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Abstract Xiii

Galaxies are a prominent component of the universe. Theateagions or nuclei of many
galaxies are the sites of energetic phenomena, which cdenaglated to ordinary stellar pro-
cesses. These nuclei emit prodigious amounts of energyeadrtrer of 16* to 10 erg s* and
are therefore capable of outshining the power emitted biitiee host galaxy by several orders
of magnitudes. The emission is widely spread across th&eteagnetic spectrum with the peak
in the ultraviolet and a substantial fraction in the X-raylanfrared bands. Galaxies harboring
these nuclei are called active galactic nuclei (AGNSs).

AGNSs are thought to be powered by material accreting ontersnassive black holes. When
observed in the X-ray waveband AGNs are found to be very begt rapidly variable (on time
scales as small as 1000 sec, implying that the X-ray emissigst originate from the innermost
regions of the central engine) and exhibit distinct spédt@ures. The iron k emission line
at 6.4 keV (Fe k) is the most prominent spectral line observed in the X-ractp of AGNs
and is a useful probe to various physical properties of ttedean region. Therefore, the X-ray
spectroscopic observations of AGNs can be used to probehysaqgs of accretion flows in the
immediate environment of these objects.

With the current instrumentation, the X-ray spectroscaiservations of AGNs are still in
the photon-limited regime in most cases, and the study dféhié&r emission lines are limited to
small samples of nearby bright objects. The low photon dagrdtatistics in the X-ray spectra
of distant AGNs prevents a full characterization of the siaéparameters in these objects. This
problem can be solved by employing the spectral averagisiggking”) techniques which im-
prove the counting statistics and provide an insight intoatherage physical properties of faint
AGNs.

This thesis is aimed at characterizing the properties ofittegrated spectrum of AGNSs,
such as the ubiquity of the Feakemission in AGNs, the dependence of the spectral parameters
(e.g. the power law photon index and the Fe &quivalent width etc.) on the X-ray luminosity
and redshift, and mean properties (including the line @pfif the Fe kK line which can be
addressed via stacking in the source rest-frame.

| selected 2646 point sources observed with XNNdaton at high galactic latitude|BI ||
> 25 degrees) and with the sum of EPIC-PN and EPIC-MOS 0.2-¥2ckeints greater than
1000. Redshifts were obtained for 919 sources from the N&Sdtagalactic Database. In order
to prepare a clean sample, | retained only reliable soutbesd for which the detection and
the spectral products do not show obvious problems). | atstuded sources classified as Hll
regions, grougslusters, star-formingtarburst galaxies. The final sample consists of 507 AGNSs.

To examine the ubiquity of the Feakemission in AGNs and the dependence of the spectral
parameters on the X-ray luminosity and redshift, | employedobserved-frame stacking tech-
nique, in which individual source spectra were summed inotgerved-frame to compute the
integrated spectra in fierent redshift and luminosity bins over the range @ < 5. Detailed
analysis of these spectra used appropriately normalizekbpaund spectra and exposure time-
weighted response and ancillary files. | find that the narrewé line at 6.4 keV is significantly
detected up ta = 1. The line equivalent width decreases with increasing thayluminosity
in the 2—10 keV band (“lwasawa-Tanigucltiect”). The anticorrelation is characterized by the
relation l0gEWge) = (1.66 + 0.09) + (-0.43 + 0.07) log(Lx 44), WwhereEWe, is the rest-frame
equivalent width of the neutral FedKline in eV andLy 44 is the 2-10 keV X-ray luminosity in
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units of 134 erg s*. The equivalent width is nearly independent of redshiftap &+ 0.8 with
an average value of 10440 (rms dispersion) eV in the luminosity range®3 logLy < 44.5.
This analysis also confirms the hardening of the spectrat@sdat low luminosities, implying a
dependence of obscuration on luminosity.

To derive the mean properties of the Fe Kne in the source rest-frame, | refined the final
sample of 507 AGNs and selected 248 AGNs with the EPIC-PN-RED ReV rest-frame counts
>200 and power law photon indices in the range 1.5-2.2. | caoegptne integrated spectrum
of these 248 AGNs in the source rest-frame using twiegnt rest-frame stacking procedures.
| carried out a detailed spectral analysis of these integrapectra using various models com-
prising simplécomplex continuum and Fed&line components. | find that the average Fe K
line profile in our sample is best represented by a combinaifca narrow and a broad line.
The equivalent widths of the narrow and broad components-a@eeV and~100 eV, respect-
ively. The broad line parameters such as its shape, equiwaidth and its detection significance
in the integrated spectrum of the 248 AGNSs are observed toebe sensitive to the assumed
continuum and adopted stacking method. However, despitedna well-defined sample with
reasonable statistics (net countsL98000) in the integrated spectrum, | do not detect a clear
extended red-wing, and the measured equivalent width diithed feature is always lower than
170 eV, implying that most black holes are not maximally tiota



Zusammenfassung XV

Galaxien sind eine markante Komponente des Universumserrzentralen Regionen oder
Kernen vieler Galaxien finden energetische Phanomente diticht durch gewohnliche stel-
lare Prozesse erklarbar sind. Diese Kerne emittieren hexge Mengen an Energie in der
GroRenordnung von #6bis 108 erg s* und konnen damit die emittierte Strahlungsleistung der
gesamten Host-Galxie um mehrere Grof3enordnungen éfbentr Die Emission ist weit Uber
das elektromagnetische Spektrum verteilt, mit dem MaxinmantJltravioletten und einem er-
heblichen Anteil im Rontgen- und Infrarot-Band. Galaxidie diese Kerne beheimaten, werden
als Aktive Galaktische Kerne (Active Galactic Nuclei, AGNM&zeichnet.

Es wird vermutet, dass AGNs ihre Leistung aus Materie berigklie auf supermassive
schwarze Locher akkretiert wird. Im Rontgenlicht bediiat erscheinen AGNs sehr hell und
schnell variabel (auf so kurzen Zeitskalen wie 1000 Sekandas impliziert, dass die Ront-
genemission von der innersten Region der zentralen Mas&t@ammen muss) und zeigen aus-
gepragte spektrale Merkmale. Die Eisem Emissionslinie bei 6.4 keV (Fed ist die markan-
teste in Rontgenspektren von AGNs beobachtete Spehieliind sie ist ein hilfreiches Testob-
jekt fur verschiedene physikalische Eigenschaften dentégion. Daher konnen spektroskopis-
che Rontgenbeobachtungen von AGNs dazu verwendet wardedie Physik der Akkretions-
strome in der unmittelbaren Umgebung dieser Objekte zartes

Mit gegenwartigen Instrumenten finden spektroskopisah@renbeobachtungen von AGNs
noch meist im Photonen-limitierten Regime statt und Studier Fe kr Emissionslinien sind
auf wenige Stichproben von nahen hellen Objekten beskhrBie niedrige Photonenenstatistk
in den Rontgenspektren von fernen AGNs macht eine vollerd@ierisierung der spektralen
Parameter dieser Objekte unmaoglich. Dieses Problem katistgwerden durch Anwendung
von Techniken der spektralen Mittelung (“stacking”), wedadie Statistik verbessern und einen
Einblick in die mittleren physikalischen Eigenschaftemwzhwachen AGNs erlauben.

Die vorliegende Arbeit zielt auf die Charakterisierung #@#genschaften des integrierten
Spektrums von AGNs, wie z.B. die Allgegenwart der reEmission in AGNs, die Abhangigkeit
der spektralen Parameter (z.B. des Photon-Index des Reseizes und die FenkAquivalent-
breite, etc.) von der Rontgenleuchtkraft und der Rotvaediing, sowie mittlere Eigenschaften
(inclusive des Linienprofils) der FedLinie, die durch Stacking im Ruhesystem der Quelle
untersucht werden kdnnen.

Ich habe 2646 mit XMMNewton bei hoher galaktischer BreitéB( 1| > 25 Grad) beobachtete
Punktquellen ausgewahlt, mit einer Gesamtzahl an counERIC-PN und EPIC-MOS 0.2—
12 keV grol3er als 1000. Rotverschiebungen wurden fur 9déllén aus Nasa’'s Extragalactic
Database gewonnen. Um eine saubere Stichprobe zu erbatsnjch nur verlassliche Quellen
(fur die die Detektion und die spektralen Produkte keifferssichtlichen Probleme aufzeigen)
behalten. Zusatzlich habe ich als HIl Regionen, Grugiganfen oder sternbildende Galaxien
klassifizierte Quellen ausgeschlossen. Die endgultiph®tbe besteht aus 507 AGNSs.

Um die Allgegenwart der Fe & Emission in AGNs und die Abhangigkeit der spektralen
Parameter von der Rontgenleuchtkraft und der Rotversahgezu untersuchen, verwendete ich
die “observed-frame stacking technique”, bei der einzéduellspektren im Ruhesystem des
Beobachters aufsummiert wurden, um integrierte Spektrarelischiedenen Rotverschiebungs-
und Leuchtkraft-Bins im Bereich @ z < 5 zu berechnen. Eine detaillierte Analyse dieser Spek-
tren verwendete entsprechend normalisierte Hintergpetdsen und mit der Belichtungszeit
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gewichtete Response- und Ancilliary-Dateien.

Ich beobachte, dass die schmale ke lKnie bei 6.4 keV bis zwz = 1 signifikant detektiert
wird. Die Aquivalentbreite der Linie nimmt ab mit zunehmender Réniguchtkraft im Band
2-10 keV (“lwasawa-Taniguchifiekt”). Die Antikorrelation ist durch die Relation I0§\Wge) =
(1.66+0.09)+ (~0.43+0.07) log(Lx 44) Charakterisiert, wobeE W, die Ruhesystendquivalent-
breite der neutralen Feddine in eV undLy 44 die Rontgenleuchtkraft im Band 2—-10 keV in Ein-
heiten von 1¢¢ erg s* darstellen. Big ~ 0.8 ist dieAquivalentbreite nahezu unabhangig von der
Rotverschiebung mit einem mittleren Wert von 1040 (RMS Dispersion) eV im Leuchtkraft-
Bereich 435 < logLx < 445. Des weiteren bestatigt diese Analyse das harter-Wedes
spektralen Index bei niedrigen Leuchtkraften, was einbaklgigkeit des Verdunkelungsgrades
von der Leuchtkraft impliziert.

Um die mittleren Eigenschaften der FerKinie im Ruhesystem der Quelle herzuleiten, ver-
feinerte ich die Stichprobe von 507 AGNs und wahlte 248 AGMNSs, mit einer Mindestanzahl
an Netto-counts in EPIC-PN im 2-10 keV Ruhesystem ¥@00 und Photon-Indizes des Po-
tenzgesetz im Bereich 1.5-2.2. Ich berechnete das integ@&pektrum dieser 248 AGNs im
Ruhesystem der Quelle mit zwei verschiedenen Ruhesystackifg-Methoden. Ich habe eine
detaillierte spektrale Analyse dieser integrierten Sgekturchgefuhrt, unter Anwendung ver-
schiedener Modelle, welche Komponenten fur einfAda@aplexe Kontinua und Fe & Linien
umfassten.

Ich beobachte, dass das mittlere Fe Kinienprofil in unserer Stichprobe am besten durch
eine Kombination aus einer schmalen und einer breiten Lgpeasentiert wird. Didquival-
entbreiten der schmalen und breiten Komponenten sB@leV bzw. ~100 eV. Die Parameter
der breiten Linie, wie z.B. ihre Formd\quivalentbreite und Detektions-Signifikanz im integrier
ten Spektrum von 248 AGNs scheinen sehr sensitiv vom angeo@n Kontinuum und der
verwendeten Stacking-Methode abzuhangen.

Trotz der Verwendung einer wohl definierten Stichprobe mgemessener Statistik (Netto-
counts~ 198000) im integrierten Spektrum finde ich jedoch keineelanweiterte rote Flanke
und die gemesserfguivalentbreite der breiten Struktur ist durchgehendideals 170 eV, was
impliziert, dass die meisten schwarzen Locher nicht maknotieren.



Chapter 1

Introduction

Active galactic nuclei (AGNs) are among the most luminousrses in the universe. The term
AGN refers to the existence of energetic phenomena at therseof many galaxies, which can-
not be related to the ordinary stellar processes as in “niggadaxies”. AGNs emit strong radi-
ation over the full range of electromagnetic spectrum — fracio waves tg-rays. The access to
most regions of electromagnetic spectrum now availablie seteral ground and space observat-
ories have revealed that these objects display complexgphemology. Their properties include
not only bright emission lines but also strong thermal anctinermal continua, X-ray and radio
emission. This complexity is further enhanced by myriagsiécation and sub-classifications
of AGNs resulted from the multiwavelength observationsic8ithe first identification of AGNs
in 1943 M@ understanding the physical prasesssponsible for their complex be-
havior and the possible association betwedtednt types of AGNs has been one of the key
research area in astrophysics.

Many models have been developed to account for the enornmaugyeoutput of AGNs (for
a good discussion of some of the main hypotheses and thea aperties see Ginzburg &
Ozernoi 1977; 92). However, the most Wyidecepted model of the energy
source of AGNs is accretion of matter onto supermassivekiiates (SMBH) m«

Lynden-Bell 1969; Re€s 1984). Most of the accretion poweelisased in the innermost region
around the central SMBH (Shakura & Sun ;JéeJQ?S, Pdlhg_d]),%here the emerging spec-

trum is significantly &ected by strong relativisticfiects (Page & Thorne 1974; Cunningham
). In this chapter, we present a brief overview of AGNem@mena and of the physical
mechanisms giving rise to the observed emission. The geriis not intended to be com-
prehensive. In-depth reviews of the topics discussed reamebe found |n97 an
S) (Kr'&

observational perspective of AGN lik 1999, theimaitconsideration of AGNS), (Fabian
et a|m03ﬂmmwm 2007, fluorescent iron

lines).




2 1. Introduction

1.1 A brief history of AGNs

The observational study of AGNs started more than a centyoyath the work of Fath in 1908,
who first identified six emission lines in the spectrum of NGIB8. In 1943, Carl K. Seyfert
carried out a systematic study of a small sample of “normpifad galaxies. Seyfert obtained
optical spectra of these galaxies and noticed the presdniuiglo-excitation nuclear emission
lines in the spectra of six galaxies (NGC 1068, NGC 1275, NGTG3NGC 4051, NGC 4151,
NGC 7469). He noted that these galaxies have nuclei of higimlosity and their emission lines
are broad with widths up te8500 km s?. Seyfert’s workﬁi 3) laid the foundation for
a distinct class of galaxies characterized by an exceedmgibus stellar or semistellar nucleus
and prominent broad emission lines. However, these gaarmv known as Seyfert galaxies,
did not receive any further attention until 1955, when NG@&8@nd NGC 1275 were detected
as radio sources.

The boom in AGNSs research occurred in the late 1950s follgvaidivances in radio astro-
nomy. Several sky surveys were performed to identify thensfest radio sources associated
with individual optical objects. The third Cambridge (3Gtalog [(Ldg_e_el_él. 1959) and its
revised version, the 3CR catal ith 1961)detkthe brightest radio sources in
the northern sky. Most of these radio sources were identifiddresolved galaxies. The sources
3C 48 and 3C 273 were the two sources that were identified watltasobjects. Optical spec-
tra of these objects revealed blue continua with very stimogd emission lines at unidentified
wavelengths. Many astronomers were puzzled by the straaigeenof these objects.

The first breakthrough in understanding these extraordiolgjects came in 1963, when Mar-
tin Schmidt 3) realized that the emission lisesn in the spectrum of 3C 273 are
actually the Balmer lines at an unusually high redshifzef 0.158. This redshift was among
the largest ever measured at that time. The derived absolagaitude (M = —26) of 3C 273
implied that 3C 273 was about 100 times as luminous as nomgdittspirals like the Milky Wa

Mg = —20.5). Once the redshift mystery was solved, identificationrad in 3C 48@%
) and other similar objects followed quickly. Due toitls¢rong radio emission and star like
appearance, these sources were dubbed “quasi-stellarsaglices”, a term soon shortened to
quasars.

Quasars were considered to be valuable astrophysical pesbneir extremely high lumin-
osities implied the existence of extreme physical condgithat were not found elsewhere in
the nearby universe. Cosmological importance of quasassa¥ga recognized, since they could
be detected and identified at very large distances due tollgd luminosities. These consid-
erations provided early and continuing strong motivatimnfinding quasars and studying their
properties. Thanks to optical sky surveys, more than 100@@8ars are now known (Schneider
etal/2010). Currently the object ULASJ110641 holds the redshift record among the quasars
with z = 7.085 (Mortlock et al. 2011).

AGNs emit a significant fraction (10—20%) of their bolometiiminosity as X-rays. As a
comparison, emission in X-ray from normal galaxies is ofdhder of a few percent. Therefore,
the X-ray selection is the cleanest possible method to dssecomplete samples of AGNSs.
The X-ray properties of AGNs have been intensively studiethe last few decades. The first
detections of AGNs in X-rays were performed by balloon-lgoan rocket experiments in the
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1960s [(B_OAAQLQI’_eLéL_l&VO), however only very crude measenesnwere possible. Dedicated
X-ray satellites launched in the 1970s enabled obsenabbiarge samples of AGNs. The X-
ray spectral analysis was performed on the brightest sey Mushotzk [. 1993, for a
review of these early results). Observations byAhel-V observatory established that the X-ray
emission and its variability on timescales greater thandayeare common properties of AGNs
(Elvis et al. 1978 Marshall et &l. 1981). The detections ightredshift quasars were made
possible only with th&instein observatory owing to its high source detection sensitiviiiyice
then many technologically advanced X-ray observatoriegairticularGinga, ROSAT, ASCA,
BeppoSAX, INTEGRAL, Chandra, XMM- Newton, Swift and Suzaku have enabled the spectral
and timing measurements of a wide variety of lower lumingsitore typical AGNs over a broad
range of X-ray energies and constrained their cosmologigaltion (Brandt & Hasinger 2005).

1.2 Observational characteristics of AGNs

The field of AGN research is a diverse one with many types of A&Nown. AGNs can be
broadly classified into three main categories: Seyfert>gada quasars and blazars. Seyfert
galaxies are nearby, spiral galaxies with modest bolomairninosities (1¢° erg s to 10
erg s?!). Quasars are more luminous than Seyfert galaxies and aieytarly numerous at a
redshift of~2. About 10% of quasars are strong sources of radio emissidraee therefore
called “radio-loud”, the remaining 90% are “radio-quieslthough not silent. Radio loudness
is generally associated either directly with a collimatelativistic outflow or jet or with regions
where a jet has collided with surrounding material. A blagaseen when our line of sight lies
close to the direction of a jet. In this section, the obseéowva characteristics of AGNs are
discussed, with more emphasis on the X-ray component.

1.2.1 Broad band continuum

AGNs produce large amounts of radiation over the entire mbbée wavelength range, from X-
rays andy-rays through long-wavelength radio waves. The broad splesnergy distribution or
SED is one of the defining characteristics of AGNs. The SERydarportant information on the
physical processes at work in AGNs. A schematic representaf the broadband continuum
spectral energy distribution observed in th&atent types of AGNs is displayed in Fig._11.1.
Compared to the SED of a normal galaxy, which has two mainpéakhe optical and infrared
regions respectively from starlight and cool dust emisisittire AGN SED has a much broader
distribution with nearly equal amount of energy per unitdaothmic frequency interval from
radio through X-rays. In addition, the SEDs of AGNs show btadeatures as labeled in Fig.
[@.1. For radio-quiet AGNs, this broadband spectrum canvidetli into three major components:
the infrared bump, the Big Blue Bump, and the X-ray region.

The Big Blue Bump (BBB) continuum component in AGNs gengralttends from the near-
infrared at~1 um to past 1000 A in the ultraviolet (UV) region of the spectrubnobscured
AGNs emit a substantial fractiorn~50%) of their bolometric luminosities within this spectral
range. Therefore, the origin of this component is direathated to the primary energy produc-
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Figure 1.1: Schematic representation of the broadbandnramh spectral energy distribution
(SED) observed in the fierent types of AGNs. Labels represent primary spectralifeatin the

SED. Figure taken from Koratkar & Blaes (1999), their figure 1

tion mechanism. The BBB is ascribed to thermal emission ftbengas in an accretion disk
surrounding the SMBH.

The broad infrared bump extends fre#h00 to~1 um. Quasars show a local minimum in the
vicinity of 1 um and have a sharp cuton the sub-millimeter. The infrared bump is thought to
originate from reprocessing of the BBB emission by dust wathperatures in the range 10-1800
K and at a range of distances from the central UV source (B#g/£987/ 1990).

There is a significant observational gap in the extremeuititet (~10'® Hz) region of the
spectrum. The EUV gap is primarily due to the opacity of thernstellar medium in our own
Galaxy that prevents the observations. In the X-ray regio®m AGN’s SED consists of several
notable features, e.g. a soft X-ray excess, power law comtm Fe kv line and Compton
reflection. We discuss these features in detail in Seii@n 1.

1.2.2 Broad and high ionization emission lines

The presence of strong emission lines in the optical-UV spegas one of the original distin-
guishing characteristic of AGNs. These lines serve as a kgndstic tool to probe the physical
state of the material (e.g. temperature and density ettheinegions producing the lines. Emis-
sion lines in AGNs come in two categories: (i) strong, petaditines, e.g. hydrogen Balmer
series lines (4 16563, HB 14861, Hy 14340), hydrogen Ly 11216, and prominent lines of
abundant ions (Mg [h2798, C 11121909, C IV 11549) and (ii) weak, forbidden lines, e.g. [O
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Figure 1.2: Optical spectra of manyfidirent types of AGNs as compared to a hormal galaxy
(NGC 3368). Strong emission lines are present in all AGNstspde.g. Seyfert 1 (NGC 4151),
Seyfert 2 (NGC 4941), BLRG (3C 3903), NLRG (Cygnus A) and Mgaasar) except the BL
Lacs object 0814425 and LINER (NGC 4579), where these lines are absent or atipely
weaker. Variation in the line widths in fiierent AGNs is also noticeable. Figure taken from
on-line material of William C. Keel.

1] (14363,24959,15007) and [O 11]A3727. The permitted lines are observed to be broad with
the full width half maximum Avewiy) > 1000 km st, while the forbidden lines are observed
to be narrow witlPAveywym < 1000 km st. The widths of these lines are generally interpreted as
Doppler shifts due to bulk motion of gas in the producing oegi

Different types of AGNs reveal variation in their emission limefiles as illustrated in Fig.
1.2, which displays the optical spectrum of Seyfert 1 andlaxges, a mean quasar, a LINER
(Low-ionization emission region) galaxy, a BL Lacertaepdmt and narrow line radio galaxies
(BLRG and NLRG respectively) along with that of a normal galaAs compared to the normal
galaxy spectrum (théower left panel in Fig. [1.3) which is dominated by stellar absorption
lines, all AGNs spectra show prominent emission lines eittepBL Lacs object (thepper left
panel in Fig. [1.3) and LINER (théower left panel in Fig. [1.3), where these lines are absent or
comparatively weaker. It is interesting to note that Sey2eand narrow line objects completely
lack the broad emission lines observed in Seyfert 1 and dioadadio galaxies. This variation
in the emission line profiles observed in various types of AGMyed a key role in the genesis
of unification schemes, which will be discussed in Sediidh 1.
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Figure 1.3: Examples of line and continuum flux variabilises at diferent wavelengths in

various types of AGNs. Thtop left panel shows the ROSAT X-ray light curve of radio-quiet,
narrow line Seyfert 1 galaxy IRAS 13224-3809, which is on¢hefwell-studied AGN showing

rapid X-ray variability, on time scale of days this sourceéesby more than a factor of 20. The
bottom left panel is the radio light curve of BL Lacertae at= 3.8 cm covering a period of

28 years. Emission lines and continuum light curves of Segiaaxy NGC 5548 measured at
three ultraviolet wavelengths are shown in tight panels. Figure taken from on-line material
of William C. Keel.

1.2.3 Variability

AGNs exhibit variability in the continuum and line fluxes imest all energy bands in which
they have been observed, from X-ray to radio wavelengthsa(feview see Ulrich et al. 1997).
The observed variability timescales in AGNs range from alfienwdred seconds to years. Figure
[1.3 shows a few examples of the line and continuum flux vdriglseen at diferent wavelengths
in AGNs. The examples include two Seyfert galaxies (IRASZ433809 and NGC 5548) and
one BL Lacertae. Comparison of the three continuum bandseamdsion lines light curves
of NGC 5548 shows that the continuum is most variable in trepdstraviolet (1350 A) and
the Lya and C IV emission lines follow the continuum changes clgselyile Mg Il does not
show any significant variation. This implies that thedgnd C IV lines come from areas a few
light-days in extent, while Mg Il originates in a region aa$t light-months in radius. Variability
studies are therefore of great importance as they allow taight constrains on the size of the
emitting region.
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Figure 1.4:[HST high-resolution spectrum of the C 1¥550 region in the Seyfert 1 galaxy
NGC 5548 showing strong, multicomponent absorption linggesmposed on the broad C IV
emission line. There are five separate regions fémdint velocities producing the absorption.
Each region appears twice because ClIN650 is a doublet separated by 3 A. Figure taken from

L (2003).

1.2.4 Jets and outflows

As already mentioned, a small fractiog1(0%) of AGNs are radio-loud, while the remaining
90% appear to be radio-quiet sources. Typical radio-loutNa&Gave radio continuum emission
that is about 1000 times brighter than a typical radio-ga&iNs (see Fig[_1]1 for comparison
of the SED of radio-loud and radio-quiet AGNSs). According<iellermann et al..(1989), radio-
loud AGNs have high radio-loudness parameter-(lR0), where R is the flux ratio at 4.85 GHz
and 4400 A. Some radio-loud AGNs exhibit highly columnizettjke structures and giant
lobes which extend on kiloparsec scales from the centereohtist galaxy. These structures
are believed to be due to nuclear material expelled from reagesive black hole vicinity at
significant fractions of the speed of the light.

The optical-UV and X-ray spectra of many AGNs show emissioed with blueshifted broad
absorption troughs. The absorption is always detectedalemgths shortward of the line center
(blueshifted), which indicates that the absorbing gas tlawing from the nucleus. Figute1.4 is
the[HST high-resolution spectrum of the C X550 region in the Seyfert 1 galaxy NGC 5548.
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It shows many sharp absorption features produced by meiltgaktflowing regions of highly
ionized material moving towards us withfidirent speeds. Many models have been proposed to
explain the origin and means of acceleration of mass outfioGNs. Among the most popular
physical models of the dynamics of mass outflow are thermadvarising from the putative
accretion disk, radiation pressure driven accretion digkdywand accretion driven wind (see

ICrenshaw et al. 2003, for a review).

1.3 X-ray emission from AGNs

The X-ray emission from AGNs extends from the Galactic apison cutdt at~0.1 keV to~300
keV. To the first order, the intrinsic AGN spectrum can be desd by a power law (photon flux
F(E) « ET, where E is the photon energy ahds the power law photon index). The most
promising physical mechanism to produce such power law oot is Compton upscattering
of soft photons from a geometrically thin, optically thickcaetion disk in a hot and possibly
extended electron plasma, the “accretion disk corona” ftta@ Maraschi 1991, 1993; Haardt
et aI.). The photon index lies in the range 1.8-2.0 farlioninosity Seyfert galaxies and
high luminosity quasars. Radio-loud AGNs are observedye hacomparatively flatter spectrum
with T" between 1.5 and 1.7. Thefiirence between radio-loud and radio-quiet X-ray spectral
shapes is ascribed to the additional hard component erbytederse Compton scattering taking
place within the jet’s inner regions.

High resolution and better signal-to-noise data availabker a wide energy range demon-
strate that the AGN X-ray spectrum deviates from a simplegvdew. The first indications of
any spectral complexity in the X-ray emission from Seyfedame from theeEXOSAT observat-
ory which had a bandpass extending from 0.05 keV in the satiydsand to 50 keV in the hard
X-ray domain. It was found that at low energiesl(keV) there was a rise in the spectrum above
the extrapolation of the hard X-ray power law. This “softegs” (e.g. Arnaud et al. 1985) was
found to occur in about half of all Seyferﬂs (Turner & Pth_%_Sl). Subsequent ROSAT ob-
servations bt Walter & Fin\H_(LQ;b:%) suggested that the foactf AGNs exhibiting soft-excess
was much higher<90%). Recent studies based on the XMNéwton data have confirmed the
existence of this spectral feature in a large majority off&gy and quasars (Pounds & Reeves
lZD_Qi;LBQLquel_el_éL_ZDb@. However, the physical origirhefgoft-excess is an open question.
This feature has been assigned several interpretatiansthe high energy continuation of the
BBB or comptonization of EUV accretion disk photo 1S iArné@l. l Kawaguchi et al.

2001 Porquet et al. 2004) and reprocessing of the hard Xpoaer law through reflection and
scattering of X-rays b the optically thick disk ian 1991). lonizedkdisflection
has also been proposed as an explanati .|RO8S;& Fabian 2005).

The soft X-ray spectra of Seyfert galaxies also show othectsal features called as “warm
absorber”. The warm absorber is believed to arise from aicalfyt-thin ionized gas along the
line of sight. The term warm absorber was first introduce |(L_9_8|4) to explain the un-
usual spectrum of the QSO MR 2251-178. However, it was nbt éhlaracterized untiROSAT
observations detected an oxygen absorption edgea keV in the soft X-ray spectrum of
MCG—-6-30—15/(Nandra & Pounds 1992). The high sensitivifCASbservations of Seyferts
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galaxies found evidence of the presence of O VII (0.739 keAd) @ VIII (0.871 keV) absorp-
tion edges in~50% of the sample sources (George et al. 1998). The highutésolgrating
spectrographs on-board tlikandra and XMM-Newton X-ray observatories are revolutionizing
the study of warm absorber. Hundreds of absorption and @niises from various atomic spe-
cies have been resolved in a few AGNs (e.g. Kaspi et al. 2088aBet al. 2003). These lines are
enerally blueshifted with outflow velocities of hundredghiiousands km‘é(e.g.l.

). This fact, combined with the high ionization stateh@ gas, implies that the material
is exposed to the extreme radiation environment of the aeAtBN, however its geometry and
location remain unknown.

At hard X-ray energies as well, AGNs spectra show considesgiectral complexities, which
were first discovered with th&inga observatory. Pounds et/al. (1990) and Nandra & Pounds
(@1) reported that almost all Seyfert galaxies had a gtnam (Fe) Ko emission line at 6.4
keV. TheseGinga data also showed a spectral flatteningcat 8 keV and a Compton reflection
hump peaking at 30 keV. These features can be attributed to the reprocestthg primary X-
ray continuum (“X-ray reflection”) in o tlcaIIy thick matet subtending a substantial solid angle
to the X-ray sourcel (Lightman & White 1988; Guilbert & Rees8#9George & Fabian 1991;
Man_el_aﬂ.Ll9_9J1), possibly the putative accretion disk. &ese of the energy dependence of the
photoelectric absorption cross sectierp,d « E~3), the X-ray photons from the accretion disk
corona with energies> 10 keV will mainly interact with the accretion disk througlo@pton
scattering & the bound electrons of the disk material. Since the relaivergy change per
Compton scatter iAE/E ~ —E/mc?, these photons are typically downscattered in energy. For
photon energies< 10 keV, photoelectric absorption is the dominant mecharmimteraction.
The interplay between photoelectric absorption at low anth@ton scattering at high energies
results in the formation of a broad hump like structure ath2®-30 keV (the so-called Compton
hump).

The absorption of photons in the inner shell of atoms in theedion disk also produces
fluorescent line emission from transitions of the outer Isklectrons to the inner shell vacancy
caused by the photoabsorption. Owing to a combination gelaosmic abundance and high
fluorescent yield, the Fe Kline is the most prominent fluorescent line in the X-ray reiftac
spectrum. An example of a Monte Carlo calculation of the ¥4mflection spectrum from a
neutral and uniform density semi-infinite slab of gas is smaw Fig. [I.5 where fluorescent
emission lines dominate at energies below 8 keV and the Gomptlection hump is seen above
20 keV (from Fabian et &l. 2000).

In AGNs, the accretion disk is not the only reflector able toduce the X-ray reflection
spectrum. The dusty molecular torus surrounding the dogreystem at the parsec scale (a key
AGN component hypothesized in the unification models) axtseadditional reflector producing
a spectrum very similar to that seen in Hig.]1.5. Special amkral relativistic fiects shape the
reflection spectrum originated from the center of the acmmedisk and not that from regions far
away from the central black hole (such as the torus). Thestioordisk and torus contributions
to the reflection spectrum can therefore be disentangledieMer, the precise measurements are
complex and require high resolution broad band spectral dat

The first broad band (0.1-200 keV) spectra of AGNs with higinal-to-noise ratio were
provided by theBeppoSAX observatory. Th8eppoSAX data established the ubiquitous presence
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Figure 1.5: Monte Carlo simulations of the X-ray reflectigrestrum from a slab of uniform
density neutral matter with solar abundances. Dashed hows the incident power law con-
tinuum, while solid line shows the reflected spectrum. Fegiaken from_Fabian et al. (2000),
based on simulations from Reynolds (1996)

of the reflection features (Fe K line and Compton hump) in theyXspectra of Seyfert galaxies
(Matt|1999). These data also confirmed that the power lawirmomtn of Seyfert galaxies cuts
off exponentially at energies between 80-300 keV (Perola 208R), a feature first reported in
the composite spectra of Seyferts observed byGimga andCGRO (Zdziarski et all. 1995).

All of these various spectral features of the AGN X-ray speutare illustrated schematically
in Fig.[1.6. The solid red line represents the total spentael, while the dierent colors denote
the various model components. At low energies there is aexukss, which is parametrized
by a blackbody with temperature of k¥ 45 eV, and a warm absorber, which is characterized
by absorption edges of O VII (0.739 keV) and O VIII (0.871 keWhe primary power law
continuum has a slope @f = 2 and a cutff energyE.; = 200 keV. The Compton hump at
energies between 20-30 keV, an Fe ke at 6.4 keV and an Fe K absorption edge at 7.1 keV
represent the components of the X-ray reflection spectraftratises from the reprocessing of the
primary power law continuum. It should be noted that thigyrie is an unabsorbed idealization.
In reality, the absorptionfiect due to our Galaxy, which has a column density of a few times
10?° atoms cm?, modifies the X-ray spectrum below£0.6 keV. In the case of an absorbed
AGN, the X-ray spectrum is substantially modified by theimgic AGN absorption (through the
torus).



1.4 The unified model for AGNs

Y Warm
1 | Cutoff % absorber |
Cbower faw | T b T T e 3
) - \ .
= - Y -
C \
= - ' Blackbody -
> 1
c - | Fe Ka
g ! emission i
- — — 1 H
2 i
& \
T 0.1 |~ i —
L - \ -1
- \ ]
1
— 1 -
1
I 1 —
]
1
L | |
1
\
]
L ,‘ 3 |
1 HEH
! P
] -
001 | | III‘.IIIl | 1 IIi5III| | | IIIIII| | |
0.1 1 10

100
Energy(keV)

Figure 1.6: A schematic representation of the intrinsietp(unabsorbed) AGN X-ray spec-
trum in the 0.1-400 keV. The total spectral model is represkby the red solid line, while

the individual components that make up the model are showdiffierent colors. The primary
continuum is the power law component with a photon indek ef 2 and a cuté energyE; =
200 keV. In addition, the continuum consists of a soft-esdedow~0.7 keV (parametrized by a
blackbody with temperature &T = 45 eV) and a Compton reflection componenEat 8 keV.
The reflection also gives rise to a neutral Fe lihe at 6.4 keV. Imprinted on the X-ray spectrum

are two absorption edges from O VII (0.739 keV) and O VIII [&eV), that are associated to
absorption from an ionized gas along the line of sight, thewabsorber.

1.4 The unified model for AGNs

The unified model of AGNs (Antonucci 1993) has been develdpemtovide an integrated ex-

planation for the broad range of AGNs properties and typssudised in the previous sections,
with as few parameters as possible. The basic principlesafitiified model is that the underlying
scenario for all AGNs is intrinsically similar and the AGNwersity is just an orientationfiect.

A schematic view of our current understanding of the AGN wvehin Fig.[I.T, while the basic

AGN components embedded in the host galaxy are represerdkmtido physical dimensions in
Fig.[1.8.
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Figure 1.7: Schematic picture illustrating the main congaa of an AGN as postulated by the
unified model (modeled after Urry & Padovani (1995)). Thetelébels represent thefférent
AGN components. The dark dots represent ionized gas. Tlea ¢mbels note some of thefir-
ent AGN types and arrows indicate how thesedent types are named based on the orientation
of the obscuring torus or the viewing angle with respect éodbserver’s line of sight. The view-
ing angle is a crucial factor in the unified model as it essdi@s the line of sight towardsftérent
parts of the AGN. In Seyfert 1 galaxies, the observer seesghial source more-or-less directly
(face-on view), thereby sampling the high velocity BLR dswand the NLR. In contrast, in Sey-
fert 2 galaxies, the torus obscures the central source fnenolbserver’s line of sight (edge-on
view) and only the NLR is seen. The other AGNSs types also nreahthemselves depending on
the viewing angle that enables observations edent parts of AGN.

The model suggests that there is a central supermassivelbéewith mass of (191° M,
SMBH), which is surrounded by an accretion disk formed baliifig material. Energy from
infalling material heats the accretion disk and the resglthermal radiation is observed in the
optical and UV parts of an AGN'’s spectrum. The accretion isssurrounded by the broad-line
region (BLR) that produces the strong, broad emission liiée BLR is characterized by bulk
Doppler motions with velocities up to thousands of krh snferred from the width of emission
lines such as the #14860 or C IVA1541 in the UV. The BLR has electron densities (determined
from the absence of forbidden lines, in particular the [Q 4363, that are relatively more
prominent in lower density gas) of at least0® cm~3and temperatures10* K.
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Figure 1.8: A series (in alphabetical order) of schematigatithmic views of the basic AGN
components embedded in the host galaxy. Scales on the batsware in units of Schwarzschild
radii and parsec, and are approximately inferred for &NIQ galaxy containing a £, black
hole (courtesy of A. Merloni, S. Bonoli and the ESO graphiepattment).

The BLR is surrounded by a uniform, optically and geomeliycthick toroidal structure
that is usually referred as the “obscuring torus” or “dusigus”. The torus is irradiated by the
central engine of the AGN. The inner edge of the dusty torusdsked by the dust-sublimation
radius, the closest point to the central source where dastgcan survive the strong ultravi-
olet radiation emitted by AGNs. The irradiated dust produiteermal emission mostly in the
infrared region. The presence of parsec-sized obscuring tvas been recently confirmed by
mid-infrared observations of the nuclear regions of NGC8L(Effe et al. 2004) and the Cir-
cinus galaxy|(Tristram et al. 2007). All these componendssanmbedded in a much larger region,
known as the narrow-line region (NLR), which produces theova forbidden lines and permit-
ted line cores. The NLR has a cone-shaped geometry becadlethinating radiation from the
central engine can only reach the NLR through the openirggahe axis of the torus, any gas
near the plane of the torus lies in its shadow and will not lneninated. The NLR has lower gas
densities £10° cm3) and velocities (300—1000 knt'y as compared to the BLR. The distance
to the NLR from the central sourc&y r) is on the scales of kiloparsecs. The NLR has been
resolved in the optical for nearby Seyfert galaxies (e.g.ONIP68) (see Kraemer & Crenshaw
2000). The last component of the unified model is the presehcelativistic jets emanating
from the innermost regions of AGN-L00 Schwarzschild radii). Jets can extend out to several
hundred kiloparsecs.
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The obscuring torus is a fundamental ingredient in the whifi@del for AGNs. Its orienta-
tion with respect to the observer determines the view albadihe of sight to the central region.
If we look at the model AGN in Fig[_1l7 from a direction far fratme plane of the obscuring
torus, we see radiation from the central source and the BERyedl as the NLR i.e we observe
features associated with a Seyfert type 1. On the other lifand,look at the same model from
a direction close to the plane of the torus, we directly seeNhR only. In this case, we will
observe features associated with a Seyfert type 2.

The unified model also postulates that the radio-loud antb+guiet AGNs can be distin-
guished by considering the orientation of the AGN with respe the jet location. At an angle
far from the jet axis the BLR is hidden and only the NLR is visiand a narrow line radio galaxy
will be observed. On the other hand, closer to the jet axidBihi® comes into the view and a
broad line radio galaxy is seen. As the angle continues tecedse the intense source of radi-
ation surrounding the black hole comes into view and theatlgippears as a quasar, with never
more than one visible ﬁt Finally, a blazar is observed when we look face-on at théemscand
directly into the jet.

The essence of the unified model is that it explains the obdeaifterences between broad
(Seyfert 1 like) and narrow (Seyfert 2 like) line active gaés as obscuration from the torus and
viewing angle &ects rather than intrinsic physicalf#irences. The unified model also provides
a simple AGNs classification scheme, according to which AG&isbe splitted into two broad
categories: type 1 (unabsorbed sources) and type 2 (alsedugces). Both of these types
include Seyferts and quasars. Type 1 AGNSs exhibit broad anebw emission lines in their
optical spectra, whereas the spectra of type 2 AGNs only stasvow emission lines.

The validity of the unified model has been investigated byess\studies conducted over a
wide range of wavelengths from radio through X-rays. Thegdiges provide compelling evid-
ence in favor of the unified model. The detection of molecaharssion features, notably those
due to polycyclic aromatic hydrocarbon (PAH) molecules sindng silicate absorption features
around 10 and 18 microns in the Spitzer infrared spectra ofemaus type 2 AGNs indicate the
presence of an optically thick obscuring structlre (Wu £2809b). The most strong evidence
supporting the unified model is the presence of broad lin¢isdrpolarized spectrum of Seyfert
2 galaxy NGC 1068 (Antonucci & Miller 19$5). X-ray obsenats of nearby Seyfert galaxies
observed witlGINGA, BeppoSAX and XMM-Newton have revealed that intrinsic X-ray spectral
properties (i.e. spectral shapes and luminosities etcSegfert 1 and 2 are consistent, Seyfert 1
galaxies have lower column densities and Seyfert 2 galdraes the highest, as expected from
the unified model (Awaki et &l. 1991; Smith & Ddne 1596; Basshall 1995} Cappi et &l. 2006;
Singh et all 2011).

However, recent studies have discovered that there ardisag physical diferences between
Seyfert 1s and Seyfert 2s. Seyfert 1s with significant akisorige.g. Fiore et al. 2001) and Sey-
fert 2s without X-ray absorption (e.g. Pappa et al. 2001:eBsa & Bassani 2002) have been
found. Spectropolarimetric surveys find that orB0-50% of the Seyfert 2 galaxies show broad
lines in their polarized spectra, possibly indicating thattall of these objects have hidden BLRs

! Relativistic beaming will cause an approaching jet to bghtegr than a receding jet, so as the angle decreases
one jet will fade at the expense of the other.
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as predicted by the unified model (e.g. Tran 2001, 2003). Mame reverberation studies (A
technique to measure the size of the BLR by timing the deldawédren flux variations of the
ultraviolet and optical continuum and the response of tloathemission lines. The time delay
is due to the light travel time across the BLR.) show that tistadce to the BLRRg ) in Sey-
fert galaxies is light days to light weeks from the centralizing sourceL(EeleLsgn_eﬂ b_L_1998).
On the other hand, the BLR in quasars may be up to ten timesrlagythe size of the BLR is
observed to scale with luminositgg r o< L, where L is the X-ray luminosity in the rest-frame
2-10 keV band (Kaspi et 4l. 2005). A similar anticorrelatimtween the size and luminosity has
been reported for the NLRR{.r o< L25,; [Bennert et al. 2002).

These observational evidences suggest that the oriemiadéised unified model can explain
the observed AGN phenomena up to the first order. Howevegnhat fully account for the
diverse and complex behavior exhibited by AGNs.

1.5 Accretion onto a black hole

1.5.1 Basic parameters

An accreting black hole system can be described by two irappgiarameters: the black hole
mass M) and accretion rateM). The black hole mass provides a measure of the size scale of
the system via the Schwarzschild radius, the radius of teatdwrizon for a non-rotating black
hole,

2GM
Rs = 2 (1.2)
or the gravitational radius
GM Rs
=— == 1.2
R== =3 (12)

whereG is Newton'’s gravitational constant ands the speed of light. The Schwarzschild radius
for a black hole of M, is 3x 10° cm.

As the fundamental process at work in an active nucleus isdngersion of the accreted
mass to energy, the mass accretion rate determines thduwtimlosity of the system via the
relation

L= z—f = %(nmcz) = nMc? (1.3)
whereE is the energy available from a massM = dm/dt is the mass accretion rate ami the
efficiency of converting the rest mass energy of the infalling igéo electromagnetic radiation.
The value of the ficiency factorn depends on the details of how accretion actually occurs.
However,y = 0.1 is a reasonable approximation for accretion onto a blatk hdésing Eqn[_1]3
with n = 0.1, we see that an accretion rate d¥12 yr~* can power a luminous quasarlof- 10
erg st. It is important to note that every spherically symmetricrating system has a critical
accretion rate, which is defined by the maximum luminositthefsystem.
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1.5.2 The Eddington limit

Consider spherical accretion of a pure hydrogen gas ontargpact object of masM. The
infalling gas would experience two kinds of forces, oneiaggrom the inward pull of gravity
and a second (an outward radiation pressure force) due tm3dw scattering between charged
particles in the gas and the photonffusing outward. The luminosity scale of an accreting
system is defined by the balance between these two forces.

Although both electrons and protons are present in the emthE the outward radiation
force will be dominated by Thomson scattering between tlegqis and electrons as the Thom-
son scattering by protons is much less important due to sigaiificantly smaller cross-sectlin
Likewise, the gravitational force dominates for the prattrese being the more massive particles.

The radiation pressure force acting on gas particles attaraier from the central source of
luminosityL is given by
Lore
4rer?

whereore Is the Thomson cross-section for electron scattering. Taetgtional force is

Frad = (14)

GM(m, + m)

Forav = —r—'; (1.5)
whereM is the black hole mass, G is the Gravitational constant. liiandm. are the masses
of the proton and electron, respectively. For the source dtain its physical integrity, the
outward radiation force on the infalling plasma must be thas the inward gravitational force,
so it is required that

Lore < GM(mp + me)

1.6
4rcre ~ r2 (1.6)
Sincem, >> me, puttingm, + me ~ m, in Eqn.[1.6 , we get
4rcGMm
L 20T (1.7)
OTe

EquatiorLV is known as the “Eddington limit”, and can beduseestablish a minimum mass
for a source of luminosity..

The highest luminosity a source of maddscan have and still be stable against the radiation
pressure is known as the “Eddington luminosity”

4rcGMm M
Legg = 2P _ 126 x 1038(—) ergs st (1.8)
OTe Mo
The Eddington luminosity is an important characteristimilniosity because sources with >
Leqq €xpel nearby matter and quench the process of accretionatiéqll.8 shows that the

Eddington luminosity of an AGN with black hole makks= 10'M,, is ~10% erg s*.

2 In the case of AGNss, it is reasonable to assume that the nigttempletely ionized.
37 — (m%)2 ~ 3x 107/, whereor, andore represent the Thomson cross-sections for proton and efectr

OTe

respectively.
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Given the definition olgqg and the accretion ratil = L/nc?, we can define the Edding-
ton accretion ratdMgqq , Which is the mass accretion rate necessary to sustain thiedgtdn
luminosity,

: Ledd M n\*t "]
Meay = ~3 (—) M 1.9
BT e (1OBMO) 01) V¥ (1.9)

In the case of spherical accretioMzgg represents a maximum possible accretion rate for the
massM. However, this critical accretion rate can be exceedecdkeifatrretion is assumed to be
non spherical, e.g. the mass accretion occurring primaglatorially in a disk, but the radiation
emerging primarily along the disk axis.

1.5.3 Accretion disks

The release of gravitational potential energy by mattdinfalonto supermassive-(0°M,,) col-
lapsed objects is believed to be the principal source of pgeeerated by AGN@ 64,
LLynden-Bell 1969). When matter enters the gravitationatptal well of the black hole it likely
does so with some angular momentum. Under the attractivepofithe black hole’s gravity,
the infalling material will contract inward. As it contragtthe principle of angular momentum
conservation forces it to rotate faster. Material in theatqual region (i.e. in the plane perpen-
dicular to the rotation axis) moves inward more and more lsid@&cause its rotation starts to
balance the pull of gravity. Material above and below theatgual region falls inward much
faster. At some distance from the black hole the centrifimyales are comparable to the gravita-
tional forces and the matter begins to rotate in circulaiterihe resulting object is a rotationally
supported accretion disk.

The detailed structure of the accretion disk depends oniatyasf parameters, such as the
magnetic field strength and the accretion rate, and the peesar absence of a disk corona or
jets. Discussions of the basic structure of AGN accretisk die given by Blandford (1985) and
Begelman!(1985) and a complete treatment of the theory oéfion disks is provided by Frank
etal. ZTD_b)- A few of the basic properties of thin accretiesks that lead to a simple prediction
of the emitted spectrum and are not dependent on the vig@rsidiscussed here.

Consider a black hole accreting through an optically thic# geometrically thin accretion
disk. Such a disk would radiate locally like a blackboty (8hva & Sunyaev 1973). As the
matter spirals into the black hole, half of the gravitatiopatential energy goes into increasing
the kinetic energy of the gas, while the other half is radiae&ay. So, the luminosity of the disk
is

_ GMM

L= > = 21120 T? (1.10)

whereT is the temperature at radiusthecT# is the energy radiated per unit area and the factor
nr? is the area of the disk, and the preceding factor of two adsdion the fact that the disk has
two sides. We can rearrange this as



18 1. Introduction

o\ 1/4
GMM
T = 1.11
(47r0'r3) ( )
It should be noted that this relation, due to Shakura & Swya873), does not account for the

transport of angular momentum and boundary conditionseainther edge of the disk. A more
correct derivation that takes into account these factalslyj

3GMM Rn\"?\ "
T(r) = 1- (_) 1.12
) [ 8nor3 { r (1.12)
whereR;, defines the inner edge of the disk. For> R, this can be simplified as
. 1l/4
3GMM
T(r) = 1.13
") [ 8ror3 ] ( )
Expressing in terms ofRs, we obtain
1 11/4 -3/4
3GMM r
T(r) = — 1.14
) [87“7 @] (RS) (19
SubstitutingRs = 2GM/c?, we can write this as
36 ya r -3/4
T(r) = MYAM2 ( — 1.1
) [647‘(0’62] (RS) (1.19)
Expressing the accretion rate in normalized unitsgMeqq (i.€. for a givenL/Legqgq) yields,
M VYA M\ A
T(r) ~6.3x10° . — 1.16
) (108'\/'@) (MEdd) (Rs) (1.16)

For scaling purposes we note that in a thin accretion distosnding a 18M,, black hole
accreting at the Eddington rate, the temperaturg(i2Rs) ~ 10° K, which corresponds to a
photon energy of10 eV. This implies that an AGN accretion disk radiates pneighantly in
the ultraviolet region of the spectrum as observed in the BB®m Eqn.[1.16, the peak disk
temperature scales likd Y4, Accretion disks around massive black holes are therefqreaed
to be much cooler than the stellar size accretion disks. €a& pemperature of the accretion disk
surrounding a stellar-mass black hold ¢ 1M,) is ~10’ K. Such disks emit most of their energy
in the X-ray part of the spectrum.

1.5.4 Accretion disk coronae

As discussed in Section 1.3, AGNs exhibit power law comptentheir spectra which extend
to hard X-ray energies with exponential cfitat high energy E ~ 300 keV). This emission

cannot originate from the accretion disk as an AGN accretisk produces a soft, quasi-thermal
spectrum that dominates in the optjt&¥ region. Yet, the rapid X-ray variability implies an
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origin close to the black hole, so the accretion disk mustelved in the production of the
X-rays.

A promising mechanism for producing the observed X-ray Bpetis unsaturated inverse
Compton scattering. A detailed description of inverse Cmmization can be found in (Rybicki
& Lightman| 1979 Pozdnyakov etlal. 1983; Longair 1992). lis #ection, we briefly summarize
the Comptonization process.

To begin with, we consider Compton scattering, which is tatering of a photon by a sta-
tionary electron. This process takes place in the restdrafthe electron where the photon
looses its energy as it imparts kinetic energy to the rewgiklectron. The change in the
wavelength of the scattered photon is given by

h
Al=—(1- 1.17
A mec( cosY) ( )

and the change in the energy of the photon is

E2
AE = ——— (1 - co¥ 1.18
g (1 cot) (1.18)

whereh is the Planck’s constanty is the electron mas9), is the scattering angle of photon
andE is the initial energy of the photon. In the laboratory frarhewever, the electron can
impart energy to the photon, up A& = (y — 1)mc?, wherey = (1 —~ v2/02)_l/2 is the electron’s
relativistic Lorentz factor.

For a non-relativistic thermal distribution of electrongtwemperaturd,, the average photon
energy change for a single scattering can be written as

E
(AE) = (4KT, — E) i (1.19)

A photon will gain energy if its energl << 4kT,, with the fractional energy gain being approx-
imately proportional tg?. One factor ofy in this proportionality comes from the boosting of the
photon into the electron’s initial rest-frame, while théet factor comes from a boosting of the
scattered photon back into the lab frarh_e_LB;Lblglgl_&_LJghﬂmw LP_QZdD;La.KQALeLEﬁ83)
This gain of photon energy is called as inverse Comptonesiady.

The process of inverse Compton scattering can occur araspitumber of times, as long
as the conditiorE << 4kT, is fulfilled. From Egn[1.19, the energy gained by the photitera

each scattering event can be writtenMS/E ~ 4kT./mec?. It can be shown that the average
final photon energyE¢, afterN scattering would be

4kTe
E: = Eiex 1.20
~ Eep(NE | (1.20)
The number of scatters is usually parametrized in termseobtitical depthres of the medium.
In this parametrization, the average number of scattemuighly max(es, 7). To simplify Eqn.
[1.20, one often defines a parameter, known as the Conypitarameter,
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4KT
Y = MaX(Tes, Too) —mecg (1.21)

such thate; ~ Ejexp(y). If y > 1, the average photon energy increases by an ‘amplification
factor A(y) ~ exp(y). If y >> 1, the average photon energy reaches the thermal energg of th
electrons and photons can no longer gain energy. The foraseris referred to as ‘unsaturated
inverse Comptonization’, while the latter case is refetceas saturated Compton scattering. Un-
saturated inverse Comptonization is more important for A4SNt is the most viable mechanism
for producing the hard X-ray continuum in the broadband spetof AGN.

For any accreting compact object, the maximum temperaagsu(ming standard, geomet-
rically thin, optically thick disk) attained by the systewates with the compact object mass as
M-Y4. This naturally leads to lower disk temperatures for AGNs@®pared to stellar mass
black holes systems. For such systems it is therefore mg®ppate to define a ‘virial tem-
perature’, which refers to the average accretion energyasicle. Since, the gravitational en-
ergy released per particle of masscales a&Mm/R, which itself scales ac?/[R/(GM/c?)].
Thus, in terms of gravitational radii, the virial tempen&tus independent of compact object
mass. Electron virial temperatures of tens to hundreds 6f(Re ~ 1% — 10° K) can be read-
ily achieved in the innermost regions of accreting blaclelsstems. The distribution of these
low-to-moderate optical depth and high temperature elastrs thought to create the observed
power law spectra of AGNs. For a given Compioparameter, the photon index of the resulting
power law is given by

F=—-—=+,|-+- (1.22)

i.e,I' = 2 fory = 1. Of course, the exact functidr(y) depends on the geometry and other
assumptions. A power law form is only achieved for photonrgies less than the electron

thermal energy. As the energy of the photons become comlparathe electron thermal energy,

they no longer gain energy from scattering, and a sharpficist@xpected in the spectrum at

Ewt = 2KT. Thus, the observed high energy diitgields information about the temperature of
the underlying electron distribution.

It should be noted that there are two substantial unceisim applying the coronal mod-
els to observed black hole systems. First, the mechanisraabthe coronal electrons to near
virial temperatures and then to re-heat them when they hawatdd their energy, is currently
unknown. Current hypotheses suggest that the process n&gnbar to solar flares on the sun
or heating of the solar corona. Second, the geometry of theneois also completely uncon-
strained. Various coronal models with a variety of georesthiave been proposed (see Fig.
[1.9). The slab or sandwich geometry predicts spectra tleasafter than observed, while the
other three geometries predict harder spectra. The specftaninghardening is caused by the
efficientinefficient Compton cooling of the corona.
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Figure 1.9: Possible geometries for an accretion disk @rorhe black labels represent the
names of geometries. The slab or sandwich geometry prespeistra that are softer than ob-
served, while the other three geometries predict hardetispel he spectral softeniftgardening

is caused by theficientinefficient Compton cooling of the corona. Figure taken from Régs0
& Nowak 3).

1.6 IlronKaline

Having discussed that the X-ray spectrum of AGN consistsabh lalirect radiation from the
primary X-ray source and ‘reflection’ from the surroundirag@tion flow, we now concentrate
on the fluorescent iron line — the most prominent spectratifeamprinted on the X-ray reflec-
tion spectrum of AGN.

The fluorescent iron line is produced when one of the two Kighe. principal quantum
numbern = 1) electrons of an iron atom (or ion) is ejected following feectric absorption
of an X-ray photon. For this to happen, the incident photosthpessess an energy above the
photoelectric threshold energy of the K-shell of the iraonat Following the photoelectric event,
the resulting excited state can de-excite in one of the twgswaoth of which start with an L-
shell (h = 2) electron dropping into the K-shell. In the first case, arsoent k photon of
6.4 keV is radiated. In the second case, the absorption dfubeescent photon causes further
ionization of the iron atom and an electron is ejected. THisoeis called autoionization or the
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Auger dfect and the ejected electron is referred to as the Augerefecthe probability that the
photoelectric absorption event is followed by fluorescerg Emission is given by the K-shell
fluorescence yield, while the probability of the ejectionanf Auger electron is given by the
K-shell Auger yield.

It is important to note that the K-shell photoelectric threlsl energy, the energy of the res-
ultant fluorescent photon and the K-shell fluorescence yaeddall functions of the ionization
state of the iron. The K-shell photoelectric threshold gypes at an energy of 7.1 keV for Fe
1, rising to 7.8 keV for Fe XVIII, and 9.3 keV for Fe XXVI (e.g. btita & Fujita|1983). The
iron Ka fluorescent line energy is a slowly increasing function efithnization state, rising from
6.4 keV in Fe | to 6.45 keV in Fe XVII, but then increasing stgepith the escalating number
of vacancies in the L-shell to 6.7 keV in Fe XXV and 6.9 keV inXX¥VI (e.g. @gm&
Makishima 1986). The K-shell fluorescence yield is 0.34 ferl Frising slowly to 0.49 for Fe
XXII (Ba mbynek et a||_9_7|2) Due to a combination of high flescent yield and large cosmic
abundance, the iron&line is the strongest fluorescent line in the X-ray reflechactrurﬂ

The strength of the iron line is usually measured in terms$soéquivalent width (EW) with
respect to the direct emission. The EW is the energy (or weagth) range over which the
continuum radiation contains the same flux as the line. M@ado calculations of the X-ray
reflection spectra from neutral material have shown thatBWe of the iron line is a strong
function of the photon indeX{) of the incident power law and the inclination angle at whick
reflecting surface is viewed (George & Fabian 1991). Moreidisally, the EW of the iron K
falls with " as a result of the decrease in the number of incident photdhswergies above the
photoelectric threshold energy for higHér The EW varies approximately linearly froril50
to~90 eV forl" = 1.2 to 2.1, respectively. For a givdi the EW decreases with the increase in
the inclination angle of the reflecting material with redpgedhe observer. This is a result of the
extra absorption and scatteringf&ued by the iron line photon as it leaves the reflecting sarfac
at an oblique angle.

Considering that the X-ray irradiation can significantlyopdionize the surface layers of the
accretion disc, the reflection spectra have also been etéclifor the ionized accretion disk
(Ross & Fabian 1993; Ross et al. 1999). These studies hawel fixat the reflection spectrum
and the iron line emerging from an ionized accretion disk\va® sensitive to the ionization
parameter of the disk, which is given by

&(r) = 4AnFx(r)/n(r) (12.23)

whereFx(r) is the X-ray flux received per unit area of the disk at a radiwndn(r) is the
comoving electron number density. Reflection spectra framzed matter for various values of
the ionization parameterare displayed in Fig._1.10. The variation in the iron line rgyeand
strength with the increase in tifas clearly evident.

4 In fact, the Fe K fluorescence line consists of two components; kKt 6.404 keV and K, at 6.391 keV.
However, the energy separation has generally been too sonbé detected and a weighted mean at 6.4 keV is
generally assumed.
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Figure 1.10: lonized reflection spectra foffdrent ionization parametegs As & increases, the
elements in the disk become more ionized. When the disklisiilized, it does not produce any
line features. RelativisticfBects close to the black hole have not been included in theledilen
of these reflection spectra. Figure taken ffom Ross!et adq19

1.6.1 The iron line profile

The iron Ka line is intrinsically a narrow feature. Hence, the detalled shape and broadening
can be used to study the dynamics of the emitting region. dfréflection spectrum, and the
iron line originates from the accretion disk, the line shepgmodified by Newtonian, special and
general relativistic #ects (see e.g. Fabian etlal. 2000). A schematic illustratidhese fects
is shown in Fig[L.11.

Consider a narrow annulus on a disk at some distance frometiiteat mass. Further assume
that this annulus is viewed edge-on, such that one side oflifleapproaches the observer,
while the other side recedes from the observer. In a noirsligc accretion disk, a symmetric
double-peaked line profile will emerge as the approachinggnais shifted to higher energies
(blueshifted) and the receding material is shifted to loeeergies (redshifted}dp panel of
Fig.[1.11). The inner regions of the disk, where the matésiatoving the fastest, produce the
broadest parts of the line. Near a black hole, where theainp#ocities of the disk are mildly
relativistic, special relativisticfiects become considerabkedond panel of Fig. [1.11). Special
relativistic beaming enhances the blue peak of the line rgispect to the red one, resulting in an
asymmetric profile. In addition, the transverse Doppl&at (i.e “moving clocks run slowly”)
shifts the entire profile to lower energies. Finally, thevifetional redshifting (i.e. “clocks near
black holes run slowly”) further shifts the line profile tanter energiestbird panel of Fig.[1.11).
Integrating over all the dlierent annuli on the accretion disk, a broad and skewed lioiers
produced fourth panel of Fig.[1.11).
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Figure 1.11: Schematic illustration of the iron line shajsaition caused by the interplay of
Doppler and transverse Doppler shifts, relativistic beamnand gravitational redshifting. The
top panel shows the symmetric double-peaked profile from two annuéi aon-relativistic New-
tonian disk. In thesecond panel, the dtects of transverse Doppler shifts and of relativistic beam-
ing have been included. In thhkird panel, gravitational redshifting shifts the overall profile to
the red side. All theseffects give rise to a broad, skewed line profile which is showthetast
panel, after integrating over the contributions from all théeient annuli on the accretion disk.
Figure taken from Fabian etlal. (2000).
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Figure 1.12:Left panel: The dependence of the line profile on the observer inclinaishown

for an accretion disk around a non-rotating (Schwarzsglhildck hole. It is assumed that the
fluorescencing region of the accretion disk extends frdRy ® 30R;. Right panel: The depend-
ence of the line profile on the disk emissivity profile is showine disk emissivity is assumed
to scale ag(r) = r 9. The steepest emissivity & 6) produces the broadest and most redshifted
line profile, because more emphasis is given to the innerradsf where gravity dominates.

1.6.2 Dependence of the line profile on disk inclination andraissivity

The relativistic line profile exhibits a dependence for mphysical parameters. The energy of
the blue peak of the line is a strong function of the inclioatof the observer line of sight with
respect to the accretion disk axis. This is clear inldgfepand of Fig. [1.12 where we show
relativistic line profiles from an accretion disk around a#rotating (Schwarzschild) black hole.
Each line is assumed to be emitted from an annulus of the diskéing between &, and 30
Ry, WhereR; is the gravitational radius. The inclination of the obsefiree of sight with respect
to the accretion disk axis isfilerent for each line. It is seen that the higher the inclimagingle,
the bluer the line is, providing a robust way to measure thination of the accretion disk.
Another important parameter is the form of the emissivitgfiy, i.e. the iciency with
which the line is emitted as function of the radial positiontbe disk. As discussed previously,
the iron Ka line is assumed to originate through fluorescence of hardiopisalluminating the
accretion disk. Since these hard photons were produced o upscattering of soft disk
photons in the accretion disk corona, the hard photon fluxnihating the accretion disk is in
fact proportional to the soft photon flux emitted by the atioredisk. Therefore, thefciency of
the line emission from the accretion disk mainly dependseriltumination profile by the hard
X-rays from the corona, which is in turn determined by thergpalissipation on the disk and
by the heating events in the corona. The emissivity profigeiserally represented by a simple
power lawe(r) = r 9, whereq s the emissivity index. The standard value for the emigsindex
is q = 3 (e.g. Pringle 1981). In theght panel of Fig.[I12, the dependence of the line profile on
the emissivity profile on the disk is illustrated. The caska oniform (@ = 0), standardd = 3)
and steepq = 6) emissivity profile are shown. A steep emissivity profileicates that the
conversion of the soft photons to hard photons in the corsm@mtrally concentrated, thereby
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Figure 1.13: The dependence of the line profile on the inngt didius is shown for the two
extremal cases of a Schwarzschild black hole (red) and ofralif&ck hole (blue). Figure taken

from|Fabian & Miniutti (2005).

irradiating more #iciently the very inner regions of the accretion disk. It isdewt from the
Figure that steeper emissivity profiles produce much bnoade redshifted lines, because more
weight is given to the innermost radius, where gravitatioedshift dominates.

1.6.3 Dependence of the line profile on the inner disk radiusral black hole
spin

A key feature of the black hole spacetime is the existencarahiaermost radius within which
the circular test particle orbits are no longer stable. T&ius is known as the innermost stable
circular orbit (ISCO), sometimes referred to as the maittyirsdable orbit[LEia.Ld_egn_eLHl.JQ?Z).
Beyond the ISCO, the test particle will rapidly plunge ink@ tblack hole. The region inside
the ISCO is therefore called as the plunging region. Comsigehat the accretion disk is made
of gas particles in circular (or nearly circular), orbitabtion, the disk can extend down to the
ISCO.

The actual radius of the ISCO depends on the black hole spampera/M which can take
any value from 0 (Schwarzschild black hole) and 1 (maximadhating Kerr black ho@. The
ISCO is located at &, from the center for a Schwarzschild black hole and-dt.24R, for a
maximally rotating Kerr black hole, whef, = GM/c? is the gravitational radius.

The inner edge of the accretion disk (i.e. the location o 8@O) strongly &ects the shape
of the line profile, especially its redward extent. This iswh in Fig.[1.1B where the line profiles
for a Schwarzschild (red) and maximally rotating Kerr blacke (blue) are computed. The line
is much broader in the Kerr case as compared to the Schwédzecle. The extra broadening

5 The maximal value of the spin parameter for the Kerr blacle ®likely to be~0.998 M@@.
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in the Kerr black hole is caused by stronger relativisttees (such as gravitational redshift),
which act on the line photons emitted from the smaller ISCO.

The above discussion illustrates that the detailed profitelroad relativistic iron line from
the accretion disk carries crucial information on the sysieclination, the radial #ciency of
the coronal hard X-ray emission and the black hole spin. k\ee the iron kv line appears
in a relatively unconfused (free from absorption) X-rayped region. These factors make this
particular emission feature a powerful and remarkablerthatc tool to probe the dynamics of
the innermost accretion flow in accreting black holes.

1.7 Observations of iron lines in AGNs

The first detailed studies of iron lines from AGNs were parfed with the Japanes&nga X-

ray observatory. Thegginga AGN data showed that a significant fraction of all Seyferbgeads
exhibit iron lines [(Pounds et al. 1990; Nandra & Pou 9% Compton reflection hump
was also detected above the underlying power law contindinase features were suggested to
originate from the circumnuclear optically thick matefia¢ the disk anfbr the molecular torus)
(George & Fabian 1991; Matt et/al. 1991).

The shape of the iron &Kline was first resolved witihSCA satellite. A broad4v ~ 100000
km s1) and skewed iron line was first observed in #W8CA spectrum of a Seyfert 1 galaxy
MCG-6-30-15 [(Tanaka et al. 1995). Evidence for similarteistic iron line profiles in the X-
ray spectra of Seyfert galaxies observedASCA was also found (Nandra et él._1997). These
asymmetric lines were described as originating in the sicerelisk. These early detections of
relativistic lines from AGNSs provided a strong motivatiam fron line studies because they were
considered as the best evidence for the existence of supgiradlack holes in the centers of
active galaxies.

The advent of high-sensitivity X-ray satellites XMMewton, Chandra and Suzaku has al-
lowed more detailed investigations of this spectral featamd provided important insights into
its properties. In particular, the ubiquitous presence éatral, narrowd < 0.1 keV) iron Ka
line in the X-ray spectra of bright Seyfert galaxies has tHabllshed_(laqg_o_b_&Badmanethan
12004 Guainazzi et al. 2006a: Reeves ¢ b_0_6_,ﬂaﬂd_rd|2®_af). The behavior of the iron
Ka line as a function of the X-luminosity has also been examifdte equivalent width of the
narrow iron K line decreases with the increase in the X-ray luminosityead first discovered
by|Ma§av_va_&lan_igy_QhL(L9;93) usinginga AGN data. This anticorrelation between the iron
line equivalent width and the X-ray luminosity was similatte well-known phenomenon called
“UV /optical Baldwin défect” (decrease in the C IM1549 equivalent width with increasing UV
luminosity). Taking account of the similarity, Iwasawa &nlguchi (1998) named this inverse
relation as the “X-ray Baldwinféect” or “Iwasawa Taniguchiféect” (hereafter IT &ect). This
trend was confirmed by lateXSCA observations of broad iron lines (Nandra etlal. 1997). In
recent years, the existence of the Iffeet for the narrow Fe &K emission lines in the Iocal type
1 AGNs observed by XMMNewton and Chandra has been well established (Page et al. 2004;

Zhou & Wandf 2005; Bianchi et Al. 2007; Wu etlal. 2009a).
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The most fundamental problem, however, is that the physiaases for the “UYoptical
Baldwin efect” and “IT dfect” still remain unknown. Several models have been praptse
account for these phenomehaMJ_sho_tML&Lejléad_dl%égeBIgd that the observed relation
is due to a combination of decreasing ionization parametércavering factor with increasing
continuum Iuminosity.mm 98) pointed outtthize Baldwin dfect is driven by
a softening of the ionizing continuum and increasing mieigfl towards higher luminosities.
Other studies propose that the underlying physical parmsdrtiving the Baldwin fect may be

the Eddington ratio (Baskin & Laor 2004; Warner et al. 2004nB et all 2009) and black hole
mass [(Lu_el_d|_0ﬁ)8b_Naﬂd_ra_ej é_(_|997) attributed theffidceto the presence of an ionized
skin on the accretion disk, with the degree of ionizatiorréasing with IummosﬁyiMnn

20008.b).

Another important result from XMMNewton, Chandra and Suzaku AGNs data is the detec-
tion of statistically significant broad iron lines in relaly deep observations. Using a sample of
102 AGNs observed with XMMNewton atz < 0.5,/Guainazzi et éll_(;O_Qba) detected relativistic
lines in about 25% of the sample objectb0% when the “well-exposed” spectra wit10000
net counts in the 2—10 keV band are considered). They alskestaesiduals in four equally pop-
ulated luminosity classes and find that the average EW3H86 eV for all luminosity classes.
lNa.nLiLa_el_dl.L(ZD_(W) performed a spectral analysis of a saolp26 nearby Seyfert galaxies
(z < 0.05) observed by XMMNewton with a minimum of 30000 net counts in the EPIC-PN
spectrum in the 2—10 keV band. They found evidence of brageddmission in around 65% of
the sample with a typical EW of77 + 16 eV, when fitted with a broad Gaussian. de La Calle
Pérez et aI.L(ZQiO) carried out a systematic and unifornysisaof 149 local radio quiet type
1 AGNs and found strong evidence of a relativistic irom khe in 36% of the sources, with an
average EW of 100 eV (see also Patrick et al. 2010).

The X-ray spectra of distant AGNs are often photon starvet [dw photon counting stat-
istics in such AGNs spectra prevents an appropriate maglelithe underlying continuum and
therefore the significance of the broad line component anohé@asured parameterdieu from
considerable uncertainties. This problem can be solvedéragingstacking a number of spec-
tra classified according to their measurable spectral ptiegesuch as the continuum slope, flux
and hardness ratio etc. This technique is referred to asstlaeKing analysis”. The stacking
analysis is a powerful technique to improve the countingisties and to gain an insight into the
average properties of faint AGNSs.

Streblyanska et aIL_(ZQbS) derived an average rest-fraetrsion of AGNs detected ina 770
ksec XMM-Newton observation of the Lockman Hole field. Using a sample of 10@sources
(53 type 1 and 41 type 2 AGNs and 10 galaxies) covering ® < 4.5 in redshift space, they
report a clear relativistic line in the average rest-frapecsra with an EW o0£560 eV and~460
eV for the type 1 and type 2 AGNSs, respectively. Brusa et 08} studied the average spectra
of AGNs detected in the Chandra Deep Field North and Souttey Tised a large sample of
352 spectroscopically identified AGNs and stacked X-raynt®in the observed-frame in seven
redshift bins over the range®< z < 4. The measured Fedline EWs are consistent with
those reported Hy_S_tr_e_blgLansKa_dt IaI._(ZOOS). However, adocomponent was not required by
the data.LLQngithLi_el_élL(ZQbS) stacked X-ray spectranfeolocal sample of 157 AGNs and
found that the EW of the broad relativistic line is never lagthan 100 eV, either when stacking
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the whole sample or tfierent sub-samples. Corral et al. (2008) computed the meamkgsion
from a large sample of more than 600 type 1 AGNs spanning difédsnge up to~3.5. They
detected significant unresolved Fe lémission line around 6.4 keV with an EW90 eV and
found no compelling evidence of any significant broad reistic emission line in the average
spectrum (see also Mao eflal. 2010).

While the presence of a narrow line component is confirmedllbyw@ependent analyses,
the evidence of the presence of a broad line is more debathd.cdmplex nature of AGNs
spectra, and, in particular, the degeneracy between tlotrapparameters and the dependence
of the line equivalent width and shape over the fitted (absdyrlzontinuum, hampered so far
a comprehensive interpretation of the physics behind tisemied features. As an example, it
has also been proposed that the observed red-wing can alschbed to complex (clumpy)
absorption at least for MCG—6-30-J[5_(M'LLIQ|’_eJ| [aL_2b09)isItherefore critical to have multiple
independent stacking procedures to determine the irorpln@meters in the average spectrum.

1.8 This thesis

This thesis is aimed at characterizing the properties ofrtegrated spectrum of AGNs to ad-
dress the following key points: (i) ubiquity of the ironaKemission line in distant AGNs, (ii)
origin of the IT dtect, (iii) evolution of the iron k& equivalent width with redshift and (iv) mean
properties of the iron K line in the source rest-frame. In order to address thesesgadarge
sample of AGNs is required. We use the sample derived fron2¥M catalog, the second
comprehensive catalog of serendipitous X-ray sources fin@ekuropean Space Agency’s (ESA)
XMM- Newton observatory. We compute the integrated spectrum of AGN®gugio approaches:
(i) observed-frame stacking and (ii) rest-frame stackivg.also performed simulations to assess
the accuracy of the stacking procedure.

Throughout this work a cosmology wif,, = 0.27,Q, = 0.73 andHy = 70 km s* Mpc?
is used. Spectral analysis was carried out with X-ray spefitting package XSPEC, version
12.6.0, d.1996).

1.9 Outline of the thesis

Chaptei 2 briefly summarizes the salient features of the XMéton observatory and intro-
duces the 2XMM catalog. It also describes various stepsrtaidm in the preparation of our
final sample together with its main properties.

Chaptei B is dedicated to addressing the first three mairtgpoientioned above. It details
the splitting of our final sample in fierent redshift and luminosity intervals and outlines the
computation and spectral analysis of the integrated spéctthese intervals. In addition, it
presents the results of simulations performed to assesacitwacy of the adopted stacking
procedure. We note that the work presented in this chapt&bbian published in Chaudhary
et al. EZle).
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Chaptef# characterizes the average irandfnission properties of AGNSs in the source rest-
frame using two dterent stacking procedures. It also discusses the resutisnolations per-
formed to identify the artifacts introduced by the stackprgcedure. We note that the work
presented in this chapter has been submitted to the AstrpBofstrophysics journal.

Chapteil’b summarizes the thesis, compiles its main corelssand discusses future per-
spectives.



Chapter 2

Sample preparation

An essential requirement to characterize the average Xpragerties of AGNs over a broad
redshift and luminosity interval (the aim of this study) ssassemble a large sample of the X-
ray selected AGNs. The 2XMM (second comprehensive catdiggrendipitous X-ray sources
observed with the XMMNewton observatory) catalog being the largest (until August 2@af3-
log of the X-ray sources, comprising a wealth of informatmnthe detected sources, serves as
a unique resource for such studies. We therefore expldie@XMM catalog for our work.

This chapter is structured as follows: In Secfiod 2.1 we sanize the main characteristics of
the XMM-Newton observatory. Sectidn 2.2 briefly introduces the 2XMM cajalo Sectiori 2.3
we describe the safety checks we performed to assess thiy @fi#the archival data products. In
the following Section, the selection criteria and the basaperties of our sample are described.
The relevant table is presented in the Appendix.

2.1 XMM-Newton observatory

The XMM-Newton (X-ray Multi-mirror Mission) is a cornerstone mission oktEuropean space
agency’s Horizon 2000 science program (Jansen et al. 2084s Kt all 2010). The primary
scientific objective of the XMMNewton is to perform high throughput spectroscopy of cosmic
X-ray sources over a broad band of energies ranging fromd1btkeV. It was launched on
December 10, 1999 from Kourou in French Guiana in a highlyeetrec 48 hour orbit around
the Earth with an apogee of 114000 km and a perigee of 7000tkathie largest X-ray satellite
ever built in Europe.

The XMM-Newton observatory consists of six scientific instruments: thiealigned X-ray
telescoped (XRTs), two reflection grating spectrometef33Rand one opticAlV telescope.
Each of the three XRT's on-board XMMewton consists of 58 nested Wolter | mirror shells with
a focal length of 7.5 m and is equipped with one European Phiotaging Camerd (EPIC) as
focal plane detector. One of the XRTs u§es BPIC PN CCD imagjegtrometer (EPIC-PN,
Strider et dl. 2001). The EPIC-PN is made up of twelve baekéiuminated CCDs, each of
them is organized as a 64200 matrix of 150 micron-sized pixels. The incoming X-rays a
directly focused on to the EPIC-PN. The other fwo XRTs canitdetal Oxide Semiconductor
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Figure 2.1: On-axisfective area of the EPIC-PN and EPIC-MOS1 cameras on-boarlyiXM
Newton .

CCD arrays (EPIC-MOS[ [urner et hLZ!bOl) with each EPIC-Mi@&ctor comprising seven
front-illuminated CCDs arranged as a 60@00 matrix of 40 micron-sized pixels. Thdse XRRTs
have reflection grating arrays in their light paths, divegtabout 50% of the incoming radiation
to the reflection grating spectrometers (RGIS, den Herdel. éaei). This design provides
high resolution spectroscopy in the 0.33-2.5 keV range. é¥ew due to the light path splitting,
approximately 44% of the original flux reaches the EPIC-M@$&dtors. This in turn leads to
lower efective aredbof the two EPIC-MOS cameras as compared to the EPIC-PN odetdtte
on-axis dfective area for the EPIC-PN camera is approximately 1200atn.5 keV and 600
cn? at 8 keV, while correspondindtective areas of the two EPIC-MOS cameras are about 450
cn? and 100 crf, respectively. The on-axidfective areas of the EPIC-PN and EPIC-MOS1
cameras are displayed in Fig. 2.1.

The energy resolution (i.e the ability to resolve X-ray mhn# of diferent energy) for the
EPIC-PN is~120 eV at 1.5 keV and-160 eV at 6 keV, while for the EPIC-MOS detectors it
is ~90 eV and~135 eV, respectively. The field of view of the EPIC detectsrapproximately
circular with a diameter of 30 arcminutes.

The opticalUV telescope (OM,|_Mason et ial. 2001) extends the spectratrege of the

1 Mirror effective area, reflects the ability of the mirror to collect radiation affdrent photon energies.
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XMM- Newton observatory into the ultraviolet (UV) and optical range @@8A to 6000 A). It
provides monitoring and identification of the optjt#¥ counterparts of the X-ray sources seen
with the XRTs as well as imaging of the surrounding field. Astruments on-board XMM-
Newton can be operated in a variety offidirent modes and with several filters.

In a nutshell, wide field of view of the EPIC cameras in comborawith high throughput
afforded by the heavily nested telescope modules and extemadyerange {0.2—12 keV)
of the XMM-Newton make it a powerful observatory to perform serendipitousa){-surveys,
providing a significant harvest of serendipitous X-ray sest

2.2 The 2XMM catalog

The 2XMM is the second comprehensive catalog of serendipi¥oray sources observed with
the XMM-Newtorf. It is constructed by the XMMNewton Survey Science Centdr (SISC), an in-
ternational consortium of ten European institutions, hgthie University of Leicester, as a formal
project activity performed on behalf of ESA. The 2XMM catglis based on the serendipitous
EPIC data from almost 3500 XMNWewton pointed observations made between February 2000
and March 2007 (Watson et/al. 2009).

The[SSC uses the scientific pipeline (XMNewton Science Analysis Software, SAS) to
process all the XMMNewton data. The data processing is a multi-step process. The stizem
flowchart in Fig[2.2 illustrates the main steps performethaprocessing of the EPIC data. To
select XMM-Newton observations to be used in source detection and sourcegisagkeneration,
the data processing system applies several suitability mseach XMMNewton observation.
This includes identification of “useful” exposuﬁdaased on the minimum duration of the expos-
ure (1000 seconds), data acquisition mode of the instrument@editsic filter used during the
exposure.

Event lis processing was performed on all initially selected expesufhe main steps in the
event list processing involve examination of CCD evenslgst a frame by frame basis, telemetry
dropouts corrections, Good-Time-Intenfal (G TI) list geaton for each CCD, flagging of bad
frames, identification and flagging of event patterns taldogount of the event position (e.g in
the vicinity of a bad pixel or CCD edge etc.), identificatiomdlaemoval of events caused by
CCD bad pixels as well as cosmic ray events. In addition, #eatists from individual CCD
are merged into exposure event lists and the event posiiensonverted from raw (satellite)
coordinates to the detector and sky coordinate systemiglingecalibrated event lists. After
identification of the useful period of low background leveleach EPIC detector (by removing
high flaring background intervals), filtered calibratedreJests are created. High quality images
in 5 energy bands spanning a range of 0.2 to 12 keV are geddrata these event lists.

Source detection methods are then applied on each image fiwé¢hindividual bands and of
the three cameras. The end product of the EPIC source detgrbcedure is a combined source

2 httpy/xmmssc-www.star.le.ac.(Ratalogug2 XMM/
3 Within each observation there are several measuremerftsliffitrent instruments, called exposures.
4 An event list contains all the events detected in a specifid ©@Cthe EPIC.
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list, which, for every detected source lists among otheap@ters the source identification num-
ber, the instrument and energy band where it was detectedsdiwrce counts, source position
and extent, source flux and count rate as well as hardness.rdthe source extent parameter
represented b¥PexrenT IS @ crucial parameter in the 2XMM catalog because it allowdis-
criminate the point sources from the extended sources.el¥MM catalog point sources are
characterized by thEPgxtent = 0. It is worthwhile to point out that the source extent below 6
arcsec is considered as a point source and the extent i$ tieez0.

To identify potential problems associated with the dataessing, in particular, the source
detection algorithms and parametrization, several auicnaad visual screening procedures
were applied to the data products. Based on these screemiogdures, sources were assigned
“automated” and “manual” quality warning flags. These flagsvjgle essential information
about the possible problematic issues such as proximity ddght source, a location within
an extended source emission, ifistient detector coverage of the point spread function of the
detection etc. Additionally, a summary flag which combirtess automated and manual quality
warning flags was set for each source. The summary flag, witlesan the range 0—4, indicates
the overall quality of each detection ordered by increasegprity. A detailed description of the
possible values of the summary flag is given in Section 7.5 atsdh et al.[ (2009).

The output of all data processing steps, briefly outlinedrabwas thereafter assembled to
construct the 2XMM catalog. First, the data of individualed®ions from the separate observa-
tion source lists were combined into a single list of det@dbjects along with the information
about each detection and meta-data relating to the obssmmtwhich the detection was made.
XMM- Newton observations may yield multiple detections of the samecan the sky either
because a particular field was the subject of repeated pgsbr an interesting object was a
target more than once, or because two or more fields happemeeitiap. Therefore, in the next
step, detections were cross-matched and all detectiotaiqguag to the same celestial source
were assigned a unique source number. Key quantities (e-grdinates, fluxes in various en-
ergy bands, detections likelihoods, summary flag, and lessiratios etc.) for unique sources
were determined by combining or averaging the correspgndatues from the associated de-
tections. Finally, the data on detections and unique X-tayces were merged to produce the
catalog.

The 2XMM catalog contains 246897 X-ray source detectionghvtelate to 191870 unique
X-ray sources, among which 173066 are point sources and1ls88@®xtended sources. There are
297 columns in the catalog, with the maximum number of colsi@23) providing information
on the measured parameters of the detections, while thenmgmgaolumns yield information
on the source identification, coordinates, flags to quahify detections, variability and unique
source parameters. For a complete description of the 2XMisl@a see Watson et al. (2009).
We note that incremental versions of the 2XMM catalog preduitom the new XMMNewton
observations performed after 2007 have now become availabl

In summary, the 2XMM catalog is a unique resource for exppthe high-energy properties
of various classes of the X-ray emitters such as stars, A@GNgalaxy clusters. When combined
with the optical spectroscopic information, the 2XMM catgabffers the opportunity to generate
large and well-defined samples of both the bright, local adt fgalactigextragalactic X-ray
sources (see e.b_Emgau_dLaL_iOll). These large samplbs caed for many specific studies,
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Figure 2.2: A simplified schematic of the data processingsstendertaken in the creation of the

2XMM catalog. Figure taken from Watson et al. (2009).

e.g., the variability analysis of a class of objects, thede#or a rare population and characteriz-
ation of the average properties of a source population étanis to the broad energy coverage
and high &ective area of the EPIC cameras on-board XNWewton, for AGNs studies, the
2XMM catalog provides the best samples.



36 2. Sample preparation

2.3 Quality evaluation of the archival products

The 2XMM catalog data processing outlined above generatasder of additional data products
most notably, time series, source and background specteges in the dierent energy bands
and response files etc. for brighter objects va800 net counts and a high detection likelihood
>15 in the 0.2-12 keV band. These source-specific productaraheved at the XMMNewton
Science ArchivelIXS@ which is the repository of all XMMNewton data.

The archival products created from any automated extraptiocedure are subjected to limit-
ations, examples being the source producfiesing from problems such as low photon statistics,
low number of bins, background subtraction problem andairiation of the source extraction
region. Keeping in mind these limitations, we examined thality of the archival products for a
dozen of sources. The sources were arbitrarily selectddwaitying EPIC-PN net counts span-
ning a range o~1500 to 400000 in the 0.2—12 keV band. First, we collectedi¥ié/1- Newton
observation data fileE {ODF) for these sources. Thereafegprocessed (i.e. performing the data
processing steps outlined in Sectionl 2.2) thiese]ODF filegyubie XMM-Newton Science Ana-
lysis Software (SAS, ver. 7.1.0) and extracted source,dracikd spectra and response matrices
for each source.

We cross-compared these ODF extracted spectra (sourceaakgrbund) with the pipeline
processed archival spectra retrieved from[fhe XSA. In Ei@, the EPIC-PN ODF extracted
spectra (red) are over-plotted with the pipeline processekival spectra (black) for four objects
namely NGC 44384 = 0.000237 and EPIC-PN net source counts in the 0.2—-12-KE00),
NGC3079 £ = 0.003723 and EPIC-PN 0.2-12 keV net source cosdfs90), NGC 42614 =
0.007465 and EPIC-PN 0.2-12 keV net source cothiis00) and NGC 106&E 0.003793 and
EPIC-PN 0.2-12 keV net source count$400200). The good agreement between the archival
products and the extracted spectra for both source and tmagkdgvisible in Fig[ 2.3 ensured us
the goodness and reliable quality of the archival prodattigast for sources with1000 counts.

2.4 The sample

For our analysis of the properties of integrated spectruAGifls we selected 2646 point sources
out of the 173066 unique point sources in the 2XMM catalogediag to the following selection
criteria: (i) high galactic latitude/BI 1| > 25 degrees) in order to minimize contamination from
galactic sources and (ii) sum of the EPIC-PN and EPIC-MOS12XeV counts greater than
1000. We cross-correlated the list with the Nasa’s Extieagal Databa&kand obtained redshift
information (necessary to derive the rest-frame physioap@rties) for 919 sources-85% of
the sample).

For each object, source specific products described in@®€2iB (i.e. the source and back-
ground spectra, images in thetérent energy bands and response files etc.) were retriemed fr
the[XSA. The summary flags of all the 919 sources were cayethibcked. To obtain the clean-

5 httpy/xmm.esac.esa.ixsa
6 httpy/ned.ipac.caltech.edu
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Figure 2.3: Comparison of the EPIC-PN spectra extractea filee raw observation data files
(red) with the pipeline processed archival spectra (bldokfour listed sources with varying
EPIC-PN counts in the 0.2-12 keV band. Corresponding backgt spectra are also plotted in
the respective colors.

est possible sample, we retained the sources with “0” sumrhlﬂag@ (i.e. the most reliable)
and removed the remaining sources from the sample. We aésb ajstical spectroscopic in-
formation for further screening of the sample and excludesbarrces classified as Hll regions,
in groupgclusters and starbuystar forming galaxies (12 sources). In addition, we vigugi}
spected the EPIC-PN images of the sources in order to chetleiié are additional sources
contaminating the background spectrum. In a few imagekdsaand annulus was found to
have additional sources as shown in Hig.] 2.4. We excludethalarchival products of these
crowded field images. The final sample consists of 507 pountcss.

In thetop panels of Fig.[2.3, the distributions of the EPIC-PN net couméft) and flux ¢ight)
in the observed-frame 0.2-12 keV band are compared for taesample of 2646 point sources
selected from the 2XMM catalog (blue), the sample of 919 dijevith redshift information
available (red) and our final sample of 507 sources (greessdnatched). It can be seen that the

7 A source is assigned “0” summary flag when none of the autahatenanual quality flags is set to True.
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Figure 2.4: An example 2XMM EPIC-PN 0.2-12 keV image in whilkh background annulus
(the region between the two white circles) is contaminate® Isources (marked in yellow).
The small green circular region represents the main soegien. The source and background
spectra extracted from such images have not been used imahsdimple.

919 sample is a fair representative of the total sample 06 2®jects in terms of the net counts
and the flux. The 919 sample has comparatively more brighttesu-25% of the sources with
EPIC-PN net counts4x10%), while the 507 sample has ony10% sources in this counts range.
A similar behavior is observed for the flux distributions.ig'm turn implies that our sample of
507 AGNs follows a well-defined selection criteria.

In the bottom panels of Fig. [2.5, the redshiftléft) and the X-ray luminosityr{ght) distribu-
tions of the sample of 919 sources and of our final sample (6Qices) are over-plotted. We
notice that our final sample of 507 sources can be considef@drapresentative of the sample
of 919 objects in terms of the redshift and X-ray luminosiiyhva note of the absence of low lu-
minosity objects in the final sample. In the first part of ApgerTablelA.3 we report the archival
information (e.g. the source name as in the 2XMM catalogstiéty EPIC-PN net source counts
and flux in the observed-frame 0.2-12 keV band) for all the AGNs.

In the following chapters we use this sample of 507 AGNs adaagrce sample. However,
to fulfill our specific aims, this sample has been furthertsgli into various sub-samples. We
discuss this in the relevant chapters.
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Figure 2.5:Top panels: comparison of the distributions of the EPIC-PN net coul&f$)(@and flux
(right) in the observed-frame 0.2—-12 keV band for the total samii2é46 point sources selected
from the 2XMM catalog (blue), its sub-sample of 919 objecithwedshift available (red) and
our final sample of 507 sources (green cross-hatctzatlom panels: the redshift [gft) and the
X-ray luminosity fight) distributions of the listed samples.






Chapter 3

Properties of the integrated spectrum of
serendipitous 2XMM catalog sources

3.1 Rationale

As outlined extensively in the introduction, active galactuclei (AGNs) are believed to be

Eowered by accretion onto supermassive black holes (SMB&lpéter 1964; Lynden-Bell 1969;

4). Most of the accretion power is released in thermost region around the central

SMBH (Shakura & Sunyagv 1973; Prinale 1981), where the eimgispectrum is significantly
affected by strong relativisticfiects (Page & Thorhe 1974; Cunningham 1975). The iron (Fe)

Ka emission line is the most prominent spectral feature oleskirvthe X-ray spectra of AGNSs.
The line profile serves as a powerful diagnostic tool for prghts origin and provides unique
information on the dynamics of the emitting regihn.(EabL&aLélQ_&bE@ 1).

The X-ray spectra of the distant AGNs are often photon starvéne low photon counting
statistics in such AGNs spectra is a major constraint inattarizing the line properties, since
an accurate modeling of the underlying continuum is essketttimeasure the line parameters.
The stacking analysis, a powerful technique to improve thenting statistics, can be applied to
gain an insight into the average properties of the faint AGAs discussed previously, several
studies have been conducted to characterize the average leenk§sion in local and distant
AGNSs. However, the ubiquity of relativistically broadenEd Ka emission in AGNs, redshift
and luminosity dependence of the Fa Kne strength are still unclear.

The conventional approach to improve the counting statisti AGNs involves unfolding
the instrumental response by appropriately modeling thémmoum and then shifting and adding
the individual spectra, which in turn, maximizes the sigiwahoise ratio around the iron line
energy. However, the main drawback is a model dependenmgdniaation of the underlying
continuum. We adopt an alternative approach, first impleeteby Brusa et al, (2005), in which
source spectra are stacked in narrow redshift intervals.

In this chapter we aim at characterizing the properties efittegrated spectrum of the 507
2XMM AGNs described in Section 2.4. These include the ultjgaf the Fe kr emission in
AGNs and the dependence of the spectral parameters on tag IMminosity and redshift (points
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Table 3.1: Statistics of the sources

Redshift Total PN net counts Total

bin sources (2-10 keV) Lbins
0.0-0.2 130 78857 6
0.2-0.3 42 33896 2
0.3-04 37 15594 1
0.4-0.6 47 24349 2
0.6-0.8 60 35550 2
0.8-1.0 33 14502 2
1.0-1.3 60 30263 2
1.3-1.7 52 35735 2
1.7-21 12 5401 1
21-25 15 9352 1
25-3.0 6 5098 1
3.0-40 4 6717 1
4.0-5.0 9 12611 1

(1), (ii) and (iii) in Section[1.8). This chapter is organizas follows: Sectioh 312 describes the
steps taken for splitting the 507 AGNs sample in redshift lamgnosity intervals. Section 3.3
outlines the computation and spectral analysis of the rated spectrum in each redshift and its
associated luminosity bins. Section]3.4 describes thdtsesiusimulations performed to assess
the accuracy of the adopted stacking procedure. Sectibpr8sents and discusses the results of
the spectral analysis. Sectionl3.6 summarizes the cooalsisi

3.2 Splitting the sample in redshift and luminosity bins

First, we grouped the 507 2XMM sources according to theishéts in 13 redshift bins in the
range O< z < 5. The choice of bin sizes is driven by a trad&{metween the sum of net counts
in each redshift bin and to avoid too wide redshift bin prewenthe detection or smearing the
narrow line feature. To avoid the contamination of the stalckpectrum by sources covering
a too wide range of luminosities in a redshift bin, sourcesfarther splitted into luminosity
intervals. The choice of luminosity intervals associated tedshift bin is driven by the number
of sources in that redshift bin. For this reason, sourced mre@shift bins atz > 1.7 are kept in
only one luminosity interval. In all luminosity interva)(ef a redshift bin, the contribution of the
single source counts to the total counts (0.2-12 keV) wask&ltebefore stacking spectra. The
sources with more than 40% contribution were removed frogridminosity interval. The 0.2—
12 keV flux (observed-frame) given in the 2XMM catalog wasdigecalculate the luminosity of
the sources. In Table 3.1, we report for each redshift biatdital number of sources, EPIC-PN
counts in the 2-10 keV rest-frame and the total number offiasity bins in which the sources
were further splitted.
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3.3 Computation and spectral fitting of the integrated spec-
trum

Individual source spectra were summed in the observedeftarnompute the integrated spectra
in different redshift and luminosity bins over the range @ < 5. Appropriate background, re-
sponse and ancillary files were created using'@@®LS routineamathpha, addrmf andaddarf,
respectively. The response and ancillary files were wethtttethe exposure time. The stacking
procedure is described in Appendix Section]A.2. We refeh&sé count-rate averaged X-ray
spectra as the “real stacked spectra”.

The real stacked spectra were rebinned to have at least 2@sgoer bin and analyzed using
XSPEC (version 12.6.0; Arnal 6). In all redshift and theircessted luminosity bins, the
real stacked spectra were initially fitted with a single abed power law in the rest-frame 2—
10 keV band. In about half of the sample we found a significaness above the power law
continuum in the energy range frondé(1 + Znax) t0 6.4/(1 + Zyin) keV, wherez,i, and zax
are the bin boundaries. To investigate the presence of a issiemline, we added a narrow
redshifted Gaussian compondiio wabs (pow+zgauss)) with the line width fixed at- = 0.1
keV and the redshift fixed at the median of the bin. We notidet the fit improved in all
luminosity bins, but with varying significance (see Tdblg)3An F-test has been performed to
test the significance of the narrow redshifted Gaussiandameponent. Given the well-known
limitations of theF-test in determining the precise significance of a spedtral(see Protassov
et aI.@lZ), we ran simulations in order to quantify the Re Bignificance in the real stacked
spectra (see Sectign B.4).

In all redshift and luminosity bins & < 1.7, the peak energy of the Fe line was allowed
to vary, whereas, a > 1.7, the centroid of the Fe line was fixed at 6.4 keV to constrae t
fit. Whenever the addition of the line component was not $icamt (its significance<90%
according to arf-test), an estimate of the upper limit to the rest-frame \ejant width (EW)
of the neutral Fe emission line was inferred. Errors on thérfeeEW were calculated based on
the error in the line normalization considering the 90% aterice interval. The fitting results
are summarized in Table3.2.

Table[3.2 is arranged as follows: Column (1) median redsiifhe bin; Col. (2) expected
energy of the neutral Fe Kline; Col. (3) observed-frame bin width at the 6.4 keV pasiti
defined as\E = 6.4/1 + zy,in — 6.4/1 + zax. Comparatively large bin widths in the redshift bin
0.0-0.2 are due to the variation &y, andz., introduced by splitting the sources infidirent
luminosity bins; Col. (4) total number of stacked sourcesliferent luminosity bins in each
redshift bin (in parenthesis number of sources with sigaifid-e kx line); Col. (5) total net
counts in the rest-frame 2—-10 keV band; Col. (6) rest-frarm@ay)luminosity measured in the
2-10 keV band; Col. (7) power law photon indéX quoted over the 2—-10 keV band; errors are
reported at the 90% confidence level for one interestingpatar; Col. (8) rest-frame equivalent
width of the Fe Kr line; Col. (9)x? and degrees of freedom using a single absorbed power law
and a redshifted narrow Gaussian line; Col. (i®)and degrees of freedom using a single
absorbed power law; Col. (11) thetest probability of the line detection, for F-prai®0% the
upper limits on the EW are quoted at the 90% confidence level.
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3.3.1 Contribution from single sources

In redshift and luminosity bins where a significant Fa Kne is detected in the real stacked
spectrum, we performed spectral analysis of each sour@trapeto check for the presence of
a significant Fe & line. We first grouped each source spectrum to have minimumo2ts
per bin. As our main interest is to identify spectra with #iigant Fe Kx line, we restricted
our spectral analysis in the 2-10 keV rest-frame energyearigor simplicity we adopt the
same continuum model for all spectra as for the real staghectsum. We then added a narrow
(o = 0.1keV) redshifted Gaussian line with the redshift fixed focreaource. We performed an
F-test to quantify the significance of the Fe kine in each spectrum. We considered significant
Fe Ka detection in the spectrum if the F-prob of the line detecti@s>90%. The number of
sources found to have significant Fe Kne are quoted in parenthesis in Tablel 3.2.

We then investigated the Fexkcontribution from spectra with and without significant Fe K
lines by creating stacked spectra of both subsamples. Htasiked spectra were analyzed with
the same models as that used for the real stacked spectra padcaineters were derived. The
stacked spectra of sources without significant feelike detection show the presence of Fe K
line with varying significance depending on the redshift mdinosity bin. Typical Fe ik EWs
of these spectra span a range freR00 eV in the lowest redshift bin t0100 eV in the redshift
bin 0.6-0.8. In theop panels of Figs.[3.1 an@ 312, we show spectral fits with respect to gisin
absorbed power law to three stacked spectra, tapto bottom, sources with significant Fed
line detection, real stacked spectra and sources with aciget Fe K line. In thebottom panels
DatgModel ratios are shown for the real stacked spectra.
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Table 3.2: Results of spectral fitting infiirent redshift bins.

Zmedian  E(Ke) Binwidth  Total  Spectral logix(2—10 keV) r Eqw xy?/dof x?/dof F-prob
(keV) (keV)  sources counts erg's (eV) wabs(powzgauss) wabs(pow)

1) (2 3) 4 (5) (6) () (8) 9) (10) (11)
zbin: 0.0-0.2

0.02 6.26 0.21 20(8) 10440 4188 0.933% 39834 491.9435 642.%437 >99.999

0.03 6.22 0.28 20(9) 8421 41897 1.0479% 4558 420.9351 544.9353 >99.999

0.06 6.01 0.83 23(4) 9433 42485 1.067% 163735 373.4385 399.8387 >99.999

0.09 5.89 0.81 21(6) 13986 42.8%° 15298 1055 508.9518 527.7520  99.991

0.12 571 0.75 22(3) 11932 43583 1.209% 10573 474.9472 488.%474  99.906

0.16 551 0.67 24(6) 24645 43.943 1.379%% 7538 712.9737 729.3739  99.976
zbin: 0.2-0.3

025 512 032  21(2) 6415 43045 1.88%%2 2011L9 259.5260 268.2262 98.717

0.24 5.14 0.34 21(2) 27481 44.*_:8%2 1-728182 79@(1) 728.8708 746.27110 99.976
zbin: 0.3-0.4

034 479 0.34 37(5) 15594 437063 1.825% 69792 439.6477 4448479  94.026
zbin: 0.4-0.6

047 437 054  23(2) 7099 43594 171998 14478 281.5274 287.7276  94.933

0.51 4.24 0.48 24 17250 44.}‘8@@2 1.7{8:82 <98 475.3485 479.4487  87.255
zhin: 0.6-0.8

0.68 3.80 0.40 30(4) 9296 43.%‘31 1-90:83; 163§gg 297.8330 305.7332 98.672

0.68 3.81 0.40 30(3) 26254 44@8% 1.838:3% 93ﬁ§g 602.3561 616.9563  99.881
zbin: 0.8-1.0

089 339 033 17 7142 44,983 1.900%9 <223 254.1262 258.4264  88.928

0.91 3.36 0.32 16 7360 44.@8 1.88j8:gg <135 263.864 265.1266  47.559
zbin: 1.0-1.3

116 297 0.38 30 12833 44 432 2.0609% <183 325.9354 329.8356  88.076

118 294 0.36 30 17430 45§52 1.857% <51 423.0417 423.0418  5.595
zbin: 1.3-1.7

1.44 263 038 27 12255 445904 1.9998 <174 358.9352 361.8354  71.753

146 2.60 0.38 25 23180 45.3¢2 1.890%7 <110 468.4441 473.4443  89.606
zbin: 1.7-2.1

189 222 0.23 12 5401 45.¢3¢ 1.690% <193 199.1200 201.201  90.608
zbin: 2.1-2.5

2.22 1.99 0.18 15 9352 45.%‘5‘ 1.928:1‘2‘ <48 291.2279 291.2280 0.000
zbin: 2.5-3.0

2.88 1.65 0.16 6 5098 45.5%2 2.00:8:52 <115 177.3190 178.0191  50.559
zbin: 3.0-4.0

331 149 0.25 4 6717 46.1% 1.6671° <106 224.9222 225.4223  59.089
zbin: 4.0-5.0

4.31 1.21 0.14 9 12611 46.;%3 l.76jg:ﬁ <83 275.2284 276.2285  74.598

See Sectioh 313 for description of the columns.
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Figure 3.1:Top panelsin each figure show spectral figgo wabs(pow)) to three stacked spectra
in the quoted redshift bin, frorop to bottom, sources with significant Fedline detection, real
stacked spectra and sources with undetected &ére. For visual clarity, the stacked spectra
of sources with and without significant FexKine detection have been rescaled by the factor
listed in parenthesis. In thieottom panels DatgModel ratios are shown for the real stacked
spectra. The vertical line is drawn at the expected posioorihe redshifted 6.4 keV Fe K
line, while the shaded region encompasses the bin widthteghbon Table 2. The average rest-
frame luminosities (2—10 keV) obtained for the best fit mqdedingle absorbed power law and
a narrow redshifted Gaussian line) are also quoted for @lestacked spectra.
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Figure 3.2: Representation of the data in this figure is theesas in Figure_3]1.

3.4 Simulations

We performed extensive simulations to assess the accur#uoy stacking procedure. We created
“simulated stacked spectra” in redshift and luminositysbiwrhere a significant narrow Fexdine

(the F-prob of the line detectiar90%) is detected in the real stacked spectrum (see Table 3.2)

These include six luminosity bins in the redshift bin 0.@;@wo luminosity bins in the redshift
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bin 0.2-0.3, one luminosity bin in the redshift bin 0.3—@#Ae luminosity bin in the redshift bin
0.4-0.6 and two luminosity bins in the redshift bin 0.6-0.8.

As detailed in Section~3.3.1, in each of these bins, we ifledtsources with and without
significant Fe K line by analyzing each source spectrum in the rest-fram@ Re¥V band. We
also constructed the stacked spectra of these two soures.typ create the simulated stacked
spectrum we considered separately the contribution fraimcgs with and without significant Fe
Ka line. For the sources with significant FerKine, the best fit parameters retrieved from the
individual spectral analysis were given as input paransetéor the sources with undetected Fe
Ka line, the average values measured from their stacked spe¢blue spectrum in Figs._3.1
and3.2) were used as input parameters. We produced 100Gsiohstacked spectra in all the
above mentioned redshift and luminosity bins. ldenticapomse andfeective area files were
used for the real and simulated stacked spectra.

In Fig.[3.3, the spectral profiles of the simulated (black] egal (red) stacked spectrum are
compared in the six luminosity bins in the redshift inte®#&—-0.2. A similar comparison in the
other selected redshifts and luminosity intervals is shoawiig. [3.4. In all cases, a very good
agreement between both the spectral profiles is clearheatid

All the simulated stacked spectra were analyzedSREC using a model consisting of an
absorbed power law and a redshifted Gaussian(ire wabs (pow+zgauss)). The line width
was fixed to 0.1 keV, while the redshift was fixed to the mededshift of the bin. The other fit
parameters were allowed to vary. Thereafter, histograniseogpectral fit parameters (e.g. the
power law photon index, the X-ray luminosity and the Fe lihe EW etc.) were produced and
fitted with a Gaussian function to derive the mean and stadieviations of their distributions.

In Fig.[3.5, histograms of the simulated stacked spectrupafameters overlaid with the fit-
ted Gaussian function are shown in the six luminosity birth@redshift range 0.0-0.2. Thaft
panels in each row display the power law photon index distributjomkile thecentral panels
are the X-ray luminosity distributions and thight panels show the narrow Fe & line equi-
valent width (EW) distributions. A similar set of histogranm the other selected redshifts and
luminosity intervals is plotted in Fid. 3.6.

Finally, we compared the spectral parameters of the simdlstacked spectra with those
measured from the real stacked spectra. Figuide 3.7 illestthe comparison of the power law
photon indices, whereas Figs. 13.8 3.9 show the comparigathe 2—-10 keV X-ray lumin-
osities and the narrow FedKline EWSs, respectively. In each figure, the red point repristhe
measurement from the real stacked spectrum and the blackdgemotes the value from the sim-
ulated stacked spectrum. We observe that, in all cases atlaengters of the simulated stacked
spectra are statistically consistent with those obtainea the real stacked spectra. This in turn
guantifies that the fit parameters derived from the speatalyais of the real stacked spectrum
represent the average of the parameters of the individuedtigpocomprising the real stacked
spectrum, thereby attesting the accuracy of our stackioggaiure.
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Figure 3.3: Comparison of one simulated stacked spectrieckpwith the real stacked spec-
trum (red) in the six quoted luminosity bins in the redshift B.0-0.2. The average 2—-10 keV
X-ray luminosity obtained from the spectral analysis of siraulated stacked spectrum is also
reported.
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Figure 3.6: Histograms of the simulated stacked spectrupafameters overlaid with the fitted
Gaussian function in the quoted redshift and luminosityg)inTheleft panelsin each row dis-
play the power law photon index distributions, while tieatral panels are the X-ray luminosity
distributions and theight panels show the narrow Fe K line equivalent width (EW) distribu-
tions.
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Figure 3.7: Comparison of the power law photon indicEsdf the real (red) and simulated
(black) stacked spectra in the quoted redshift and luminbsgi(s). The averagE value determ-
ined from the simulated stacked spectra is also reported.ntimeric X-axis values have been
arbitrarily selected. The number 1 is used for the real, evtiie number 2 is adopted for the
simulations.
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Figure 3.8: Comparison of the 2—-10 keV X-ray luminositiesttd real (red) and simulated
(black) stacked spectra in the quoted redshift and lumipdsin(s). The average X-ray lumin-
osity determined from the simulated stacked spectra israfgarted. The numeric X-axis values
have been arbitrarily selected. The number 1 is used forehle while the number 2 is adopted
for the simulations.
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Figure 3.9: Comparison of the narrow FeKnes EWs in the real (red) and simulated (black)
stacked spectra in the quoted redshift and luminosity pin{ee average EW determined from
the simulated stacked spectra is also reported. The nuiexias values have been arbitrarily
selected. The number 1 is used for the real, while the numisea@opted for the simulations.
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Figure 3.10: Rest-frame equivalent width as a function d§heft.

3.5 Results and Discussion

Here we discuss the results of our work iffelient redshift and luminosity bins. At low redshifts
(z < 0.4) F-test probability of the Fe K line detection is greater than 90% in all luminosity bins.
In the redshift range.@ < z < 0.8 the averagé--test probability of the Fe & line detection
is ~95% in the lowest luminosity bin. An upper limit on the FerKEW was derived for the
non-significant line detections in all redshift and lumitpbins atz > 0.8.

One key advantage of our sample with respect to previousgnda works is that it includes
higher statistics covering a wide range of luminositiesaious redshifts. We can therefore
address the separate redshift and luminosity dependehtiesée line strength.

3.5.1 Evolution of the Fe line equivalent width with redshit

First, we searched for a dependence of the kdiKe intensity on cosmic time (redshift). We
selected the narrow luminosity range of.83< logLx < 445 to cover a redshift range as
wide as possible for an almost constant luminosity. Thisgaroontains 206 sources grouped
in 7 redshift bins in the range & z < 1.3 and an average luminosity of lag(2-10 keV)

= 44.04 + 0.30 (rms dispersion). We find that the intensity of the Re IKe does not change
significantly up toz ~ 0.8 as displayed in Figure_3.10, where the measured EWs with the
associated errors and upper limits are plotted. The uppéslatz > 0.8 are also consistent with

a non evolution. The non evolution of the FerKne intensity can be interpreted as constant Fe
abundance with redshift (Brusa et lal. 2005). Studies of juakemental abundances (derived
from broad optical emission lines) also reported a simi@n(evolutionary) trend of metallicity
with redshift up toz ~ 4.5 dHamann et aﬂio_dﬂ). In contrast, Balestra étLal._(IZOOUMo
significant evidence of a decrease in the average Fe abumdétite intra-cluster medium as a
function of redshift, at least up o~ 0.5. The comparison of these two results impliesféedent
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evolution of the Fe abundance with redshift in these two déiferent systems (AGNs and ICM)
andor very diferent scales (pc versus Mpc).

3.5.2 The T dfect

We then looked for a dependence of the Fe lite strength on the X-ray luminosity. Figure
[3.17 shows the relation between the average rest-frame EVZ-al0 keV luminosity in all red-
shift and their associated luminosity bins. The weakenihthe line strength with increasing
luminosity is clearly present. To derive the relation begwéhe two parameters we followed the
method of (Guainazzi et al. 2006b). Their method can be suimethas follows. First, a set of
Monte-Carlo simulated data is derived from the EWs (bothempimits and measurements with
their associated symmetric errors) according to the fallgwules: (i) each measured EW was
substituted by a random Gaussian distribution, whose nstte ibest fit value and whose stand-
ard deviation is its statistical uncertainty; (ii) each appmit (U) was substituted by a random
uniform distribution in the interval [0,U]. Then, ordinalgast squares fits were performed on
each Monte-Carlo simulated data set. The mean of the slopktha intercepts derived from the
fits of each data set are taken as the “best fit parameters bhéae relation”. We obtained the
following best fit relation:

I0g(EWke) = (1.66 + 0.09) + (=0.43+ 0.07) log(Lx 44) (3.1)

whereEWE, is the equivalent width of the narrow Fexdine in eV andLy 44 is the 2-10 keV
X-ray luminosity in units of 1¢* erg s*. To test the significance of this anti-correlation, we
calculated the Spearman’s rank ffa@ent (Rs) for each Monte Carlo simulated data set. The
mean value is taken as tRe of Equatioi3.]L. Th&s for this correlation is-0.74, corresponding
to a Null Hypothesis Probability (NHP) of @5 x 1074,

Our data therefore strongly imply that the Fer Kne strength in the selected samples de-
creases as a function of increasing luminosity in all reftighins confirming the IT &ect. In
the previous Sectidn 3.3.1, we explored the redshift degecelof the Fe K line intensity. The
observed non evolutionary behavior assured us that noiadaliredshift &ects are introduced
in the IT relation given by Equatidn 3.1, which includeffelient luminosities and therefore on
average dferent redshifts. This indicates that the driver of the oles@éf T correlation is lumin-
osity and not redshift.

However, the slope of thEW, versus Ly relation we obtalned is steeper than the value
reported in previous studles .20 + 0.03 i 1993):0.17 + 0.08 (Page
et al.[2004);-0.17 + 0.03 I7)) The normalization of OB VersusLy
relation is statistically consistent with that reportedanth_el_aJ. [(29_d7). To check whether
this discrepancy in the slope is due to the 2 extreme points at 10*? erg s, we removed
these points and subsequently performed the linear fits.t\elsained a slope 0£0.43+ 0.09
with Rg = —0.67 and NHP= 3.24x 1073,

This discrepancy in the slope can possibly be attributelddaltference in composition of the
samples. Indeed, the samplé in Bianchi et al. (2007) cansfst57 local unobscured radio quiet
AGNs (almost 90% withirz < 1), whereas our sample comprises a mixture of 507 obscukd an




58 3. Properties of the integrated spectrum of serendipitosi2XMM catalog sources
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Figure 3.11: Rest-frame equivalent width of the narrow Felike (- = 0.1 keV) in different
redshift intervals plotted against the X-ray luminosityhie 2—10 keV band. The solid black line
indicates the best fit to all the detections including uppeits. The fit relation is reported on
the top. The solid green line represents the best fit relagiparted by Bianchi et al. (2007). The
combined error range on the slope and normalization of teefliés also shown by dotted lines
in the respective colors.

unobscured sources over a broader z range (69%<at and 31% az > 1). The diference in
the slope we obtain for the whole sample can also be driveid&ypper limits in the highest
redshift bins which are not sampled by Bianchi etlal. (200Vhen all bins in the redshift range
0 < z< 0.8 are considered (see Figlire 3.12), the inverse correlagbmeen the EW and X-ray
luminosity becomes

l0g(EWke) = (1.85+ 0.11) + (=0.32 + 0.07) log(Lx 44) (3.2)

with Rs = —0.64 and NHR: 3.63x1072. The slope of the anticorrelation is statistically coreist
in Equatiori 3.1 and3.2. However, the best fit value is flatt&guatiod 3.2. This in turn supports
the hypothesis that upper limits are an important factohedalculation of the fit relation.
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Figure 3.12: Rest-frame equivalent width of the narrow Felike in the redshift interval G<
z < 0.8 plotted against the X-ray luminosity in the 2—10 keV ban8lyrbols, line styles and
colors same as in Figure 3]11).

The physical origin of the IT fect is related to where the line is originated. Several stidi
have confirmed that the narrow neutral Fe Kne is a ubiquitous component in AGNs X-ray

spectral(Page et al. 2004; Yagoob & Padmanabhan 2004; Garedl2008). The measured

widths vary substantially from source to source and coveldewange from 1000 to 15000

km s? (Yagoob & Padmanabhan 2004), thus being consistent eitiieram origin from the

broad line region (BLR) or the torus (obscuring circumnaclmatter) envisaged in orientation-
dependent unlflcatlon scheme for AGNSs (Ur rv&P Padovani 199%ie original IT dfect (Ilwas-
awa & Tanlguch3) was attributed to a decrease in thergaydactor of the BLR with
increasing X-ray luminosity. However, recent studies reploat no strong correlation exists
between the Fe & core width and prominent BLR $114861 line width ﬁﬂ 6). There
is a similar lack of correlation between the EWs of the kreadtd CIV 11549 Ilnesm
). This implies that the FeaKine is unlikely to be produced in the BLR.
Based on previous studies, the abundartéeceand black hole mass can be ruled out as

the primary physical parameters driving the correlatioagéet al. 2004; Zhou & Wahg 2005;
INandré 2006; Bianchi et al. 20

07). The absence of evolutidineoFe ko EW with redshift (see
Sectior 3.5.11) further confirms this hypothesis. Assumiiag the line is originated in the torus,
the luminosity dependent covering factor of the torus tuunsto be the most likely explanation
for the IT dfect kEag_e_e_t_éQlef_l Bianchi et al. 2b07). A lower coveragdr signifies that
the torus obscures a smaller solid angle around the nucdedshence less Fe K-edge photons
are captured and generate less ke pgotons, leading to a reduction in the EW. In this way,
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Figure 3.13: The variation of the power law photon index asrecion of the rest-frame 2—-10
keV luminosity is illustrated. Symbols reflectfiirent redshift bins as in Figure 3111.

an increase in luminosity and a subsequent decrease in Yegirng factor could explain the
observed anticorrelation of the EW and X-ray luminosity.

An immediate implication of the luminosity dependent cawgrfactor of the torus is the
variation in the underlying continuum with luminosity aghicovering factor at low luminosities
would cause spectral hardening by suppressing the sofopéine spectrum. To confirm this
argument, we investigated the dependence of the power latophndex (characterizing the
underlying continuum) on the X-ray luminosity infiérent redshift bins. In order to avoid the
complexity of the AGNs spectra at energies below 2 keV, wéopered spectral analysis in the
2-10 keV rest-frame band. Figure 3.13 illustrates the tianaof the power law photon index
(') with the 2-10 keV luminosity in dierent redshift intervals. We found that thein our
stacked spectra sample is hard at low X-ray luminositigs< 10*3 erg s*) sampled mostly in
the redshift bin 0.0-0.2. A haidis indeed expected in the case of increasing absorptioeséth
luminosities due to a high covering factor. The trend aldteces the decrease of the fraction
of the absorbed sources with the X-ray luminosity reveatethfextensive works in hard X-ray

surveys studies (Ueda et al. 2003; La Francalet al. 2005ng@s2008).

3.6 Conclusions

We have compiled a large sample of 507 sources selected frer@XMM catalog covering
the redshift range < z < 5 and nearly 6 orders of magnitude in the X-ray luminosity. To
improve the signal-to-noise ratio and investigate the ayerX-ray spectral properties of the



3.6 Conclusions 61

sources, we computed the integrated spectra in narrowaiseof redshift and luminosity. We
performed simulations to assess the accuracy of the stapkatedure. The main results can be
summarized as follows.

¢ We confirm that the narrow Fedline is an almost ubiquitous feature in the X-ray spectra
of AGNSs.

¢ In the integrated spectra spanning redshift rangezd 1.3 at nearly constant luminosity
we detect no strong trend in the Ferine EW with redshift.

e We find a significant anticorrelation between the Fe KW and 2-10 keV rest-frame
luminosity across a wide redshift range not probed in priodies. The slope of the an-
ticorrelation we obtained is steeper than the value redont@revious studies, likely due
to the diference in composition of the samples. The exact physicalecatithe IT &ect
is unknown, one promising explanation is a decline in theedog factor of the putative
molecular torus as the luminosity increases.

e We find a hardening of the spectral indices at low lumincsitiethe redshift bin 0.0-0.2.
This can be linked to the dependence of obscuration withriosity.






Chapter 4

Rest-frame stacking of 2XMM catalog
sources: Properties of the Fe k& line

4.1 Rationale

Fluorescent Fe K lines in active galactic nuclei (AGNSs) are a potentiallyque tool to probe
the innermost regions around a black hole. The line proggersiuch as the peak energy, intensity
and profile carry important diagnostic information abow ttynamics and physics of the region
where the emission originates. The measured line energypearsed to infer the ionization
state of the line emitting matter, whereas the line equitakedth (EW) indicates the amount of
fluorescing material (Fabian et/al. 2000).

The line profile is determined by several physical paramsetéhe Fe k line in AGNs is
assumed to be produced through X-ray irradiation of ogti¢hick matter, such as the molecular
torus angbr the accretion disk (Guilbert & Rees 1988; Lightman & WHhi@88: George &
Fabiar@ﬂ_Man_el_HLlébl). If the FexKine arises in distant material like the molecular
torus envisaged in orientation—dependent unification reehfor AGNs (Antonucei 1993), the
resulting emission line profile is narrow. In contrast, thee ke line originating in the inner
accretion disk is distorted by Doppler and gravitatiorfiées and becomes asymmetric (Fabian
et aI.LlQ&bLLaéLlQ_Sbl). Hence, relativistic line$ep a robust way to measure accretion disk
properties, such as the radial extent, the emissivity @rdfie inclination angle of the disk to the

observer’s line of sight and the black hole spin (for the eaid see Reynolds & Nowak 2003;
Fabian & Miniutti | Miller 20017; Turner & Miller 2009).

The last decade has witnessed a significant improvementrikraawledge of the narrow
Fe Ka line properties in AGNs. Based on data collected with highsstivity X-ray satellites
XMM- Newton, Chandra and Suzaku the ubiquitous presence of a neutral, narrow ke like
in AGNs spectra has been established (Yagoob & Padmaralfifehn Guainazzi et al. 2006a;
IReeves et al. 2006; Nandra etlal. 2007). The behavior of tHédFéne as a function of the X-
luminosity and redshift has also been examined. Competundence of the inverse correlation
between the neutral, narrow Fexdine EW and X-ray luminosity, known as the X-ray Baldwin
effect (Iwasawa-Tanigucifeect), has been reported (Iwasawa & Taniguchi 1993; Nanda# et
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1997; Page et al. 2004; Bianchi etlal. 2007; Chaudhary| eD40:2Shu et al. 2010). However,
the EW is observed to be independent of the redshift (Bruak2005] Chaudhary et al. 2010).

While the presence of a narrow line component is confirmedllbyw@ependent analyses,
the evidence of the presence of a broad line is more debathd.cdmplex nature of AGNs
spectra, and, in particular, the degeneracy between tlotrapparameters and the dependence
of the line EW and shape over the fitted (absorbed) contintlmampered so far a comprehensive
interpretation of the physics behind the observed featuds an example, it has also been
proposed that the observed red-wing can also be ascribedmeplex (clumpy) absorption at
least for MCG—-6-30-15 (Miller et al. 2Qb9). It is therefongtical to have multiple independent
procedures to determine the Fe line parameters.

In this chapter we study a small but well-defined sample of AGaken from our parent
sample of 507 sources and concentrate on the mean propsrtiesFe K line in the rest-frame
using two diferent procedures. This chapter is organized as followstid®€d.2 describes
the selection criteria and properties of the sample. Sellid outlines the rest-frame stacking
procedures. The results of the spectral analysis are gesbenSection 4}4 and are discussed in
Sectior[ 4.b. The conclusions are summarized in Setfion 4.6.

4.2 The sample

We start with our reference sample of 507 AGNs at high gaddatitude (Bl 1| > 25 degrees),
with the sum of the EPIC-PN and EPIC-MOS 0.2-12 keV countatgreahan 1000 and covering
the redshift range & z < 5 (See Chaptéd 2 for all the details on the selection of thepsgm

An essential requirement of the conventional rest-fraraekshg analysis is the spectrum
unfolding by appropriately modeling the underlying contim. Therefore, to carry out a reliable
spectral analysis of each spectrum, we refined the sampl@7oA&Ns by considering only the
AGNs with the EPIC-PN net 2—10 keV rest-frame cousn?0 (~73% of the reference sample).
As our main interest is in the Fe K region of the spectrum, wadyared each source spectrum
in the rest-frame 2—10 keV energy range, excluding the 5bkéV Fe barlﬂiusinQXSPEC (ver.
12.6.06). We fitted the data with an absorbed pt‘aME. Only the EPIC-PN data
has been used in this work. In the second part of AppendixelBl we list a few parameters
namely the EPIC-PN net counts, power law photon ind@a(d X-ray luminosity derived from
the spectral analysis in rest-frame 2—-10 keV range.

From the original sample of 507 sources, we further seleatemimple of 248 AGNs having
their power law photon indices as derived from the above moeet fits in the range 1.8
I' < 2.2. The imposed threshold dhensured that our results are stable against the continuum
normalization and the contribution of the highly obscureg@dMs with prominent Fe K lines is
minimum. Thetop row in Fig. [4.1 shows the distributions of the EPIC-PN net coief$) and

! Spectral fits excluding 5-7 keV and 67 keV have also beemprgd. This did not change the results.

2 We also tested a model with a neutral reflection componsatrav in XSPEC, see_Magdziarz & Zdziarski
). However, our choice of the spectral energy rangeQ%eV) and the limited statistics in the majority
of spectra (see Figi_4.1 for sample properties) restraintdl @arametrization of the reflected continuum. We
therefore adopted a simple absorbed power law continuu@ilfeources.
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Figure 4.1:Top: distributions of the EPIC-PN net countsff) and 2—10 keV power law photon
indices (ight) of the 248 sources selected for our study (green crosswdtcompared with the
reference sample (red solid lindottom: redshift {eft) and rest-frame 2—10 keV luminosity, no
absorption correctiorright) distributions of these two samples. The total number ofcesiin
each sample is also reported.

power law photon indices in the rest-frame 2—-10 keV bamghf) of the 248 sources used in
this work (green cross-hatched) compared to the refereamogle (red solid line). Theottom
row shows overlaid histograms of redshiftsf{) and 2—10 keV luminosities, not corrected for
absorption (ight) for these two samples. We note that the selected subsamPi8 AGNs can
be considered a fair representative of the reference samfg#ems of the X-ray luminosity and
redshift.
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4.3 Rest-frame stacking procedures

4.3.1 Stacked ratio

A commonly employed method to study the average Fe K linegnags is to derive the average
of the ratio between the data and a simple continuum modetdoh source under study (e.g.
Nandra et al. 1997; Guainazzi eflal. 2006a). However, skkeyafactors should be considered
in the stacking analysis when the sample sources have a edgaift distribution. These include
different redshift of each source and thusféedent observed line energy, the energy dependent
detector response is alsdieirent for each source.

Taking into account all these factors we adopted the folgwirocedure for constructing an
average ratio profile for our AGNs sample.

e For each source, we determined the observed-frame enengg @rresponding to the
rest-frame 2—10 keV band and the associated ungroupede@haformation from the re-
spective response files. Each spectrum, in the rest-frad@ iV band, was then grouped
in predefined bins of widths equal t®2%/(1+2z) up to 8 keV and 1(1+ 2) in the 8-10 keV
using theFTOOLS routine grppha, which corresponds to a rest-frame sampling of 0.25
keV and 1 keV in the 2—8 keV and 8-10 keV, respectively. Thieshead 26 energy bins in
each spectrum. For illustration purposes, six redshiftexbed source spectra grouped in
26 predefined energy bins in the 2-10 keV range are presented.(4.2.

e Given the limiting counting statistics and the choice ofdafned binning we could not
assure a minimum of 20 counts per bin. We therefore analyretinned, background-
subtracted, 2—-10 keV rest-frame spectra with an absorbedmaw using the Cash stat-
istic MQ) implemented XSPEC. The best fit parameters (NandI" etc. with
errors) and ratio with respect to the best fit continuum meaek saved.

e These ratios were then summed and averaged for all the soareach rest-frame energy
bin. First, we derived the mean and standard deviation ofadlies in each energy bin.
We then removed in each energy bin all the ratios deviatingerti@n 3 times the standard
deviation from the average value (3—sigma clipping). Fegdu3 shows the resulting av-
eraged ratio (red) comprisingl5% of ratios in each energy bin compared with the mean
ratio for the whole sample of the 248 sources (blue). We fiadtthe two ratio profiles are
consistent within the errors as expected. We note that teg@a clipped averaged ratio
(red) is comparatively lower at high energies/(keV) as the contribution of the ratios
deviating significantly from the average value in these Bnemoved.

e The averaged ratio cannot be fitted directlyX8PEC and it must be converted to a flux
spectrum taking into account the average underlying caotm we therefore converted
the averaged ratio created by applying 3—sigma clipping) p@nts in Fig.[4.B) to a flux
spectrum by multiplying the averaged ratio in each energyblyithe E' factor, where E
is the central rest-frame energy of the bin &i¢d1.8) is the mean slope of our sample. We
refer to this flux spectrum as the “averaged ratio flux spectru



4.3 Rest-frame stacking procedures 67
01 g T T T 3§ T [ ———
- . ; - 0.01 k- -
> Lo ] > F % ]
Q a3l ) u E
= 0.01 & Ww g E = I W F ]
s T B s L ]
S - ] € g E
3 0001 F Hﬁ%ﬁ% 3 - ]
o E E el - B
8 - . s 0.0001 |- .
S 0.0001 . g Tk
s E 2=0.0034 E = F 2=0.0291 ]
z [ Net counts (2-10 keV)=466 ] z L Net counts (2-10 keV -241 i
1e-05 | | | | | | |1 1 1e-05 | | | I
2 3 4 5 6 7 8 910 2 6 7 8 910
Energy (keV) Energy (keV)
AT T I T T T [
- b _ S ]
. B i : | - ,
R Ty z 3 WH%
" r % ] " ﬂ@%
0 L %‘%’%% J @ 0.01 — % -
| I iy
8 L ] 8 r ]
3 H 3 [ J[ f
s s J[ 1
<c 0.001 — © i
£ E 2=1.112 % +Jr £ | 2-1.559 J[’H‘ —%L
z | Net counts (2-10 keV)=535 ] z Net counts (2-10 keV)=831
\ \ \ I R B N B 0.001 L \ \ I R B B
2 3 4 5 6 7 8 910 2 3 4 5 6 7 8 910
Energy (keV) Energy (keV)
T T T 1 T T 1
it 0.1 4 E - i i
> e ] >
[0} C ] [0}
‘_x r ’_%_‘ ++ ] ‘_—‘C ’—%_‘}_%_{ ﬂ%’—%ﬂ%
- I 3Ty i @01 + *H“% F -
£ * ok 1 2 - " Hff ]
s %ﬁ% - I %ﬂ% ;
°© ©
8 oo b JFJFJ[ - 5 I ]
© S E % ] © - g
£ [ 2-2.406 S £ | 2=3.773 =
= [ Net counts (2-10 keV)=1418 %ﬂ = Net counts (2-10 keV)=2171
\ \ \ I B B B \ \ \ L1
2 3 4 5 6 7 8 910 2 3 4 5 6 7 8 910

Energy (keV)

Energy (keV)

Figure 4.2: Six redshift corrected source spectra groupezbipredefined energy bins in the
2-10 keV band. The labels represent the redshift and the PRIQ-10 net counts for each
source.
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Figure 4.3: Comparison of the mean ratio profiles: the whalege comprising 248 sources
(blue) and after applying 3—sigma clipping on the ratiosaolreenergy bin (red).

4.3.2 Stacked spectrum

We followed the averaging procedure of lwasawa et al. (2@ddyronstructing an “averaged
X-ray spectrum”. The advantage of this procedure is that ihdependent of the continuum
modeling and statistics used in the spectral analysis. isnpifocedure original data, in units of
counts st keV1, of each spectrum were saved after loading the spectrunpgcoas described
above. We also created the ascii tables of the ancillaryrespmatrices (.arf) with the same bin-
ning as of the spectrum. The data were then divided by thageeffective area in each energy
bin, and thereafter normalized to the 3-5 keV continuum guenthat the average spectrum is
not dominated by the brightest objects. The final “averagedy<spectrum” is constructed by
summing the normalized counts of all thefdrent sources in each rest-frame energy bin and
averaging for the total number of sources. A spedi@réis made to evaluate calibration issues
and uncertainties (see lwasawa et al. (2011) for furtheaild@t The total number of the 2—-10
keV counts for the 248 sources~+498000.

The ratio of the “averaged X-ray spectrum” with respect t@agr law (green) over-plotted
with the mean ratio profile created using 3—sigma clippieg)iis shown in Fig._414. We notice
that the two ratio profiles are fully consistent within thatstical errors. Spectral fitting of the
“averaged X-ray spectrum” is addressed in more detail iniG@ed.4.2.
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Figure 4.4: Ratio of the “averaged X-ray spectrum” with so a power law (green) overlaid
with the mean ratio profile of the 248 sources created usisg8ia clipping (red).

4.3.3 Simulations

To identify the artifacts possibly introduced by the stagkmethod, we carried out simulations
usingXSPEC. First, we created 100 simulated “ungrouped” line less spdor each of the 248
sources using their best spectral fit parameters (.9, J™Nand power law normalization etc.).
Identical response andfective area files were used for the real and simulated spectra

We then applied the same procedure detailed in Selction th 3hse simulated spectra and
computed the mean ratio profile of the 248 simulated speatragch realization. Thus, we have
100 realizations of the underlying continuum representethb mean ratio of each realization.
We then computed the distribution of these simulated caatiThe averaged ratio profile of the
248 spectra (red), mean simulated continuum (black) arldri{green dotted line) and3(blue
solid line) deviations in each energy bin are shown in Eigl. 4.

We note that some apparent deviations (e.g. upward turneagjies below 2.5 keV) present
in the averaged ratio profile is also evident in the averagedlated continuum. This in turn,
confirms that simulations can identify very small systeméfiects of the order of 5% and the
significance of any spectral feature can be deduced withedbtelaccuracy. We have investigated
the possible reasons for this curvature at energies belwe}/. This dfect can be attributed to
a combination of the boundaryfect (due to our spectral energy range selection) and cauntin
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statistics. Indeed, when the averaged ratio profile and tkeaged simulated continuum are
computed for the sources with net count00, we do not find any curvature.

4.4 Results

4.4.1 *“Averaged ratio flux spectrum” fitting

We performed a detailed spectral analysis of the “averagéd flux spectrum” constructed
from the averaged ratio profile as described in Secfionl4AlIthe fit results are shown in Fig.
[4.8. We used th&€TOOLS routine f1x2xsp to convert the ascii file of the “averaged ratio flux
spectrum” to the fits format. To assess the improvement irspleetral fitting on including an
additional spectral feature in the fit, we adopt te criterion (e.g.Ay? = 2.7 corresponds to
90% significance for the addition of one interesting par@mandAy? = 4.6 corresponds to 90%
significance for two additional interesting parameterdjrolighout the spectral analysis, errors
and upper limits are quoted at the 68% confidence level fopanameter of interest. The errors
in the Fe line EW are calculated usiR§PEC egw with err option.
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We first carried out the spectral analysis in the 2—10 keVg@nenge using various models
consisting of simpleomplex continuum and oftevo Fe Ka lines. However, in all the attempted
fits, we noticed the presence of significant residuals of tderoof 5% in the 2—3 keV band that
can be ascribed to the systematiiteet identified by our simulations discussed in Sedfion 4.3.3
Moreover, the 2-3 keV excess resulted in highvalues (e.g.x*> > 2) in most of the models
explored. Therefore, to obtain more reliable spectral Wts restricted the spectral analysis of
the averaged ratio flux spectrum in the 3—10 keV band.

We then concentrated on the characterization of the nar@W kne. To parametrize the
narrow core we used a power law plus a narrow Gaussian lirfethé energy and width fixed
at 6.4 keV and 0.01 keV, respectively. The line normalizatieas allowed to vary. This line
model yielded an acceptable fit?(dof = 31.3/19) and the narrow line is detectecb&19.995%
significance level£y? ~ 30 for one additional parameter), with an EW of 433 eV. We note
that the residuals show excess emission of the order of a &vegnt in the 6—7 keV energy
range.

To search for the presence of a broad component we replage@tiow feature with a broad
Gaussian by leaving the line width free to vary. The fit wassiderably better than a single
narrow Gaussian emission line modef(dof = 256/18), with resulting values of the broad
line EW of 75+ 40 eV and a measured width of = 0.15'33% keV. However, we see excess
emission around 6.7 keV possibly indicating that the modé#h & single line component does
not fully describe the data. This hypothesis is further sugal by the observed improvement in
the goodness of fit as a single Fe K line with free width is p#gtimodeling the broad feature.

We next fitted the data with a simple power law and a physicatiyivated broad line with an
emission profile from an accretion disk around a Schwarksdack hole fliskline, Fabian
et aI.|L9_&b). We fixed severdi skline parameters; the peak ener§yi«, at 6.4 keV, the inner
disk radiusR;,, outer disk radiusR,, at 6 and 10@R,, respectively, wherBy is the gravitational
radius and the emissivity indeg, at—2.5. The free parameters were the disk inclinatioand
normalization. The fit was statistically worsg?(dof = 41.6/18) as compared to the previous
ones, which can be attributed to the presence of signifiemitiuals peaking at 6.4 keV. The
errors in the fit parameters except thiskline EW (128+ 41 eV) could not be inferred due to
the poor fit. Thus, we concluded that a line model consistirtgvo components should be used
to model the Fe K band in our data.

We therefore tested a two component line model consistingo@iGaussians to account for
the narrow core and the broad component. The fixed paranfetelre narrow component were
the same as those in the single narrow Gaussian line fit mattiabove. The line energy of
the broad feature was fixed at 6.4 keV, while the broad linettwahd normalizations of both
the lines were free parameters. With an improvement in gessliof fit (?/dof = 22.8/17),
the fit with two line components gives narrow and broad lineEa¥28+ 20 eV and 73+ 43
eV, respectively. Using a simple power law continuum pataegion, a broad Gaussian FexK
line is detected a+95% significanceAy? ~ 9 for two additional parameters), with the width
of o = 0.40°323 keV. On modeling the broad feature withdaskline with fit parameters of a
singlediskline fit, we achieved a similar quality fif¢/dof = 227/17). The measured EWs
of the narrow and diskline components ares3%4 eV and 102;2 eV, respectively, while the
disk inclination is 446*39 degrees. Figurie4.7 plots contours (at 68%, 90% and 99% emfd
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Figure 4.6:Top panelsin each figure show spectral fit to the “averaged ratio flux spet’ using
the quoted model. In thiottom panels ratio with respect to the quoted model is shown. The
model components are also displayed.
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interval) of thediskline versus narrow component intensities together with the fidestlues
derived for this fit fio pow+gaussian+diskline) to the “averaged ratio flux spectrum”. We
also checked the variation in tdéskline EW by fixing the outer disk radiu® to 1000R, as
well to the maximum value of 7(R, allowed by theliskline model. The measuretiskline
EW is found to be within the 2 eV fference of the previous value.

Given the robust detection of the narrow Fe Kne in the “averaged ratio flux spectrum”, a
signature of reprocessing in cold, distant material, weedddneutral reflection component using
thepexrav in XSPEC (Magdziarz & Zdziarski 1995). Thgexrav model computes the spectrum
resulting from an exponentially cufgower law continuum incident on a slab of optically thick,
neutral material, accounting for the Compton reflection badnd-free absorption. However,
thepexrav does not include any fluorescence emission lines. We ugeethrav to parametrize
the reflected continuum only, as the illuminating primarytouum is separately modeled. In
this model, thepexrav continuum shape was tied to the mean photon index of theiillatimg
continuum][ (fixed at 1.8), abundances were assumed to be Solar, theatioh of the reflector
to the observer’s line of sightpsi, and the cutfy energy,foldE, were fixed at 0.90 and 200 keV,
respectively. The solid angle of the reflecfof2r was fixed to 1. The reflection fraction of the
distant neutral reflectoRp;«, is derived from the ratio of the reflection component noraaion
to the power law normalization. The errors in tRgy are propagated using the standard error
propagation formula (Bevington 1969). To account for bt line features we first used two
Gaussian lines with parameters set as in the power law camtirmodeling.

Overall, the fit statistic is goodk¢/dof = 21.6/17) with Rpi¢ = 0.27 + 0.17 and the narrow
line EW of 28+ 20 eV. With this continuum parametrization, the detectimgmisicance of the
broad Gaussian line wittr = 0.37°331 is marginal Ay* ~ 4 for two additional parameters). We
therefore inferred an upper limit of 105 eV for the broad IEM/. When the broad component
is modeled by aliskline profile, the fit statistic is similar to the previous fit, wit?(dof
= 21.5/17) and the EWs of the narrow and diskline are+3¥4 eV and<137 eV, respectively.
The fit results are summarized in Tablel4.1. The observeatiamiin the broad line detection
significance as a function of the adopted continuum pararaétyn is noticeable.

4.4.2 “Averaged X-ray spectrum” fitting

We have also carried out a detailed spectral analysis ofdlkeraged X-ray spectrum” in the
3-10 keV energy range using the four models discussed abitke2Wine components. The
spectral fits are displayed in Fig._ #.9. We mention that in‘veraged X-ray spectrum” fitting,
the free and fixed parameters of the two lines (parametrigegitber Gaussians or a narrow and
adiskline) are set in accordance with those in the “averaged ratio flextsum” fitting. First,
the underlying continuum was modeled with a power law and &aoissian lines representing
the narrow and broad features were included. The fit statigdis reasonably goog{/dof =
20.617) with the power law photon indeX,, of 1.64 + 0.03 and narrow line EW of 2& 10
eV, while the broad line EW is 92 35 eV. The broad Gaussian line is detected at<88%
confidence level{y? = 11 for two additional parameters), being in an excelleneagrent to
the corresponding fit of the “averaged ratio flux spectrum’héi the broad feature is modeled
by adiskline, the fit statistic is excellenff/dof = 17.417) and we recovered the narrow line
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Figure 4.9:Top panels in each figure show spectral fit to the “averaged X-ray spattusing
the quoted model. In thiottom panels ratio with respect to the quoted model is shown. The
model components are also displayed.

EW = 37 + 8 eV, diskline EW= 128+ 36 eV and the disk inclination= 44.4 + 2.4 degrees.
Thediskline is detected at a robust significance levg}{ ~ 14 for two additional paramet-
ers). Figurd 4]8 shows contours (at 68%, 90% and 99% confidiewerval) of thediskline
versus narrow component intensities together with the fiestalues derived for this fitnfo
pow+gaussian+diskline) to the “averaged X-ray spectrum”.

The additional spectral fits with a simple power law and thHkecgon component (modeled
with pexrav), and two line components also give fit parameters fully iast with those meas-
ured in the “averaged ratio flux spectrum” fitting, as showable[4.2. Also in this case, a
strong dependence of the broad line significance on the edauntinuum parametrization is
present.
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4.4.3 Complex fits

We next examine the implications of using a self-consisteitéction spectrum on the broad line
detection significance and its measured parameters. Weogeatpthe neutral reflection model
of lNandLa_el_dl.L(ZD_(W). This model, known@skmon, enables modeling of the iron lines and
Compton reflection continuum in a self-consistent manneraddition, the model includes a
neutral Fe I8 line (7.05 keV) with a flux of 11.3% of the Feline, a Ni Ka with 5% of the
flux and the Fe & Compton shoulder.

Fitting the “averaged ratio flux spectrum” with a power lawdam distant neutral reflector
(pexmon) yielded an acceptable fitf/dof = 33.6/20). However, the fit leaves residuals around
the Fe core indicative of the presence of a broad componertenvthis residual feature is
modeled with adiskline with parameters shown in Tabdle #.3, the fit improves signiftiga
(Ay? ~ 110). The disk inclination is constrained to be.8%3 degrees, while théiskline
EW is 89jgg eV. We determined the reflection fracti®a;¢ = 0.28 + 0.06 for the reflector. The
top panel of Fig[4.10 shows the spectral fiid pow+pexmon+diskline) to the “averaged ratio
flux spectrum”. The residuals (with tipexmon anddiskline normalizations set to zero for the
sake of illustration) are shown in thettom panel.

The broad residual feature was also parametrized using &siemline profile from an ac-
cretion disk around a maximally rotating black holadgr, @). The peak energ¥pis
was fixed at 6.4 keV, while the inner disk radi, and outer disk radiufR,:, were kept at
the default values of 1.24 and 489, respectively, wher&y is the gravitational radius. The
emissivity indexs, was fixed to 5. The disk inclination to the observerand the line normal-
ization were allowed to vary. This spectral characteriwafno pow+pexmon+laor) yielded an
acceptable fity?/dof = 221/18) and we recovered thiaor line EW = 112739 eV, the disk
inclinationi = 43.9f§} degrees and the reflection fracti®piy = 0.26 + 0.05 for the reflector.
The fit results are presented in Tablel4.3. We note that trepeters of the illuminating power
law continuum (e.g. photon indéxand normalization) angexmon (e.g. photon indeX, cutdf
energy, Fe abundance, normalization and the derivatiomeofeflection fractiomRp;4 etc.) were
treated as in theexrav fits, with the only diference of inclination of theexmon now fixed to
60 degrees.

To model the broad feature self-consistently, we assungdltle accretion disk is in a low
state of ionization and refitted the “averaged ratio flux spp@e” by replacing thd aor line with
a blurred reflection component. We do this by convolving ghemon model withkdblur, a
convolution model to smooth a spectrum by relativistieets from an accretion disk around
a rotating black hole (Fabian et/al. 2002). The inner radiuthe blurred reflector (accretion
disk) was fixed taR, = 6 Ry, whereas the outer radiuBy, and the emissivity index3, were
fixed at 100.0Ry and 3.0, respectively. The free parameters were the naatians of both
the reflectorsgexmon andkdblurspexmon) and the inclinationi, of the blurred reflector. The
average parameters for this model are presented in TabléVe3ind that the blurred reflector
covers a solid angle f2x Rg) of (0.80+ 0.24) = at the X-ray source, while the distant neutral
reflector subtends a solid angle ofr(2 Rpig) of (0.54+ 0.12) r at the X-ray source. The average
inclination derived for the blurred reflection componenB%jf;S degrees. In théop panel of
Fig.[4.11 we display the spectral fit to the “averaged ratin fjpectrum” using a power law and
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Figure 4.10:Top panel shows spectral fit to the “averaged ratio flux spectrum” usingodel
including a power law, a distant neutral reflector and a thgkino pow+pexmon+diskline)
along with the model components. Residuals (withghemon anddiskline normalizations
set to zero for illustration purposes) are shown inlibttom panel.
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Figure 4.11:Top panel shows spectral fit to the “averaged ratio flux spectrum” usingpwer
law and dual reflection spectrad pow+pexmon+kdblurspexmon) along with the model com-
ponents. Residuals (with the normalizations of both thescédis set to zero for illustration
purposes) are shown in thettom panel.
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the dual reflection spectra. The residuals (with the nozatibns of both the reflectors set to
zero for illustration purposes) are shown in tiaétom panel.

Considering that the inner accretion disk is likely to beized, we then attempted to model
the broad Fe K feature of the “averaged ratio flux spectrunmiguthe blurred ionized reflection
component. For doing this, we convolved the ionized refbectnodel (denoted byeflionx
in XSPEdﬁ) of Ross & Fabian (2005) witkdblur. The incident power law photon index of the
reflionx model was set equal to that of the primary power law compaoareththe Fe abundance
was fixed to 1. The ionization parameter and the normalirasichereflionx were allowed
to vary. The other model components such as the powemplexnon andkdblur etc. were set
as in the previous fits.

This model fio pow+pexmon+kdblursreflionx) also produced a reasonably good fit with
(x?/dof = 235/17). However, the of the ionized reflector could not be constrained and we
inferred an upper limit of 560 erg cn’sat 68 %. We outline the fact that the f1ionx model
does not include a formal parameter for the reflection foactif the accretion disk and provides
only the normalization of theeflionx component. Our measured value of theflionx
normalization is (&'72) x 10™*. We find that the parameters for the power law, distant reftect
represented byexmon andkdblur components are fully consistent with those obtained in the
fit including the blurred neutral reflection component. Thedsults are reported in Takile ¥.3.

In the next fits, we replaced thelblur component with th&errconv relativistic convolu-
tion model of Brenneman & Reynolds (2006) and investigatedvariation in the fit parameters
for the model comprising dual neutral reflection componentse kerrconv model consists
of seven parameters: the emissivity indices for the inner @uter disk separated by a break
radius, inner and outer radii for the disk emission, the gairameter of the black hole and the
inclination angle of the disk with respect to our line of diglfror thekerrconv component,
we assumed a single emissivity index of 3. The black hole ggis fixed to 0, while the in-
clination angle of the disk was kept as a free parameter. \Whdufixed the inner radius of
the disk to be equal to the radius of the marginally stablét,0Rxs(= 6 Ry for a non-rotating
black hole), and the outer radius to 4B89s. The best-fitting parameters for this modmb (
pow+pexmon+kerrconvspexmon) are given in Table4]3. We report that the fit statistic ad wel
as the fit parameters resulted from this model are in exdedigreement with those found in the
fit usingkdblur convolution model. A similar parametrization is obtainelen the black hole
spin is fixed to 0.998.

All the above discussed complex spectral models were alpbedpto the “averaged X-
ray spectrum”. The fit parameters retrieved from the “aveday-ray spectrum” spectral fit-
ting are summarized in Table 4.3. It can be seen that dedpiteslightly diferent under-
lying continuum of the “averaged X-ray spectrum”, the paetans are fully consistent with
those measured from the “averaged ratio flux spectrum”. Ikmtiation purposes, two spectral
fits to the “averaged X-ray spectrum” are displayed in Higl24. Thetop panel plots spec-
tral fit using a model including a power law, a distant neutedlector and aliskline (mo

3 In this model, an optically thick accretion disk is illumied by a power law, producing fluorescence emission
lines and the reflected continuum. The parameters of ¢f&ionx model include the incident power law photon
indexI', Fe abundance and ionization paramétedefined ag = 4nF1q /Ny, WhereFr is the total illuminating
flux andny is the density of the reflector.
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pow+pexmon+diskline), while the bottom panel shows the fit using a power law plus dual
reflection spectranp pow+pexmon+kdblurspexmon).

Finally, considering that the broad line EW or equivaleritig reflection fraction of the
blurred reflectorRg,, is the critical parameter of our work and many fit parameferg. cutdt
energy of the primary power law, Fe abundance, emissividgxninner and outer radius of the
disk etc.) were fixed in our spectral analysis, we investiddhe &ects of relaxing these fixed
parameters on the inferred value of fRg,,. We refitted the data by allowing the fixed paramet-
ers to vary one by one. We find that tRg,, parameter measured from these new spectral fits is
fully consistent with the values reported in Tablel 4.3. Biase this parameter space exploration,
we can safely conclude that tiRg,,, parameter determined from our dataik.5 at the 5 sigma
level.

4.5 Discussion

It is critical to have multiple independent methods to measiie average Fedline properties.
We have determined the Fe line parameters using two mettesisided in Section'4.3. We
find that the average narrow core EW for the whole sample cemgr248 AGNs is~30 eV
and is stable in various continuum models employed for theraged ratio flux spectrum” and
“averaged X-ray spectrum” (Tablgs 4.1 dndl4.2). We have deinated that the broad line
parameters and its detection significance are highly semsitthe adopted continuum modeling.
In order to examine the average Fe line properties as a imofithe hard X-ray luminosity
(2—10 keV) and also to investigate the variation in the liagameters obtained from the two
methods we splitted the sample in 3 luminosity intervals, @1 < logLx < 435 erg st; L2,
435 < logLy < 445 erg st; L3, 445 < logLy < 46.0 erg st). We then computed the “averaged
ratio flux spectra” from the averaged ratios and “averagesp&etra” in these luminosity bins
and performed their spectral analysis. Hig. #.13 plots #reow Fe kv EWs measured from
the spectral fitting of the “averaged ratio flux spectrumdjrand “averaged X-ray spectrum”
(green) against the X-ray luminosity in the 2—10 keV bandtifa whole sample of 248 AGNs
(horizontal lines) and its sub-samples used for lumindsitg. An excellent agreement between
the narrow line EWs determined from the two independent odsghs evident. The narrow
line EW decreases as the X-ray luminosity increases, a tteamjnated as the “X-ray Baldwin
effect” or “lwasawa-Taniguchiféect”, first reported biz Iwasawa & Tanigublhi (1993). We do
not concentrate on quantifying the X-ray luminosity depamzk of the narrow line EW as it has
been discussed in our previous work (see Chapter 3). Hoyweregroint out that the narrow line
EWs derived in the rest-frame are consistent with the onesuored in the observed-frame. The
neutral, narrow Fe K fluorescent emission line, peaking at 6.4 keV is reporteceta bommon
and dominant feature in the X-ray spectra of local and disA&NNs (Yaaoob & Padmanabhan
M&Mﬂﬂbﬁﬁhﬂﬁﬂﬂﬂd&%ﬂhﬁlﬂ%ﬁuﬂhﬁwﬂuﬂm Our analysis

further confirms this important finding.
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Figure 4.12: Top panel shows spectral fit to the “averaged X-ray spectrum” using aeho
including a power law, a distant neutral reflector and a thek(mo powpexmonrdiskline).
Bottom panel displays the spectral fit including a power law and dual réflespectra (mo
pow+pexmon+kdblurspexmon). In both figures thisottom panels show respective datamodel

ratios.
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Table 4.1: Results of the “averaged ratio flux spectrum” spéfitting in the 3—10 keV

Model Power lawpexrav Gaussian Diskline

r foldE Ropig cosi Exke  Oke EWk, Episx Rn R B i EW x?/dof

(keV)  (@/27) (keV) (keV)  (eV) keV) R) (Ry) (deg) (eV)

Pow+ Narrow 176+ 0.02 .. 6.40° 0.01" 45+ 13 313/19
Pow+ Broad 177+0.02 .. 6.40° 0.152% 75+40 25.6/18
Pow+ Disk 178 6.40° 6.0 1000° -25° 353" 128+ 41 416/18
Pow+ Narrow+ Broad 178+0.02 .. 6.40° 0.01 28+ 20

6.40° 04070% 73+43 228/17
Pow+ Narrow+ Disk 178+0.02 .. 6.40° 0.01 39+ 14 640" 60" 1000° -25 44639 1028 227/17
Pow+ pexrav+ Narrow+ Broad 18° 2000 027+0.17 Q9 6.40° 0.01" 28+ 20

6.40° 03793 <105 216/17
Pow+ pexrav+ Narrow+ Disk 1.8 2000 0.24+017 09 6.40° 0.01 37+£14 640" 6.0 1000° -25 455+35 <137 215/17

Notes: All errors and upper limits refer to the 68% confiderargge for a single parameter.

In all the spectral fits, the errors in the Fe lines EW are dated using{SPEC eqw with err option.
* denotes fixed parameter.

" Error calculation is not possible due to poor fit.

Table 4.2: Results of the “averaged X-ray spectrum” spEfittiag in the 3—10 keV

Model Power lawpexrav Gaussian Diskline

r foldE Rpig cosi Eke  Oke EWg, Ebi« Rn Rou B i EW x?/dof

(keV)  (@/2n) (keV) (keV)  (eV) keV) R) (Ry) (deg) (eV)

Pow+ Narrow+ Broad 164+ 0.02 .. 6.40° 0.01" 28+10

6.40° 0493%2 92+35 20.6/17
Pow+ Narrow+ Disk 164+0.02 .. 6.40° 0.01" 37+8 640" 6.0° 1000 -25 444+24 128+36 174/17
Pow+ pexrav+ Narrow+ Broad 167 2000 0.29+0.18 09 6.40° 0.01" 29+ 10

6.40° 0527323 78+40 20.2/17
Pow+ pexrav+ Narrow+ Disk 167 200 025+017 Q9 640" 0.01 36+8 640° 6.0° 1000° -25 451'3% 114+ 41 174/17

All errors and upper limits are quoted at the 68% confidenogedor a single parameter.
In all the spectral fits, the errors in the Fe lines EW are dated using{SPEC eqw with err option.
* denotes fixed parameter.

Table 4.3: Results of the “averaged ratio flux spectrum” aafaged X-ray spectrum” spectral
fitting in the 3—10 keV using complex models

Model Power law Distant Reflector Disklifiurred Reflector
r foldE  Ropig i Episc Rn R B i EW  Rau x?/dof
(keV)  (Q/2n) (deg)  (keV) Ry) (R) (deg) (ev)  Q/2n)
“averaged ratio flux spectrum”
Pow+ pexmor+ Disk 18 2000 0.28+0.06 600 6.40° 6.0 1000° -25 37.9'7% 89755 .. 227/18
Pow+ pexmor+ Laor 18 2000 0.26+0.05 600 6.40° 124" 4000° 25 439'37 11259 .. 221/18
Pow+ pexmon+ kdblur<pexmon 18 200 0.27+0.06 6Q0° 6.0° 1000° 3.0° 38852 040+0.12 229/18
Pow+ pexmon+ kdblursreflionx 18 200 0.27+0.06 600 6.0° 4000° 3.0° 39739 235/17
Pow+ pexmon+ kerrconwpexmon  18* 2000 0.27+0.06 600 6.0°  24000° 3.0° 439728 040+0.12 231/18
“averaged X-ray spectrum”

Pow+ pexmon+ Disk 165+0.02 200 024+0.06 600 6.40° 6.0° 1000° -25 38558 1023 .. 175/17
Pow+ pexmon+ Laor 165+0.02 200 0.23+0.06 600 6.40° 124" 4000 27+06 43933 16788 .. 16.6/16
Pow+ pexmon+ kdblurspexmon 167+0.02 200 0.25+0.06 600 6.0° 1000° 3.0 408+41 .. 0.49+0.15 186/17
Pow+ pexmon+ kdblursreflionx 167+0.06 200 0.27+0.07 600 124 4000° 3.0° 338'%9 188/16
Pow+ pexmon+ kerrconwkpexmon 166+ 0.02 200  0.24+0.05 6Q0* . 6.0 24000° 3.0° 43825 050+0.16 183/17

Notes: All errors and upper limits refer to the 68% confideracege for a single parameter.

In all the spectral fits, the errors in the Fe lines EW are dated using{SPEC eqw with err option.
In the fits includingkerrconv component, the black hole spin is fixed to 0.

* denotes fixed parameter.
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Figure 4.13: Equivalent width of the narrow FerKine measured from the spectral fittingo(
pow+gaussian+diskline) of the “averaged ratio flux spectrum” (red) and “averagedai(-
spectrum” (green) of the total sample comprising 248 AGNwi#lontal lines) and the sub-
samples used in 3 hard X-ray luminosity bins illustratedtmy dotted vertical lines. The EW is
plotted against the median luminosity in each bin. Erroi @oper limits are drawn at the 68%
confidence level.

When the broad line parameters such as its shape, EW andetsida significance in the
“averaged ratio flux spectrum” and “averaged X-ray spectroithe total sample of 248 AGNs
are considered, we notice that these parameters are deperdthe assumed continuum and
adopted stacking method as illustrated in Eig. ¥4.14. Inigaer, despite having a well- defined
sample with reasonable statistics (net cour#t88000) in the “averaged X-ray spectrum”, we do
not detect a clear extended red-wing, and the measured EN¢ dfbad feature is always lower
than 170 eV, in a good agreement with the recent studies aitbege Fe K emission from
AGNSs (Guainazzi et al. 2006a; Corral etlal. 2008; Longinettl. 2008).

Our derived broad line EW is significantly lower than thB00 eV reported in the stacked
spectrum of AGNs in the Lockman Hole (Streblyanska et al5200ereafter S05). We briefly
discuss possible causes for th&elience. Considering that the fluorescent line profile oaityny
from an accretion disk is a strong function of the disk iotitma state [(Fabian et al. 2000) and
hence of the X-ray luminosity, we first investigated if thesetved discrepancy in the Fe K line
EW is caused by the flerent luminosity distribution of the two samples. The luasiies of the
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Figure 4.14: Comparison of the equivalent width of the bréada line measured from the
spectral fitting of the “averaged ratio flux spectrum (red) saveraged X-ray spectrum” (green)
of the total sample comprising 248 AGNs. Respective detdstic model is listed in blue.

Errors and upper limits are drawn at the 68% confidence level.

Lockman Hole sample were taken from Mainieri et al. (2002)e P—10 keV X-ray luminosity
distributions of 53 Type 1 and 41 Type 2 AGNs used in S05 arg sanilar, with the mean
luminosity of 134° erg s'. The mean 2—-10 keV X-ray luminosity of our sample i$*Cerg
s1. We conclude that the luminosity firence does not contribute to thefdience of the
line strengths. Our measured broad line EW determined framale power law continuum
parametrization is much lower than the associated valugetem S05. This implies that the
continuum modeling is also not the key parameter behind is&epant results. The observed
discrepancy is most likely due to thefidirence in the adopted averaging techniques.

We also performed complex fits presented in Sedfion¥.4.3 &yeting the “averaged ratio
flux spectrum” and “averaged X-ray spectrum” with dual reftat models (a distant reflector
and a disk reflector) handling emission lines and the Comgefection self-consistently. Two
types of reflection models (i.e. neutral and ionized) wergliag to the data. We stress that
from the statistical viewpoint, in both the explored avémggprocedures, all models including
two line components or dual reflection spectra provide goegtdption of the data. Interest-
ingly, characterization of the distant reflector with geexmon model results in a high detection
significance of the observed broad feature as compared etav. Given the available data
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guality and the well-known degeneracy of accretion dislapsaters, we could not derive all fit
parameters independently. However, we emphasize thatwvesdxalored the parameter space in
detail by relaxing the fixed parameters one by one. We notetiameasured parameters from
these fits are fully consistent with the values listed in @#bB. Furthermore, the derived average
parameters of the dual reflectors such as the solid angleemby the reflectors at the X-ray
source and the inclination etc. agree well with the averajees reported in the local AGNs
samples with high counting statistics (Nandra et al. 20@7:alCalle Pérez et al. 2010).
According to the detailed calculations|of George & Fabia®9(), the predicted EW of the
Fe Ka arising from a centrally illuminated cold disk is 130—140®Ya continuum witH" in the
range 1.8-1.9 and an inclination of 40 degrees. Our obsenezthdiskline EW of ~100 eV
agrees well with the theoretical prediction. Our resulesaso consistent with predictions of the
relativistic Fe kx line intensities from the integrated spectra of AGNs préseby Me
2010, see Figure 1). In particular, the measured broad IWweaBd accretion disk reflection

fraction (Rgy ~ 0.5) in our data are consistent with Ballanﬂyh_e_(QOlO) teohs, despite the
slightly different assumptions on the relativistic profile for the libedr2 versusdiskline).

4.6 Conclusions

To characterize the average Fe K emission properties of AGN® source rest-frame we selec-
ted 248 AGNSs from our reference sample of 507 sources. Weamgltwo independent rest-
frame stacking procedures to construct the integratedrgpe®f the 248 AGNs. To examine
the average Fe line properties as a function of the hard Xuraynosity (2—10 keV) and also to
investigate the variation in the line parameters obtaineah the two procedures we also splitted
the sample of 248 sources in 3 luminosity intervals and cdetptine integrated spectra for each
sub-sample. These integrated spectra were referred astbeayed ratio flux spectrum” and
“averaged X-ray spectrum”. We carried out a detailed speatralysis of these integrated spec-
tra using various models comprising simplemplex continuum and iron &line components.
We performed simulations to identify the artifacts possibtroduced by the stacking procedure.
The main results are the following:

e The average Fe Kline profile in our sample is best represented by a combinaifaa
narrow and a broad line. The EW of the narrow component inrtteggrated spectrum of
248 AGNs is~30 eV and is stable in various continuum models applied fer'éveraged
ratio flux spectrum” and “averaged X-ray spectrum”.

e The narrow Fe & EWs determined from the integrated spectra (computed frarwo
rest-frame stacking procedures) of the sub-samples ugldminosity bins decrease with
the increase in the hard (2—10 keV) X-ray luminosity. We ribtg both procedures give
statistically consistent narrow line EWSs.

e The broad line parameters such as its shape, EW and itsidetsginificance in the “av
eraged ratio flux spectrum” and “averaged X-ray spectrunthef248 AGNs are observed
to be very sensitive to the assumed continuum and adoptekirggamethod. However,
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despite having a well-defined sample with reasonable statiéret counts-198000) in
the “averaged X-ray spectrum”, we do not detect a clear ele#@med-wing, and the meas-
ured EW of the broad feature is always lower than 170 eV, imglyhat most black holes
are not maximally rotating.

e The broad line equivalent width we obtained is consistetit ¥ie theoretical predictions

dG_e_o_g_e_&_ab_dubll Ballantyhe 2010) as well as with teemestudies of the average
Fe Ka emission from AGNs (Guainazzi et h_be_&_C_ogal_ék_a_SZth_g_o_tl_e_t_aJ

@), except of the Lockman Hole AGNs (Streblyanska £t @052 We attribute this
discrepancy to the fference in the adopted stacking techniques.

e When the “averaged ratio flux spectrum” of the 248 AGNSs isditigth a power law and
dual (distant and blurred) neutral reflection spectra, wekthiat the blurred reflector covers
a solid angle of (B0 + 0.24) = at the X-ray source, while the distant neutral reflector
subtends a solid angle of .@ + 0.12) = at the X-ray source. The average inclination
derived for the blurred reflection component is&8§3 degrees. The “averaged X-ray
spectrum” spectral fitting also yields a similar parametitn for the reflectors. These
parameters are in good agreement with the average valuedaepn the local AGNs

samples with high counting statistics (Nandra et al. 20@7.alCalle Pérez et al. 2010).







Chapter 5

Summary and future perspectives

In this thesis | worked on characterizing the propertieshef integrated spectrum of AGNs,
such as the ubiquity of the Feakemission line in distant AGNs, the dependence of the sgectra
parameters (e.g. the power law photon index and the &eduivalent width etc.) on the X-
ray luminosity and redshift, and mean properties of the kelike in the source rest-frame.
The final sample used in this work consists of 507 AGNs obskwieh XMM- Newton at high
galactic latitude|BI 1| > 25 degrees), with the sum of the EPIC-PN and EPIC-MOS 0.2e¥2 k
counts greater than 1000 and covering the redshift range2< 5. One key advantage of
this sample is that it includes higher statistics (approagk200000 counts, among the highest
ever reported in literature for stacking studies) coveangide range of luminosities at various
redshifts, which allowed us to address the separate redstdfluminosity dependences of the
spectral parameters. | employed twdiéient rest-frame stacking procedures to construct the
integrated spectrum of a sub-sample of 248 AGNs. | carrigchaletailed spectral analysis of
these integrated spectra using various models comprigimgeicomplex continuum and Fed
line components. | also verified the accuracy of our adoptitksg procedures by performing
simulations in various redshift and luminosity intervals.

The main results of this work can be summarized as follows.

¢ We find that the narrow Fe Kline at 6.4 keV is significantly detected up2a= 1. This
confirms that the narrow Fedline is an almost ubiquitous feature in the X-ray spectra of
AGNSs at high redshifts.

e The equivalent width of the narrow FeaKline is nearly independent of redshift up to
z ~ 0.8 with an average value of 10440 (rms dispersion) eV in the luminosity range
435 < logLx < 44.5. The non evolution of the FeKline strength with redshift can be
interpreted as a constant fraction of iron through the cogime, which in turn translates
into a constant fraction of metals sinze 0.8, if iron is representative of metals. Studies
of quasar elemental abundances (derived from broad ogticeslsion lines) also reported
a similar (non evolutionary) trend of metallicity with rddf up toz ~ 4.5 I
@) Although limited to loweg, our study extends the resultsLQf_I:Iamanngéﬂ_a.L_dZOOY)

to objects of more typical AGNs luminosities.
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5. Summary and future perspectives

We find compelling evidence for an anticorrelation betwdennarrow Fe l& equival-
ent width and 2—10 keV rest-frame luminosity (the so callega’Sawa-Taniguchiféect”)
across a wide redshift interval larger than probed in anyipus study. The anticorrela-
tion is characterized by the relation |&{re) = (1.66+ 0.09)+ (-0.43+ 0.07) log(Lx 44),
whereEWE, is the rest-frame equivalent width of the neutral Fe lihe in eV andLy 44
is the 2—10 keV X-ray luminosity in units of #berg s*. The slope of the anticorrelation
we obtained is steeper than the value reported in previousest (Iwasawa & Taniguchi
|L9_9_$;|£ag_e_el_al._20b|4; Bianchi etlal. 2|OO7), likely due todifierence in composition of
the samples. The exact physical cause of the “lwasawa-Tenigffect” is unknown, one
promising explanation is a decline in the covering factothaf putative molecular torus
(i.e. the solid angle subtended by the torus at the nucleidadi by 4r) as the luminosity
increases.

We find a hardening of the power law photon indices at low lwsities (ogLx < 43) in
the redshift bin 0.0-0.2. This can be linked to the increadesbrption by the torus due
to its high covering factor at these luminosities. The tralsd reflects the decrease of the
fraction of the absorbed sources with the X-ray luminostiyealed from extensive works

in hard X-ray surveys studies (Ueda et al. 2003; La Franch 2085; Hasinger 2008).

In the rest-frame analysis, we find that the average kdike profile in our sample is
best represented by a combination of a narrow and a broadTime equivalent width of
the narrow component in the integrated spectrum of 248 AGNS3D eV and is stable
in various continuum models applied for both the integratpectra computed from two
rest-frame stacking procedures. This further confirmstti@nharrow Fe & emission line
is a common feature in the X-ray spectra of AGNSs.

The broad line parameters such as its shape, equivalert andtits detection significance
in both the integrated spectra are found to be very sensditlee assumed continuum and
adopted stacking method. However, despite having a wélek sample with reasonable
statistics (net counts200000) in the integrated spectrum, we do not detect a ciéane
ded red-wing, and the measured equivalent width of the biestdre is always lower than
170 eV, implying that most black holes are not maximally tiota

The broad line equivalent width we obtained is consistettt ¥ie theoretical predictions

(George & Fabigh 1991; Ballantyne 2010) as well as with teemestudies of the average

Fe Ko emission from AGNs (Guainazzi et hI_ZQbE&LOﬂaLéLaLSZM@AgMOIILeI_aJ
2008), except of the Lockman Hole AGNs (Streblyanska Ht @052 We attribute this

discrepancy to the fference in the adopted stacking techniques.

Considering that the FeKline in AGNSs results from Compton reflection (reprocessing
of the primary power law continuum in the accretion disk ous), we applied dierent
reflection models to the integrated spectra in addition ¢odinect power law continuum.
We find that, in both the explored rest-frame stacking praces| the models including
a power law and two reflection spectra (corresponding to Gompeflection from the
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accretion disk and torus) provide good description of thiea damilar to that obtained in
the spectral fits with two line components (narrow and broad)

e We find that the accretion disk reflector covers a solid anfy{(6.80+ 0.24) r at the X-ray
source, while the distant neutral reflector (torus) sulgensblid angle of (34+0.12)  at
the X-ray source. The average inclination derived for treeton disk is 3853 degrees.
These parameters are in good agreement with the averagesvaported in the local
AGNs samples with high counting statistics (Nandra et ab72@le La Calle Pérez etlal.
2010).

5.1 Future perspectives

In future work we plan to improve the statistics on X-ray dayaa factor of 2 by including
MOS1 and MOS2 data from XMMNewton. We also plan to substantially increase the
sample size by selecting new sources from the most recelfitiyudvailable versions of
the 2XMM catalog. We further plan to collect multiwavelehgtata for all the sources
selected in this way and perform a detailed spectral arsabfghese spectra in the whole
0.2-12 keV XMMNewton band. The advantage of such an approach is twofold. First, it
would allow a systematic study of the soft X-ray propertiegableast) bright low redshift
AGNs in our sample as a function of the source physical pt@se(e.g. the hard X-ray
luminosity, black hole mass and accretion rate etc.). S&cgince our sample comprises
a large number of objects covering a wide redshift range @ < 5, for high redshift

(z =~ 1) AGNSs, there is a greater band pass in hard X-rays as:#1i8 keV) part of the
spectrum is redshifted into the XMMewton rest-frame. Therefore, in the high redshift
objects, which have gficient signal-to-noise ratio, it should be possible to castthe
higher-energy Compton reflection hump using XMiéwton data. Furthermore, we aim
to identify the radio-quiet and radio-loud (characteribgchigh radio-loudness parameter
(R > 10), where R is the flux ratio at 4.85 GHz and 4400 A) AGNs in @ample and probe
the structure of the accretion disks in these source papakthrough the characterization
of the Fe kx line and Compton reflection hump.

The future of the Fe K line studies is bright. In the next yeansst of the progress in
understanding the physics of the accreting black holes wiayXspectroscopy is likely to
be made by the continuing operation of XMNewton, Chandra, Swift andSuzaku. Owing

to its ability to provide high signal-to-noise ratio specivith very high energy resolution
in the Fe K band (thereby completely characterizing any Vehocity component of the
Fe K line) and broad band coverage (constraining the comtimshape over a wide energy
range),Suzaku in particular, can provide an important breakthrough indahea of AGN
X-ray spectroscopy.
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A.1 Background normalization in XSPEC
Let’s assume source spectral files to be combined are,

S;_spec, S,_spec, ,, andS,,_spec,
and these files have the EXPOSURE values

Xla X29 s andxn,

and BACKSCAL values
Yla Y29 ) andYI’b

respectively. These spectral files should have the unit CO&Jhot COUNT $sec).
Corresponding background files are

B;_spec, B,_spec,, andB,,_spec,
which have the EXPOSURE values
X1, X5, , and X/,

and BACKSCAL values
Y1, Y5, andY;,
respectively.

WhenXSPEC subtracts the background spectrum from the source specXSREC normal-
izes the background in the following way :

S;_spec  Y; By_spec

X1 Y] X] ’
S,_spec Y, By_spec
Xo Y, X, ’

Sp-spec Y, B_spec
Xn Y, X
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A.2 Observed-frame stacking procedure

We adopt the following procedure to compute the integrapetisum in all redshift and their
luminosity bins.

e Step 1: Spectral counts (sourcebackground) of all objects are summed in the observed

frame using FTOOLS routine mathpha.

mathpha expt@slexpr.txt unitsC outfil=!S.fits ERRMETH= 'POISS-0’ exposure=
'CALC’ areasca’NULL ncomments=0

where “slexpr.txt” is an ascii file containingy_spec + S,_spec+,,, +S,_spec’, each
S,_spec represent source spectral file.

Step 2: An integrated background spectrum is constructed. Wheagiated source and
background spectra are created usiaghpha, a care is needed to ensure that the correct
amount of background is subtracted X§PEC. First, BACKSCAL and EXPOSURE val-
ues for all sources and their corresponding backgroundrspae retrieved from header of
these fits files. Thereafter, background normalizatioitoments C,) for each background
spectrum and BACKSCAL factor for the integrated backgrospectrum ((BACKSCAL)y)
are derived using the following formulhe

C, = X+ X+, ,, +X, é ﬁ
X1(Y1/Y7) + Xao(Y2/ Yo )+, , +Xn(Yn/ Y7) \X] /Y]
C, X+ X+, ,, +X]| & ﬁ
Xa(Y1/Y]) + Xo(Y2/ Yo)+, . + Xa(Ya/ Y2 \ X5\ Y
C. X+ X+, ,, +X, ﬁ ﬁ
X1(Y1/Y7) + Xao(Y2/ Yo )+, , +Xn(Yn/ Y7) \ X )\ Vs
(BACKSCAL)pg = Xt X, %

Xi(Y1/ Y1) + Xo(Y2/ Yo)+, . +Xn(Yn/ Y7)

whereXy, Xo,, .. X, and Yy, Yo, , ..Y, are the EXPOSURE and BACKSCAL values for the
source files, whileX], X2, , .. X} andY], Y7, , .Y, are the EXPOSURE and BACKSCAL val-
ues for the background files (e.B;_spec, B,_spec,, andB,_spec).

Then, the following commands

mathpha expt@blexpr.txt unitsC outfil=!B.fits ERRMETH="POISS-0’ exposure:
'CALC’ areasca+’NULL ncomments=0

where “blexpr.txt” is an ascii file containing

“Cq * Bi_spec + C, x By_spec+, , , +Cp * By_spec

fparkey (BACKSCAL})gyq B.fits[1] BACKSCAL

! http:heasarc.gsfc.nasa.govdocsgsgascalgbgd scale.html
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(actual numerical values of C;,C, and C,, and (BACKSCAL )pyq are used.)
have been used to create an integrated background sped@rfits) vith an EXPOSURE
equal to that of the integrated source spectrum (S.fits).

e Step 3: In the last step, response and ancillary files for the integraource spectrum
were produced using FTOOLS routine addirand addaﬁ, respectively. EXPOSURE
weighting factors were applied to each input response aacitlay files.

addrmf @rmfin.txt rnflile=!'R.rmf
addarf @arfin.txt ouARF=!A.arf

where “rmfin.txt” and “arfin.txt” are ascii files with weighésd names of the response and
ancillary files.

2 httpy/heasarc.gsfc.nasa.gtheasoffftools/caldyaddrmf.html
3 httpy/heasarc.nasa.gtools/caldyaddarf.html
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A.3 The sample

This Table provides the basic information about our final gi@nof 507 AGNs observed with
XMM- Newton. The columns are organized as follows: Column (1) the sonaree as in the
2XMM catalog; Col. (2) redshift obtained from the Nasa's tagialactic Database; Cols. (3) and
(4) EPIC-PN net source counts and flux in the observed-fragl@ keV band as in the 2XMM
catalog; Col. (5) EPIC-PN net source counts in the restér&w10 keV band; Cols. (6) and
(7) power law photon indexi) and X-ray luminosity derived from the spectral fitting ofcha
spectrum in the rest-frame 2—10 keV band.

Table A.3: Properties of the final sample

IAUNAME z PN counts Flux PN counts T logLx
[0.2-12 keV] [0.2-12 keV] [2-10 keV] [2-10 keV]
2XMM J120929.%4434106 0.002960 4889.42 6.778490e-12 3684 1.65 41.02
2XMM J124252.3-131526 0.003400 2872.59 9.864980e-13 466 1.71 40.08
2XMM J011127.5-380500 0.011756 1823.14 2.184060e-12 432 350 41.50
2XMM J033339.6-050522 0.013427 787.03 4.332210e-13 176 .20-0 40.95
2XMM J030349.0-010613 0.013587 1426.14 1.312970e-12 806 0.24- 41.46
2XMM J013331.%354006 0.015156 939.90 4.009670e-13 141 0.71 40.73
2XMM J012531.4-320811 0.015526 7625.06 2.111980e-12 1898 1.57 41.82
2XMM J011607.%330522 0.015935 852.00 2.310160e-13 78 411 40.47
2XMM J201958.9-523718 0.016083 652.27 5.800490e-13 151 70 1. 41.30
2XMM J014357.4022059 0.017167 3615.23 8.077990e-13 188 1.06 41.08
2XMM J015002.6-072548 0.017654 2809.65 1.305120e-12 872 49 2 41.74
2XMM J235126.%4203509 0.018470 849.61 1.732550e-13 86 2.16 40.62
2XMM J012426.%4334758 0.019530 3278.13 5.024200e-12 2193 1.55 42.51
2XMM J095219.1-013643 0.019930 876.12 1.824970e-12 83 541 41.78
2XMM J033040.9-030815 0.020440 730.31 5.229280e-13 176 04 3. 41.54
2XMM J113914.8170837 0.021190 2046.51 1.336990e-12 360 1.32 41.88
2XMM J120256.9-205602 0.021790 3928.02 3.808530e-13 1706 1.93 41.46
2XMM J121016.6-391817 0.022080 813.32 6.021760e-14 120 2.28 40.43
2XMM J121049.5-392822 0.022510 2094.44 4.342170e-13 312 1.64 41.32
2XMM J130200.%274657 0.023580 2134.57 2.352650e-13 3 2.56 39.95
2XMM J140715.5-270928 0.024330 3437.45 4.415840e-13 356 811 41.34
2XMM J153547.%4732703 0.024530 1543.81 2.584320e-13 56 4.50 40.38
2XMM J025218.5-011746 0.024577 997.81 3.622950e-13 235 63 1. 41.47
2XMM J113240.2525701 0.026420 763.19 6.516650e-13 266 -0.55 41.69
2XMM J220702.6-101401 0.026647 1387.13 9.795860e-13 491 0.02 41.97
2XMM J003413.6-212618 0.026826 2947.48 7.800530e-13 450 791 41.78
2XMM J215656.6-113930 0.028070 834.19 5.295290e-13 111 96 0. 41.63
2XMM J143450.5-033843 0.028650 2014.64 3.176070e-13 278 2.02 41.45
2XMM J232756.%4084645 0.028904 1251.05 1.037590e-12 313 0.44 41.98
2XMM J173456.2680734 0.029100 1267.99 3.478470e-13 241 1.83 41.57
2XMM J024912.8-081525 0.029419 559.13 6.612630e-13 80 917 41.80
2XMM J160534.5-323941 0.029660 1491.24 3.062130e-13 195 2.19 41.31
2XMM J231815.6:001540 0.029793 385.33 4.926710e-13 70 2.31 41.69
2XMM J030030.5-112456 0.029873 959.80 1.282380e-12 284 10 0. 42.19
2XMM J032525.3-060838 0.034490 5353.10 2.631370e-12 1016 1.58 42.60
2XMM J150121.%+013813 0.035300 688.24 1.968020e-13 239 1.59 41.54
2XMM J141721.6-265127 0.036510 604.38 7.705780e-14 40 1.68 40.78
2XMM J113409.6-491516 0.037260 809.01 1.254880e-12 430 2.31 42.33
2XMM J224030.2-032130 0.038610 2871.99 7.258510e-13 622 1.73 42.11
2XMM J093551.5612111 0.039370 892.67 2.556410e-13 316 0.24 41.66
2XMM J044001.8-453409 0.039600 773.02 5.469620e-13 426 48 1. 42.12
2XMM J155651.2-812856 0.040800 1008.79 8.788060e-13 151 2.17 42.19
2XMM J052101.4-252144 0.042560 3305.59 4.196050e-12 1883 2.02 43.12
2XMM J235113.9201346 0.043530 2385.23 6.372900e-13 672 1.80 42.18
2XMM J033703.3-251456 0.043710 673.29 7.589750e-13 397 53 2. 42.29
2XMM J021822.1-050614 0.044000 551.20 4.719000e-13 431 14 1. 42.22

2XMM J231546.7-590314 0.044600 534.12 2.824200e-13 149 03 1. 41.94
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continued.
IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV] [0.2-12 keV] [2-10 keV] [2-10 keV]

2XMM J133117.4292205 0.047930 1264.46 2.805820e-13 207 1.46 41.87
2XMM J103408.5600152 0.050500 819.11 3.423860e-13 114 0.60 41.87
2XMM J011356.4-144239 0.054000 1084.23 5.685770e-13 457 06 2 42.41
2XMM J004311.5-093815 0.054210 851.13 5.882620e-13 123 79 1. 42.29
2XMM J174838.%+684217 0.055900 2136.49 1.038110e-12 544 1.73 42.66
2XMM J200824.5-444009 0.058080 10312.10 1.605370e-12 9121 2.04 42.71
2XMM J083139.%524205 0.058590 603.81 1.209460e-13 387 1.73 41.83
2XMM J010852.8 132015 0.059700 1592.81 3.249640e-12 959 -0.33 43.24
2XMM J112916.7-042407 0.060000 6319.85 1.558710e-12 3245 2.08 42.99
2XMM J094057.%032401 0.060730 5212.54 1.264150e-12 502 1.92 42.58
2XMM J043516.1-780156 0.060980 4977.00 3.141920e-12 963 78 1 43.18
2XMM J193121.5-723920 0.063700 343.47 3.573030e-13 101 64 0. 42.32
2XMM J132037.8341126 0.063920 1224.56 4.162290e-13 346 2.47 42.33
2XMM J221712.2141421 0.065760 4020.13 4.423110e-12 2029 1.79 43.53
2XMM J050550.3-675018 0.070000 994.59 7.448770e-13 522 08 2. 42.80
2XMM J053444.6-673856 0.072000 3399.49 8.164410e-13 1257 1.97 42.77
2XMM J131130.6-315201 0.072860 4479.00 7.445640e-13 726 1.69 42.66
2XMM J134351.6-:000435 0.073600 1849.62 2.788530e-13 131 2.04 42.06
2XMM J003543.5-273730 0.073660 564.27 3.699430e-13 63 516 4236
2XMM J122349.6-072657 0.074740 1287.54 3.017820e-13 80 2.13 42.02
2XMM J140700.4-282714 0.076580 858.40 4.564700e-13 289 1.11 42.56
2XMM J100035.4-052428 0.078630 1764.90 8.249830e-13 225 2.16 42.65
2XMM J111443.5525834 0.079210 885.48 9.726420e-13 39 3.11 42.59
2XMM J083737.6-254750 0.079400 857.15 1.328090e-12 220 1.36 43.13
2XMM J130005.5163213 0.080000 367.25 2.839020e-12 244 1.77 43.49
2XMM J221918.5120753 0.081350 20201.30 4.555340e-12 1169 2.56 43.20
2XMM J101843.%+413515 0.083860 656.96 2.065280e-13 124 1.74 42.27
2XMM J102147.8131227 0.085110 7828.64 2.374520e-12 1729 1.76 43.33
2XMM J134700.9-113335 0.085830 899.53 5.191200e-13 204 23 1. 42.65
2XMM J134245.8403913 0.089040 604.16 5.553290e-13 423 2.06 42.84
2XMM J141348.3-440014 0.089600 3304.35 7.457930e-13 808 0.95 42.89
2XMM J133152.2111649 0.090000 1700.68 2.461130e-12 725 1.58 43.50
2XMM J123625.4125844 0.093230 996.33 5.370610e-13 452 1.88 42.74
2XMM J153152.3-241429 0.096000 1272.19 9.012300e-13 127 1.96 42.86
2XMM J140621.8222347 0.098000 2039.47 9.533440e-13 49 1.67 42.33
2XMM J102348.4-040554 0.098870 2662.45 1.505880e-13 253 2.02 42.11
2XMM J111552.2424330 0.100780 959.59 1.437100e-13 253 1.62 42.29
2XMM J121118.8503653 0.102330 2658.17 1.269450e-12 1615 1.64 43.34
2XMM J013943.5-674908 0.104000 666.83 1.814050e-13 152 16 1. 42.47
2XMM J042600.7-571201 0.104000 31011.10 1.202050e-11 7814 1.34 44.29
2XMM J135724.5652506 0.106340 5321.60 8.975900e-13 481 2.03 42.93
2XMM J130845.7-013053 0.111330 750.00 5.516080e-13 89 318 4287
2XMM J033851.6-352644 0.112350 1239.31 1.686690e-13 227 .66 1 42.42
2XMM J135042.6-334311 0.113050 5967.12 1.654000e-12 1224 1.82 43.41
2XMM J151041.6-333505 0.114190 6668.88 3.164620e-12 939 2.09 43.63
2XMM J151741.6-424819 0.116260 760.15 3.391890e-13 113 1.59 42.63
2XMM J124828.4083113 0.120000 1727.09 6.282560e-13 298 2.23 43.00
2XMM J004350.2005750 0.126000 946.14 5.571490e-13 198 1.15 43.05
2XMM J151640.1-010212 0.128160 880.41 2.270510e-13 164 87 3. 42.66
2XMM J095858.5-021459 0.132780 1423.41 4.893180e-13 288 1.38 42.96
2XMM J124219.8-112402 0.135790 614.34 1.127040e-13 123 81 3. 42.30
2XMM J234648.0-021619 0.136740 1012.21 2.154970e-13 150 .66 1 42.63
2XMM J161546.9-060028 0.140000 630.42 3.880680e-13 144 22 2. 42.99
2XMM J003515.5-433357 0.143000 5780.92 1.202460e-12 385 27 2 43.10
2XMM J133141.0-015212 0.145670 3228.61 8.252010e-13 282 831 43.12
2XMM J052402.0-701108 0.151000 2784.14 2.063930e-12 742 731 43.81
2XMM J135435.6-180518 0.152000 23172.20 5.477880e-12 2278 2.09 44.06
2XMM J221719.0-354951 0.152700 1952.45 3.624830e-13 178 .10 2 42.90
2XMM J094439.8 034940 0.155420 2436.56 7.177610e-13 327 1.95 43.26
2XMM J105144.3-353930 0.158770 1300.96 2.510490e-12 625 2.04 44.07
2XMM J031146.1-550700 0.162000 539.42 9.011720e-13 66 574 4331
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IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV]  [0.2-12 keV] [2-10 keV] [2-10 keV]

2XMM J015950.2-002341 0.163010 5549.35 2.729830e-12 603 1.90 43.85
2XMM J014159.8-543039 0.168000 2928.36 1.000580e-12 568 591 4357
2XMM J015234.8-134735 0.170000 973.67 1.677010e-13 180 16 3. 42.79
2XMM J151600.9-000949 0.170960 4066.19 7.461620e-13 831 1.86 43.44
2XMM J003517.2-431121 0.175000 795.57 7.929040e-14 124 76 0. 42.58
2XMM J003833.6-272640 0.176700 2390.03 6.948930e-13 431 16 2 43.40
2XMM J113129.2-310944 0.179910 1654.20 5.083270e-13 338 1.61 43.36
2XMM J105128.4-335850 0.182660 1666.75 4.493100e-13 471 2.21 43.34
2XMM J134054.4-262253 0.183000 866.71 3.413260e-13 151 1.60 43.13
2XMM J095456.3-202155 0.183700 1911.30 1.877430e-13 361 56 1 42.96
2XMM J104444.7-012018 0.184700 754.12 7.460400e-14 155 18 2 42.54
2XMM J130237.6-024055 0.184900 495.74 2.991750e-13 162 44 2. 43.07
2XMM J093922.9370942 0.185940 3274.62 1.268480e-12 198 2.29 43.43
2XMM J140251.2-263118 0.187000 1666.22 3.322820e-12 351 1.49 44.22
2XMM J020757.%#351828 0.188000 868.49 1.795050e-13 125 1.33 42.97
2XMM J100055.4-193115 0.188110 1106.37 1.510110e-12 514 79 1 43.85
2XMM J022452.1-040519 0.189000 1205.47 1.085300e-13 114 54 1 42.56
2XMM J215501.4-092223 0.190000 704.79 7.617370e-14 91 713 42.54
2XMM J123113.6-151128 0.191890 554.32 6.072300e-13 75 1.84 43.44
2XMM J023713.4-522734 0.193000 1411.05 6.779930e-13 183 58 1 43.69
2XMM J002005.2-254326 0.194900 733.59 4.764610e-13 181 46 1. 43.38
2XMM J234449.5-122142 0.199000 888.39 8.131230e-13 297 1.87 43.76
2XMM J105421.%572544 0.205000 9290.71 1.786630e-12 3047 1.84 44.06
2XMM J144414.6-063306 0.208050 19526.70 5.301390e-12 3291 1.76 44.47
2XMM J205635.6-044716 0.217000 683.28 3.709540e-13 131 74 2. 43.27
2XMM J153228.8-045358 0.219000 5807.02 2.136630e-12 1120 1.93 44.06
2XMM J031155.2-765150 0.223000 32949.10 4.756280e-12 9745 1.63 44.50
2XMM J043944.8-454042 0.224000 6968.04 5.100980e-13 338 33 2 43.16
2XMM J111816.2074316 0.225280 865.36 4.625520e-14 197 2.11 42.46
2XMM J153304.6-302508 0.227240 766.26 2.673750e-13 119 2.18 43.22
2XMM J072135.9711322 0.232000 578.19 4.178550e-13 114 1.48 43.50
2XMM J205829.8-423634 0.232000 1292.76 6.701530e-13 360 002 4367
2XMM J023042.6-011105 0.232380 870.87 5.615950e-13 167 70 1. 43.58
2XMM J123305.8.001438 0.234500 4382.69 3.810960e-13 957 1.77 43.42
2XMM J101922.6-412050 0.238690 1928.33 4.774560e-13 342 1.68 43.49
2XMM J121007.8392312 0.239000 702.65 1.470730e-13 159 2.81 42.98
2XMM J100726.6-124856 0.240820 2189.57 5.137670e-13 738 1.96 43.68
2XMM J130128.%275106 0.243210 1248.05 5.403750e-13 103 1.96 43.45
2XMM J014612.6-392305 0.244000 25613.40 2.582460e-12 6489 1.79 44.31
2XMM J100150.8-193623 0.244480 722.14 1.470420e-12 99 321 43.96
2XMM J154316.4-540526 0.245250 1067.43 2.416780e-13 134 5.04 43.10
2XMM J145426.6-182956 0.247000 2956.00 4.079430e-13 298 2.21 43.33
2XMM J142325.4-384032 0.248930 1391.64 5.431190e-13 142 2.93 43.42
2XMM J140139.4-025721 0.249000 1143.14 1.796850e-13 182 1.75 43.17
2XMM J003739.4-333049 0.249500 744.35 1.847580e-13 202 78 1. 43.10
2XMM J141658.3-521205 0.250000 726.62 1.073940e-13 68 2.41 42.58
2XMM J140145.6-025332 0.250600 783.95 3.131350e-13 376 2.21 43.42
2XMM J022438.9-042706 0.252000 1290.66 2.752230e-13 168 19 2 43.25
2XMM J123123.9142124 0.255770 4339.61 2.358550e-12 468 3.13 44.33
2XMM J141531.4-113156 0.256000 3067.69 4.263790e-13 684 2.05 43.60
2XMM J095921.3-024030 0.259680 2016.70 2.010080e-13 151 2.71 43.02
2XMM J133441.8-380011 0.260000 616.31 6.194650e-14 132 2.53 42.78
2XMM J050923.5-672125 0.260000 658.31 1.240200e-13 168 95 1. 43.05
2XMM J075216.4-500251 0.263080 736.29 8.149200e-13 141 1.66 43.84
2XMM J140127.6-025606 0.264560 4160.39 1.131650e-12 1573 1.99 44.12
2XMM J075204.7%362500 0.267950 781.13 1.907700e-12 72 1.31 44.12
2XMM J121613.5524245 0.269600 1947.26 2.116170e-12 195 1.79 44.26
2XMM J111121.6-482047 0.280870 1039.06 4.683930e-13 296 2.17 43.66
2XMM J000031.8-245501 0.283000 640.04 1.995440e-13 91 8 2.4 43.24
2XMM J122018.4-064120 0.286360 4587.45 2.416710e-12 862 1.85 44.42
2XMM J093535.4-611920 0.287000 1441.98 1.597200e-13 228 0.72 43.20
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continued.
IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV]  [0.2-12 keV] [2-10 keV] [2-10 keV]

2XMM J130803.4-292909 0.288000 1028.02 1.302950e-13 228 1.78 43.20
2XMM J163309.5571041 0.288000 667.60 4.307350e-13 62 2.10 43.64
2XMM J151547.5561033 0.296000 862.39 2.243980e-13 107 1.94 43.26
2XMM J182446.5650924 0.303000 685.71 1.014740e-12 109 2.64 44.05
2XMM J123126.4-105111 0.304060 4274.30 3.837870e-13 242 1.84 43.44
2XMM J132447.6-032431 0.305780 3395.27 1.299940e-12 643 2.10 44.16
2XMM J123752.%4621628 0.305930 1127.87 9.840580e-14 341 2.28 43.15
2XMM J033312.2-361946 0.308000 1105.35 2.276540e-12 134 .83 2 44.27

2XMM J004319.4005115 0.308100 11361.90 1.987950e-12 2328 1.72 44.43
2XMM J213216.8-425411 0.311000 4891.00 4.227720e-13 403 43 2 43.53

2XMM J015957.6-003310 0.311750 720.45 7.834310e-13 143 1.81 44.04
2XMM J110318.4-381544 0.314000 763.50 1.886270e-13 214 0.87 43.49
2XMM J231830.0-422041 0.316000 1616.08 8.190340e-14 415 19 2 43.11

2XMM J142455.5421408 0.316030 2935.41 1.407220e-12 405 2.01 44.24
2XMM J121122.4-130936 0.324040 1004.80 8.376440e-13 204 1.37 44.13
2XMM J033720.8-345123 0.325270 793.01 1.034030e-13 226 50 1.  43.28

2XMM J223607.6-134355 0.325870 4541.28 1.536540e-12 598 2.27 44.23
2XMM J015327.1-135225 0.326000 1829.97 3.484910e-13 280 391 43.92

2XMM J053600.4-704127 0.330000 1859.53 9.844190e-13 686 751 44.23

2XMM J134844.7-302943 0.330000 1447.08 1.484930e-12 197 .16 3 44.46

2XMM J000027.6-250442 0.335000 999.03 1.601120e-13 213 50 2. 43.36

2XMM J012433.1-034334 0.336000 1093.30 3.770930e-13 237 2.09 43.79
2XMM J141751.8-522311 0.350000 705.04 7.675930e-14 202 1.70 43.23
2XMM J141649.4522531 0.350000 556.84 1.243180e-13 135 3.07 43.33
2XMM J143025.8415957 0.352440 1211.90 3.541440e-13 277 1.91 43.84
2XMM J080608.6-244421 0.357970 2167.23 5.701310e-13 323 3.59 43.89
2XMM J173707.8:660103 0.358000 2202.20 5.058210e-13 739 1.49 44.05
2XMM J020011.5-093125 0.360530 682.81 8.420040e-13 205 88 1. 44.16

2XMM J100043.1020637 0.360600 729.83 1.258980e-13 134 2.87 43.28
2XMM J080711.8-390419 0.368550 886.71 7.608150e-13 188 1.85 4413
2XMM J123356.%074755 0.370990 3605.73 7.228920e-13 740 1.62 44.17
2XMM J100025.2-015852 0.372810 4365.98 4.484410e-13 922 1.81 43.96
2XMM J081422.1+514839 0.376760 2286.34 1.235040e-12 468 1.95 44.41
2XMM J024207.2-000038 0.385000 1073.15 1.388040e-13 168 2.44 43.42
2XMM J163331.8570520 0.386000 1212.77 3.384670e-13 249 1.60 43.84
2XMM J100921.9534925 0.387870 952.14 2.102780e-13 142 2.10 43.61
2XMM J094404.3-480647 0.391790 1952.77 3.561740e-13 165 3.05 43.69
2XMM J105407.%573524 0.394000 1019.72 1.508720e-13 104 3.23 43.29
2XMM J121808.5471613 0.397900 2257.52 3.022100e-13 485 1.97 43.83
2XMM J154530.3-484608 0.399610 1487.42 7.955350e-13 160 3.34 44.08
2XMM J124408.9113334 0.401000 3151.89 2.708970e-13 634 1.89 43.83
2XMM J134859.3-601457 0.404000 668.30 1.497830e-13 127 1.72 43.52
2XMM J215151.0-194605 0.424000 2019.62 8.103410e-13 571 821 44 .41

2XMM J000102.4-245849 0.433000 615.35 1.710100e-13 123 92 1. 43.68

2XMM J151703.6-562338 0.434000 1109.59 3.717660e-13 261 1.81 44.01
2XMM J134255.4.000635 0.436000 699.59 1.489070e-13 103 2.41 43.58
2XMM J123800.9-621336 0.440300 2049.47 1.857910e-13 233 3.11 43.54
2XMM J125906.4-014827 0.442900 3084.68 3.854710e-13 893 78 1 44.10

2XMM J105224.9-441505 0.443510 1346.01 6.083390e-13 264 2.15 44.24
2XMM J112455.9-384634 0.444000 824.36 7.589230e-14 98 1.96 43.22
2XMM J131014.%322422 0.448000 1542.97 7.921660e-14 212 2.00 43.32
2XMM J030234.8.000107 0.450000 658.05 8.534050e-14 195 1.79 43.45
2XMM J022039.4-030820 0.451000 1106.73 3.088550e-13 131 77 3 43.86

2XMM J234715.9005602 0.455700 710.17 1.533000e-13 156 2.28 43.70
2XMM J105205.%574114 0.462000 862.07 9.330060e-14 152 2.26 43.33
2XMM J033912.2-352812 0.463000 1494.99 2.016790e-13 543 89 1 43.86

2XMM J005030.8-520010 0.463000 999.01 3.062260e-13 172 08 2. 44.00

2XMM J211452.5060742 0.466000 1058.92 1.048720e-13 457 1.53 43.56
2XMM J104026.8-204544 0.467000 1326.26 1.507430e-12 298 2.04 44.68
2XMM J002618.7%4105019 0.474000 1543.49 7.392750e-13 420 1.87 44.43
2XMM J233154.3-193834 0.475000 1051.86 4.066030e-13 253 2.43 44.11
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IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV]  [0.2-12 keV] [2-10 keV] [2-10 keV]

2XMM J134304.5403217 0.475790 2825.30 3.052170e-13 299 2.11 43.98
2XMM J021618.2-050608 0.478000 1334.73 2.674330e-13 426 591  44.00
2XMM J141724.5523025 0.478700 1233.37 1.203660e-13 252 2.02 43.56
2XMM J124219.2-023118 0.479610 815.06 1.900990e-13 63 1.83 43.64
2XMM J150148.8014403 0.484000 720.98 1.764090e-13 134 1.71 43.73
2XMM J214041.4-234718 0.490000 874.63 5.272120e-13 197 58 1. 44.32
2XMM J003039.4 262055 0.492000 2168.31 7.539070e-13 566 1.81 44.52
2XMM J123127.3-135447 0.511360 636.88 3.223380e-13 99 3.39 44.04
2XMM J123702.%4621544 0.512360 822.75 4.480310e-14 348 1.59 43.38
2XMM J002914.3%+345632 0.517000 617.13 3.228070e-13 344 1.95 44.29
2XMM J121923.2-470940 0.520000 947.28 4.013630e-13 310 1.59 44.29
2XMM J093347.9551846 0.523000 542.15 2.840860e-13 227 1.57 44.20
2XMM J091029.6-542719 0.525940 4934.31 3.875610e-13 532 2.10 44.14
2XMM J130454.3-673007 0.538510 683.79 1.313400e-13 119 2.31 43.67
2XMM J133739.8-125725 0.539000 17040.80 5.114570e-12 3569 1.69 45.47
2XMM J033208.6-274734 0.544000 4919.29 2.202730e-13 1350 2.00 44.06
2XMM J001831.9162925 0.553000 2410.91 2.411140e-13 489 2.67 44.02
2XMM J111135.6-482945 0.558440 5847.60 1.101890e-12 1210 1.91 44.73
2XMM J024049.2-080942 0.563000 807.46 6.227280e-14 215 52 2. 43.58
2XMM J145411.4-183945 0.567000 860.00 1.083190e-13 173 1.70 43.73
2XMM J084858.0-445435 0.573000 819.36 6.060290e-14 197 2.72 43.57
2XMM J140053.06-030105 0.573000 613.59 1.139050e-13 174 2.55 43.84
2XMM J101850.4-411508 0.577110 2155.47 5.494270e-13 442 2.08 44.41
2XMM J022716.1-044539 0.590000 662.96 1.175990e-13 164 27 2. 43.82
2XMM J132447.4300900 0.594000 663.75 1.822610e-13 482 1.63 44.19
2XMM J164131.6-385841 0.595840 1190.21 7.038370e-13 759 1.75 44.73
2XMM J083117.4-524855 0.604000 1101.50 7.037920e-14 376 2.35 43.68
2XMM J123725.9620232 0.605000 836.71 5.229540e-14 159 3.03 43.42
2XMM J125903.9-344702 0.608020 875.30 2.100270e-13 221 1.96 44.15
2XMM J124903.4-061046 0.610000 1484.80 2.545970e-13 271 11 2 44.09
2XMM J094009.6-033042 0.615640 1118.97 2.706040e-13 267 2.39 44.21
2XMM J094104.0-385351 0.615690 8046.19 9.707500e-13 2157 1.66 44.81
2XMM J091011.%542724 0.625000 18851.90 1.124780e-12 4533 1.81 44.89
2XMM J095640.9-695201 0.626000 648.03 2.321360e-13 103 3.99 44.16
2XMM J021923.3-045149 0.629000 1540.05 1.366640e-13 286 41 2 43.91
2XMM J030206.7-000121 0.641000 2174.87 4.958450e-13 665 811 44.50
2XMM J140745.3-283028 0.642000 1624.88 8.417300e-13 394 1.70 44.72
2XMM J122051.3 750532 0.643000 1223.94 7.894300e-13 410 1.80 44.78
2XMM J023057.3-010033 0.649390 665.24 1.362710e-13 132 62 1.  43.99
2XMM J130028.5-283010 0.649400 7346.30 1.238050e-12 2238 1.99 45.00
2XMM J012447.%320727 0.654000 4342.53 1.481180e-12 1270 1.72 45.08
2XMM J163255.5-373500 0.655480 1435.34 4.222710e-13 228 2.18 44.43
2XMM J102147.4-130850 0.655980 1425.27 2.813720e-13 452 1.84 44.37
2XMM J004258.3-203713 0.656000 1169.84 5.029590e-13 309 78 1 44.59
2XMM J100232.1023537 0.657170 588.34 1.606500e-13 125 2.19 44.02
2XMM J020118.6-091936 0.660820 740.38 2.803750e-13 214 26 3. 44.39
2XMM J083026.8524601 0.661000 756.28 1.074510e-13 289 1.63 43.93
2XMM J030707.3-000424 0.663900 974.25 9.277680e-14 212 18 2. 43.89
2XMM J004800.1-250953 0.664000 1090.41 2.173690e-13 432 79 1 44.27
2XMM J114656.%4472755 0.667760 849.50 3.770570e-13 202 2.45 44.46
2XMM J024952.0-311402 0.669000 889.36 1.227180e-13 92 118 44.04
2XMM J111606.9-423645 0.670220 2815.96 4.168520e-13 1008 1.65 44.57
2XMM J100309.4-554134 0.673750 688.18 1.487560e-13 153 2.13 44.08
2XMM J164056.2-363404 0.676260 990.62 7.374430e-13 261 1.79 44.81
2XMM J123716.2.620708 0.679000 996.62 4.664900e-14 239 2.42 43.52
2XMM J005324.5-123344 0.679000 1289.68 4.783500e-13 456 1.59 44.61
2XMM J084047.6-131223 0.680800 4278.33 3.024110e-12 1747 1.65 45.49
2XMM J031253.7-765414 0.683000 689.68 1.761130e-13 334 43 1. 44.25
2XMM J095938.9.021201 0.688950 835.97 7.309280e-14 132 2.11 43.71
2XMM J105433.6-114932 0.694500 779.54 1.059890e-13 241 78 2. 43.98
2XMM J112306.3-013749 0.695700 1379.43 1.274230e-13 206 3.28 43.86
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continued.
IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV] [0.2-12 keV] [2-10 keV] [2-10 keV]
2XMM J111750.4075710 0.698000 3656.28 5.636710e-13 1465 2.18 44.73
2XMM J133027.6-013900 0.701100 670.10 2.054770e-13 172 61 1. 44.24
2XMM J115024.%4015620 0.705730 970.03 2.299550e-13 357 1.81 44.27
2XMM J123538.5-621643 0.712000 1997.67 2.486790e-13 570 1.72 44.39
2XMM J021808.2-045844 0.712000 8885.98 6.271730e-13 2183 1.76 44.76
2XMM J103344.9574910 0.713000 916.22 6.580090e-14 174 1.64 43.70
2XMM J084840.3-445801 0.716000 703.14 1.084370e-13 257 1.83 44.10
2XMM J033226.9-274105 0.730000 3522.70 1.788940e-13 786 76 1 44.23
2XMM J141700.4521918 0.740000 838.89 4.228830e-14 160 2.20 43.58
2XMM J015234.7-135929 0.743900 534.92 3.288040e-14 146 44 2. 43.63
2XMM J103413.9585252 0.745190 576.68 2.070960e-13 101 5.12 44.22
2XMM J125301.4-292538 0.746500 741.09 3.961430e-14 255 76 1. 43.69
2XMM J221715.%002615 0.753600 1343.79 1.800050e-13 396 1.97 44.27
2XMM J222823.7-051306 0.758000 864.94 1.282140e-13 345 63 1. 44.16
2XMM J105254.3572342 0.761000 881.80 6.194140e-14 304 0.76 43.79
2XMM J011547.6-331238 0.764000 624.03 3.184190e-13 232 1.90 44.67
2XMM J103446.8575128 0.765000 678.00 9.763310e-14 184 2.02 44.01
2XMM J100001.3-024845 0.765920 735.48 1.445060e-13 244 2.15 44.34
2XMM J053910.7-283526 0.770000 612.02 7.488650e-14 131 12 2. 43.89
2XMM J045419.6-030419 0.775000 1728.78 1.703740e-13 413 .02 3 44.29
2XMM J105348.%4573034 0.780000 609.19 6.745200e-14 384 1.39 43.96
2XMM J134133.%+353252 0.780000 948.84 4,973120e-13 249 1.92 44.74
2XMM J104522.0-012844 0.782000 1633.18 4.639290e-13 355 21 2 44.73
2XMM J115057.7-284401 0.789000 1472.86 1.742480e-13 502 24 2 44.36
2XMM J121836.%054628 0.795290 555.11 2.928460e-13 68 1.39 44.30
2XMM J134256.5-000057 0.804350 1422.13 3.733730e-13 471 1.64 44.73
2XMM J141651.3-522047 0.807700 639.58 3.609840e-14 236 2.61 43.82
2XMM J081014.5280337 0.821020 1856.76 6.464710e-13 500 1.83 44.95
2XMM J150431.2474151 0.823800 1729.54 7.567630e-13 645 2.09 44.98
2XMM J004341.4005610 0.830000 915.48 3.111520e-13 276 2.03 44.54
2XMM J033238.0-273945 0.836600 566.17 7.295920e-14 108 64 2. 43.74
2XMM J123739.3622059 0.837000 1004.98 6.237470e-14 312 2.25 43.92
2XMM J123038.6-162540 0.841000 1116.08 3.553070e-13 229 1.97 44.61
2XMM J111832.8074901 0.847000 1309.16 1.016870e-13 190 2.39 44.12
2XMM J133408.8 375707 0.850000 672.66 4.016050e-14 237 2.14 43.86
2XMM J000100.1-250501 0.851000 615.20 2.129870e-13 345 47 1. 44.62
2XMM J033737.5-350003 0.853830 2073.79 1.217540e-13 526 A7 2 44.22
2XMM J082257.6-404149 0.864780 959.59 5.389330e-13 333 1.70 44.98
2XMM J035348.8-102015 0.870000 685.61 1.475430e-13 183 52 2. 44.32
2XMM J021640.7-044404 0.870000 1809.60 3.524850e-13 473 .69 1 44.69
2XMM J134323.6-001223 0.873970 1257.31 3.193340e-13 352 2.15 44.70
2XMM J081030.2281326 0.887470 650.60 1.692050e-13 216 1.98 44.49
2XMM J134252.9403202 0.905810 2254.94 3.425680e-13 823 1.63 44.72
2XMM J123759.5621102 0.908420 2033.85 2.883920e-13 609 2.02 44.64
2XMM J131107.3-012857 0.912600 1203.59 2.083280e-13 343 40 2 44.55
2XMM J141717.8231719 0.921000 466.14 6.300670e-13 174 2.11 45.10
2XMM J124244.5022954 0.937160 1076.42 1.374240e-13 414 1.97 44.45
2XMM J103338.%+574544 0.945000 1254.05 7.960170e-14 428 2.34 44.23
2XMM J022711.8-045038 0.946000 916.85 1.459900e-13 342 86 1. 44.49
2XMM J023932.7-342527 0.947000 2233.52 1.364740e-13 750 .88 1 44.40
2XMM J015311.0-135105 0.949000 750.78 1.268290e-13 246 39 1. 44.36
2XMM J111609.6-441845 0.953610 1207.00 2.198900e-13 352 1.82 44.59
2XMM J221523.6-174318 0.956000 2061.55 6.499670e-14 575 99 1 44.05
2XMM J090029.6-390145 0.963730 1177.38 2.324690e-13 336 2.13 44.66
2XMM J215212.9-272455 0.968700 921.55 1.688440e-13 200 28 2. 44.49
2XMM J024105.8-081153 0.978580 928.85 5.888360e-14 258 15 2. 44.09
2XMM J141735.9523029 0.985000 1428.46 1.572350e-13 450 1.78 44.48
2XMM J112014.%4133228 0.995000 1266.99 9.529160e-14 409 1.95 44.33
2XMM J130248.9-023521 1.014200 555.48 1.000770e-13 139 94 4. 44.22
2XMM J123706.8 621702 1.020000 772.54 6.671810e-14 201 2.19 44.14

2XMM J004647.4-252149 1.022000 1326.59 1.621740e-13 297 .65 2 44.10
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IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV] [0.2-12 keV] [2-10 keV] [2-10 keV]
2XMM J095857.3-021314 1.024310 2262.92 5.157100e-13 848 1.81 45.07
2XMM J033226.4-274035 1.030000 1173.85 5.810340e-14 469 84 1 44.58
2XMM J112340.3-385129 1.034080 994.58 3.832630e-13 208 2.22 44.82
2XMM J100056.5-554059 1.038000 607.90 2.227610e-13 197 3.74 44.66
2XMM J123049.7%4640848 1.040230 770.30 7.037050e-14 178 2.58 44.20
2XMM J033942.8-352409 1.042950 2378.30 1.360880e-13 588 .33 2 44.48
2XMM J230444.8031146 1.044000 2293.78 5.980140e-13 700 2.19 45.17
2XMM J220230.0-190151 1.045000 930.22 2.073950e-13 151 62 2. 44.60
2XMM J030307.3-001020 1.046800 798.85 9.803930e-14 300 2.64 44.41
2XMM J085841.4-140944 1.048000 5042.28 1.705540e-12 2355 1.79 45.60
2XMM J092053.8365832 1.082830 1414.47 1.776080e-13 367 1.98 44.66
2XMM J021817.4-045112 1.085000 3435.60 5.110530e-13 1031 1.81 45.07
2XMM J085808.9-274522 1.090110 3138.97 1.667330e-13 1103 2.16 44.65
2XMM J103419.6574449 1.098000 830.95 6.998300e-14 296 2.19 44.30
2XMM J033609.3-360731 1.100000 983.82 3.644900e-13 292 62 1. 44.97
2XMM J141643.2521436 1.110000 1352.10 1.734290e-13 505 1.58 44.70
2XMM J024200.8 000021 1.112000 1467.45 3.135950e-13 535 2.07 44.86
2XMM J141838.2-522400 1.118400 714.80 8.225710e-14 193 2.18 44.44
2XMM J221738.4001207 1.121000 657.38 3.458620e-14 211 1.94 43.93
2XMM J140719.3-281814 1.121000 908.23 4.564820e-13 341 1.98 45.05
2XMM J121715.4471214 1.132700 1274.27 1.719270e-13 413 2.52 44.65
2XMM J120450.6-442835 1.141880 732.30 1.471390e-13 190 2.07 44.57
2XMM J035319.0-101703 1.146000 648.07 2.137180e-13 214 33 3. 44,72
2XMM J053905.5-283316 1.158000 739.70 1.607400e-13 383 27 2. 44.73
2XMM J221515.2-173222 1.159000 3029.71 1.923980e-13 694 44 2 44.64
2XMM J095918.%4020951 1.161600 611.88 2.444850e-13 237 2.45 44.81
2XMM J022735.7-041123 1.167000 1202.54 2.745170e-13 358 531 45.00
2XMM J134511.9554759 1.168510 951.07 3.762520e-13 177 2.29 44.89
2XMM J085810.6-275052 1.169000 855.21 7.726200e-14 409 1.06 44.25
2XMM J133903.6-043649 1.175000 633.19 1.809870e-13 228 1.54 44.69
2XMM J130808.4-293448 1.176000 649.25 8.033430e-14 111 3.17 44.08
2XMM J103031.6-052455 1.182860 2269.82 9.686790e-14 720 2.13 4451
2XMM J123337.5073133 1.184880 678.00 4.313310e-13 333 1.81 45.12
2XMM J031015.6-765133 1.187000 3753.83 7.648110e-13 1823 1.65 45.46
2XMM J052108.7-251912 1.200000 978.01 5.459570e-13 349 76 1. 45.22
2XMM J142355.5-383150 1.205010 654.31 1.423270e-13 207 1.97 44.65
2XMM J011302.0-453021 1.208000 1633.53 7.431200e-14 296 .59 3 44.27
2XMM J115838.5435505 1.208350 564.86 5.451000e-14 247 1.46 44.24
2XMM J005724.5-273200 1.209000 1757.92 1.136870e-13 525 .68 2 44.53
2XMM J011327.2-453830 1.220000 561.33 8.389810e-14 134 83 2. 44.16
2XMM J124728.5671725 1.220510 1024.47 9.414510e-14 386 1.69 44,53
2XMM J033229.9-274528 1.221000 603.93 4.346770e-14 214 56 2. 44.15
2XMM J102623.2-383701 1.225930 789.03 1.584840e-13 331 2.58 44.70
2XMM J021745.1-734723 1.234000 1010.09 5.907490e-13 474 12 2 45.35
2XMM J095924.4-015954 1.236040 628.09 1.370560e-13 184 1.90 44.73
2XMM J053923.5-284222 1.245000 1518.52 2.431180e-13 540 62 2 44.87
2XMM J101112.2554447 1.246000 1659.62 2.152470e-13 801 1.64 44.97
2XMM J094345.%+465155 1.246140 590.05 6.016820e-14 225 2.01 44.49
2XMM J103337.9574238 1.265000 1021.99 6.328700e-14 368 2.02 44.41
2XMM J133027.5-014203 1.268060 1385.77 3.405330e-13 579 821 45.11
2XMM J114031.%660858 1.269000 966.58 2.348640e-13 351 2.26 44.92
2XMM J125456.8564941 1.272490 489.68 2.108460e-13 235 1.63 45.04
2XMM J031311.7-765430 1.274000 839.57 1.967650e-13 426 02 2. 44.87
2XMM J000020.4-322100 1.275000 738.69 1.912820e-13 221 90 1. 44.75
2XMM J100717.2124543 1.280850 1060.22 1.561950e-13 403 2.62 44.79
2XMM J105050.6573819 1.281410 1221.30 9.271300e-14 365 2.05 44.57
2XMM J084911.4444454 1.286000 779.85 8.160270e-14 296 2.57 44.40
2XMM J092633.4-304535 1.308940 675.46 1.581580e-13 226 2.63 44.71
2XMM J095908.3-024309 1.317420 2836.26 3.848530e-13 483 2.09 45.09
2XMM J033216.2-273930 1.320000 623.90 4.201020e-14 138 30 4. 44.08

2XMM J234724.%4005248 1.322600 895.60 2.083620e-13 338 1.61 44.97




A.3 The sample 101
continued.
IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV]  [0.2-12 keV] [2-10 keV] [2-10 keV]

2XMM J163428.9703132 1.334000 12470.60 2.579540e-12 5015 2.08 46.08
2XMM J002114.5-483432 1.340000 954.62 1.357390e-13 307 46 2. 44.71

2XMM J124406.9113524 1.343710 1762.32 1.381080e-13 712 1.88 44.85
2XMM J141352.9440230 1.347000 620.20 8.935500e-14 185 1.64 44.54
2XMM J021834.5-051356 1.351000 559.41 7.279720e-14 232 98 2. 44.54

2XMM J133431.3-374831 1.359000 1157.66 8.788320e-14 511 1.72 44.60
2XMM J130100.8-281944 1.360000 1846.04 1.835570e-13 699 2.03 44.89
2XMM J145344.7033329 1.365000 728.07 1.093890e-13 363 1.80 44.76
2XMM J130120.6-282137 1.369350 1282.24 4.465700e-13 475 2.28 45.18
2XMM J091301.6-525929 1.376400 2778.93 1.671380e-12 1123 1.69 45.85
2XMM J105242.2573158 1.380000 558.32 3.112350e-14 349 1.84 44.23
2XMM J024849.7-311542 1.390000 2195.34 2.871110e-13 717 14 2 45.14

2XMM J120913.6-433920 1.397840 1274.13 5.950030e-13 628 1.83 45.48
2XMM J083049.6-524910 1.400000 2407.86 2.011800e-13 1157 1.81 45.03
2XMM J021830.5-045623 1.401000 1224.24 9.413900e-14 424 40 2 44.69

2XMM J095852.1025156 1.407200 973.54 0.836850e-14 316 2.25 44.60
2XMM J024008.0-343420 1.408000 1224.42 8.111080e-14 462 .87 2 44.58

2XMM J103026.6053816 1.411950 613.10 9.812900e-14 220 2.99 44.50
2XMM J100120.%4555351 1.413060 5230.60 2.101720e-12 1759 2.09 46.01
2XMM J102412.2-042025 1.425000 854.91 1.566340e-13 248 3.25 44.96
2XMM J153452.4-013104 1.435000 365.44 1.533440e-12 141 1.44 45.91
2XMM J105230.6-573913 1.437000 1220.03 6.811700e-14 480 2.30 44.57
2XMM J123707.%622144 1.449790 611.75 4.159620e-14 301 2.21 44.36
2XMM J112320.7%4013748 1.462000 2004.66 3.546820e-13 1234 2.37 45.34
2XMM J111840.5-075323 1.462870 998.20 1.084170e-13 416 1.81 44.76
2XMM J095456.%4174332 1.472000 3745.13 9.449740e-13 1971 1.60 45.76
2XMM J163201.%373749 1.476070 1973.67 3.746020e-13 647 2.31 45.30
2XMM J154352.6-540002 1.480000 765.70 1.521130e-13 303 2.56 44.91
2XMM J221751.3-001146 1.491400 746.21 5.070120e-14 332 2.32 44.39
2XMM J140856.4-075225 1.494000 1904.42 7.062000e-13 890 531 45.59

2XMM J105257.%572507 1.527000 971.83 3.349470e-14 385 2.14 44.30
2XMM J100248.9-325130 1.535510 733.98 1.410170e-13 287 2.25 44.89
2XMM J105108.2573345 1.540000 596.77 5.304040e-14 320 2.26 44.48
2XMM J095908.6 025423 1.556380 586.49 7.817160e-14 167 3.08 44.66
2XMM J012505.5-014626 1.559000 1657.10 2.990000e-13 831 1.58 45.23
2XMM J105309.2572821 1.568000 671.45 2.762790e-14 257 2.24 44.11
2XMM J104424.8-013519 1.570000 775.36 1.684480e-13 393 59 1. 45.08

2XMM J083205.4-524353 1.572500 1192.40 6.429360e-14 528 2.02 44.61
2XMM J104039.5061521 1.583880 975.21 1.292150e-13 453 2.15 44 .91
2XMM J115726.2434954 1.597000 734.45 1.419310e-13 186 3.26 44.53
2XMM J085851.9-274738 1.598980 814.47 4.989590e-14 374 2.16 44.69
2XMM J033211.6-273726 1.600000 579.23 9.784790e-14 255 66 1. 44.65

2XMM J141622.%4521916 1.600000 761.42 1.001330e-13 384 1.84 44.82
2XMM J133358.6-375938 1.610000 649.87 7.101330e-14 283 2.46 44.67
2XMM J111822.2-074449 1.615000 1635.61 1.007440e-13 740 2.00 44.80
2XMM J135023.6-265243 1.615000 644.67 1.580450e-13 224 2.61 44.94
2XMM J105259.8-573030 1.676000 1159.85 4.327620e-14 569 1.44 44,53
2XMM J182158.3-681840 1.692000 862.80 5.242400e-13 374 1.94 45.59
2XMM J034015.4-352849 1.740000 864.89 1.064420e-13 185 09 2. 44.91

2XMM J121804.5-470850 1.743000 613.04 6.942570e-14 314 1.75 44.73
2XMM J124615.%4673032 1.769170 1004.07 1.740890e-13 496 1.79 45.14
2XMM J102417.4-041657 1.775000 1174.59 2.061240e-13 539 1.70 45.20
2XMM J093359.2-551550 1.863470 775.21 9.922010e-14 416 1.59 45.04
2XMM J233630.5-:021045 1.871000 795.55 2.737400e-13 211 1.62 45.38
2XMM J095834.6-024427 1.888290 1484.29 6.935060e-14 622 1.92 44.85
2XMM J133452.%375744 1.890000 772.25 5.126730e-14 333 1.91 44.62
2XMM J044858.8-204446 1.894000 405.11 8.195490e-13 249 43 2 45.78

2XMM J021642.3-043552 1.985000 594.33 1.639290e-13 435 74 1. 45.36

2XMM J121732.%4465829 1.990710 1093.33 2.226120e-13 469 3.78 45.27
2XMM J100159.7%4022641 2.032930 661.47 1.186610e-13 303 1.94 45.02
2XMM J022415.7-041416 2.106000 734.78 4.616020e-14 387 79 1 44.74
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continued.
IAUNAME z PN counts Flux PN counts r logLx
[0.2-12 keV] [0.2-12 keV] [2-10 keV] [2-10 keV]
2XMM J105643.1-034042 2.115000 598.29 1.035210e-13 285 07 2. 45.03
2XMM J013205.2-400048 2.120000 612.47 1.440330e-13 240 86 3. 45.19
2XMM J111517.9-215656 2.140000 2581.03 2.325690e-13 1320 2.17 45.57
2XMM J112011.8133122 2.150000 950.89 7.420210e-14 444 2.00 45.12
2XMM J112338.6-052038 2.180610 976.50 3.322290e-13 532 1.64 45.61
2XMM J121422.9024252 2.223180 1465.00 5.750050e-13 798 1.72 45.89
2XMM J124220.%023257 2.224230 662.26 8.550120e-14 277 2.79 44.97
2XMM J032353.3-371556 2.246000 1135.31 2.334570e-13 596 78 1 45.59
2XMM J110633.4-182123 2.319200 682.20 2.168440e-13 350 71 1. 45.53
2XMM J115005.3-013852 2.325360 604.40 1.183220e-13 321 2.60 45.19
2XMM J134843.9-035324 2.344000 910.32 1.502770e-13 482 79 1. 45.46
2XMM J154359.4535902 2.370410 723.34 1.383640e-13 429 2.47 45.46
2XMM J111928.3-130250 2.400640 1290.55 3.052340e-13 673 1.67 45.73
2XMM J222006.7-280322 2.406000 2944.91 3.197810e-13 1418 1.94 45.81
2XMM J123622.9621526 2.591960 603.58 2.542410e-14 268 2.63 44.68
2XMM J144453.5-291906 2.638000 2805.68 3.281000e-13 1491 2.01 45.89
2XMM J021659.8-053202 2.809000 788.54 1.381700e-13 441 14 2. 4551
2XMM J152553.8513649 2.882510 2270.55 2.837280e-13 1360 2.23 45.89
2XMM J124300.3113554 2.940280 1026.37 1.834010e-13 607 1.75 45.63
2XMM J111038.5-483116 2.954900 813.13 7.408580e-14 416 2.36 45.33
2XMM J013301.9-400628 3.023000 1890.14 2.032130e-13 1011 2.12 45.81
2XMM J042214.7-384452 3.110000 2155.29 7.200770e-13 1287 1.80 46.41
2XMM J122135.6-280614 3.305000 3467.54 4.868880e-13 1929 1.42 46.07
2XMM J200324.1-325144 3.773000 3705.66 9.101580e-13 2171 1.73 46.56
2XMM J000322.9-260318 4.098000 1366.02 9.734330e-14 852 .28 2 45.83
2XMM J132611.8074357 4.170000 779.53 7.725790e-14 486 2.34 45.71
2XMM J092636.4-305504 4.190000 1010.67 9.972560e-14 626 2.70 45.88
2XMM J102838.8-084438 4.276000 5650.75 1.454850e-12 3069 1.57 46.77
2XMM J151002.9570243 4.308720 1606.90 6.873270e-13 888 1.85 46.47
2XMM J052506.1-334305 4.413000 7538.45 1.582970e-12 4222 1.81 46.92
2XMM J002207.9-150539 4.528000 729.95 5.146440e-14 414 45 1. 45.58
2XMM J143023.%4420436 4.715000 1578.67 2.509710e-12 956 2.03 47.30

2XMM J145147.0-151220 4.763000 792.81 2.563280e-13 458 38 1. 46.21
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