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Zusammenfassung

Aktive Galaktische Nuklei (AGN) sind die leistungsstarksten besindig strahlenden Quellen
des Himmels. Die Strahlung dieser Objekte wird durch Akkretion von Bterie auf ein su-
permassives Schwarzes Loch (SL) erzeugt, das sich im Zentrunreei@alaxie be ndet. Das
SL ist umgeben von Gas, welches aufgrund seines Drehimpulses inreftkkretionsscheibe
das SL umkreist. Diese Materie verliert durch viskose Wechselwirkgen an Drehimpuls
und bewegt sich langsam in die inneren Regionen der Scheibe, wobeal8ting freigesetzt
wird (Shakura & Sunyaev| 1973). Wie von der Standardtheorie derkikretionsscheiben
vorhergesagt, wird beobachtet, dass das AGN Spektrum von dgther/UV Strahlung do-
miniert wird. Das Rentgenspektrum hingegen hat die Form eines Pehzgesetzes und es
wird davon ausgegangen, dass es durch inverse Compton Stregider optischen/UV Pho-
tonen in einer hei en Corona oberhalb des SL entsteht. Nimmt man awlass die Scheibe
von der Corona umgeben ist und letztere Strahlung isotrop emittieund E ekte der
gravitativen Lichtablenkung vernachlassigbar sind), so erreichtiie eine Halfte der Rentgen
Photonen den Beobachter, wahrend die andere Halfte mit der A&etionsscheibe wechsel-
wirkt und eine Re exionskomponente erzeugt. Dieses Spektrum isharakterisiert durch
die Prasenz einer starken Fe K Linie bei 6.4 keV und einem breitbandigen Peak bei20-30
keV, dem sogenannten "Compton Huckel", der durch Compton Rekstreuung der Rent-
gen Photonen verursacht wird. Das Pro | der Fe K Linie ist intrinsisch schmal. Wird
die Linie jedoch von den inneren Regionen der Akkretionsscheibe eieit, so verandern
starke Gravitationse ekte ihre Form, wodurch ein schiefes, asymetrisches und stark ver-
breitertes Pro | entsteht. Dieses Pro | hangt von der Geometie der Akkretionsscheibe
und den Eigenschaften des zentralen SL ab. Aus diesem Grund sirehtgenbeobachtun-
gen von Seyfert 1 Galaxien das geeignetste Mittel, um die Physik dengrsten Regionen
dieser Objekte zu untersuchen. Tatsachlich werden Objekte dier Klasse (im Gegensatz
zu Seyfert 2 Galaxien) unter einem derartigen Blickwinkel beobacttt so dass der zen-
trale Motor nicht durch den staubigen Torus verdeckt wird. Zahlrigehe Arbeiten haben
mit Hilfe einer spektroskopischen Analyse der Rentgendaten die p$ik der Akkretion-
sprozesse auf Schwarze Lecher untersucht. Um jedoch dieBenz relativistischer Re exion
nachweisen zu kennen, werden tiefe Beobachtungen einer gmo $tichprobe von AGN und
hochentwickelte Datenanalyseverfahren benstigt. Aus diesennghden sind die statistische
Hau gkeit der relativistischen Re exion und die exakte Geometrie @r Compton Region
bisher unzureichend verstanden.

Das Ziel dieser Arbeit war es daher, dieses seit langem bestehendebfem zu lesen,
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wobei verstanden werden sollte, ob die relativistische Fe KLinie in einigen Quellen
tatsachlich nicht existiert, oder ob das Fehlen der Linie auf die nietlye Zahlstatistik der
Einzelbeobachtungen zurackzufahren ist. Hierfar wahlten wr eine Stichprobe von Seyfert
1 Galaxien, die in fraheren XMM-Newton Beobachtungen keine breite Komponente der
Fe Linie zeigten (Nandra et al. 2007). Fdr diese Analyse nutzten widen erweiterten
Energiebereich deiSuzakuSpektren, der es uns erlaubte, die Fe Emissionslinien und gle-
ichzeitig den zugeherigen Compton Huckel zu tten und zu analysien. Wir verwendeten
@ entlich zugangliche SuzakuSpektren und tteten alle Quellen mit einer Reihe von Mod-
ellen verschiedener Komplexitat, um die Prasenz relativistischeréLinien zu prafen. Selbst
dann, wenn eines der hellsten Seyfert 1 Objekte, IC 4329A, anaéys wird, kann die breite
Linie nicht mit hoher Signi kanz in einer kurzen einzelnen Beobachtuny 26 ks) detektiert
werden. Werden jedoch di&SuzakuDaten hinzugefugt, um ein heheres Signal-zu-Rausch
Verhaltnis zu erzielen, konnten wir die relativistische Fe Linie sicher achweisen. Die
Analyse der gesamten Stichprobe demonstriert, dass mindestezine Beobachtung aller
Quellen, und 12 von 22 Beobachtungen insgesamt, eine signi kanterldesserung zeigt,
wenn eine breite Linie zur Fitprozedur hinzugefugt wird, was nahe dg, dass dieses Merk-
mal meglicherweise in allen betrachteten Quellen existiert. Im Allgengen zeigt sich, dass
die relativistische Fe K Linie nur in Spektren mit gro er Photonenzahl im Fe Energieband
mit hoher Signi kanz (> 95%) detektiert werden kann|(Mantovani et al. 2016). Dieses Re-
sultat steht im Einklang mit der Idee, dass diese breite Linie allgegeavirg in Seyfert 1
Objekten ist, aber in einigen Fallen aufgrund der niedrigen Zahlstastik nicht detektierbar
ist.

Des Weiteren versuchten wir in dieser Arbeit den Zusammenhang zehien der Fe Linie
und dem Compton Huckel bei hohen Energien besser zu versteh®a beide Komponen-
ten Teil desselben Re exionsspektrums sind, sollten sie gleichzeitigf @ie Variationen des
primaren Kontinuums reagieren. Hierzu verwendeten wir far die Rten aller Quellen der
Stichprobe ein selbstkonsistentes ModelbéxmonNandra et al.l2007), welches die wichtig-
sten Merkmale der Re exionsspektren von entferntem Materialnd der inneren Akkretion-
sscheibe reproduziert. Das Resultat dieser Analyse zeljbereinstimmung zwischen der
Starke des Strahlungs usses der Fe Linie und des Compton Hutkewas suggeriert, dass
beide von demselben Material stammen.

Die Fokussierungskraft im harten Rentgenband des neueNuSTAR Instruments er-
laubt es uns, den instrumentellen Untergrund zu reduzieren und sldRe exionsspektrum
mit noch gre erer Prazision zu studieren. Wir wahlten eine Stichpobe von Seyfert 1
Objekten, die mit NUSTAR beobachtet wurden, aber keine breite Fe Linie in vorherigen
XMM-Newton Beobachtungen zeigten| (Nandra et al. 2007). FRdar die Datenanag ver-
wendeten wir dieselbe Methode wie far diSuzakuDaten, um das Re exionsspektrum zu
untersuchen. In dieser Studie stachen zwei Objekte, MCG-6-36 und NGC 4051, unmit-
telbar durch eine au ergewshnliche Besonderheit hervor. Insbendere wird, verglichen mit
dem Standardparadigmal(George & Fabian 1991), ein besonderarkthervortretendes Re-
exionsspektrum gemessen. Dieser Nachweis kann unter der Aimmae von starken E ekten
der gravitativen Lichtablenkung in diesen Quellen erklart werden. &lls sich die primare
Lichtquelle nur wenige Gravitationsradien wber dem Schwarzen Lbdoe ndet, so werden
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die Rentgen Photonen auf die Akkretionsscheibe abgelenkt. Dieswirkt eine Verstarkung

des Strahlungs usses der relativistischen Fe Linie und eine Vermirde@g des primaren
Rentgen Strahlungs usses, der im Unendlichen detektiert wird. Mnmt man an, dass die
Variabiliat des Kontinuums nur mit den Variationen der Coronahehe wber einem Kerr
Schwarzen Loch assoziiert ist, so ist es meglich, die Hehe der panen Strahlungsquelle
wber dem Schwarzen Loch selbst abzuschatzen. Daher vergkchwir die zeitlichen Varia-
tionen des primaren Kontinuums und der Re exionskomponenten inlen NUSTAR Daten

mit den erwarteten Vorhersagen des Lichtablenkungsmodells (Mitiu& Fabian|2004).

Wir fanden heraus, dass die primare Strahlungsquelle in MCG-6-3® im Bereich von
9-19r4 variiert, wohingegen sie in NGC 4051 zwischen 5-2@ variiert.

Zusammenfassend bleibt festzuhalten, dass die in dieser Arbeit dogefahrte aufwendige
Analyse der Rentgenspektren die Prasenz der relativistischereRinie in allen Spektren mit
ausreichendem Signal-zu-Rausch Verhaltnis im Fe Band aufgedetiat. Damsber hinaus
war es, dank der unsbertro enen Emp ndlichkeit von NUSTAR, zum ersten Mal meglich,
robuste Aussagen uber die Geometrie und Gm e der Rentgetrehlungsregionen in einem
Abstand weniger Gravitationsradien von den Schwarzen Lecherzu tre en.
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Abstract

Active Galactic Nuclei (AGN) are the most powerful and persistensources in the sky. The
radiation of these objects is caused by accretion of matter ontbeé supermassive black hole
(BH) located in the center of the host galaxy. The BH is surroundelly gas which orbits in
an accretion disk because of its angular momentum. Due to the peese of viscosity, this
material loses angular momentum and moves slowly toward the inneggions of the disk,
releasing radiation (Shakura & Sunyaev 1973). As predicted by tls¢andard accretion disk
theory, it is observed that the AGN spectrum is dominated by optiddJV radiation. The
X-ray spectrum instead is thought to be produced by inverse Cortym scattering of the
optical/UV photons in a 'hot' corona placed above the BH and it has a pwer law shape.
Assuming a slab geometry of the disk, if the corona emits isotropical{gnd gravitational
light bending e ects are negligible), half of the X-ray photons reacthe observer, while the
other half interact with the accretion disk, producing a re ection omponent. This spec-
trum is characterized by the presence of a strong Fe Kine at 6.4 keV and a broad feature
peaking at 20-30 keV, the so-called Compton hump, produced by Compton hacatter-
ing of the X-ray photons. The pro le of the Fe K line is intrinsically narrow. However,
when the line is emitted from the inner parts of the accretion disk, sing gravity e ects
will modify its shape, producing a skewed, asymmetric and highly brdaned pro le. This
pro le depends on the geometry of the accretion disk and the prepties of the central BH.
Therefore, X-ray observations of Seyfert 1 galaxies are the masiitable tool to probe the
physics of the innermost regions of these objects. Indeed, thlass of objects (as opposed
to Seyfert 2) are observed at a viewing angle such that the centr@angine is not obscured
by the dusty torus. Several works have used a spectroscopiabsis of the X-ray data to
investigate the physics of accretion processes onto black holeawldver, investigating the
presence of relativistic re ection requires deep observations ofdge samples of AGN and
sophisticated data analysis techniques. For these reasons thatistical occurrence of the
relativistic re ection and the exact geometry of the comptonizing @gion remained elusive.

In this thesis, we aimed at solving this long standing issue by undersiding whether
the relativistic Fe K line is truly absent in some sources or the lack of detection is due
to the low statistics of the single observations. To do so, we selatta sample of Seyfert
1 galaxies among those that did not show a broad Fe line component iregious XMM-
Newton observations |(Nandra et al. 2007). For this analysis, we took advwage of the
extended energy band of th&uzakuspectra, which allowed us to simultaneously t and
analyze the Fe emission lines and the associated Compton hump. Wedipublicly available
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spectra fromSuzakuand tted all the sources with a series of models of varying compleyijt

testing the presence of relativistic Fe lines. Even when one of thedintest Seyfert 1 objects,
IC 4329A is analysed, the broad line is not detected with high signi ca® in short single
epoch observations ( 26 ks). However, when theSuzakudata are combined to achieve
higher signal-to-noise ratio, we robustly detected a relativistic Fe len The analysis of
the entire sample shows that at least one observation of all the soas, and 12 out of 22
observations in total, shows a signi cant improvement when a broalihe is added in the

tting procedure, suggesting that this feature might be presenin all the objects considered.
The overall picture shows that the relativistic Fe K line is detected with high signi cance
(> 95%) only in spectra with high counts in the Fe energy band (Mantova et al. 2016).

This result is consistent with the idea that this broad line is ubiquitous irSeyfert 1 objects,
but is, in some cases, not detected because of the low statisticshe data.

With this work we also aimed at investigate the relationship between # emission
of the Fe line and the Compton hump at high energies. Being both partof the same
re ection spectrum, they should respond at the same time to theaviations of the primary
continuum. To do so, we applied to the data of all the sources in thasple a self-consistent
model (pexmon Nandra et al.|2007), which reproduces the main features of the ection
spectra produced from distant material and from the inner acctien disk. The result of
this analysis shows consistency between the strength of the Fe larad the Compton hump
ux, suggesting that they both arise from the same material.

The focusing capability in the hard X-ray band of the newNuSTAR instrument allows
us to reduce the instrument background and to study the re e@n spectrum with even
more precision. We selected a sample of Seyfert 1 objects obsgtmvéh NuSTAR lacking
a broad Fe line in previousXMM-Newton observations (Nandra et all 2007). We applied
to these data the same analysis we did for th8uzaku observations to investigate the
relativistic re ection. From this study, the striking peculiarity of tw o objects, MCG -6-
30-15 and NGC 4051, immediately arose. In particular, a prominene ection spectrum
is measured, compared to the standard picture (George & Fabiar®9l). This evidence
can be explained by assuming the presence of gravitational light lkng e ects in those
sources. If the primary source is placed above the black hole at a/fgravitational radii, the
X-ray photons will be bent onto the disk. This produces an enhaneeent of the relativistic
Fe line ux and a decrease of the primary X-ray ux detected at in nty. Assuming that
the variability of the continuum is associated only with the variations 6the corona height
above a Kerr black hole, it is possible to estimate the height of the priny source above
the black hole itself. Therefore, we compared the time variations tife primary continuum
and the re ection components in theNuSTAR data to the trends expected from the light
bending model (Miniutti & Fabian/ 2004). We found that for MCG -6-3-15 the primary
source varies in the 9-194 range, while for NGC 4051 it varies in the 5-2@4 range.

In conclusion, the sophisticated analysis of X-ray spectra presed in this work unveiled
the presence of relativistic Fe K line in all the spectra with su cient signal-to-noise in the
Fe band. Moreover, thanks to the superior sensitivity oNUSTAR, it has been possible for
the rst time to derive robust constraints on the geometry and sie of the X-ray emitting
regions located at a few gravitational radii from the black holes.



Chapter 1

Introduction

1.1 Active Galactic Nuclei

The term 'Active Galactic Nuclei' (AGN) refers to a few percent of glaxies whose nu-
clear/central emission can not be due to stellar thermonuclear ersisn (Schmidt/ 1963).
AGN are the most powerful, persistent sources in the sky (see Rita% Elvis 12004 for a
review). This de nition includes a wide variety of phenomenologies. Ehresulting clas-
si cation is rather complex and mainly based on luminosity and spectrdeatures (Krolik
1999). The most important feature characterising the class of AGis their enormous
luminosity which spans a wide range, - 10*® erg s ! (Risaliti & Elvis|2004). The max-
imum luminosity these objects can achieve is based on the balanceviestn the radiation
force acting outward and the gravitational force acting inward adh it is called Eddington
Luminosity:
AGMM o€ _ 13 gge M €19
T M S
whereM is the mass of the central objectm, the proton mass,c the speed of light,G is
the universal gravitational constant, M the solar mass and 1 the Thomson scattering
cross-section for the electron. Assuming that AGN accrete at ¢hmaximum luminosity
(i.e. the Eddington Luminosity presented in Eq.[1]1) and given the oksved values of
luminosities, the corresponding black hole mass is large, of the orddéiv  10* 1° M .
The so called "Supermassive black hole (SMBH) paradigm” is nearly umanously
accepted by the scienti c community and represents the startingoint to understand AGN
physics (Rees 1984). It asserts that the SMBH is situated in the dgmical center of the
host galaxy. It is surrounded by gas with angular momentum which isrbiting around the
BH itself in a form of a disk (Shakura & Sunyaev 1973, see also sectib@.1). Because of
the presence of viscosity in the accretion disk, this material losesgular momentum and
moves to the inner regions of the disk, releasing radiation. The cargion of mass into
energy is done with some e ciency , as in stars, so the energy available for a mass m is
E = mc 2. The luminosity can then be expressed as:

Ledd = (1.1)
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wherem = dm/dt is the accretion rate and the e ciency of the disk. The e ciency of
the stellar nuclear processes is too low in order to justify the high lunosity observed in
AGN in such compact regions, without invoking high rate at which the rass is processed
in the source. In fact, in this case, the rate would exceed 280 yr . This consideration
con rms the idea of the accretion onto a compact object, such as SMBH, in the active
galactic nuclei. In this case, the e ciency depends on the spin of tHalack hole (see section
1.2 for more details). Moreover, it has been revealed that an extne variability in ux

is observed in the X-ray band. Variability on time scales of the orderfalays is observed
when the luminosity is varying by a factor of& 2 (Mushotzky et al.|1993). This allows us
to put an appropriate limit on the compactness of the emitting soue in order to justify
the observed variation time-scales:

Rsource C tdays < lpC RGalaxy 104pCZ (13)

In this way, the emitting region of the source is constrained to be dhe order of few
gravitational radii, ryq, whererqy = GM/c®. Thus, only a very e cient process (such
as accretion onto a BH) can explain such large luminosities producedtivin such small
regions.

1.1.1 Black hole mass estimation

Di erent techniques have been developed to estimate and/or dirdg measure the mass
of the central object in AGN (see Peterson 2014 for a review). €ke measurements lead
to a range of masses of 30 10°°> M (e.g. |Peterson et all 2004, Gualtekin et al. 20009,
Woo et all|2010; McConnell & Ma 2013 among many others).

The most accurate and reliable technique for measuring the blacklbanasses is based
on the study of the motions of individual objects, such as starsylating in the gravita-
tional potential of the black hole itself. The most well-determined mss is that of Sgr
A placed in the Galactic center [(Eckart & Genzel 1996). Several adysations of proper
motions and radial velocities of individual stars around Sgr Ahave been analysed (e.g.
Genzel et al. 2010, Mever et al. 2012). Advanced infrared deters and adaptive optics
on large telescopes allowed a precise estimation of the Galactic blackehmass of 4.1
04 10°M

Black hole masses can also be derived from the e ects of their gratibnal potential on
systems of stars or gas (see Ferrarese & Ford 2005 for a reviewtheese methods). The use
of stellar mass dynamics has the advantage that stars respondlymto the gravitational
force. In this case, it is easier to determine the radius of in uencef @ BH, de ned as
Ren = GMgy/ 2, whereMgy is the BH mass and the velocity dispersion of the stars
in the hosting galaxy bulge. However, high angular resolution is reqed for this type
of analysis. On the other hand, methods based on gas dynamics édlie advantage of
being simpler. This is mainly because the gas is viscous and arrange® iat rotating
structure of a disk-like form quickly compared to the relaxation timeof the stars in a
galactic nucleus. These methods allowed the measurements of ok@rsupermassive black
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hole masses (McConnell & Ma 2013). However, this number is not likdly increase in the
near future because it is dicult to resolve the black hole radius of inuence in objects
further than the Virgo Cluster at 17 Mpc from us (Peterson 2014)

Reverberation mapping represents a viable alternative to these theds. It allows
measurements of BH masses at larger cosmological distance usingetvariability. This
technique is used to determine the size of the broad emission line regand the central
black hole mass, connecting the variations of the direct continuumith the variations of
the line intensity-shape (see Zu et al. 2011 for the most up-to-damethodology). Emission
line lags have been measured for about 50 AGN in the last decades,nhausing the H
emission line(Peterson et al. 2004). Once the line width (/) is measured from the optical
spectra, it is possible to estimate the black hole mass with the followinrglation:

V2R

MBH:f G

(1.4)

whereR is the reverberation radius and a dimensionless factor, di erent for each AGN,
which is expected to be of the order of unity. Reverberation mapgjnhas the disadvantage
of being time-consuming. In fact, a reliable reverberation measunent requires a large
number of observations for each source, typically of the order 80-50 at minimum.
Simpler techniques have also been developed to determine the BH mads patrticular,

reverberation mapping studies revealed the presence of a relaship between the radius of
the Broad Line Region (BLR) and the luminosity of the AGN (Koratkar & Gaskell 1991,
Kaspi et all|2000, 2005, Bentz et al. 2006a, 2009a). This can bemssed as:

Rer / L¥? (1.5)

Combining this relation with a simple virial mass equation, it is possible tostimate
the black hole masses in AGN, where broad emission lines are presentheir spectra,
using a single-epoch spectrum. This relation is an important tool whichas been used to
estimate the BH mass of several AGN_(Laor 1993, Wandel et/al. 9McLure & Jarvis
2002, Vestergaard & Peterson 2006).

Additional ways to determine the black hole masses have been depald, but used less
frequently, either because they need special circumstances @déo imprecise estimations.
First, the masses can be measured from the gravitational redshdf the broad emission
lines (Kollatschny!2003) using the relation:

GMgy
CRgLr

cC z= (1.6)
where z is the redshift and Rg r the size of the broad line region. Another method
employs the temperature of the accretion disk, which can be derd/dy tting the observed
continuum, to measure the black hole mass. In fact, this parametdepends on the BH
mass and on the mass accretion rate (Gliozzi etlal. 2011).

X-ray observations have also been used to estimate this importaparameter in AGN.
In particular, lwasawa et al. (2004) measured the BH mass assduig the variations of
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the Fe K emission line ux with the orbital motion of the accretion disk. | Fabian & al.
(2009) used the reverberation lags between the direct X-ray dovuum and the re ection
on the accretion disk for measuring the mass of the central objecFinally, the power
spectral density is also used for these measurements. It showsharacteristic 'break
frequency', being steeper at higher frequencies (Markowitz et &003b, Papadakis 2004,
McHardy et al. [2006). The break frequency depends on both theHBmass and the mass
accretion rate and can be used to estimate these quantities.

1.2 Accretion Physics

Accretion can take place in di erent ways and the nal result depeds on many factors such
as the geometry of the system, the presence of magnetic eld amény others (Treves et al.
1988). The simplest model of accretion was developed by Bondi in529 The hypothesis
of this model is spherical accretion onto a BH, dictated by the asswtion that the ac-
creting matter has an angular momentum which is everywhere smalléran the Keplerian
one, and thus negligible. However, in AGN the accreting matter hasilsstantial angular
momentum that breaks the spherical symmetry| (Treves et al. 188 The more realistic
scenario is therefore the one that we brie y discussed in the preui® section where the
most important process, governing the accretion of rotating mr, is the action of viscous
stresses|(Shakura & Sunyaev 1973). With these assumptionse tijas in the accretion disk
will lose angular momentum. This process allows the matter to slowly me towards the
inner parts of the accretion disk and eventually accrete (Shaku& Sunyaev|1973). The
result is the production of electromagnetic radiation at the expemrsof the gravitational
potential.

The potential energyU of a massm at distancer from the central source of mas
is:

GMm

r

The rate at which the potential energy of falling material can be coerted to radiation
is given by:

U=

(1.7)

L —=———=2"= (1.8)

[iad (1.9)

which is a measure of the compactness of the system. In particyl#inis is maximized in
the case of a black hole, whose size can be expressed through tmsv&rzschild radiusRs.
This is the event horizon of a non-rotating black hole and is de ned as

2GM

Rs = ~5— (1.10)
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For a non-rotating black hole, described by the Schwarzschild metr the e ciency is
(a=0) ' 0.057 (Shakura & Sunyaev 1973), while for a maximally rotating BH (Ke
metric) the e ciency is higher, (a 1)' 0.42 (Novikov & Thorne/1973, Page & Thorne

1974). The spin of the BH is expressed from the dimensionless paeden a. In the latter
case, the surrounding portion of spacetime is forced to co-rogatvith the BH itself because
of the presence of the frame dragging e ect (Lense & Thirring 181 In this case, the
accretion disk can reach an inner radius which is about ve times smallthan in the case
of a non-rotating BH and the e ciency can increase by almost an omel of magnitude.

Although the broad picture appears clear, there are still severapen problems. For
example, it is a matter of debate how to describe the loss of angulalmmentum of the
accreting gas and the conversion of gravitational potential intoadiation. The nature of
this mechanism is still unclear, but useful results can be obtainedrsidering the 'standard
accretion disk model' proposed by Shakura & Sunyaev (1973). Thisodel assumes a
dimensionless parameter, which is characterizing a turbulent viscosity of some kind. We
brie y present this model in the next section.

1.2.1 Standard Model

In this section, we introduce the standard model for accretion pBics in a disk surrounding
a black hole. This was proposed for the rst time by Shakura & Suney (1973). We
consider a mass rotating around a black hole with ma$4. In this situation, we assume
the loss of angular momentum caused by the presence of the vigyos. We also assume
that the time scale of redistribution of the angular momentum is longethan the orbital
time scale. Under these assumptions, around the BH the gas formgeometrically thin
disk with vertical height h. In this disk, the gas elements are orbiting in an almost circular
orbit with angular velocity = (GM/r3)¥2. The small radial velocityv, (r,t) corresponds
to the accretion ow. Introducing the surface mass density of th disk as (r,t), we can
express the conservation of mass and angular momentum as

r%t+ @@I(r v)=0 (1.11)
an @ .. @, .. 1@
ol Tt @ VT gy (1.12)
where
G(rit)y=2r3 %r (1.13)

is the torque applied on the disk at radiusr from the ow coming outside this radius.
Combining these equations and considering the de nition of the anar velocity presented
above, it is possible to express the radial velocity as a function ofdlsurface mass density
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The viscous dissipation per unity area of the disk is

. 1=2
- SCGMM-, - T (1.15)
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and integrating over the whole disk, the total luminosity produced ¥ the disk is

GM M
2rin

L gisk = (1.16)

Assuming that the energy dissipated by viscosity is emitted as a blatlody spectrum,
we can derive the temperature of the disk surface as a functiontbe radius. Considering
the conservation of the energy, i.e. sg T(r)* = D(r), where sg is the Stephan-Boltzman
constant, the temperature can be written as:

3GM M. 1
_ Fin =

For a xed accretion rate M. which scales with mass and a scaled radiusM , the
temperature of the disk depends on the masd of the black hole asT / M . For a
supermassive black hole, the derived temperature of the diskTs 10° - 10° K, which
means that the disk emits in the optical and ultraviolet wavelengths.

One of the assumptions of the standard model is that the disk is geetrically thin.
In this situation, the motions or accelerations in the vertical diregon are negligible. The
vertical structure of the disk is then regulated by the hydrostat equilibrium between the
vertical component of the gravity and the internal pressure oftie gas:

(0N
Vk

h (1.18)

wherec; is the sound speedd = p=, with p being the pressure and the density) and vy
the local Keplerian velocity ¢« = (GM=r)¥). Thus, an accretion disk is geometrically
thin when the local Keplerian velocity is supersonichcr 1) wg Cs)-

From Equation[1.17, it is possible to easily calculate the overall speam emitted from
the disk. This is obtained considering the radiation emitted from eachlemental area of
the disk according to the temperature speci c to its radius:

3
B [T(r)]/ ——— (1.19)
erm 1
In order to calculate the spectrum produced by a geometrically thjnoptically thick
accretion disk, we need to integrate Ed._1.19 over the entire diskrface, obtaining:

s/ B [TM)2rdr (1.20)

lin
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Figure 1.1: Integrated spectrum of a steady, geometrically thin @moptically thick accretion
disk. The units are arbitrary but the frequencies correspondingtT,,; and T are labelled
(we refer for detail to/Pringle/ 1981).

where ro IS the external radius of the disk andB the Planckian photon distribution
presented in Figure_11.

Simple considerations can easily explain the shape of the spectrumtfgd in Figure [L.1.
When KT /h, the spectrum falls exponentially. This trend can be justi ed consiering
that the observed radiation is the high energy tail of the Planck distbution produced in
the inner parts of the accretion disk. On the other hand, when KT /h, the radiation
comes from the outer region of the disk where the annuli have radii r;,. In this case
the equation of the temperature for these regions (see EqQ._1.X8n be approximated as
T(r)=T (r=r;p) ** Dening x = h /kT and Xoyt = h /K Toy, it is possible to rewrite
Equation[1.20 as:

Z
1 Xout ngx
3

S /
o & 1

(1.21)

For frequencies in the range betweenTk,/h and KT /h, Xou 1 and thereforeS
/ 3. This is the characteristic spectrum of an accretion disk, presestt in|Lynden-Bell
(1969). For lower frequencies ( kTyy/ h), the spectrum is dominated by the tail of
the Rayleigh-Jeans distribution. This radiation is emitted from the oter regions of the
accretion disk and leads t&6 / 2.
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1.3 Uni ed Model for Seyfert Galaxies

Among the large variety of AGN types, the study in this thesis is focased on a sample of
so-called Seyfert 1 galaxies. In the next sub-section, we brie y ggent the observational
di erences between the type 1 and 2 AGN, which is related to the uncation model for

AGN.

1.3.1 Observational Evidences of Seyfert Galaxies

Seyfert galaxies are one of the two largest groups of Active GalaectNuclei, together
with quasars (Greenstein & Schmidt 1964). The former class of AGN de ned by the
seminal work of Seyfert|(1943) who studied six sources that haéquliar properties. They
showed strong and high-ionization emission lines superimposed ovstadlar-like absorption
spectrum. However, unlike quasars, the host galaxies are clearlgtectable (Peterson
1997). Moreover, Sevyfert (1943) found that these objects\ebroad emission lines with
widths up to 8500 km/s and that this broadening correlates with theabsolute magnitude
of the central regions. Seyfert galaxies are then de ned as lowstinosity AGN, compared
to quasars, with magnitude ofMg  -21.5 + 5 log hg and luminosity of the order ofL
10°° - 10" erg s * (Schmidt & Green|1983) Meurs & Wilson 1984). This class of object
represents about 16% of local galaxies (Maiolino & Rieke 1995). Fraanspectroscopic
point of view, Seyfert galaxies show optical spectra with strong ession lines and weak
absorption lines, the latter due to late-type giant stars.. Khachikia & Weedman (1971)
found that Seyfert galaxies can be separated into two di erent fuiclasses, based on the
emission lines observed in the optical/UV spectra. The so-called Sextf1 galaxies show
both narrow lines and broad lines|(Khachikian & Weedman 1971). Theanrow emission
lines are forbidden (e.g. QIII ], [NII ]) and permitted lines (e.g. H, H ) with widths
of several hundreds of km/s and produced in the so-called Narrdwne Region (NLR),
while the broad components are permitted lines only and the widths amobserved to lay in
the range between few thousands up to more than 10 000 km/s_(Kthikian & Weedman
1974). The latter are emitted from the Broad Line Region (BLR) (se/Peterson 2006 for
a review). On the other hand, Seyfert 2 galaxies show only narrowngssion lines in their
spectra (Dahari & De Robertis 1988).

1.3.2 Unied Model

When Seyfert galaxies were rst detected, it was initially believed thatype 1 and 2 were
objects of di erent nature. A turning point was the spectral andysis of the Seyfert 2 galaxy
NGC 1068 (Antonucci & Miller [1985). The authors discovered thathe broad lines, orig-
inally observed only in Seyfert 1 galaxies, were clearly visible in polarizéght, but not

in the total spectrum of NGC 1068. This result suggested that typ 1 and 2 galaxies are
essentially the same object, hosting identical nuclei. The di erende due to the presence
of intervening dust which is obscuring the central source in type 2The nucleus may be
indirectly observed in polarized light thanks to re ecting gas which sters the primary
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emission towards the line of sight of the observer (Antonucci & Millel98%). Thus, the
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Figure 1.2: Scheme of the uni ed model for AGNL(Beckmann & Shrad€012, graphic

courtesy of Marie-Luise Menzel (MPE)). The AGN are divided into tw main classes de-
pending on the radio emission, the so-called radio-loud and radio-cqiiAGN. The Seyfert

galaxies are a sub-class of the radio-quite objects which are notitimg radio jet.

basic idea of the 'Uni ed Model' is that Seyfert 1 and 2 are the same @drts, the only di er-
ence lies on the viewing angle and thus on the presence or not of absw particles along
the line of sight, which obscures the nuclear radiation (Osterbra@978). In this scenario,
the absorbing medium assumes clearly a fundamental role. This is afly considered as an
optically thick 'torus’, surrounding the nucleus and the BLR (Mathevs & Capriottil 1985).
In Figure 1.2, we present a scheme of the Uni ed Model for AGN_(Bkmann & Shrader
2012). The AGN are divided in two main classes, radio-loud and radiaigt AGN, de-
pending on their emission in the radio band, and Seyfert galaxies aresab-class of the
radio-quiet ones. The BLR is located inside the rim of the torus, whilehe NLR further
away from the central engine. In this scenario, when the systema®served edge-on, the
torus covers all the radiation coming from the nucleus, including linesom the BLR. In
this case the source is classied as a type 2. The narrow emission linestead are still
detected because the NLR is located outside the torus (Osterlgto& Mathews 1986). On
the other hand, if the object is observed face-on and the toruséds not intercept the line
of sight, the observer can still detect every component in the sgteum and the object is
classi ed as a type 1(Osterbrock 1978).
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1.4 X-ray emission from AGN

If we consider the standard model for an accretion disk (Shakug Sunyaev|1973), the
AGN spectrum will be dominated by optical/UV radiation, because theemission from an
optically thick, geometrically thin disk peaks in these energy bands. dwever, in accreting
black hole systems, a power law component is observed in the X-rgestra, extending to
hard energies with exponential cut-o lying in the 80-300 keV eneygrange (Fabian et al.
1989, Perola et al. 2002, Fabian et al. 2015). This spectrum is hoinsistent with the black
body emission predicted in the Shakura & Sunyaev (1973) standaadcretion disk model.
Instead, it is supposed to be emitted in the very inner parts of an A& in a region called
corona, by analogy with the sun|(Ballantyne et al. 2001, Ballantyne &abian|2005). The
analysis of X-ray observations is a powerful tool for investigatingnd understanding the
black hole and AGN physics|(Fabian et al. 2000). As we mentioned alevhe typical X-
ray spectrum of a Seyfert 1 galaxy has a power law shape. The tyaizalues of the power
law spectral index lie in the = 1.5 - 2.5 range (Nandra & Pounds 1994, 8ves & Turner
2000, Piconcelli et al. 2005, Page et al. 2005). The mechanism suwggzbto produce such a
spectrum is the inverse Compton scattering (Fabian et al. 1989, Halt & Maraschi 1991,
Zdziarski et al.|1994, Fabian et al. 2000). In this process the opiikUV photons coming
from the disk are scattered from the more energetic electrons ihd 'hot' corona gaining
energy, therefore being scattered to higher energies (Zdzidrekall|1994). This process
can occur as long as the photons have energies somewhat less thanelectron thermal
energy. As the photons approach the electron thermal energiey no longer gain energy
from the scattering and a sharp drop is expected in the spectrunappearing as a high
energy cut-o (Thorne & Price (1975, Sunyaev & Truemper 1979)This high energy cut-
o are indeed observed in the spectra of AGN (see e.g. Fabian et al01%), indicating
that thermal comptonization is at work. The observed cut-o give information about the
temperature of the electron in the coronal (Rybicki & Lightman 199, [Pozdnyakov et al.
1983,/ Fabian et all 2015).

Assuming the thermal comptonization process acting in the coronpa wide range of the
power law spectral index is expected. However, the observatiaesealed values of which
lie in a narrower range, between 1.5 and 2.5 as mentioned above, ®s§0g the presence
of a mechanism which regulates the slope of the primary X-ray spaain. In particular,
a coupling between the emission from the corona and the accretiorskdcan explain the
observed values of . A simple model, based on these consideratiomg@as proposed by
Haardt & Maraschl (1991). This model is called the 'two phase modedind assumes the
presence of thermal distribution of electrons in equilibrium with a céain temperature Te.
The geometry proposed is a sandwich system where the standamtr@tion disk (the ‘cold
phase’) is completely surrounded by the corona (the 'hot' phase)The two phases are
coupled, i.e. the optically thick emission of the cold disk provides the fs@hoton input for
the Comptonization in the hot corona, and hard Comptonized photts contributes to the
heating of the thick phase (the accretion disk). The e ect that te Comptonization will
have on the spectrum depends on the temperature of the coroiia and on the number
of electrons encountered by each photon which is usually expresd®y the optical depth
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to Thomson scattering  (Lightman & Zdziarski 1987). The overall impact on the X-
ray spectrum is conveniently described by thg parameter, which for a non relativistic
distribution of electrons is given by:

= meczmax e o (1.22)

An important tool to investigate the origin of the X-ray emission is tle study of its
variability, which can aid understanding the geometry of the systesa As we mentioned
above, in the two phase model the spectral index is a function ohe optical depth and
the temperature of the coronarl,. In particular, Zdziarski et all (1996) parametrized this
dependence as:

Vv
u
:%‘%+ p 3| % (1.23)
kTe o+ 3 2

The anti-correlation between the parameter and the corona temerature T, expressed
in the previous equation (Eq.[1.23) has been also detected in seVesaurces. In partic-
ular, observations of long time scale variability (i.e. > 1 day) show that the photon
index increases as the 2-10 keV ux increases (see Perola et al.6l3etrucci et al.| 2000,
De Rosa et al: 2002h, Ponti et al. 2006). These results supporteththermal Comptoniza-
tion model, since this behaviour is expected if the variation of the UVux is responsible
for the X-ray variability. Moreover, correlations are sometimes aerved between UV and
X-ray variability (Clavel et al.|1992, |Uttley et al. 2000, Shemmer etla2001) and UV ux
and (Nandra et al.|2000), together with an anti-correlation between the corona tempera-
ture and the slope of the power law (Nandra et all 2000, Petrucoit al.2003). However,
when shorter time scales are investigated, such as few hours osJaésappears that the X-
ray variability is not correlated with the UV emission anymore [((Nandraet al.|1998). This
behaviour could be explained considering local processes in the oaro For example, a
magnetically structured corona, generated by buoyancy instab#itin the disk, can account
for the observations of X-ray are-like events in AGN |(Di Matteo 98, Merloni & Fabian
2001).

One open question of this model is the origin of the hot corona, whichnot established
yet. However, numerical simulations demonstrated that magnettygdrodynamic turbulence
in the accretion disk could lead to dissipation outside the disk's photpkere producing
regions much less dense than the disk itself, such as the hot cordBalbus & Hawley
1998,/ Schnittman et al! 2013).

1.5 Re ection Spectrum

In the previous section, we described how the power law of the pringaX-ray emission
is produced and which are the physical processes involved. In thiscBon, we want to
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investigate which processes the photons of the X-ray continuurmdergo after they are
emitted from the corona.

Incident Radiation from
Primary X-ray Source

Ejected —~
K-Shell

electron /O\ ) O ‘

Figure 1.3: The picture shows the two types of transition which occun the uorescence
process.

The important element of the two phase model presented above fsetcoupling between
the accretion disk and the hot corona. We suppose that the suda of the accretion disk
can be modelled as a semi-in nite slab of uniform gas. The disk is irraded by the X-
ray continuum spectrum produced in the corona (Haardt & Maragd 1991, Haardt et al.
1994). If the corona emits isotropically, half of the photons fall othe accretion disk,
while the other half reach the observer at in nity. We assume that he hydrogen and
helium are fully ionized, but the other elements are neutral (Reynadd1999). The X-
ray photons can be Compton scattered by free-electrons or bwlelectrons of hydrogen
and helium. Another possibility is that the photons are photoelectrilly absorbed by the
neutral material in the disk (Reynolds 1999, George & Fabian 1991Fhis process will take
place only if the energies of the photons are above the thresholdeegy of the photoelectric
transition invoked (Fermi|1950). In particular, the transition with the largest cross-section
is the photo-ejection of a K-shell electron. Let's focus now on thamission of the Fe K
line. After the photo-ejection of the electron, the ion de-excitei;m one of two ways, both of
which includes an electron from the L-shell dropping into the K-she{(Reynolds & Nowak
2003). In the rst case, the extra energy is released trough themission of a K line
photon, while in the second case the energy is carried away via theajon of a second
L-shell electron, i.e. autoionization or Auger e ect (see Figure_1.3)The probability that
one of the processes presented above will take place is given by timescence yield Y.
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This parameter is a function of the atomic number Z:

Z4

Z7+33° (1.24)

L T T LA B B | T T | g

incident 3
N \power—law

~

Fe

Ne

10*

1000

counts per unit energy (arb.)

100

sl N N PR S S A | .
1 2 5 10 20
Energy (keV)

Figure 1.4: X-ray re ection spectrum produced by a power law fronan optically thick
material. The primary continuum is presented with the dashed line, wie the continuos line
shows the reprocessed spectrum, which includes the kmission lines from the indicated
elements [(Reynolds 1999).

Figure[1.4 presents the results of Monte Carlo simulations of the rection component
produced when a disk with a slab geometry is illuminated by an incident p@r law with
photon index of = 2 (Reynolds 1999). At soft X-ray energies, thealbedo of the slab is
reduced by photoelectric absorption of the metals in the slab. On ¢hother hand, at hard
X-ray energies, this photo-absorption becomes less important camost of the incident
photons are Compton back scattered out of the slab. This prosegroduces a broad
feature in the re ection spectrum peaking at 20-30 keV, the so-called 'Compton hump'
(Lightman & White|1988, INandra & Pounds| 1994| Fabian & Ross 2010)The re ection
spectrum includes the K emission lines from the most abundant elements, as presented
in Figure [1.4. Due to the combination of high uorescent yield, large smic abundance
and low photoelectric absorption, the strongest K line is produced by the iron at 6.4 keV
(Matt et al.|1997). The relevant energies for neutral iron are 6.3%eV and 6.404 keV for
the K ; and K , emission lines, respectively (Bearden 1967). Since the energy safian
between these two lines is lower than the energy resolution availablepresent day X-ray
detectors, it is usual to consider the value of 6.4 keV. This is the meanergy, weighted
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by the probability ratio 1:2 between the two transitions. Analogouslythe mean value for
the K doublet is 7.058 keV |(Bearden 1967). In this case, the electron misition occurs
between the M-shell and the K-shell. The ux of the Fe K line is expected to be 11.3
per cent of that of Fe K one (Baskol 1978, Palmeri et al. 2003a, Palmeri et/al. 2003Db,
Molendi et ali[2003).
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Figure 1.5: (a): Fe K energy lines as a function of the ionization state of the iron (House
1969, Corliss & Sugar 1982). (b): Fe K uorescence yields as a function of the ionization
state (Kaastra & Mewe| 1993, Krolik & Kallman|1987).

The energy of the centroid of the Fe K emission line depends on the ionisation state of
the element. In particular, the energy is fairly stable up to Fevii - Fe xviii , as presented
in Figure [I.5a, when the M-shell is completely depleted. At this point # energy rises
because of the lack of screening of the M-shell electrons, whichdedo a higher binding
energy of the inner shells. Finally, there is a sharp rise in energy whaitso the L-shell
is void and this corresponds to the Fexxv and Fe xxvi emission lines [(House 1969,
Corliss & Sugar 1982).

Not only the energy of the Fe K transition, but also its uorescence yield depends on
the ionization state (Figure[I1.5b). The yield becomes larger when thee xxiii emission
lines are produced. In this case, due to the ionization state of theoim, the electrons con g-
uration prevents the emission of the K photon through a forbidden transition, requiring
a more complex interaction which has low probability to occur (Chen edl. [1981). The
uorescence yields then rises sharply with Fegxiv because no electrons are available for
the Auger de-excitation. For Fexxv and Fexxvi no uorescence is possible, because there
are no electrons in the L-shell that can fall in the K-shell. Finally, it is iteresting to note
in Figure [1.4 a weak shoulder on the low-energy side of the Fe Kemission line. This
feature is produced by line photons that have been Compton scated and lost energy due
to electron recoil, before escaping the disk. It is usually called 'Compt shoulder' (Matt
2002b).
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Another important parameter that carries much information in the X-ray analysis of
the AGN spectra is the Equivalent Width (EW) of an emission or absorjion line. The
EW depends on the underlying continuum and is de ned as:

Z

- F_F(0)
=W = Fe( ) d

where F is the observed ux of the line and k ( ) is the corresponding continuum value at
the same wavelength. Therefore, for a given primary X-ray contimm, the EW depends
only on the physical properties of the gas which is emitting or absary the line. For
example, if the line is produced in an accretion disk, the EW of the Fe éssion line depends
on the inclination of the disk. Ghisellini et al. (1994) have found thathis dependence can
be expressed as:

(1.25)

EW =1
In2

where = cos(i) is the angle between the normal to the re ecting surfacd.€. the accretion
disk) and the line of sight. Assuming the standard accretion disk metl where both the Fe
line and the Compton re ection component are produced by the sammaterial and they
are parts of the same spectrum (see Fig._1.4), the EW should cdate almost linearly with
the amount of re ection. This is expressed in terms of the solid angle = - subtended
by the re ector. Figure [1.8 shows that for a face-on disk with R =1typical values for the
EW of the Fe line are 150 eV, this value decreases for larger angles and smaller R.

The EW of the Fe line also depends on the iron abundance (Matt et |al997). This is
because not only the di erent amount of iron ions must be taken intaccount, but also the
L-shell and the M-shell iron self-absorption. Moreover, the iron +e€dge rapidly saturates
and few more photons are absorbed above a certain iron abundandvatt et al/ (1997)
have parametrized all these e ects in the formulae:

EW( )= og 1+ 1 (1.26)

EW (Are) = EWa,, 21 Ap, 01<Ape<1 (1.27)

EW (Ape) = EWAFe=1 (1 +b IOgA:e) 1<Ar.< 20 (128)

where A is the iron abundance with respect to the solar values from Anders &revesse
(1989) and and b are two parameters that increase with the inclination angle, be in
the range 0.75 - 0.85 and 0.48 - 0.95, respectively.

For ionized disks, a useful parameter is the ‘ionization parameter’, hich expresses
the balance between the photoionazation and the recombinationteain the accretion disk
(Ross & Fabian 1993). It can be de ned as:

_AF «(r)
—on(r)

where F(r) is the X-ray ux incident on the disk per unit area at radius r and n(r) is the
electron number density. As we already mentioned above, the cemt energy of the Fe

(1.29)
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Figure 1.6: (a): the EW of the Fe line as a function of the inclination ofhe disk, for
an incident power law photon index of (from the top) 1.3, 1.5, 1.7, 1.2.1 and 2.3. The
assumed geometry corresponds to R =1. (b): the EW as a functiaf the ratio between
the inner radius of the accretion disk and the height of the illuminatingource. The curves
are normalized at f,, = 0 which corresponds to R =1 (see George & Fabian 1991 for more
details).

K emission line depends on the ionization state of this element. Matt et §1993,/1996)
have performed detailed analysis on the re ection spectrum as anfttion of the ionization
state of the re ecting material. The results suggest that, consating di erent ionization
states (i.e. dierent values of the ionization parameter), four reighnes can be delineated:
the 'neutral re ection regime’, 'intermediate ionization regime’, ' highionization regime'
and 'fully ionized regime'. Figure[ 1.V presents examples of re ection egtra models for
di erent ionisation parameters (Ballantyne et al. 2001). From botbm to top, the re ection
X-ray spectra for ionization parameters of log = 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and
5.0 are shown.

When < 100 erg cm s?, the regime is called 'neutral re ection regime' and a 6.4
keV emission line from relatively cold material is present, together witthe Compton
hump emission at higher energies. At higher ionisation, when 180 < 500 erg cm s?,
the available iron ions are Fexvii and Fe xxiii and the regime is called ‘'intermediate
ionisation'. This range is crucial because the vacancy of the L-shallows the resonant of
the absorption of the K photons and the following de-excitation follows the rule presented
above for the uorescence. The process of absorption and meission can eventually end in
the loss of the photon through the Auger e ecti(Osterbrock 193j. Thus only few photons
can escape resulting in a weaker Fe line ux and smaller EW compared tioe previous
regime (Ballantyne et al. 2001). In the 'high ionization regime’, when B0< < 5000 erg
cm s 1, the iron is mainly Fe xxv and Fe xxvi . The resonant scattering is still e ective,
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Figure 1.7: The plot shows the theoretical ionized re ection spedcirfor di erent ionisation
parameter, as presented in Ballantyne et all (2001). From bottorno top the curves show
the spectra for ionisation parameters of log = 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0.

but the photons of the Fe line are no longer lost, because the lack lofshell electrons
prevents the Auger e ect to occur (Ballantyne et al. 2001). Stnog Fe lines at 6.68 keV
and 6.97 keV are present in the re ection spectrum. Finally, in the "fily ionized regime’,
the disk is too ionized in order to produce any atomic features. Thushere are no Fe
emission lines or edges.

Absorption in AGN

Once the X-ray photons are produced in the central region of th&GN, they can still be

reprocessed by the various kind of circumnuclear matter lying arad the central engine
(Osterbrock & Mathews|1986). The most important e ect is the pssible absorption from
material along the line of sight (Mathews & Capriotti| 1985). For comenience AGN are
typically divided in two sub-classes depending on the column density tie absorbing
material. They are called 'Compton thick' if the column density of neutal (or weakly

ionized) absorbing material along the line of sight exceeds the valuk ql =15 10*

cm 2 (Treister et al! 2009, Akylas et al. 2012). In this case the primary Xay continuum

is completely blocked up to 10 keV or more_(Matt 2000). If the columdensity is lower,
they are denominated as 'Compton thin' [((Matt|2002a). In this caseonly the photons
having energies grater than a certain threshold proportional tohe column density are
allowed to pass through the material (Matt et al. 2003). On the otér hand, if the source
is completely unabsorbed, the spectrum detected by the obsere unaltered (Matt et al.

2003).
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1.5.1 Relativistic E ects

The pro le of the Fe K line is intrinsically narrow, much lower than the resolution of
the X-ray instruments, when the line is produced in regions far awaffom the central
engine, such as the torus and/or the Narrow Line Region additionaloppler broadening
is indeed observed at a level of a few 1@@n s 1. However, when this feature is emitted
from the inner accretion disk, its pro le will be shaped by the high velaty movement of
the material and by the presence of the black hole and be stronglydadened and skewed.

Newtonian ‘ |
Il \‘
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=]
Special relativity ‘ Transverse Doppler shift
| Beaming
\ J)
: ]L?:;’T
General relativity F‘ Gravitational redshift
I
]
M=l
Line profile |
/ L
0.5 1 1.5
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Figure 1.8: The plot presents all the individual e ects contributing b the broadening of
the narrow emission lines, resulting in the characteristic double-pie#t pro le (Fabian et al.
2000).

A narrow line re ected by a Keplerian disk annulus will show a double p&ad symmetric
pro le, as presented in the rst panel of Figure[1.8(Fabian et al. 200). The blue peak
is emitted from the regions of the accretion disk approaching the sérver (blue shifted),
while the red peak from the material receding (redshifted) in a kepian disk. The inner
regions of the accretion disk produce the broadest parts of the dirbecause they move
with higher velocities compared to the outer parts, eventually reaing relativistic speeds
if the disk extends close to the innermost stable orbit. If so, becs@ of relativistic beaming
from the approaching regions, the blue peak will be enhanced withspeect to the red one.
Moreover, the transverse Doppler e ect becomes important in thinner regions of the disk
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and the line pro le is shifted to lower energies (second panel of Fig.8}). Finally, the

presence of the black hole modi es the space time inducing a furthghift and distortion

of the line mostly due to gravitational redshift (third panel of Figue[1.8). Integrating the
emission from all radii of the accretion disk, gives the characteristskewed and highly
broadened line pro le presented in the last panel of Fig._1.8.
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Figure 1.9: The plot show the relativistic Fe line pro le in the case of a nerotating BH
(Schwarzschild metric). An emitting region extending from 6 4 to 30 ry; was assumed.
The model proles are plotted for three dierent inclination angles: 10, 40 and 70
(Fabian & Miniutti 2005).

The resulting pro le of the relativistic Fe K emission line is an important diagnostic
of the properties of both the accretion disk and the central blackole (Fabian et al. 2000).
Figure[1.9 and_1.1D show relativistic model line pro le from the work ofd&bian & Miniutti
(2005). These plots summarize the results of fully relativistic compations of relativistic
line model from_Fabian et al. [(1989), Laor/ (1991) and Dowiak et al2004). In particular,
Figure[1.9 shows the relativistic line pro le emitted from an accretion idk around a non-
rotating black hole, described by the Schwarzschild metric, assungirdi erent inclination
angles, 10, 40 and 70 (Fabian & Miniutti |2005). The assumption is that the line is
produced by an annulus of the disk extending between § and 30 i from the black
hole (where § is the gravitational radius r; = GM/c ?). The pro le of the relativistic
Fe line is highly sensitive to the inclination angle of the disk with respectotthe line of
sight. For example, the energy of the blue peak is a strong functiarf the inclination,
providing an important tool to constrain this parameter. Moreove, the broadening of the
pro le increases with the inclination due to the fact that when the dik is face-on, only the
transverse Doppler and gravitational redshift are a ecting the lie pro le, i.e. there are
no regions of the disk which are actually moving in the direction of the lenof sight. As
the inclination angle increases, the same happens to the velocity quoment along the line
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Figure 1.10: The plot shows the relativistic Fe line pro le in the cases @ Schwarzschild
black hole (red curve) and a Kerr black hole (blue curve). The emissioegions is assumed
to extend down to the radius of marginal stability: 6 § and 1.24 g, respectively. The main
di erence in pro le is due to the radius of marginal stability (Fabian & Miniutti \2005).

of sight of the approaching and receding regions of the disk. In thvgay the separation
between the two peaks of the overall pro le increases.

On the other hand, the red peak of the line pro le is a sensitive funitin of the inner
radius of the annulus where the line is emitted. Figufe“1.110 presentsetmodels of relativis-
tic Fe line from a Schwarzschild back hole and a rapidly rotating one, wih is described
by the Kerr metric (Fabian et all|2000). The assumption made for ptong these pro les
is that the line emitting regions extend down to the last stable orbitsdr the two di erent
metrics, i.e. 6 g and 1.24 . So the only di erence between the two models is the inner
disk radius. It is clear that the line pro le is much broader in the Kerr netric case (blue
line in the plot). This is due to the photons su ering stronger relativisic e ects in the
inner regions of the accretion disk compared to the ones emitted larger radii (red line).

The relativistic Fe K line depends also strongly on the spin of the black hole and the
emissivity pro le of the accretion disk. The rst has important e ects on the line pro le
because it is intrinsically correlated with the last stable orbit of the eitting disk. The
radius of the last stable orbit (r.s) is that radius where the orbits of the particles are no
longer stable. The region K rng is called 'plunging region'. For a given black hole mass,
this radius is a function of the angular momentum a = J/M and it can be gpressed as:

fms =3+ 22 [(38 Z1)(3+ Z1+2Z)))°1g (1.30)

where h i
2 3 1 1 2 2 3
Z;=1+ 1 a* (l+a3+(1 a; Z,= 3a"+7Z;7°? (2.31)
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The values of the last stable orbit can vary from 14fora =1 to 6 ry when a = 0 (see
Reynolds & Nowak 2003 for more details). However, it is believed th#te maximal spin
for a rotating black hole can not exceed 0.998 because of the captof the disk photons by
the black hole itself (Thorne 1974). This consideration implies that & smallest radius is
r'ms = 1.24 ry (Thorne |1974). The results of the e ect of the spin on the Fe line prle is a
broader red wing compared to the Schwarzschild case, because ¢mission covers regions
closer to the BH. Therefore, the gravitational redshift and the Dppler e ect become

important (Figure L.10).
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Figure 1.11: The plot shows the dependance of the relativistic line pi® on the emis-
sivity pro le of the accretion disk. The emissivity is assumed to be a peer law scaling
with r 9. When the pro le is steeper, a broader and more redshifted line is quiuced,
because the emission is concentrated in the inner regions where travity dominates
(Fabian & Miniutti 2005).

As we mentioned above, the emissivity pro le of the accretion disk pfa a critical role
in the emission of the relativistic Fe K line. This function de nes the re ected power per
unit area as a function of the location on the disk and hence is relatéd the illumination
pattern of the accretion disk. This is in term related to the energy idsipation in the disk
and the heating of the corona. The emissivity pro le is usually parantezed as a single
or double power law r9. Assuming that the local intensity of X-ray re ection from the
disk surface is proportional to the local dissipation in the underlyinglisk, the resulting
emissivity index is g = 3 (e.g.| Pringle 1981, Reynolds & Nowsk 2003, Menio& Fabian
2003). For high values of g, the emission is dominated by the inner regs of the accretion
disk, resulting in a broader line |(Fabian & Miniutti 2005). However, wien this parameter
is lower than 3, the emission from the outer parts becomes importaand it is important
to de ne the outer radius of the disk itself (Fabian & Miniuttii 2005). The higher the
outer radius, the smaller is the separation between the blue and regaks of the emission
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line. This is due to the fact that a greater fraction of the line photos are produced in
regions where the Doppler velocities are lower. We present the eteof di erent emissivity
pro les in Figure [L.11 (Fabian & Miniutti|2005). The line intensities for auniform (q =
0), standard (q = 3) and steep (g = 6) emissivity pro les are shown inthe plot. The
line pro le varies as a function of the illumination pattern of the disk: te steeper the
emissivity pro le, the broader the emission line.

The relativistic Fe K line pro le, which depends on all the parameters presented above,
is an important tool to measure these quantities in AGN. For this resons, the analysis of
the line pro le can be used yo help understand the physics and inneegmetry of this class
of objects.

1.5.2 The E ects of Gravitational Light Bending

The X-ray temporal and spectral variability in AGN can be used to reeal the e ects of
gravitational light bending in black hole systems. If we assume thahe primary source
emitting the direct X-ray continuum is su ciently far from the black h ole so that the
relativistic e ects are negligible, we expect a direct correlation bew®en the direct contin-
uum and the re ection spectrum. The variability of the continuum is elated to intrinsic
luminosity variations of the corona. This results in a constant EW oflie Fe K line and
a constant value for the re ection fraction. However, if the coma is close to the central
object, the e ects of gravitational light bending become importanbreaking the one-to-
one correlation between the primary X-ray continuum and the re etion component. The
strong gravitational potential produced by the black hole deviate the photons trajectory
coming from the primary source. For example, the photons will be hetowards the BH
itself (Miniutti et al. 2003). The result is a di erence in ux between the primary contin-
uum seen by the observer at in nity and the one reaching the acdren disk. The nal
result is that, if the primary source is located very close to the blackole, the correlation
between the variation of the direct ux and the re ection spectrun will be modi ed.
Supporting the hypothesis of the presence of light bending e ectdose to the black
hole, it has been observed that the variability of the re ection compnent, and in par-
ticular of the Fe line, is not correlated in a consistent way in all the stlied objects
(Lamer et all 2000, Papadakis et al. 2002). In fact, the Fe Kemission line does not al-
ways responding to the variations of the primary continuum, as theimple re ection model
predicts (lwasawa et all 1996, Miniutti & Fabian 2004). In some cas, an anti-correlation
is present between the Fe line ux and the primary continuum, while in@me sources the
Fe line appears to be constant during large amplitude variations of ¢hprimary ux (see,
for example, Markowitz et al. 2003a). Moreover, variations of theelativistic Fe line pro le
have been observed. Inthe case of MCG -6-30-15, the line tend$®é very broad at low ux,
while a strong narrow component appears at high ux (lwasawa etl.531996, Wilms et al.
2001, | Fabian et al. 2002, Lee et al. 2002, Fabian & Vaughan 2003, Mif et al.! 2003,
Miniutti & Fabian 2004, Vaughan & Fabian|2004). In several sourceit has been observed
that the EW of the Fe line anti-correlates or remains constant with lhe variations of the
primary X-ray continuum (Lamer et al!|2000, Papadakis et al. 2002)The lack of correla-
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tion could be attributed to re ection from distant material, such asthe torus. However,
the presence of a broad relativistic Fe line in the spectra con icts wit this hypothesis,

suggesting the presence of an emission region close to the black.hdlee light bending

e ects present in the vicinity of the central compact object mightexplain this scenario, as
rst investigated in Seyfert 1 galaxies by Miniutti et al! (2003).

1.6 This thesis

The main goal of this PhD project is the analysis of the relativistic Fe K emission line
in the X-ray spectra of Seyfert 1 galaxies. More speci cally, we warto investigate the
relationship between this emission line and the re ection component aigher energies.
If the Fe line and the Compton hump are features of the same re #on spectrum and
they are produced by the same material, they should respond atédhsame time to the
variations of the illuminating X-ray primary continuum when the e ects of gravitational
light bending are negligible.

As we presented above in this chapter, the analysis of the relativiste line is a powerful
tool to investigate the inner regions of the accretion disk in AGN anthe e ects of strong
gravity present in the central engine of these objects. The relaistic Fe K line in AGN
allows us to constrain the inner radius of the accretion disk, which isne of the critical
parameters for characterizing the geometry of this class of obfe, as well as the black hole
spin. In fact, the innermost stable circular orbit depends on the &p of the black hole (see
Eq. in Sectior_1.511).

Assuming a standard accretion disk model, which is expected in the hig ciency
systems such as bright Seyfert galaxies, relativistic Fe Kemission lines should always
be detected in the X-ray spectra with su cient signal-to-noise rao. However, in sam-
ples of objects observed wittKMM-Newton and Suzakua signi cant fraction of sources
and/or observations was missing this spectral feature. In partitar, a relativistic Fe line
component was not detected in the 65% of objects in Guainazzi dt £2006), 30% of ob-
servations in/Nandra et al. [(2007), 60% of source in_de La Calle Rzret all (2010) and
50% of observations in Patrick et al.|(2012). The reason why this mponent is in some
cases not detected is still unclear. Some hypothesis have beerppsed in order to explain
this puzzling picture. One possibility is that the signal-to-noise ratio lays an impor-
tant role in the detectability of relativistic features. In fact, looking at samples com-
piled with XMM-Newton observations, it has been shown that this feature is preferentially
observed in spectra with high statistics (e.g. Guainazzi et al. 2008landra et al.| 2007,
de La Calle Rerez et al.. 2010). Truncation of the inner accretion disto large radii could
also be responsible for the lack of clear relativistic line. Finally, if the l&tivistic e ects are
strong, such as in the case of a maximally spinning rotating black holiae disk is ionized
and/or the inclination is high, the pro le of the Fe line would be su ciently broadened
and di cult to be disentangle from the underlying continuum (Bhayani & Nandra 2011).

The aim of this work is to investigate this phenomenon in more detailsnting to
understand if low statistical quality is the main reason preventing uto observe relativistic
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components. Moreover, we want to test for the presence of tR@mpton re ection in AGN
using models which self-consistently reproduce the line and contimau investigating the
relationship between both the narrow and relativistic Fe line and thereission at higher
energies, i.e. Compton hump. If they are features of the same eetion spectrum and
they are produced by the same re ecting material, they should rpsend in the same way to
the variations of the primary X-ray continuum. We will try to address these issues using
Suzakuand NUSTAR data. With their extended energy ranges to higher energies conpd
to other missions, such aXMM-Newton and Chandra these instruments allow us to better
constrain the Compton hump emission and better model the primargontinuum, which is
critical to the analysis of relativistic emission lines.

In Chapter[2, we will give an overview of theSuzakuand NUSTAR missions, presenting
also the data reduction for both instruments adopted in this work.In Chapter [3, the
analysis of the bright Seyfert 1 galaxy IC 4329A is described. Chagpl{4 presents a study
of the relativistic Fe K emission line in a sample of sources observed w&hzaku Chapter
(B) describes the data analysis on the objects we select with avai@NUSTAR archival
observations.



Chapter 2

Data Reduction

2.1 Introduction

In this chapter, we present the two X-ray telescopes used in thellbwing analysis: Suzaku
and NuSTAR. The main goal of this thesis is to test the relativistic re ection in the
Seyfert 1 galaxies. Compared to other satellites such @handra or XMM-Newton, these
instruments allow us to directly study the high energy parts of the Xay spectra. The
energy ranges cover energies above 10 keV (i.e. the emission of@bepton hump), and
it is also possible to better constrain the primary continuum.

In the rst Section (E.2), we describe the instruments on board oSuzakupresenting
the main characteristic of each detector. The data reduction ohe spectra is presented in
Section[2.8. Next, we present th&JuSTAR telescope (Sectiof 219) and the relative data
reduction in Section[Z.5b.

2.2 Suzaku

2.2.1 Overview

The Suzakutelescope (formerly Astro-EIIE is the fth Japanese x-ray astronomy satellite
and it is a joint Japanese-US collaboration launched on 10 July 200Suzakuwas designed
with the aim of performing di erent kinds of observational studies bvarious X-ray sources.
It is taking advantage of the high energy resolution and a higher sativity in the hard band
than ever before, over the wide energy range of 0.4-600 keV. ™atellite was launched into
a nearly circular orbit with at 568 km altitude and an inclination of 31.9 to the equator
and an orbital period of 96 minutes. Since it is close enough to the Earth, most of the
sources are hidden by our planet for a determined fraction of thelat period. The mean

e ciency of the observations is 45%. This type of the orbit has the convenience of not
crossing the Van Allen radiation belt, allowing faster and more e cienttransmissions from

1The project was renamedSuzakuafter the successful launch after the mythical Vermilion bird of the
South, one of the four mythological guardian animals in the Chinese anstellations.
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and to earth and a lower particle background. This satellite weighs @8 kg and is long
6.5 m on the telescope axis.
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Figure 2.1: Graphic representations oBuzaku(left) and its left side (right).

Suzaku carries three di erent scienti ¢ detector systems: HarX-ray Detector (HXD:
Takahashi et al.| 20077), X-ray Imaging Spectrometer (XIS: Koyaa et all [2007) and X-
ray Spectrometer (XRS: Kelley et al. 2007). The spectrometersIX and XRS are build
in the focal plane of the X-ray Telescope (XRT: Serlemitsos etal. @¥). In Figure[2.1,
a representation of the satellite con guration is presented. Jusafter a week from the
launch, on 29 July 2005, a malfunction of the cooling system occuitevhich caused on 8
August 2005 the entire reservoir of liquid helium to boil o into space.This determined
the complete shut down of the XRS which was the primary instrumenof the satellite.
The other instruments, XIS and HXD, were una ected by this malfunction and they were
working properly delivering excellent science until 25 August 2015AXA announced that
the communications with the satellite had been intermittent since 1 he. The recovery
process of the scienti c operations would be di cult to complete giva the condition of
the spacecraft. The operators of the mission decided to end thassion given also that
Suzakuhad exceeded the design lifespan by 8 years. The mission ended ore@eénber
2015 when JAXA commanded the radio transmitters to witch thems$ees o .

We will present in the following sections the characteristic of each emting instrument.

2.2.2 X-ray Telescope (XRT)

The XRT is the mirror assembly on board ofSuzaku(Serlemitsos et al. 2007). A represen-
tation of the XRT system is presented in Figuré 2]2. It is composed ofe thin-foil-nested
Wolter-I type telescopes. The incident rays are re ected twice bg parabolic surface and
then by a hyperbolic one. These surfaces focalise the rays on thedl plane (Figure 2.B).
One of them is dedicated to the XRS and it is called XRS-S, while the othéour are
focused on the XIS. These are called XRT-I0, I1, 12 and 13 and tiieare co-aligned to



2.2 Suzaku 27

image the same region of the sky. The XRTs are placed on the Extésle Optical Bench
(EOB) on the spacecraft as shown in Figure2.1.

XRT-I1 f N
— \ Sub Sunshade

. ~ N
Main Sunshade ||

Mirror Support

Figure 2.2: A representation of the XRTs onboardbuzakuis presented |(Serlemitsos et al.
2007).
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Figure 2.3: Scheme of the Wolter type | re ecting optics.

The focal length of the XRT-S is 4.50 m and that of the XRT-I is 4.75 mThe eld of
view for the XRT-Isis 20'at 1 keV and 14" at 7 keV. Figuré Z}4 shows the total e ective
area of the XRT instrument. It is compared with that of XMM-Newton and Chandra It
is clear that the e ective area is higher at the energies of the iron Kemission line and,
in that range, it is comparable to that of XMM-Newton. However, at lower energies it
appears to be lower than the other instruments. The XRT Point Smgrad Function (PSF)
is approximately a Gaussian and is largely independent of the photomexgy. The Half
Power Diameters (HPD) are 1.8', 2.3' 2,.0' and 2.0 for the XRT 0, 1, 2ral 3, respectively.
The design parameters and performance of the XRT instrument @presented in Tablé Z]1.

2.2.3 X-ray Imaging Spectrometer (XIS)

The four XIS instruments onboardSuzakuemploy X-ray charge coupled devices (CCD).
These are similar to those of theASCA XIS, Chandra and XMM-Newton satellites. The



28 2. Data Reduction

Focal length 475 m

Substrate Aluminum (152 m)

Re ector Gold (> 0.1 m)

Number of nesting 175

Inner / outer diameter 118 mm /399 mm

Incident angle 0.18-0.60

Geometrical area 873 ch

Field of View 20" at 1 keV / 14" at 7 keV

E ective Area 450 cnt at 1.5 keV / 250 cnt at 7 keV

Half Power Diameter 2.0

Table 2.1: Design parameters and performances of the XRT instremt (Serlemitsos et al.
2007).
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Figure 2.4: Total e ective area of the four XRT-I instruments (Selemitsos et al.| 2007).
They are compared with that of XMM-Newton and Chandra

CCD are composed by integrated circuit engraved on a silicon suréacThe photons in-
cident on this surface produces free electrons through photoethec absorption and the
intensity of the electric cloud is proportional to the energy of the Xay incident photon.
The charge is then transferred onto the gate of an output traistor with a variation of the
electrical potential. This process results in a voltage level (the salted "pulse height")
which is proportional to the energy of the incident X-ray photon. The four instruments
onboard Suzakuare called XISO, 1, 2 and 3 and they are placed in the focal plane of an
X-ray Telescope. After more than a year from the launch, in Novelmer 2006, a sudden
increase of the "pixel number" occurred in the XIS2 sensor. Thaxel number parameter
shows the number of pixels in which the pixel level is larger than the emt threshold (100



2.2 Suzaku 29

Analog to digital Unit, i.e. ADU). It was clear that a large amount of charge over owed
in the CCD, probably due to an impact of a micro-meteoroid on the CClitself. Because
it was di cult to recover the XIS2 sensor, the Suzakuteam simply stopped operating the
sensor. The same problem occurred for the XISO in June 2009. Hwoer, in this case the
leak of charge was not serious, but a region of the XISO sensorgtA segment, cannot

detect X-rays anymaore.
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Figure 2.5: A scheme of the XIS CCD is presented (Koyama et/al. 200Tt is composed
by four segments and each one has is dedicated read-out node.

Figure[Z5 presents a schematic view of the structure of the XIS ©C The CCD chip
has an array of 1024 1024 pixels and it covers a eld of view of 18'18'. The pixel size
of the imaging area is 24 m 24 m and the size of the CCD is 25 mm 25 mm. The
CCD has four readout nodes (Node A-D) and each node reads thgnals from 256 column
of the chip. For calibration, each sensor ha®Fe calibration sources. Two sources are
placed on the side wall of the housing and illuminate two corners of thmaging area (top
of Segment A and D). Table€“Z2 presents the design parameters gperformance of the
XIS. The XIS1 sensor uses a back-side illuminated CCD. This type dofrsor receive the
photons on the back side in order to increase the low-energy quamt detection e ciency
(QDE). However, the QDE is slightly lower at high energies. On the ot side, the XISO,
2 and 3 use a front-side one. Note that the XIS has two CCD clockingodes: normal
and parallel-sum (P-sum) modes. Normal mode has imaging capabilityitiva resolution
of 8 sec. On the other hand, the P-sum mode has good time resolati(y.8 msec), but
it does not have imaging capability. In this work of this thesis the obseations analyzed
were taken in normal clocking mode and only the XISO and XIS3 speatwere considered
in the spectral analysis, as the back-illuminated XIS1 has relativelyigh background.

The performance of the CCD usually degrades in space becauseaafiation damage
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Field of View 18" 18

Energy range 0.2-12 keV

Format 1024 1024 pixels

Energy resolution 130 eV (FWHM; at 5.9 keV)
Readout noise 2.5 electrons

Time resolution 8 s (normal) / 7.8 ms (p-sum)

Table 2.2: Design parameters and performances of the XIS instrant (Serlemitsos et al.
2007).

produced by the cosmic rays. This happens due to charge trapsopuced by charged
particles and they are accumulated in the CCD. The XIS has the capé#ity to inject small
amounts of charge into the pixels. The injection of charges is uskfa Il the charge traps
periodically and to make them almost innocuous. The spaced-row cge injection (SCI)
method has been adopted as the standard method since Marc 20Q7order to reduce
the radiation damage. The charge injection capability is also used toaasure the charge
transfer e ciency (CTE) of each CCD column for the no-SCI mode.

2.2.4 Hard X-ray Detector (HXD)

The Hard X-ray Detector (HXD) is a non imaging collimator instrumentand a schematic
view is presented in FiguréZ]6. It is composed of silicon PIN diodes (BI&nd Gadolinium
Silicate crystals scintillators (GSO) and it is covering an energy rangd 10-600 keV. The
main purpose of using this instrument is to extend the bandpass 8tizakuto high energies,
allowing broad-band studies of astronomical objects. In our analg we considered only
the PIN data because the sources we considered were not brighbegh in the GSO spectra
in order to have enough statistics for the spectral analysis.

Field of View 34" 34'( 100keV)/45 45 ( 100 keV)
Bandpass 10-70 keV (PIN) / 40-800 keV (GSO)

Energy resolution 3.0 keV (PIN) / 7.6/  E% (GSO)

E ective area 160 cnt at 20 keV / 260 cn? at 100 keV

Time resolution 6lsor3l s

Table 2.3: Performances of the HXD instrument (Takahashi et al.aD7).

The HXD sensor is a compound-eye detector instrument. It is coroped of 16 main
detectors arranged as a 4 4 array and surrounding 20 crystal scintillators for active
shielding. Each unit consists of two types of detectors: a Bismuth &manate crystals
phoswich counter (GSO/BGP) and a 2mm thick PIN silicon diodes placeihside the well,
but in front of the GSO. The PIN diodes are sensitive below 60 keV, while the GSO
counter above 40 keV. Figure[2.7 presents the total e ective area of the PIN an@GSO
detectors, which are 160 cn? at 20 keV and 260 cn? at 100 keV, respectively. The
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energy resolution is 4.0 keV (FWHM) for the PIN diodes and 7.6}) E% (FWHM) for
the scintillators, where E is the energy in MeV. The HXD time resolutioris 61 s. The
HXD performance are presented in Table2.3.
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Figure 2.6: A scheme of the HXD detector is presented (Takahastti all 2007)
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function of energy (Takahashi et al. 2007)
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2.3 Suzaku Data Reduction

The data reduction presented in this section was applied to all thBuzakuobservations of
the sources analysed in this thesis. They were carried out with bothe X-ray Imaging
Spectrometer (XIS) and the Hard X-ray Detector (HXD). The tagets were placed at the
nominal center of the XIS eld of view. The event les used in our angsis for each single
XIS observation were reprocessed on-board in two di erent edignmodes: 3 3 and 5

5. The editing modes specify how detected events are edited andedmine the formats
of the XIS data telemetry. In particular, in the 3 3 editing mode the pulse heights of
the 9 pixels entering the event centre are sent to telemetry, while ithe 5 5, the 25
pixels around the event centre are considered. The cleaned evédes of both modes were
combined in our analysis. We reprocessed the un ltered event led both the XIS and
HXD by using the calibration les (CALDB) of 2013-01-10.

The standard reduction procedure was applied to the XIS data uginthe powerful
aepipelinetool. This task runs all the standard calibration steps, in particularAssign
Arrival times, Calibrate Sky Coordinates, Assigning Pixel Quality, Cmpute PI, Compute
GTI and Add Microcode. After the calibrations, the aepipeline screens the event le
following the criteria in Table[2.2.

Type Criterion Comments
Event by event GRADE=0:0 2:4 6:6 ASCA grades indicating X-ray events
STATUS=0 : 524287 Bad columns, charge injection rows removed

cleansis Flickering pixels are removed
GTI AOCWHKCNTNMLP==1 Attitude control in pointing mode
ANGIST < 1.5 Instantaneous pointing within 1.5 arcmin of mean
SnDRATK 3 Telemetry rate SuperHigh, High or Medium
SAAHXD==0 Satellite is outside SAA
T_SAAHXD> 436 time since SAA passage 436 sec
ELV> 5 Pointing direction > 5 deg above Earth
DYEELV> 20 Pointing direction > 20 deg above sunlit limb of Earth

Table 2.4: XIS screening criteria.

Using the XSELECT tool, XIS source spectra were extracted from circular regions it
a radius of 250 arcsec, centered on the sources. This extractradius encircles 99% of the
point source ux and is recommended by th&Suzakuteam. The XIS background appears
to be non-uniform over the CCD chip [(Yamaguchi et al. 2006) becaa of the presence of
several calibration sources, in particular at the chip corners. Fdhis reason we decided
to select the background regions as large as possible and avoiding #ource, in order to
have a better estimation of the background spectra. Figuie 2.8 ggents an example of
images of IC 4329A. We show the extracting regions for the soursgectrum (circle) and
the background spectrum (rectangular), selected following theiteria presented above. As
it is shown in Figure[2.8, no contaminating sources are present in theld of view of the
XIS in any of the observations analyzed in this work.
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Figure 2.8: An example image of IC 4329A from the XIS instrument. Téextracting re-
gions for the source spectrum (circle) and the background sprah (rectangle) are shown.

The xisrmfgen and xissimarfgen tools were used to create the Redistribution Matrix
File (RMF) and the Ancillary Response Function (ARF). The rst one is an instrument
response le that describes how photons of dierent energy areedistributed into the
various energy channels of the instrument, while the second exgses the e ective area
of the instrument in surface units (cnd) as a function of photon energy. We combined
the spectra of the XISO and XIS3 usingnathphg while the response matrices and the
ancillary response les were added with thaddrmf and addarf tools. The source spectra
were grouped in order to have at least 100 counts per bin.

The PIN data were reduced using the standard procedure, as peamted in the Suzaku
ABC guidéﬁ. We use theaepipeline task to calibrate and screen the un Itered event le.
In particular the calibration steps include Time Assignment, Gain Histry Generation, Pl
Assignment and Grade Assignment. For the screening procedutke aepipeline applies

2http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/
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the criteria reported in Table[2.5.

Type Criterion Comments
Event by event DETTYPE=0 GSO events
DETTYPE=1 PIN events
DETTYPE=2 Pseudo events
GTI AOCWHKCNTINMLP==1 Attitude control in pointing mode

HXDHVWnCAL > 700  High voltage is not reduced
HXDHVTn.CAL > 700 High voltage is not reduced

SAAHXD==0 Satellite is outside SAA

T_SAAHXD> 500 Time since SAA passage 500 sec
TNSAAHXD> 180 Time to next SAA passage> 180 sec
COR> 6 Cut-o Rigidity > 6 GeV

ELV> 5 Pointing direction > 5 deg above Earth
HXDDTRADE 3 GSO only

Telemetry is unsaturated aeNNNNNNNNNG@xtm.gti

Table 2.5: PIN screening criteria.

The source and the background spectra were then extractedin the cleaned event
les, using XSELECT tool. The spectra were corrected for dead time and the exposwé
the background spectra were increased by a factor of 10, sinte tevent rate in the PIN
background event les is 10 times higher than the real backgrourtd suppress the Poisson
errors. The sum of the "tuned” non X-ray Background (NXB) spetra and simulations
of the Cosmic X-ray Background (CXB) was adopted as PIN backgund in the spectral
analysis. The CXB is simulated from a typical model provided by th&uzakuteam (Boldt
1987). It is known that the detected spectrum can be dierent fsm that model, due
to spatial uctuations of the intrinsic CXB. These uctuations are known to be of 10%
from place to place on scales of 1 sq degree (Barcons et al. 2000)thbse cases where
the PIN background has important uncertainties and the sourceux is relatively low, the
reliability of the PIN data can be aected. Since the CXB corresponsl only to 5% of
the total background spectrum [(Fukazawa et al. 2009), the umiations on the total PIN
background are dominated by the uncertainties of the NXB, whichra measured to be of
the order of 3%. Considering all these issues, we decided to use i spectrum only
in cases where the source spectrum is more than 20% of the baokud, to avoid being
dominated by background uncertainties. After this analysis, the N spectra were grouped
in order to have at least 40 counts per bin after background sulatction.

2.4 NuSTAR

The Nuclear Spectroscopic Telescope ArralNUSTAR) satellite (Harrison et all [2013) is
composed of two co-aligned focusing hard X-ray telescopes (FPM#d FPMB). They
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have a focal length of 10m, xed by an extendible mast which was deged after launch
(see FigureLZB). The instrument has built in aspect and alignment metiogy, provided
by a laser alignment system and a star tracker head mounted on tlogptics bench. Table
[2.8 presents the principal instrument performance characteriss.

Laser metrology system (1 of 2)

Two co-aligned optics

10-meter focal length Shielded focal plane
Star camera detectors

Figure 2.9: A scheme of thi&NUSTAR principal components.

Energy band 5-80 keV

Half Power Diameter 43"

PSF FWHM 7.5"

Energy resolution (FWHM) 0.6 keV at 10 keV / 1.2 keV at 68 keV
Strong src. localization 1.5" (1-)

Temporal resolution 0.1 msec

ToO latency 2-24 hr

Field of view (50% area) 10" at 10 keV / 8" at 40 keV / 6' at 68 keV

Table 2.6: Key parameters oNuSTAR (Harrison et ali2013).

2.4.1 Optics

The optics consist of two highly-nested, low graze angle, multilayeioated shells in a
conical approximation of a Wolter-I geometry. TheNuSTAR optics have smaller average
graze angle, which is the angle between the incident X-ray and thetms shell, than the
other soft X-ray telescopes such a&sMM-Newton or Chandra thus they have a smaller
eld of view. Vignetting is important over the sensitive eld, so that the e ective area falls
towards the edge of the eld of view.

The Point Spread Function (PSF) of the FPMA and FPMB NuSTAR optics is sharply
peaked and has broad wings (Figure 210). It can be modelled with a Kg§is function as
a convenient parametrization. The FWHM is 7.5", while the Half Power ameter (HPD)
is estimated to be between 40" and 45" (see Tahle 2.7).
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Figure 2.10: Point Spread Function of the FPMA and FPMBNuUSTAR optics. It has a
sharp core and broad wings. 50% of a point source ux is enclosed imiameter of 45",
while the FWHM is 7.5 ".

Encircled energy fraction Diameter (arcsec)

50% 43
70% 75
80% 101

Table 2.7: Encircled energy fraction foNuSTAR optics.

2.4.2 Detectors

The focal plane of eaciNUSTAR telescope consist of 2 2 array of imaging CdZnTe pixel
detectors and the optical axis intersects the detector o -cest in order to avoid the dead
area between the detectors. There are four detectors onbda@uSTAR and each of them
has a 32 32 array of pixels on a 0.6 mm pitch, corresponding to an angle on thkys
of 12.3"/pixel. The dead gap between the detectors is on averagé nm, but cannot be
greater than 0.75 mm. The pixel detectors have readout electrios triggered each time
an X-ray is detected. The processing time is 2.5 milliseconds, limiting thate at which
events can be read out to between 300 and 400 evts/s.

Because the re ectance is dependent on the graze angle and oa #nergy, the FWHM
of the optics as a function of o -axis angle decreases with the Xyanergy. The low en-
ergy threshold is de ned by the detector pixel trigger thresholdfo 3 keV. The detector
guantum e ciency slightly increases between 3 and 6 keV becauseetievents with energies
divided in di erent pixels become more easily detected. Moreover, ¢hcollecting area of
the telescopes increases between 5 and 10 keV as the optics tlarrovers and detectors
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entrance window become more transparent. Finally, above 10 keViet e ective area de-
creases due to decreasing of the re ectance of the coating abakre critical angle for total

external re ection. Figure[Z.11 shows the e ective collecting areaf NUSTAR compared to
selected operating focusing telescopes. The focusing capability xteaded up to 79 keV
compared to the other X-ray missions and combined with the goods@ution in the hard

X-ray range (FWHM response of 400 eV at 10 keV and 0.9 keV at 60\Ke the NUSTAR

spectra allow us to optimally study the hard X-ray sky. These feates complement the
superior sensitivity and energy resolution of the other telescopés the soft X-ray band,

in particular that of XMM-Newton and Suzaku
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Figure 2.11: E ective collecting area oMNUSTAR compared to other operating focusing
telescopesXMM-Newton, Chandra ACIS, SuzakuXIS and Swift XRT.

2.5 NuSTAR Data Reduction

We processed theNuSTAR data following the standard procedure presented in thBuS-
TAR Data analysis Software Guid® Data from both the Focal Plane Modules (FPMA
and FPMB) were processed. The un Itered event les were analydausing the nupipeline
(version 0.4.3). The Stage 1 of this task includes the processing betdata from the
laser metrology system, the measuring the observatory mast aligent temporal changes
and the correction of the spacecraft attitude le. The next stag of the data reduction
involves screening the event les by applying cleaning criteria based speci ed atti-
tude/orbital/instrument parameters and event properties, usig the latest calibration les
available in the NUSTAR calibration data base (CALDB 2015-03-20 release). It includes

3https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar swguide.pdf
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also the generation of sky exposure maps. The output of this tasike calibrated and
cleaned event les which are used for the subsequent analysis.

Source spectra were extracted from these cleaned event learfr circular regions of 90
arcsec centered on the source, exceptions to this value will be oejed in each individual
case. Background regions were made as large as possible avoidireyshurce and the
corners of the CCD. Figuré2.12 present an example of extractinggion for the source and
background spectra. The object is IC 4329A and the image refécsthe FPMA instrument
onboard of NUSTAR.

Figure 2.12

We next used the tasknuproducts . This module extracts high-level data products from
the cleaned event les, applying the backscale correction to the emgy spectra, which is
accounting for the exposure variations within the extracting regiws of the background and
source, and the livetime, PSF/EXPOSURE and vignetting correctios to the light-curves.
Finally, it generates the ARF le for an input PHA le and the RMF le for an input
spatial region le. After this analysis, the spectra were grouped inrder to have at lest
40 counts per energy bin, in order to be able to apply the Chi Squakestatistics. In the
tting process, we allow the cross-normalization factor betweerhe FPMA and the FPMB
modules spectra to vary freely.



Chapter 3

Relativistic Re ection Signhature in
IC 4329A

3.1 Introduction

One of the aims of this work is to investigate the presence of relatititsre ection signatures,
in particular of the relativistic Fe K line and its relation with the emission at higher
energies, i.e. the Compton hump. As presented in Section]1.6, conplsamples of Seyfert
1 objects, observed withrXMM-Newton and Suzaki were analyzed and a large fraction of
them did not show the presence of the relativistic Fe line. Howeverch a broad feature
should always be detected in Seyfert 1 objects if the accretion disktends down to the last
stable circular orbit. Several hypothesis have been proposed tgkin the lack of detection
of this spectral feature. One possible explanation to this result i low signal-to-noise
ratio of the single observation analyzed. Low statistics of the dataight prevent us from
disentangling such a broad feature from the underlying continuumi/e aim to investigate
this issue in one of the brightest objects in X-rays, IC 4329A. Thenalysis of previous
XMM-Newton observations showed the absence and/or low signi cance relativistline
detection in this source. To do that, we decided to analyz8uzakuobservations, because
these spectra allow us to study also the relation between both themow and broad Fe
K line and the Compton hump ux.

3.1.1 IC 4329A

IC 4329A is one of the brightest Seyfert 1 galaxies in the local unige. This spiral
galaxy is seen almost edge-on and is the closest companion to the etigdt galaxy IC
4329, the central galaxy in a cluster. On the basis of the opticalddening (A, = 2.5 - 4.8
magnitudes) Wilson & Penston|(1979) have classi ed IC 4329A as timearest quasar, with
an absolute magnitude between -23.0 and -25.3. The optical spectlisplay prominent Na
| D, Ca Il and weaker Mg | absorption lines, consistent with the dustane observed in the
equatorial plane of the galaxyl(Wilson & Penstaon 1979). The opticapectrum also shows
that the absorber is neutral or of very low ionization. The redshifof IC 4329A is 0.01605
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0.00005 and the Galactic hydrogen absorption column density is assed to be Ny =
455 10°° cm 2 (Elvis et al. [1989).

IC 4329A is the second brightest hard X-ray Seyfert 1 (Figeey 2 10 ergs cm?2
s 1). The X-ray spectrum can be tted with a simple power law with a phobn index of 2,
plus a strong Compton re ection component, typical for Seyferl galaxies|(Madejski et al.
1995). The nature of the iron K-complex has been controversial, particular regarding
the presence or not of broad component of the Iron Kline. The analysis of simultaneous
ASCA and RXTE observations [(Done et al. 2000) showed the presence of a motidya
broadened (FWHM =43,000 11,000) Fe K line with an equivalent width of EW = 180
50 eV peaking at 6.4 keV. Although the line is signi cantly broadened, the broadening is
not as what expected from an accretion disk extended to the lagable orbit around a black
hole. Previous work based oASCA observations showed similar results (Nandra et al.
1997). A narrow core for the iron K line (EW =43 1 eV) was detected in anXMM-
Newton observation, reported by Gondoin et &l./(2001), consistent withding produced
by neutral material. A purely narrow emission together with a modextely broadened iron
line, similar to the ASCA observation, were found in twoXMM-Newton observations of
this source (Nandra et all 2007). An accurate view of the Fe line cpiex in IC 4329A
was provided byl McKernan & Yagoob [(2004), using a 60 ks high restéin Chandra-
HETGS observation, showing the presence of a narrow core of the 6.4 Kié together
with an additional narrow emission line near 6.9 keV. This double-peatkdeature can be
reproduced by di erent models, including double Gaussians, double single disk lines.
The same Suzaku observations considered in our work were analyzed by Patrick et/ al.
(2012). The authors compiled a sample of Seyfert 1 objects, witkiadlable archival Suzaku
observations. In IC 4329A, a relativistic line was detected in the stked spectrum with
an equivalent width of 693 eV. Recently this source has been observed simultaneously by
Suzakuand NuUSTAR (Brenneman et al.l 2014a). The high quality broad-band spectrum
of NUSTAR allowed the authors to separate the re ection component arisingdm the
distant material from the primary continuum emitted by the corona Therefore, it was
possible to precisely measure the high energy cut-o of the primapower law component
to be E. = 178"}, keV. [Brenneman et al. (2014b) performed the spectral analysi the
NuSTAR and Suzakuspectra, investigating the Fe energy band in details. Together with
the narrow component, only a moderately broad Fe Kline was detected using a simple
gaussian model with an equivalent width of 34 eV. Because this source was observed
only once, it was not possible to constrain any parameters of thela@vistic model for
the Fe K line. Finally, Markowitz et al. (2006), Nandra et al. (2007) and Tombs et al
(2010) reported the possible presence of a blue shifted absorptlme in an XMM-Newton
observation of IC 4329A, which may be the signature of a very fastit ow.

In order to study the nature of the iron line and the re ection commnent in the Seyfert
1 galaxy IC 4329A, we analyzed archivebuzakuobservations of this source. With its large
e ective area, this X-ray telescope provides a unique opportunitio determine the nature
of the iron K emission line. Moreover, its broad bandpass allows us to simultanelyus
both the narrow and the broad Fe line components and their assotad emission at higher
energies, investigating their relationship.
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3.2 Data Analysis

IC 4329A was observed 5 times wittBuzakuin 2007 on August 1, 6, 11, 16, 20 with
an exposure time of 26 ks for each observation. X-ray Imaging Spectrometer (XIS;
Koyama et al. 12007) and Hard X-ray Detector (HXD; Kokubun et al.2007) event les
were reprocessed as described in Chapfér 2. The XIS and PIN dpeavere analyzed
together, considering a cross-normalization constant for both struments. We xed to
0.994 the value for the XIS spectrum and to 1.164 that for the PINata, as appropriated
for data taken at XIS nominal position (Maeda et all 2008).

Figure 3.1: An example image of the source IC 4329A from the XIS ingiment.

Figure[3.1 shows an example image from the XIS instrument of IC 4329The bright
source is clearly visible in the center of the CCD. It is also possible to tecthe presence
of the calibration sources at two bottom corners of the detectoiThese parts of the CCD
were excluded from the extracting regions of the source and bgound spectra.

Figure[3.2 shows the light curves of the source in the XIS energy lwhfor each obser-
vation, presented in chronological order. The black line shows theean counts per second
for each observation. The light curves from the XISO and XIS3 ingtments were summed
together after background subtraction. The bins in all the light cwves are 150 s. The
source is highly variable within each observation (up to a factor of 1.5) in particular in
the rst three observations. The average counts per second iaeh light curve are 12.70,
14.07, 12.84, 12.17 and 7.49, respectively. From the light curves it issgible to note that
the source is highly variable from time scales of 150 s (bin size), withiach single obser-
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vation, to time scales of 20 days. The latter is given by the time scale wshich the ve
observations were taken. We are going to investigate the spedtvariability in more detail
in Section 3.2.4.
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Figure 3.2: Light curves of each observation for IC 4329A in chrological order. The XISO
and XIS3 light curves were combined after the background subttion. The bins in all the
light curves are set to 150 s.

3.2.1 Baseline Model

We begin the spectral analysis of IC 4329A by tting the data to a sirple model. The
Baseline model includes a neutral absorber at the redshift of thewce @wab3 and a
power law together with a Compton re ection component gexrav; Magdziarz & Zdziarski
1995). The inclination of the distant re ector was xed to 60 and we assumed solar Fe
abundance. The column density was left free to vary. We found a e value for this
parameter of Ny = 0:4 10?2 cm 2. Subsequently we xed the column density to this
value.
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Figure 3.2: (Continued) Light curves of each observation for IC 23A in chronological
order. The XISO and XIS3 light curves were combined after the bleground subtraction.
The bins in all the light curves are set to 150 s.

Figure 3.3 shows the data to model ratio for each observation footh the XIS and
PIN spectra. The left panels present the data to model ratios whethe Baseline model is
applied to the data. Clear residuals are present at the energy ofdlron K line (6.4 keV)
in all 5 observations. These could be due to a blend of narrow and brbFe K lines. The
right panels show the data to model ratios when a narrow gaussiaarmaponent is included
in the previous model (see Section 3.2.2 for more details). We are gpto investigate the
Fe complex for each observation in the next Section.

3.2.2 Line models

After modelling the primary continuum together with the re ection component, we tested
whether the residuals present in the Fe energy band could be expkdhonly with emission
from distant material (see left panels of Figure 3.3). We thus ttedthe XIS and the PIN
spectra simultaneously with the Gaussian modelzwabs*(pexrav+zgauss) This includes
a neutral absorber at the redshift of the sourcez{vabg, a power law continuum together
with a re ection component (pexrav) and a gaussian component for the narrow Fe emission
line (zgaus$. The width of the gaussian model was xed to =1 eV, while the energy and
the ux of this component were allowed to vary. The inclination of thedistant re ector
was xed to 60 , whilst the Fe abundance was also xed to the solar value. As a rsttgp,
we allowed the high energy cut o to vary. We measured a mean valuerfthis parameter
between the 5 observations of 180 keV and subsequently adopted as a xed parameter
in the model. This measurement is in agreement with the recent valué t78"} keV found
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Figure 3.3: Data to model ratio of each observations. From top toditom in both panels,
the observations are in temporal orderLeft panelsshow the ratios, when a neutral absorber
at the redshift of the source and a re ection component is includeid the model. A narrow
Fe K line is clearly present in the data. Right panelspresent the data to model ratios
when a narrow gaussian component is included in the previous modst¢ Section 3.2.2 for
more detalils.

by Brenneman et al. (2014b).

Table 3.1 presents the best t parameters for the Gaussian modelhe energy of the
gaussian component is consistent within the errors with Fe Kline produced by neutral
material. The values for the power law slope, as well as the normaliiat, are not consistent
between the observations, showing a spectral variation of thergmuum, which we are going
to investigate in more details in Section 3.2.4.

Right panels of Figure 3.3 present the data to model ratios for easingle observation,
when the Gaussian model is applied to the data. The narrow gaussiarodel component
is now tting well the residuals around 6.4 keV. However, from visuahspection it is not
straightforward to claim whether a relativistic Fe K line is present in the spectra or not.

In order to test if the apparent lack of a broad Fe line component is.e to the low signal-
to-noise ratio in the single observation, we combined the data to melratio presented in
the left panels of Figure 3.3. Figure 3.4 shows the average data tosbd Gaussian
model ratio, in the 3-10 keV band. The model is reproducing well thearrow iron K
emission line. However, it leaves signi cant residuals around 6.4 keVh particular, a
broad component extending to lower and higher energies is clearlyibis in the plot. It
is important to note that each spectrum was tted separately, in oder to account for the
variability of the source within the observations. This approach allos/us to consider any
variations of the continuum slope, which in theory might produce aitial residuals if the
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Gaussian 702113010 702113020 702113030 702113040 70P11305
1:81 004 190 003 177 003 182 004 2173 0:06
R 078 023 118 024 Q079 020 096 025 156 048
Norm 311 014 412 016 326 0:13 318 014 172 012
Ex 6:39 002 @640 001 @38 002 640 002 640 0:02
Fx 6:24 094 581 092 740 099 754 1.00 558 0:83
F2 10kev 1.05 002 125 002 118 002 108 002 069 0:.01
F12 4okev 156 001 182 001 2189 001 168 001 1245 001
Fcomptonhump  2:43 0:86 486 122 258 078 305 0:97 268 1.09
EWEe, 52 8 42 7 55 7 62 8 68 10
2 959.81/891 1117.19/1104 993.38/999 921.63/869 626.51/606

Table 3.1: Best-t parameters for the Gaussian model. The contium uxes are in 10 1°
erg s ! cm 2 while the Normalizations (Norm) and the Compton Hump uxes are in 10?
uxes are in 10 ° erg s ! cm 2. The energy of the

photons keV ! cm 2 s . The Iron K

line is in keV and the equivalent width is in eV.
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Figure 3.4: Combined data to model ratio for all the 5 observationdgEach spectrum was
tted separately with the Gaussian model. It includes a single narroviGaussian model
together with a power law component and a Compton re ection congnent. A broad iron
line, which is not visible in the individual spectra (right panels of Fig. 3.3)is evident in

the combined residuals.
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spectra are stacked before tting with an average model. This rek is consistent with
Nandra et al. (2007). They pointed out by simulations that such a vé@able continuum
does not produce false broad relativistic component in any case.

We then estimated the signi cance level of the broad component bytroducing an
accretion disk line componentl@or model; Laor 1991) in the Gaussian model presented
above. The rest energy of this line component was xed to 6.4 keV,hile the inner
and outer radii (Rj, and Ryy) to 6 and 400 g, respectively, being appropriated for the
Schwarzschild metric. The emissivity index was xed to q = 3 and a xedinclination
of 35 was also adopted (see below). We left the iron line ux as the only addinal
free parameter. The improvement in 2 for each individual spectrum ranged from 3-18,
corresponding to 2-4 based on the F-test. When all the improvements in? are considered
together, however, the signi cance level reaches 5.based on the same test.

3.2.3 Re ection model

To provide a more physically self-consistent model for the spectrave used thepexmon
model (Nandra et al. 2007). This model accounts for the Comptae ection and iron K
emission from neutral, optically thick material in a slab geometry. Thgexmon model
combines: i) narrow Fe K at 6.4 keV; ii) narrow Fe K at 7.06 keV; iii) Ni K at 7.47
keV; iv) Compton re ection (as the pexrav model) and v) Fe K Compton shoulder. The
Fe K and Ni K line uxes are linked with the Fe K ux. In particular, they are 11.3%
and 5% respectively of that for the 6.4 keV line (George & Fabian 19P1lt is important
to note, that this model is intrinsically linking the strength of the Fe K line with the
Compton re ection component at higher energies, being featured the same re ection
spectrum.

We then applied the Re ection model:zwabs*(cuto pl+pexmon+kdblur2*pexmon) In
order to model the continuum, we used a neutral absorber at theedshift of the source
(zwab$ and a cut o power law (cuto pl ). Together with these component, we included
two pexmoncomponents, in order to account for the narrow core of the iron knand to test
the presence of a broadened component. In the former, we x#étk inclination of the slab
to 60 , parametrizing the strength of the re ection with the re ection fraction Ry. This
measures the ratio between the re ection continuum and the powdaw component. For
the blurred component, we convolved th@exmonwith the kdblur2 model (Crummy et al.
2006). This model broadens the re ection component appropriely to account for the
relativistic e ects close to the black hole. Following Nandra et al. (200, we parametrized
the emissivity of the re ection continuum by a broken power law with xed indices of q
= 0 and g = 3 above and below the break radius of Reak. This parameter was xed to
20 rg, while the inner and outer radii to 6 and 400 ¢, respectively. The iron abundance
was xed to solar in both pexmommodels, and the spectral index was tied to the one of
the cut o power law. We rst allowed the inclination of the relativistic component (i.e.
accretion disk) to vary. Then, we xed this parameter to mean valas found within the 5
observations of 35

Table 3.2 shows the best t parameters for the Re ection model. Tis approach of
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Reection 702113010 702113020 702113030 702113040 7020130
1:82 003 185 002 178 003 183 003 171 004
Norm 315 012 397 012 331 011 325 012 169 0:08
Rn 038 007 032 006 036 006 044 0:07 Q46 0:.09
Rs 029 013 023 011 026 012 Q36 014 Q47 018
F2 1okev 1:05 0:02 125 002 118 0:02 108 0:02 G69 0:.01
Fi2 akev 1:53 0:01 178 001 187 001 165 001 142 001

2 942.25/891 1124.08/1104 987.78/999 899.82/869 610.57/606

Table 3.2: Best-t parameters for Re ection model. The continuumuxes in the 2-10 keV
are in 10 ° erg s * cm 2 while the Normalizations (Norm) is in 10 2 photons keV ' cm 2
s 1. Thelron K uxes arein 10 °ergs?!cm 2. The energy of the line is in keV and the
equivalent width is in eV. Ry and Rg correspond to the re ection fraction of the narrow
and broad Iron line component, respectively.

modelling the spectra does not yield consistent spectral indices tvaeen the observations.
This is in agreement with the analysis presented in the previous sectioBoth the narrow
and the broad re ection components are clearly present in eachesgrum, as indicated by
the fact the their strengths (Ry and Rg) are well constrained in the ts. This analysis
con rms the conclusions from the visual inspection of Fig. 3.4 that eelativistically blurred
Iron K lines is present in each spectrum of IC 4329A.

We now want to test if ionised iron lines (such as Fexvi and Fexxv ) are present in
these spectra. We found that, in addition to the 6.4 keV core and ghbroad component,
two observations (Obs. ID: 702113020 and 702113050) shovost evidence for a Fexvi
narrow emission line. We modelled these features, including a narroaugsian component
in the Re ection model. The line width was xed to =1 eV. The energies of these com-
ponents were measured to be 6.9451 and 6.9492* respectively for the two observations.
These values are consistent with narrow Fexvi lines emitted from distant material. We
then included these components in the Re ection model.

Observation Gaussian Re ection 2
702113010 950.20/890 933.88/890 16.32
702113020 1097.46/1103 1100.35/1103 -2.89
702113030 993.35/998 987.78/998  5.57
702113040 921.33/868 899.79/868 21.54
702113050 616.26/605 600.41/605 15.85

Table 3.3: Comparison of the ? of Gaussian and Re ection model when the highly ionised
emission lines component at 6.94 keV are also included.

Table 3.3 shows the 2 of the phenomenological model (Gaussian model) and the more
physically self-consistent one (Re ection model). We also preserité 2 between these
two models. Generally, the latter is giving a much better t to the daa. The only



48 3. Relativistic Re ection Signature in IC 4329A

exception is the observations 702113020, where theis similar between the Gaussian and
the Re ection model.

Finally, we tested for the presence of a high energy absorption lineoand 7.5 keV.
This was rst reported by Markowitz et al. (2006). None of theSuzakuspectra considered
in this analysis shows any evidence for such a feature.

3.2.4 Spectral variability

In Section 3.2, we presented the light curves of the v&uzakuobservations, which show
a variable X-ray emission in IC 4329A. The spectral analysis showsathimportant pa-
rameters are varying between di erent observations. We investaged how these quantities
change in the time scale spaced by the observations: 20 days.

The left plot of Figure 3.5 presents the variations of the power law g¥@ as a function
of time, while the right plot shows the variations of the continuum uxin the 2 to 10 keV
energy band. These quantities are varying by a factor of 1.2 and 1.5, respectively.
Moreover, the variability trend of the primary continuum presente in the right plot of
Figure 3.5 is consistent with the variations of the averaged countsepsecond of the light
curves (12.70, 14.07, 12.84, 12.17 and 7.49. See also Figure 3.2).
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Figure 3.5: Variations of the power law slope parameter (left plot) ahthe continuum ux
in the 2-10 keV energy band as a function of time. The ux is in unit of @ 1° erg cm 2
S 1

Figure 3.6 shows the Compton re ection ux and the narrow Fe K ux as a function
of time. The former has been calculated as the product betweenetmormalization of the
primary continuum and the re ection fraction R. The Fe ux is in unit of photons cm 2
s 1, while the Re ection ux is in photons keV ! cm 2 s . No signi cant variability for
both quantities is detected.

Figure 3.7 presents the variability of the re ection fractionR and the equivalent width
of the narrow Fe K line as a function of time. Both parameters show variations of a famt
of 2 in the time scale investigated ( 20 days). These quantities measure the amount of
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Figure 3.6: Variations of the Compton re ection component (left plo and the narrow Fe

line ux (right plot) as a function of time.
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Figure 3.7: The re ection fractionR (left plot) and the narrow line equivalent width (right

plot) as a function of time.

re ection with respect to the primary continuum, at the energies bthe Compton hump
and the Fe line, respectively. If the amount of re ection detecteth this spectra is only due
to emission from distant material, a one-to-one relationship shouldebfound between the
equivalent width of the narrow Fe line and the re ection fractionR. We then investigated
further the relationship between these parameters.

In the standard scenario (George & Fabian 1991), correlations taeen the continuum
ux in the 2-10 keV band and the quantities associated to the re e@n continuum are
expected. This is due to the re ection spectrum being produced liye interaction of the
primary X-ray continuum emitted by the corona onto the accretiondisk and/or a distant
re ector. We investigated whether these relationships are presein the data of IC 4329A.

Figure 3.8a shows the power law slope and the continuum ux, in unitf @0 °erg cm 2
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s 1, in the 2-10 keV energy band for each observations. Some degréeorrelation is seen
here, but the signi cance is low ( 70 % con dence). This result is consistent with pre-
vious works, where a correlation between these two quantities isnemonly observed in
AGN spectra (Leighly et al. 1996; Lamer et al. 2000; 2003; Ponti at. 2006). Figure 3.8b
shows the Compton re ection ux as a function of the primary coninuum. The former

is calculated as the product between the normalization of the primampower law and the
re ection fraction R. Contrary to the expectations, we do not nd correlation betwee

these parameters.

Figure 3.8c presents the Fe K line ux as a function of the primary continuum in the
2-10 keV energy band. A signi cant correlation is not present be®en these parameters.
This could be due to the fact the the narrow Fe line arises from newtr distant material
located at distances higher than the time scale tested with theset € observations ( 20
days).

Lastly, Figure 3.8d and Figure 3.8e show no clear correlation betwed#me re ection
fraction R and either the equivalent width or the Fe K line ux. If the re ection fraction
R from the pexrav component is only associated to the emission of the narrow Fe line,
a one-to-one correlation should be present betweé&hand the narrow Fe line equivalent
width. For the same reason, a linear correlation should also be datt between the
narrow Fe line ux and the Compton re ection Component. The lack & those correlations
is consistent with the presence of a broad component in these gp&cproducing an higher
amount of re ection compared to that expected from the narrowre line only.
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Figure 3.8: The upper three panels (a, b, c) plot , re ection ux and iron line ux as
function of continuum ux in the 2-10 keV band. The bottom panels ¢, e) plot the
Re ection Fraction as function of Equivalent Width, the Iron ux versus Re ection Flux.
The continuum uxes are in erg cm? s 1, the Iron uxes are in photons cm? s ! while
the Re ection Fluxes are in photons keV! cm ? s *. The dotted lines show the linear t.
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Iron Flux vs Continuum 2-10 keV Reflection Fraction vs Equivalent Width
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Figure 3.8: (Continued.) The upper three panels (a, b, c) plot , reection ux and iron

line ux as function of continuum ux in the 2-10 keV band. The bottom panels (d, e) plot
the Re ection Fraction as function of Equivalent Width, the Iron uXx versus Re ection
Flux. The continuum uxes are in erg cm? s 1, the Iron uxes are in photons cm? s !

while the Re ection Fluxes are in photons keV! cm ? s 1. The dotted lines show the
linear t.

3.3 Discussion

We analyzed ve Suzakuobservations of the bright Seyfert 1 galaxy IC 4329A. The goal
of this work was to determine the nature of the Fe K emission and its relation with
the Compton Hump. Our analysis shows the presence of a narrowreavith an energy
consistent to that produced by distant material. Once this narroncomponent is modelled
and subtracted, important broad residuals in the Fe K energy bandppear. However,
these are clearly visible only when all data-to-model ratios are combed (see Fig. 3.4 and
Fig. 3.3). These residuals can be easily reproduced if the emission ioated in the inner
parts of the accretion disk is modelled. In these regions, the Fe Kine and the re ection
continuum are blurred by relativistic e ects.

The apparent lack of relativistic features in the X-ray spectra of &N - including IC
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4329A - is a major outstanding issue in the standard accretion diskadel for the feed-
ing of AGN. If a relatively cold, optically thick accretion disk is assumedo be present
around the central black hole and the X-ray primary emission intexds with this disk,
the relativistic component must be present. The hypothesis of a #igruncation to large
radii seems implausible because of the very high radiative e ciency tiiese systems and
the fact that most of the energy dissipation is expected to occur ithe central regions.
Bhayani & Nandra (2011) have suggested in general, and in partieun for this object, that
strong relativistic e ects, disk ionization and/or high disk inclination can explain the lack
of the relativistic signatures in the AGN spectra. This is due to di culties in disentan-
gling a very broad feature from the underlying continuum. While thes e ects may be
present in IC 4329A, the spectra are well tted by a relatively simplenormal relativistic,
re ection component from a neutral accretion disk with Schwarzhild geometry observed
at relatively low inclination (35 deg). The diculty in detecting the relat ivistic Fe K
component in IC 4329A derives from its relative weakness comparedthe expectations
from a semi-in nite at disk geometry illuminated by a point source (Rs 0.3 compared
to R 1). However, Murphy & Yagoob (2009) pointed out that this geontey produces
strong re ection signatures in the spectra. General relativistic ects close to the central
black hole can also result in a re ection which is either stronger, or \aker, than the ex-
pectations, depending for example on the height of the primary sme above the accretion
disk (Miniutti et al. 2003). Either or both e ects could play a role in IC 4329A.

This work is also in agreement with the results of de La Calle Rerez et.a(2010),
Guainazzi et al. (2006) and Nandra et al. (2007). Very high signattnoise ratio is required
to disentangle broad iron line components even in the brightest ndgr AGN. Despite IC
4329A is the second brightest Seyfert 1 galaxy (in the 2-10 keV egg band) it was nec-
essary to combine all the data to model ratios and reach a total pasure time of 130
ks in order to clearly detect signi cant residuals at 6.4 keV.

Another aspect of this work is to examine the relationship betweemné¢ Fe K strength
and the Compton hump. Being features of the the same re ectiorpsctrum, they should
both respond to the variation of the primary continuum. Fits perfemed with the phe-
nomenological model (Gaussian model) have revealed no evidentrelation between these
features. On the other hand, the physically self-consistent recion model (pexmor) pro-
vides a much better t to the data. This suggests that such a coalation might in fact be
present. As a further test, we allowed the iron abundance to vaip the Re ection model.
While largely unphysical (one would not expect the iron abundance teary on time scales
of 20 days), the e ect is to decouple the emission line from the re ectiocontinuum,
while retaining the requirement for both to be present. This naturly accounts for the
evidence in the spectra for both a blurred and distant re ection aoponent. Applying
this approach, we nd consistency in the iron abundance betweetll he observation, with
evidence of a sub-solar values (A  0.5). If this is the case, the sub-solar iron abundance
could be another factor contributing to the di culty in the detectio n of the relativistic
component in this source. Furthermore, the consistency of theom abundance between
each observation shows that the data are in agreement with the fgthesis of the iron line
tracking the re ection continuum, as expected in the standard mael.
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Finally, we also detected a narrow emission line at 6.94 keV with the 99.®focon dence
level in two observations, in agreement with previous ndings of Mc&rnan & Yaqoob
(2004). This feature does not appear to be a blue wing of a disk lingjtkt is more likely
to be associated with ionized gas and identi ed as a narrow Fgxvi emission line.

3.4 Conclusion

We presented the analysis of th&uzakuspectra of the bright Seyfert 1 galaxy IC 4329A.
The Fe K band is dominated by a narrow core at 6.4 keV produced by uieal and distant
material. Using a physically self-consistent model, our analysis alsweals the presence of
a broad Fe line, produced in the inner parts of the accretion disk aralurred by general
relativistic e ects. This line component is not evident in the single epdcobservations,
but it is clearly present, with high signi cance, in the combined data tanodel ratio. This
result is the rst clear demonstration of a relativistic Fe line componet in this source.

The data are also consistent with both the narrow and broad Fe lineomponents track-
ing the emission at higher energies, i.e. Compton hump. An additionabrrow Fe xxvi
emission line at 6.94 keV is also detected, suggesting the presenceonized material
relatively distant from the central source.
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Chapter 4

Relativistic Re ection in a Sample of
Seyfert 1 galaxies

4.1 Introduction

In the previous chapter, we presented the analysis of the brighe$gert 1 galaxy, IC 4329A.
The Suzakudata are consistent with the presence of a relativistic iron K emission line,
but it is clearly visible only when all the observations were combined tether and the
signal-to-noise increases. Moreover, a relationship between thex of this feature and the
emission of the Compton hump at higher energies is found.

Several studies investigated whether the relativistic Fe Kline is an ubiquitous feature
in the X-ray spectra of the Seyfert 1 galaxies or not, using largersales of sources observed
with  XMM-Newton (Guainazzi et al. 2006, Nandra et al. 2007, de La Calle Rerez et al.
2010) andSuzaku(Patrick et al. 2012, Walton et al. 2013). A large fraction of the spxra
analyzed did not show the presence of relativistic Fe line emission frahe accretion disk.
As presented in Section 1.6, the nature of this absence was poorhydarstood and several
hypothesis have been proposed to explain these results. One @ thain reasons might be
the low signal-to-noise ratio of the single observations (Guainazi &. 2006, Nandra et al.
2007, de La Calle Rerez et al. 2010, Patrick et al. 2012). Anothexglanation is that the
disk is truncated at larger radii. In this case the relativistic e ects & no longer important.
Lastly, Bhayani & Nandra (2011) have suggested that strong liaivistic e ects could also
explain the lack of relativistic features, due to the di culty of disentangling very broad
emission lines from the underlying continuum.

In this chapter, we investigate this phenomenon by analyzin§uzakuobservations of
sources previously observed wittkKMM-Newton, where a relativistic Fe line was missing.
The broad band spectrum of theSuzakudata and its high throughput around the Fe
K line allows an independent check of thkMM-Newton results and to investigate the
Compton hump at high energies, for comparison with the emission linegperties.
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4.2 Sample Selection

Our sample was compiled starting from the work of Nandra et al. (2@). In this work a
sample of sources was analysed usiXd/iM-Newton observations. The aim was to char-
acterize the iron K emission line in a unique and systematic way in the bright and local
AGN. The Nandra et al. (2007) sample was compiled from th&MM-Newton observa-
tions available in the archive cross-correlated with the \eron-Céy & \eron (2001) AGN
catalogue. A cut on the redshift was adopted in order to restricthte analysis to nearby
objects < 0.05). Seyfert 2 galaxies were excluded from the study becauseitltentral
engine is usually heavily obscured in X-ray. Nandra and collaboratoatso included lightly
obscured, intermediate Seyfert classi cations (i.e. Sy 1.8 and 1.9a&the objects which
are classi ed as Seyfert 2 galaxies which however, show broad emisdines detected in
the near IR. Radio loud sources and central cluster galaxies wepeckided as well, even if
they are classi ed as AGN. From the entire sample analysed in Nandet al. (2007), we
selected only the sources in which a relativistic Iron K emission line was not detected. In
the cases in which one source has multiple observations and at leasé @f those did not
show a relativistic component, the object was still considered founanalysis. The objects
selected for this analysis are presented in Table 4.1.

The goal of this analysis is to investigate why certain sources do nstow relativistic
emission. For example, we want to understand if the absence is reldtto the geometrical
structure of the source itself (e.g. the accretion disk is truncadg or if it is related to the
signal-to-noise of each single observation. This could be not su citgy high in order to
distinguish such a broad emission line from the underlying continuum.irf8e our goal is
also to investigate the relation between both the narrow and relatistic iron lines and the
emission at higher energies (i.e. Compton hump), we decided to (Bezakuobservations.
As we discussed in section 2.2, the extended energy bandSozakucompared to XMM-
Newton allows us to model the high energy part of the X-ray spectra. In pcular, it is
possible to estimate with more precision the re ection coming from #disk, measuring
the re ection fraction R (see Section 1.4). Moreover, the primar¥-ray continuum can be
better constrained, and this is an important point for the analysis forelativistic iron lines.

We therefore searched foSuzakuarchival observations of the sources missing a broad
iron component in the work of Nandra et al. (2007). In Table 4.1, tagher with the
source name, we report the continuum ux in the iron K band (i.e. in tle 5-7 keV energy
band), the observational ID and the total exposure time for e&icsource. When multiple
observations are available, the mean continuum ux is quoted. Theux in the iron K band
is expressed in units of 10" erg cm 2 s 1, while the exposure time is in ks. From the
sub-sample selected from Nandra et al. (2007), we excluded frohetfollowing analysis
two sources, Mrk 6 and HE 1143-1810 because 8ozakuobservations are available in
archive. NGC 2110 is a special case. This source is a narrow-line obja the optical
and is viewed through a relatively large absorption screen, which mde patchy (e.g.,
Evans et al. 2007), or ionized (Nandra et al. 2007). The analysis afetent XMM-Newton,
Chandra and Suzakuobservations demonstrated the presence of a relatively stable)l{
covering absorber (column density of 3 10?2 cm 2). Together with this, an additional
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Table 4.1: Sample of objects missing relativistic Fe Kline in their XMM-Newton obser-
vations (Nandra et al. 2007) and therefore considered in this workhe ux is in units of
10 ' erg cm ? s 1. yFlux in the 2-10 keV band from Nandra et al. 2007.

Object Flux 5-7 keV #Suzaku Obs Exposure (ks)
NGC 2110 3.4 2 205.300
NGC 5506 2.7 3 158.455
IC 4329A 2.6 6 248.820

MCG +8-11-11 1.6 1 98.750
NGC 7213 0.57 1 90.750
MRK 110 0.48 1 90.900
NGC 7469 0.49 1 112.100
NGC 5548 0.46 7 209.435
MRK 590 0.18 2 102.520

HE 1143-1810 2.88 0 -

MRK 6 1.43y 0 -

absorber, likely variable in both column density and covering fractignwas required by
the data (Rivers et al. 2014). The di culties in modelling the absorberin this source
could produce residuals in the iron energy band, which are di cult to étinguish from any
relativistic Fe K emission. As the latter is the main focus of this work, we decided to
exclude this object from the following analysis.

For the data reduction of the spectra from theSuzakuXIS and PIN instruments, we
followed the process described in Chapter 2. The XISO and XIS3 spa were added
together, as presented in Chapter 2. We considered only the PlNextra where the source
spectrum is more than 20% of the background. In Table 4.2 we pras¢he PIN energy
bands considered for this analysis.

4.3 Data Analysis

4.3.1 Baseline model

The general approach that we followed is to t the spectra of all th sources systematically
with the same models. The rst attempt was to model the emission dhe X-ray primary
continuum, applying a model which includes a power law with an high ergr cuto , along
with neutral re ection (Magdziarz & Zdziarski 1995) and a neutrdabsorber at the redshift

of the source. Inxspe¢ we adopted the following modelzwabs*(pexrav)(Baseline model).
The neutral absorber was actually required only for two sourcek; 4329A and NGC 5506,
with values for the column density of Nj = 0.4 10?2 cm 2 (Mantovani et al. 2014) and
Ny 3 10 cm 2 (Bianchi et al. 2003), respectively. We assumed solar abundances
and an inclination of the re ector of 60. The high energy cuto of the primary continuum
was usually assumed to be 300 keV. However, in the case of IC 43284 adopted E
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Table 4.2: PIN energy ranges used in the analysis.

Object Observation ID PIN Energy Range
NGC 5506 701030010 12-60 keV
701030020 12-50 keV
701030030 12-50 keV
IC 4329A 702113010 12-55 keV
702113020 12-50 keV
702113030 12-55 keV
702113040 12-70 keV
702113050 12-55 keV
707025010 12-55 keV
MCG +8-11-11 702112010 12-50 keV
NGC 7213 701029010 Not Considered
MRK 110 702124010 12-25 keV
NGC 7469 703028010 12-30 keV
NGC 5548 702042010 Not Considered
702042020 Not Considered
702042040 12-25 keV
702042050 12-25 keV
702042060 12-35 keV
702042070 12-30 keV
702042080 Not Considered
MRK 590 705043010 Not Considered
705043020 Not Considered

= 180 keV, based on recenNuSTAR and Suzakuobservations (Brenneman et al. 2014a,
Mantovani et al. 2014). For NGC 5506 we xed this parameter to E= 130 keV, as
Bianchi et al. (2003) reported from the analysis oBeppoSAX observations.

In Figure 4.1 the data to model ratios are presented for each seer The upper panels
show the ratios when only the continuum is tted with the Baseline modl. In order to t
only the power law contribution to the emission in the spectra, the emngy range between
5 and 7 keV was excluded in the tting process. In the middle panels,enpresent the
data to model ratios when a narrow gaussian model component islumbed in the Baseline
model to t the narrow iron K emission (for further details we refer to section 4.3.2). The
bottom panels show the data to model ratios when the Relativistic Ree model is applied
to the data (see Section 4.3.3 for details). When more than one obsdion is available
for one object, we combined all the data to model ratios after themodel was applied to
each spectrum independently. This is the case for NGC 5506, MRKGNGC 5548 and
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IC 4329A. In the upper panels, clear residuals at 6.4 keV are pres@mneach source which
could be due to a blend of narrow and relativistic Fe K emission lines. Moreover, ionized
iron emission lines, such as Fexv and Fe xxvi , can be present in some sources. This
could be the case in NGC 5506, IC 4329A and MCG +8-11-11. In thextesection, we
investigate the nature of the iron complex in all the objects of theasnple.

4.3.2 Narrow Line Model

After modelling the primary X-ray continuum and the Compton re edion component, we
tested whether or not the residuals at 6.4 keV (Fig. 4.1) could be assated with emission
from distant material. Indeed, if the relativistic iron line is not presehin the spectra,
only a narrow Fe K line will be necessary to completely model these residuals. In order
to verify the presence of re ection from distant material (e.g. tk torus) we added to the
previous model, the so-called Baseline model, a narrow gaussian congnt (zgaussin
xspeqg to t the residuals at 6.4 keV (Narrow Line Model: zwabs*(pexrav+zgaus3) We
xed the width of the gaussian component to = 1 eV, while the energy was free to vary.

As presented in Section 1.4, Fe Kemission is expected to be produced in the re ec-
tion spectrum from neutral material together with the iron K component. We therefore
included in the previous model another Gaussian component in order t this feature.
The energy of this line was xed to 7.06 keV, the width to = 1 eV and the ux was
linked to that of Fe K . We remind the reader that this is expected to be about 11.3 per
cent of that of the 6.4 keV emission line (as presented in section 1.4).

After the inclusion of the narrow iron K line, we tested for the presence of ionized emis-
sion lines in all the spectra, speci cally the H-like and He-like lines (Fexv and Fexxvi ).
For this reason, we added to the previous model two narrow gaiess components. The
energies of these lines were xed to 6.7 keV and 6.96 keV, respedyiiBianchi & Matt
2002, Bianchi et al. 2004), which are the rest frame energies, ahe widthsto =1 eV.

In Table 4.3 we present the results of this test for each observatio Together with the
uxes of the line, we show the improvements in 2 when those components are included
in the model. We conservatively included these lines in the subsequemtalysis whenever
the 90% lower limit on the ux was found to be greater than zero. Theresence of both
Fe xxv and Fexxvi lines in all the three spectra of NGC 5506 is consistent with previous
results based on the analysis 6MM-Newton observations (Matt et al. 2001). In the case
of IC 4329A, the Fexxv emission line was already signi cantly detected in the previous
work of Mantovani et al. (2014), when the sam&uzakuobservations were analyzed. The
residuals from these ts are presented in the middle panels in Figurel4 It is clear that the
narrow gaussian component account for the peak at 6.4 keV. Hoxee, important residuals
are still present in some objects, such as NGC 5506, IC 4329A, MG@-11-11 and NGC
7469, which could be associated with a relativistic Fe Kline component. We investigate
the nature of these residuals in Section 4.3.3.

Table 4.4 presents the parameters free to vary when the Narrowne model is applied
to the data. The Fe K narrow component is always detected in all the observations with
energies consistent with 6.4 keV indicating emission from neutral metal. For this reason,
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Table 4.3: Observations where the Fexv and the Fexxvi lines were detected. We report
the improvements in 2/ d.o.f. in the cases where the detection of the lines is signi cant.
The uxes are in units of 10°erg s ! cm 2.

Object Observation Flux xxv  Flux xxvi ’/d.o.f.
NGC 5506 701030010 2.6§7; 2.08%7%; 55.5/2
701030020 2.42;75  1.63%%3 44.68/2
701030030  1.38,%%  1.207:% 20.62/2
IC 4329A 702113010 - 1.4%8 7.89/1
702113020 - 1.7838 10.12/1
702113030 - - -
702113040 - - -
702113050 - 1.18,:78 5.37/1
707025010 - 0.68,32 6.06/1
MCG +8-11-11 702112010 - 1.22,33 26.3/1
NGC 7213 701029010 0.6§%%  0.43932 22.05/2
MRK 110 702124010 - 0.4, 7.7211
NGC 7469 703028010 - - -
NGC 5548 702042010 - - -
702042020 - - -
702042040 - - -
702042050 - - -
702042060 - - -
702042070 - - -
702042080 - 0.3%,39 3.01/1
MRK 590 705043010  0.29;18 - 6/1
705043020 - - -

we decided to x the energy of the narrow gaussian component todékeV in the subsequent
analysis. The equivalent widths of this feature are di erent within tre sample, ranging from

40 eV to 200 eV. The slopes of the power law component, which is reproduciting
primary X-ray continuum, are also di erent for each sources, buthe measurements are
consistent with values typically observed in the Seyfert galaxies (Rincelli et al. 2005,
Bianchi et al. 2009).
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Figure 4.1: We present the XIS data to model ratios for each soardn the sample. The
top panels show a model that includes a neutral absorber at thedshift of the source
and a re ection component (as described in Section 4.3.1). The 5-&\k data have been
excluded from these ts. The middle panels show the residuals frommodel adding a
gaussian component to t the narrow Fe K emission line (see Section 4.3.2). The bottom
panels show the data to model ratio when a relativistic line line componieis included in
the previous model (Relativistic Relline Model, see Section 4.3.3).
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Figure 4.1: (Continued)
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Table 4.4: Best-t parameters for the Narrow Line Model. The colum density is in units of 1G> cm 2 and the normal-

ization of the primary continuum is in units of 10 ? photons keV ! cm 2 s 1. The energy of the Iron line is shown in
keV, while the EW is in eV. The FeK ux is quoted in units of 10 ° erg s ' cm 2. The continuum ux in the 3-10 keV

band is in units of 10! erg s ! cm 2. In the last column we present the best t 2/d.o.f. when the energy of the iron
line is xed to 6.4 keV.

¥9

Object Observation N, R Norm E « Flux EW  FluXs 1oev 2/d.o.f 2/d.o.fx
NGC 5506 701030010 2.7%% 1.929% 1.239%7 4.129%° 6.4T%% 9.50%78 72% 85993  1362.29/1334 1363.73/1335
701030020 3.08%0 1.9599% 1.3392% 4.63%93% 6.39%% 9.09977 643 91203  1463.26/1403 1463.89/1404
701030030 3.2%13 2.0299 1.83%3% 4.79%3% 6.39%5 7.73%&8 58% 85590 1411.65/1377 1415.12/1378
IC 4329A 702113010 0.4 xed 1.8%0; 0.79937 3.13%13 6.39%% 6.26%35 53% 83843  938.11/876  939.04/877
702113020 0.4 xed 1.989 150938 4.23%18 63995 566%5 407  9.85%01 1091.85/1093 1092.91/1094
702113030 0.4 xed 1.7%% 0.81%2 3.27%1% 63895 7.32%5% 547 948951  985.37/989  993.81/990
702113040 0.4 xed 1.883 097927 3.1991% 6.400% 75845 62%  8.62%%  917.53/861  917.72/862
702113050 0.4 xed 1.7§% 151932 1.73%F 6.40%% 56595 697 56595  589.74/586  589.83/587
707025010 0.4 xed 1.74% 0.48%%% 2.88%% 6.40%5 7.88%2 657  8.65%3 1688.70/1639 1689.37/1640
MCG +8-11-11 702112010 - 1.65%  <0.12 1.4995% 6.3990 561972 78% 51993  1296.96/1324 1298.25/1325
NGC 7213 701029010 - 1.7 <121 0625 63990 20898 81, 1.89%% = 677.09/689  680.17/690
MRK 110 702124010 - 1745, <041 055%% 6.39%9% 1.06%9% 44  1.65%957  546.96/546  547.12/547
NGC 7469 703028010 - 1.755 0.949%30 052%% 6.38%901 2.73%2 119Y9  1.649%  633.72/667  650.95/668
NGC 5548 702042010 - 14522 <358 0.12%% 6.40905 1.8593% 192%  0.68%% 83.72/101 83.87/102
702042020 - 1.681% <278 0.30%5 6.33% 2.039%3 1323 1.109% 235.1/188 236.91/189
702042040 - 16895 <071 06152 6.37%% 1.82%% 647  2.04%%  326.84/312  328.70/313
702042050 - 1.58% 0.799% 0.3395% 6.389% 1.90%93% 92 14593  220.66/230 222.41/231
702042060 - 1.6%% <049 070%5 6.41%5 1.80%7 497%, 27793  388.77/374  389.54/375
702042070 - 1585 0.4294 0.45%% 6.39%% 2.28%2 907, 1.80%%  252.40/295  253.00/296
702042080 - 1.68172 <3.38 02495 6.41%% 216935 158% 0.98%9  170.68/180  172.86/181
MRK 590 705043010 - 1683 <139 01799 6.40%0 1.06939 1182 0.62%9  199.99/186  200.44/187
705043020 - 1582 <274 0.13%5 6.41%5 0.86%3% 1063, 05799  103.76/116  104.35/117
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4.3.3 Relativistic Fe K analysis

One of the main aims of this thesis is to investigate the presence ofatevistic iron K
emission in the spectra of Seyfert 1 galaxies. For this reason afteodelling all the narrow
Fe features present in th&Suzakuspectra, we tested if the quality of the ts improves adding
a relativistic iron K line component. Ideally, one would compare the? obtained from
the t with and without a broad line component and estimate its signi cance. However,
assessing the signi cance of relativistic emission lines in the X-ray @ of AGN is not
straightforward. For example, it has been pointed out that the Rest is not a precise tool
to estimate the chance probability of detecting these or similar feates (Protassov et al.
2002).

Estimating the signi cance of relativistic Fe line detecti ons for a given 2

In order to estimate the appropriate signi cance of the line, we pé&rmed Monte Carlo
simulations. We started by simulating six thousand spectra. The mai used in this
process includes a cut-o power law, a re ection component with meow Fe K , Fe K
and Ni K emission lines and an iron Compton shouldercuto pl+pexmon. The pexmon
model component (Nandra et al. 2007) reproduces self-congmle all the features of the
re ection spectrum emitted from a neutral distant material: i) the Fe K line, ii) the Fe
K line, iii) the Ni K line, iv) the Fe Compton shoulder. We used théakeit command
with the addition of the appropriate noise. We took into account theresponse les of
the XIS instrument (i.e. XIS_Fl.rmf and XRT _FI _xisnom.arf les). Once the spectra
were simulated, we rst re tted them with the simple cuto pl+pexmon model and then
we included also arelline component (Dauser et al. 2010). The latter is reproducing a
relativistic Fe line pro le modi ed by gravity e ects close to the black hole assuming the
lamp post geometry, in which the X-ray emitting source is placed abevhe black hole and
irradiates the accretion disk. For each simulated spectrum, we @ded the best t 2 for
the two di erent models. By recording how many times a 2 better than the observed
values happens by chance, we can establish a relation between theesved 2 and the
signi cance of the detection of therelline component in the real data.

We repeated this process using di erent relativistic line pro les in ordr to test if the
threshold values of 2 depends on the parameters adopted in thelline model compo-
nent. Since it is di cult to constrain the most important parameters of the relativistic line,
especially in the cases where the line is weak and/or very broad, we@sed emission from
neutral material xing the rest energy of the line to 6.4 keV. We alsoxed the following
parameters, except for the ux of the line: i) Ereline = 6.4 keV; ii) index1 = index2 = 3; iii)
Roreak = 15 rg; iv) @ = 0; V) R oyt = 400 rg; vi) limb = 0 (see Section 1.5.1 for more details
on the parameters). Since the sources of the sample are nearbyeats, for the simulations
we assumedz = 0. This allows us to obtain simulations that are useful for sourcest éow
redshift. We modi ed the line pro le using di erent combinations of indlinations (30 , 60,
80) and inner radii (6 ry and 1.24 g). When the inner radius was xed to 1.24 g, the
spin parameter was changed to a = 0.998, corresponding to a maxitgaspinning Kerr
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black hole. Table 4.5 presents the results of the simulations. The 2 values reported
correspond to the 95% con dence level for each combination.

Table 4.5: Results of the simulations for 2 corresponding to the 95% con dence level
for the detection of a relativistic Fe K line. The spectra were simulated using a model
including a cut-o power law and a re ection component with narrow e K , Fe K and
Ni K lines. We then re tted the spectra including arelline component in the model. The
values are presented for di erent combinations of inclinations and iver radii.

Rin 2(95%)
30 61, 471
30 1.24 1y 5.57
60 61, 2.67
60 124 299
80 61, 1.99

80 1.241y 1.44

Spectral Analysis

Once we obtained the critical values for 2 corresponding to the 95% con dence level,
we then tted all the actual source spectra using the Relativistic Rlline model (RR):
zwabs*(pexrav+zgauss+relline) For the relline component we assumed the same param-
eters as for the simulations, and the same combinations of inner rasl and inclination.
The xed combinations of inclination and inner radius are necessaryebause it is very dif-
cult to constrain all parameters of the relativistic Fe K line simultaneously, bearing in
mind that the spectra in our sample have been chosen speci cally laese the relativistic
component is weak and/or of low signi cance. The Relativistic Relline nael includes a
neutral absorber at the redshift of the sourcez{vabg, a cuto power law together with a
re ection continuum (pexrav), a harrow emission line £gaus$ and a relativistic line com-
ponent (relline). The width of the gaussian model was xed to =1 eV, while the energy
to 6.4 keV. We also included narrow Fe K, Fe xxv and Fexxvi emission lines, the latter
when signi cantly detected in the previous analysis (see Table 4.3).0Feach source, we
tted all the combinations of inclinations and inner radii. Then we seleied the best t
solution that leads to a detection of the relativistic iron K line and improves the 2 at
more than 95% (see Table 4.5 for the 2 values adopted). If more than one solution
satis es this criterion, we choose the one with the highest 2. In the cases where the
line is not detected, we have chosen the combination which leads teetbest t with the
highest 2 in order to calculate the upper limits for the relativistic iron line uxes.

The best t parameters for the Relativistic Relline model are prese¢ead in Table 4.6. All
the errors correspond to 1 con dence level, whereas upper limits correspond to the 95%
con dence level as determined from the simulations. The relativistiton K emission line



Table 4.6: Best-t parameters for the Relativistic Relline model. The alumn density is in units of 16> cm ? and the
normalization of the primary continuum is in units of 102 photons keV ! cm 2 s 1. The energies of the Fe K and the
Fe K lines are in keV while the EW in eV. The Fe K ad Fe K uxes are in units of 10 ®> erg s cm 2. The continuum
ux in the 3-10 keV band is in units of 10 ** erg s * cm 2.

Object Observation Ny R Norm Flux x EW  Fluxs 1okev  disk Rin  EWgen 2/d.o.f 2/d.o.f. Signicance
NGC 5506 701030010 2.357 1.87%9% 1.00%% 3.71%F 8.26%% 617 860%2 30 6r, 6275 1348.65/1334  15.08/1 99.998%
701030020 2.5§1 1.87%0; 0.9901 3.9791 7.16%2%2 49  9.13%% 30  6r, 967 1423.86/1403  40.03/1 > 99.999 %
701030030 2.64;;2 1.93%9% 1.35%1s 4.09%1 6.34%3 46°%  854%% 30 6r, 89 1381.03/1377  34.09/1 > 99.99 %

IC 4329A 702113010 0.4 xed 1.8%305 0.84%713 3.169%0% 5.07%% 41%  837%01 30 6, 697%  923.58/876 15.46/1 99.986 %
702113020 0.4 xed 1.98% 15001 4.23%0 5.63%3 40  9.85%% 30  6r <24  1092.91/1093 - -
702113030 0.4 xed 1.78;%2 0.839%1 3.2990%8 6.49%% 4773 9.48%% 30 6, < 66  990.03/989 - -
:02 0:12 0:08 0:67 5 0:01 *]
702113040 0.4 xed 1.880; 1.0T015 3.219% 6.62%% 53%  86I%:F 30 6r, 547  908.35/861 9.37/1 99.704 %
702113050 0.4 xed 1.749%% 152428 1.73%% 508%% 617, 56593 30 6y <90  585.23/586 - -
707025010 0.4 xed 1.789 05305 291905 6.800%3% 54%  864%5 30 6ry 49% 1656.27/1639  33.1/1 > 99.999 %

MCG +8-11-11 702112010 - 1.683% 0.129% 15295 459923 604  517%% 30  6r, 967%% 1236.05/1324 62.2/1 > 99.999 %
NGC 7213 701029010 - 1.85% 0.82%9%2 07099 1.98%1 77%  1.89%% 80  6ry, 233%  671.73/689 8.44/1 > 99.999 %
MRK 110 702124010 - 17805 032925 0589 1.05%1 44%, 1.65%0 80 1.24r, 148'% 545.66/546 1.46/1 95.110%
NGC 7469 703028010 - 17603 096922 053%% 23991 1007 164957 30 6r, 73%  637.81/667 13.14/1 99.977 %
NGC 5548 702042010 - 1851 156470 01495 1.84%2% 190% 0.68%3 80 124 <680  83.01/101 - -

702042020 - 1.887 1.79%% 03590 2.00%2 130%, 10993 80 124 489%% 233.10/188 3.81/1 99.350 %
702042040 - 1.68% 0.260:% 0.61%, 1.79%2 63%  2.04%3% 80 124 <131  328.70/312 - -
702042050 - 158 0.96Q5 0.34%0; 1.86%2: 9075,  1.45%% 80 124 <317  222.19/230 - -
702042060 - 1.6902 0.2001 0.70%0; 1.77%935 48%  265%3 80 1.24p <43  389.54/374 - -
702042070 - 1.580, 042932 04505 22792 o0y 1.80%%, 80 1.24p <105  253.00/295 -
702042080 - 1.6815 1.43%% 02490 21591 1567%, 09895 80 1.24p <113  172.86/180 - -
MRK 590 705043010 - 16872 <104 0182 106972 11852 0618, 80 1.24 < 494 198.71/186 - -
705043020 - 1783 <270 0.1795 0.83%1 102%) 057%% 80 1.24 465%, 102.35/116 2/1 96.750%

SIsAleuy eleq £'v
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is detected at least in one observation of each source, in a totalléf out of 22 observations.
In cases where the signi cance exceeds 95% con dence, we duaiee the signi cance more
precisely using the distributions of 2 from the simulations described above. We report
these values in the last column of Table 4.6. We also present the impeovents in ~ 2/d.o.f.
when the relline model is included in the Narrow Line model. The typical value for the
equivalent width of this component over the sample is 100 eV.

The bottom panels of Figure 4.1 show the data to model ratio of easlource for the XIS
spectra when the Relativistic Relline model is applied to the spectra.hE broad residuals
around 6.4 keV present in several cases in the middle panels (Narrbime model) are
generally well tted by the relline model component. However, in the case of NGC 7469
residuals around the Fe K line energy are still present, even if the relativistic Fe line is
included and detected at more than 95% con dence). This could beud to the fact that
we xed many of the important parameters in the ts. We tested ths hypothesis by letting
the inner radius, the inclination and the emissivity index free to vary irthe relline model
component for this object. In this case, we found a better t to he data with a 2=d:o:f:
= 601.13/665, compared to that with frozen parameters (=d:o:f: = 637.81/667). The
best t parameters for inclination, inner radius and emissivity index &e: = 17*%, rin <
7414 and q = 1:69'%65. The equivalent width of the relativistic Fe line iSEW = 81*%,
eV. The results on this object are in agreement within the errors witprevious analysis of
the same spectrum performed by Patrick et al. (2012). We preden Figure 4.2 the data
to model ratios for NGC 7469 when the Baseline model (upper panethe Narrow Line
model (middle panel) and the Relativistic Relline model (bottom panel)ra applied to the
data. It is evident that, when the inclination, inner radius and emissiiy index are free to
vary in the t, the Relativistic Relline model is tting all the residuals associated with the
broad Fe K component.
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Figure 4.2: We present the data to model ratio of the XIS spectrurfor NGC 7469. The
Baseline model (upper panel), the Narrow Line model (middle panelhd the Relativistic
Relline model (bottom panel) are applied to the data. In the Relativist Relline model
the inclination, the inner radius and the emissivity index are now freeotvary in the t
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Figure 4.3: Equivalent Width (eV) of the relativistic Fe K line component as a function
of the counts in the Iron energy band. These counts are calculdtéor each observation as
the product of the counts/s in the 5-7 keV energy band and the eosure time.

Figure 4.3 summarises the results of this analysis. The equivalent widbf the rela-
tivistic iron K line for each observation is plotted as a function of the counts in theon
K band. These were calculated as the product between the courdte in the 5-7 keV en-
ergy band and the exposure time of the single observation. Di eresymbols and colours
correspond to di erent sources as presented in the legend. It itear from the plot that
when the observations have a low number of counts, the measuean of the equivalent
width of the relativistic line gives mostly upper limits, unless the line is intinsically very
strong. In contrast, when the counts in the iron band are highem particular more than
4 10% we generally see evidence for the presence of a broad Felide. Nevertheless, we
do detect relativistic iron line at lower counts ( 3 1) in Mrk 590, where the inferred
equivalent width of the line (450 eV) and is much larger than is typical value. In 6 out
of 7 observations of NGC 5548, we measured upper limits to the pease of relativistic
Fe K emission line. In one observation, however, we nd an apparently imse broad
line with EW 500 250 eV, albeit at low signi cance. It seems likely that this is due
to Malmquist bias, whereby we see a positive statistical uctuation irthe line strength
resulting in an apparent detection of a strong line, when the true EVis much lower. We
further note that at some epochs this source exhibits absorptideatures in the Fe K-band.
This might prevent a proper analysis of the iron K line (e.g. Liu et al. 201, Kaastra et al.
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2014). We note that while the trend of positive detections at high sigl-to-noise ratio is
clear, there are also spectra with high statistics in the Fe K-band velne only upper limits
are obtained, most notably for IC 4329A, where one such upper limi inconsistent with
the detections in the same object. This is discussed further in Sext 4.4.1. The results
on this source are consistent with the previous work of Mantovamit al. (2014) where the
sameSuzakuobservations were analyzed. The authors pointed out that the ledivistic line
in this object is relatively weak and detected with high signi cance onlyvhen the data are
combined together.

The main result of our analysis i.e. the need for high signal-to-noisetiain the
detection of broad lines, is in agreement with previous works centt®n samples of sources
observed with XMM-Newton (e.g., Guainazzi et al. 2006, de La Calle Rerez et al. 2010,
Bhayani & Nandra 2011).

4.4 A Self-Consistent Re ection Model

The Relativistic Relline model used in the analysis described above pides an improve-
ments to the t in many cases. However, this model is not self-cosgent. As presented
in Section 1.4, the accretion disk is expected to be optically thick andhé emission of a
relativistic iron line should be accompanied by a re ection continuum wibh is modi ed
by the same relativistic e ects as the line. Furthermore, if the nalww emission line arises
from optically thick material, such as the torus, it should be accompaed by re ection,
too. This is allowed for in our t by the pexravcomponent in the Baseline model. However,
in order to be physically self-consistent, the strength of this congment should be linked
to that of the associated Fe line.

To provide a more physical and self-consistent model for the sprecin our sample, we
adopted thepexmonmodel (Nandra et al. 2007). This model reproduces the main fea&s
of the re ection spectrum, which is produced by the interaction othe primary X-ray
continuum with a Compton thick layer of neutral material (e.g. accetion disk, torus).
This model is combining: i) narrow Fe K line at 6.4 keV; ii) narrow Fe K line at 7.06
keV; iii) narrow Ni K line at 7.47 keV; iv) Compton re ection, modelled with apexrav
component and v) Fe K Compton shoulder. It is important to note that the Fe K and Ni
K line uxes are linked to that of the Fe K line. In particular, they are xed to 11.3 and
5 per cent of that of the K line, respectively (George & Fabian 1991). We then adopted
two such pexmon components, one modi ed by relativistic e ects, assumed to origiria
from the inner parts of the disk, and another which is not (e.g. fronthe torus): we term
this the Relativistic Pexmon model (RP)zwabs*(cuto pl+pexmon+relconv*pexmon) This
model ts not only the iron K emission lines, but also self consistently reproduces the
high energy re ection continua associated with both the narrow ahthe relativistic lines.
To model the relativistic e ects, we convolved the secondexmonwith the relconv model
(Dauser et al. 2010). This relativistically smears the whole re ectiospectrum using the
same kernel as theelline emission line model (Dauser et al. 2010). As in the Relativistic
Relline model, thezwabsmodel was introduced only for IC 4329A and NGC 5506 with
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Table 4.7: The table shows the ?/d.o.f. for the model with a relativistic Fe K line
(Relativistic Relline model) and for the self-consistent model (Relatistic Pexmon model).
We also report the 2/ d.o.f. between the two models, expressed as 2, 3

RR -
Source Observation ID Relativistic Relline Model Relativistic Pexmon Mael 2/d.o.f.
NGC 5506 701030010 1348.65/1334 1369.46/1335 20.81/1
701030020 1423.86/1403 1431.75/1404 7.89/1
701030030 1381.03/1377 1386.33/1378 5.3/1
IC 4329A 702113010 923.58/876 917.12/877 -6.46/1
702113020 1092.91/1093 1148.52/1094 55.61/1
702113030 990.03/989 988.59/990 -1.44/1
702113040 908.35/861 908.75/862 0.4/1
702113050 585.23/586 592.92/587 7.69/1
707025010 1656.27/1639 1658.91/1640 2.64/1
MCG +8-11-11 702112010 1236.05/1324 1358.79/1325 122.74/1
NGC 7213 701029010 671.73/689 672.52/690 0.79/1
MRK 110 702124010 545.66/546 549.12/547 3.46/1
NGC 7469 703028010 637.81/667 625.46/668 -12.35/1
NGC 5548 702042010 83.01/101 84.14/102 1.13/1
702042020 233.10/188 229.29/189 -3.81/1
702042040 328.70/312 326.69/313 -2.01/1
702042050 222.19/230 222.01/231 -0.17/1
702042060 389.54/374 390.92/375 1.38/1
702042070 253.00/295 255.41/ 296 2.41/1
702042080 172.86/180 172.70/181 -0.16/1
MRK 590 705043010 198.71/186 198.37/187 -0.34/1
705043020 102.35/116 100.94/117 -1.41/1

xed column densities of Ny = 0.4 10?2 cm 2and Ny =3 10?2 cm 2, respectively.
As before, we also xed the high energy cut-o for these two sooces to 180 keV and 130
keV, while for the other sources in the sample we adopted 300 keVhd iron abundance
was always xed to the solar value, while in therelconv model we xed the following
parameters: i) index1l = index2 = 3; i) Ryeak = 15 rg; iii) Rout = 400 rg; iv) limb =
0. For each source, we adopted the combination of inclination and i@nradius as in the
Relativistic Relline model (see Table 4.6). The spin parameter was assed to be a = 0
forri, =6 rganda = 0.998 for §, = 1.24 ry,.

Table 4.7 presents the ?/d.o.f. for the Relativistic Relline model and for the Relativis-
tic Pexmon model. We also report the 2/ d.o.f. between these two models in order to
investigate which one is tting better the data. This is expressed as3p - 3. This test is
important to understand whether the strength of the iron emissio line and the emission
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of the Compton hump at higher energies are simultaneously well- tté since thepexmon
model links these two quantities, while therelline model does not. This analysis shows
that in general the physically self-consistent model provides a similar better t compared

to the phenomenological one. This shows the consistency betwdka strength of the Fe
K line and the re ection continuum at high energies (i.e. Compton hump) However,
in two cases, MCG +8-11-11 and IC 4329A Obs. ID 702113020, the ? between the
Relativistic Pexmon model and the Relativistic Pexmon model is large ( 2 > 50). This
might suggest a lack of connection between the Fe Kine and the hard X-ray continuum
in these objects and/or during these observations. In the nexestion, we investigate this
issue in more detail for these two observations.

44.1 The case of MCG +8-11-11 and IC 4329A

In this section we present the two extreme cases where the Rel&tc Relline model gives
a better t to the data compared to the Relativistic Pexmon model: MCG +8-11-11 and
one observation of IC 4329A (Obs. ID 702113020).

The case of MCG +8-11-11 has been already noticed as peculiar by 1igihi et al.
(2010). A relativistic iron K emission line was found in the sam8&uzakuobservation
analysed in this work. However, no re ection component was deted at higher energies.
The results we found in our analysis are fully consistent with this refiusee Table 4.6). In
fact, when the Relativistic Pexmon model is applied to the data, it leaglto an inadequate
t( 2 = 122.74) compared to the Relativistic Relline model. The reason is thatn
the former, the Compton hump is linked to the strength of the Fe emsion line, while in
the latter they are completely independent. This can be discerned mediately from the
parameters in Table 4.6. The re ection fractionR for MCG +8-11-11 is very small and
well constrained to beR = 0:12'%%2. Conversely, both the narrow and relativistic iron
lines are well detected and have a combined equivalent width of 156,eMrresponding to
a total re ection fraction of R 1.

Figure 4.4 shows the unfolded spectrum for this observation of thi®urce. The com-
ponents of the Relativistic Pexmon are plotted in di erent colours. The red, blue and
green lines correspond to the narrowexmon to the blurred pexmonand to the Fe XXVI
emission line, respectively. The black line represents the total mdd&he plot shows the
best t model of the XIS spectrum extrapolated to the high enengs covered by the PIN
data. For comparison, we plotted also the PIN spectrum. The badim panel shows the
data to model ratio for both the XIS and PIN spectra. It is evidentthat the Relativistic
Pexmon model greatly overestimates the amount of emission at highergies.

Physically, there are several possible interpretations for the apprance of the spectrum
of MCG +8-11-11. The rst is that the line emission arises from mateal of small optical
depth, producing a line but with little Compton scattering, and hencea weak Compton
hump. However, this interpretation is very unlikely: the emission line irthis spectrum is
strong and low optical depth material would likely underproduce themission line unless
other circumstances were in play. A second possibility is that the Febandance of the
material is higher than solar. This would produce a relatively strongneission line compared
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Figure 4.4: Unfolded spectrum for MCG +8-11-11. The Relativistic Benon model is
applied only to the XIS data and extrapolated to the energies of thBIN spectrum. This

model is clearly overestimating the amount of re ection because tife presence of a rela-
tivistic iron K line.

to the Compton hump. We test this hypothesis by letting the iron abandance free to vary
in the two pexmonmodels. In this way the t does improve ( ?/d.o.f. = 1238.17/1323).
However, the values of the iron abundance for the two componerif thepexmonmodel are
very extreme (Ace/A soar  100). This explanation therefore seems to be unlikely. While
the Fe abundance can explain an anomalous ratio of the line to the ¢mmium, it does not
explain why the absolute value of the re ection fraction as measuidoy the Compton hump
is so low in this source. The most likely explanation for the appearancd the spectrum
of MCG +8-11-11 is related to the assumption we made for the high ergy cut-o. We
assumed a value for this parameter of 300 keV. This ensures thakete are plentiful high
energy photons which can be downscattered into the Compton hgmlf the temperature
of the corona is lower, there will accordingly be less high energy pbos to generate the
high energy re ection continuum and Compton hump. We tested thisiypothesis by tting
both the XIS and PIN spectra imposing a lower value, 50 keV, in bothhe Relativistic
Relline and Relativistic Pexmon model. The ?/d.o.f. now are comparable (Relativistic
Relline: ?/d.o.f. = 1262.03/1324; Relativistic Pexmon: ?/d.o.f. = 1262.31/1325).
Finally, we tested the hypothesis of ionized re ection in this objectWe tted the data
with the relxill model (Garca et al. 2014) together with a narronpexmoncomponent. The
relxill model reproduces the entire re ection spectrum produced by i@ed material and
modi ed by strong gravity e ects, i.e. produced in the inner region®f the accretion disk.
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The best t 2=d:o:f: for this model is 1254.91/1322, which is comparable to that obtained
with the Relativistic Relline model. The model t constraints the inclination of the disk,
the re ection fraction and the high energy cut-o of the primary continuum: = 38*%,

R = 0:20'%39 and E. = 68" keV. The hypothesis of an ionized disk is therefore also a
plausible explanation for the unusual scenario in MCG +8-11-11, alttugh the rather low
re ection fraction is puzzling.

The case of IC 4329A Obs. ID 702113020 appears to be the opposituation of MCG
+8-11-11. In this spectrum, a relativistic iron K emission line is not signi cantly detected.
However, a signi cant contribution of the re ection continuum at high energies is present
and it is well constrained (see Table 4.6). This case is particularly plemy because the
other Suzakuobservations of the same source show a relativistic iron Kemission line,
albeit relatively weak (see also Mantovani et al. 2014).
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Figure 4.5: Unfolded spectrum for IC 4329A (Obs. ID 702113020)The Relativistic

Pexmon model is applied only to the XIS spectrum and extrapolatedtthe PIN data. In

this observation the broad Fe K line is not signi cantly detected. However, Compton
re ection is important. In this case, the pexmon model underestimates the re ection at
high energies.

Figure 4.5 shows the unfolded spectrum for this spectrum when thelativistic Pex-
mon model is applied only to the XIS spectrum and extrapolated to higenergies. Also
in this case, we plotted for comparison the PIN data. The red, bluend green lines corre-
sponds to the narrowpexmon to the blurred pexmonand to the Fexxvi emission line, as
in the previous case of MCG +8-11-11. For this observation, theexmonmodel underes-
timates the amount of re ection at high energies. This is consistenwith the fact that the
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relativistic iron line is not signi cantly detected. We then tted only th e XIS spectrum
with the Relativistic Relline and Relativistic Pexmon models. The 2 now is 6.91, much
less then the value obtained when also the PIN data are considered ¢ = 55.61). The
best ts for the two models are now comparable. Formally, a sub-&w iron abundance
can explain the weak iron K emission line detected in this observations. We test this
hypothesis letting this parameter free to vary in the ts of both the Relativistic Relline
and Relativistic Pexmon model. The best- t iron abundances for thee two models indeed
appear to be sub-solar (Relativistic Relline: 0.48%; Relativistic Pexmon: 0.25%33). The

di erence in the goodness of the t between the two also reduceslsstantially, witha 2

= 10.67, much less than the 2 of 55.61 obtained with solar abundances. However, in
the other observations of the same source, IC 4329A, the abamites appear to be close
to solar value. A variation of the iron abundance is highly unlikely if we awsider that the
time scale between each observation is short (1 week). These observations of IC 4329A
therefore provide a challenge to the prevailing re ection paradigm.

4.5 Discussion

In this chapter, we presented the analysis of a sample of Seyfergalaxies observed with
Suzaku These sources had previously shown an absence of evidence fetadivistic Fe K
emission line in theirXMM-Newton observations. The goals of this work are: i) to under-
stand if the detection of this feature is strictly related to the signhto-noise ratio, i.e. the
relativistic iron line is ubiquitous feature in X-ray spectra, but the satistics of the spectra
are not su cient in order to disentangle it from the underlying continuum; ii) investigate if
there is a relationship between the iron K ux and the Compton hump emission at higher
energies. This would be an important test on the reliability of the re etion model against
more complex scenarios. To achieve these aims, we systematicalled the spectra of all
the sources in the sample with a series of models of varying complexitgsting for the
presence of relativistic lines and their consistency with the Comptore ection hump at
higher energies.

As in previous work, our analysis shows the presence of a peak at ke¥ in all the
spectra, which can be easily identi ed with a narrow iron K line emitted from relatively
distant material. The majority of the sources shows additional copiexities around the iron
K band, however. Several sources show evidence for more ionispdcies, identi ed with
Fe xxv and Fexxvi . Beyond this, at least one observation of each source in our sample
and 12 out 22 in total, shows a signi cant improvement when a relativii line is added to
the model. CombiningXMM-Newton and Suzakuobservations of the sources analyzed in
Nandra et al. (2007), the relativistic Fe K line is detected in 13 out of 26 sources (50%),
and in 35 out of 59 observations ( 60%). Where the broad lines are detected in our
sample, the typical equivalent widths are in the range 50-100 eV, @nhe upper limits in
the cases of non-detections rarely exclude such values. This tesifully consistent with
the work of Nandra et al. (2007), using{MM-Newton data, who found an average broad
EW of 80 eV. Both are also consistent with the work of Patrick et al. (20)2where a
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sample of Seyfert 1 AGN was analyzed usirf§uzakuobservations. In this case, the mean
EW within the sample was found to be 963 eV. It is interesting to note that the sources
in our sample were chosen because the relativistic Fe line in the pre\soXMM-Newton
spectra is weak and/or of low signi cance, but our results show than reality they are
entirely consistent with typical line strengths seen in more completgamples.

The results for the individual sources in our sample are broadly castent with pre-
vious work. XMM-Newton observations of NGC 5506 revealed the presence of a broad
residual in the Fe band once the narrow emission line is tted (Matt eal. 2001). The
iron emission complex was equally well tted either with a truly broad lineor a blend of
He-like and H-like narrow lines. However, our analysis of tHeuzakuspectra of this source
shows that, even accounting for the presence of ionised emissioedina relativistic Fe K
emission component is required in addition, with an equivalent width of 80 eV. The same
observations were analyzed by Patrick et al. (2012) where a relastic line was detected
but with a lower value of equivalent width (30 eV). In the work of Patrick et al. (2012),
the parameters of therelline component, such as the emissivity index, the inclination and
the inner radius, were let free to vary. However, since it is not stightforward to constrain
these parameters, we assumed xed values =3, =30 andrj, = 6rg. Recently, a
NuSTAR observation of NGC 5506 was analysed by Matt et al. (2015). In thigpectrum,
a relativistic iron K line was not required in the tting process, perhaps suggesting a
variation of the intensity of the line between theSuzakuand the NUSTAR observations,
which are separated by 7 years.

The results of the analysis of the bright Seyfert 1 galaxy, IC 4329&e consistent with
the work of Mantovani et al. (2014). The sameSuzakuobservations were taken into ac-
count, however, in the current sample we included also another @bpgation which is simul-
taneous to aNUSTAR observation. ThisSuzakuspectrum was analysed by Brenneman et al.
(2014a) but only a moderately broad Fe K line was detected using a simple gaussian
model. The resulting equivalent width was 3% eV. In this work, we considered all 6
Suzakuobservations available in archive, which allowed us to better constnathe parame-
ters of the relativistic Fe line, such as the inclination of the disk (3) and the inner radius
(6 rg), which are also in agreement with the previous work of Mantovant al. (2014). We
detected the relativistic line at 95 per cent con dence in 3 obsendains out of 6, with a
mean value for the equivalent width of 90 eV. Mantovani et al. (2014) pointed out that
this spectral feature was detected only in the combined data bacse of the weakness of
this feature and relatively poor statistics of the single observatien Our results on this
source are fully consistent with this scenario. The same observattowere analyzed from
Patrick et al. (2012). Using the same model component for modellirige relativistic iron
line (i.e. relline), they found an equivalent width of 69%3 eV, consistent with the value
found in our analysis.

As discussed above, a relativistic iron K line was already detected in MCG +8-11-11
in the same Suzakuspectrum by Bianchi et al. (2010), with an equivalent width of 90
eV. The result of our analysis is fully consistent with the work of Biaru et al. (2010)
(EW = 92*%; eV).

Previous work on NGC 7213 (Lobban et al. 2010) did not reveal thergsence of a
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relativistic emission line, whereas our analysis shows this componeathie present in the
sameSuzakuspectrum. In their work, adiskline model was used assuming an inclination
of the accretion disk of 30 and inner radius of @4, but an upper limit was found for the
ux of the relativistic Fe line. However, in our work di erent combinations of inner radi
and inclinations were tested. We do detect a relativistic Fe line with angaiivalent width
of 233%), eV adopting an inclination of 80 and an inner radius of 6 4.

As with the other objects in our sample, Mrk 110 is a source which dicbhshow evidence
for a relativistic Fe line component in previousKXMM-Newton observations (Nandra et al.
2007). We do nd evidence, albeit at marginal statistic signi cance (95 per cent con -
dence). The sameSuzakuspectrum was also analyzed by Walton et al. (2013), who also
found evidence for a broad Fe component.

Previous Beppo-SAX observations of NGC 7469 revealed the presence of both the rela-
tivistic Fe K line (EW = 121*'%) eV) and the associated Compton hump (De Rosa et al.
2002a). The results of our work are consistent with this work (EW=73'3 eV). The same
Suzakuspectrum was also analyzed by Patrick et al. (2012). These autisotted the data
and a relativistic line was detected with an equivalent width consistentvithin the errors
with our result (EW= 91" eV).

Finally, there are two sources in our sample where the evidence fawyarelativistic Fe
K emission line is very weak, those being NGC 5548 and Mrk 590. We ndtattno broad
line was detected in previous observations of these objects (NG648: Brenneman et al.
2012, Patrick et al. 2012, Mrk 590: Longinotti et al. 2007). In bdt these sources, however,
the constraints on any broad component in the spectra are poawjth upper limits typically
of several 100 eV, usually in excess of the typical EW for the deted relativistic lines of

50-100 eV. It is important to note that each spectrum of those soces has low signal-
to-noise ratio and the absence and/or low signi cance detectionsigit be due to the low
statistical quality of the data.

Taking advantage of the extended energy band &uzakiy we were able also to investi-
gate the relationship between the emission of the iron Kline and the re ection continuum
at higher energies. Being features of the same re ection speatruthey should correlate
in time and respond simultaneously to variations of the primary X-raycontinuum. We
compared the ts with our Relativistic Relline model, which allows the ironline and the
re ection strengths to vary independently, with a more self-constent re ection model
(Relativistic Pexmon model) in which the line and the Compton hump are liked in the
ratio expected for a Compton-thick slab. For the majority of the bservations (19/22),
this self-consistent model gives a better or comparable t to theata compared to the
phenomenological Relativistic Relline model, despite having one lessfrrarameter. This
shows that in general the line and the re ection component in AGN & consistent with
each other, in support of the idea that both arise from the same rtexial and are features of
the same re ection spectrum. In a few cases, the self-considtemodel leads to a worse t
to the data compared to the phenomenological one. It is consideha worse in particular
for two observations, that of MCG +8-11-11 and in one of the spta of IC 4329A, which
show a di erence in t statistic of 2> 50. Surprisingly, these two observations exhibit
this behaviour for opposite reasons.
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In MCG +8-11-11, as already noted by Bianchi et al. (2010), strapevidence for a rel-
ativistic iron line is present, but with the absence of any re ection eission at high energy.
A possible explanation for the lack of re ection in this source could ba low temperature
of the corona, i.e. a low high energy cut o (e.g. 50 keV). This hypothesis could be
tested with higher quality data, as can be expected from e. 6N uSTAR observations.

The opposite situation appears in the case of one observation of 4329A (Obs. ID:
702113020). In this spectrum the relativistic iron line was not detesd, with a tight upper
limit, while a strong re ection continuum is observed at higher energge This is puzzling
especially if we consider this spectrum in the context with the otherbservations of IC
4329A with Suzaku These do show a relativistic Fe K emission line and a re ection
continuum, with strengths which are typically consistent with each ther. The lack of
consistency in only one observation argues against some interaitéins, such as an unusual
Fe abundance in the material where the re ection is produced. A gsible explanation for
this problem could be a rapid variation of the geometry of the inner pts of the accretion
disk. For example, a variability of the illuminations pattern and/or ionization state of the
disk, or strong relativistic e ects can play an important role (e.g. hasawa et al. 1996,
Miniutti et al. 2003). These e ects can produce unusual line and atinuum properties,
such as strong line pro le variations, or extreme broadening of thkne, which may be
di cult to distinguish from the continuum. Overall, however, itis di cu It to come up with
a robust interpretation for why in this source the line and the re etion continuum appear
not to follow each other. If these two components can exhibit di emtial variability of this
kind, it is not only di cult to explain, but also to make predictions which could be tested.
This is puzzling in the standard re ection model context, and unlesan interpretational
framework can be established, diminishes the diagnostic power ofstfiramework.

4.6 Conclusion

The analysis presented above, shows that we do detect a relatiisemission line in IC
4329A, MCG +8-11-11, Mrk 110, NGC 5506, NGC 7213 and NCG 746Bhese results are
fully consistent with the hypothesis of ubiquitous relativistic Fe K emission in the X-ray
spectra of Seyfert 1 galaxies. The lack of detection in some sow@nd/or observations
is mainly due to the low statistics (i.e. low signal-to-noise ratio) of somef the spectra
analyzed. This result con rms previous conclusions from the anaigsof XMM-Newton

spectra, where it was claimed that high signal-to-noise ratio is nesasy for the detection
of broad Fe line of typical equivalent width (e.g. Guainazzi et al. 200®&andra et al. 2007,
de La Calle Rerez et al. 2010). The analysis of our sample demongés that only when

the counts in the iron band (5-7 keV) are higher than 4 10* is this feature consistently
detected.

Another important result of our work is that the data are consistat with both the
narrow and relativistic iron line tracing the emission of the Compton henp at higher ener-
gies. This con rms the idea that these features are part of the s& re ection component
produced by the same material, and supporting the re ection modlen AGN. Except for
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two observations discussed in the previous section, in the majoritf the cases the self-
consistent model adopted in our analysis leads to a better or similat compared to the
phenomenological model, where the iron line and the Compton humpxas are not linked.
The results of our analysis show the great importance of the high engy X-ray data in
constraining the continuum.
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Chapter 5

Evidence for gravitational
light-bending Iin two Seyfert galaxies

5.1 Introduction

The revolutionary sensitivity of NUSTAR in the hard X-ray band permits us to reduce the
instrument background and obtain high signal-to-noise ratio speet ( 100 higher than

the HDX-PIN detector onboard Suzaky. These data are of fundamental importance to
study the relation between the emission of both the narrow and relaistic Fe K lines

and their associated emission at higher energies with an accuracyereachieved before.
For these reasons, in this Chapter we apply the same analysis we did the Suzakudata

to a sample of sources observed witiuSTAR.

5.2 Sample Selection

The sample was selected starting from the sources analysed by Nianet al. (2007). They
compiled a complete sample of nearby Seyfert 1 objects €z0.05) from archival XMM-
Newton observations, cross-correlated with the \eron-Cetty & \era (2001) AGN cata-
logue. Seyfert 2 galaxies were excluded because of the obscunatibthe central engine in
the X-ray (see Section 4.2 for further details). From this sample, avselected the sources
with NUSTAR observations available in archive. We present in Table 5.1 the objecis-
lected for this work. We list the name of the source, the ux in the ira band (i.e. in the
5-7 keV band), the observation ID and the exposure time of eaclservation.

All the sources were observed with the two co-aligned telescopeghwcorresponding
Focal Plane Modules A (FPMA) and B (FPMB). The data were reprocssed following the
standard procedure as presented in Chapter 2. The spectra fioboth the FPMA and
FPMB were used in the following analysis. We introduced a calibration ostant, which is
free to vary in all the ts between the two spectra. The energy nage we adopted in the
tting process is 3-79 keV.
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Object Flux 5-7 keV Obs. ID Exposure time
NGC 4151 5.07 60001111002 21.9
4.63 60001111003 57.0
5.42 60001111005 61.5
IC 4329A 2.42 60001045002 162.4
MCG -5-23-16 2.24 10002019001 33.9
2.55 60001046002 160.5
NGC 5506 1.34 60061323002 56.6
MCG -6-30-15 1.05 60001047002 23.3
1.07 60001047003 127.2
0.72 60001047005 29.6
NGC 5548 0.98 60002044002 24.1
0.93 60002044003 27.3
0.80 60002044005 49.5
0.92 60002044006 515
0.72 60002044008 50.1
ARK 120 0.58 60001044002 55.3
NGC 4051 0.46 60001050003 45.7
0.35 60001050005 10.2
0.26 60001050006 49.6
0.70 60001050008 56.7
NGC 4395 0.22 60061322002 19.2
NGC 3516 0.11 60002042002 51.0
0.15 60002042004 72.1

Table 5.1: Sample: these objects are selected from Nandra et aDE2) and havingNuS-
TAR observations public in archive. The continuum ux in the iron K band is &pressed
in units of 10 ! erg cm 2 s 1, while the exposure time of each observation is in ks.

5.3 Sample Data Analysis

We started our analysis of the sources presented in Table 5.1 assugna simple model,
systematically applied to all the sources in our sample. The model guted (Gaussian
Model) includes a cut-o power law which models the primary X-ray camuum as well
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as the re ection continuum and a Gaussian model for tting the narow iron K emission
line produced by neutral and distant material pexrav+zgaussn xspeqQ. The pexrav model
(Magdziarz & Zdziarski 1995) takes into account both the power awith the high energy
cut-o and the neutral re ection. We included a neutral absorbe at the redshift of the
source gwabsin xspeg for modelling the spectra of NGC 5506, NGC 4151 and IC 4329A.
The column density of hydrogen was left as a free parameter forethrst two objects,
while for IC 4329A it was xed at the same value presented in the prews analysis of the
Suzakuspectra, i.e.Ny = 0.4 10?2 cm 2 (Mantovani et al. 2014). The value found for
NGC 5506 (N, = 3.39'%2t 1072 cm 2) is consistent within the errors with the analysis
presented in Chapter 4 based osuzakuobservations, while for NGC 4151 the column
density was measured to bdly =6:39 0:88 10?cm 2. The column density of the other
objects is not reported because it does not exceed the Galactieeon

Table 5.2 reports the best-t parameters of these ts. The engies of the Gaussian
component in all the spectra analysed are fully consistent with a negal narrow Fe K
emission line, emitted from distant material. The slopes of the powenawhich models the
primary X-ray continuum are di erent from source to source, butthey are typical of the
values observed in the spectra of other Seyfert galaxies ( 1.7-1.8, Piconcelli et al. 2005,
Bianchi et al. 2009). In the cases of NGC 4051 and MCG -6-30-15 measured slightly
higher photon indices. The cross-normalization constant betwedime spectra from the two
modules A and B is always consistent with unity, as expected for uxatibrated spectra.
One important parameter for our studies is the re ection fractionR (see Section 1.4 for
more details). R = 1 corresponds to a slab re ector subtending a kb angle of /2 =1
at the primary source. For the majority of the objects in our samig (70%) the re ection
fraction is less than 1 (R 0.5), meaning that the re ector covers less than half of the
sky seen by the primary source (see Section 1.4). Interestingly,timo cases, hamely NGC
4051 and MCG -6-30-15, this parameter exhibits values grater thainity in the Gaussian
model, R 3.50 and R 2, respectively. These values of the re ection fraction indicate a
larger amount of re ection coming from the disc compared to the ahdard picture. This
scenario assumes that the primary X-ray source is located aboveetaccretion disk which
is covering half of the sky seen by the corona (George & Fabian 199TThe results on
MCG -6-30-15 and NGC 4051 can be interpreted by considering thtie X-ray primary
source is located above the disk at a height of a few gravitationaldiaand su ciently close
to the central black hole that strong gravitational e ects, suchas light bending, become
important (for further details see Section 5.4.2). If this is the casenore than half of the
photons emitted by the corona can be bent onto the accretion diskThis phenomenon
boosts the ux re ected by the disk and decreases the primary atinuum detected by the
observer at in nity, therefore increasing the value oR.

We now focus our attention on these two sources only. We furtheénvestigated the
spectra of these objects with the aim to understand which process responsible for the
re ection fraction being higher than unity and testing whether thiscould be due to gravi-
tational light bending.



Source Observation N E cutoff R Npexrav Ex Fk EWg Constant  Flux, 1okev 2/d.o.f.

ARK 120 2013-02-18 - 1.875 > 3829.17 05813 076905  6.40%0 4.07%5F 149.20%0%; 1.02%957  0.2599%1 800.49/807
MCG -5-23-16 2012-07-11 - 1.73% 85.0T%" 08691 24097 6.37%9 105655 1027205 1.059%; 0.95%907 1136.62/1106
2013-06-03 - 17858 76.34%18 06598 27690 6.37490% 12.02%%® 103.67%9; 1.035%99%%  1.08%51  2277.65/1839

NGC 4051  2013-06-17B - 2185 > 257.46 3.08;; 0.9T9% 63390 1.95%7 92.84201° 1.05%%  0.2T%%  719.03/654
2013-10-09A - 2242  >11981 5652 063%1; 641%%  1.951% 12576%50 1.06%0;  0.15%%  193.54/181

2013-10-09B - 1.880s 123.07%s8 2.8292° 02990 62999 1.869%3% 155.85%3, 1.04%% 0113,  661.45/554

2014-02-16 - 2270 > 120251 2.3%358 16600 6.30%% 2.38%% 745337 1 of% 81 0. 33*% 81 833.30/782
NGC 4151  2012-11-12A 533 15900; 835752 08805 475093 6.301005; 24.38%5% 92.74%% 1.00490% 1.699% 1618.51/1369
2012-11-12B 7.5*8,52 15000 88.24%5 07IGR 3.98%% 63400 312073 12591%:3 1040%00; 1.45Go  2488.34/1871
2012-11-14  6.3%2° 15695 95.02%% 0.68%05 4.9992  6.34%% 3017135 105.58%5% 1.045%50; 17690  2644.57/1948

MCG -6-30-15 2013-01-29 - 20408 1175753 225958 235918 63300  426%% 89.20°%%%  1.0290%1 04890  635.12/652
2013-01-30 - 2.1802 17299429 14791 22093 6.408%3%2 3.64%3%  75.20%0;  1.03%% 049951  1453.51/1290

2013-02-02 - 2.040¢ 172.38155" 20003 12595 62746 327%Gf 97.52% 103070 03240  693.97/663
IC 4329A 2012-08-12 0.4 (xed) 1.78% 244.17%5 0.45%5 29200 6.3, 7.74%2 66.49%5; 1.043%90; 1.03%07 2005.54/1840
NGC 5506  2014-04-01 3.39% 19793 > 971562 1487, 213%7F 6.400%0s 7.25%97 112.787 35 1.003%0% 0.48%9% 1271.83/1160
NGC 3516  2014-06-24 - 1.A%%  >92.86 < 052 0.006%5007 6.46%0; 178927 395873 % 1.1009:  0.04%90  361.76/294
2014-07-11 - 1580 >152.31 03%7 0.1I%5  6.42%0 17693 277.23%F 1.03%5  0.06%5  560.89/518

NGC 4395 2013-05-10 - 1.1%5 51.45%3 <043  0.09057 6.42%1% 125077 129.38% 5 1.04%03  0.08%50  239.71/248
NGC 5548  2013-07-11 - 1A% 106.34%% 01407 06900 63540 40305 8649753  1.03T01  04TG0  870.90/764
2013-07-12 - 1.5‘:%:04 111.794%:25 0.35%3% 0.75%% 63195 3.97%9%  89.30%%% 1.06%3 038901  741.79/757

2013-07-23 - 1.35%  60.16%3% 0.189% 044951  6.36%% 5.63%% 150983 1.03%0F 03295  993.95/959

2013-09-10 - 1. 5%‘03 83.10%55; 0.53%1% 0.79%9%  6.3995% 4.609° 107.08%:%%  1.05%3  0.3890F  990.47/956

2013-12-20 - 1280  51.8285 02491 03590 6.37%9%% 5.07%% 15157332 1.02951  0.28%5  917.69/955

Table 5.2: Best t parameters for the Gaussian Model. The column dsity is in units of 10?2 cm 2 and the normalization
of the primary continuum is in units of 10 2 photons keV * cm ? s %. The high energy cut-o is expressed in keV as the
energy of the Fe K line. The equivalent width is in eV while the continuum ux in the 3 to 10 keVband in 10 ! erg
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54 MCG -6-30-15 and NGC 4051

5.4.1 Introduction
MCG -6-30-15

A relativistic Fe K emission line was rst detected in theASCA spectrum of the bright
Seyfert 1 galaxy MCG -6-30-15 (Tanaka et al. 1995). ThASCA spectrum showed the
presence of a broad and asymmetric line pro le, suggesting thateHine is produced within
6 gravitational radii from the black hole (Iwasawa et al. 1996). Ineled, the red wing of the
line was observed to extend down to 4 keV. This indicated emission finovery small radii
and therefore implying that the black hole at the center of this obj is rapidly rotating
(lwasawa et al. 1999). The broad Fe line in this source has been sedpsently detected
in the spectra of many X-ray missionsASCA (Shih et al. 2002, Matsumoto et al. 2003),
RXTE (Lee et al. 1999, Vaughan & Edelson 2001BeppoSAX (Guainazzi et al. 1999),
Suzaku (Miniutti et al. 2007, Noda et al. 2011), Chandra (Lee et al. 2001, Young et al.
2005) andXMM-Newton (Wilms et al. 2001, Fabian et al. 2002, Fabian & Vaughan 2003,
Vaughan & Fabian 2004, Brenneman & Reynolds 2006). Consistemsults have generally
been found from the analysis of these di erent spectra.

The longestXMM-Newton observation ( 320 ks) was analyzed by Fabian et al. (2002)
and Vaughan & Fabian (2004). Thanks to the large e ective area pwided by this satellite,
it was possible to constrain the most important parameters assotea with the emission of
the relativistic Fe K line: the inclination of the disk was found to be =33 0:1 and the
emissivity pro le was found to be inconsistent with a simple power law.nktead a broken
power law pro le was required to t the data with inner and outer emisivity indices of
G, =6:9 06 andqg,y = 3:0 0:1, respectively, and a break radius of,, = 3:4 0:2.
The inner radius of the accretion disk was measured to ig = 1:8 0:1 rg, con rming
previous results (e.g. Tanaka et al. 1995, lwasawa et al. 1996, 998hih et al. 2002) and
implying emission beyond the last stable orbit of a Schwarzschild BH. Thwas later
con rmed by Brenneman & Reynolds (2006), who found a rapidly retting black hole with
a spin parametera = 0:96 0:01. The best-t parameters found by Fabian et al. (2002)
and Vaughan & Fabian (2004) indicate a strong re ection fraction irthis sourceR = 2:2,
consistent with a previousBeppoSAX observation (Guainazzi et al. 1999).

Di erent scenarios have been proposed in order to explain the brdaed wing of the
line without the need for relativistic e ects close to the black hole. Th most popular is
the absorption scenario (Miller et al. 2008, 2009). In this picturehie primary continuum
passes through a series of components with large columns of ioniged partially covering
the central source, which can produce a prominent curvature @ind the energy of the
Fe K line. When the absorption model is applied to theXMM-Newton data, in order
to model the 3-6 keV spectral curvature, narrow absorption lirrebetween 6.4 keV and
6.7 keV are predicted. However, these features are not detette the high resolution
Chandra data (Young et al. 2005), indicating that this particular absorption model can
not reproduce entirely the red wing of the Fe line without invoking relvistic e ects.



86 5. Evidence for gravitational light-bending in two Seyfe rt galaxies

It has be noted that the soft X-ray spectrum of this object is chaacterized by the
presence of warm absorbers, which a ect the data below 3 keV. iBhcomplex structure
has been studied by Otani et al. 1996 usingSCA data, which showed the presence of two
variable warm absorbers. The dusty warm absorber in MCG -6-3®&has been analyzed in
detail, taking advantage of the high resolution spectra of th€handra HETGS (Lee et al.
2001, Young et al. 2005) and th&XMM-Newton Re ection Grating Spectrometer (RGS)
(Branduardi-Raymont et al. 2001). The analysis of the soft X-rayspectrum in the long
XMM-Newton observation (Turner et al. 2003, 2004) con rmed the presencd the dusty
warm absorber.

The analysis of theXMM-Newton and Chandra spectra shows that the X-ray contin-
uum emission of MCG -6-30-15 is highly variable on short time scales (eMpughan et al.
2003, Vaughan & Fabian 2004, Reynolds et al. 2004, McHardy et aD5). The variabil-
ity in this object has been explained as the product of two compontsn a highly vari-
able Power Law Component (PLC), with a constant slope, and a lesanable Re ec-
tion Dominated Component (RDC). The latter includes the relativisticFe K line and is
produced in the inner regions of the accretion disk (Shih et al. 200Babian & Vaughan
2003, Taylor et al. 2003, Miniutti et al. 2007, Parker et al. 2014, Ma@ucci et al. 2014).
If the PLC drives the emission of the Fe K uorescence line, the changes in the Fe line
ux should be correlated with the variations of the PLC. However, sveral works found
that the PLC and the RDC are anti-correlated in this source (lwasaa et al. 1996, 1999,
Reynolds 2000, Vaughan & Edelson 2001, Shih et al. 2002, Matsumet al. 2003). This
unusual relation can be explained taking into account light bending ects in the vicinity
of the black hole (Fabian & Vaughan 2003, Miniutti et al. 2003, Miniutt & Fabian 2004).
Miniutti & Fabian (2004) proposed a model which interprets the e ets of gravitational
light bending on the emission of both the primary X-ray continuum andhe re ection
spectrum from the accretion disk. We brie y present this model in &tion 5.4.2.

NGC 4051

NGC 4051 is a bright Narrow Line Seyfert 1 galaxy (Komossa & Meefrsgeinchen 2000).
Its X-ray ux and spectral shape exhibit large amplitude and rapid @riability on both short

(< day) and long (years) timescales (e.g. Lawrence et al. 1987, Papkid & Lawrence
1995, Guainazzi et al. 1998, Green et al. 1999, Uttley et al. 1999, cNhrdy et al. 2004,
Uttley et al. 2004, Ponti et al. 2006, Terashima et al. 2009, Vaugheet al. 2011). When
the source is bright, the spectrum is characterized by a power lawwraponent, Fe K

emission, and a re ection component, together with a soft excessd ionized absorber
(Pounds et al. 2004). When the source is observed with a lower uije spectrum above
2 keV appears to be atter and a broad residual around 6.4 keV is sbrved (Uttley et al.

2004, Pounds et al. 2004, Ponti et al. 2006, Gallo 2006). Di erenttarpretations have
been proposed in order to explain this feature: a relativistic Fe Kline (Uttley et al. 2004),

a combination of relativistically broadened ionized re ection and an F& line produced
from distant, neutral material (Ponti et al. 2006), or the resultof partial covering of the
primary continuum by a weakly ionized absorber (Pounds et al. 2004)Vhen the source
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was observed in a very low ux epoch, the Fe K line ux appeared to banti-correlated
with the variations of the primary emission (Guainazzi et al. 1998). fie two-component
model invoked for MCG -6-30-15 can also describe this behaviour irGR 4051. This
scenario consists of one soft highly variable component and a hamhstant component
(Ponti et al. 2006). The spectral variability within and between thetwo XMM-Newton
observations (2001 and 2002) was explained considering the pouaw of the primary
continuum as the variable component. The constant component waassociated with a
combination of ionized and relativistically broadened re ection and néral re ection from
distant material. Also in this case, the observational evidences cdre described by the
gravitational light bending model, which we present in the next Sectio

5.4.2 Light Bending Model

As presented in the previous Sections, the light bending model wawaked in order to
interpret the unusual scenario revealed in the analysis of théMM-Newton observation
of MCG -6-30-15 (Miniutti & Fabian 2004). This model describes in dail the e ects
of the gravitational light bending su ered by the photons emitted ly the corona close
to the BH. The model explains how the gravitational light bending impses variability
on both the continuum and the relativistic Fe K emission line (Martocchia et al. 2002,
Fabian & Vaughan 2003).

This model assumes a maximally spinning Kerr black hole with spin paratee of a =
0.998. The geometrically thin accretion disk, which is lying on the blackdhe equatorial
plane, is extending down to the last stable orbit of s = 1.24 r4, as expected in the Kerr
metric. The gravitational light bending e ect is important in the near vicinity of the black
hole. For this reason the inner radius, and consequently the spin thfe black hole, is a
fundamental parameter for this model. The primary source is assied to be compact, with
a constant intrinsic luminosity, and placed at a heights of a few gravitational radii above
the black hole and at 24 from the BH rotating axis. The variability of the primary X-ray
continuum is assumed to be only related to variations of the height @fie corona above
the black hole itself. A fraction of the X-ray photons emitted from he corona reaches
the observer at in nity and contributes to the direct continuum which is detected as the
power law in the spectra (PLC). The remaining radiation interacts wih the accretion disk
and is reprocessed as presented in Section 1.4 and contributeshe te ection-dominated
component (RDC).

When the corona is placed close to the BH, the e ects of the light bdimg break the
correlation between the emission of the primary continuum and thesrection component.
Indeed, if the source height is small (of the order of a few gravitanhal radii) a large
fraction of the emitted photons, in particular more than half, is behonto the accretion
disk because of the strong gravitational eld of the BH. The results an enhancement of
the illuminating continuum on the accretion disk and a decrease of theLC detected by
the observer. In this case the spectrum will be re ection-dominatl. When the height of
the primary source increases, the e ects of the gravitational lighbending are reduced and
the PLC increases. Finally, in the case of a large height, the e ectd$ the light bending



88 5. Evidence for gravitational light-bending in two Seyfe rt galaxies

Figure 5.1: The EW of the Fe line, PLC and RDC as a function of the heiglof the primary
source on the accretion disk assuming an inclination of 30The RDC is represented by the
ux of the relativistic Fe line and the height of the source varies beteen 1 and 204. The
variability is assumed to be due only to the gravitational light bending lMiniutti & Fabian

2004).

Figure 5.2: The EW of the Fe line, PLC and RDC as a function of the heiglof the primary
source on the accretion disk assuming an inclination of 60The RDC is represented by the
ux of the relativistic Fe line and the height of the source varies beteen 1 and 204. The
variability is assumed to be due only to the gravitational light bending Miniutti & Fabian

2004).
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become less signi cant.

Figure 5.1 and 5.2 show the equivalent width of the relativistic line, the IEC ux
and the Fe line ux (RDC) as a function of the corona height in the 1-@ ry range
(Miniutti & Fabian 2004), for inclination angles of the accretion disk 630 and 60, re-
spectively. The units in the plots are arbitrary. The PLC is well corrlated with the
increase of the height of the corona showing large variations in uxyhile the RDC varies
with smaller amplitude. In particular, in the case of an inclination angle ©©30 , the PLC
varies by a factor of 20 when the source height moves from 1 to Z) while the RDC
varies at most by a factor of 2.6. For an inclination angle of 60the variation for the PLC
is a factor of 10.5 and only 1.8 for the RDC. The EW of the relativistic Féine is almost
anti-correlated with the height hs and with the direct continuum. However, for very low
ux, the EW appears to be almost constant.

From these plots, it is possible to determine a relationship betweendhFe K  ux
(i.,e. RDC) and the direct continuum observed at in nity (the PLC). T his is presented in
Figure 5.3 and 5.4 for inclination angles of 30and 60, respectively (Miniutti & Fabian
2004). Three regimes can be identi ed in which the behaviour of theswo components is
clearly di erent. They are labelled as I, Il and Il in the plots. When the gravitational
light bending e ects are taken into account, the ux of the relatividic Fe K emission line
(i.,e. RDC) is not expected to linearly follow and respond to the obsesd PLC variations
anymore. Direct correlation is only seen in Regime |, when the soursglocated above the
disk with a height between 3-4 §. The Fe line EW appears to be almost constant in this
regime. Regime Il corresponds to heights of the primary sourcetween 4 and 13 §. The
broad Fe line varies less than 10 per cent, while the PLC has variatiobg a factor of 4,
as shown in Figure 5.3 and 5.4. The EW of the relativistic Fe line is anti-calated with
the PLC (see Figure 5.1 and 5.2) and therefore the variations of tfe line ux are di cult
to detect. Finally, in Regime Ill the e ects of the light bending are les important resulting
in higher PLC ux at in nity detected by the observer. The Fe line ux is anti-correlated
with the direct continuum and the EW decreases.

One of the main observational evidences of the e ects of the lightebding on the
re ection spectrum is the anti-correlation of the EW of the broad E line with respect to
the direct continuum. This relation has been observed in a selectiohAGN observed with
Rossi X-ray Timing explorer (RXTE) by Papadakis et al. (2002). The only exception
could appear when the object has low ux. In this case, the EW is alnsb constant.
Moreover, the RDC is not necessary correlated with the EW itselfnlifact, only regime Il
is characterized by a positive correlation between these two commamts.

In Figure 5.5, the re ection fraction R is plotted as a function of thesource height above
the accretion disk with an inclination of 30 (Miniutti & Fabian 2004). This parameter is
de ned as the ratio between the solid angle subtended by the primasource at the disk
( gisk) @and atinnity (1 ). The solid line corresponds to a source placed in the disc axis,
while the dashed line to a co-rotating primary source at 2;ifrom the BH axis. When the
height is large, this parameter reaches the asymptotic value of R = IThis is consistent
with the standard picture where half of the photons emitted by therimary source reaches
the observer at in nity while the other half illuminates the disk. Howeer, when the height
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Figure 5.3: The Fe line ux as a function of the direct continuum for annclination angle of
30 . The solid points in the plot present reference values of the soureeight hs of 1.5, 10
and 20 . Three di erent regimes are identi ed as regime [, Il and [l (Miniutti & Fabian
2004).

Figure 5.4: The relation between the Fe line ux and the direct continum observed with
and inclination of 60. The solid points refer to di erent source height of 1.5, 10 and 20
rq. Three regimes are identi ed. Miniutti & Fabian 2004).
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Figure 5.5: The plot presents the re ection fraction R as a functiomf the primary source
height. R = 1 is the asymptote reaches when half of the primary radi@n illuminates
the disk and the other half reaches the observer at in nity. The gl line corresponds to
a source placed on the rotation axis, while the dashed line to a corttay source at 2
form the axis. Three di erent regimes for an inclination angle of 30are shown and the
variations of R are associated only to the light bending e ects (Miniut & Fabian 2004).

decreases, the e ects of gravitational light bending become imgant and the photons
are preferentially bent towards the accretion disk. The result is ardmatical increase of
the value of R, as shown in Figure 5.5. In particular, in Regime Il the rection fraction
reaches the value of 2.

In the next Section, we directly tested the presence of light bendjne ects in the
NuSTAR spectra of MCG -6-30-15 and NGC 4051.

5.4.3 Data Analysis

Figure 5.6 and 5.7 show theNuSTAR data-to-model ratios for MCG -6-30-15 and NGC
4051, respectively, in the 3 to 79 keV energy band for models of ieasing complexity
from top to bottom. The observations are presented in temporarder for both sources.
The upper panels show the data-to-model ratio when only a cut-gpower law is included.
Important residuals are present for all the observations aroun@.4 keV and above 10
keV. The former could be due to a blend of narrow and broad Fe Kemission lines,
while the latter could be associated with the re ection continuum at fgh energies (i.e.
the Compton hump). The middle panels show the data-to-model rats when a narrow
gaussian component is included in the previous model. This componewll reproduces
the core of the Fe K line, presumably emitted from distant material. However, residuals
around 6.4 keV and above 10 keV are still present in all the obseri@ais of both sources.
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Figure 5.6: We present theNuSTAR data to model ratio in the 3 to 79 keV energy band
for MCG -6-30-15. The top panels show a model which includes a autpower law. The
middle panels show the residuals when a narrow gaussian componeninguded in the

previous model in order to t the narrow Fe K

line.

The bottom panels present the

data to model ratios when the Relativistic Relline model is applied to thepectra. The
observations are presented in temporal order.
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Figure 5.7: We present theNUSTAR data to model ratio in the 3 to 79 keV energy band for
NGC 4051. The top panels show a model which includes a cut-o powew. The middle

panels show the residuals when a narrow gaussian component is inetligh the previous
model in order to t the narrow Fe K line. The bottom panels present the data to model
ratios when the Relativistic Relline model is applied to the spectra. Thebservations are
presented in temporal order.
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Figure 5.7: (Continued)

In order to model these residuals and to test whether the graviianal light bending is
important, we applied to the NUSTAR data the Relativistic Relline Model: pexrav+zgauss+
relline. This model includes a cut-o power law together with a re ection catinuum
(pexrav), a gaussian component to t the narrow Fe K line (zgaus$ and a relativistic line
component felline). The energies of both the narrow and broad Fe Kline were xed to
6.4 keV, while the width of the gaussian was xed to =1 eV. We assumed highly spinning
black holes for both sources, xing the spin parameter to 0.998 in ¢relline model.

In the case of MCG -6-30-15, we assume a broken power law paraimation for the
emissivity pro le of the disk as found by Fabian et al. (2002) and Vaugan & Fabian
(2004). However due to the limited energy range dfiuSTAR data at low energies (E
> 3 keV) and the broadness of the line pro le which would extend belowhis limit, we
cannot robustly constrain both emissivity indices and the break rads. Therefore we X in
our ts g, to 7, as derived by Fabian et al. (2002) and Vaughan & Fabian (2004jom a
long XMM-Newton (320 ks) observation which bene ts from data at lower energies and
a superior depth (see for details Section 5.4.1). The other pararegt, the inner radius, the
inclination of the disk, the break radius and the second emissivity indey,,; were left free
to vary in our t. For MCG -6-30-15, we initially allowed the Fe abundarce to be free in
the Relativistic Relline model. The analysis of the longkMM-Newton observation showed
that the data were consistent with the Fe abundance being threentes higher than the
solar value (Fabian et al. 2002). We do not nd a signi cant improvemst in the ts and
therefore, we xed this parameter to unity.

In the case of NGC 4051, a simple power law was assumed for the evityspro le
of the disk, as in previousXMM-Newton observations was not possible to discriminate
between a broken and a simple power law (Ponti et al. 2006). We tledore assumedy,
= @, for the emissivity indices, leaving the latter as a free parameter in ¢hts. The free
parameters for this t are the inner radius, the inclination of the di& and qg,,. Also for
this object, we xed the Fe abundance to the solar value, because improvement in the
ts was found when leaving this parameter free.

The data-to-model ratios for each observation for the Relativigt Relline model are
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presented in the bottom panels of Figure 5.6 and 5.7 for MCG -6-38-And NGC 4051,
respectively. This model reproduces the residuals around the riéstic Fe line at 6.4 keV
and the Compton hump above 10 keV (see middle panels).

We present the best-t parameters of this model in Table 5.3. Botlsources exhibit
strong re ection compared to the primary continuum ux detected (R = 1:66 for MCG
-6-30-15 andR = 2:67 for NGC 4051), with values oR slightly lower than those presented
in Table 5.2 when the relativistic Fe K line was not included in the model R = 1:91
for MCG -6-30-15 andR = 3:47 for NGC 4051). This emission is produced in the inner
regions of the accretion diskR;, < 5rg4) around a maximally rotating Kerr black hole. The
measured equivalent widths of the relativistic Fe componenEW = 264 eV in the case of
MCG -6-30-15 andEW = 258 eV for NGC 4051) are also consistent with this scenario, and
are greater than the value of 100 eV, expected if light bending or di erential variability
e ects are not important (George & Fabian 1991). The parameter associated with the
relativistic Fe line component and with the re ection continuum indicae strong re ection
compared to the standard picture (see Section 1.4 for more detailsThese results could
be explained by the presence of gravitational light bending as presed above (see Section
5.4.2).
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Figure 5.8: We present the light curves of each observation for MC®-30-15 in temporal
order in the 3-10 keV energy band. We combined the light curves frothe FPMA and
FPMB instruments and the bins size is 200 s.
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Figure 5.9: We present the light curves of each observation for NG4D51 in temporal
order in the 3-10 keV energy band. We combined the light curves frothe FPMA and
FPMB instruments and the bins size is 150 s.

Figure 5.8 and 5.9 show the light curves in the 3 to 10 keV energy barat MCG -6-30-
15 and NGC 4051, respectively. The black line in the light curves showse mean count
rate (ct/s) for each observation. The light curves are backgrowd subtracted and the data
from the FPMA and FPMB instruments are co-added. The bins for tk light curves are 200
s for MCG -6-30-15 and 150 s for NGC 4051. MCG -6-30-15 shows artpnt variability
of the X-ray emission within each observation, with variation fact@ up to 4. The average
count rates in each light curve are 2.14, 2.20 and 1.46, respectivaliowing variability of
a factor of 1.5 between the observations. An almost constant )&y emission is detected
in the second and third observations of NGC 4051, while a variation af factor of 2 is
present in the rst and fourth observations. The average countates in these observations



Object Observation E. R Are Norm Fluxg EWk  Fluxsz joev lin disk Qin Cout lbreak EWReline Constant 2/d.o.f.
MCG -6-30-16  2013-01-20 2.IFF 1297 198G 1 xed 60 220%3; <222 <42 3B8G0 B350 345 7 xed 33445 4xed 2533 1.0Z2%0; 61172/649
2013-01-30 2.1§;55 174% 1.33%1 1 xed 60 2.04%% 1.85%4 36 36595 29598 334 7 xed 3.03%3 <435 2283 1.039% 1358.97/1286
2013-02-02 1.9§755 172%% 1.68%3% 1 xed 60 1.08%% <091 <24 24195 <5541 35% 7 xed 4.65%% <4.02 310% 1.03%%  662.07/659

[E

NGC 4051  2013-06-17 2.1%% 40222 2.72%%
2013-10-9A 1.9!3%;;;3‘ 157*%83 3.46?;22
2013-10-9B  L1.7%5 97  2.27%%
2014-02-16 2.285% > 489 2.21%%

xed 60 0.8I%% 15794 75%4  155%% <536 197 3.729% =q 151, 1567  1.059%2  698.33/650
xed 60 043G 20545 135%; 11IGH <544 <30 445%% =g 151 373%y 107G 175.59/177
xed 60 023G 105G3 85%,  0.84G0 <420 <23 35005 =0. 151, 3707  104Gp  621.68/550
xed 60 15599 16293 51 2399 <437 <25 34543 =, 151, 1334, 10199 812.06/778

[ e N

Table 5.3: Best Fit parameters of the Relativistic Relline model. The high energy cut-o is expressed in keV, while the equivalent
width in eV. The power law normalization is in units of 10 2 photons keV * cm 2 and the continuum ux in the 3 to 10 keV
energy band is in 101 erg s * cm 2. The ux of the Fe K line is quoted in 10 ® erg s  cm 2. The inner radius and the break
radius are in units of Ry.

Object Observation E. RNarr Rbroad Are Norm  Fluxz igkev Tin Oin Oout foreak  Constant 2/d.o.f.
MCG -6-30-15 2013-01-29 2.28% 162% 0.1553; 1.72%% 1 xed 2.36'%1; 3.55%0: 2.89%. 373 7 xed 215%37 < 490 1.02%3; 609.22/649
2013-01-30 2.1%2%2 2329, 0.17%F 1.05%1 1 xed 2.21'%% 3.669%01 3.443% 352 7 xed 2.11%% < 553 1.03%3 1379.72/1287
2013-02-02 2.0%%: 233% 0.001%5 1.50%9 1 xed 1.19'00: 2.41%3 3.07%2 32% 7 xed 209937 <500 1.03%0 676.46/660

[y

NGC 4051  2013-06-17 2.1%% > 370 0.37%32% 1.59%3¢ 1 xed 0.82°%% 15595 44740 215 264%% =q; 15 xed 1.05%%  705.68/651
2013-10-9A 2.1#12 > 172  0.86%% 2.75%% 1 xed 0.54%% 111900 45352 24% 2.94%4® =q; 15 xed 1.07%9%  181.58/178
2013-10-9B 1870, 162% 02675 186Gz 1 xed 0.29G07 0.84%0; 5829 <22 274%3%  =q; 15 xed 1.04%G0  631.41/551
2014-02-16 2.2§% > 427 0.0001%38 153%% 1xed 15093 2.38%%% 400, 23% 231%% =q; 15 xed 1.01%% 826.29/779

R

Table 5.4: Best t parameters of the Relativistic Pexmon Model. The igh energy cut-o is expressed in keV, while the
equivalent width in eV. The power law normalization is in units of 10? photons keV ' cm 2 and the continuum ux in
the 3 to 10 keV energy band is in 10 erg s* cm 2. The ux of the Fe K line is quoted in 10° erg s* cm 2. The
inner radius and the break radius are in units oRg.
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are 0.92, 0.43, 0.31 and 1.42, respectively. Also for this source, aeability of the X-ray
emission detected for this source between the observations is intpat. From the light
curves it is possible to note that the sources analyzed are highly iavle from time scales
of 200 s (bin size), within each single observation, to time scales 05 days for MCG
-6-30-15 and 8 months for NGC 4051. The latter correspond to the time scalesaqed
by the observations.

To further examine the evidence for light bending, we investigate érelation between
the power law ux and the quantities associated with the re ection pectrum, namely
the re ection fraction, the equivalent width and the ux of the relativistic Fe line. If
the primary X-ray source is su ciently close to the central black hée and thus the light
bending e ects are important, an anti-correlation between the pmary continuum and the
re ection component should be detected. Moreover, the one-tme correlation between
the Fe line ux and the power law component is modi ed. This is preserd in Figure 5.1
and Figure 5.3 (Miniutti & Fabian 2004), for an inclination of 30, appropriate for MCG
-6-30-15 and NGC 4051 (Fabian et al. 2002, Vaughan & Fabian 2002gnti et al. 2006).
As presented in Section 5.4.2, in the light bending model three regimae identi ed. In
each of them, the behaviour of the EW, PLC and RDC is clearly di ereth depending on
the height of the primary source considered: Regime | correspantb heightshs < 2-4rg,
Regime Il to a range ofhs between 2-4ry and 7-13rgy, while Regime Il is associated with
heights> 7-13r4 (see Miniutti & Fabian 2004 for further details).

Relativistic EW vs 3-10 keV Flux (MCG -6-30-15)
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Figure 5.10: Relation between the Equivalent Width (in eV) of the relavistic Fe K line
and the ux of the continuum in the 3-10 keV band (in 10*! erg cm 2 s 1) for MCG
-6-30-15. The coloured lines present the dependence of the Fe I\ on the primary
source height expected in the three regimes de ned in the light beimdy model.
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Relativistic EW vs 3-10 keV Flux (NGC 4051)
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Figure 5.11: Relation between the Equivalent Width (in eV) of the relavistic Fe K line
and the ux of the continuum in the 3-10 keV band (in 10 erg cm 2 s 1) for NGC 4051.
The coloured lines present the dependence of the Fe line EW on thénpary source height
expected in the three regimes de ned in the light bending model.

In order to test for the presence of light bending e ects in MCG -@0-15 and NGC
4051, we investigated the relation of the continuum ux in the 3-104V energy band with
both the relativistic line EW and the Fe line ux, comparing our results wth the trends
expected from the model. As in Miniutti & Fabian (2004), we assumethat the primary
X-ray source is located above the black hole and it has constant iimtsic luminosity. The
variations in height of the corona above the black hole produce vabigity in the primary
continuum. Therefore, it is possible to directly associate the vari@ns of the ux in the
3-10 keV energy band observed in the spectra with the height ofdlcorona in the source
analyzed.

Figure 5.10 and 5.11 show the equivalent width of the relativistic Fe linesa function of
the continuum ux in the 3 to 10 keV band for MCG -6-30-15 and NGC 851, respectively.
The equivalent width is expressed in eV and the ux is in 10" erg cm 2 s 1. The
continuum ux in these sources varies by a factor of 1.5 and 2.8, pectively for MCG
-6-30-15 and NGC 4051. Using Figure 5.1, we derived the variationpected in EW for
the observed ux changes, for each regime separately.

In Table 5.5, we present the ranges in corona height considered &ach regime and
source. The red dotted line corresponds to Regime I, the blue dashto Regime Il and the
green dash-dot line to Regime Ill. The black solid line shows the coast value of the EW
expected if the corona is placed far from the central black hole wieelight bending e ects
are negligible. In this case, the relativistic Fe line ux and the primary Xray continuum



100 5. Evidence for gravitational light-bending in two Seyf ert galaxies

Source Regime I Regime Il Regime lll
MCG -6-30-15 1-1.5 5-7.5 12-17
NGC 4051 1-2.8 4.5-12 12-30

Table 5.5: Ranges in corona height considered for each regime angrse. The heights are
in unit of rg.

will vary with a 1:1 correlation, resulting in a constant EW, with an aveage value of
100 eV (George & Fabian 1991). The data for both sources are nminsistent with this
trend. Speci cally, the values of the EW for MCG -6-30-15 and NGC@b1 are higher than
the expected by a factor of 3 and 4, respectively. For MCG -6-3(, the plot in Figure
5.10 shows that the dependences expected for each of the thRegimes can reproduce
the data, while in the case of NGC 4051, the data are consistent withe source being
observed in Regime Il (Fig. 5.11).

Relativistic Fe Flux vs 3-10 keV Flux (MCG-6-30-15)
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Figure 5.12: The gure presents the relativistic iron K ux as a function of the pri-
mary continuum ux for MCG -6-30-15. The line ux and 3-10 keV ux are expressed in
erg cm 2 s 1. The coloured lines present the dependence of the relativistic Fe line on
the primary source height expected in the three regimes as de néam the light bending
model. The black line shows the one-to-one correlation expectedemhight bending e ects
are negligible.

Figure 5.12 and 5.13 show the relativistic Fe K ux (in 10 ®ergcm 2 s %) as a
function of the continuum ux in the 3 to 10 keV band for MCG -6-3045 and NGC 4051,
respectively. As above, the red dotted line corresponds to the §ime I, the blue dashed to
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Relativistic Fe Flux vs 3-10 keV Flux (NGC 4051)

|l Re'girr:ne ' ]
10 - - - - Il Regime ]
" —_— 11 Correlotnon__

.

(00}
T[Ty rrrrrrrr[rrrr

Relativistic Fe Flux*10°
D

—_
o

1.5
3-10 keV Flux*10™

n
o
no
1)

Figure 5.13: The gure presents the relativistic iron K ux as a function of the primary
continuum ux for the source NGC 4051. The line and 3-10 keV ux a& expressed in
erg cm ? s 1. The coloured lines present the dependence of the relativistic Fe linex on
the primary source height expected in the three regimes as de néam the light bending
model. The black line shows the one-to-one correlation expectedemhight bending e ects
are negligible.

the Regime Il, the green dash-dot line to the Regime Il and the bl&solid line corresponds
to the one-to-one correlation. It is clear that the data are not agsistent with the standard
picture, where the Fe line ux is directly linked to the variations of theprimary continuum.
For both objects, the data are consistent with the relation expéed in the Regime II.

The analysis presented so far for MCG -6-30-15 and NGC 4051 skdhat the data are
consistent with the sources being observed in the Regime I, as ded by Miniutti & Fabian
(2004). This regime corresponds to a height of the primary sourbetween 5 and 7.5 in
the case of MCG -6-30-15 and between 4.5 and d2for NGC 4051.

We now seek to further constrain the heights of the coronlas for these two sources,
during the observations considered in this work. To achieve this, wase the relation
between the re ection fractionRy0aq associated with the emission from the accretion disk
and hg, as derived in the light bending model (see Figure 5.5 in Section 5.4.2) fheasure
Roroad We tted the spectra with the Relativistic Pexmon model. This model icludes a
power law with a high energy cut-o (cuto pl in xspeg, a narrow pexmoncomponent and
a secondpexmon convolved with arelconv model. The last two components reproduce
the re ection spectra produced from distant material and from e accretion disk. The
relconv model modi es the spectrum taking into account strong gravity eects present in
the vicinity of the black hole in a similar way to the relline model. For both surces, we
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xed the inclination of the narrow pexmonto 60 and the Fe abundance to the solar value.
As for the Relativistic Relline model, we assumed a broken power law fibre emissivity
pro le of MCG -6-30-15 by xing ¢, to 7 and letting ¢, free to vary. In the case of NGC
4051, we assumed a single power lagy = G, ). Table 5.4 shows the best t parameters
of this model. The physically self-consistent model allowed us to ctr@n important
parameters of the re ection spectrum. The inner radii of MCG -@®3-15 and NGC 4051
were measured to be;, = 3:13rgy andri, =4:71rg, respectively. The inclinations for both
sources are consistent with those found when the Relativistic Rellimeodel was applied
to the data. The emissivity indices were found to be well constraineolut atter than
those measured using the Relativistic Relline model. This trend also aggors in the case of
the re ection fraction R. However, the re ection fraction associated to the emission from
the disk remains higher than unity. These results could be explainedrmsidering that the
Relativistic Pexmon model is reproducing self-consistently the enéirre ection spectrum,
linking the emission of the relativistic Fe line to that of the Compton hurp, while the
Relativistic Relline model ts the Fe line and the Compton hump indepenently. The
parameters are more constrained in the rst case.

MCG -6-30-15
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Figure 5.14: The plot shows the expected relation between the reton fraction and
the height of the primary source when light bending e ects are preast. We plotted for
comparison the values oRy,.q from the t of the spectra of MCG -6-30-15.

As presented above, both sources show strong re ection frometaccretion diskRpoaq >
1. Moreover, a hint of variability of this quantity is detected betwea the spectra of both
objects. In Figure 5.14 and 5.15, we present the theoretical ralan of the re ection fraction
as a function of the height of the primary source above the black ledfor a corotating source
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Figure 5.15: The plot shows the expected relation between the reton fraction and
the height of the primary source when light bending e ects are prest. We plotted for
comparison the values oRy,.q from the t of the spectra of NGC 4051.

placed at 24 from the axis (Miniutti & Fabian 2004). Assuming that gravitational light
bending is present in MCG -6-30-15 and NGC 4051, the values of theeaction fraction
can be turned into an estimate of the height of the primary sourceTogether with the
expected function ofR, we then over-plotted for comparison the values of the re ection
fraction Ry.aq presented in Table 5.4. The uncertainties on the x-axis are calculatérom
the error bars of the re ection fraction. From this, it was possibldéo estimate the height
of the primary source above the black hole. We found that for MCG6-30-15 it is in the
5-20r4 range, while for NGC 4051 in 2.5-204 range.

Another independent test of the presence of light bending, whicHl@aws us to measure
the height of the corona, comes from the analysis of the simultaneovariations in the
power law continuum ux and the re ection fraction R. To do so, we used the value of
PLC from Figure 5.1 (Miniutti & Fabian 2004) for a given value of the coona height.
The variation factor of PLC across two di erent observations is coverted into a variation
factor of the corona height for di erent initial values ofh (ranging from 1 to  15ry).
This can be converted into a variation factor oR, using the model line in Figure 5.14. By
using di erent variations factors of the PLC ranging within the maximum observed, we
constructed the expected trend of the re ection fraction for derent ranges of h, marked
with lines of di erent colours and labeled accordingly, in Figures 5.16 dn5.17, for MCG
-6-30-15 and NGC 4051, respectively. The power law ux in the 3-&V energy band is
expressed in 10' erg cm 2 s 1. In order to select the height variation that best describes
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Figure 5.16: We present the relation between the re ection fractioand the power law
ux in the 3-10 keV band for MCG -60-30-15. We compared the datéblack points) with
the relative variations of these quantities expected from the lighténding model (coloured
lines), for di erent initial heights values. For each line, we report tle corresponding range
of hs.

the data points, we perform a 2 minimization between the values of the re ection fraction
extracted from the light bending model and the observed ones. Wal that for MCG -6-30-
15 the primary source height varies between 9 and t§ while for NGC 4051 between 5 and
20r4. These results are fully consistent with what it was found from theidect comparison
between the re ection fraction and the heights of the corona fdooth sources. However,
the analysis of the simultaneous variations in power law ux and re éon fraction gives
tighter constrains on these measurements.

5.5 Discussion

In this chapter, we present the analysis of a sample of Seyfert 1jetis observed with
NuSTAR. This instrument allows us to optimally study the high energy part of he X-ray

spectrum above 10 keV. We choose the sources from the complesenple of Seyfert 1
galaxies analyzed in Nandra et al. (2007), and selected the objeatith NUSTAR observa-
tions available in the archive. The aim of this work is to investigate thealation between
the emission of both narrow and relativistic Fe K lines and the associated re ection
continuum above 10 keV.
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Figure 5.17: We present the relation between the re ection fractioand the power law ux
in the 3-10 keV band for NGC 4051. We compared the data (black p¢s) with the relative
variations of these quantities expected from the light bending mobécoloured lines), for
di erent initial heights values. For each line, we report the correspnding range ofhs.

We rst analyzed the entire sample with a simple model including a powdaw with
high energy cut-o, together with a re ection component and a naow Fe K line. This
analysis shows the peculiarity of two objects, namely MCG -6-30-Hnd NGC 4051. A
prominent re ection continuum at higher energies, parametrized ith the re ection frac-
tion R, was found in these sourcesR(> 1). We investigate whether this results can be
explained by the presence of gravitational light bending e ects. Rwious works based
on the analysis ofXMM-Newton observations of these objects already revealed that the
data are consistent with the light bending a ecting the X-ray emissio (Fabian et al. 2002,
Vaughan & Fabian 2004, Ponti et al. 2006). In order to test this hyothesis, we investigate
the relationship between the primary X-ray continuum and the quatities associated with
the re ection component, namely the relativistic Fe line ux, its equinalent width and the
re ection fraction R. As presented in Section 5.4.2, one of the indications of the presenc
of gravitational light bending is a di erent relation between the varidions of the primary
continuum and the changes in the Fe line ux (and its equivalent width) compared to
what is expected when the corona is placed far from the black holeigbres 5.10 and 5.11
show the relation between the continuum ux in the 3-10 keV band ahthe equivalent
width of the relativistic Fe line. In the light bending model, when the vaiations of the
relativistic Fe line ux and the re ection fraction are investigated asfunction of the ux
in the 3 to 10 keV band, three regimes are identi ed, in which the bek&ur is clearly
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di erent (see Figure 5.3). We also investigate the relation betweermé¢ Fe line ux and the
primary continuum as presented in Figures 5.12 and 5.13. We compathe data with the
trends expected in the three regimes from the light bending model.h& data are consistent
with the sources being observed in the so-called Regime II. The sefygent analysis of the
re ection fraction associated with the emission from the accretiodisk (which is indepen-
dent from the measure of the Fe line ux and the relativistic EW) conrms these results.
From the relation between the re ection fraction and the height othe primary sourcehs
expected from the light bending model, it was possible to estimate in both sources. In
particular, hs is measured to be between 5 and 2Q for MCG -6-30-15 and between 2.5
and 10r4 for NGC 4051, which correspond to the range expected from theonfel in the
Il regime. As a further independent test, we analyzed the simult@ous variations of the
power law continuum ux and the re ection fraction R expected from the light bending
model (see Figure 5.1 and Figure 5.16) and compared this to the ohsel data (Figures
5.16 and 5.17). We did this by xing the variation factor of the PLC fran the observed
one and for di erent initial values of hs (ranging from 1 to  15r,). The variations of
height that best described the data for MCG -6-30-15 and NGC 40%re 9 and 19, and
5 and 20rg, respectively, which are consistent with the values found analyzirtge direct
relation between the re ection fractionR and the corona height.

The measurements of the corona height for these sources are grement with the
sizes of the X-ray emitting region in AGN derived from di erent techiques. Microlensing
observations of quasars constrained the size of the X-ray emittimegion to be of the order
of 10rq4 (e.g. Chartas et al. 2002, Dai et al. 2010, Chartas et al. 2012). &lanalysis of
soft time lags in a sample of Seyfert galaxies suggested that the &¢rsources was compact
with a size of 10ry (De Marco et al. 2013), which was later con rmed by studies of theeF
K lags (e.g. Kara et al. 2014, Uttley et al. 2014).

These results are also fully consistent with previous analysis of thanse sources using
XMM-Newton data, which proposed the presence of light bending e ects in MCG-30-15
and NGC 4051. The presence of gravitational light bending can expiathe variability of
these objects and the relation between the primary X-ray contium and several quantities
of the re ection spectrum. Moreover, theNuSTAR data are consistent with the relativistic
Fe K line being produced in the inner parts of the accretion disk, with radik 6 rq.
Thanks to the high quality data of the NUSTAR spectra at energies above 10 keV, it was
possible to measure the re ection fraction of the emission produtdérom the disk with
small uncertainties and convert this value into a robust estimate ahe distance of the
primary source above the black hole.

5.6 Conclusion

We analyzedNuSTAR archival observations of the Seyfert 1 MCG -6-30-15 and NGC 4D5
galaxies. The aim of this work was to investigate the presence of gitational light bending

e ects in these sources. In order to do so, we tested the spedtvariability of these objects,
comparing the data to the predictions of the light bending model.
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The data are indeed consistent with the presence of gravitationidiht bending e ects.
Thanks to the NUSTAR broad energy band and its high quality data above 10 keV, it
was possible to measure for the rst time the variability ranges of # height of the corona
above the black hole in both sources: 9-19 for MCG -6-30-15 and 5-204 for NGC 4051.
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Chapter 6

Conclusions

The aim of this work was to investigate the relationship between theng@ssion of both the
narrow and the relativistic Fe K lines and the re ection continua above 10 keV. Both
these features are expected to be produced by re ection of thmimary X-ray emission
on neutral material, such as the accretion disk, and they shouldseond in the same way
to the time-variation of the illuminating primary continuum (Lightman & White 1988,
Haardt & Maraschi 1991, Nandra & Pounds 1994, Reynolds 1999)his is expected when
the corona is located far from the black hole, where the strong giity e ects are negligible,
and the geometry of the system is xed. The study of their relatioship is an important
tool to probe the re ection model (George & Fabian 1991) againshore complex scenarios
involving absorption. We presented a systematic study of the relatstic Fe K in a sample
of Seyfert 1 galaxies. For this analysis, we took advantage of thetended energy band
of the Suzakuand NuUSTAR instruments (Mitsuda et al. 2007, Harrison et al. 2013). The
spectra of the sources observed with those instruments allowed t0 simultaneously t
and analyze the Fe emission lines and the Compton hump. When the eetion spectrum
is produced in the inner parts of the accretion disk, close to the deal black hole, strong
gravity e ects modify its shape. In particular, a relativistic Fe K line, characterized by a
broad and asymmetric pro le, is produced (Fabian et al. 2000, Fahia& Miniutti 2005).

Several works statistically investigated the occurrence of such lme in samples of
Seyfert 1 galaxies (Guainazzi et al. 2006, Nandra et al. 2007, de Calle Rerez et al. 2010,
Patrick et al. 2012). XMM-Newton and Suzakuprovided the suitable tools for this analysis.
Surprisingly, a signi cant fraction of sources and/or observatios did not show the presence
of a relativistic Fe K line. In particular, this line was missing in 65% of objects in
Guainazzi et al. (2006), 30% of observations in Nandra et al. (200%60% of sources in
de La Calle Rerez et al. (2010) and 50% of objects in Patrick et al. (22). The reason
why some sources did not show this feature was poorly understoo8everal hypotheses
have been proposed to explain this puzzle. The results on the anadysf these samples
of Seyfert 1 galaxies (Guainazzi et al. 2006, Nandra et al. 2007, lde Calle Rerez et al.
2010, Patrick et al. 2012) show that one of the main reasons forethack of detection of a
relativistic Fe line might be the low signal-to-noise ratio of the single obsvations.

We tested this hypothesis studying samples of AGN. If broad Fe linege ubiquitous,
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but we lack detection because of low signal-to-noise ratio, we woulkpect higher fraction
of detection in the brightest sources. Surprisingly, the bright Ségrt 1, IC 4329A was miss-
ing a relativistic Fe line component in previousXMM-Newton observations (Nandra et al.
2007). We therefore focused on this object, usirfguzakuobservations in order to inves-
tigate also the relation between the Fe line and the emission of the Cpton hump. The
analysis of the X-ray spectra shows that the relativistic Fe compemt is signi cantly de-
tected only when the data are combined together (Mantovani etl.a2014, see also Chapter
3). This result is in agreement with the hypothesis that the high sigrigo-noise ratio is
important for the detection of such broad feature.

We then extended this analysis to a sample of Seyfert 1 galaxies whalso did not
show a relativistic Fe line component in previouXMM-Newton observations (Nandra et al.
2007). The aim was to investigate whether the broad line is truly absein those sources
or the lack of detection is due to the low statistics of th&XMM-Newton observations (see
Section 4.2). We systematically tted the Suzakuspectra of all the sources in the sample
with a series of models of varying complexity, testing the presenckrelativistic Fe lines and
their relation with the Compton hump. Our analysis shows that at leasone observation
of all the sources in our sample, and 12 out of 22 observations indagtshows a signi cant
improvement when a relativistic line is added to the model, suggestindpat this feature
might be present in all the objects considered (Section 4.3.3). Wheéime broad lines are
detect in our sample, the typical equivalent widths are in the rangefd0-100 eV. The
overall picture shows that the relativistic Fe K line is detected with high signi cance
(> 95%) only in spectra with high counts in the Fe energy band (Mantova et al. 2016).
This result is consistent with the idea that this spectral feature is biquitous in Seyfert 1
objects, but is, in some cases, not detected because of the loatistics.

Taking advantage of the broad band spectra of th8uzakuinstrument, it was possible
to simultaneously study the Fe line components and their associatedission at higher en-
ergies. We applied a self-consistent modgdgxmon Nandra et al. 2007) to the data, which
reproduces the main features of the re ection spectrum prodead by distant material and
by the accretion disk. The latter might be a ected by strong graviy e ects which modify
the shape of the entire spectrum, especially the pro le of the Fe Kline (Fabian et al.
2000, Fabian & Miniutti 2005). For the vast majority of the obserations (19/22), this
self-consistent model gives a t which is better than or comparabke the model where the
strength of Fe line and the Compton hump ux are not linked. This shas that in general
the line and re ection strengths in AGN are consistent with each otér, in support of the
idea that both arise from the same material (Mantovani et al. 201&ee also Chapter 4). In
two cases, the self-consistent model leads to an inadequate &amely for MCG +8-11-11
and for one observation of IC 4239A. In MCG +8-11-11 strong ewtice of a relativistic
line was found, but no consistent emission above 10 keV was detéc{Bianchi et al. 2010,
Mantovani et al. 2016). A possible explanation for the lack of re dion in this source could
be a low value of the high energy cut o (e.g. 50 keV). This hypothesis could be tested
using high energy data of higher quality, as can be expected fraduSTAR. The opposite
situation pertains to one observation of IC 4329A. In this spectm, strong re ection con-
tinuum was observed, while the relativistic line was not detected (Maovani et al. 2016).
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This could be due to sub-solar Fe abundance and/or variability of thgeometry of the inner
regions of the disk. However, a de nitive interpretation remains ehive, especially when
considered in context of other observations of IC 4329A witBuzaku These do show both
a relativistic line and a re ection continuum, with strengths consistat with each other.

Given the release of publicly availabl&NUSTAR spectra on the sources of interest for
this thesis, we included data from this new instrument in this work. Alg in this case, we
selected the Seyfert 1 objects in which a relativistic Fe line compornenas not detected
in previous XMM-Newton observations (Nandra et al. 2007) usindNuSTAR data avail-
able in the archive. The capability of this instrument to image the hardX-ray sky allows
us to reduce the background above 10 keV and study the re ecticspectrum with more
precision. The analysis of the sample shows the peculiarity of two @lojs, namely MCG
-6-30-15 and NGC 4051 (Section 5.3). A strong re ection continauwas detected in these
sources together with broad Fe line components. These objects/d been already analyzed
using XMM-Newton observations, where they showed hints of the presence of a rifigtic
line and strong re ection component, through the presence of antense Compton hump.
These sources were also the rst where hints of gravitational lighiending were detected
(Fabian et al. 2002, Vaughan & Fabian 2004, Ponti et al. 2006). Meover, unusual be-
haviours between the variability of the primary X-ray continuum andthe changes in the
relativistic Fe K line ux was observed in MCG -6-30-15 and NGC 4051 (Fabian et al.
2002, Guainazzi et al. 1998). A correlation is expected betweenetie quantities if the
primary source is su ciently distant from the black hole and does notsu er the strong
gravitational potential of the black hole. By using the broad band ectra of this revolu-
tionary new NUSTAR instrument, we tested whether the X-ray emission of these soesis
relativistically broadened and, in particular, we checked for the psence of light bending
e ects (Section 5.4.3).

We rst tted the data to investigate the presence of a relativistic Fe line component.
In both sources, a strong broad Fe line was detected with averag®V of 264 eV for MCG
-6-30-15 and of 258 eV for NGC 4051 (Section 5.4.3). These lineseduced in the inner
parts of the accretion disk at radii of 3ryand 4rg, respectively, for the two objects.
Moreover, a prominent re ection continuum was detected to be aeciated to these line
component, parametrized with the re ection fractionR (R =1:42 0:71 for MCG -6-30-15
and R =1:93 0:98 for NGC 4051).

In order to test the presence of light bending e ects, we investiged the relationship
between the variation of the primary X-ray continuum and the chages in the quantities
associated to the re ection component, namely the relativistic Fe Il ux, its equivalent
width and the re ection fraction R. If the primary source is placed above the black hole at
a few gravitational radii, the X-ray photons will be bent onto the di& (Miniutti & Fabian
2004). This produces an enhancement of the ux of the relativistiee line and a decrease of
the primary X-ray ux detected at in nity. Assuming that the varia bility of the continuum
is associated only with the variations of the corona height above th#ack hole placed at
2 ry from the rotating axis, it is possible to estimate the height of the prirary source
above the black hole. We compared thBluSTAR data with the trends expected in the
light bending model for di erent ranges in corona height (Section 5.3, Figure 5.10 and
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5.11). The analysis of the EW and the Fe line ux as functions of the pnary continuum
ux shows that the data are consistent with both sources being @erved in the so-called
Il Regime (Miniutti & Fabian 2004). As a further test, we analyzed he simultaneous
variations of the power law continuum ux and the re ection fraction R expected from
the light bending model (Section 5.4.3, Figure 5.16 and 5.17). We conned this to the
observed data points. This test allowed us to measure for the rdime in these objects
the variations of the height of the corona above the black hole dugnthe observations
analyzed. We found that for MCG -6-30-15 the primary source is ggng in the 9-19r,
range, while for NGC 4051 it is varying in the 5-204 range, consistently with the values
expected from the light bending model to be associated with the lldgime.

The results of this work are in agreement with the predictions of thetandard re ection
model (George & Fabian 1991). Relativistic Fe lines are present in aleert 1 objects
and the reason why this feature is not always detected is mainly due the low statistics
of the single observations. Moreover, the spectra analyzed in thisork showed that the
strength of the re ection component is consistent with that of bth the narrow and broad
Fe K line. This is in agreement with the idea that both arise from the same nterial and
are parts of the same re ection spectrum. Exceptions to this piate are found in MCG
-6-30-15 and NGC 4051, where gravitational light bending e ects odlify the expected
relation between the primary X-ray ux and the re ection spectrumn. We tested the light
bending model predictions against the data.

Thanks to the superior sensitivity of NUSTAR (compared to previous studies using
XMM-Newton data), it has been possible for the rst time to derive robust consaints on
the geometry and size of the X-ray emitting regions located at a fegravitational radii
from the black holes.
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