission up to 10 keV or more and theseis classified
as 'Compton-thick’. Column densities below this value (bt in excess of the
Galactic one) produce a photoelectric cutoff at energiewdsen 1 and 10 keV
and in this case the object is classified as 'Compton-thinhe@vise, the source
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Figure 1.9: The X-ray spectrum of an obscured Seyfert Galaxy, for daffier
column densities of the absorber, assumed to form a geaakgrihick torus
(from Matt et al. 2003).

is completely unabsorbed and the spectrum unaltered. InFE#the emerging
X-ray spectra for different absorbing column densitiesloaiseen.

1.5.1 The reflection component

In Sect. 1.3 we described how, after the discovery of padarizroad lines in
the optical spectra of NGC 1068 (Antonucci & Miller 1985; Mil & Antonucci
1983), a torus was proposed as the most natural configurfatiadhe circumnu-
clear absorber. If such torus is Compton-thick, it couldrzirectly observed even
if it does not intercept the line of sight. In fact, part of theclear radiation could
hit the inner walls of the material and then be scattered tdsvine observer. The
reprocessed spectrum should have the same shape as theoBoeileiction com-
ponent produced by the accretion disc. In Fig. 1.10 sevefigation spectra are
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Figure 1.10: The reflection spectrum from the torus for different colunemsi-
ties: 2<10°2 cm~2 (dashed line), 10%° cm? (dotted—dashed line) xA0?* cm2
(dotted line), 210?° cm~2 (solid line). The torus is assumed to be face-on, illu-
minated by a power law with photon index 2 and exponentiabftatt 100 keV
(from Matt et al. 2003).

calculated as a function of the column density of the tonesnf2<10?? cm™2 up
to 2x10?° cm 2. However, as we will see in the next sections, both Compim-t
and Compton-thick absorbers can co-exist in the same sasgrakkeady observed
by several authors, e.g in NGC 1365 (Risaliti et al. 2005) N\&300 (Guainazzi
2002), UGC 4203 (Guainazzi et al. 2002) and NGC 5506 (Biaathai. 2003).
Matt (2000) proposed a model where the torus is assumed skwde Compton-
thick, while Compton-thin absorption comes from large e¢hlindred of parsecs)
dust lanes, like the one observed with the HST by Malkan €1.8B8).

1.5.2 The lIron Ka

The optically thick material surrounding the central nuelés also responsible for
emission lines due to fluorescence. If an X-ray photon hasargg higher than
the binding energy of the K-shell electrons of an ion, onénefit can be expelled
via photoelectric absorption. The vacancy is then filled hyetectron from a
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Chapter 1. Active Galactic Nuclei and their environment

different outer shell, with the release of a new photon, vehasergy is equal to
the difference between the two shells, or giving the sameuamof energy to
another electron (the so called ‘Auger effect’). If the élen came from the L-
shell, the emitted photon is calledxkand the transition is that with the highest
probability to occur; if the original shell was the M, thengdtion is called I8.
Both transitions are doublets, because of spin-orbit ¢dogpffects. The total
probability that the de-excitation happens via the emissica photon, whatever
the transition, is called ‘fluorescent yield’, rising furmt of the atomic number
Z (Bambynek et al. 1972). Iron is by far the most abundant ajrtbe heavy
elements (e.g. Anders & Grevesse 1989a), because it repsdbe final stage in
thermonuclear fusion. ThereforeaKron lines are very prominent and crucial in
a great variety of astrophysical sources.

The relevant energies for neutral iron are 6.391 and 6.4¥faethe Ko, and
Ka, emission lines, respectively (Bearden 1967). The separafithese energies
is smaller than the best energy resolution available ingmieX-ray satellites, it
is then customary to adopt the value of 6.400 keV, as the meaghted on the
probability ratio 1:2 between the two transitions. Analogly, the weighted mean
for the KB doublet is 7.058 keV (Bearden 1967).

The Equivalent Width

The Equivalent Width (EW) of an emission line is defined as:

_ (FL(E) - Fc(E)
EW = f = UE (1.11)

whereF_(E) is the observed flux of the line, whilec(E) is the corresponding
continuum level at the same wavelength. It strongly dep@mdthe underlying
continuum and therefore, for a given incident spectrumejtahds only on the
physical properties of the material that produces the lineseveral type 1 AGN
the Iron Ka line is believed to be produced in the accretion disc. In theving
we will briefly outline the main key parameters such as thewggoy of the disc
and the ionization structure of the emitting gas.

Let us assume a geometry with an accretion disc illuminaged-$gsotropically
from above: it is clear that when the material is seen edgrefW of the line
is fainter than if it were face-on. The equation (from GHisekt al. 1994) that
describes the dependance from the angle cosi between the normal to the
reflecting surface and the line of sight can be written as :

EW(u) = El\r/]%; Iog(l + %) (1.12)

This is due to the different projected areas in the two casds@the fact that,
in the latter, the emitted photon would have lower probtibgito be absorbed
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Figure 1.11: The EW of the iron line as a function of the inclination angfe o

the accretion disc, for incident power law photon index obiti the top) 1.3, 1.5,

1.7, 1.9, 2.1 and 2.3. The assumed geometry correspondsli¢see George &

Fabian 1991, for details).

and/or scattered again. If both the line and the Comptonctedlecomponent are
produced by the same material, the EW of the iron line shooidetate almost
linearly with the amount of reflection, which is typicallygessed in terms of the
solid angle R£2—2n subtended by the reflector. In Fig. 1.11 the reader may fing tha
for a face-on disc with R=1, typical values for the iron lin&/E&re about 150 eV,
decreasing for larger angles and higher photon indexes.ioFization structure

of a material can be described by the ionization parameteichnexpresses the
balance between the photoionization and the recombinedien

_47TF

- (1.13)

whereF is the incident flux and the hydrogen number density. Matt et al. (1993,
1996) have performed detailed calculations on the repseckspectrum as a func-
tion of the ionization parameter of the reflecting materiabr ¢ < 100 erg cm
s1, we are in the 'cold’ reflection regime, with an Iron line a#&eV. When
100 < ¢ < 500 erg cm ', the available iron ions are Kell-Fexxii. In this
range the L-shell vacancy allows the resonant absorptidgheoKa photons and
the following de-excitation. The process of absorption es@mission (the so
called 'resonant scattering’) will eventually end in a lagghe photon through
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Figure 1.12: The EW of the iron line against the reflection continuum onlyger
data) and the total continuum (lower data) as a function efcthiumn density of
a face-on torus (from Matt et al. 2003).

the Auger effect, except for a very tiny fraction of the ialtline flux. There-
fore, the resulting EW is very weak. For 560 ¢ < 5000 erg cm &, iron is
mainly Fexxv -Fexxvi: resonant scattering is still effective, but line photors a
no longer lost, because the lack of L-shell electrons prsvére Auger effect to
occur: strong lines at 6.68 and 6.97 keV are produced. Inridewhen the value
of the ionization parameter is even larger, iron ions arepetely stripped and
no line is expected.

All the above discussion is still valid if the iron line is ghaced by the torus
instead of the disc, the main differences being in the radic effects which will
be treated in section 1.6 for the standard accretion disc.

In heavily obscured sources N> 10?* cm2),where the primary continuum is
completely absorbed well above the iron line energy, the EWi@Iron Ka line
usually ranges betweerl-3 keV. In less obscured sources, it depends on the frac-
tion of the intrinsic continuum emission absorbed at the énergy, for N < 107
cm 2. It is useful to note that iron lines with EWs of about 100 e¥ aot nec-
essarily produced by a Compton-thick material, as showngurd 1.12, where
values for Compton-thin matter are shown. The same figuadithe expected
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EWs as calculated against the reflected continuum only, veithes easily over-
exceeding 1 keV.

A significant fraction of photons produced by the fluores@mission of an iron
Ka line can be Compton scattered once or more before escapimgiie material
where they are produced. This phenomenon has been wideliedtun the past
and it can be observed as a series of 'Compton Shoulders’eorethside of the
line core (see Matt et al. 1991; George & Fabian 1991, Leahyd&idhton 1993;
Sunyaev & Churazov 1996). We refer the reader to Matt (200Bgre the au-
thor extensively described the case of a single scattettiegfirst order Compton
Shoulder, which is by far the strongest.

1.6 The profile of the Iron Line

The iron line profile is intrinsically narrow, apart from thatural thermal broad-
ening (much lower than the resolution of X-ray instrumersyl the Compton
Shoulder described above. However, if it is produced in teeedion disc (as ex-
pected: see section 1.4.4), a number of effects contribdtege a peculiar profile
(see Fabian et al. 2000, for a review). Firstly, the line zdolened because of the
rotation velocity of the accretion disc. Each radius pragua double-horned line
profile, with the blue peak due to the region approaching bseover, the red one
to that receding (first panel in figure 1.13). The effect iadlehigher for the in-
ner radii of the disc, whose rotational velocities are lar@nce these velocities
reach easily relativistic values, the blue peaks are beameédhus enhanced with
respect to the red ones. Moreover, the transverse Dopgkst eflso becomes
important, shifting the overall profile to lower energieedsnd panel in figure
1.13). A comparable effect is due to gravitational redslagt shown in the third
panel of figure 1.13. The resulting profile is a good diagmastol both for the
accretion disc and the central black hole’s propertiesstff all, it is very sen-
sitive to the inclination angle of the disc with respect te time of sight. When
the disc is face-on, only transverse Doppler and gravitatioedshift effect are
clearly present, because there is no region of the disc whiabtually moving in
the direction of the line of sight. As the inclination angieess, so do the velocity
component along the line of sight of the approaching anddiageregions of the
disc, thus increasing the separation between the two peake ioverall profile
(see figure 1.14).
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Figure 1.13: All the individual effects that contribute to forge the caeteristic
double-horned relativistic line (from Fabian et al. 2000)

1.7 lonized absorption

Very little is known about the flow patterns of gas in the inmest regions of
AGN. Probing the gas kinematics (velocities) and dynan@csélerations) around
black holes is a fundamental to understand the geometryedafitbumnuclear re-
gions and the energy generation mechanism. Warm abson@enamportant
diagnostic of the physical conditions within the centraioms of active galaxies.
For more detailed reviews on this topic we refer the readé¢aimossa (2000),
Blustin et al. (2005) and Cappi (2006). The study of the iedimaterial provides
a wealth of information about the nature of the warm absoitself, its relation
to other components of the active nucleus, and the intria&ibl X-ray spectral
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Figure 1.14: Iron line profiles as a function of the inclination angle oé tac-
cretion disc. The BH is assumed rapidly rotating (a=0.998) the adopted line
emissivity index ig8 = 0.5, with the disc extending from the last stable orbit (1.23
ry) to 50 iy (from Reynolds & Nowak 2003).

shape. Concerning the nature and location of the warm abs@dveral different
models have been suggested: (i) a relation of the WA to the @LRgh-density
component of the inner BLR, a BLR confining medium, winds friolmated stars,

or a matter bounded BLR component; see Reynolds et al. 1893 accretion
disc wind (e.g. Konigl & Kartje 1994), (iii) a relation to therus (e.g. Reynolds
et al. 1997), or (iv) a relation to the NLR (see, e.g., the teoaponent WA model

of Otani et al. 1996). The reason for the large variety of nimdescussed is that
not all physical properties of the warm absorber (its dgnsjtcolumn density
Ny, covering factorn = w/4n, distance from the nucleus, elemental abundances
Z, its velocity field, and the shape of the illuminating comtim) can be directly
determined from X-ray spectral fits, but only certain conaltions of these pa-
rameters.

About half of the X-ray spectra of local bright Seyfert gaksxshow evidence of a
warm absorber with column densities in the rang& £0.0** cm? (e.g Reynolds
1997). High-resolution grating observations performethwdMM-Newton and
Chandra (Appendix A.1 and A.2) have shown that the warm &lesdras a typical
temperature of 1C° K and, in some cases, outflowing velocities of a few times
10° km s* (Krongold et al. 2003). The presence of narrow blue-shiétesorp-
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Figure 1.15: Left: Chandra soft X-ray (0.2-2 keV) contours superimposedhe HST
O Il image. The contours refer to 0.001, 0.1, 0.2, 0.4 and 0eQels with respect to
the brightest pixel. Right: VLA radio (6 cm) contours supaposed on the Chandra soft
X-ray (0.2-2 keV) image. From Bianchi et al. (2010b).

tion lines at rest-frame energies higher than 7 keV in thetsp®f a number of
radio-quiet AGN are commonly identified with FeXXV and/on&€V1 K-shell
resonant absorption from a highly ionized zone of circuntearcgas (log ~ 3-6
erg s cm). The blue-shifted velocities of the lines are also offeite large,
reaching mildly relativistic values, up te 0.2 — 0.4c and in some cases show-
ing short term variability (Cappi et al. 2009). Very recgniX-ray evidence for
ultra-fast outflows (UFOs), with blue-shifted velocities ¥0* km s (~0.033c),
has been recently reported in a number of local AGN (Tombesi 2010, 2011).
The detection of these UFOs is consistent with the obsenvatif fast outflows
in different classes of AGNs also in other wavebands, froenrétativistic jets in
radio-loud AGNs to the broad-absorption lines (BAL) in the& BndX-ray spectra
of distant quasars (e.g Chartas et al. 2003).

1.8 Soft X-ray emission in obscured sources

X-ray spectra of many obscured AGN exhibit strong emissioeslin the soft X-
ray band (0.5-3 keV), the so called ’'soft excess’, due to thiguitous presence
of warm gas surrounding the central nucleus. Emission frsoumnuclear re-
gions is much easier to observe in Seyfert 2s (and in paaticalCompton-thick
ones), where the nuclear radiation is obscured, than insgusbd Seyfert 1s, in
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Figure 1.16: The ratio between the variation of,Nand the mean Nfor all the
Seyfert 2 galaxies with multiple hard X-ray observationshewn. Open circles
have been used for sources with only 2 or 3 observations ihahe&X rays, filled
circles for sources with four or more observations. FromaRiset al. (2002)

which these components are heavily diluted by the photams the nucleus. The
line emitting region is likely to be photoionized from theahear primary con-
tinuum and coincident with the NLR (Bianchi et al. 2006; Bian& Guainazzi
2007). In Fig. 1.15, left panel, the Chandra soft X-ray (B.ReV) contours are
superimposed on the HST O Ill image and the soft X-ray emispaxfectly re-
sembles the optical one. In Seyfert 2, on the other hand, eier direct view
to the continuum source is blocked by the putative moledolass, the properties
of the absorbing medium can be studied by detailed investigaf light that is
reprocessed and scattered into our line of sight (see Fig.bbttom panel). The
soft X-ray spectrum of Compton-thick Seyfert 2s had to awlaét high resolu-
tion spectrometers aboard XMM-Newton and Chandra to reteedal nature, at
least in the three brightest sources, where such an expanmas possible: NGC
1068 (Kinkhabwala et al. 2002; Brinkman et al. 2002; Ogld.e2@03), Circinus
(Sambruna et al. 2001) and Mrk 3 (Sako et al. 2000; Bianchi. 2085; Pounds
& Page 2005).
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1.9 Column density variability

As described in previous sections, the circumnuclear enment of AGN is def-
initely much more complex than the one pictured by the Unifreatlel. Some
years ago Bianchi et al. (2009) proposed an alternativeasieto explain the
column density variations by introducing different absgbin addition to the
classical torus. Indeed, a powerful tool to investigatacitre, composition and
distance from the central nucleus of the several absorbéheistudy of column
density variability through time-resolved X-ray spectogy.

X-ray absorption variability is a common feature among AGRsaliti et al.
(2002) showed that local obscured AGN with multiple hard %y pbservations
present column density (N variations on time scales from months to a few years
almost ubiquitously (Fig. 1.16). However, the comparisetween different ob-
servations, typically performed at distances of montheg,eonly provides upper
limits to the intrinsic time scales of Nchanges. Since their seminal results many
observational campaigns on much shorter time scales (fraumshup to weeks)
have been staged, leading to a great improvement of theseaéss. In par-
ticular such studies have been successfully performed faralful of sources:
NGC 1365 (Risaliti et al. 2005, 2007, 2009), NGC 4388 (ElMisak 2004),
NGC 4151 (Puccetti et al. 2007), NGC 7582 (Bianchi et al. 2000k 766 (Risal-

iti et al. 2011). We refer the reader to Bianchi et al. (2018) Risaliti (2011) for
more detailed reviews.
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The link between the Hidden Broad
Line Region and the accretion rate

In the past few years, exceptions to orientation-basedcariibn models have
been found, suggesting the possibility that not all SeyFeyalaxies host a Seyfert
1 nucleus. However, recent works casted doubts on theséusaots (e.g. Bian
& Gu 2007). In these works large, but inhomogeneous, sanvpégs used to
identify a physical parameter responsible for the exister@bsence of HBLR in
AGN, but no clear indication for the existence of such a patamwvas found. This
is likely to be due to the use of the [Olll] luminosities as axyr of the nuclear
activity of the AGN, and the difficulty in correcting this fextinction in obscured
objects. It has been shown by several authors, by compai@lg liminosities
derived from [Olll] and [OIV] emission line luminositiehat the observed [Oll]
luminosities often suffer significant attenuation in tygdiSeyfert 2 galaxies (e.g.
Haas et al. 2005; Meléndez et al. 2008; Diamond-Stanic. 0819; Goulding &
Alexander 2009; Baum et al. 2010; Kraemer et al. 2011) andhleaefforts to use
standard extinction correction for [Olll] are not alway$iable (e.g. Goulding &
Alexander 2009; LaMassa et al. 2010).

[O1V] emission line luminosities might therefore be moréakle than [Oll]
luminosities, as tracers of the intrinsic nuclear emissidowever, they are still
an indirect proxy of the nuclear continuum emission. In thikotving, instead,
we will use the observed X-ray (2-10 keV) continuum emissiera direct probe
of the AGN activity. We selected a sample of type 2 AGN with dooiality spec-
tropolarimetric and X-ray observations, for which we cavega good estimate of
the mass of the central supermassive black hole. Our workssdon a previous
study discussed in Nicastro et al. (2003), but here we usédansample and more
robust estimates of the BH masses. By doing so, we find evedsuinggesting that
accretion rate is the main parameter that sets the existémtBLRs in Seyfert 2
galaxies.
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Figure 2.1: Mgy-o, relation for galaxies with dynamical measurements, from
Tremaine et al. (2002).

2.1 The Sample

Our starting sample is mostly based on the spectropolaiincrgirveys performed
by Tran (1995, 2001, 2003) on the Seyfert 2 galaxies incliléae CfA (Huchra

& Burg 1992) and 12um (Rush et al. 1993) samples. Additionally, we included
objects from other, high-quality, spectropolarimetriadies (Tran et al. 1992;
Young et al. 1996; Moran et al. 2000; Lumsden & Alexander 300%om this
sample, consisting of 90 candidates, we selected only eswith available black
hole mass (Section 2.1.1) and bolometric luminosity (8&acH.2) estimates, so
that their accretion rate in units of the Eddington valug,/Leqq (hereaftemlgqg),
can be evaluated.

2.1.1 The BH mass sub-selection

It is only since a couple of decades that measures of bladshalasses in AGN
have become possible. The presence of an active nucleusimakey difficult to
disentangle the stellar absorption features from the andpectrum, preventing
the application of the classical method used in non actilexgzss. For a complete
review we refer to Peterson (2007) .

Reverberation mapping is the main technique used to metmsuséeze of the broad
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Table 2.1: The sample used in this work. X-ray and bolometric lumiriesiaire already corrected for a factor 70 for all Compton R simurces.
Columns: (a) Name of the object; (b) Instrument (A$handraACIS-S; PN: XMM-NewtonEPIC pn; XIS:SuzakuX1S0+3) andoBsID; (c) vif

Compton-thin, X if Compton-thick; (d) Stellar velocity ghsrsions; (e) Mass of the central BH in solar mass units; (Bdkbing column density
in 10?2 cm2 units (g) Absorption corrected 2-10 keV luminosity; (h) Buoietric luminosity; (i) Accretion rate in Eddington unit$) Extinction-

corrected O1fi] (1 5007 ) luminosity; (m) O1v] (125.89 um) luminosity (n) Reference for stellar velocity dispersphiBLR (in order); series
References: (1) Garcia-Rissmann et al. (2005), (2) Nels@vihittle (1995), (3) Terlevich et al. (1990), (4) Oliva et @1999), (5) Barth et al. (2002),
(6) Shaw et al. (1993), (7) McElroy (1995), (8) Tran (200®)){ran (1995), (10) Moran et al. (2000), (11) Young et al.989 (12) Lumsden &

Alexander (2001), (13) Other surveys

Hidden Broad Line Region Seyfert 2s

Object name Obs. ID C-Thin o, (kms?1) log(Mpn/Mo) Nn log(L2-10kev)  10g(Leo)  l0g(dedd) log(Lioni)) log(Ljorv)  References
(@) (b) (c) (d) (e) ® (@) (h) [0) (0] (m) (n)
CIRCINUS PN-0111240101 X 7.5 6.42 43Q38 42.62 43.76 -0.75 40.92 40.58 1,13
IC 3639 XIS-702011010 X 995 6.90 >150 42.64 43.80 -1.20 41.89 40.66 1,8
IC 5063 X1S-704010010 v 160+ 25 7.74 233 42.83 44.03 -1.81 41.56 41.40 2,8
IRAS01475-0740 PN-0200431101 X 1887 7.05 > 200 43.52 44.90 -0.25 41.76 40.74 1,8
MCG -2-8-39 PN-0301150201 v 126+ 11 7.32 4422 42.57 43.70 -1.72 41.16 41.07 1,8
Mrk 3 XIS-100040010 X 2494 8.51 14@282 44.44 46.10 -0.51 43.27 41.97 1,10
Mrk 348 PN-0067540201 v 117+ 18 7.19 13% 43.41 44,77 -0.52 41.96 40.95 2,8
Mrk 1210 PN-0002940701 v 82+ 16 6.57 22% 43.02 44.24 -0.43 42.37 - 1,9
NGC 513 PN-0301150401 v 150+ 25 7.63 Zg 42.72 43.93 -1.80 41.14 40.74 2,8
NGC 591 PN-0200431001 X 10718 7.04 > 160 43.02 44.27 -0.87 41.97 - 2,10
NGC 788 X1S-703032010 v 140+ 20 7.51 832 43.15 44.43 -1.18 40.73 40.97 2,10
NGC 1068 PN-0111200201 X 1473 7.59 > 1000 43.02 44.27 -1.42 42.38 41.81 1,8
NGC 2273 X1S-702003010 X 13622 7.46 120110 42.73 43.90 -1.65 41.13 40.07 2,10
NGC 3081 X1S-70301301 v 113+ 4 7.13 8913 42.50 43.61 -1.62 41.43 41.09 1,10
NGC 4388 XIS-800017010 v 119 7.22 3;125 42.90 44.12 -1.20 41.85 41.58 3,8
NGC 4507 XIS-702048010 v 152+ 4 7.65 829 43.11 44.39 -1.36 42.19 41.02 1,10
NGC 5252 PN-0152940101 v 190+ 27 8.04 22F 1 43.04 44.30 -1.84 42.05 - 2,11
NGC 5506 PN-0554170101 v 180 7.95 &jg% 43.05 44.30 -1.75 41.45 41.28 4,8
NGC 7212 PN-0200430201 X 1409 7.51 > 150 43.77 45.22 -0.38 42.73 - 1,13
NGC 7674 PN-0200660101 X 14432 7.56 > 100 43.96 45.47 -0.18 42.57 41.97 2,8
NGC 7682 PN-0301150501 X 12317 7.28 > 100 43.02 44.27 -1.11 41.76 41.01 2,8
Non Hidden Broad Line Region Seyfert 2s
Object name Obs. ID C-Thin o, (kms?1) log(Mpn/Mo) Ny log(L2-10kev) l0g(Leol) l0g(leds) log(Lioin;) log(Liorv))  References
(@ (b) (c) (d) (e) ® (@) (h) [0) 0] (m) (n)
M51 PN-0303420101 X 8211 6.57 > 400 41.54 42.51 -2.17 40.03 39.01 2,8
Mrk 573 AS-7745 X 148 3 7.60 > 100 43.10 44.37 -1.33 42.39 41.71 1,8
Mrk 1066 PN-0201770201 X 11919 7.22 > 100 42.92 44.15 -1.17 42.27 - 2,10
NGC 1320 PN-0405240201 X 12414 7.29 > 100 42.69 43.86 -1.54 41.08 40.67 2,8
NGC 1358 PN-0301650201 X 18520 7.99 13083° 43.05 4431 -1.79 41.36 40.56 2,10
NGC 1386 X1S-702002010 X 1383 7.42 > 100 41.62 42.59 -2.92 41.09 40.25 1,8
NGC 1667 X1S-701006010 X 173 7.88 > 100 42.56 43.70 -2.28 42.03 40.51 3,8
NGC 3079 XIS-803039020 X 15010 7.63 > 100 42.02 43.05 -2.68 40.48 39.53 6,8
NCG 3281 X1S-703033010 v 176+ 3 7.91 79%0 42.65 43.81 -2.20 41.30 41.58 1,10
NGC 3982 PN-0204651201 X 8113 6.55 > 100 41.15 42.06 -2.59 40.33 39.10 5,8
NGC 5135 X1S-702005010 X 1246 7.29 > 100 43.10 44.37 -1.02 42.21 41.48 1,8
NGC 5283 AS-4846 v 148+ 14 7.60 12_2 41.54 42.49 -3.21 40.88 - 2,8
NGC 5347 XIS-703011010 X 10814 6.97 > 100 42.39 43.49 -1.58 41.22 40.01 3,8
NGC 5728 X1S-701079010 X 209 8.21 > 150 43.29 44.61 -1.69 42.83 41.36 7,11
NGC 7582 PN-0112310201 v 113+ 3 7.13 5738 41.90 42.91 -2.32 41.63 41.11 1,8
NGC 7130 XIS-703012010 X 14¥ 5 7.59 > 100 43.10 44.37 -1.32 42.55 40.94 1,12
NGC 7172 PN-0202860101 v 160+ 9 7.74 84f8-% 42.73 43.90 -1.93 40.84 40.82 1,8
UGC 6100 PN-0301151101 X 15625 7.69 > 100 42.84 44.05 -1.75 42.18 - 2,8
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Chapter 2. The link between the HBLR and the accretion rate

lines emitting region once we are able to observe changé®iprimary contin-
uum. Since the accretion disc is responsible for producitime-variable high-
energy continuum that ionizes and heats the surroundingvgasan derive the
size of the BLR by analyzing its response to the changes iilltmainating flux
from the nucleus. If we assume a virial-like relationshipasEen the size of the
line-emitting region and the lines’ Doppler velocityv, we haver o« AV=2. If
gravity is the main driver of the geometry and kinematicdhef BLR the mass of
the accreting source can be writtenMgy = fAC\;’ Zr, wheref is a scaling factor of
order unity. With this analysis it has been shown that theéinaom variations ap-
pear to be in phase, with any lags between bands not exceadmgple of days,
from the shortest measured wavelength (1350 A) to the |ldn§a90 A). The
highest ionization emission lines respond most rapidlydotiouum variations
and the lower ionization lines respond less rapidly: the BhRs shows radial
ionization stratification. Of course, the reverberatiorppiag technique can be
performed only in objects that show broad emission linekéiroptical/UV spec-
tra, i.e. type 1 AGN.

On the other hand, it is crucial to study the nuclear poténdigorovide black
hole masses for Seyfert 2 galaxies. One of the most direbiggrto measure the
near-nuclear gravitational field are dispersion velosité stars ¢.) in the host
galaxy. They do allow a clean investigation of the relatietween properties of
nuclear activity and the depth of the nuclear potential. Wafforts have been
spent in the past to infer the correct relation between thelkdhole mass and the
stellar velocity dispersion of the host galaXMgy-o-, relation, Ferrarese & Mer-
ritt 2000; Merritt & Ferrarese 2001). In this work, BH masses homogeneously
derived for the entire sample, by using uniquely Mgy-o-, relation (Tremaine
et al. 2002, shown in Fig. 2.1):

Men = 1.35x 10° ()"

200km st

Stellar velocity dispersions were mainly taken from Nel€owWhittle (1995)
and Garcia-Rissmann et al. (2005). They based their estswat direct measure-
ments of Ca (8498 A, 8542 A and 8662 A) and M@p — 4s (5167 A, 5172
A and 5183 A, hereinafter Mp) triplet absorption lines, imprinted by the inter-
stellar medium. For sources with more than one measurenvenised that with
smaller error bars. Uncertainties on the BH mass estimatssdon théMgy-o,
relation come from the statistical errors on the measurements (listed in Table
1) as well as from the spread in tivs -0, relation itself, estimated to be 0.44
dex (Gultekin et al. 2009). This spread is generally mualdathan the statistical
error ono . We therefore assumed an uncertainty of 0.44 dex for all ¢tuntass
estimates. Stellar velocity dispersions and their assettiancertainties, as well
as BH masses, are listed in Table 2.1 (columns (d) and (gectsely).

Mo. (2.1)

38



2.2. Data Analysis

Theo, selection reduced the original spectropolarimetric sartp#6 sources
with directo, measurements.

2.1.2 The X-ray Sub-Selection and the Final Sample

To estimate the bolometric luminosity of the sources of amgle, we use the
2-10 keV luminosity, which is a direct tracer of the primarpission, and apply

a bolometric correction. We searched the XM#wton Chandrg SuzakuAp-
pendix A.3) andSwift (Appendix A.4) archives for observations of the sources
of our sample of 46 objects with accurate BH-mass estimateenN¥nultiple ob-
servations of a single target were available, we selectadnlith the highest S/N
ratio in the 2-10 keV band. For all sources of our final samalejinimum of
150 counts in the 2-10 keV band was required, to derive estgret the column
density and, therefore, intrinsic X-ray luminosity. Sudhutnn density estimates,
together with other diagnostic tools such as the EW of the liree (Sect. 1.5.2)
and the X-ray to the [ ] fluxes, allow us to discriminate between Compton Thin
and Compton Thick sources. In Fig. 2.2, 2.3 and 2.4 we shawh&osake of clar-
ity, three different examples of spectra used in our workhwi0000, 2000 and
500 counts in the 0.5-10 keV energy band, respectively. Titeri@ mentioned
above reduced the final sample to a total of 39 sources: 21pwitrized hidden
Broad Emission Lines (HBLRs) and 18 sources without (nor-R8). These are
listed in Table 2.1, together with the selected X-ray obsgons.

2.2 Data Analysis

2.2.1 X-ray Data Reduction and Analysis

SuzakWKX-ray Imaging Spectrometer (XIS) data were processed \Wwélidtest cal-
ibration files available at the time of the analysis (2011102elease), by using
FTOOLS 6.11 and SUZAKU software Version 2.3, and adoptiagdard filter-
ing procedures. Response matrices and ancillary respdasenere generated
using XISRMFGEN and XISSIMARFGEN. The 0.5-10 keV spectraasted
from the front-illuminated XISO and XIS3 have been co-addidthe ftoolAD-
DASCASPEC

We used only XMMNewtonobservations performed with the EPIC-Pn cam-
era (Struder et al. 2001) operated in large window and nmedilier modes.
Source data 'cleaning’ (exclusion of flaring particle backad intervals) and
spectra extraction, were performed with SAS 10.0.0 (Gaetial. 2004) via an it-
erative process which leads to a maximization of the Sigm&loise Ratio (SNR),
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Chapter 2. The link between the HBLR and the accretion rate

NGC 7172 - Best Fit

normalized counts s keV1

Energy (keV)

Figure 2.2: The high S/N EPIC Pn spectrum of the Compton Thin object NGC
7172.

similarly to that described in Piconcelli et al. (2004). leach source, background
spectra were extracted from source-free circular regibtiseosource field.

Finally, Chandradata were reduced with the Chandra Interactive Analysis of
Observations (CIAO; Fruscione et al. 2006) 4.3 and the Ctza@dlibration Data
Base (CALDB) 4.4.1 software, by adopting standard procesiur

All the spectra with a high S/N ratio were binned in order temsample the
instrumental resolution by at least a factor of 3 and to havkess than 30 counts
in each background-subtracted spectral channel. Thigslfibe applicability of
they? statistics. The adopted cosmological parameterbigee 70 km s Mpc?,
Q. = 0.73 andQ),, = 0.27. Errors are quoted at a confidence level of 90% for one
interesting parametenf? = 2.7), if not otherwise stated. The spectral analysis
was performed with the packagspPec12.7.0 (Arnaud 1996).

For all sources of our sample, we fit their 2-10 keV spectrdnaitgeneral
baseline model, consisting of a power law continuum attestbay the line of
sight column of Galactic absorption plus intrinsic absmnpat the source redshift,
plus three additional emission components: (a) a photeeahplasma emitter,
to model the soft excess often detected in Seyfert 2s<atZkeV, (b) a cold
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NGC 5135 - Best Fit
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Figure 2.3: The coadded Suzaku XIS0+3 spectrum of the Compton Thiclcsour
NGC 5135.

Compton Reflector, scattering the primary nuclear photdhshe inner walls
of cold circumnuclear material into the line of sight, andl positive gaussian
profiles, to model fluorescence emission lines of high-Z elets1such as Fe at
6.4 keV, as required by the data. The model can be paranedea&

F(E) = e ®Ni[Ph + e " ®WBET + RI) + Y G(E)] (2.2)

whereo(E) is the photoelectric cross-section (abundances as inrA&dérevesse
1989b), NS is the line-of-sight Galactic column density (Dickey & Lookn
1990); Phc is the photoionized plasma emission (see Bianchi et al. 200
details on the adopted.ouby model);Ny is the neutral absorbing column den-
sity at the redshift of the source; B is the normalizationha primary powerlaw
with slopel"; R(I') is the Compton-reflection component (modelled P cwith
PEXRAV (Magdziarz & Zdziarski 1995)); an@;(E) are the required Gaussian
profiles.

Our adopted models do not aim at obtaining the ‘best fit’ fahesource, but
only a reliable estimate of the observed 2-10 keV lumino§igble 2.1, column
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NGC 5347 - Best Fit
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Figure 2.4: The coadded Suzaku X1S0+3 spectrum of the Compton-Thiciceou

NGC 5347.
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2.2.2 Nuclear 2-10 keV Luminosity for Compton-Thick Sourcs

Compton-Thick sources are defined as sources for which thi@sit column
of absorbing gasNy, is greater than 10?4 cm™2, so preventing us from di-
rectly observing the primary powerlaw below 10 keV. The 2ke&¥ spectra of
Compton-thick sources are therefore generally adequatelgeled by a pure-
reflection component (i.e. reflection-dominated Seyfe)t @bich can only pro-
vide a measurement of the reflected, and not the nucleambsity.

Several tracers can be used to estimate the bolometric asitynof Compton-
thick objects, e.g. [@1] (Lamastra et al. 2009) and [@] (Rigby et al. 2009) .
For homogeneity with the Compton-thin sources of our santpEee we use the
observed X-ray luminosity, by applying the following procee. We compare the
extinction-corrected [@ ] luminosities of the sources of our sample (Table 2.1,
column (1)), taken from Wu et al. (2011) and Bian & Gu (2007)thatheir ob-
served 2-10 keV reflection-dominated luminosities. Botlrkgacorrect the ob-
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servedF o for extinction, by applying the relation in Bassani et abg®) :

(Hae/ HB)obs]2-94
(Ha/HRB)o

where an intrinsic Balmer decremeiid{/HpB)o=3 is adopted. The results are
shown in Fig. 2.5, top panel. All the Compton-Thick sourcagenal /L] ra-
tio smaller than the best fitting relation found by Lamastral &2009) for a large
sample of Compton-thin Seyfert 2s (solid line in Fig. 2.5mgare with the dotted
line in the same figure, which best-fits the sub-sample of Gomthin sources of
our sample). For the Compton-thick sources of our sampldingdea mean value
of < log(Lx/Lioiny) >= -0.76 £ 0.09. For the Compton-thin sources of their
sample, instead, Lamastra et al. (2009) found a me&w(Lx/L;ol17) >= 1.09.
The ratio between these two means can be used as an estintlageaoirrection
factor needed to infer the nuclear 2-10 keV luminosity of @ton-thick sources,
from their observed 2-10 keV luminosity: 4%-(-%76 ~ 70. The bottom panel
of Fig. 2.5 shows théogLy - logL;o)ii; plane for all the sources of our sample,
after applying a correction factor of 70 to the observed &0 luminosity of all
Compton-thick sources. Now all the sources of our sampledi¢he Lamastra
et al. (2009) relation for Compton-thin sources. We decitteddopt this cor-
rection for all Compton-thick sources, also for those wHer&0 keV data were
available SuzakuPIN) and so a direct estimate of the nuclear continuum above
10 keV could in principle be attempted. This is because Comptattering at
high column densities may significantly suppress the oleskmvtrinsic luminos-
ity even at & 10 keV, and the modellization of these effects are highlyetejent
on the (unknown) geometry of the absorber (e.g. Matt et &919In the cases
where objects presented observations in both ComptonatiihCompton-thick
states in the past few years we chose the former, to inferavitigher precision
the unabsorbed luminosity of the source. In one case (IRAB®D740 ), the 2-
10 keV source spectrum is ambiguous: following the detaalealysis presented
in Brightman & Nandra (2008) we classify this object as Coompthick.

Ffoohu = F%ﬁu[ ) (2.3)

2.2.3 Bolometric Luminosities and Eddington Ratios

For each source of our sample, we used their intrinsic 2-10liminosity (ob-

served, for Compton-Thin sources, or inferred, for Comglbictk sources, see
previous section) to derive their bolometric luminositydahus Eddington ratio
(Table 2.1, columns (h) and (i)), by adopting the luminosigpendent relation
presented in Marconi et al. (2004). We tested the importaftieis assumption
in our calculations, by trying different bolometric cortiens (e.g. Elvis et al.
1994; Vasudevan & Fabian 2009), and comparing the resuhs. rmost signifi-

cant differences between these methods were found at thesreed of the lumi-
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Figure 2.6: The bolometric luminosity inferred from the 2-10 keV lumgiiy
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values between the cumulative distribution of the two sa®plith respect thg,,
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Chapter 2. The link between the HBLR and the accretion rate

nosity (accretion) range spanned by the sources of our samigierefore, the
exact choice of the bolometric correction does not signifigaaffect our results.
The major contribution to the bolometric luminosity erra@termination comes
from the uncertainty on the bolometric correction itselfjigh is generally sig-
nificantly larger than the uncertainty on the X-ray lumirtgsiThe bolometric

correction proposed by Marconi et al. (2004) is based ondhelation between
the UV luminosity at 2500 A and the 2-10 keV X-ray luminosithose spread is
estimated as 0.37 dex in Young et al. (see eq. 3 of 2010). drerave assume
this uncertainty on our derived bolometric luminositiesr the Eddington ratios,
we propagated the uncertainties on the BH mass and bolanatrinosity. This

leads to an uncertainty of 0.5 dex in the Eddington ratios.

2.3 Results

We first considered only the Compton-thin sources of our $ampn the top
panel of Fig. 2.6, we plot the bolometric luminosity agaitiet Eddington ratio
for all the Compton-thin sources of our sample. HBLR and RiBi-R sources
are clearly separated both in luminosity and in accretida.rao evaluate the
statistical significance of this separation (both in lunsitypand accretion rate),
we performed a two-sample Kolmogorov-Smirnov test on ota.ddhese tests
give probabilities of 0.5% (luminosity) and 0.1% (Eddingt@tio) that the two
classes are taken from the same parent population. Thessgond to 2-sided
Gaussian-equivalent significances of@.8nd 3.3r, respectively. The threshold
Eddington ratio and luminosity that minimize the probapibf chance separa-
tion, are logleqq = —1.9 and logLpo = 43.90, respectively.

We then repeated our analysis by including also Comptarksources (for which
inferred intrinsic 2-10 keV luminosity estimates are utagr. see Sect. 2.1.2).
The inclusion of Compton-thick sources makes the HBLR v&ran-HBLR sep-
aration less sharp (Fig. 2.6, bottom panel), and less sitgnifj with probabilities
of chance separation of 1.0% and 1.8%, for Eddington ratibtexhometric lumi-
nosity, respectively (Table 2.2), corresponding to stiaassignificances of only
2.40 and 2.6r. However, we note that no HBLR source falls below the Eddingt
ratio threshold.

2.3.1 Comparison with other Works and Methodologies

Other authors investigated larger (but, in most cases iolg@meous) samples to
search for physical parameters responsible for the existenabsence of HBLRs
in AGN, and found often no clear indication for the existen€such a parameter
(e.g. Bian & Gu 2007). However, we think that this is due toribe-homogenous
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Figure 2.7: Stellar velocity dispersions obtained from theliGand Mg b absorp-
tion lines against those derived through the FHWM of thei[{@mission line (on
the Y axis). The two estimates are very different and notetated. Only the BH
masses estimated with the first method will be used in thikwor

nature of the assembled samples, or to the ill-suited metbgas used to derive
bolometric luminosities and/or BH masses, or to a comhbamedif both issues.

BH masses can be derived through a variety of different m@agsFWHM[OIII],
o*). Using all of these possible means, obviously allows fagdasamples to be
assembled. However, building samples with black-hole ndagsrminations de-
rived with different methods introduces significant sosroeuncertainties, which
may wash out possible correlations among important phiisézameters, like the
source accretion rate or luminosity. For example, steldoaity dispersion can
in principle be inferred through the relatien. = (FWHMo;;;/2.35) x 1/1.34
(Greene & Ho 2005), by making use of [ FWHM measurements, which are
available for a large number of sources in the literaure. &gt the goodness of
this estimator against the sources of our sample, for whigtdstellar velocity
dispersions are available. For all sources of our samplesgaeched the literature
for [O11] FWHM measurements, and applied the Greene & Ho (2005)ioelat
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Chapter 2. The link between the HBLR and the accretion rate

Table 2.2: Results from the two-sample K-S test. For Compton Thick cesia
correction factor of 70 is used for the calculation of the@®@k&V luminosity and
hence for the bolometric luminosity. (1) Description of gample; (2) number of
objects in the sample; (3) percentage probability thatwitestamples derive from
the same parent populationli,; (4) percentage probability that the two sam-
ples derive from the same parent populatiohitio kev, Lo, Of Ljoiv; (5) per-
centage probability that the two samples derive from theesparent population

in Aeqq; (6),(7),(8) maximal separation value between the cunvdalistributions
of the two samples.

Sample N P‘(Bol) P(I-Z—lo keV) P(/ledd) LE‘&X ern_alxo keV /lemda:jx
(1) (2) (3) 4) (5) (6) (7) (8)
Non-HBLR Compton Thin 4 o o o )
HBLR Compton Thin 11 0.5% 4.4% 0.1% 43.90 42.73 1.9

Non-HBLR Compton Thick and Thin 18

0, 0, 0, -
HBLR Compton Thick and Thin 21 1.8% 6.9% 1.0% 43.90 42.56 18
[ol P(Lion) LiGii;
Non-HBLR Compton Thin 4 o o o
HBLR Compton Thin 11 38.5% 38.5% 8.7% 43.51 41.36 -2.5
Non-HBLR Compton Thick and Thin 18 o o o
HBLR Compton Thick and Thin 21 23.2% 23.2% 25.7%  43.54 41.39 21
[oIV] P(Lioivy) Lioiv
Non-HBLR Compton Thin 3
HBLR Compton Thin 9
Non-HBLR Compton Thick and Thin 15 10.4% 10.4% 11% 43.82 4057 14

HBLR Compton Thick and Thin 17

to derive the stellar velocity dispersions. We then comghéinese estimates with
the measurements of.. Fig. 2.7 shows the result of this comparison: clearly
the two values differ significantly and do not appear to bednty correlated with
one another. We, therefore, use only BH estimates basedrect dieasures of
theo ., in order to avoid further uncertainties due to the indidsativation of this
parameter.

Another important source of potential error, is the proxgdiso derive the nu-
clear bolometric luminosity of an obscured AGN. In our wonle use 2-10 keV
luminosities, which are a direct probe of the intrinisic leac activity. How-
ever, such luminosities are available only for a limited temof Seyfert 2s. On
the contrary [@1] luminosities only echoes the intrinsic nuclear activiyt are
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2.4. Discussion on the origin of the BLR

available for a much larger number of obscured AGN. To chéekgoodness
of the [O1] luminosity estimator, we compared our results with thostamed,
for the sources of our sample, by using the thai[[Quminosities and the bolo-
metric luminosities derived from them, through the bolameetorrectionCio;
described in Lamastra et al. (2009). The results are showalile 2.2 and Fig 2.8
(top panel): HBLR and non-HBLR sources are now mixed in batlommetric lu-
minosities and Eddington ratios, with no significant sepanabetween the two
classes. The presence or absence of a clear separati@n,ieitttcretion rates or
bolometric luminosities, between Compton-thin HBLRs and+HBLRsS, when
these quantities are inferred from 2-10 keV (probabiliiéshance separation of
0.1% and 0.5%, forgqqg andLgy, respectively) or [@1] (probabilities of chance
separation of 8.7% and 38.5%) observed luminosities, cuosfie.g. Lamastra
et al. 2009; Trouille & Barger 2010, and references thertia) the [Qi1] lumi-
nosity is not a direct proxy for the bolometric luminosityasf AGN.

A large number of sources in our sample (32 out of 39) also f@we] mea-
surements (Pereira-Santaella et al. 2010; Weaver et al) 2Gbr a few sources
we inferred [Qv] luminosities following the method presented in Goulding &
Alexander (2009). Using the relation in Goulding et al. (@QIboth bolometric
luminosities and accretion rates can be inferred from the J@minosities. The
results are shown in the bottom panel of Fig. 2.8 and TableTh2 two classes
show a more significant separation in accretion rate thaoliwnbetric luminosity
(probability of chance separation of 1.1% and 10.4%, resmy'). Both HBLR
and non-HBLR Compton thick sources are included in the saraptl the sepa-
ration between the two different populations in accretiate resembles the one
inferred from our X-ray analysis, suggesting that the ¢foo use standard ex-
tinction correction for [@1] are not always reliable (e.g. Goulding & Alexander
2009; LaMassa et al. 2010).

2.4 Discussion on the origin of the BLR

Since the seminal results by Miller & Antonucci (1983) on énehetypical Seyfert
2 galaxy, NGC1068, many efforts have been spent to understhather the Uni-
fication Model is valid for all Seyfert galaxies, in contrasthe presence/absence
of the BLR being linked to intrinsic properties of differeciasses of sources.
Intrinsic differences were strongly advocated by Tran @0&nd Tran (2003),
who found that HBLR Seyfert 2s are normally associated wigical obscured
Seyfert 1 nuclei, while non-HBLR Seyfert 2 galaxies host,amerage, signifi-
cantly weaker nuclei, likely incapable of generating dleelsBLRs.

1A K-S test for the subsample of only Compton-thin sourcesioaibe performed, since the
minimum number of data values for a statistical significasee(Stephens 1970, pag. 120-121)
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Figure 2.8: In the top panel bolometric luminosities derived from thai(D
and Eddington ratios for all the 39 Compton-thin and Comgtock sources of
our sample are shown. In the bottom panel bolometric luniilegsderived
from [O1v] and Eddington ratios for 32 sources are shown. We used ardisp
value ofo = 0.3 dex for uncertainties in the estimates of thel{Pbolometric
luminosities, based on a recent study presented in Risahti. (2011) where the
flux of the [O11] line is used as a reliable indicator of the bolometric eimiss
of quasars. For [@] bolometric luminosities we used a dispersion value of
o = 0.35 dex (Goulding et al. 2010). The dotted lines represenntagimal
separation values between the cumulative distributiorhefttvo samples with
respect td_go andAeqg
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2.4. Discussion on the origin of the BLR

This evidence supports theoretical models that link thegaee or absence of
BLRs in Seyferts to intrinsic nuclear properties. In a mquelposed by Nicastro
(2000), the presence of broad emission lines is intringicannected with disk
instabilities occuring in proximity of a transition radias which the accretion
disk changes from gas-pressure dominated to radiatiosspre dominated. The
transition radius is a function of the accretion rate, ancbbges smaller than the
innermost stable orbit for accretion rates (and therefomn@rosities) lower than
a threshold that depends weakly on the BH mass. Weak AGN dhiindrefore,
lack the BLR.

In this work we try to test this model in the least possiblesbth observa-
tional way, by collecting the 'cleanest’ possible sampl&eyfert 2 galaxies with
the best spectropolarimetric data available at the moraedtrobust estimates of
their BH masses performed homogeneously on the basis ofatberved stellar
velocity dispersion. When only Compton-thin sources anesered, the esti-
mate on their accretion rate is done directly on the obsenuetear X-ray emis-
sion, and the modest absorption is likely not able to affeeerely the detection
of the hidden BLR, if present. We find that the separation betwHBLR and
non-HBLR Compton-thin sources is highly significant botracctretion rate and
luminosity. In particular, no HBLR is found below the thresth Eddington rate
log Aeqq = —1.9, and no non-HBLR above the same limit. Even when Compton-
thick sources are included, no HBLR is still found at acomtiates lower than
the above threshold. This threshold accretion rate is irdg@myeement with the
value presented in a recent work (Trump et al. 2011).

This result supports the theoretical expectations of theehproposed by
Nicastro (2000), albeit with a slightly higher value of tiedshold accretion rate
(logdeqg ~ —2.5 in Nicastro (2000)). We stress here that the model proposed
by Nicastro (2000) applies only to radiatively efficient AGatcreting through
a Shakura-Sunyaev disk (SS-disk hereinafter, Shakura &&wn1973). Broad
Emission lines are known to exist in some objects (mostlyERS or transition
objects, e.g. Elitzur & Ho 2009) accreting at rates as lowoasldgq ~ —6 (e.g.
M 81, Ho 2008). These objects are probably highly radiagiveéfficient, and
therefore most likely do not host a classic SS-disk.

If BLRs do not exist in weakly accreting AGN, one would expiet existence
of unabsorbed, genuine Seyfert 2 galaxies. Such objectsd#®d exist, and the
best examples (where the lack of optical broad lines and yXebscuration are
unambiguosly assessed in simultaneous high S/N obsamgatiave Eddington
rates lower than the threshold estimated in this work: NGZ&7310gAeqq ~ —4:
Bianchi et al. 2008), Q2131427 (lagyq ~ —2.6: Panessa et al. 2009), NGC 3660
(log Aeqq =~ —2: Brightman & Nandra 2008; Bianchi et al. 2012).

It is interesting to note that among all the 156 X-ray unobsduNy < 2 x 107
cm?) AGN observed with XMMNewton(CAIXA: Bianchi et al. 2009), only 6
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have an Eddington rate lower than the threshold found inwliigk®. Four of
these 6 sources were previously classified as unabsorbéertiS2y (Panessa &
Bassani 2002; Panessa et al. 2009; Brightman & Nandra 200&ee also Shi
et al. (e.g. 2010, and references therein), who recentiyneld the presence of
very broad and weak broad emission lines in two of these td)jethe remaining
two objects are PG 1011-040 and NGC 7213, and both show teeme of BLR
in their optical spectra. Both objects are peculiar. PG 104Q is only slightly
below the accretion rate threshold of lagy ~ —1.9 that we find here and, most
importantly, is severely under-luminous in X-rays withpest to its multiwvave-
length luminosity, so that the accretion rate derived frts2t10 keV luminosity
by simply applying the Marconi et al. (2004) correction,ikely severely under-
estimated (Gallagher et al. 2001; Vasudevan & Fabian 20063C 7213 is the
only bright Seyfert 1 galaxy known to unambiguously lackrogessing features
from Compton-thick distant material (Bianchi et al. 200802; Lobban et al.
2010).

The inclusion of Compton-thick sources in our sample makeHBLR ver-
sus non-HBLR separation, in terms of either Eddington satibolometric lu-
minosities, less significant. Several non-HBLR Comptadokilsources lie now in
the HBLRLgo — Agqq plane, i.e. at accretion rate higher than the threshold wie fin
for Compton-thin sources. This mixing could be, at leastipglly, due to the dif-
ficulties in assessing the intrinsic 2-10 keV luminosity @indpton-thick sources,
because of the unknown geometry of the absorbers and refiécto

However, such uncertainties should in principle deterngigeally over- and
under-estimates of the luminosities. Instead, while no gtomthick HBLR is
still found below the Eddington rate threshold, a significaaction (64%) of
Compton-thick non-HBLR has accretion rates higher thas limit. Moreover,
uncertainties in the exact geometry of absorbers and refeatould only be re-
sponsible for modest (factor of 2-3) over-estimates of therisic bolometric lu-
minosity and so of the Eddington accretion rate. This cogichaps explain the
presence of few non-HBLR closely above the Eddington rdtieshold, but can
hardly explain order-of-magnitude over-estimates of thieimetric luminosity, as
inferred from the 2-10 keV spectra.

If the scenario proposed by Nicastro (2000) is correct, H&.-R Compton-
thick sources with Eddington accretion rate estimates nabdve the threshold,
are likely to be peculiar objects, where BLR line emissiomaa be seen, not even
in polarized light. These source should possess a BLR, Iaégong prevents us
from observing it. Different, alternative scenarios, te thtrinsic lack of a BLR,

2An updated catalogue was used for this search.
3The same uncertainties are probably also responsible édattk of HBLR and non-HBLR
separation when indirect estimators of the nuclear bolamieiminosity (e.g. Pi]) are used.
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have already been proposed in the past (Lumsden & Alexarfddr, Zu & Huang
2002; Martocchia & Matt 2002; Tran 2003; Moran 2007). Thisildobe either
because of the lack of an unobscured population of hot elestscattering the
line emission along our line of sight, or because the ortentaf these sources
is such that our line of sight intercept larger portions od@bing gas, and this
covers both the nuclear source and at least part of the éipecessing electron
region (e.g. Shu et al. 2007; Wu et al. 2011, and referen@esitt).

In conclusion, the main results of the analysis discussetdisgnwork can be

summarized as follows:
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e Wwe presented evidence suggesting that the accretion tagensain ingredi-

ent which drives the presence of HBLRs in Seyfert 2 galaBgsselecting
a sample of 39 type 2 AGN with good quality spectropolarimetnd X-ray
data, and for which we derived homogeneous estimates of #ss of the
central supermassive BH, we found a clear separation bat@eenpton-
thin HBLR and non-HBLR sources, both in luminosity (lbg, = 43.90)
and in accretion rate (lofpqg = —1.9). A statistically similar separation is
found when bolometric luminosities are derived from inécfQv] emis-
sion lines.

Our results agree with the ones discussed in Nicastro @03 but have
higher statistical significance (due to the larger samplauseshere, com-
pared to Nicastro et al. (2003)), and it is certainly moreusitdue to the
more accurate estimates of the BH masses that we derive here;

the inclusion of Compton-thick sources washes out the atiparbetween
HBLR and non-HBLR, but still no HBLR source falls below theditagton

ratio threshold. We propose that the presence of a significaation (64%)

of Compton-thick non-HBLRs at accretion rates higher thanthreshold
found for Compton-thin sources is not due to the lack of BLRg to heavy
line-of-sight absorption preventing us from observing aoly the direct
line emission, but also their polarized light scattered byad least partly,
obscured population of warm electrons.
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Chapter 3

The circumnuclear geometry of Sy2
galaxies

In this chapter we will present our results from the study efay variability in
two Seyfert 2 galaxies, namely NGC 4945 and NGC 4507. As @yreéescussed
in Section 1.9 X-rays provide a unique opportunity to inigege the innermost
regions of AGN. Column density variations is one of the mast@rful methods
to infer the distribution of absorbing matter surroundihg hucleus.

The first part of this chapter is focused on a Seyfert 2 galbiC4945, where
we searched for spectral variation in the high energy saeaitthe source. We
performed a timing, spectral and imaging analysis of theyXinner structure in
this source, which revealed its geometrical and physicatsire with unprece-
dented detail. NGC 4945 hosts one of the brightest AGN inklgeabove 10 keV,
but it is only visible through its reflected/scattered emisdelow 10 keV, due to
absorption by a column density ef4 x 10?4 cm™2 . A new Suzaku campaign of
5 observations spanning 6 months, together with past XMMdlde and Chan-
dra observations, show a remarkable constancy (withitD%) of the reflected
component. Instead, Swift-BAT reveals strong intrinsidadaility on time scales
longer than one year. We show that the reflector is at a distar3®-50 pc, well
within the imaging capabilities of Chandra at the distarfdd @C 4945 (1 arcsec-
ond~18 pc). Accordingly, the Chandra imaging reveals a resolftatiened, 150
pc-long clumpy structure, whose spectrum is fully due talaefflection of the
primary AGN emission. The clumpiness may explain the snwledng factor of
the cold reflector derived from the spectral and variabpitgperties. This study
provides evidence for absorption variability at a parsealesdistance and proves
the fundamental importance of a broadband X-ray study of AGN

The second part of the chapter is based on a spectral analysisKMM-Newton
and Chandra campaign of the obscured AGN in the Seyfert Xgal&C 4507,
consisting of six observations spanning a period of six &t 2010. Using the
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EPIC and the ACIS-S CCD cameras, we can detect strong almsokatriability
on time scales between 1.5 and 4 months in the circumnuatganament of the
nucleus through a very detailed spectral analysis. Thatwani of the absorbing
column density is the first one ever observed on these timesead it sug-
gests that the obscuring material consists of gas cloudaraeg-scale distance.
The lack of significant variability on shorter time scaleggests that this event
is not due to absorption by broad line region clouds, whicls wetead found
in other studies of similar sources, such as NGC 1365 (Risalal. 2005, 2007,
2009), NGC 4388 (Elvis et al. 2004), NGC 4151 (Puccetti €2@07), NGC 7582
(Bianchi et al. 2009), Mrk 766 (Risaliti et al. 2011). Thisos¥s that a single, uni-
versal structure of the absorber (either BLR clouds, or trsgx-scale torus) is
not enough to reproduce the observed complexity of the Xakeprption features
of this AGN.

3.1 The Compton-thick Sy2 NGC 4945

NGC 4945 is an almost edge-on (inclination angle80°) spiral galaxy host-
ing one of the nearest AGN (B3.7 Mpc, 1"=18 pc, Mauersberger et al. 1996).
NGC 4945 has been widely studied in the past, both in the saftiathe hard
X-rays. It is the brightest Seyfert 2 and the second brighiseio-quiet AGN af-
ter NGC 4151 in the 100 keV sky (Done et al. 1996), with a sthprdpsorbed
(Ny ~ 4 x 10?* cm2, Itoh et al. 2008) intrinsic nuclear continuum, known to
be extremely variable (Guainazzi et al. 2000, Madejski e2@D0). Such a high
column density completely blocks the primary nuclear emisbelow 8-10 keV
while the emission at higher energy is still visible, thouggavily affected by
Compton scattering and photoelectric absorption. A dsdaanalysis of the high
energy variability (Madejski et al. 2000, Done et al. 200&dafter DO3) already
provided important (and, so far, almost unique) constsaintthe geometry of the
reflector: the variability above 10 keV implies that mostiué bbserved emission
is due to the primary emission, and not to Compton scattdromg other direc-
tions (which would dilute the intrinsic variability, produng an almost constant
observed emission). This, in turn, means that the refleceers a solid angle
<10 deg as seen from the source (assuming a toroidal striicflines is also in
agreement with the unusually low ratio between the obsemnesigécted emission
below 10 keV, and the intrinsic flux in the same band as esddhiiom the emis-
sion above 10 keV (smaller than 0.1%). FinallyChandraobservation revealed
a spatially resolved component, onr-400 pc scale, whose spectrum is typical of
Compton reflection from a neutral medium (D03).

Here we present the analysis of new and archBuaaky XMM-Newtonand
Chandraobservations, focusing specifically on the determinatwith unprece-
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3.1. The Compton-thick Sy2 NGC 4945

dented detail, of the dimensions and the geometrical streicif the circumnu-
clear absorber/reflector in NGC 4945. A complete study,utismg both the
Chandraimaging data, and our ne®uzakuobservations, will be presented in
a separate work (Marinucci et al. 2012, in prep.). The wodspnted here ex-
pands the results summarized above, through two comple¢ghystudies:

- the comparison between the intrinsic variabibityovelO keV (from Swift/BAT
observations), and the reflection variabilitglow10 keV (from a set of XMM-
NewtonandSuzakwbservations over a period efl0 years);

- a detailed analysis of the spatial extension of the refietaéing advantage of
the full set of availabl€€handraobservations, as discussed in the next Sections.

3.1.1 Observations and data reduction

Chandra. NGC 4945 was observed yhandraon 2000, January 27-28 for a
total exposure time of 49 ks, with the ACIS camera. It was pleeagain four
years later twice, for a total exposure time of 180 ks takidgaatage of the
HETG instrument. Data were reduced with the CIAO 4.3 pacK&gescione et
al. 2006) and using the Chandra Calibration Data Base (CAL&Bsion 4.4.6,
adopting standard procedures. The imaging analysis wésrpexd on a file in-
cluding the two merged HETG-zeroth order images reprojeote the ACIS-S
image, applying the SER and smoothing procedures widetpdged in the liter-
ature (Tsunemi et al. 2001, Li et al. 2004, Wang et al. 2013 tNWeérefore used a
pixel size of 0.246 arcsec in Fig. 3.1 and 0.123 arcsec in&@. After cleaning
for background flaring we get a total of 34 ks and 173 ks for 9@02and the 2004
HETG-zeroth order merged observations, respectivelyci&pere extracted on
both data sets from three different regions: a circle withraflius (matching the
XMM-Newtonextraction region, see below); a”1 6” box, and a central circle
with 1.5 arcsec radius. We grouped all extracted spectrave ht least 20 total
counts per new bin.

Suzaku. The sixSuzakwbservations analyzed in this work were performed with
the X-ray Imaging Spectrometer (XIS). The first one has begfopmed in 2006,
has a duration 0£100 ks, and has been presented by Itoh et al. (2008). The re-
maining five observations, with a duration of 40 ks each, Hsen performed
between July 2010 and January 2011, as part of a monitorimgpaign of this
source. The event files were processed and calibrated adogiindard proce-
dures, discussed in several previous papers (e.g. Maielialo 2010). The source
extraction radius is.85 for all 6 observations. Background spectra have been ex-
tracted from source-free regions withradii. The 0.5-10 keV spectra extracted
from the front-illuminated XISO and XIS3 have been co-added

XMM-Newton. We used 2 XMMNewtornobservations performed with the EPIC-
PN camera operated in large window and medium filter modesurc8odata
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‘cleaning’ (exclusion of flaring particle background intals) were performed
with SAS 10.0.0 (Gabriel et al. 2004) via an iterative precesich leads to a
maximization of the Signal-to-Noise Ratio (SNR), simijarb that described in
Piconcelli et al. 2004. Source spectra were extracted frd&B”aadius circle;
background spectra were extracted from source-free aircegions of the source
field.

Swift. The Swift/BAT15-195 keV light curve has been obtained from the on-line
catalog which at the time of our analysis included data collected 6%emonths.

3.1.2 The reflector geometry from time and spectral variabity

NGC 4945 offers ainiquepossibility to perform a comparison between the vari-
ability of the intrinsic and the reflected X-ray emissionchese it is the only
know AGN with both (a) Compton thicknesg>1, and (b) a strong intrinsic vari-
ability above 10 keV. Foall the other known bright AGN, such a detailed direct
comparison between the variability of the two componenisossible because
one of the two above mentioned conditions is not satisfied:

- (a) if the AGN is not Compton-thick, the Compton reflectiamgonent is di-
luted by the dominant direct component. The separationeftlo components is
never precise, and typical uncertainties in the flux of tHieceed component are
of the order of 20-30% even for long observations of the haghAGN.

- (b) if the AGN is Compton-thick, the intrinsic emission igher not visible (due
to Ny>10?° cm 2, as in NGC 1068), or, anyway, not variable, probably becafise
the dilution due to multiple Compton scatterings (such akénCircinus galaxy).
NGC 4945 shows one of the brightest reflection dominatedtspbelow 10 keV,
with flux measurement uncertainties of the ordex %60, and a high-quality light
curve of its intrinsic emission above 10 keV, provided3wift/BAT The highest
quality spectra below 10 keV have been obtained in the e{iivI-Newtonand
Suzakwbservations presented in the previous Section. The 3-¥Ggectra of
these observations have been fitted with a model consistiagedlection contin-
uum (PEXRAV, Madgziarz & Zdziarski 1995), three emissiamel for neutral,
He-like and H-like iron, and an additional power law, regedsby the fit, and
associated to the diffuse emission (see below). From thiysieaf the HETG
grating spectra we rule out the presence of emission fea@ssociated to the
Iron KB line, as already shown in Shu et al. (2011). The analysis bas ber-
formed with the XSPEC 12.7 code (Arnaud et al. 1996). All gdo¢rrors are at
the 90% confidence level for one interesting parameter. Mioidel successfully
reproduces all the individual spectra, with best fit paramsetypical of reflection-
dominated sources. The details of the spectral model haae discussed in Itoh

Ihttp://swift.gsfc.nasa.gov/docs/swift/results/bsH8im
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3.1. The Compton-thick Sy2 NGC 4945

et al. 2008, Schurch et al. 2002 and D03. What is interestint@is context is
instead the possible variability of the reflected componkerthis respect, the fol-
lowing results are relevant:

1. The analysis of th€handraspectrum of the resolved 1% 6” box, shows
that the central emission is well fitted by a pure reflectiontcmum, with
no need for an additional power law, so confirming that thimponent is
needed only to reproduce the circumnuclear emission. &itpitheXMM-
Newtonspectrum, extracted from the central”2%equires only a minor
contribution from the additional power law (about 1/10 adtthn theSuzaku
spectra).

2. If we fit the eight spectra with constant reflection compdraand emission
lines, leaving the additional power law as the only varial@eponent, we
obtain an equally good fit, with no significant residuals ity amdividual
spectrum. This implies that formallgll the observed variability may be
due to galactic sources in the field of view.

3. The whole luminosity within the central 1.85 arcmin regi®only~2x10°
erg st. It is therefore not surprising if significant variabilityd to single
sources is observed. In Fig. 3.1, top panel, the two extmactgions for
the Suzaku and XMM-Newton observations are shown, resfti The
contribution from the unresolved discrete sources to tha ftux in the
2-10 keV energy band is much lower in the two XMNewtonspectra

Toow 0.6), due to the smaller extraction radii, rather than in thea&u

Fpexrav

coadded XIS0+3 spectra;?)ﬁ%“av ~ 2).

Based on the above considerations, we conclude that theMagsto estimate
the reflection variability is to fit the 8 spectra with the mbdescribed above,
with only three free parameters: the slope and the norntedizaf the additional
power law, and the flux F of the reflection (continuum plus dlneomponent,
normalized to the value of the first interval, for ease of carngon. The results are
reported in Table 3.1, and show no significant variabilitgiy observation. If we
assume a constant value of the relative flux F, we obt&i»=0.98:0.02 (column
5), and a marginally better fit (the? increases by 3, with 7 more degrees of
freedom). The dispersion around the central value is sagmifly smaller than the
uncertainties on the individual values. This is due to théiglalegeneracy among
the spectral parameters. Based on these results, we esamapper limit to the
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20"(360 pc)

Figure 3.1: Upper panel: two-color (red:0.3-2 keV,; green: 2-10 keXifIM-
Newtonimage of the central 4’ of NGC 4945. The bigger and smallerles
shows theSuzakuand XMM-Newtonspectrum extraction regions, respectively.
Lower panel: same for the central arcmin, as image@€bgndra
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3.1. The Compton-thick Sy2 NGC 4945

Figure 3.2: Image of the central region in the line emission band (672keV,
left) and in the hard X-ray band (right). The black (right pgrand yellow (left
panel) lines represent the contours of the reflected cammemission. It is in-
teresting to point out that the IronaKemitting regions (left panel) well match
the reflection continuum contours, leading to the conclusiat the cold reflec-
tion and the iron emission lines originate exactly from thens circumnuclear
material.

observed reflection variability 6f4%, corresponding to twice the dispersion, or,
equivalently, to the ratio between the maximum and minimahe of F within
the measured dispersion.

This result can be compared with the variability observekdigiher energies.
The average 15-150 keV flux of NGC 4945 is of the order of 5-10abt; there-
fore theSwift/BATmonitoring provides reliable, high S/N light curves wittare
sonably short time bins. In Fig. 3.3 we show the 65-monthtlgve, in bins of
one and five months. In order to obtain a semi-quantitatitimese of the reflec-
tor distance, we modeled the circumnuclear gas as a cylimdlethe axis on the
plane of the sky, with radius R and height H, such that+0R, as implied by
the analysis of DO3. We then used the observed BAT light casvan input, and
determined the maximum observable flux variation of the cedld component as
a function of the distance R, by adding the contribution afhrealement of the
reflector. Qualitatively, we expect that the more distaset tbflector, the lower
variability is observed in the reflected light curve, beatl intrinsic variability
is smoothed out by the different lengths of the light pathsesponding to each
reflecting element. Quantitatively, the result is shownig B.3b. In order to ob-

20One Crab is defined as the intensity of the Crab Nebula in thesponding X-ray energy
band.

61



Chapter 3. The circumnuclear geometry of Sy2 galaxies

serve a variation not larger than 4% (reminding thé+=0.96-1.00), the reflector
must be at a distance larger than 35 pc. This result is oblyi@mproximate,
due to the assumptions on the geometry, and to the limitegblgagmof the re-
flection fluxes, which may have caught the source in the saftexted states by
chance. However, we believe it provides a solid order of ritaga estimate of
the distance of the reflector. We conclude noting that, clamsig that theChan-
dra resolution is~ 0.25 arcsec,+5 pc at the distance of NGC 4945), the X-ray
reflector should be easily resolved Bandra consistent with the conclusions of
DO3.

3.1.3 The reflector geometry from direct imaging

In Fig. 3.1 the 1x1’ central region of NGC 4945 is shown. After running the
script CHANDRA_REPRO on the threeChandraevent files we merged them all
with the MERGE_ALL script and filtered them in energy between 0.3-2 keV (in
red) and 2-10 keV (in green). A soft X-ray emitter can be seetihé top right
region of the image, as already discussed in Schurch et@, 2there they called
it the "plume’, reproduced by a single temperature thermadieh (kT~ 0.6 keV),
interpreted as a mass-loaded superwind emanated from ni@lceuclear star-
burst. With the inclusion of the two 2004 observations inithage, we notice a
further soft lobe in the bottom-left direction indicatingacond, possible emitter
partially absorbed by a dust-lane crossing the nucleugnedi with the clumpy
structure shown in Fig. 3.2. For this analysis we refer tatariwork (Marinucci
etal., in prep.).
The nuclear 2-10 keV emission is embedded in 4 £&” box, corresponding
to a 180 pcx 90 pc region, which is consistent with the starburst ringedhby
molecular gas (Moorwood et al. 1996, Marconi et al. 2000y&uet al. 2001).
We performed a spectral analysis of three zones, corregpptalthe XMM-
Newtonextraction region, a 12x 6” box, including most of the hard emission
(Fig. 3.1), and a central circular region with radius 1.5’heTspectra, shown
in Fig. 3.4, are fitted with the same reflection model as deedrabove, with a
contribution of the additional power law decreasing frora targer to the small
region. In particular: (a) the best fit model of the spectruamf the 25” circle
is fully consistent (in each individual parameter) withttloh the XMM-Newton
observations; (b) the spectrum from the’ 36" box is again fitted with the same
model, but with a relative flux of the reflection component B620.07, indi-
cating that most of the reflection comes from this regionhwitly a remaining
~10% from outer regions; (c) the model from the central ansiiduitted with a
pure reflection component, with no need for the additionalgrdaw. The relative
flux is F=0.58:0.06. This shows that the reflection emission is moderatety c
centrated in the projected centraBO0 pc, but with a significant contribution from
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Figure 3.3: Upper panel:Swift/BATlight curve of the 15-195 keV emission of
NGC 4945, grouped in time bins of 1 month (black) and five msigted). Lower
panel: expected maximum variability as a response of adwytal reflector to the
BAT light curve, as a function of the distance form the cdrgrarce. The value
corresponding to the upper limit to the observed reflecteammeability is ~35 pc.
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Param. Value | OBS Date E

r 1.6£t0.1 | Suzaku 1 01/06 1.040.06
E(17 6.39:0.01 | Suzaku 2 07/10 1.00.08
EW(1P 1020:100 | Suzaku 3 07/10 0.99.08
E(27 6.66:0.01 | Suzaku 4 07/10 0.970.08
EW(R2P  130:20 | Suzaku5 08/10 0.9%.08
E(3)? 7.02:0.01 | Suzaku 6 01/11 0.949.08
EW@EP 140729 | XMM 1 01/00 0.9%0.05
NG 3.7+0.7 | XMM 2 01/04 0.98:0.06
F%_lo 1.3x107*2 | Chandra 25"  05/04 1.08).11
L%_m 2.2<10*° | Chandra BOX 05/04 0.86.07
x°/d.o.f. 1308/1205 Chandra 1.5 05/04 0.58.06

Table 3.1: Best fit values for the reflection componehtemission line energies,
in keV; ®: line equivalent widths, in e\ normalization in units of 1¢ ph cnT?
st kev?; 9 2-10 keV flux and luminosity of the reflection spectrum, ig.s.
units.©: relative flux.

the outer regions. In our simple cylindrical scheme, if a bifsafew degrees)
inclination angle is assumed, this concentration in thérakanresolved region is
expected due to the projection effect, and is not relatesoall physical distance
from the X-ray source. A direct, complementary way to denras that the hard
X-ray emission is dominated by the reflected, diffuse congmbrs by comparing
the image in the full hard X-ray spectral interval (2-10 keWjth the exclusion
of the 6.2-6.7 energy range, with the “iron line image” ob&al filtering only the
6.2-6.7 keV spectral interval (Fig. 3.2), which is clearlgnadnated by the iron
emission line (Fig. 3.4). We then overimposed the contofitiseohard X-rays on
the Iron Ko emitter. The striking match between these two images detraias
that the cold reflection and the iron emission lines origiredactly from the same
circumnuclear material and we are actually able to take @esshot of the inner
reflecting structure of NGC 4945.

Finally, we notice that the emission in Fig. 3.2 originatesyf a non homo-
geneous structure, with visible clumps and empty regiottls gizes of the order
of tens of parsecs. The differences in counts among theseegidns are highly
significant (same area regions ofX1D pixels contain fronx 10 to>100 counts).

A smaller-scale clumpiness of these structures, not redddlyChandrg may ex-
plain the low covering factor<10%) of the reflector, as estimated from the high
intrinsic variability above 10 keV, and from the low ratiotieen the reflected
and intrinsic components (Madejski et al. 2000).
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Figure 3.4: Spectra (rescaled to a common effective area), modehgAdrom

the observations. Th&y? values are shown for all the spectra in the central panel,
while only some of the spectra are shown, for clarity. Uppengd: firstSuzaku
observation in 2010 (blackBuzakun 2011 (red) Suzakun 2006 (green)XMM-
Newtonin 2004 (blue). Lower panel: the first 20 Buzakwbservation is shown
again (black) for ease of comparison; the remaining spactrérom theChandra
2004 data, extracted from a 25” radius (blue) a 12x6” box)(eedl a 1.5” radius
circle (green). It is worth noting that the spectra betweesm@ 7 keV, domi-
nated by the iron line emission, are almost identical in bflervations, except for
the last one fronChandrg and that the total continuum decreases with the area
of the extraction region. Both these features are evidemaethe variability is
due to the diffuse galactic component, while the reflectemains constant, as
quantitatively demonstrated by the spectral fits (Table 1).
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3.1.4 The structure of the innermost regions

The time, spectral and imaging analysis of the X-ray emmssfdNGC 4945 based
on XMM-Newton Suzaky Swift/BATand Chandradata, characterizes the AGN
circumnuclear reflector with unprecedented detail.

1) The comparison between the strong intrinsic variabifisasured bgwift/BAT
and the constant reflection spectra frotlM-Newtonand Suzakuwbservations
over more than ten years implies a distance of the reflect@3pc.

2) TheChandraimage, obtained combining two observations performed 0020
and 2004, reveals an extended hard emission on projectied £6a200x100 pc.
The spectrum of this emission is entirely reproduced by d oeflection model.
The central 30 pc account for about 50% of the whole emission.

3) We show the first X-ray image of the inner reflector of an AGNe large scale
structure of the emission region is clumpy and asymmetnd,the central region

is resolved byChandra A smaller-scale, unresolved clumpiness may explain the
low covering factor of the reflector inferred by the high ednility of the intrin-

sic emission at E10 keV, and by the low ratio between reflected and intrinsic
spectrum (Madejski et al. 2000, D03).

3.2 The Compton-thin Sy2 NGC 4507

NGC 4507 is a nearby (z=0.0118) barred spiral galaxy and drtbeoX-ray
brightest Compton-thin Seyfert 2s, despite the heavy absom (N, ~ 4 — 9 x
10%%cm2). It was first observed in the X-rays by Einsteirnk (e 2.8 x 10* erg
s'1, Kriss et al. 1980) and then in 1990 with Ginga (Awaki et a®1p showing a
strongly absorbed\y ~ 5x10?°cm2) power law continuum and a prominentiron
Ka line. In 1994 ASCA also revealed a strong X-ray excess andtanse emis-
sion line (identified as Nex) at~ 0.9 keV (Comastri et al. 1998). Risaliti (2002)
reported then three BeppoSAX observations of the sourcdiroong the obscur-
ing column densities observed in the previous two obseamati In 2001 NGC
4507 has been observed for the first time with the most seasftiray satellites,
XMM-Newton and Chandra/ACIS-S HETG (Matt et al. 2004) canfing once
again the clear Compton-thin state of the spectrum, with-a1.8*37 power law
absorbed by alNy = 4.4732 x 10%cm2. In 2007 a~3 days observation with
Suzaku has been performed and it revealed a much largerbaiigaolumn den-
sity (Ny ~ 9 x 107%cm~2) with respect to the earlier observations, but no changes
within the 3 days of monitoring (Braito et al. 2012, hereafter BR)mmarizing,
NGC 4507 showed strong variations in time scales of yease(r990 until 2007)
but none in shorter time scales (3 days observation withl&)za his excluded
a possible sub-parsec scale absorbing structure, busléaeactual size and dis-
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tance of the absorber largely unconstrained. In this workepert the study of
five XMM-Newton observations spanning a period of 6 weeksyben June and
August 2010, and a Chandra observation performed 4 mortérsilma December
2010. This observational campaign has been designed todfitime gap between
days and years in the previous observations, so constgaih@location of the
absorber.

3.2.1 Observations and data reduction

The 5 XMM-Newtonobservations analyzed in this work were performed on 2010
June 24 (obsid 0653870201), July 3 (obsid 0653870301) ,1B.gbsid 0653870401),
July 23 (obsid 0653870501), August 3 (obsid 0653870601) thie EPIC CCD
cameras, the PN (Struder et al. 2001) and the two MOS (Twinalt 2001), op-
erated in large window and medium filter mode, respectivEhe extraction radii
and the optimal time cuts for flaring particle backgroundexmymputed with SAS
11 (Gabriel et al. 2004) via an iterative process which leéadsmaximization of
the Signal-to-Noise Ratio (SNR), similarly to that desedhkn Piconcelli et al.
(2004). After this process, the net exposure times for théférent observations
were 16 ks, 13 ks, 13 ks, 13 ks and 17 ks for the PN, respectiVély resulting
optimal extraction radii are 40 arcsec for the first threeeokmtions, 30 arcsec
for the fourth one, 26 arcsec for the last one. The backgrepedtra were ex-
tracted from source-free circular regions with a radiusloda 50 arcsec for all
the 5 observations. We also re-extracted the data from agueXMM-Newton
observation (obsid 0006220201), with a net exposure of aR®ks, adopting an
extraction radius of 40 arcsec for the source and 42 arcsethéobackground.
The analysis of the last set of data is discussed in Matt €2@04).
Chandraobserved the source on December 2, 2010 for 44 ks, with therabd
CCD Imaging Spectrometer (ACIS: Garmire et al. 2003). Dagseweduced with
the Chandra Interactive Analysis of Observations (CIAQugEione et al. 2006)
4.4 and the Chandra Calibration Data Base (CALDB) 4.4.6laet@, adopting
standard procedures, using a 2 arcsec and 10 arcsec extinadii for the source
and background, respectively.

Spectra were binned in order to over-sample the instrurhesgalution by at least
a factor of 3 and to have no less than 30 counts in each baakdrswbtracted
spectral channel. This allows the applicability of fifestatistics.

3.2.2 Data analysis

The adopted cosmological parameters ldge= 70 km st Mpc, Q, = 0.73
andQ,, = 0.27, i.e. the default ones irsPEC 12.7.0 (Arnaud 1996). Errors
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Figure 3.5: The adopted geometry for the photoionized reflector.

correspond to the 90% confidence level for one interestingmpater fy? = 2.7),
if not otherwise stated.

EPIC PN+MOS spectral analysis

The soft 0.5-3.0 keV spectrum presents a strong 'soft exagkich appears dom-
inated by emission lines from an highly ionized gas, as oleskm most X-ray
obscured AGN (Turner et al. 1997; Guainazzi & Bianchi 20(ission lines
from H-like and He-like C, N, O, and Ne, as well as from the Fshell, have
been detected and reported in previous observations (Mailtt 2004). Through-
out this work we reproduced the soft emission in terms of fs®isistent model
using the public photoionization codaouDY?® (v94.00: Ferland 2000). It is an
extension of the same model used in Bianchi et al. (2010a8.nt&in ingredient
is the ionization parametér (Osterbrock & Ferland 2006), defined as:
Lo

~ 4nr2cn,

(3.1)

wherec is the speed of light, the distance of the gas from the illuminating source,

ne its density andvr the frequency corresponding to 1 Rydberg. The incident
continuum has been modeled as in Korista et al. (1997), daoteslectron density

ne = 10° cm2 has been used and elemental abundances can be found asi® Tabl

Shttp://www.pa.uky.edu/ gary/cloudy/
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of cLoupy documentatioh The resulting grid parameters are ldg= [-2.00 :
4.00], step 0.25, and loyy = [19.0 : 235], step 0.1. Only the reflected spectrum,
arising from the illuminated face of the cloud, has beennakéo account in our
model. We also produced tables with different densitigsrL0* — 10* cm3):

all the fits presented in this thesis resulted to be insediti this parameter, as
expected since we are always treating density regimes viheratios of He-like
triplets are insensitive to density (Porquet & Dubau 200 adopted geometry
for the photo ionized reflector can be found in Fig. 3.5.

Following Matt et al. (2004) the baseline model we used tohi ©.5-10 keV
spectra can be roughly expressed by the following generaiuta:

F(E) = e®Mi[Ph + C+ e " ®MBET + R(D) + ) Gi(E)] (3.2)

whereo(E) is the photoelectric cross-section (abundances as intAi&dérevesse
1989b),N§ is the Galactic absorbing column density along the line gifisio the
source (Dickey & Lockman 1990Phc is the emission from a photoionised gas
reproduced with self-consistent.ouby models as described in Bianchi et al.
(2010a) and Marinucci et al. (2011) while C is the emissiamfra collisionally-
ionised diffuse gasAPEC model, Smith et al. 2001\l is the neutral absorbing
column density at the redshift of the source; B is the norzadion of the primary
powerlaw with slopé™; R(I') is the Compton scattering from the inner layer of the
circumnuclear torus, modelled insSRECwith PEXRAV (Magdziarz & Zdziarski
1995)Gi(E) are Gaussian profiles, corresponding to required emidsies of
high-Z elements such as the Fe lat 6.4 keV, Fe I8 at 7.058 keV, Fexxvi at
6.966 keV and the forbidden line of the K&v Ka triplet at 6.69 keV(see table
3.2).

A further Gaussian emission line has been used to reprotiedc@ampton Shoul-
der (CS) redwards of the Iron line core, as expected on thieargrounds, with
energy fixed at 6.3 keV and=40 eV (Matt 2002).

The reflected, Compton scattered emission has been modetegithePEXRAV
model with['=1.8 and normalization fixed to the values measured with tbhads
band Suzaku observation (B12). The previous model has kmsshta fit, in first
place, the 5 separate EPIC PN+MOS observations. The 5 apéttrfrom our
campaign in Summer 2010 (labeled as Obs. 1-5 in Table 3.2) awdy?/d.o.f.
and do not present any strong evidence of variations in reftieeabsorbing col-
umn density of".

Two different photoionised phases and a collisional onenaezled to model
the 0.5-3.0 keV spectra of NGC 4507. Table 3.2 clearly shdwas the soft X-
ray emitting gas has not varied during the monitoring. Thiggests that the

“Hazy 1 version 08, p. 67:http://viewc. nubl ado. or g/ i ndex. cgi / t ags/
rel ease/ c08. 00/ docs/ hazyl 08. eps?revi si on=2342&r oot =cl oudy
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Figure 3.6: XMM-Newton EPIC PN 0.5-10 keV best fit and ratio for the 5 ob-
servations of the campaign described in this work.

absorbing material, responsible for the column densitiatian between June and
December 2010, might be much closer to the X-ray source til@aitcumnuclear
matter responsible for the soft emission. As already dsedisn Bianchi et al.
(2006) and Bianchi & Guainazzi (2007) this gas is likely aidtent with the NLR.
Further studies on the phoionisation mechanisms and extiesiahission in NGC
4507 will be discussed in detail in the future (Wang et alprieparation).

We then analyzed the 10 spectra (5 EPIC PN and 5 MOS1+2, thbsI&et
1 in Table 1) simultaneously, using the model described @laond linking all the
parameters, except for the flux normalizations. The basetiodel reproduces the
5 sets of data and some residuals are present around 1.&kkeéd, the addition
of aline at 1.7#0.03 keV is required4y? = 44, with a significance greater than
99.99%, according tB-tesp.); it can be identified as Sid with a corresponding

5The F-testis not a reliable test for the significance of eimistnes unless their normalizations
are allowed to be negative (Protassov et al. 2002)
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3.2. The Compton-thin Sy2 NGC 4507

flux of 2.0 + 0.4 x 10°® ph cnt? s! . The primary power lawI{ = 1.83%) is
absorbed by a column density 009t 0.5 x 10?*cm™2. The photon index is in
agreement with previous studies on this source, on the axyrdr clear variation
in the Ny can be noticed with respect to the old 2004 XMM-Newton obsgown,
but it is fully compatible with the Suzaku observation in ZQFig. 3.11). The
addition of a CS redwards of the IroreKine core is required by the fitNg? = 20
with a significance greater than 99.99%) and its flux, being 2% of the flux of
the narrow core of the Fed is consistent with expectations. Both Irom knd
CS fluxes are in agreement with the ones found in the previddig Xbservation
(Matt et al. 2004). The equivalent widths of the high enengyssion lines are in
full agreement with the ones we find when we analyze the 5 §deta separately.
We only find upper limits on fluxes<( 0.5 x 10°® ph cnT? s71) and EWs & 50
eV) of the Fexxvi emission lines at 6.966 keV.

As a last cross-check, we let the 5 different absorbing cald®nsity pa-
rameters free to vary in our fit, to check whether a possibiatran may have
been occurred in the 1.5 months monitoring. The best fit wabig¢he 5 differ-
ent Ny do not show any significant variation with respect to the fiesalue for
the whole data set (9 + 0.5 x 10?2 cm?) with a non significant improvement of
the fit (Axy?> = 5 with four more parameters and a significance lower than 8%).
This result brings further evidence to the argument thabigdt®n variability on
short time scales (hours-days) can be ruled out in our aisadyNGC 4507. If
the intervening absorbing material had varied on such s$imoetscales we would
not have measured a constant column density in a 1.5 month&aring. The
measured values would have been completely scatteredlowveamge of values
observed in the past (49 x 10?°cm2).

Chandra ACIS spectral analysis

The baseline model is the same we used to fit the XMM-Newtoa. dette over-
all fit is very good (? =327/329) and the addition of a further emission line at
1.81+0.02 keV is required £y? = 14 with a significance greater than 99.99%),
with a flux of 47 x 10°phcnT?s™%, marginally consistent with the emission
from Si Ka already found in XMM-Newton best fits. The soft X-ray speatris
produced by two photoionised phases, while the contribuipa collisional gas
is not required by the fit. Equivalent widths, fluxes and epergntroids of the
emission lines found in the 5 - 7.5 keV energy range are fulysistent with the
results reported above. Best fit values are shown in TablargdZzhe column is
labeled as Obs. 6.

The reflected primary continuum has been fitted as describéateb(see Sect.
3.2.2): the best fit value of the absorbing column density3s®.7 x 10°° cm 2,
leading to a 5 x 10°° cm? variation at a 3 confidence level in a time scale
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NGC 4507: 3-10 keV best fits
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Figure 3.7: 3-10 keV best fits. The impact of the variation in the absagbin
column density on the three spectra can be clearly seen.

ranging between 1.5 (time interval between the first and ftie iMM-Newton
observation) and 4 months (time interval between the lastvXNewton obser-
vation and the one with Chandra). In Fig. 3.7 we show the infteeof the change
in Ny on the spectral shape between 3 and 10 keV. Considering ttial piegen-
eracy between the column density and the spectral slopejghdicance of the
variation is even stronger, as illustrated by fhdly contour plots shown in Fig.
3.8.

3.2.3 Discussion on the column density variability

In the past few years a great number of sources have beenarezhand spec-
tral changes from Compton-thin (Mf units in 162 cm™2) to reflection dominated
(N >10°*cm2) on time scales from a couple of daystd.0 hours have been de-
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3.2. The Compton-thin Sy2 NGC 4507

Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5 Obs. 6 Set1
0.0Z 0.03 0.03 0.03 0.03
K (PN-MOS) 099*:0_02 1'06t0.03 1'02to.03 1'020.03 0.93jo_03 - -
Ny (102 cm2) 8721 9.7+53 7619 9.4+11 8.0+08 6507 9.0*02
0.1 0.3 0.4 0.3 0.3 0.4 0.2
r 1851 2.0%53 14454 1.9%03 16*93 1554 1.8+02
F (CSs3kev) <15 <17 1834 1401 0.8734 20799 10%33
Fe Ko E 6407091 6407051 6417002 6417007 640709 6407052  6.401°00%3
Flux 4 4I§-'§l 3g88 3 71§5§2 4 3I§-'§2 2698 4 oiigz 2298
e i Py s e 0 e
EW 3151 25040 24573 28540 33530 220730
FeKBE 7.058 7.058 7.058 7.058 7.058 7.058 7.058
Flux <06 <05 <06 <05 <08 <11 03722
EW <50 <35 <45 <40 <70 <70
Fexxv E 6.700 6.700 6.700 6.700 6.700 6.700 6.700
Flux 0623 <03 0724 <07 <03 <04 0351
% 95 '
EW 4052 <20 4552 <45 <20 <20
012 0.30 0.26 017 012 011
KT (keV) 043008 0537555 0447575 043715 0427515 ” 0437507
oguy  163% 150310 1759% 1500l 16799 18533 1e4%
log NH1 20552 20953 20952 211703 208703 219%08 21051
0.10 0.28 0.30 0.64 0.30 0.10 021
logU2 -069%55s -01855; -045755 -04755 0305 0905, -0155%
log N2 19901 204732 <198 198792 199°5% 2152918 199702
Fos-2 kev 04'%1 047y 0475 04%g 047 0373
F2-10 kev 1753 8O%3 84n 80T 7SGE 100°G3
x?/d.o.f. 308/292  347/268  242/272  267/267  280/283  313/327  6/13B9

Table 3.2: Best fit values. Energies are in keV, line fluxes im3ph cnt? s,
observed fluxes in 1®? erg cnt? s! and EWs in eV. Photoionisation parameters
logU4, logU, and column densities Idg;, log Ny, are the best fit values of the
two photoionised phases needed to reproduce the soft emisdi is the energy
of the additional collisional phase (see text for detail).
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Figure 3.8: TI'-Ny contour plots of the 5 combined XMM-Newton observations
and theChandraDecember 2010 observation. Solid black, red and green lines
corresponds tod, 20, 30 confidence levels, respectively.

tected. Such rapid events imply that the absorption is detotads with velocity
v > 10° km s1, at distances from the central BH of the order of giéavitational
radii (assuming that they are moving with Keplerian velpetound the central
black hole). The physical size and density of the clouds stienated to be of the
order of 13° cm and 16° — 10* cm3, respectively. All these physical param-
eters are typical of BLR clouds, strongly suggesting thatXkray absorber and
the clouds responsible for broad emission lines in the aftiy/ are one and the
same. Maiolino et al. (2010) investigated the case of NGG X3l succeeded in
drawing a physical scenario that correctly reproduces iseiwved X-ray variabil-
ity. During two eclipses they revealed a 'cometary’ shapthefobscuring cloud,
consisting of a high density head, and an elongated, lowsityetail. This struc-
ture was discovered by the time evolution of the two key olzgtéynal parameters
of the cloud (Fig. 3.9): its covering factor to the X-ray scei{suddenly increas-
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3.2. The Compton-thin Sy2 NGC 4507
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Figure 3.9: Structure of the absorbing cloud as obtained from a Suzakareb
vation of NGC 1365. The cloud size is not in the correct sctie:tail is much
longer when compared with the source size, which is of theroofl a few 16*
cm, from Maiolino et al. (2010).

ing at the beginning of the occultation, then slowly incregsover a relatively
long time interval), and its column density (highest at tbgihning of the occul-
tation, and then decreasing steadily).

From the X-ray data analysis presented in the previousmsectn NGC 4507 a
column density variation in a time scale of months is evidéie are going to
describe, in the following, the physical implications ofstmesult. Changes in
absorbing column density are due to two different physicatesses: a varia-
tion of the ionizing primary radiation, which causes theaton in the ionization
state of the absorber or variations in the amount of absgripas along the line of
sight. In the case of NGC 4507 the first physical scenario eatidarly ruled out
because the difference in the 2-10 keV fluxes between then@igmns is not sig-
nificant enough to justify a variation in the primary ionigiradiation. The black
hole mass of NGC 4507 is estimated by means of stellar vgldcspersion to
be 45 x 10’M,, (Marinucci et al. 2012). We assume the dimensions of theyX-ra
emitting source @ to be 10 R. This is in agreement with continuum variability
studies and disk-corona emission models, all suggestiogrgpact central X-ray
source, confined within a fewdfrom the central black hole. In the case of NGC
4507 we are not able to measure the covering factor of easlsiagcloud, there-
fore we will assume a very simple geometry, where the sizeebbscuring cloud
Dc~Ds. A schematic view of the geometrical structure is shown @ Bi10. The
transverse velocityk for one obscuring cloud is then simply given by the linear
dimension of the X-ray sourc®s, divided by the crossing time:
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Figure 3.10: Schematic view of the circumnuclear absorbing structurd@C
4507.

Dc  10GMyy
TCI’ B C2 TCI’
where we introduced the adimensional parameMygs = My,/107%°M, and
T, ~ 1x 10’s = 4 months.

If we then consider the absorbing material located at anltsid from the central

X-ray source, moving with Keplerian velocity, we can calteR with the simple
formula:

Vk = ~ 70 km S_1M7.65Tgl, (33)

_ GMp, GMynT2
V2 10PRS
whereR;o = Ds/10Rs. In the case of NGC 4507 the lower limit on the crossing
time is 1.5 months, the time interval between the first ant daservation of
our XMM-Newton campaign, during which the column densityriaximal and
nearly constant. The upper limit to the uncovering timel¥s/vk) is 4 months,

time interval between the fifth XMM-Newton observation (Awsg 2011) and the
Chandra one (December 2011).

R ~ 40 pcMygsR T2, (3.4)

Using these limits in the relations above we get a lower lofR = 7 pc IVI7.65RI§
and an upper limit oR = 40 pc M;gsR;2. These distances imply that the ob-
scuring material is located well outside the BLR: to be cstesit with the BLR
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Figure 3.11: Column density light curves. (a) From 1990 until now the seur
has presented sevend), variations. Values are taken from Risaliti et al. (2002).
A clear changing-look on time scales of years has been aliadussed in B12,
while for the first time a column density variation has beesesbed on time
scales of months. (b) Column density light curve from Jung02® December
2010. The 5 XMM-Newton observations do not show any evidexfogariation

in Ny, while the Chandra value clearly differs from the XMM comédihbest fit
value, which is plotted as a red solid line with errors as r@shed lines.
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location the obscuring cloud should have a linear Bige> 20Ds. If we assume a
typical BLR densityne ~ 10° cm3 (Osterbrock 1989) and a,N= 2.5x 10%3cm2
(difference between XMM-Newton and Chandra spectra) weadietear size for
the obscuring clou®¢ < 3.5 Ds: these two values are clearly inconsistent. The
Suzaku observation is the only one that really probes thiedy/BLR timescales
in NGC 4507, but with an average column density-df0?* cm~2 it is not possible
to disentangle any inner component with N 1072 — 10?° cm2.

We reduced and analyzed two 10ks long Swift-XRT observatamthe 24 and
30" of December 20050BsID 00035465001 and 00035465003 respectively), to
check for column density variations on timescales of daylse Baseline model
we used to reproduce the data is a simple absorbed power gayssian emis-
sion line and a further soft power law for spectral featurelw ~3 keV. Data
quality does not allow for a clear investigation of thieNy parameter space, so
we adopted a fixed value &f = 1.8. Only a marginal column density variation
(at 1o~ confidence level) is found between the two Swift observatiout the two
measurements of Nare consistent at the 90% confidence level (Fig. 3.11). The
lack of significant variability on short time scales doesingtly that a BLR com-
ponent does not exist at all, it suggests indeed a much manplea environment
of absorbing structures, as already discussed in Nardinis&lR (2011) for the
dwarf Seyfert galaxy NGC 4395.

The obscuring clouds’ velocities we measured (70-170 Kwh/gs) are at least
one order of magnitude smaller than the typical BLR clouddouities. The ab-
sorption variability is due to circumnuclear material whis located at distances
consistent with the putative torus (Antonucci 1993). Sucltaral cannot be lo-
cated at much larger scales (i.e. dust lanes) since the NlRtisignificantly
affected by reddening, as inferred by the observedH# ratio (Kewley et al.
2001).

Since the presence of a Compton-thick material around tbkeusi is invariably
accompanied by a neutral iron narrowr¥emission line and a cold reflection
emission it is interesting to point out the fact that the gpatale of the obscuring
material in NGC 4507 is consistent with the distance of tiflecer observed with
Chandrain the nearby Compton-thick Sy2 NGC 4945 (Marinucci et all20
The existence of a more complex structure surrounding thiealeengine of AGN
rather than the one predicted by the unification model has pegposed and
widely discussed in the past few years (Maiolino & Rieke 1,3&is 2000; Matt
2000) and recently in Bianchi et al. (2007); Risaliti & EIN®&010); Bianchi et al.
(2012); Elvis (2012).

Accordingly to these models, only absorbing matter on véifer@nt scales can
be responsible for the wide phenomenology of column densitigtions, leading
to an overall scenario where different absorbers/reflecoe responsible for the
spectral changes in the Seyfert 2 galaxies observed so far.
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3.2. The Compton-thin Sy2 NGC 4507

The column density variation we measured in NGC 4507 is déurpiece that
can be added to the puzzle. In our analysis the lack of angti@mion short time
scales (hours, days) excludes an absorber located in theABiilR the change on
time scales of months leads to an absorber much farther fnenXtray source,
differently with respect to other variable objects (e.g. GIG365, NGC 4151,
UGC 4203: Risaliti et al. 2005, 2007, 2009; Puccetti et aDZ2®Risaliti et al.
2010) on long time scales (months, years) and rapidly cimgngh short ones
observed so far. Our analysis provides further evidendeathaiversal circumnu-
clear structure of absorbing matter is therefore not sdiedaking into account
all the observed phenomenology on absorption variabiligk&N. While itis true
that absorption must occur on different scales, not all theats present evidence
of absorption from all the possible scales.

3.2.4 The circumnuclear environment

We reported the analysis of 5 XMM-Newton observations spana period of 6
weeks and a Chandra observation performed 4 months afeigwathe obscured
AGN in NGC 4507. This source had shown strong column densitiations in
time scales of years (from 1990 until 2007) and none in shine scales during
the 3 days of Suzaku monitoring. We therefore investigatad scales ranging
from 1.5 up to 4 months, looking for absorbing structuresited farther from the
innermost X-ray source.
Our results can be summarized as follows:

e a column density variation dANy| = 2.5 x 107> cm? at a 3 confi-
dence level on a time interval between 1.5 and 4 months has inee-
sured. Such time scales lead to distances of the absorbgingafrom
R = (7 - 40) M7¢sR;5 pc with corresponding velocities of 70170 km/s
M- es. These distances imply that the obscuring material is éatatell out-
side the BLR, and suggest a much more complex environmeiisoiraing
structures;

¢ the distances we inferred suggest that a single, univensaitsre of the
absorber is not enough to reproduce the X-ray absorptiaabilty of this
AGN. Different reflectors/absorbers are responsible ferahserved X-ray
features.

In the next future, following the results presented in Risg002), a monitoring
of all the sources that have shown changes on time scalesacs et none on
shorter (hours-days) can be performed. A broad band, teseklred study of
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AGN is fundamental for a better understanding of the compgiesumnuclear
material and its interaction and response to the primangatiad.
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Chapter 4

Conclusions

The aim of this thesis was to investigate the complex cirauctear environment
of AGN by analyzing the X-ray spectra of Seyfert 2 galaxiebe Ppeculiar fea-
tures arising from the reprocessing of the nuclear radidtyp such a circumnu-
clear material provide unique information on the physicacoéretion onto the
central SMBH and the geometrical structure of AGN.

In the framework of the first topic we studied the connectietwzen the presence
of Polarized Broad Lines and the accretion rate in a sampB® @eyfert 2s. We
tested the model proposed by Nicastro (2000) in the leasilpediased observa-
tional way, by collecting the 'cleanest’ possible sampl&eyfert 2 galaxies with
the best spectropolarimetric data available at the moraedtrobust estimates of
their BH masses performed homogeneously on the basis oftberneed stellar
velocity dispersion. Our results can be summarized asvitstio

— The accretion rate is the main parameter which drives the preence of
HBLRs in Seyfert 2 galaxies.We find that the separation between HBLR
and non-HBLR Compton-thin sources is highly significantiiataccretion
rate (logleqq = —1.9) and bolometric luminosity (loby,, = 43.90): a two-
sample Kolmogorov-Smirnov test gives probabilities o®0.4nd 0.5% that
the two classes are taken from the same parent populatgpgctvely. In
particular, no HBLR is found below the threshold Eddingtaterogleqq =
—-1.9, and no non-HBLR above the same limit.

— The inclusion of Compton-thick sources blurs the separatio between
HBLR and non-HBLR, but still no HBLR source falls below the Ed-
dington ratio threshold. When Compton-thick sources are included, prob-
abilities of chance separation rise to 1.0% and 1.8%, foirkgddn ratio and
bolometric luminosity, but no HBLR is still found at acciati rates lower
than the threshold.
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— The seminal observational results presented in Nicastro etl. (2003) has
been significantly expanded in our work.Our results agree with the ones
discussed in their work but with a much higher statisticghgicance, due
to the larger sample used, and a greater robustness duertmteeaeliable
estimates of the BH masses that we derive here. BH massesecde-b
rived through a variety of different means (e.g. FWHM[OJIW{*). Using
all of these possible means, obviously allows for large damfp be as-
sembled. However, building samples with black-hole massrdenations
derived with different methods introduces significant sesrof uncertain-
ties, which may wash out possible correlations among inaporphysical
parameters, like the source accretion rate or luminosity.

— Non-HBLR Compton-thick sources with high accretion rate may pos-
sess a BLR, but their heavy absorption is preventing us from bserv-
ing it even in polarized light. A significant fraction (64%) of Compton-
thick non-HBLRs have accretion rates higher than the tiolestound for
Compton-thin sources (logqq = —1.9). We speculate that this is not due to
the lack of BLRs, but to heavy line-of-sight absorption neting us from
observing not only the direct line emission, but also theilapzed light
scattered by an, at least partly, obscured population afrveectrons.

— [OIV] emission line luminosities, even if they are still an ndirect proxy
of the nuclear continuum emission, are more reliable than [@1] lumi-
nosities as tracers of the intrinsic nuclear emissionWe compared the
results obtained from our X-ray analysis with the ones @etiby using
different proxies of the nuclear emission: [Olll] and [Ol¥mission line
luminosities. A large number of sources in our sample (320639) have
[O1v] measurements and both bolometric luminosities and docreates
can be inferred. The two classes show a more significant @gpain ac-
cretion rate than in bolometric luminosity (probabilityadfance separation
of 1.1% and 10.4%, respectively). Both HBLR and non-HBLR @ton
thick sources are included in the sample and the separatiarebn the two
different populations in accretion rate resembles the ofesried from our
X-ray analysis. The same analysis performed by using [@iljinosities
does not show any separation between the two samples. Tdgestis that
the efforts to use standard extinction correction foni[{2are not always re-
liable, as already discussed in Goulding & Alexander (e099; LaMassa
et al. (e.g. 2010).

While the first part of my work is focused on the statisticaldst of a small, accu-
rately selected, sample of galaxies in the second one wstigated the circum-
nuclear geometrical structure of two bright, nearby gasxby studying X-ray
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absorption variability in their spectra. Indeed, a powkidgol to investigate struc-
ture, composition and distance from the central nucleuse$everal absorbers is
the study of column density variability through time-rasa X-ray spectroscopy.

NGC 4945

A time, spectral and imaging analysis of the X-ray innerdtice of NGC 4945
has been performed, revealing its geometrical structutewiprecedented detail.
Such a monitoring has been possible thanks to a®erakicampaign of 5 obser-
vations spanning 6 months, together with past XN\Wdwton Chandraand Swift
observations. In the following we summarize our results:

— The innermost reflecting structure in NGC 4945 is at a distane greater
than 35 pc. The work presented here expands the results presented in the
past, through the comparison between the intrinsic vdital@ibovel0 keV
(from Swift/BATobservations), and the reflection variabiliiglow 10 keV
(from a set of 8XMM-Newtonand Suzakuobservations over a period of
~10 years). Comparing the observed reflection variabiliby)strained to
be within 4%, with the variability observed at higher eneggwe calculate
the minimum distance of the reflecting material, needed toatmout such
a high energy variability.

— The central 30 pc account for about 50% of the whole neutral réec-
tion emission The Chandraimage, obtained combining two observations
performed in 2000 and 2004, reveals an extended hard emissigro-
jected scales 0£200x100 pc. The spectrum of this emission is entirely
reproduced by a cold reflection model.

— We show one of the first X-ray images of the inner reflector of arAGN.
A complementary way to demonstrate that the hard X-ray eamss dom-
inated by the reflected, diffuse component is by compariedrttage in the
full hard X-ray spectral interval (2-10 keV), with the “irdime image” ob-
tained filtering only the 6.2-6.7 keV spectral interval. Tdtaking match
between these two images demonstrates that the cold reflestd the iron
emission lines originate exactly from the same circumrarcateaterial and
we are actually able to take a screenshot of the inner ref@gstructure.

— The inner reflecting region is clumpy and inhomogeneousThe neutral
reflected emission originates from an inhomogeneous sirictvith vis-
ible clumps and empty regions with sizes of the order of tefngsaosecs.
The differences in counts among these sub-regions areyhgigphificant
(same area regions of @0 pixels contain fromx 10 to>100 counts). A
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smaller-scale clumpiness of these structures, not resbly€handrg may
explain the low covering facto(0%) of the reflector, as estimated from
the high intrinsic variability above 10 keV, and from the loatio between
the reflected and intrinsic components.

NGC 4507

This source has showed strong column density variationgyagcales of years
(from 1990 until 2007) but none on shorter time scales (3 adgervation with
Suzaku). This argues against a possible sub-parsec scalgaty structure, but
leaves the actual size and distance of the absorber largetyngtrained. In this
work we reported the study of five XMM-Newton observationarsing a pe-
riod of 6 weeks, between June and August 2010, and a Chandeavalion per-
formed 4 months later, in December 2010. This observaticaralpaign has been
designed to fill the time gap between days and years in thequewbservations,
S0 constraining the location of the absorber. Let us sunaaéne main results of
our analysis in the following.

— Two different photoionised phases and a collisional one areeeded to
model the 0.5-3.0 keV spectra of NGC 4507We showed that the soft
X-ray emitting gas has not varied during the monitoring. sThuggests
that the absorbing material, responsible for the columsidermariation be-
tween June and December 2010, might be much closer to thg Xetace
than the circumnuclear matter responsible for the soft gons As already
discussed in Bianchi et al. (2006) and Bianchi & Guainaz@D@ this gas
is likely coincident with the NLR.

— No column density variations occurred in the 1.5 monthsXMM-Newton

monitoring. No significant variation with respect to the best fit value for
the whole data set (@ + 0.5 x 10?2 cm2) has been found. This result
brings further evidence to the argument that absorptioiabgity on short
time scales (hours-days) can be ruled out in our analysifisfsource.
If the intervening absorbing material had varied on suchtditoe scales
we would not have measured a constant column density in a arihs
monitoring. The measured values would have been complstalitered
over the range of values observed in the past @x 10?%cm2).

— A column density variation of ]ANy| = 2.5x10?>cm~2 at a 30~ confidence
level on a time interval between 1.5 and 4 months has been measd.
Such time scales lead to distances of the absorber rangingRr= (7 —
40) M7.65RI§ pc with corresponding velocities of #A70 km/sM+gs. These
distances imply that the obscuring material is located wai$ide the BLR:

84



to be consistent with the BLR location the obscuring cloudusth have a
much bigger linear size, not consistent with the typical Birfes.

The spatial scale of the obscuring material is consistent wh the dis-
tance of the reflector observed in NGC 4945.Since the presence of a
Compton-thick material around the nucleus is invariablyomepanied by a
neutral Iron narrow k-emission line and a cold reflection emission it is in-
teresting to point out the fact that the spatial scale of thexaring material
in NGC 4507 is consistent with the distance of the reflect@eoked with
Chandrain NGC 4945.

Our analysis provides further evidence that a simple, univesal circum-
nuclear structure of absorbing matter is therefore not ableto take into
account all the observed phenomenology on absorption varplity in
AGN. The column density variation we measured is a further pieaedan
be added to the puzzle. In our analysis the lack of any variatn short
time scales (hours, days) excludes an absorber located BLIR while the
change on time scales of months leads to an absorber mublerféirom
the X-ray source, differently with respect to other var@abbjects such as
NGC 1365, NGC 4151, UGC 4203 on long time scales (monthssyead
rapidly changing on short ones observed so far. While itus that ab-
sorption must occur on different scales, not all objectsgmé evidence of
absorption from all possible scales.

In conclusion, we addressed two different, complemenggproaches to study
the circumnuclear medium of AGN: a statistical analysis ahaall sample of
both Compton Thin and Compton Thick Seyfert 2 galaxies aacauiletailed X-
ray spectral investigation of two among the brightest Seyegalaxies known.
The observational evidence discussed in this thesis leadsgeometry of the
absorbing material much more complex than the one postutatehe Unifica-
tion Model. A uniform, single absorbing medium is likely rextough to explain
all the observational features of a AGN and hence multipodiers should be
present around the central source, possibly distributetiffarent physical scales.
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Chapter 5

Future perspectives

In the following, we will briefly outline the main topics thaill be investigated in
the near future, with both longer observations performett @handra and with
new generation X-ray satellites.

Longer Chandra observations

The innovative imaging and spectral analysis presentdusrthesis opens a new
window in observing the circumnuclear medium of nearby 8eyZ galaxies. In
Fig. 5.1 and Fig 5.2 we present very preliminary studies @nGbmpton Thick
AGN in the Circinus galaxy, using the same approach destribeéhe case of
NGC 4945, with a 250 ks Chandra ACIS-S observation. The gopiresents an
extended emission in the 6.2-6.7 keV and in the 2-10 keV gmreaigds (Fig. 5.1,
bottom panels), the two regions are very different from eattler and in the top
panel of Fig. 5.1 the ratio between the former and the lastshown. This image
emphasizes the region of the Irorwkemission with respect to the one of the
reflected continuum emission: the gas responsible for sisgeetral component
is clumpy and symmetric with respect to the nucleus, leathregscenario where
the geometry is the fundamental ingredient in the Irandfission. The spectra
obtained from the central 4 boxes (Fig 5.2, top panel) ana tiee lateral 4 boxes
(Fig 5.2, bottom panel) allow us to perform a complete magmhthe emitting
region and show a variation in EW of the IroreKine that can reach a factor
of 3. The simple model used to fit the data consists in a refleatontinuum
(PEXRAV, Madgziarz & Zdziarski 1995) and two Gaussian emisdines for
neutral and ionized iron. We are currently investigatingu€h a variation may be
due to different scattering angles between the reflectedstom and the line of
sight.

NGC 4945 is one of the few AGNs with a neutral Iron emissioreeged
well outside the central nucleus and a clear evidence ofraggtinhomogeneous
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Chapter 5. Future perspectives

6.2-6.7 keV 2-10 keV

Figure 5.1: Images in the 6.2-6.7 keV and 2-10 keV energy bands are shown
in the bottom panel. Ratio between the images in the 6.2-6\V7dad the 2-10
keV energy bands (top panel): the emitting region is clumpy symmetric with
respect to the nuclear region.

structure of the reflector/absorber. Its small distanceesakthe best target to
investigate these inhomogeneities at the smallest pessfatial scales (by com-
parison, NGC 1068, with an even higher flux, is at a distancetimes larger,
not allowing a spatially resolved analysis of regions saratan~ 100 pc). Our
group has successfully applied for 200 ks of observing tifrteie source during
the fourteenth year of activity dfhandra

We tried to investigate the spectral differences withingkended region shown
in Fig. 5.3, through a spectral analysis of three regionse 3jectra obtained
from the three boxes are shown in Fig. 5.4. The visual imprass supported
by the spectral analysis, but the variations are barelyifsignt. With the granted
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Figure 5.2: Top panel: best fits of the 4 spectra obtained from the cerggabns.
Bottom panel: best fits of the 4 spectra obtained from thedhtegions. Colors
match the ones in Fig. 5.1.

200ks ACIS-S observation we will have3 times more counts at the line energy,
enough to:

e confirm and better characterize (at &bo level) the tentative detections of
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variations in the extraction regions;

e firmly establish (at a 3o level) possible differences in continuum flux,
line energy and line flux, among every0.8” (15 pc) region.

Such measurements may become a cornerstone in the X-rayddttite circum-
nuclear material in AGN and in particular will be the first 8pHy resolved spec-
troscopy of the torus.

Figure 5.3: Chandraimages of the central region in the IrormkKband (6.2-
6.7 keV, left) and in the hard X-ray band (right), from Maratuet al. 2012.

Actual Spectrum Box 2 - Actual Spectru m Box 3 - Actual spectru m

Lt Gﬂjﬁfj T 1 ﬁ* ot Wﬂﬂﬁmﬁm ﬁf Ut

BOX2-Simulated Spectum  daandfolded model

g 65 7 B 65
W) ey kev) Energy (keV)

Figure 5.4: Spectra from the three boxes shown in Fig. 5.3, obtained thigh
currently available (top panel) and simulatedandradata (bottom panel).

90



New observing opportunities

In the near future, using emission and absorption featureduged by the cir-
cumnuclear medium of AGN, we will be able to measure the ssrekvelocity
structures of the emitting regions. A narrow component efitbhn Ka line is al-
most invariably present in the X-ray spectra of AGN. As aliseaeen throughout
this thesis, this line originates from reflection of the paitjn component by the
circumnuclear gas; hence it is a powerful tool to establ&hldcation of this gas
(either the Broad Line Region, a parsec-scale torus, or HreoW Line Region),
depending on the line width. In current observations the istypically unre-
solved, with FWHM upper limits of the order of magnitude obtisands of km/s,
compatible with any of the possible locations. The unpreoget spectral resolu-
tion of future X-ray missions, together with the large efiee area, will allow us
to easily measure the FWHM and any bulk velocity flows usirggributral iron
Ka line in tens of sources (Fig. 5.5). Reverberation mappinthese lines will
reveal their physical location and, combined with line pgesfiand shifts, can be
used to determine the large-scale flows responsible foinfyieff SMBHSs in the
centre of galaxies.

Mrk 573 ]

Torus oal
Mrk 573 : Redio eletts Narrow-Line
[0l knots Region Athena-XMS
‘ 200 ks

o
N

Flux (counts/s/keV)

o
e

Narrow-Line 5 7Y

Region D e W

. 0.0 T o S .. e 3 Bk A

F=dhpe 6.34 636  6.38 6.40 6.42 644 646
Rest-Frame Energy (keV)

[Olll] inner arcs

[OHI] outer arcs

Figure 5.5: The Seyfert 2 Mrk 573. Left: multi-wavelength image combin-
ing soft X-ray (Chandra: yellow), radio 6 cm (VLA: green),caf© Ill] emission
(HST: dark blue). The approximate locations of the main-neitting regions are
shown (some of them are not actually resolved in this imaBeht: Simulated
200 ks Athena-XMS observation of the neutral iron Khe (actually a doublet)
arising from material at different distances from the blaole. The three compo-
nents can be easily deconvolved if present in a total profile.
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A Small Explorer (SMEX) X-ray mission was launched on Jung2l3 2 this
year. The Nuclear Spectroscopic Telescope Array (NUSTAR)NASA mission
that carries the first focusing hard X-ray (3-80 keV) telggm orbit. NUSTAR
will offer a factor 50-100 sensitivity improvement compare previous colli-
mated or coded mask imagers that have operated in this ebangly In addition,
NuSTAR provides sub-arcminute imaging with good specteablution over a
12-arcminute field of view. Due to its unprecedent high dfiecarea in hard
X-rays (see Fig. 5.8 for a comparison with other present KXgatellites) it is
the perfect instrument to observe NGC 4945 in the high enbangd, trying to
investigate its variability even better. Due to its largemrgy interval it would
be possible to simultaneously observe variations in thd Karays (10-80 keV)

Obscured AGN

[Target RA, Dec. |ExpTime [ObsDate
|NGC 1365 53 40166667 |—36. 14027778 |3x12ﬂ ks |2012 Jul+
|NGC. 1068 40.66958334 |—U,{]] 3333333 |2x15ﬂ ks |2C|I?. Dec+
INGC 4945 (19636458333 [-49 46833333 [3x50 ks [TBD

Circinus 21329166667 [-65.33916667 2x60 ks [TBD

|W'ISE 181443412 |15] £5875000 |12.31555555 |21 ks |2012 Oct
[WISE 2207+1939 [331.93262501 |19.66086111 |21 ks  [2012 Oct
|W'!SE 2238+2653 |354542500CI} |26.BEE§‘166? |2{} ks |TBD
[WISE 235740328 [359.29500000 3.46761111 |20 ks TBD
|PG 10044130 151.85875000 |12.B 1535555 |62 ks 2012 Oct
[PG 17004518 1255.35333333(51.82222222 (86ks  |[2012 Sep

Mrk 231 19405916667 [56.87361111 [46ks  [2012 Aug
220 23373791666 [23.50305556 |2x33 ks [TBD

[Arp | | | |

Mrk 273 206.17541666 [55.88694444 [2x33 ks [TBD

IRAS 05189-2524 [80.25583333 |-25.36250000[33 ks [TBD
[Super Antennae  [292.83916667 [-72.655000002x33 ks [TBD
[TRAS 08572+3915 [135.10583333 [39.06500000 [20ks _ [TBD
[RAS 09022-3615 [136.05291667 [-36.45027778 20 ks [TBD
[RAS 10565+2448 [164.82541667 [24.54277778 [20ks  [TBD
IRAS 13120-5453 [198.77625000 -55.15638889 20 ks [TBD
[RAS 14378-3651 [220.24583333 | -37.07555556[20 ks [TBD
[IC 2560 154.08041666 [-33.56472222[S0ks  [TBD
[SDSS 0815+4304 (12378083333 [43.07416667 [20ks  |[TBD
[SDSS 1157+6003 |179.32666667 [60.06277778 [20ks _ [2012 Oct
[NGC7582] (349597870 |-42370583 |[i15ks |[2012Sep

Figure 5.6: Long term NuSTAR observing schedule of obscured AGN, from
www.srl.caltech.edu.
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Figure 5.7: Left panels: spectra obtained from~al50 ks Suzaku observation
of NGC 1365, with two different, equally satisfactory bestfiodels: one with
a strong, relativistically blurred reflection, dominanteatergies above 10 keV
(panel A, blue line), and one with a partial covering with N 2x10?* cm2 (panel
B, green line). In both cases the intrinsic continuum is ghawa red line. Right
panel: Simulation of a simultaneous 100 ks XMM-Newton+NABEpectrum of
NGC 1365 assuming the relativistically blurred model, amehtcompared with
the partial covering model. Lower panel: residuals in uofts-.

and a possible response from the circumnuclear materid0 (&V). Very accu-
rate measurements of the absorbing column density will ssipte both in NGC
4945 and NGC 4507, searching for possible variations wipeet to the values
observed so far. In Fig. 5.6 the long term observing schedutae Obscured
AGN sample is shown and several sources discussed in thEs tlseich as NGC
1365, NGC 4945 and the Circinus galaxy are included. In théiqodar case
of NGC 1365 the simultaneous XMM-Newton+NuSTAR observagiccampaign
will be fundamental to discriminate between the two difféareequally satisfac-
tory, physical scenarios proposed so far: one with a stnatativistically blurred
reflection, dominant at energies above 10 keV (Fig. 5.7 panélue line), and
one with a partial covering with N~ 2x 10?* cm2 (Fig. 5.7 panel B, green line).
With the expected launch of ASTRO-H in 2014 a new era for Xaajronomy
will begin. Among all other instruments, it will take onbodahe Soft X-ray Spec-
trometer (SXS), thanks to its microcalorimeter an unpreoeénergy resolution
in the energy range between 0.5 and 12 keV will be reachednkBha its effec-

93



Chapter 5. Future perspectives

tive area of 210 crat 6 keV (see Fig. 5.8) and its energy resolutior-df eV at

6 keV we will be able to fully resolve Iron & emission features in the two Seyfert
2s analyzed in this thesis, constraining the distance wiheréne is emitted and
therefore investigating the dynamics of the material resgme for its production.
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Figure 5.8: Effective area of NUSTAR and ASTRO-H X-ray missions, in com-
parison with present X-ray satellites.
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Appendix A

X-ray Satellites

A.1 XMM- Newton

The X-ray Multi-Mirror satellite is the second ‘Cornerstmission of the Euro-
pean Space Agency. Renamed XMWéwton it was launched with an Ariane 5
spacecraft from Kourou, French Guyana, on 10 December EfPput into an
highly elliptical orbit, with an apogee of about 114 000 kndanperigee of about
7000 km. This choice for the orbit allows for long, continsaxposures unaf-
fected by Earth blockage and avoids degradation to the C@ieiEs, since the
spacecraft does not pass through the Earth’s proton beltei#zr, XMM-Newton
is known to be affected by particle induced background, tvigsign be very high
in some orbital phases, depending upon many factors, suitteasdtitude of the
satellite, its position with respect to the magnetosphend,the amount of solar
activity.

The satellite consists of three X-ray telescopes, each osatpby 58 Wolter |
grazing-incidence mirrors which are nested in a coaxialafidcal configuration:

1. European Photo Imaging Cameras (EPIC):These cameras are CCDs of
two different types: two MOS and a pn (see table A.1). Theykapprox-
imately in the same band (0.1-15 keV), but differ for the getmarrays,
the readout times and the quantum efficiencies. They aralliedtoehind
the X-ray telescopes that are equipped with the gratingh@Reflection
Grating Spectrometers (RGS). The gratings divert aboudtdfahe tele-
scope incident flux towards the RGS detectors such thain@adructural
obscuration into account) about 44% of the original incagrflox reaches
the MOS cameras. The third X-ray telescope has an unobstrbeiam; the
EPIC instrument at the focus of this telescope uses pn CCOssanferred
to as the pn camera.
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Xmim C‘L‘:Sf.ﬂ‘i‘[{}[y system

Focal Plane Platform

Aperture
Stops

Mirror Support Platform

Dptical Monitor

X-Ray Mirror Assembiies Figure 3

Figure A.1: The XMM-Newtonobservatory

2. Reflection Grating Spectrometer (RGS):behind two of the three tele-

scopes, about half of the X-ray light is utilized by the Reflmt Grating
Spectrometers (RGS). Each RGS consists of an array of iefieptatings
which diffracts the X-rays to an array of dedicated charggpted devices
(CCD) detectors. The RGS instruments achieve high resplvawer (150
to 800) over a range from 5 to 3%[0.33 to 2.5 keV] (in the first spectral or-
der). The effective area peaks aroundALlD.83 keV] (first order) at about
150 cnf for the two spectrometers.

. Optical Monitor (OM): the XMM-OM is mounted on the mirror support
platform of XMM-Newton alongside the X-ray mirror moduldsprovides
coverage between 170 nm and 650 nm of the central 17 arc nsqutae
region of the X-ray field of view, permitting routine multiw@length obser-
vations of XMM targets simultaneously in the X-ray and utodet/optical
bands.

A.2 Chandra

The Advanced X-ray Astrophysics Facility (AXAF) is a majoANA mission
(Fig. A.2). It was launched by the Space Shuttle Columbiaun23, 1999, and
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A.2. Chandra

Instrument  Main Purpose Energy Range/ Spectral Spatial Sensitivity Total
Bandwicith Resolution Resolution Mass/Power
(E /AE) {arcsec)

EPi High-throughput non 0.1 - 15 keV 60 14 10 235 kg
dispersive imaging 1 - 120 A (Hall Enorqgy erg/eme? s 240 W
spectrascopy Widlth)

oM Optical/UV imaging 160 - 600 nm 50 -100 1 24 82 kg

(with grisrms) magnitude BO W

RGS High-resolution 0.35 - 2.5 keV 200 - 800 LA Fx 108 248 kg
disparsive 5-35A (400/800 at 15 A erg/ocm’ s 140 W
spectroscopy in 1st/2nd order)

Table A.1: Characteristics of the instruments onboard XNMN@wton(from Bag-
nasco et al. 1999).

renamed ‘Chandra’ after the Indian-American Nobel phgsijcBubrahmanyan
Chandrasekhar. The highly elliptical orbit has a perigel62200 kilometers from

Earth and lasts 64 hours and 18 minutes. This choice letptuesraft spend 85%
of its orbit above the belts of charged particles, allowimgnterrupted observa-
tions as long as 55 hours. The mirror consists of four painsested reflecting

surfaces, arranged in the usual Wolter type 1 geometry kitam unprecedented
resolution of 0.5 arcseconds.

The completeChandrasuite of science instruments therefore comprises two
imaging/readout devices (HRC and ACIS) on two differentafquanes and two
gratings (LETG and HETG), the produced spectra are disganssepace at the
focal plane, using either the ACIS array or the HRC to recat Table A.2):

1. theHigh Resolution Camera (HRC), best used for high resolution imag-
ing, has an unprecedented resolution of 0.5 arcsecondsjaéequ to the
ability of reading a newspaper at a distance of 1.5 km. Thagmy compo-
nents of the (HRC) are two Micro-Channel Plates (MCP). Tragheconsist
of a 10-cm square cluster of 69 million tiny lead-oxide glagses that are
about 10um in diameter and 1.2 mm long. The camera is shielded from
UV photons and the tubes have a special coating that catesesogls to be
released when the tubes are struck only by X-rays;

2. theAdvanced CCD Imaging Spectrometer (ACIS)offers the capability
to simultaneously acquire high-resolution images and maideesolution
spectra. ACIS contains 10 planar, 1024024 pixel CCDs: four arranged
in a 2x 2 array (ACIS-1) used for imaging, and six arranged inxa@larray
(ACIS-S) used either for imaging or as a grating readout.

3. two transmission grating spectrometers, formed by setold gratings
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Figure A.2: TheChandraX-ray observatory (from CXC/NGST).

HETGS range 0.4-10.0keVv(31-1.2)
High Energy Grating (HEG) range 0.8-10.0keV (15-1.2)
Medium Energy Grating (MEG) range 0.4-5.0keV (31-2.5)
Effective area (MEG+HEG first orders, with ACIS-S)

@ 0.5 keV 7 cri

@ 1.0 keV 59 crh

@ 1.5 keV 200 crh

@ 6.5 keV 28 crh

Resolving power(5z)

HEG 65 -1070 (1000 @ 1 keV, 12.4)
MEG 80-970 (660 @ 0.826 keV, 15)

Resolution

A1, HEG 0.012 FWHM
Ad, MEG 0.023 FWHM
Absolute wavelength accuracy
HEG +0.006
MEG +0.011
Wavelength scale

HEG 00055595/ ACIS pixel
MEG 0.0111185/ ACIS pixel

Table A.2: Characteristics o€EhandraHETG.

facets mounted on an assembly can be placed just behind trersniThey
are best used for high resolution spectroscopy: one setiimiapd for low
energiesl(ow Energy Transmission Gratings: LETG) and the other for
high energiesHigh Energy Transmission Gratings: HETG). The lat-
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A.3. Suzaku

ter is constituted by the high-energy gratings (HEG: 0.8 .01&V), and

the medium-energy gratings (MEG: 0.4 - 5.0 keV), with spedatesolving
powers ( EAE) up to 1000. The produced spectra are dispersed in space at
the focal plane, using either the ACIS array or the HRC tomeé:clata.

A.3 Suzaku

Suzaku, formerly Astro-E2, was developed at the Institdt8&mace and Astro-
nautical Science of Japan Aerospace Exploration Agend&SI$AXA), Japan,
in collaboration with U.S. (NASA/GSFC, MIT) and Japanesstiations, and
launched on 2005 July 10. Suzaku is the recovery mission 8FRO-E, which
did not achieve orbit during launch in February 2000.

Suzaku (Fig. A.3) covers the energy range 0.2 - 700 keV withthree in-
struments: an X-ray micro-calorimeter (X-ray SpectromeieXRS), four X-ray
CCDs (the X-ray Imaging Spectrometers, or XISs), and a hardyXdetector, or
HXD (Table A.3). The XRS is a non-dispersive (thus, highes$incy) imaging
(30-element) spectrometer (about 6.5 eV FWHM). It is cryogally cooled by
an adiabatic diamagnetic refrigerator within a helium dewide detector array
sits behind a conical foil mirror (X-ray Telescope, or XRBsambly, with spa-
tial resolution of about 1.8’ half power diameter (HPD). Téfeective area of this

Figure A.3: The Suzaku X-ray satellite (from NASA/GSFC).
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XRS

XIis

| HXD

Energy Range

0.3-12 keV

0.2-12 keV

| 10 - 600 keV

Number of Sensors

1

4 (one CCD chip/sensor)

1 (16 identical units)

Number of Pixels

30 pixels (6x6 geometry)

1024 x 1024 for each CCD

Pixel Size

625 micron x 625 micron

24 micron x 24 micron

Effective area per sensor

100 cm® @1 keV

150 cm? @6 keV

400 cm? @1.5 keV

250 cm? @6 keV

160 cm? @15 keV

300 cm? @120 keV

120 eV @6keV 3 keV (10-30 keV)
Energy Resolution (FWHM) 6.5eV
50 eV @1 keV 9% (at 662 keV)
0.56 deg x 0.56 deg (E<100 keV)
Field of View 2.9%2.9 19'x19'

4.6 det x 4.6 deg (E>200 keV)

Imaging Capability Limited by the pixel size Full None (collimated)

Spatial Resolution ~1.8' (HPD of XRT PSF)

Others

~2.5 yr lifetime ‘ also observe gamma-ray bursts

Table A.3:
NASA/GSFC).

Characteristics of the instruments onboard Suzaku (from

system at 6 keV is about 150 émHowever, XRS prematurely lost all its liquid
helium cryogen and is no longer operative. Suzaku is comgheany to Chandra
and XMM-Newton observatories due to its large collectingaaand very large
simultaneous bandwidth. Suzaku has two major instrum@iiesse are:

1. Four units ofX-ray Imaging Spectrometer (XIS). Each XIS consists of
four X-ray CCD cameras, each combined with a single X-rayeJabpe
(XRT). Each CCD camera has a single CCD chip with 1Q2¥D24 pixels,
and covers a 18 arcmii8 arcmin region on the sky. Each pixel is a 24
micron square, and the size of the CCD chip is 25x2% mm. One unit
of XIS is equipped with a back-side illuminated CCD chip, lgtthe rest
contain a front-side illuminated CCD each.

. TheHard X-ray Detector (HXD) is a non-imaging instrument provided by

a Japanese consortium led by the University of Tokyo and IS®N€A. Itis

a hard X-ray (of order 10-600 keV) collimated system of "Welktectors,
namely the GSOX 50 keV) and the silicon PIN diodes: (50 keV). The
HXD is characterized by the low background-efl0° cts/s/cm2/keV, its
sensitivity is higher than any past missions in the energgedrom a few
tens keV to several hundreds keV. The anti-counters, wh@se purpose
is to reject particle background, are also expected to tatesient high
energy phenomena such as the gamma-ray bursts.
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Figure A.4: The Swift X-ray satellite (from NASA/GSFC).

A.4 Swift

Swift is a NASA medium sized explorer mission, developedataboration with

UK and ltaly (Fig. A.4). It was successfully launched on NaNeer 20, 2004
from Cape Canaveral (USA). The primary scientific objeciaee to determine
the origin of Gamma Ray Bursts (GRB) and to pioneer their gsgrabes of the
early universe. Swift is a multiwavelength observatoryyiag three instruments:
the Burst Alert Telescope working in the 15-150 keV energygs the X-ray
Telescope between 0.2 and 10 keV and the Ultraviolet/OpTiekescope (170-

650 nm):

1. the Burst Alert Telescope (BAT) covers a large fractiothefsky (over one
steradian fully coded, three steradians partially codddpcates the posi-
tion of each event with an accuracy of 1 to 4 arc-minutes willti seconds.
This crude position is immediately relayed to the ground] smme wide-
field, rapid-slew ground-based telescopes can catch the @BRBhis in-
formation. The BAT uses a coded-aperture mask of 52,000ratyplaced
5 mm lead tiles, 1 meter above a detector plane of 32,768 fouQdZnTe

hard X-ray detector tiles;

2. the X-ray Telescope (XRT) provides more precise locatidhe GRB, with
a typical error circle of approximately 2 arcseconds radile XRT is also
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used to perform long-term monitoring of GRB afterglow lighirves for
days to weeks after the event, depending on the brightnehks afterglow.
The XRT uses a Wolter Type | X-ray telescope with 12 nestedarsy fo-
cused onto a single MOS charge-coupled device (CCD) sirtvldhose
used by the XMM-Newton EPIC MOS cameras. On-board softwioe/a
fully automated observations, with the instrument sehgctn appropriate
observing mode for each object, based on its measured catent r

. the Ultraviolet/Optical Telescope (UVOT) is used to deten optical af-
terglow. The UVOT provides a sub-arcsecond position andiges opti-
cal and ultra-violet photometry through lenticular filtersd low resolution
spectra through the use of its optical and UV grisms. The UY&aiso used
to provide long-term follow-ups of GRB afterglow light c&w. The UVOT
is based on the XMM-Newton mission’s Optical Monitor (OM¥trument,
with improved optics and upgraded onboard processing ctergu
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