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Resumen de la tesis en castellano

En esta tesis presentamos el estudio de las propiedades espectralesqpdertes Nicleos Gacticos
Activos (AGN), incluyendo los que son parte de los muestreas pnofundos de rayos X observados
de los satlitesXMM-Newtony Chandra

Los Nucleos Gacticos Activos son las fuentes establessrbrillantes del Universo, y se cree que el
motor de sus luminosidades es el acrecimiento de gas alrededor de um aggjer supermasivo (a
partir de las iniciales en ings de Super Massive Black Hole, SMBH).

Por conservaéin del momento angular, el material en acrecimiento toma la forma de un disso. La
propiedades de estos sistemas no son conocidasiaodan mucho detalle, pero se sabe que se su
emisbn se puede detectar en los rayos X. De hecho, el espectro en edtadsanproducido por
difusion Compton inversa de la radiaai ttrmica primaria del disco por parte de un plasma caliente a
su alrededor. Ese proceso produce el espectro X que detectanespeEtro, gracias a las propiedades
penetrantes de los fotones X, no interacciona mucho con el exterioresRoraan la aralisis del
espectro X de los AGN ha ofrecido la posibilidad de explorar las regioréssamrcanas al agujero
negro central, dando los resultadoasexitosos de ladtimas dcadas.

La espectroscdp en los rayos X de estas fuentes es un instrumento extremadadrilgrdea medir los
efectos relativistas del campo gravitatorio del agujero negro central, tapto obtener algunas de sus
propiedades como la rotaxi, la distribudbn de la emigin en el disco, y sus radios interno y externo.
Ademas, ofrece una prueba directa de la presencia de los agujeros regebsentro diamico de
estos objetos.

La caracteistica espectral &s prominente en los rayos X esilada de emigin K,, del hierro. La fluo-
rescencia puede ocurrir en regiones relativamente lejanas de la featra ¢una estructura con forma
de toro) o en regiones cercanas a ella, en el disco. Si ocurre erce] liis efectos del campo gra-
vitatorio del agujero negro (BH) pueden producir diversos efe@asndanchamiento y deformani
produciendo principalmente un perfil ancho con una ala pronunciaéalado rojo de laihea. La
detecobn y el estudio en detalle de estos efectos representa una de las pnasbasnvincentes del
paradigma de los agujeros negros.



Resumen X

Las lineas del hierro anchas han sido detectadas con significanciegststachuy elevada en objetos
con alta calidad espectral, siendo MCG 6-30-15 el ejemgde estudiado. Una cuesti muy urgente
es saber si estas propiedades son comunes a la pdputaminpleta de los AGN, o si caracterizan
solo una clase de ellos, dependiendo del tiemjsngco o de sus propiedades ingecas como la
luminosidad.

La detecadn de estasiheas anchas necesita muy alta cocienimlsaiido (SNR de las iniciales en
inglés Signal-to-Noise-Ratio), que con los observatorios de hoy ha sidegoido solo en un al
nimero muy limitado de objetos.

Objetivos

La aralisis de las propiedades espectrales de los AGN, en particular itedadel hierro, constituye
el objetivo principal del presente trabajo. Hemos adoptado la estrategiandpilar tantos espectros
de rayos X como fuera posible y de calcular los espectros promedio. t®% estraemos las carac-
teristicas en banda X de los AGN.

Resultados anteriores al presente trabgjorfal et al. 2008han ensiado que la linea del hierro es
una caractéstica siempre presente en los espectros&l-Newtorde los AGN, detectando un pefrfil
estrecho. Considerando este resultado, lo queremos comprobar cstnasirginsecamente distintas
y observadas no solo dé&MM-Newton sino tambén deChandra

Nuestro fin es tam@n averiguar si la linea del hierro posee una componente ancha erndsddsN
0 solo en una clase de ellos.

Las condicionesi$icas del AGN afectan la detebai de la Inea ancha. El estudio démo tales
condiciones influyen en la detebai de la Inea emitida de parte del disco de acrecimiento ofrece
informaciones interesantes sobreikida de estos objetos@icos.

A la vista de los trabajos die la Calle Rrez et al(2010, es muy dificil detectar la linea anchagle
se ha hecho en unas cuantas observaciones particularmente psadenid@ntes brillantes, mientras
la linea estrecha se ha detectado en muchas fuertisdejanas y ebiles.

En nuestro trabajo, queremos entender si la d€iaabe la linea ancha depende de las carestieas

de las observaciones, como el SNRg el nimero de cuentas totales acumuladas en los muestreos.
En trabajos anteriores al nuestro cof@uainazzi et al(2006, Nandra et al(2007) y Guainazzi et al.
(2011, se ha demostrado que el SNR es una cafatiea determinante para detectar talieeas.
Queremos estudiar muestreos distintos emero de cuentas acumuladas, @mero de fuentes, en
SNR, en distribu@n en el espacio luminosidad-redshift, para determinar cuales son ldisicors
preferenciales de los muestreos de rayos X para un estudio detalladdideda anchas relativistas.

Hemos empezado compilando fuentes de los muestraegprfundos del salite Chandra Seguida-
mente, hemos procedido estudiando el muestrae pnofundo del observatorio d&IM-Newton de
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cuya mayor sensibilidad y mayotimero de fuentes esgramos poder mejorar estos resultados, con-
siguiendo efectivamente detectar una componente ancha, pero sinrdgbtave un resultado claro
sobre su dependencia con el redshift o la luminosidad. Finalmente, hgtandido nuestro campo de
aralisis en objetos cercanos combinando el muestr@® gnande de cuasareséfdn-Cetty & \eron

gue tambgn llamamos VCV) con el mayor élbgo existente de fuentes de rayos X: eatgo 2XMM
para estudiar con algoas de detalle el perfil de la linea.

Para que nuestros resultados no sean afectados de posibles efaottiapieos, que pueden ensan-
char ineas estrechas, queremos desarrollar una néewica de estimar la resolaci intinseca de
nuestro netodo en la banda de enegjue analizamos. En el caso que detectamos una linea ancha,
gueremos ajustarla con los modelos disponibles en la literatura.

En trabajos anteriores donde ha sido detectada la linea aStieblyanska et al. 2005se ha visto
gue las anchuras equivalentes (EW, de las iniciales egsmig equivalent width) eran superiores a
los valores encontrados en espectros individuales, probablemenia péecto del ratodo utilizado.
Por esta raan, queremos desarrollar una manera nueva para calcular las anefuiealentes de las
lineas, en manera independiente del modelo usado en los ajustes.

Queremos averiguar si las anchuras equivalentes dénkeasl anchas (estimadas utilizando nuestro
nuevo nétodo y con los ajustes de los espectros promedio) son compatibles conoles \de los
espectros individuales en la literatura para entender si los espectréiseas anchas son de verdad
muy comunes o Si constituyen solo un petpieorcentaje de los AGN.

En trabajos anteriores se ha visto que la EW de la linea estrecha cambiaexshét, con la absoron
y con la luminosidad.

La correlacdbn mas comprobada es el efecto lwasawa-Taniguchi, que toma el nomhuse dessubri-
dores (wasawa and Taniguchi 1983jue consiste en una dismin@noide lainea del hierro (de su EW)
con el aumento de la luminosidad del continuo X de las fuentes. El uso a@egraurveys, con AGN
que poseen luminosidades muy distintas, puede ayudar potencialmentedeeeagta correladn.

Se espera que la EW de la¢a estrecha seaamalta en fuentes absorbidas porque la abSodiecta
al continuo (y a la componente ancha) pero no a la componente estrestentando dssu EW. El
estudio de grandes muestras de fuentes absorbidas en rayos X pofidear este modelo éeico y
por esto queremos averiguar la corretecentre las propiedades defiada y la densidad de columna
del absorbente de rayos X en muestreos profundos caracterizados grande amero de fuentes
absorbidas.

Metodologia

El estudio de caractisticas discretas en la espectroscopia X de los AGN es una gitava para
averiguar los modelos éeicos de los AGN. Para poder efectuar unalais eficiente, es necesario
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tener datos de buena calidad espectgaidinazzi et al. 2006, en ausencia de estos, hay que aplicar
métodos de promediar o sumar los espectros. Estos maximizan el SNR.

Hemos aplicado el &todo elaborado de nuestro grupo de invest@a{Corral et al. 2008y hemos
introducido en esta tesis unas novedades significativas.

La primera muestra que hemos utilizado en esta tesisoeshpuesta de las observacioneésmro-
fundas deChandra el Chandradeep Field NorthAlexander et al. 2003 Chandradeep Field South
(Luo et al. 2008 y la muestra AEGISL(aird et al. 2009. Se trata de muestreos que contienen un
niumero muy alto de fuentes detectadas y con informaciones disponibles geetdarescofa optica
(los 'redshift’). Nos hemos centrado en las 123 fuentes distintas ésrcoentas en la banda X.

La segunda muestra utilizada en este trabajo es la obsenvagas profunda del salite XMM-Newton
en la direcadn delChandradeep Field South, que desde ahora llamamos XMM COFsr(astri et al.
201]). Gracias a la superidirea eficaz de este glite en la regin espectral de ldrea del hierro,
XMM CDFS permite de acumular &as cuentas de la anterior obsergeacde parte d€handra Nos
hemos centrado en las 51 fuentes que tienen infodnaespectrogapica y con los mejores espectros
de rayos X.

La Gltima muestra que hemos analizado fue definida cruzando la infaymadel cahlogo \eron-
Cetty&Veron {Véron-Cetty and ¥ron 2010y la del cahlogo 2XMM (Watson et al. 2008de XMM-
Newton(VCV). Hemos seleccionado los espectros con la mejor calidad, con urde840 fuentes
distintas.

Las muestras analizadas han sido divididas en submuestras de luminodeleztighift con el mismo
nimero de cuentas en cada una. Estas subdivisiones se han realizaogstigar la dependencia de
las propiedades de laka con estos pametros en observaciones con igual calidad estiad.

Ademas, las hemos dividido en AGN absorbidos y no absorbidos considetencdorte en densidad
de columna del absorbente a (mg.|/cmz) = 21.5. Con valores mayores de densidad de columna, de
hecho, es posible detectar en los espectros de los AGN unas datmasrde absorgn en la banda

de energa que estudiamos (& keV).

Aportaciones originales

Este trabajo de doctorado contribuye significativamente al estudio dditdeds$ Gatticos Activos en
los rayos X. Varias novedades, con respecto a las muestras utilizabatodo de aalisis desarro-
llado, han sido introducidas en este trabajo.

Primero de todo, los espectros promedio de las muestras estudiadas esigstanea han sido pu-
blicado en anteriores aculos. Parte de las muestras profundatiandraha sido estudiado en el
trabajo deBrusa et al(2005, pero nosotros hemos utilizado una muestra de CD&Sreciente y i@s
profunda. Aderas, hemosigadido el campo de AEGIS que nunca ha sido estudiado antes.
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La segunda muestra de la presente tesis es la de CDFS observadtvddlewton que nunca ha
sido analizado corétnicas parecidas antes. Ukima muestra, la del VCV, tal cual fue definida y
analizada en nuestro grupo,i @mo la selecé@n y la extracdn de los espectros, han sido hechas
solo en el trabajo presente, aunque algunas fuentes son probablementdin conChaudhary et al.
(2010 y Corral et al.(2008.

Hemos introducido distintas novedades no solo con respecto a las muegbiaadas sino tamén
con respecto a la metodolegaplicada en nuestra@isis.

De hecho, hemos aplicado por primera vez wetado de estimaon de la significancia estedica de

la linea del hierro y tambin de su anchura equivalente (EW). En la espectréacopel calculo de
estas cantidades puede ser afectado seriamente de una no corredizagiodelel continuo debajo
de la inea. Por esta rén, hemos trabajado en uretodo innovador independiente del modelo usado
para estimarla: hemos comparado los espectros promedio simulados (m&y derilds espectros
promedio observados para poder detectar cualquier diferencia yeduesj son significativos.

La resoluobn espectral limitada y dependiente de la ereedge los detectores X, y el conjunto de
fuentes con desplazamientos al rojo muy distintos, lleva inevitablemente a kideztede tener en
cuenta la variadin de la resoluéin espectral con la enéegcuando se estudian laséas anchas. Sino
se tiene en cuenta este efecto, de hecho, es posible sobreestimarsuasanara poder medir esta
tendencia hemos simuladméas de emién no resueltas centradas en distintas éasrgntre 1y 10
keV. Luego hemos estudiado la vari@aeide sus anchuras con la eriardel centro de lasreas y lo
hemos tenido en cuenta cuando hemos ajustado los espectros.

Nuestros resultados se han presentado en distintas reuniones \enoiagr Los resultados sobre la
muestra deChandrase han publicado en el articukalocco et al(2012. La segunda muestra, el
XMM CDFS, seh enviada en un par de semanas a la revista A&A por publinaaiientras el VCV
necesitad mas tiempo.

Resultados y conclusiones

En nuestra atlisis espectral nos hemos centrado principalmente énda Hel Hierro porque su estu-
dio es muy prometedor para poder investigar tanto las zonas centraléscdedie acrecimiento como
la distribucbn de material a grandes distancias del centro.

En nuestra muestra profunda @eandra con un total aproximado de 70000 cuentas, hemos encon-
trado que undthea del hierro estrecha caracteriza los espectros de los AGN de todedaanude sus
submuestras. Larlea que se detecta es estrecha en la neagerlas submuestras. Hemos investigado
el perfil de lainea considerando la resolaniinstrumental de nuestroatodo que es de 120 eV en 6.4
keV, como hemos visto en nuestras simulaciones. Uaalnads ancha de la resol@ci instrumental
esh detectada en la muestra de baja luminosidad y de bajo redshift pero sunoresarelativista.
Este perfil aparentemente ftrico proviene probablemente de la contrillucde Ineas relativistas,
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lineas ionizadas estrechas (centradas en distintasgas)ergineas estrechas provenientes de material
neutro.

Hemos encontrado una indicanide que la intensidad de lméa estrecha disminuye al crecer de la
luminosidad, pero con baja significaoi estadistica.

En la muestra de XMM CDFS, que tiene un total de 200000 cuentas, henwgro que laihea es
significativa a nas de 4 sigma. Hemos estudiado su forma teniendo en cuenta cdmtavasoludn
espectral con la endagen la banda considerada.

Lalinea es ras ancha de nuestra resofutique en 6.4 keV es de 110 eV) y su perfil puede modelarse
tanto con una ley gaussiana como con un modslod mas apropiado para describir lsdas de disco

de acrecimiento (el modelniskline deXspec). No podemos concluir si un modelo ajusta mejor que
el otro porque nuestrariea es aproximadamente €imica. Probablemente, tenemos una éstd

de cuentas insuficiente para detectar las asiagetiebidas a los efectos relativistas. Adsirthemos
visto que la anchura equivalente deilaela ancha es @&s alta de la que se encuentra en los espectros
individuales en la literatura, mientras la deileela estrecha es menor.

Como esto eéten desacuerdo con los modelasrieos, hemos considerado un distinto modelo para
tener en cuenta lasnleas emitidas por fluorescencia en material neutral lejano de la fuental centr
(Matt 2009. Con estos ajustes, no hemos conseguido modelar la estructura aeetateen ldahea

y hemos tenido quefiadir la componentdiskline. Afadir esta componente esamsignificativo

de 3 sigma y su anchura equivalente en la muestra total es de 164 eV, cdenganilios valores de
espectros individuales en la literatura.

En la Gltima muestra analizada (VCV), en la que hemos acumulado 700000 cueastiass bbser-
vado un claro perfil ancho aseétrico bajo una linea estrecha a 6.4 keV. Ajustando la comgiega |
detectada, hemos visto qubadlir la componente relativista es significativo asnile 40 y que esta
componente tiene EW de 219 eV. La EW medida eirled estrecha es de 95 eV.

Resumiendo, en este trabajo confirmamos quénkal del hierro es una caradstica prominente y
comin en los espectros de rayos X de los AGN, no obstante la dificultad deatisten observaciones
de baja relad@n sdial ruido.

Sobre la componente ancha deiteeh, interesante prueba de los efectos relativistas del agujero negro,
la respuesta es @ compleja. A este prépito, volvemos a la pregunta fundamental de ese trabajo:
¢es posible generalizar la presencia denled ancha a todos los AGN, o al menos a una clase de ellos?
Con nuestro trabajo, una vez mas, despdeNandra et al(2007) y de Guainazzi et al(2006, se ha
encontrado que su detednies n&s importante estégticamente en muestras que tienen wsralto
nimero de cuentas.

La componente ancha de lméa puede ser ajustada con los modelos relativistas de disco de acrec-
imiento disponibles en la literatura en muestras de muy alta calidad espectral\¢l Mna linea
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gaussiana ancha, el &, ajusta los espectros tan bien comoit@d relativista en muestreos con
menor rumero de cuentas (XMM CDFS).

Ademas de la componente ancha, es tamlposible separar la componente estrecha de la ancha, por
lo menos en muestras con bastariteero de cuentas (en el VCV) y de manerasriebil en muestras
de calidad mediana, como algunas submuestras del CDFS.

En general, la anchura equivalente medida es compatible con la que satea@n fuentes individ-
uales: esto indica que lmka ancha tiene que estar emitida por un porcentaje grande de fuentes. De
hecho, al re@s, si emitida por un porcentajeasbajo, las fuentes individuales tefaair que tener EW
muchos nas altas de las que se encuentran en la literatura, para compensar aida fdecfuentes

no contribuyentes. La diferencia de EW medidas en nuestro trabajo ydmStteblyanska et al.
(2005 que obtienen una EW superior es probablemente debida a los efectesdigtilttos rétodos
utilizados (agrupar los espectros antes de promediarlos puede llevareastomar laihea).

Nuestro aalisis de submuestras en luminosidad y en redshift en los campos profandizsados
nos ha indicado que son necesaria@sncuentas para detectar una tendencia dméa lcon estos
palametros.

Futura investigacion

En este trabajo hemos determinado con w@tado innovador las propiedades de Iagés del hierro
en los AGN hasta desplazamientos al rojos muy elevados. Hemos encaegsattados que merece
la pena analizar mejor:

e VCV: el analisis de la muestra de VCV se tiene que completar haciendo los ajustes de lamuestr
total y de las sumbmuestras y utilizando modelos complejos de fluorescencréeddepmaterial
lejano neutral y ionizado, con tandpi la inea relativista

e Variacion de la anchura equivalente con luminosidad y con redskift nuestros muestreos
profundos, hemos encontrado una indiéadile la dependencia de lad¢a del hierro de redshift
y luminosidad, pero no es bastante significativa considerando los®rkéma dificultad corian
en las muestras profundas es la fuerte corrétaentre redshift y luminosidad. Por estataz
seiia (til poder rellenar la zona de bajo redshift en el espacio de I@petros, para construir
bines en luminosidades en el Universo local. Para esto, la utbizael VCV es particularmente
adecuada, por su alta esistita de cuentas

e Deteccion de lineas anchas en muestras de AGN obscure@dogue no eétesperado en la
teofia, hemos detectadinkas anchas en AGN obscurecidos. Antes de intentar explicar esta
evidencia, un aalisis mas profundo de estas fuentes es necesaria. &tnodo prometedor sier
seleccionar fuentes de rayos X afkeV, puesto a esas engag se espera tener un sesgo menor
contra fuentes moderadamente absorbidas.



e Estudio de las propiedades de la linea del hierro en funcion de laactanisticas del 'motor
central’ El estudio de la dependencia deilada de las caracfsticas del motor central (como
la masa del agujero negro y la velocidad de acrecimiento) nés daa informadn de funda-
mental importancia sobre las propiedadsg&és y la geomeia de las regiones as internas del
AGN.

Los actuales sétites de rayos X todaa tienen una cantidad de datos muy grande no explorada para
conocer nas profundamente los AGN, mientras esperamos que nuevos instrumeatisseducidos
y cumpliran con sus expectativas.
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'No light, but rather darkness visible’

John Milton (Paradise Lost)






Summary

In this thesis we study the average X-ray spectral properties of distahhearby Active Galactic
Nuclei (AGN), including those belonging to the deepest X-ray survegeiwed byXMM-Newtorand
Chandra

AGN are the most luminous persistent sources in the Universe, and it isdzbliBat the origin of
their extraordinary luminosities is accretion of matter onto a Super Massiwé Blale (SMBH). By
conservation of angular momentum, this material forms an optically thick, geontigttiga structure

in the shape of a disk. Detailed properties of these systems are not wefh kb, Inverse Compton
scattering of the primary thermal radiation from the disk by a hot plasma cldke thsk produces the
detected X-ray continuum. X-ray radiation, thanks to its penetrating desistecs, does not strongly
interact with the outer material. For this reason, the analysis of such spestialy the properties of
the innermost regions of the AGN hafeared very exciting results in the study of AGN in these last
decades.

X-ray spectroscopy of these sources is an extremely useful instrumdetect relativistic #ects of
the gravitational field near the central Black Hole, and to measure somerpesgelated to it, such as
the spin, the emissivity and its extension. Moreoverfliéks a direct proof of the presence of a SMBH
in the dynamical centre of such objects. The most prominent emission féatie X-ray spectra of
these objects is the ironMdine. Fluorescence can occur in regions both far from the centratsdue.

a doughnut-shaped structure called torus) and close to it, such as teBarcdisk. If it occurs in the
disk, the ¢fects of the BH gravitational field can produce line deformation and braagleresulting

in a broad line profile with a red wing. The detection and the study of suahgohena represents the
most compelling probe of the BH paradigm.

Broad iron lines have been detected with extraordinary significance in scamges observed with high
spectral quality, MGC 6-30-15 being the best-studied example. A pregsiggtion is now whether
such features are a general characteristic of the full AGN populatiahyhether their intensity depend
on cosmic time or on intrinsic source properties, such as their luminosity.

XXi
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Unfortunately, the detection and characterisation of such broad featuXeray spectra requires very
high signal-to-noise-ratios (SNR), which with current facilities can onlatigeved in a very limited
number of nearby objects.

Goals

The study the X-ray spectral properties of AGN, in particular of the iroe, lia the main purpose of
this work. We adopt the strategy of compiling as many spectra as possibtemupaiting their average;
from the average spectrum, we extract the X-ray properties of AGN.

Previous results with similar methodSdrral et al. 2008Chaudhary et al. 203&howed that the iron
line is an ubiquitous characteristic of tkdIM-Newtonspectra of AGN, and that its profile is narrow.
In our work, taking these results into account, we aim at checking theityo@fuhe line in intrinsically
different surveys. Our main purpose is to check if the iron line display a lmo@bonent in all the
AGN or just in a class of them, and to investigate if its presence depends onokitgjrredshift,
column density of the intrinsic absorption. The study of how these paranaiiecs our detection of
the broad iron line emitted from the accretion digkeo an interesting information on the physics of
such exotic objects.

Considering previous works, the detection of the broad line has besiblmom only few, very deep
observations of nearby and very luminous sources.

Here, we aim at understanding whether the broad line detection depertks characteristics of the
observations, such as the spectral SNR/@nthe number of counts accumulated in the surveys. In
previous works as irfGuainazzi et al(2006, Nandra et al(2007) and Guainazzi et al(2011), it

has been demonstrated that the SNR is a key parameter to detect suckstetiaraim at checking
this issue employing surveys withftirent SNR, diferent number of counts and of spectrdfatient
distribution of the sources in the parameter space, observed \ffighedit instrumentation, to determine
whether any preferential conditions exist to study such features in detalil.

We started compiling sources from the deepest surveys performed witbhéredraobservatory to
study the distant Universe. We then proceeded to study the deepesy sundertaken to this date
with the most sensitive X-ray observatory, the observation of the CDESMiV-Newton(Comastri
et al. 201}, to place further constraints in the spectral properties at high redshitilly, we extended
the baseline of our work to nearby objects by combining the largest compilativearby and distant
AGN (Véron-Cetty & \eron -VCV-) with the largest catalogue of X-ray sources: the 2XMM ogtze
(Watson et al. 2008

To study the relativistic line profile using stacking methods, it is necessastitoae the instrumental
resolution and to take this into account during the spectral fitting. Our parpere is to develop a new
methodology to estimate it. Whether a line broader than the intrumental resolutoum ofethod is
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detected in our work, we will fit it using the models available in the literature talctieeir suitability
to fit the average spectra.

In the previous work where the detection of the relativistic line was signifi(aimeblyanska et al.
2005, the values of the EW of the relativistic components were higher than tlidise single spectra
in the literature. They were probably overestimated due toffatteof the method: for this reason,
we want to develop a new model-independent method to calculate the EW asidrttiizance of the
relativistic line (and of the narrow core). We then will compare the EW of ¢fetivistic components
with those of the single spectra in the literature. If similar values are foundyutdrndicate that the
broad iron lines are really common in the AGN. Instead, if lower values amedfothey cannot be
considered as a common feature in AGN.

In previous works, it has been found that the EW of the narrow line isetaied with the luminos-
ity and with the intrinsic absorption. The Iwasawa-Tanigudie&, fromIlwasawa and Taniguchi
(1993, consists in a decrease of the iron line equivalent width (EW) with the aaminluminosity
of the sources. The use of large surveys encompassing a broadfdparinosities can be useful to
investigate such correlation.

The narrow iron line is expected to be related with the column density of the ict@sorption
because, for growing density, the solid angle subtended from the prenaisgion to the reflection is
larger, and consequently also the line EW is higher. In the X-ray abdatarces, it is expected to
detect most intense narrow lines and faint broad lines (the broad linesacty to the narrow lines,
are absorbed). The study of large samples of absorbed sourcedemmX-ray fields (which have a
large number of absorbed sources) can help potentially to check this trend

Methodology

The study of discrete characteristics in X-ray spectroscopy is a unigyi¢okcheck the theoretical
models describing the AGN. To make a proficient analysis, it is necessagvieogood quality data
(Guainazzi et al. 2006r, in their absence, it is possible to apply methods to average or suneittessp
that maximise the SNR. We applied a method developed by our research gnoluwe introduced in
this thesis significant novelties.

The first sample we analysed is composed by the deepest observatiorSifandra Chandradeep
Field North @Alexander et al. 2003 Chandradeep Field SouthL{uo et al. 2008, and AEGIS Laird

et al. 2009. These samples have a very large numb&i0Q) of sources detected with spectroscopic
redshifts. We focused on the 123 distinct sources with more counts insX ray

The second deep sample is an observation XdiM-Newtonin the direction of Chandra deep Field
South, hereafter XMM CDFSJomastri et al. 2001 Thanks to its higherféective area in the spectral
region of the iron line, XMM CDFS allows to accumulate more counts than théqueChandra



Summary XXIV

observation. We focused on the 51 unique sources with spectrosctigimation and the best quality
spectra.

The last sample analysed in this work is a shallow survey. It was defined-correlating the informa-
tion of the Veron-Cetty & \eron {/éron-Cetty and ¥ron 2008 and the 2XMM Watson et al. 2008
catalogues (VCV). We selected the sources with the best spectral qualitging a total of 340 AGN.

In the three samples studied here, we investigated subsets in luminosity ahitredith the same
number of counts in each one. Doing it, we aimed to check whether the linerniespchange with
luminosity and redshift in observations with the same statistical quality. Moreasedefined ab-
sorbed and unabsorbed AGN considering a threshold in columns dehlsig,(NH/cmz) =215. We
chose this threshold because with this value gftNe spectra are absorbed for EkeV and non-
absorbed above. For higheigNthe energy of transition between transparent and opaque regime is
higher, allowing to detect absorption features at higher energies.

Novelties of our work

Several novelties have been introduced in this work, especially in the sanngéel and in the new
methodologies developed. First of all, the average spectra of the siewgyloyed have never been
studied previously. Part of the Chandra deep Fields was studied in theysevork ofBrusa et al.
(2005, but we have used here a later, longer observation. Moreoverddedahe AEGIS field that
was never studied before. The second deep survey under antdg3®IM-Newtorobservation in the
CDFS, has never been analysed before with similar techniques. FinallyCifieas was defined and
analysed by our group at IFCA, and the selection and extraction oy ¥pectra have been done only
for the present work, although some sources are probably common wihsttidies such as the one
of Chaudhary et al2010 and ofCorral et al.(2008.

We introduced several novelties not only in the data employed, but also metiedology applied
in the analysis. We developed a new method to estimate the line significance aWd. ibs K-ray
spectroscopy of AGN, the measurement of these quantities can be Besidested by an incorrect in-
terpretation of the continuum under the line. For this reason, we haveediotk a model-independent
method to estimate it: we have compared the average simulated spectra (€bjouith@he average
observed spectra in order to detect any deviations and check whetgerésignificant.

The limited and energy-dependent spectral resolution of X-ray desettmyether with the combina-
tion of spectra of sources at venyfiirent redshifts, inevitably leads to an energy-dependent spectral
resolution in the average spectrum. This should be taken into accounttivndnoad iron lines are
studied, because it could bring to an overestimation of their width. In ordestimate this ect,

we simulated unresolved emission lines centred from 1 to 10 keV. We thendstihdi¢rend of the
resolution with the energy and took it into account when we fitted the spectra.
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Our results have been presented in meetings and conferences. Thg ceacerning th&€handra
sample were published in the pag&locco et al(2012. The second sample, XMM CDFS, is going
to be submitted in the next few weeks, while the VCV work will require some more time

Results and conclusions

In the Chandradeep fields, we accumulated about 70000 spectral counts in the 2-1&&eWame
band. The detected line is narrow in the majority of the subsets. We investtbattde profile taking
into account that the instrumental resolution of our method is about 1200eV dur simulations. A
line significantly broader than the resolution is detected in the low luminosity - Idehi& sample,
but its shape is not relativistic. It is symmetrical: it is possible that the appagmmetrical profile
comes from both relativistic lines and narrow lines from ionized and nemagérial. A second pos-
sibility is instead that we have accumulated an fiisient number of counts for the detection of the
relativistic profile. We found a hint of a decrease of the narrow line EW mitheasing luminosity,
but the trend is not significant considering the error bars.

In the XMM CDFS survey, that accumulates 200000 counts, we foundhtbéine is significant always
at more than 4 sigma. We checked its shape after considering the trend methed resolution
with the spectral energy. The line is broader than our resolution (oftakidieV) and it is fitted
by simple broad gaussian as well as by a more suitable model in the literatarelyrtd skline in
Xspec). The reason why we could not discriminate between the two models is that the iasically
symmetric: we probably did not have enough counts statistics to detectffeeedce. From the fits
with a relativistic component added to a narrow core, the EW estimated fordlael somponent is
higher than the values of the individual spectra in the literature; in the meantinEW of the narrow
componentis too low, in spite of the expectations (according to the StandatdlMe expect to detect
a significant narrow core in the line). When we took into account a competef luorescent lines
from material far away from the central source, with the prescriptiomgait (2002, we found that a
broad excess is still present in the line. The addition ofittek1ine brings to an improvement of the
fits at more than 3.

In the last survey analysed, the VCV, we collected a very large numbgpeaftral counts: 700000.
With the high spectral quality we could detect a significant line. Moreoverd#tected line is formed
by a clear narrow core plus a broad component with a relativistic shape. significance of the
relativistic line is 4o

Summarising, in our work we confirmed that the iron line is a prominent featuteiaverage X-ray
spectra of AGN, implying that it must be widespread in their individual spedespite the diculty
of its detection at low SNR.

About the presengabsence of any broad component, the answer is more complicated. Irsitest,e
we come back to the main motivation for our work: is it possible to extrapolatertizeitine presence
to all the AGN, or only to a limited class of them? With our work, once again, &tainazzi et al.
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(2006 andNandra et al(2007), we found that its detection is more significant in surveys with a large
number of counts. Such surveys in fact have a generally higher SMRjray a more detailed study
of the line.

The possibility to eventually discriminate between several line modeldseal only by surveys with
high spectral quality (such as the VCV) because in such surveys theasyic lines can be detected.
If such quality is not reached, a broad gaussian fits the line as well assttiéree model because an
approximately symmetric line will be detected (as happened in the XMM CDFiS)also possible to
disentangle the narrow core and the broad component, at least in suviteyenough counts (in the
VCV) and perhaps in some subsamples of the XMM CDFS.

The EW in our average spectra are in general compatible with the oned palnlished spectra of
individual bright sources: this means that the broad line must be prasentarge percentage of
sources. If emitted by a low fraction of sources, the ones presentiigises should have EW much
higher than the individual observed values, to compensate for the majbrityneemitting sources.
The diference between the EW found in this work and the ones in the previousamé&freblyanska

et al. (2009, is instead due to the fllerent methods involvedtreblyanska et a(2005 computed the

sum of binned spectra, and such method can introduce an overestimatti@lioe EW.

Our analysis of subsamples of luminosities and redshifts did not show amicagt dependence of
the line on these parameters: we cannot tell whether this idfaot @f the limited SNR in spectra
of each subsample, or whether the line characteristics do not really di@pete luminosity or on
cosmic time. We would need to employ surveys with more counts statistics to atliseissue.

Future developments

In this work we have explored the iron line properties with an innovative ndet8ome further issues
which could be investigated are:

e Trend of the iron line with luminosity and redshifin our deep fields, we found a hint of a
dependence of the iron line on redshift and luminosity, but it was not significonsidering the
error bars of the EW. A commonfticulty in deep pencil-beam surveys is the strong correlation
between redshift z and luminosity. For this reason, it would be useful tagfithe low redshift
zone of the parameter space, in order to construct several bins in Ittyiimo&GN of the local
Universe. For this purpose, the employment of our VCV sample is partigigaitable, given
its high statistics

e Broad line detection in obscured AGHIthough it is not expected by the theory, we detected
broad iron lines in absorbed AGN. Before attempting any explanation fdr sesult, a deeper
analysis of such sources is necessary. A selection of sourceggiesnékeV would provide a
selection of sources less biased against absorbed ones, since Conipeivsorption would be
less important at those energies.
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e Study of the iron line properties as a function of the properties of the 'ckemigine’ The study
of the dependence of the emission line characteristics with physical piespef the central
engine (such as the BH mass or the accretion rate) would provide vitaimafmm as to the
physical properties and geometry of the inner regions of AGN

Current facilities and their archives still have the potential to address sériiee most fascinating

qguestions in our current knowledge of AGN, while waiting for new facilitie®¢orealised and fulfil
their expectations.
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Chapter 1

Introduction

Active Galactic Nuclei (AGN) are the most luminous persistent objects in thectie.

The variability of the sources have been studied to probe that the emissimasdoom extremely
compact regions, where huge masses are involved, in the AGN, ramgmgLfP to 1& solar masses
(Kaspi et al. 2000Peterson and Horne 2004

It is now broadly accepted by the scientific community that the central mechamisducing such
huge luminosities (above 19ergs) is accretion around a Super Massive Black Hole (SMBH). In fact,
the luminosity emitted during accretion is:

L=/1MC2

whereM is the accretion rate andis the dficiency of extraction of gravitational energy from material
which accretes around a gravitating body, and it is formally defined as:

IIZE

where R is the Gravitational radiusRy = GC—'ZV'). To produce the huge AGN luminositiedfieiency
should range from about 0.1 to 0.4. Just for comparison, if thermonysteaesses of conversion of
Hydrogen into Helium are considered, the ones powering the stars in thesetpiance, theiéciencies
are 0.007, only about one twentieth of the huge power emitted by the AGN.

Accretion is the only mechanism which can yieldfmient emissivity. For example, values for
for accretion around a neutron star are around 0.1. The m#grelice between accretion around a
neutron star and around a black hole (BH) is that BH have no impactcsurfia neutron stars, this is
where where the conversion of gravitational potential energy in luminosayrs.
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In BH, the ’surface’ is made by a centrifugal barrier, given by the fhat the kinetic energy (that
changes as?) grows more rapidly with decreasing radii than the gravitational energdy. (Accreting
matter is not allowed to arrive te=0, but can collapse in direction of its angular momentum, form-
ing an accretion disk. In the accretion disk, viscosity is a key parameterderstand the emission
in the AGN. In fact, while allowing the transfer of angular momentum outwardisgipates energy,
converting gravitational potential in radiation. The disk persists down to tietable orbit (from 6R

to 1.23R; depending on the BH spin, as we will see below). When matter arrives tadngsrcorre-
sponding to this orbit, inside it the emission processes are no loffig@ert, and the exact physical
processes at work are not well known.

1.1 The Unified Model of the Active Galactic Nuclel

Observationally, AGN are defined as galactic nuclei which display strahgnietric luminosities
(L > 10*2ergs). Moreover, they are characterised by a multi-wavelength emissionhwhibes
the morphology of the central engine. Using the multiwavelength emission of &@N\the analysis
of their spectral energy distribution (SED), a unified model of AGN, abléetecribe the morphology
of their central engine, has been developed. Such model connéeteui classes, defined on an ob-
servational basis, by proposing that they are instead a single type ctobjeserved under fiierent
conditions. The main properties of the AGN SEDs can be summarised as follows

e The radio emission The majority (80-90 %) of AGN are radio quiet, and do no possess radio
powerful components.

The radio emission of AGN represents a low percentage of their bolometrisiemist assumes
the shape of an extremely flat powerlaw, and it has a high degree ofgati@n. These charac-
teristics are typical of a synchrotron emission that, according to the ¢umterpretation, comes
from compact jets.

There seems to be a dichotomy, on the basis of the radio luminosity, betwéeforatisources
and radio quiet AGN. Radio loud AGN possess opposite-side jets of pldkatare produced
close to the central SMBH and propagate outward at relativistic velocitie$) distances of
about 16—1CP pc. The primary processes at the bases of the jet emission are not fudlystwod

yet, but it seems that they are emitted by the inner accretion disk and thegcalerated and
collimated by magneto hydrodynamic processes.

In some cases, one of the jets is directed in our direction: in these soucstles blazars,
relativistic beaming enhances the jet emission, makingficdit to observe any other emission
from the AGN. Such sources are more commonly found in the nearby tdeive

e The IR: The Spectral Energy Distributions (SED) of AGN are characterised imaximum in
IR wavelengths, and a minimum aroungrh. The interpretation of these properties is that AGN
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Fioure 1.2: Type 2 AGN NGC1667Ho et al. 1995

display a thermal emission in this band, coming from heated dust. In this 8zetharprimary
radiation coming from the nuclear region illuminates dusty material with axial symnveth
high opacity. This material heats up and emits the detected thermal radiation

e The optical-UV continuum emission In the SED of AGN it is often possible to observe a peak
in the optical-UV, corresponding to temperatures of 10000 K. To undetstee origin of this
feature, it is necessary to invoke the commonly accepted model of acadétlofN. 1. Shakura
and R. A. Sunyaev 1974 According to the model, matter spirals around the SMBH forming
a geometrically thin, optically thick accretion digK.(l. Shakura and R. A. Sunyaev 1974n
this scenario, accretion is the main process of emission of the high luminositeztetkin the
AGN. Each annulus of the accretion disk emits as a black body, its temperaepending on
the distance from the SMBH: the convolution of the emission at each anrsdumas the shape
of the bump often observed in the AGN spectra at around 10000 K.
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Optical spectroscopy of AGN suggests a classification in two broad céegAGN spectra show
commonly, forbidden narrow~( 100 knys) lines. The permitted lines, instead, can have two compo-
nents: the broad~( 10000 kmis) one and the narrow-(100 kny's) one. Objects showing only broad
components or both are called type 1 AGN. We can see inlFigan example of such kind of spectra:
the optical spectrum of NGC 554816 et al. 199%. Those showing only narrow components to their
permitted lines are called type 2 AGN. An example is NGC 1667, in Eig.

Depending on the relative emission of the narrow and broad componestsnéediate types are also
defined Osterbrock 1978

The diferent shapes of the emission lines can be interpreted considering the ltheawidn &ect of
the movement of the emitting clouds. In this scenario, the broad lines are emittaggia close
to the central nucleus, called Broad Line Region ; the narrow lines aradhgt®duced in an outer
region, called Narrow Line Region.

The studies of the broad optical lines in type 1 AGN have permitted so far tinabi estimation
of the BH masses, using reverberation mapping. This method allows the m@&surof the size of
the BLR through monitoring the light-travel time delayed response of the emissestbrcontinuum
variations Blandford and McKee 1982 The mass is derived by the virial theoremMs= % where

o is measured from the width of the broad lines (generally from thérté).

Although spectroscopy seems to suggest a dichotomy, the lack of broadrlittee type 2 AGN has
been proved to be just an orientatiofieet: in type 2 AGN, the torus does not allow to detect the
BLR, that is instead detected in type 1 AGN. This model, presented for theirires by Osterbrock
(1978, still needs an additional component to explain the full suppressionaaidblines, and the
only partial suppression of the optical continuum. An additional comporemposed by diusion
material, likely free electrons located above and below the torus, has heeduiced, after having
been confirmed by spectropolarimetric studies of obscured AGN in thelbuatrse Antonucci and
Miller 1985). In these studies, analysing in particular the obscured AGN NGC10868hapolarisation
level was found in the continuum. Moreover, the optical polarised spaaflNGC1068 showed the
presence of broad lines, similar to the ones observed in the type 1 AGNah\&gee in the Figl.3a
schematic picture of the morphology of the AGN: a toroidal structure thahdstéom 1 to 100 pc,
obscures the BLR emission for high inclination angles. This structure cerdast and cold gas, and
is likely not homogeneusAntonucci and Miller 198h

In the Fig.1.3, we can see the BLR, where the broad (10000-30008@kpermitted lines come from:
the absence of forbidden lines in these regions allows to predict theiityjérigher than 18cm3.
The extension is constrained by reverberation mapping studies, and tivisdre0.01 and 0.1 pc.

The figure shows, outside the torus, the NLR, the place where nagd®00 knjs) lines come from,
the forbidden line emission have place in low density gas (betwegardd1® cm™3). It is extended
at distances higher that 100 pc from the central nucleus.
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Ficure 1.3: Unified model of the AGN

In some cases, we can see, in direction perpendicular to the plane of tise dojet emission, the
responsible of the radio emission in Radio Loud AGN and of accelerationrti€lea along the poles
of the disk.

The unified model works perfectly in the majority of the cases but recemttyescounterexamples
have been foundCorral et al.(2009, Bianchi et al.(2008, Panessa et a2009. Such cases suggest
that the inclination might not be the only parameter to describe such systems.

1.2 The X-ray emission of AGN

The X-ray emission of the AGN probes the innermost regions of the cesnigihe, as it does not
strongly interact with the outer: X-rays, due to their small wavelength eagively penetrating.

In this section, the X-ray properties of AGN are discussed in detail, censgithe main X-ray spectral
components of AGN shown in Fid..4.
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1.2.1 The primary X-ray emission of AGN

Accreting black hole systems often exhibit power law components to theitrapegich extend to hard
X-ray energies. The broad band continuum cannot be interpreteceatiydemitted from the accretion
disk, because, according to the standard model, the disk producesiaelelsoft, thermal spectrum
(dominated by optical-UV radiation in AGN). A likely mechanism producing thegrtaw is instead
inverse Compton scattering of the primary photons of the ditgla¢dt and Maraschi 1991

The process is thought to have place in a hot plasma, the so-called e6raga’, that is likely bound

by the magnetic fields very close to the central BH. While the presence ofdhisa is broadly

accepted to interpret the X-ray continuum, there are still some uncertaintéggpiying the coronal

models to black hole systems. In fact, the heating mechanism is still unknowerakenodels have
been proposed to describe its geometry but none of them is fully satistaétyyway, the second and
third geometries shown in Fid..5seem to be the most commonly invoked.

1.3 The X-ray reprocessing

The primary X-ray powerlaw can be reprocessed through sever@lanesmns, depending on the phys-
ical state of the material (density, ionisation, etc.) and on the photon en&tgy.mechanisms of
interaction between the primary continuum are generally called reprogessihinclude scattering
and fluorescence.
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Fluorescence on the accretion disk can imprint unique features on thg Xpectra of AGN, like

emission lines. For this reason, X-ray spectroscopy of AGN has e so far the most direct
probe of their innermost regions. To understand the origin of suchrésaiiuis worth to consider both
reflection from a neutral material (called 'cold reflection’) and from arised material (called 'warm
reflection’).

1.3.1 Reflection by neutral material

The simplest reflection model is composed by a semi-infinite slab of gas withrondensity, ir-
radiated from above by a continuum X-ray spectrum (produced in thenaddy inverse Compton
scattering). Moreover, we can assume that metals are all neutral, whilegeydand helium are fully
ionised. We call this configuration a 'cold’ reflection.

There are two possible interactions between an incoming photon and the msitiertime disk. In
the first possibility, the incoming photon can be Compton scattered in the diskodhe presence of
electrons associated to the ionised hydrogen and helium, or to the outeofstil other elements.
Secondly, the photon can be photoelectrically absorbed by the metals. robesp can happen just
if the photon possesses a energy higher than the threshold energg fartitular photoelectric tran-
sition. The relative probabilities of Compton scattering and photoelectriatiso are given by the
cross sections of the processes. At low energies, the photoelectoiptbs, due to its higher cross
sections, is dominant.

The most probable photoelectric transitions, with the largest cross-sgctiom associated with the
photo-ejection of a K-shell electron. After the K-shell photoionisation,itimestays in an excited
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Ficure 1.6: Simulated reflection spectrum of and incident poweriavthe cold reflection regime
(Reynolds et al. 1995

energy level, and the L-shell electron drops into the K-shell. After thisgss, the de-excitation can
occur in two ways. The first one is fluorescence: the excess energgligged emitting &, photon.
Actually, theK, is a doublet, composed ¥, 1 andK,2, but the energy dlierence between the two
centroid energies is a few eV, lower than the spectral resolution of thertut-ray detectors. For this
reason, we will call thi¥,, as a single line, ignoring its inner structure.

An alternative way to emit the excess of energy is the ejection of an L-deelren, called Auger
effect.

We can see in Figl.6the results of a Monte Carlo simulation of the reflection of an incident power law
X-ray spectrum by a cold accretion didR€ynolds et al. 1995 In this calculation, cosmic abundances
were assumed. At low energies, photoionisation is the dominant processdeeits cross section is
large. On the contrary, at high energies, the majority of the incoming X-nayops are Compton-
scattered, producing ti€ompton reflection Humgeaking at about 30 keV: this happens because the
photoelectric cross section falls to small values and the dominant procesdstipton scattering.

An useful quantity that indicates the intensity of an emission line is its equivadétit: it is defined
as the energy interval over which the continuum radiation contains a flued éojthe flux emitted in
the line:
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Ficure 1.7: Expected profile of the iron line considering theeet of the Compton ShouldeMatt
2002

E+A _
ew= [ 20eTE-CE

- cE (11)

where T(E) is the total spectrum (continuum plus line), the C(E) refersetaantinuum, the integral
is performed in the region where the iron line is found and a quantity broader than the liwe

There are several emission lines in the photoelectric absorption domingieerd heir intensities are
determined by the probability of the elements to de-excite via fluorescenas thm Auger fiect:
this probability is called fluorescent yield.

Due to its fluorescence yield and to its large cosmic abundance, iron emits th@nmowsnent line:

the K, line at 6.4 keV The dependence of the iron line EW on the abundance of the iron has bee
studied byMatt et al.(1997), and it depends on the abundance of iron and on the inclination angle of
the reflecting material.

The bulk of the iron lines emitted in neutral matter consists of a narrow coresspmnding to the
line photons that emerge, without being scattered, from the emitting regi@nscittering of the line
photons can produce a feature called Compton Shouldet.@#gThis feature corresponds to the line
photons emerging after one or more scatterings. Thanks to the improv&tviigrand instrumental
resolution of the current X-ray detectors suctCémndraandXMM-Newton it is possible to detect at
least the first order Compton Should#tgtt 2002.

In high quality spectraMatt et al. 2004, several fluorescent lines have been observed, such as the Fe
Ke, Fe Kg, Ni K, and Ni Kz. The detection of such set of lines has been possible in absorbeésourc
because the suppression of the continuum makes the line emerge above it.
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Ficure 1.8: lonised reflection spectra forfiirent ionisation parameters, from the theoretical predic-
tion of Ballantyne et al(2007) using constant density models.

1.3.2 Reflection by ionised material

In a real physical situation, the reflection is more complex than in the thedritadd’ reflection
model. A useful quantity in the discussion of this model is the ionisation parantleé¢measures
the fraction between the photoionisation rate (proportiona{ity) and the recombination rate (propor-
tional ton?(r)). Itis defined as:

_ A7t - Fy(r)

u(r) )

whereF(r) is the flux received of the disk at each rading) the electron density as a function of the
radius.

The warm reflector introduces lines from ionised atoms to the complex seoéficent features that
we have discussed in the previous section. The spectral featuresdiagcto theoretical predictions
using constant density modeBdllantyne et al. 2001 are determined by the values of the parameter
¥ (see fig.1.8).

According to the dierent values assumed by this parameter, we can define four regimdsuidg:

e < 100 erg cm st: this is the 'cold’ or 'neutral’ reflection regime, shown in the previous
section.

e 100 < ¢ < 500 erg cm s': in this 'intermediate ionisation’ regime, the iron is found as Fe
XVII- Fe XXII and has a vacancy in the L-shell. In this situation, the ion cesonantly absorb
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NGC 1068
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Ficure 1.9: Spectrum of NGC1068/att et al. 2004

the K, photons, that can be again absorbed to produce fluorescence oigan électron. This
mechanism, called resonant scattering, is repeated until it is terminated byea éwent. Few
line photons can escape from the material, producing a very faint line.

e 500 < ¢ < 5000 erg cm s': in this ’high ionisation’ regime, the ions are too highly ionised to
permit the Auger ffect. The resonant scattering, for this reason, produces emissionTines.
resulting line is the emission of Fe XXV at 6.67 keV and Fe XXVI at 6.97 keV.

e > 5000 erg cm 3 : in this *fully ionised regime’ there cannot be any atomic signatures,
consequently no iron line can be emitted.

The emission lines from iron in fierent ionisation states have been observed in several spiettia (
et al. 2004. We can see in Figl.9the spectrum of the type 2 AGN NGC1068, with the complete
set of fluorescent lines, including from ionised material. In such olsiervthe presence of the warm
reflector, besides the cold one, was clearly required.

1.4 X-ray obscuration in AGN

X-ray spectra can display absorption features due to absorbing matehalline of sight (see in Fig.
1.17). Such features are due to the presence of absorbing material, sthehtasus.

The presence of an obscuring torus around the nucleus can strondify i@ X-ray spectra of both
type 1 and type 2 AGN, although itéfect can introduce the strongest features mostly in type 2 AGN.
The primary continuum will be absorbed by material in the line of sight thrquinghioelectric absorp-
tion andor Compton scattering. For a photon of energy E, the probability of beingpplectrically
absorbed by a neutral atom is:

P(E) = 1— ¢ (BNH

whereo(E) is the cross section. The spectrum coming out from a primary powettsorbed by
neutral material will contain dierent edges corresponding to thé&elient ionisation potential for each
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Ficure 1.10: Transition energies of a material (as a function otdsimn density N) between the
transparent and the opaque regime considering photdelétashed line) and the Compton scattering
(continuous line)

species in the absorbing material. The cross section depends on thaateinfithe elements. In Fig.
1.10we represent the energy at which the transition between transpackopague regimes occurs
(r = 1), as a function of the column density{Nof the intrinsic absorber. The dashed line in the Fig.
1.10refers to photo-absorption only, the solid line refers instead to Comptatesog. The two lines
coincide for column densities below abouf4€m2.

The transition between the transparent and the opaque regime constiesagwo phenomena occurs
when the optical depth becomes higher than one. The energy where tisisidraoccurs grows with
growing column density of the absorbers, as shown in Ei§0 For logarithmic column densities of
21.5 the spectra are absorbed ferlEkeV and non-absorbed above. The spectral energy from which
the absorption features begin to be detected grows for growing colunsitigen

The Compton scattering cross sectiofffatis sensitively from the photo-absorption one for higher
Ny >10%*cm2 values. Sources with such absorbing column densities0f*°cm2) are commonly
called Compton Thick. They are strongly absorbed for Compfiatebelow 10 keV. In such sources,
being observed at very high inclination angles, the observed continpentra are the result of the
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Ficure 1.11: Absorption in X-raysGilli et al. 2007

reflection in the inner walls of the torus. The narrow fluorescent linesratead higher, and the
resulting iron line EW can be very intense, up to 1 keV.

We can see in Figl.11the resulting spectradjlli et al. 2007 for different column densities. For
unabsorbed sources withyN«<10%“cm~2, the radiation passing through the torus either escapes or it
is absorbed, the scattering is negligibte{< 1), therefore the torus does not contribute significantly to
the spectrum. Below 10 keV, spectra are the sum of two components: tagoadransmitted through

the torus and the radiation reflected by that part of the torus inner stitfatis directly visible to the
observer. For N < 10?%cm2 the transmitted component dominates, as indicated by the exponential
shape of the spectrum.

For Ny > 10%*cm™2, when the scattering optical depth is of the order of unity or greater, arriamo
fraction of hard X-rays is Compton-scattered and reflected by the fuwirtbe torus, while softer
photons are photo-absorbed (the Compton scattering and photo-&isarpss-sections are equal at
about 10 keV for neutral matter). For intermediate values f tRe reflected component dominates
at energies up to a few keV, while the transmitted part dominates at highgjies)ahe ratio between
the reflected and transmitted spectra depends on the inclination angle.

For Ny > 10?%cm™2, when the torus is optically thick to both photo-absorption and scattering, the
reflected component, with a power-law spectrum, dominates.
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The intensity of the iron line emitted for reflection in the torus is higher for grgwislumn densities
(see Fig.1.11).

It has been proved that the EW is expected to decrease with the degrieatimation angle (subtended
from the perpendicular to the surface of the absorber and the line dj sigine absorberGhisellini
et al. 1994.

The expectations were confirmed Gjlli et al. (1999, where an increasing EW with increasing; N
was found in an AGN sample observed BingaandASCA In that sample, the EWs of type 1 AGN
were lower than those of type 11 AGN.

If the absorbing material is partially ionised, the absorber pattern dependsly on the abundances
of the elements in the obscuring material, but also on its ionisation degreentatehal is commonly
calledwarm absorberand is normally partially ionised. Given the energy-dependent cros®isec
the absorption would preferentially occur at certain energies. For tAgorethe warm absorber can
introduce curved spectra at determined energies, as we can see idEig/Hen the material is highly
ionised (i.ey ~ 5000), the feature cannot be detected.

1.5 The iron emission line from the accretion disk

The iron emission line at 6.4 keV, when emitted in the accretion disk, represemtgportant indicator
of accretion around SMBH. At the same time, it is the strongest spectraliihé ean be found in the
spectra of all types of accreting systems, from binary black holes toarestiar systems and AGN. The
iron line has been used so far to probe the innermost regions of the AGMlbas in binary systems:
when they are emitted close to the central SMBH, the observer will detectidmseof relativistic
physics in strong gravitational fields.

1.5.1 Expected shape of the iron line in accretion disks

Assuming a geometrically thin, optically thick, keplerian accretion disk, we eaarpetrise its emis-
Sivity as:

I(r)=f-r?

wheref is a constant parameter in the optically thick regime.

The line emission is assumed to be emitted from the radius of marginal stability uptdenradius
within which the disk persists. The outer radius plays an important rof@ ot 2, because in this case
the bulk of the emission comes from the outer regions. On the contrary, ti@loof the outer radius
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Ficure 1.12: Iron lines from the innermost regions of the accretliizks (abian et al. 2000

is irrelevant if3 >> 2, because the majority of the line emission comes from the innermost annuli of
the accretion disk.

The line emitted from the accretion disk can be deformed by fieeteof its Newtonian rotation and
the relativistic physics in the strong gravitational field of the BH. We can s#eeifirst panel of Fig.

1.12the expected line profile. The double-horned profile is due to the Dopfikmt éntroduced by

the keplerian movement of the gas in the accretion disk. The separation lodrie depends on the
inclination angle between the observer line of sight and normal to the disk.plBime blue peak is
produced from the approaching part of the disk, while the red peak tioe receding part.

In addition to the double horn, thdfects of relativistic physics are in principle expected. The first
of such dfects is the relativistic aberration (relativistic beaming in the direction of the motibad
enhances the blue peak of the line, coming from the approaching paet disth We can see thigfect
clearly in the second panel of Fif.12

Besides the relativistic aberratioffect, the line can be redshifted because of the gravitational redshift
and the transverse Doppleffect (third panel in Figl.12.
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Ficure 1.13: Iron lines from accretion disks withfiBrent inclination angles (from the higher to the
lower line: i£20; i=50; i=87) (Matt et al. 1992
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Ficure 1.14: Iron lines from accretion disks with BH spins( (double peaked profile) and=a
(broader profile) Fabian et al. 2000

These #ects depend on the inclination angle, increasing with increasing angle. .1 Aigwe can
see how the separation between the two horns grows with growing andjliés te red tail becomes
more extended and the blue horn grows in intensity. In the relativistic regimexpect a broad profile
also for face-on disks, unlike the Newtonian regime, in which we expeet@w line from face-on
disks. We can see thidfect in Figl.13where the line seen fromfiierent angles of view is shown.

The inner radius of an accretion disk around a non-rotating black hdeRdswhile it is of 1.23 R if
around a maximally rotating BH3@ardeen et al. 1972
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If the inner radius of the emitting disk coincides with the marginal stability radigssttong depen-
dence existing between the radius and the spin of the BH correspondsrém@ dependence of the
line profile on the BH spin. If the BH is rapidly rotating, in fact, the red wing @& line can extend to
much lower energies, than in the case of a non-rotating BH. The resulte obthputed iron line for
different spins is shown in Fid..14 The red tails of the iron lines are more extended in cases where
spin is higher, of course because in such case the inner radius is binaks to this fect, the iron
lines have been used to measure the BH spins.

1.5.2 The observed iron line profiles

The clearest examples of relativistic Iron lines have been observed M AGract, their continuum
is often found almost featureless, being well modeled by a powerlaw bet24@ keV, at least in
unabsorbed AGN. The continuum shape can become more complicated i Ntrong X-ray
absorption, where absorbing systems should be taken into account td timedieviations from the
powerlaw.

Some X-ray observations of the AGN have become extremely useful te fiMalok hole and accre-
tion physics. The first of such objects is MGC-6-30-15, a Seyfert Xyadd z=0.008, whose X-ray
observations have allowed to unveil the most interesting characteristicsretian physics observed
so far.

The first EXOSAT and Ginga observations probed the presence afteaheoptically thick material
around the SMBH irradiated by a powerlaw continuudagdra et al. 1989

Following observations of ASCA confirmed that this optically thick material wdséa the accretion
disk, representing consequently the first important probe of the aaerdi& theory Tanaka et al.
1995.

The ASCA observation, thanks to its higher resolution, allowed to detectdhdiire and to unveil
its properties: when modeled by a Gaussian, the line appears centredkafV6ahd significantly
broadenedd = 0.7 keV), se€Tanaka et al(1995, Fabian et al(1994), Reynolds et al(1995.

A much longer observation allowed to determine better the line profile, that ethéteed with a line
emitted in a disk around a Schwarzshild black hole with a disk inclinatich-e27°, the emissivity
asr—3, and the inner radius of the accretion digRy6

(lwasawa et al. 199%tudied the X-ray variability of this source, focusing on the changeseolirtie

profile. He used two observations, the first on 1994, the second oh DA8ing the first observation,
corresponding to a minimum in the light curve of the source, a very broadviisedetected. On the
contrary, the second observation showed a line shifted to lower enemgiethere is no significant
emission at 6.4 keV. The second observation corresponded to a flare lighh curve. The fact
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Ficure 1.15: Iron line in MGC-6-30-15Kabian et al. 2002

that the line appears redshifted below 6 keV suggested dominant emissiorsinall radii in which
gravitational &ects are large. The very broad line detected in the first observatiorestaggthe
presence of a rotating black hole because the analysis of that line k@mremission from within
6Ry. Considering that there is no fluorescent emission from within the radiaafinal stability, the
spectrum requires a rapidly spinning black hole.

The following observation fronXMM-Newton thanks to its higher sensitivity, allowed a much more
detailed study of its iron lineWilms et al. 200 This study required a much more suitable modeling
of the underlying continuum as the relativistifexts appeared to be detected not only in the line, but
also in the reflection continuum. After the study of the line shape made assurkieig metric, the
inner radius of the accretion disk was constrainedc< 2Ry. The emissivity index was measured,
giving a steep profile with % < B8 < 6, meaning that the bulk of the emission was produced in the
innermost radii of the disk, under th&ects of the relativistic physics. The data interpretation made
considering the Schwarzschild scenario required very extreme paramasethe inner radius was

< 3Ry, and thes > 10, that seemed physically unreasonable.

The following observation cKMM-Newton 400 ks, by Fabian et al. 2002 allowed to unveil the most
beautiful line profile from an AGN detected at that time. This last observatianved a prominent
blue horn, indicating the emission from larger radii in the disk. Howevemadred tail was detected,
confirming the relativistic #ects due to the emission from the disk innermost regions, requiring a very
steep line emissivity. The red tail, as shown in Fidl5 is extended down te3-4 keV.

While a large &ort has been employed to understand the characteristics of the compl&x©@favB0-
15 through several campaigns, following studies of other Seyfert igaldrther probed relativistic
disks.
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Deep ASCA observations of the Seyfert nuclei NGC3516 and NGC4hgéiled broad, relativistic
lines (Nandra et al. 1999Ruszkowski and Fabian 200¥aqoob et al. 1995Wang et al. 1999 The
study of NGC3516 showed that the red wing tracks the variability of the amntinin agreement with
the theory. The blue horn, instead, appeared uncorrelated with the wamtirand it suggested more
complex models of changes of fluorescence across the disk. An ébadgature at 5.9 keV was also
found, suggesting the presence of a tenuous plasma above the disk wéthetiyy shift due to fall

of material or gravitational redshifN@andra et al. 1999Ruszkowski and Fabian 20p0OMore recent
simultaneous observations frabiandraandXMM-Newtorof the same source revealed narrow spikes
at 5.6 keV and 6.2 keV, an probable indication of a transient non-axisynenikimination.

Another Seyfert Nucleus with an interesting relativistic line detected in anAA8SKservation is
NGC4151: this nucleus showed an interesting variability in its iron line, espeamitg red wing,
despite relatively small changes in its continuuivadqoob et al. 1995Vang et al. 199p

Unambiguous broad lines were also found in more recent well-expdsid-Newtonobservations of
AGN (Nandra et al. 2008raito et al. 200Y.

In comparison with the broad iron lines in these AGN, probing the relativisti tthisory, there are
some interesting cases of high signal-to-noise-ratio (SNR) AGN specpiayiisg narrow iron lines,
representing their counterexamples. The first of such cases is N@C&well known Seyfert with

a rather narrow Fe line. The first ASCA data of this source unveiled adtad disk withR; =
10Ry (Mushotzky et al. 1995Chiang et al. 2001 However, we now know that this nucleus shows a
composite iron lineYaqoob et al. 2001 Its ChandraHETG spectrum has revealed a narrow core of
the line, originating at quite large distances from the central BH. Thewdime EW, being quite large
(~ 130 eV), suggests that the reflecting material subtends a significarfplaet primary continuum.
Once the narrow component was taken into account in the spectral isnaflysis source, the broad
component of the iron line was detected with high significance iitandraspectrum. However,
later XMM-Newtonobservations of the source did not show the broad iron Boai(ids et al. 2003

The case of NGC5548 showed that narrow iron line components can taeblevith the relativistic
line profiles, due to the spectral resolution of the X-ray detectors: thipaiuce systematic errors
in the measurement of the BH spin, the inner radius of the accretion diskjskeéndlination and
its emissivity profile. It is, for this reason, necessary to take in accoismbténding to make robust
estimations of such disk parameters from the iron line shape.

1.5.3 The observed iron line profiles after statistical treatnents in surveys

The study of large samples is often employed to study the properties of théniegrsuch as their
physical width and EW, and to understand if they depend on the physaadies of the AGN, such
as luminosity and redshift.
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For example, a dependence of the narrow iron line EW on the X-ray camiriuminosity has been
found in AGN (wasawa and Taniguchi 1993he decrease of the iron line EW with increasing contin-
uum luminosity was explained arguing that the luminosity of the continuum in X-dlapends on the
covering factor of the obscuring clouds. Given also that the EW depemdhe covering factor of the
fluorescence regions, the anti-correlation is clearly explained. Hastas known as the 'lwasawa-
Taniguchi éfect’ and it has been further assessed in following observatioX8/df-Newton(Bianchi

et al. 2007. Itis also known as the X-ray Baldwirffect.

The study of large samples has been employed also to address fundaguestains about the rela-
tivistic iron lines: if its detection is common in the AGN and if the presence of blioad depends on
the physical properties of the AGN. When studies based on sizable samhptasces are considered,
the average fraction of sources with relativistic broad lines is alway$iass0% Nandra et al. 1997
Jiménez-Baibn et al. 200h

In particular, it has been proved [§yuainazzi et al(2006 that X-ray spectra with good statistical
quality are needed to detect any broad Fe line component, which wouldwitbdre hidden under
the level of noise. In that work, in fact, finding broad lines with relativistiofijes has been proved
to not be very common, as analysing the AGN spectra observeddMtii-Newton Guainazzi et al.
(2006 found that 25% of their sample had relativistic lines. This percentage isfé0&digher SNR,
by selecting only spectra with large numbers of counts. Moreover, thedfthe strongest relativistic
profiles in low- luminosity objects.

In this context, statistical methods to accumulate the X-ray spectra of AGNWererecently intro-
duced to allow study of large AGN samples including lower-quality spectrathatwise could not be
analysed well individually. These methods, used in the study of large ABMgs, include the com-
putation of the average or the sum (commonly cadliedtking of AGN spectra. The first of such works
was that oNandra et al(1997): in order to obtain a reasonable SNR to detect a relativistic broad line,
the limited collecting area of ASCA required extremely long observations.rBéfie coming of better
data-setsNandra et al(1997 studied the averaged spectrum of 26 AGN observed with ASCA. They
showed that a relativistic line is present in this survey, proving in this wayatstcal significance.

The second of such works is that 8freblyanska et a(2005, who performed a stacking analysis on
the XMM-Newtondeep observation of the Lockmann Hole, finding a large line EW and broad lin
profile. A relativistic profile was found in the stacked spectra, with an ewidsl tail in particular in
type 1 AGN, as shown in Figl.16 The EWs of the broad relativistic lines range between 400-600 eV,
higher than the values found in individual spectra, probably forfeaceof the method (binning the
spectra before stacking can bring to an overestimation of the broad cemtpon

Civano et al.(2005 andBrusa et al(2005 stacked the spectra of CDF-N (2 Ms exposure time) and
CDF-S (1 Ms exposure time) surveys by tBaandrasatellite. They computed the stacked spectra
in bins of redshift aiming to characterise the Fe line emission of the sources Xrithy background
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Ficure 1.16: Iron lines in the stacked spectraSifeblyanska et a(2009 in type 1 and type 11 AGN

(diffuse radiation that dominates the energy density of the X-ray sky) ap~tat. An intense and
apparently broad 6.4 keV Fe line was detected with an EW consistent withsihiésrefStreblyanska
et al.(2005. To explain the red component, they argue that it can strongly depetiteanodelling
of the underlying continuum and that a spurious red wing might be pradiongehe contribution of
absorbed spectra atftérent redshifts. The line EW ranged from 100 to 230 eV in tifi@dint redshift
intervals that were considered.

Corral et al.(2008 averaged about 60AMM-Newtonspectra of type 1 AGN belonging to the AXIS
(Mateos et al. 2005and XWAS (Mateos et al. 2008amples, up to redshift 3.5.

The average observed spectrum together with the simulated continuum amek itnd two sigma
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Ficure 1.17: Iron lines from the average spectra of XMSNAS sample in Corral et al. 2008

confidence lines are shown in the top panel of Eij7, while the ratios are shown in the bottom panel.
The iron line is clearly narrow, emitted from material far away from the céotratinuum source. The
detected unresolved Fe,kemission line around 6.4 keV has an EW of 90 eV. While the significance
of its detection was at 3, the relativistic line was detected only marginally, with an upper limit for
the EW of any relativistic line of 400 eV at arXonfidence level.

The reason for the discrepancies between the broad lines and the higldd&®¥¢ted in§treblyanska

et al. 200% and the narrow lines ofJorral et al. 2008can be explained by fierences in the samples,
where theCorral et al.(2008 sample has higher luminosities (and therefore lower predicted EWs of
the narrow lines, following the lwasawa-Taniguclfieet) and lower spectral counts, including more
noisy sources. Another reason for the discrepancy can be found method, as already mentioned
before. Corral et al.(2008 estimated the continuum shape using simulations, whilgtiablyanska
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et al. (2005 it was not constructed and subtracted in the same way, which could iocg@time un-
certainties. Moreoveftreblyanska et a(2005 binned the spectra before stacking them, ¥adoob
et al. (2005 show that this procedure can mimic features like a broad red tail in an emiggon

A stacking analysis of a deep and complete sample of 507 AGNzawith.5 defined from the 2XMM
catalogue was performed Ighaudhary et a2010. They were able to characterise the properties of
the stacked spectrum of the AGN, such as the Fe line shape and the elepeod its intensity on X-
ray continuum luminosity and the redshift. They detected a narrow newtaid; and they confirmed
the lwasawa-Taniguchifkct in AGN over a broad range of redshift.

Recently, a stacking analysis KMM-Newton X-ray spectra of the COSMOS sample has been per-
formed (wasawa et al. 200Zinding an excess on the high-energy side of the Fe line, interpreted as
the convolution of narrow lines from ionised Fe.

Concluding, while broad relativistic lines were detected in the ASCA obteng according to recent
XMM-Newtonresults, they seem to be morefdiult to detect due to the high SNR requirddafdra

et al. 2007 de la Calle Rrez et al. 2010 Considering these results, one might be tempted to believe
that the first ASCA studies of the iron lines have lead to an over-estimatioe pfésence of relativistic
iron lines in Seyfert galaxies.

The paucity of relativistic lines is quite puzzling, since they are expected xcitretion disk scenario.
The problem has been discussedimayani and Nandré2011), and in many other previous works.
There are a number of possible solutions for this problem.

The first solution invokes the presence of ionised discs, bgasawa et al(2012; Matt et al.(1996.
The ionisation was discovered to be a key parameter in the detection of thinesrin the AGN
spectra inNandra et al(1997), at least for high luminosity AGN. In that work, the average ASCA
spectrum of a large sample of AGN was investigated as a function of the gontiftuminosity. The
sample spans several orders of magnitude of luminosities, from normidrSeyminosities to the
bright ones characterising quasars. They found that a broad lirmrngscsignificantly weaker once
we consider AGN with luminosities above 010*%ergs. The most reasonable explanation for this
trend is that the high luminosity AGN possess more highly ionised accretion diskspport for this
picture came soon after with theéMM-Newtonobservation of Mrk205 and Mrk509, Seyfert nuclei
with luminosities~ 10*ergs. In their spectra, significantly broad iron lines were found, with disk-line
profiles, and centroid energies corresponding to ionised Ponirds et al. 2001

The lack of broad lines can be explained also arguing the presencéc&fyggpinning BH (wasawa
et al. 1996 and Fabian et al. 2002 In this case the lines would be very broad and sometinfésult
to separate from the continuum.

The last explanation for the lack of broad lines postulates truncated dist$he existence of flierent
accretion states in the AGN activity, in analogy with the Galactic Black Hole CateidZdziarski
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et al. 1999. Evidences for this hypothesis were foundMshotzky et al(1995, Chiang et al(200])
and, more recently, iMatt et al.(2005.

The large amount of data accumulated®iyandraandXMM-Newtorhas allowed a detailed investiga-
tion on the reflection features of the AGN in the nearby Universe. Thiesereatories have provided
also the first constraints on the environment immediately close to the accretiB¢ Sitivery high
redshift.

During the next decades, it is hoped that new observatories will betassallect even more infor-
mation in this field. In fact, they can make significant advances in AGN relseanswering the most
important open questions of today’s X-ray Astronomy. The possibility of #raployment to produce
deep AGN fields with the highest quality spectra opens the prospect aj heie to constrain the
cosmic history of accretion.

1.6 Our work

The ultimate goal of our work is to study the iron line properties in AGN in cosmic times

In previous studies of larggMM-Newtonsamples of AGN, as i€orral et al.(2008 andChaudhary
et al. (2010, it has been found that an iron line is present in all the average Xpagti® of these
sources. We aim in this work at checking its ubiquity in AGN over a broadear redshift and lumi-
nosity, using data from the deepest and widest surveys performe€hatidraand XMM-Newton

Recent results of the search of relativistic lines are not uniform, rulingtieblyanska et al. 2006r
ruling out (Corral et al. 200Btheir presence. In this thesis, we want to check if the relativistic lines
are common in all the AGN or just in a class of them, checking whether theirtastatepends on
the characteristics of the AGN like luminosity, redshift or intrinsic absorptimr.example, according
to Guainazzi et al(2006, broad iron lines look to be more common in low luminosity AGN than in
high luminosity ones. Moreover, the broad components are expected tgppeessed in obscured
AGN. The presence of relativistic iron lines has been proved in low i#dsBN (Nandra et al. 2006
but it has not been well assessed at high redshift, yet. In fact, gieemstrumental limitations of
today’s observatories, far away sources have lower number otsoQur averaging method, as we
will see below, allows to extend such analysis to high redshift AGN: a simikayais with our method
has been made only for th&MM-Newtonobservations studied i@orral et al.(2008, but never for
Chandraobservations.

In our work we compile as many AGN as possible to map the iron lines propertgifanent kind
of surveys. The detection of the broad iron lines is stronfflgcted by the observational conditions
because high SNR is required. Such conditions, unfortunately, arkefiildinly in few observations,
given the limited &ective area of the current detectors. In absence of large datasetsueitthigh
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quality, we average a large number of spectra belonging to the most resevaays of today’s facili-
ties.

In a previous work, a relativistic line has been significantly detected withckista method $tre-
blyanska et al. 2005 in that work, the EW is higher than the ones found in the individual spectr
in the literature, indicating that the relativistic contribution might have beenegtienated, perhaps
because of the methodology used. This and other results have highlightatigrestimation of the
line EW and significance in the average spectra is a delicate issue in staftkitigis reason we aim
at developing a new method of analysis to calculate them. Our purpose in this sbeestimate the
line EW in a model-independent way to check the robustness of our stadletigpd. Once addressed
this issue, we have the purpose to compare the EW of the relativistic contpuitiethe values of the
single spectra in the literature. If lower values are found, this would indtbatehe iron lines are not
common because only a low percentage of sources must contribute to thgeav®n the contrary,
obtaining similar values would be a relevant indication that the iron lines allg ceanmon between
AGN.

A new technique to estimate the intrinsic resolution of our method is needed armbwidveloped in
this work. To study the broad iron lines, in fact, the limited spectral resolufitimeanstruments used
and any additionalféects introduced by the method should be taken into account. Whether bregad lin
are detected, it is possible to fit the data with the relativistic models available in tfzéUite, checking

if they are suitable to fit the average spectra, and eventually constainingahameters.

It has been seen that narrow iron lines depend on redshifts, luminoaitigstrinsic absorption. Until
now, a significant trends of the line EW with the redshift has not beendfolmvestigating samples
at different redshifts, it is possible to understand the evolution of the abuadsditise Iron in cosmic
timescales.

The further question is to check the trend of EW with the luminosity of the X-caticuum. If the
Iwasawa-Taniguchiféect is due to the presence of absorbing material around the centra¢sufihe
primary continuum, both a dependence of the iron line EW on the primary comtifwminosity and
the X-ray absorption is expected. To examine, confirm or reject thisthgpis, the study of samples
covering a broad span of absorption and luminosities can be useful. Vithnsulti-comprehensive
samples, when enough counts statistics is reached, the investigation efissmdsminosity and red-
shift can help to check such relations.

Using the deehandrafields, we aim at extending the iron line studies to high redshift AGN obderve
with Chandra Using theXMM-NewtonCDFS field Comastri et al. 2011 instead, we are allowed
to study better the iron line profile, due to the higher number of counts colldtaeds to the higher
effective area. However, the deep observations iXdiM-Newtorare dfected by a strong background,
and our ability to study the detailed characteristics of the detected featutdslisiged by the total
number of counts collected, for this reason we have investigated the boraline in more detail
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with a sample that allowed us to collect many more total counts. We have assesubledample
by cross-correlating the largest catalogue of X-ray sources, theNXWatson et al. 2008and the
largest quasar catalogue, tfiéron-Cetty and ¥ron(2006 catalogue, hereafter called VCV: it makes
sure to have good enough counts statistics for the detailed study of theiséatine.

In Chapter 2, we describe the X-ray instrumentation involved. In Chaptee 8escribe our methodol-
ogy of analysis. The DeephandraFields are discussed in Chapter 4. Our work onGhandraDeep
Field South observed byYMM-Newton(called XMM CDFS) will be described instead in Chapter 5.
In Chapter 6, we will show our analysis ofvbn-Cetty & \eron catalogue. Finally, in Chapter 7, we
will draw our overall conclusions and describe the possible futurelolereents of our work.



Chapter 2

Our X-ray data

To explore the physics and evolution of the AGN, both "deep” and "wide'a)( surveys are required;
the trade-& between the two, of course, is between sensitivity limits and solid-angleagwen the
sky. The lowest sensitivity limits are achieved in ’pencil-beam’ surveysh s1s the high exposure
DeepChandraFields that allow to reach the sensitivity limits ok201” erg s cm2. They allow

to achieve scientific goals such as the study of low luminosity and high redsBNt. The ultra-
deep observation b}¥MM-Newtonof the Chandra deep Field South has instead a sensitivity limit of
6.6x10 % ergstcm2.

On the contrary, shallower surveys such as the 2XMM catalogue allow er wa/erage of the sky
and allow to accumulate a high number of sources in the local Universeh Sugeys are often
characterised by a higher number of X-ray spectral counts. The 2Xddfdlogue has a sensitivity
limit of 2.5x 10 erg st cm.

In this thesis, we studied pencil-beam surveys, observedhandra the Chandra deep Field North
of Alexander et al(2003, Chandra deep Field South biio et al.(2008 and AEGIS fields ot.aird

et al.(2009. We then studied the ultra deep surveyXdfiM-Newtonin the Chandra deep Field South
(Comastri et al. 2011 We also studied the wide sample composed by the cross-correlation behgee
Véron-Cetty-\eron catalogueyéron-Cetty and ¥ron 20062010 and the 2XMM catalogué/Natson
et al. 2008. This sample represents the local Universe counterpart of ouarndse

2.1 TheChandra surveys

TheChandrasurveys studied in this work reach very low flux limits at which many scientifedgcan
be achieved: with these fields, it is possible to accumulate spectra of evaratestiminosity AGN
at very high redshift. With the employment of such sample we could chaisetae X-ray spectra of
the AGN in the distant Universe observed by Gleandrasatellite.

27
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2.1.1 TheChandra observatory

Chandrais part of a NASA project with four observatories that cover the Opticfated, Gamma, X-
rays: these observatories are the Hubble Space Telescope, Spitpgtod Gamma-Ray Observatory,
andChandra The name of that project was chosen in honours of S. Chandrasighatudied the
theory of gravitational collapse into Black Holes in 1931. The time to completeati®é4 hours and
18 minutes and the spacecraft spends 85% of its orbit above the bel@rgédtparticles that surround
the Earth. Uninterrupted observations as long as 55 hours are possibikeaoverall percentage of
useful observing time is much greater than for the low Earth orbit of a fewdtad kilometres used by
most satellites.

The Chandratelescope was designed to have considerable collecting area betweery &kavi, the
energy of iron lines emitted by many astrophysical sources. The wholedplesas a focal length of
10 m. The mirror consists of four pairs of nested reflecting surfacem@ed in the usual Wolter type
1 geometry. The high energy response is achieved by use of relativaly reflection angles and by
coating the mirrors with iridium. Improvements in mirror technology introduce@bgndrainclude
significant advances in grinding, polishing, alignment, and testing.

Mirrors with a resolution of 0.5 arcsec on-axis have been achievedcdrhbination of high resolution,
large collecting area, and sensitivity to higher energy X-rays makes sitgedor Chandrato study
extremely faint sources, sometimes strongly absorbed sources, inatdigtils.

On-boardChandrathere are four instruments:

e ACIS (Advanced CCD Imaging Spectrometer): with two components. Theofiies is ACIS-
I, with FI (Front Illuminated’) CCD; the second one is ACIS-S, with Bl @Bk llluminated’)
CCD. The response of Bl is extended from 0.8 to 8 keV; the resporSe®extended from 0.8
to 10 keV. When operated in 'imaging’ mode, the X-rays strike these CCBsttif producing a
high quality image in which the energy of each photon is tagged with moderatgyaasolution
(E/AE ~ 50).

e HRC (High Resolution Camera): comprises two micro-channel plate imagingtdeteand

offers the highest spatiakQ.5 arcsecond) and temporal (16 msec) resolutions. It has two com-

ponents: HRC-I and HRC-S.

e HETG (High Energy Transmission Grating ): together with ACIS-S, its forreHETG spec-
trometer. In 'spectroscopy mode’, one of a set of (transmissidfrpdtion gratings is placed in
the X-ray beam, allowing high resolution spectra (UEfAE ~ 1000 at soft X-raysE/AE ~
200 at 6 keV).



Chapter 20ur X-ray data 29

Solar Array {2) Sunshade Door

Spacecraft
Modute

Aspect Camera
Stray Light Shade

High Resoluticn PN
Camera \J’é

[RRC)

i
O S

Integrated
Science High Resolution
Instrument Mirror Assembly
Module Transenission Thrusters 15} (HRMA)

{Sib Gratings (2) (105tbs)

CCD Imaging Low Gain
Spectrometer Antenna {2}
{ACIS)

Ficure 2.1: Artistic view of Chandrasatellite in flight showing its main characteristics anditistru-
ments on board (see text for details)

e LETG ( Low Energy Transmission Grating): together with HRC-S, it formsitB& G spec-
trometer. Its resolution iE/AE ~ 1000 in the 'soft’ spectral region, between 0.08 and 0.2 keV.
It also works by placing a transmissiorfidaction grating in the X-ray beam

The dfective area of ACIS is shown in Fi@.3. A deep absorption feature is present at about 2 keV
due to the absorption of the material coating the mirrors, then there is a segondximum between
3-4 keV and finally a steep decrease from about 5 keV.

2.1.2 The parentChandra surveys

The AEGIS-X survey is &handrasurvey of the Extended Groth Strip (EGS) region, designed primar-
ily for studying the co-evolution of black holes and their host galaxies.dHte we used are the result
of eight contiguous ACIS-I pointings, each with exposures of 200 kalistng 1.6 Ms. The survey
covers a total area of approximately 2302 archiina strip with two degrees length. The total number
of identified sources with spectroscopic redshifts is 409. The datatiedand point source detection
algorithms used to analyse these data are describeairid et al.(2009.

The ChandraDeep Field-North (CDF-N) survey is one of the deepest (2Ms with AGIE5-8.0 keV
surveys ever made: nearly 600 X-ray sources were detected o8eardairf. The total number of
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sources identified with spectroscopic redshifts is 307. Details of datatiedwand the point source
catalogue are described Byexander et al(2003.

The ChandraDeep Field South (CDF-S) is the deepest and most sensitive observatanea with
Chandra We used the 2 Ms survey, covering an area of 436 arcnfieveral hundred X-ray point
sources were detected. The number of sources identified with spegtiosedshifts is 152. A detailed
description of the survey can be foundLino et al.(2008. It has recently been extended to 4 Ms, as
described inXue et al.(2011).

2.1.3 TheChandra spectral extraction

Source and background spectra, and their ancillary and responseesawere extracted for each
source byDigby-North(2011). For this purpose, the toalCIS-EXTRACT, version 2008-03-04Broos

et al. 2010 was used. The tool, written in IDL langudgeutomates the the extraction and analysis
of both point-like and dfuse sources; it relies on tools in the Chandra Interactive Analysis @rObs
vations (CIAO¥ package FFruscione et al. 2006 The process of “extracting” a putative point source
consists of several tasks: defining an appropriate aperture aroeisotince position, defining an ap-
propriate background region that is expected to be a good estimator feackground contaminating
the source aperture, collecting the observed events within the aperthitgaakground regions, and
constructing a model for the response of the observatory that coroedityates the extraction so that
intrinsic source properties can be derived.

Before the spectral fitting, in our work all tghandraspectra were grouped with a minimum of five
counts per bin, and we applied the modified Cash statistics descril@ash{1979 (and discussed in
theXspec pages’).

2.2 The XMM surveys

The XMM-Newtonsurveys studied in this work, the XMM CDFS and in the VCV catalogue, are
substantially diferent. The XMM observation of the CDFS, given the higher sensitivity Clzendra
allows to collect a higher number of good quality spectra and a better cdatidiss in the iron line
region. For this reason, it has been employed for the detailed study obthkries in distant AGN.

The VCV catalogue, being a wide field that allows the accumulation of a supmnnber of counts
and the collection of a high number of low-redshift sources, makes pes$sistudy in better detail the
relativistic iron line. Moreover, having a large number of high-redsbifirses, it will make possible in
the future to investigate the iron line properties in relation with the characterstios central engine.

thttpy//www.ittvis.comProductServicgtDL.aspx
2httpy/cxc.harvard.edgiag
3 httpy/heasarc.gsfc.nasa.gdecgxanadyxspegwstat.ps
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2.2.1 XMM-Newton observatory

Result of a project of ESA (European Space AgensWIM-Newtonis the X telescope with the highest
sensitivity ever gone into orbit. The name XMM comes from X-Ray Multi-Mirgatellite, 'Newton’
refers to Sir [.Newton, the scientist of the XVII century that studied theséhsal Gravitation and the
three laws of the motion. The main purpose of the mission was to observe thacorbjects, includ-
ing the black holes, and phenomena related to strong gravitational fieldsdh thiey are engaged.

The focal length of the telescope as a whole is 7.5 m, and the on-axis aregdartion of 20 arcsec.

XMM-Newtonhas a highly eccentric orbit of 48 hours, inclinatiorf 4&ith 114000 km apogee and
perigee at 7000 km, which allows 40 hours of continuous observation.

XMM-Newtonis equipped of three telescopes.

Each of the three X-ray telescopes on bo¥MM-Newtonconsists of 58 Wolter | grazing-incidence
mirrors, made of nickel coated with gold, which are nested in a coaxial afidoal configuration.
The design of the optics was driven by the requirement of obtaining thestiglossible fective area
over a wide range of energies, with particular emphasis in the regiondibkeV.

Aboard of XMM-Newtonthere are three main scientific instruments:

e The EPIC (European Photon Imaging Cameras): The detectors are IG€2ed in the main
focus of each of the three mirror modules: two EPIC-MOS (Metal Oxide Smwdiector) and
EPIC PN (p-type n-type semiconductor junction). The two EPIC-MOS have a good energy
resolution in the portion of the spectrum in the X-ray seftZ keV), but are less sensitive to
hard X-photons (2-10 keV). The hard spectrum is better covered®ZHN cameras. They
cover the whole band 0.1-15 keV and have a field-of-view diameter off8@. EPIC-PN can
operate at a high temporal resolution, up to 0.03 ms.

¢ RGS (Reflection Grating Spectrometers): Gratings are mounted on two oféfeentiirror mod-
ules (the ones corresponding to the two EPIC MOS). They reflect &fopercent of the radia-
tion on a secondary camera which analyses tffeadition spectrum produced.

e OM (OpticaJUV Monitor): a secondary optical telescope (which covers the speeinge 170-
600 nm), aligned with the X-ray telescopes for simultaneous optical oligBrsa
The main characteristics and the disposition of the mirrors and instrumentsoare shthe Fig.2.2

The collection area is very large on a wide band of energy, up to 10 Ked/dfective area between
0.1 and 10 keV is shown in FigR.3. It has a deep 'edge’ of absorption at about 2 keV (the edge of
Gold M absorption of the mirror coating).
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The dficiency has a peak at 2-5 keV, then decreasing with the energy fagiesa@igher than 6 keV.

The background level ilXMM-Newtonis higher than the level o€handrabecauseChandrahas a
superior angular resolution. The background, composed by partidleamic background, forms a
continuum.

Besides the background, radiation excites the material in the detectoithemaedorocesses give place
to a radiation of secondary lines. The most prominent one in EPIC is theilkd ap 1.5 keV. Other
prominent features are: at 5.5 keV CrKat 8 keV Ni-Ka, Cu-Ka, Zn-Ka.

2.2.2 TheXMM-Newton survey of the Chandra deep Field South

The XMM-NewtonCDFS survey is a 3.3 Ms observation©handraDeep Field South. The bulk of
the observations was made between July of 2008 and March of 201Maanoeen combined with
archival data taken between July 2001 and January 2002.

The main XMM CDFS catalogue is composed by the 337 sources detecte®Wiilletect and
EMLDetect. For the spectral extraction, a manual procedure has been perforfhedbackground
selection has been made requiring that it does not fall into gaps, that iinfalte chip only and pos-
sibly in the same chip of the source, to have enough good pixels, to staysasasdgossible to the
source.

The details on data reduction and analysis and the source detection wigdenped in Ranalli et al.
(2012) in preparation.

In this work, we used high quality X-ray spectra for sources detectedansignificance of detection
above 8, corresponding to a flux limit 6f2 x 10~ 1%rg stecm=.

We checked the presence of spectroscopic identifications of thesgsanithe literature making use
of several spectroscopic campaigBalestra et al(2010, Casey et al(2011), Cooper et al(2011),
Kriek et al. (2008, Le Fevre et al.(2005, Le Fevre et al.(2004), Mignoli et al. (2005, Ravikumar

et al.(2007), Szokoly et al(2004), Taylor et al.(2009, Treister et al(2009, van der Wel et al(2005),
Vanzella et al(2008, Silverman et al(2010. In this work, we used only sources with secure spectro-
scopic redshifts.

2.2.3 The 2XMM-Newton spectra of sources in the ¥ron-Cetty-Véron catalogue

We used the 2XMM catalogue presentedWigtson et al(2008. The 2XMM catalogue is the largest
X-ray source catalogue ever produced, containing almost twice as nisangtd sources as either
the ROSAT survey or pointed catalogues. 2XMM complements deeépandraand XMM-Newton
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small area surveys, probing a much larger sky area. The catalogtansosource detections drawn
from 3491 XMM-NewtonEPIC observations made between 2000 February 3 and 2007 Mardh 31.
possesses 246897 X-ray source detections which relate to 1918 7@ 0ty sources. The median
flux in the total photon energy band (0.2 - 12 keV) of the catalogue detsdsor2.5 104 erg cnt?

s71; in the soft energy band (0.2 - 2 keV) the median flux is 5.8'2@rg cnt? s71, and in the hard
band (2 - 12 keV) itis 1.4 10 erg cnt? s1. About 20% of the sources have total fluxes below
10 ergcent? st

We filtered the 2XMM catalogue selecting the sources with the best quality B&trapwith PN in
full frame mode), and not located in the Galactic equator (located at alngle)® from the Galactic
equator, in absolute value). We cross-correlated the sources of thediB8MM catalogue with the
largest catalogue of quasars: thergn-Cetty & \eron {/éron-Cetty and ¥ron 20062010. A radius
of cross-correlation of 5 arcsec was employed. If more than oneescesualted in the cross-correlation,
the nearest one was selected. We discarded all the sources classifibdE®RRs and BL-Lac in order
to focus only on bona-fide AGN in which the main source of X-rays is nntkyotron radiation.

We then extracted the PN spectra with more than 50 counts in the entire bartdeakiDS1 and
MOS2 spectra with summed counts higher than 50. The full sample2@®0) sources was extracted
as explained in the following section.

2.2.4 The spectral extraction and merging

In this Section we review the main steps of the spectral extraction. The asgklIfor the spectral
extraction of the VCV catalogue was developed in IDL language by S. Mdktateos et al. 2005
Spectra were extracted for each detection and EPIC camera in circgi@anseentred at the source
positions. The size of the source extraction regions was selected to optimiSalEvia theSAS task
eregionanalyse. Background spectra were obtained in regions after masking out alletieetdd
sources. The code performed an automatic choice of the backgragind edter generating 16 back-
ground regions. The code then flags background regions as balecrwith these criteria: if they
fall into two gaps, if they include area in more than one chip, if they fall infeedént chip than the
source, if they do not have enough good pixels. It finally selects therr@psest to the source. The
radius of extraction of spectra varies from source to source, butaljypiwas between 14 and 20 arc-
sec. Calibration matriceaff andrmf) for each spectrum were obtained with $%S tasksarfgen
andrmfgen.

To maximise the SNR, we have combined the MOS1 and MOS2 spectra obsétiveélde same filter
and the corresponding response matrices. Merged source anddautkgpectra were obtained by
adding the individual spectra. 'Back-scale’ values (size of the regimed to extract the spectra)
and calibration matrices for the combined spectra were obtained weightingpiiedata with the
exposure times. For the fields with more than one observation, we addeé MQ$ and PN data
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(with difference of &-axis angles lower than 1 minute of arc) for each epoch. MOS and PN @ata w
not merged because of theifléirent responses.






Chapter 3

Methodology

Stacking methods are employed by several research groups to treaumiggs in X-ray spectroscopy
because they allow to improve the spectral SNR. With these methods, the isaweage) spectrum
is computed. Due to the limited spectral resolution, and the strong depenaieiice energy of the
response, a straight sum is not suitable, for this reason such metleoctsaplex and need a previous
basic fitting of the spectra.

In this work, we study the average properties of the X-ray spectra &f iGleep fields fronChandra
andXMM-Newton To do that, we use a statistical method, employing our own stacking pracedier
also developed for the first time in X-ray stacking a new methodology to dhedktrumental ffects
introduced by the averaging over a broad AGN sample. We also devisedel-mdependent method
to estimate the EW and the significance of the iron line in average spectra.

3.1 The X-ray spectral analysis

The X-ray spectral analysis was performed usingittieec software Arnaud 1996.

X-ray data have a limited spectral resolution. For this reason we use theatialitfiles to convert the
spectra in channels to spectra in physical units. In fact, the input speitexpressed in coun@per
channell and is the result of the incident spectrdifie) after being modified by the detector response
R(l, E):

) = fEmaxdEf(E)R(I, E)

TheseR(l, E) response files model the detection response, which is proportional ppdbability to
detect a photon as a count in a determined channel I. This discrete fuigctibtained by the product
of the Redistribution Matrix FileRMF) and the Auxiliary Response FilaKF). TheRMF is a matrix

37
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employed to convert the photon energy in channels, whilaRfgakes into account theffective area
at each energy.

A minimum number of 20 source counts should be selected in order j& ssatistics. For spectra with
less counts it is necessary to use the Cash statistics, that does not pradiddness of fit criterion,
but only allows the estimate of the model's parameters.

The spectral fits we employed in our work make use of simple models thatilseesoe radiative
processes in the AGN. We describe these models below.

3.1.1 Spectral fits inXspec

The models we used in our analysis are made by combinations of these simplis mollgled in
Xspec package.

e Primary emission

— powerlaw: this model is commonly used to represent the AGN X-ray continuum. It is
an additive model that corresponds to a powerld(E) = KE™" whereK is the nor-
malisation defined as the flux (in photons ké\tm2s™1) at 1 keV andl" is the photon
index.

e Absorption models

— phabs: the detected continuum is the above mentioned powerlaw after interacting with th
absorber, for this reason absorber models are Wedhs represents neutral photoelectric
absorption:

M(E) = exp(=Nno(E))

whereo(E) is the photo-electric cross-section and the islthe equivalent hydrogen col-
umn density (in units of 18 atoms cm?). The model calleczphabs is its redshifted
variant, that uses the formula:

M(E) = exp(~Nno(E[1 + 7))

— pcfabs: a partial covering fraction absorption. It is well known that the absanpsup-
press the spectral emission below a certain energy (See Chapter 1¢néitgy at which
this feature can be detected grows with growing Rcfabs is a more flexible absorption
model that takes into account not only the column density of the absonlealdn the
covering fraction ) of the absorbing clouds.

M(E) = f - exp[-Nuo(E) + (1 - )]
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whereo(E) is the photo-electric cross-section. This model considers neutsal@tion
from a material of intrinsic column densityN The absorbed flux is only a fractiognof
the primary emission. The remaining part I is instead transmitted.

— absori: anionized absorber based on thaDoihe et al(1992 and developed bgdziarski
et al.(19995. The parameters are powerlaw index (that we fix in this work to the photon
index of the primary powerlaw), Hydrogen column in units of%n 2, absorber tem-
perature in K, absorber ionisation state, redshift and iron abundetate/e to solar. The
most important parameter is the Hydrogen column density in units%ta0? and all the
others are fixed to their default values in this work. In fact, we have gegrthey do not
vary much during fitting.

e Line models

— gaussian: A simple Gaussian line profile.

K C(E-F)?

A( E) = e 202

g

where: E= centroid energy of the line in ke\¢r= line width in keV; K= line flux in
photons in crm?s1.

— diskline: line emission from a relativistic accretion diskabian et al. 1989around a
non rotating black hole. The emissivity scales &s Rhe parameters are:=fine energy
in keV; g= powerlaw dependence of emissivity;=Rinner radius in units of gravitational
radii; Ry=outer radius in units of R 6= angle between the perpendicular to the disk and
the observer; Kphotons in the line (in cnfs™). Setting the emissivity to 10 is the

: o 14 fR
special case of the accretion disk emissivity =,

— LaorA line emission from a relativistic accretion diskgbian et al. 198Caround a maxi-
mally rotating black hole. It is a result of Laor's model that includes tiieces of the BH
spin on the line profilel(aor 199). The parameters are the same as in the previous model.

e Reprocessing from cold material

— pexrav. exponentially cut f power law spectrum reflected from neutral matefigh§dziarz
and Zdziarski 1996 The output spectrum is the sum of the ctitymower law and the re-
flection component. The reflection component (whose reflection scalitor fs refer))
alone can be obtained for fgl <0. The metal and iron abundance are variable with re-
spect to those that can be defined by the command abund. The opacity sanly the
command xsect. As expected in AGNs, H and He are assumed to be fully iofiiked
parameters are: the input power law photon indéx,= E'; E.=cutdf energy; cutff
energy; zredshift; aabundance of elements heavier than He relative to the solar abun-
dances; @iron abundance relative to that defined by abund;@espsine of inclination
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angle (defined as usualik= photon flux (in the same units as above) of the uboo-
ken power-law only (no reflection) in the observed frame. This model doetake into
account the gects of the fluorescent lines, considering the Compton reflection only.

e Convolution model

— gsmooth gaussian smoothing with a variable widikE), which varies as the power of
the energyX(E) = o-e(%)“ The width at 6 keV is set with the parametey and the slope
with «. We have used this model to take into account the varying spectral resabditioe
EPIC camera and thefects of our stacking method

_ 2
dC(E) = v272(E) exp(—% (('; (E;O) )A(E)dE

3.2 Selection of the samples

The sample selection is the first, important step of the analysis of survesfsoutd represent a good
compromise between the inclusion of a large number of sources, in ordsaumalate a high number
of counts, and the selection of good enough spectra in order to avoidcsion of too much noise.
As it has been shown iGuainazzi et al(2006, the spectral quality is a key parameter to detect
the broad iron lines: if the spectra to analyse include low quality spectradyaativistic features
would be hidden below the noise in the continuum and will not be detectethdladto account these
considerations, we made the selection of @iendrasample discarding all the sources with less than
200 counts in the spectral range between 2 and 12 keV. We also catsidiéerent cuts in counts
such as 50 and 100 spectral counts, that we will discuss in App.

In the twoXMM-Newtonsamples, due to the higher level of the background, the number of natiscou
alone is not enough to ensure a selection of good quality spectra. Intiachackground can be
dominant even in spectra with a relatively high number of counts. To avoiddimg spectra with a
high background contribution, we estimated the SNR in the band between12&=y/ and included
the 100 spectra with the best SNR. This turned out to discard all the spattir&8NR<15. We show

in more detail the background problem in the high exposure XMM CDFSreaten in App.B.

3.3 Our averaging method

Our averaging method was originally developedQurral et al.(2008 for the XMM-Newtonspectra
of XMS-XWAS surveys. It was then also used for the study of the XBSpa byCorral et al(2011).
We adapted and tested it for tidhandraspectra and then we further developed it XdMM-Newton
surveys, introducing significant novelties.
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The first step is to convert each spectrum in counts to physical unitg iisiown particular response
matrix. To do this, the spectra were grouped and fitted with simple continuumisriodeed by a
powerlaw absorbed by a Galactic and an intrinsic absorber. This bestdil was then used to extract
the unbinned background-subtracted spectra in physical units.fiidee ef the spectral method in this
deconvolution is discussed in Ap@.

Once we obtained all the spectra in physical units, the following step wasply tpe corrections
described irCorral et al.(2008 that we can summarise as follows:

1. Correction for Galactic absorption
2. Shift the spectra to a rest frame, using the spectroscopic redstofis\kor each source

3. Re-normalise the spectra with respect to the integrated flux of the comtiimua given band in
order to balance the contribution from all sources, making sure that #rage/ spectrum is not
dominated by a few high-flux sources

Once we obtained the de-absorbed and renormalised spectra aamestive rebinned each spectrum.
This binning was constructed to have at least 1000 net counts in eachthanan-added spectrum in
rest-frame. In order to maximise our ability to detect a narrow Fe line, weyala@ntered one bin at
6.4 keV.

We finally averaged the flux values in each bin using the unweighted arithmretiage. This process
of de-convolving, shifting to rest-frame and re-binning, together with the lahéted energy-dependent
energy resolution of the EPIC cameras, results in an ovdialtteve energy-dependent energy resolu-
tion in the average spectrum.

To quantify any possiblefiect of broadening introduced by the stacking method en the X-ray instru-
mentation, we performed extensive simulations of the continuum and of thénEeak described in
Sects. 3.4and3.5.3 Once we obtained the average spectra, they were fitted with one or more of
the spectral components mentioned in Sec8dh taking into account the resolution of our method
estimated through the simulations.

3.4 Simulations of the continuum

Previous works have shown that the stacking methods can distort the st spectrum. Therefore,
it is important to take this into account before drawing conclusions fromgketsal analysis of the

average spectrum.

To characterise the underlying continuum of our sample, we made more@Basirtulations of each
source using the best-fit parameters of the continuum model (see Sgct. 2.2
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To each of these 100 simulated samples we applied the same method as theddoe theeobserved
sample (spectral fitting, correcting for response, correcting for @alaesorption and z, rescaling and
averaging). After this, we represented our continuum with the median dfBeveraged simulated
continua. We decided to use the median and not the arithmetic average éoédaus more robust
estimate of a central value, and in particular, it is less sensitive to extremesyaliereafter, we call
this the simulated continuum. Simulatind 00 sources, we could determine the confidence levels
in the following way: we sorted the simulated flux values in each bin. The omeasi@nges are
determined by the values that include 68 % of the simulated continua and the mersigge by those
that include 95 %.

In the simulations and their analysis, we made use of the super-computer Altarhisais a cluster
working in High Performance Computing belonging to the Spanish Superdorgpletwork (RES).

3.5 Implementation of innovative methodologies to analyse the X-ray
average spectra

Several novelties in our stacking method have been developed in this the#i® iron line studies,
the fitting of the continuum is a delicate issue because conclusions about ienE\profile can be
strongly model-dependent: an underestimation of the continuum can bringpteeestimation of the
EW and to an incorrect study of its profile. To avoid beitiggeted by such methodological errors, we
introduced a new method to provide a model-independent estimation of the emidmficance (Sect.
3.7.2) and EW (3.7.3). We also introduced a spectrum-wide modelling offiéetiee resolution of
our method (Sect. 3.7.1).

3.5.1 New model-independent estimation of the iron line sigficance

Taking the average simulated spectrum as a measurement of the undeolyiimyiom in absence of
emission features, we calculated the significance of the iron line excessdhgbeved spectrum with
respect to the simulated continuum (see Table 3). To do this, in both the @hamdithe XMM CDFS
fields, we calculated the percentage of simulations with a flux in a given tagbger than that of the
observed spectrum. Several energy ranges were chosen teergeaseutral iron line with variable
for the Chandradeep fields and the XMM CDFS: 6.2-6.6 keV, 6-6.8 keV. Visually, the iron dihthe
deepChandrafields looked narrow, for this reason we considered also a narr@amger 6.3-6.5 keV.
For the XMM CDFS, instead, the detected line looked borad, to check thigagiva impression, we
considered a broader range: from 5.5 to 7 keV. In the XMM CDFS sam@elso found an excess
at about 7 keV, indicating a probable presence of an ionised line thah@aked considering a range
from 6.8 t0 7. keV.

httpy/i.top500.0rgsitg/49911
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3.5.2 Model independent estimation of the EW

We developed a model-independent methodology to estimate the line EW foMMrCGOFS sample.

The EW of the iron line was estimated using the simulated continua, using the sanggy bands
considered in the calculation of its significance. We calculated, for eachagedusample, the EW.
Approximating the definition of the EW in the equation 1.1 (see Chapwve use the formula:

Y T(E) - C(E)
EW ~ 2A -
EZA C(E)

where T(E) represents the average observed spectrum, C(E) tre@wmntinuum and the sum is
performed over the bins (of widthAJ that correspond to the feature under consideration.

We have estimated the uncertainties in these EW in tiferdint ways. We have first calculated them
propagating the errors on the fluxes of the average observed andtsidhsieectra. Secondly, we have
estimated the dispersion of the value of the EW using th@drcentiles of the distribution of the EW
among the 110 simulations. In general, the dispersions are compatible withdhbaas, if somewhat
wider.

3.5.3 New method to estimate theffective resolution of our method

To study how the spectral resolution of the X-ray detectors and thegimgrarocess widen the narrow
spectral features in X-ray spectra, we performed simulations of umessbnes. We simulated high
SNR spectra (one simulation for each spectrum, without Poisson’s nas®) a powerlaw witH”
fixed at 1.9, with unit normalisations, and an unresolved Gaussiaf)( The input EW was 200
eV. Initially the energy was fixed at 6.4 keV rest-frame. We corrected pleetsa for the response
(using a powerlaw with Gamma fixed at 1.9) and finally computed the averagesm with the same
treatment as that applied to the real spectra.

The original method just described was devisedloyral et al.(2008, but we further developed it to
estimate the resolution of our method in the full 1-12 keV rest-frame bandepéated the simulations

of unresolved features atftkrent energies for the XMM CDFS sample, since broad emission features
were detected in the average spectrum of that sample and its subsampsoldrd gaussians centred

at energies from 1 and 10 keV, with steps of 1 keV were simulated exludiisgéh noise. In addition,

we simulated lines centred at 6.4 keV and 6.9 keV.

Each of these simulated spectra was then fitted witeR9 continuum and a Gaussian of widt.
The dependence afy with the energy E was fitted with a powerlarg < E*. The values obtained
with this trend allowed us to use the convolution moglghooth in Xspec (see Sect. 3.1.1) to take
into account this fective energy resolution.



Chapter 3Methodology

44

Full sample
T T

Resolution
100 120 140
T T
|

80

60
|

IN=0.3232 ,PN= 117.2 , WV=2.9583E+05, N= 11.00

0.2 0.4 0.6 0.8 1 12 1.4 16
E/6 keV

Ficure 3.1: Instrumental resolution of our method as a functio& 8 with E spectral energy in keV.

The trend for the full XMM CDFS sample is shown in Figj1 wherea ~ 0.3.



Chapter 4

Stacking of the Chandra surveys

In this Chapter, we explore the AGN X-ray spectral properties f@imndraultra-deep observations.
The deep exposure of CDFS, CDFS, AEGIS samples allows to survegsideoable population of
high redshift AGN with good enough spectra to be analysed throughistackhe sample possesses
a large number of absorbed sources; moreover, it encompasseadararmge of luminosities: for
this reason the main tasks of this chapter are the study of the iron line pregerteationship with
luminosity, redshift, and X-ray obscuration.

Chronologically, this was the first sample studied in our work and it has peblished inFalocco
et al.(2012.

4.0.4 Properties of theChandra samples

The individual X-ray spectra of our sample have in averag@0 spectral counts in the 2-12 keV rest-
frame band and do not allow detailed analysis of the individual specttapefor a handful of sources.
To increase the probability of detecting any broad component that woutdvatde be hidden by the
noise, we included in our analysis only those sources with more than 2QBav&ground-subtracted)
counts in the band between 2 and 12 keV rest-frame. We discuss infApe results corresponding
to lower thresholds (50 and 100 counts). We further selected onlye®with spectroscopic redshifts.
Finally, we also excluded from our analysis two sources with more than0Le@0nts individually:
CDFS. 056 (RA: 53.112, DEC: -27.685) and CDEM1 (RA: 189.1, DEC: 62.383). These sources
have such a strong signal in their spectra that they would dominate thgewdazked spectrum.

Our full sample contains 123 sources with spectroscopic redshifts, wf776ounts in total (see
Table4.1). The distribution of the net counts per source for this full sample is showig. 4.1 The
redshift distribution of the sources is shown in Fig.2, where we can see that our sample spans a
broad range of redshifts from= 0 up toz = 3.5.
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TasLe 4.1: Properties of th€handrafull sample and the subsamples. Columns: (1) (Sub)Sample;
(2) Number of sources; (3) number of net counts in 2-12 ke¥frasne; (4) number of net counts in
5-8 keV rest frame; (5) average redshift; (6) average mashé 2-10 keV luminosity in units of 19

erg s, from the fits to the single spectra, corrected for Galaaiit iatrinsic absorption; (7) average
intrinsic column density in 13 cm2 *; (8) gamma from the fit of the average observed spectrum with
a powerlaw between 2 and 5 keV (rest-frame); 9pof of the fit of the average observed spectrum
with a powerlaw between 2 and 5 keV (rest-frame); (10) sldigeepowerlaw of the average spectrum
obtained with the simulations of the Fe line fitted wjtbw+gauss; the errors estimated are always
~0.001; (11) width obtained in those line simulations; (i8¢ [EW obtained from those simulations.

Sample N N2 Nsg (2 (La3) (Nh22) T x?/dof Csim  Osim EWsim
108 ergs 1F%cm2 eV eV
(1) 2 (3) 4 (6) (7 ® 9) (10) (1)
CDF-S 33 21561 5223 1.26 5.20 3.80 - - - -
CDF-N 25 16134 3429 1.11 8.00 0.88 - - - -
AEGIS 65 32971 6873 1.11 20.31 1.04 - - - - -
Total 123 70667 15526 1.15 13.82 1.75.24+0.05 9.7713 1897 117+1 182
log(Ny) > 215 54 27888 7304 1.15 14.11 3.93 .48+ 0.07 8.9413 1898 129+1 190
log(Ny) <215 69 42778 8222 1.14 13.55 0.05.78+0.06 14.9613 1896 116+1 181
L4z3< 8 74 34620 7630 0.85 2.89 1.64 .21+006 104213 1893 111+1 183
L4z > 8 49 36047 7896 1.60 30.20 1.91.31+0.07 14.7013 1878 128+1 174
z<1.005 63 34843 7507 0.70 5.43 1.28.23+0.06 10.5713 1896 105+1 186
z> 1.005 60 35824 8019 1.62 22.50 2.24 .24+ 007 5.6613 1886 138+1 180
2<0.76 39 23713 5285 0.57 3.23 1.17 .31+ 0.07 11.6813 - - -
L43<143,z<0.76 36 19007 4446 0.57 2.00 1.25.29+ 008 10.9913 - - -
Ls3<143,z>0.76 49 24286 4902 1.14 5.58 1.90.11+0.08 7.2713 - - -
La3>143,z>0.76 35 22669 5339 1.80 37.05 2.19 34+009 11.7¢13 - - -
40
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Ficure 4.1: Distribution of the net counts between 2 and 12 keV {ireshe). Filled histogram: CDF-
S; histogram with horizontal stripes: AEGIS; histogramhniertical stripes: CDF-N.

Before spectral fitting, all the spectra were grouped with a minimum of fiuatsoper bin, and we
applied the modified Cash statistics discussed irktipec pages' and described i€ash(1979.

This grouping was adopted because we used the same method for all tbesseith more than 50
counts (see Appendik), for which the more commog? statistics would not be adequate.

! httpy/heasarc.gsfc.nasa.gdecgxanadyxspegwstat.ps
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Ficure 4.2: Redshift distribution. Blue histogram: CDF-S; redtbigam: AEGIS; green histogram:
CDF-N.
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Ficure 4.3: Distribution of intrinsic column density in units of cfa Blue histogram: CDF-S; red
histogram: AEGIS; green histogram: CDF-N. We grouped theesp with log(;) < 107°%cm2 with
the spectra having log¢ = 10?°cm2.

It should be noted that in this step we did not aim at making a detailed analy#ie afdividual
spectra but rather only at obtaining a set of parameters that we usetbtd the spectra for all the
instrumental &ects (see Sect3). The model is a single powerlaw modified by Galactic absorption
(with fixed column density values at 1:4.0?%cm~2 for AEGIS, 0.772x10?%cm 2 for CDF-S, 0.993
x10%%m2 for CDF-N) plus intrinsic absorption at the redshift of each sourceléff¢he slope of the
powerlaw, its normalisation and the intrinsic column density as free paramé&ber$it was performed

in the rest-frame energy range between 1 and 12 keV, minimising the contnilitdim any putative
soft excess present in the sources. The resulting distribution of intiokionn densities is shown in
Fig. 4.3 Most of the absorbed sources ((0g.|/cmz) > 21.5) belong to CDF-S, as indicated by the
higher average column density for that sample in Tdble



Chapter 4 Stacking of the Chandra surveys 48

20

Number
=
w

10

41.0 41.5 42.0 42.5 43.0 43.5 44.0 44.5 45.0 45.5
log Luminosity 2-10 keV [erg/s]

Ficure 4.4: Distribution of rest-frame 2-10 keV luminosities initsnof erg s*. Blue histogram:
CDF-S; red histogram: AEGIS; green histogram: CDF-N.

4.0.5 Subsample definition

We show in Fig. 4.4 the distribution of the X-ray luminosities (between 2 and 10 keV rest-frame)
of the sources corrected for Galactic and intrinsic absorption, calculatedthe fit to the individual
spectra. The average luminosity of the AEGIS sources is one order diitudg higher than the
average luminosity of CDF-N and CDF-S sources (Tablg.

We compared the distribution of our full sample in the luminosity-redshift plaitle that of Stre-
blyanska et al(2005 in the Lockmann Hole (Fig4.5. We sampled that plane betterak 3 for
all luminosities. Compared to theorral et al.(2008 sample (XMS-XWAS) (Fig.4.6), we covered
about one order of magnitude lower luminosities f@ @ z < 3. Finally, with respect t@rusa et al.
(2005, the addition of the AEGIS sample and the restriction to sources with high nsrabeounts
allowed us to span a broader range of luminosities at similar summary, our sample, if compared
with previous surveys studied with similar analysis, possesses a uniquénediom of deep coverage
with high z sources, a broad span of luminosities, and good statistics.

One of the main aims of our work is to understand the dependence of thieasmeoperties of the
AGN on luminosity, redshift, and intrinsic absorption. For this reason, wiopeed the analysis of
the stacked spectra not only for the full sample, but also for subsamglieed in terms of column
density (Ny), luminosity, and redshift. Except fdty (see below), the bins have been designed to have
a similar numbers of total counts. The characteristics of each subsamgie saen in Tabld.1

e Intrinsic Ny: The threshold column density was set at (Iblg/cmz) = 215. because the ab-
sorption features of the X-ray spectra are detected in the AGN wit(1\lpgcrr12) > 215 (see
Sect. 1.4). We show in Fig.4.7 the distribution of the absorbed and unabsorbed subsamples
just defined: the two subsamples have a similar distribution in the luminosityifieplsime, so
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Ficure 4.5: Comparison of our full sample (black stars) with thepl&®&M-Newtonsample ofStre-
blyanska et al(2005 (LH, red triangles), in the luminosity-redshift plane.

log ( Luminosity 2-10 keV [erg/s] )

Ficure 4.6: Comparison of our full sample (black stars) with the medXMM-Newtonsample of
Corral et al.(2008 (XMS+XWAS, red triangles), in the luminosity-redshift plane. rfetarity, we
omitted one XMS-XWAS source az = 2.34,L = 1.28x 10*" erg s*.
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Ficure 4.7: Distribution of the unabsorbed (red triangles) andédied (black diamonds) subsamples

(see Sect. 2.3) in the luminosity-redshift plane.
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Ficure 4.8: Distribution of theL — z subsamples (see text) in the luminosity-redshift planee Th
dividing pointisz = 0.76,L = 1.435x 10* erg s* (marked by the horizontal and vertical solid lines).
The three blue stars mark the sources that allow definingndidt — z subsamples (see text).

they are fair representations of the AGN with and without absorption, witbtiner parameters
playing an important role (see also Taldld).

¢ Luminosity: We separated high and low luminosity sources using a threshoBix10* erg s*.
The L is the luminosity between 2 and 10 keV.

e z We built a lowz and a highz subsample with a threshoid= 1.005.

e L — z Initially we divided the full sample into three subsamples:z(ix 0.76 (hereafter low
zlow L) (ii) z > 0.76 andL < 14.35x 10" ergs (hereafter higlz-low L) (i) z > 0.76 and
L > 14.35x 10" erg's (hereafter higz-high L). In the lowz-low L subsample just defined there
are only three sources abole= 14.35x 10* erg's (with ~4000 total counts), so we also used
a second version of this subsample using only sourceszwit.76, L < 14.35x 10*3 erg's so
that this subsample and the two higksubsamples cover distinztandL intervals. All results
are very similar, and we used the latter definition of distinct areas as caultef

4.1 The averageChandra spectrum of AGN in the total sample

We show in Fig.4.9the average spectrum of the toGhandrasample. In the normalisation process
the integral of the continuum flux per each source is performed in the beaiwken 2 and 5 keV.
In spite of the high number of absorbed sources, especially belonging t6#S survey, we did
not include the band between 8 and 10 keV in the calculation of the continswre aid for XMM
CDFS (see Chaps). In fact, due to the low number of counts in this spectral range irCtiendra
observations, this band has a much lower flux than the region in 2-5 keV.
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Ficure 4.9: Average observed spectrum of the full sample fitted wipowerlaw between 2 and 5 keV.
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Ficure 4.10: Average observed spectrum of the full sample (datatgowith the average simulated
continuum (continuous line) and the one-sigma confidemaigdi(dashed lines).

If we fit the 2-5 keV range with a powerlaw and extrapolate it to the full earag excess can be clearly
seen around the expected position of the Fe emission line. However,aoyefefound in the average
spectra must be carefully evaluated, as the averaging procedure ityatitnoaluce some distortions.

For this reason, we computed the continuum using simulations, as descegibed b

We represent in Figs4.10 4.11, 4.12 4.13 and4.14the average observed spectra of the full sample
and all subsamples, along with the simulated continua, and the 1 sigma coefiawrits. Features
around the expected location of the Fe K line are conspicuous in all tharspbes.

Before attempting to draw any conclusions from those features, weatbasad the #ect of our
averaging method on narrow lines using simulations, as described in CBapter

We simulated a high SNR iron line using the procedure explained in detail int€H&p Tsmiine,
osmiines and EW of Tablet.1are the results of fitting a powerlaw plus a Gaussian to these simulations
for some of the samples. The EW and powerlaw slope are recoveredveirylhe width of the line

has become ~ 120 eV. Therefore, our resulting “instrumental resolution” is arour@d\, i.e., any
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Ficure 4.11: Average observed spectra (data points) of the abddteit) and unabsorbed (right)
subsample with their average simulated continua (contialioe) and the one-sigma confidence limits
(dashed lines).
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Ficure 4.12: Average observed spectra (data points) of the hidgft) and lowz (right) subsamples
with their average simulated continua (continuous ling) e one-sigma confidence limits (dashed
lines).
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Ficure 4.13: Average observed spectra (data points) of the hi¢fight) and lowL (left) subsamples
with their average simulated continua (continuous ling) e one-sigma confidence limits (dashed
lines).
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Ficure 4.14: Average observed spectra (data points) of.thez subsamples with their average simu-

lated continua (continuous line) and the one-sigma condieléimits (dashed lines). For comparison,

in the bottom-left panel we represent with a dotted line #sailt of adding to the simulated continuum

a Gaussian centred at 6.4 keV, witl-120 eV, as obtained from the simulations of the Fe line (Sect.
3.3).

real detected feature around rest-frame 6.4 keV should be wider thavathes and its actual width
will be the convolution of its intrinsic width with this value, roughly added in qaagie (see Eq. 1
below).

We show in the bottom-left corner of Figd.14 the expected profile of an unresolved 6.4 keV line
added to the simulated continuum for the corresponding subsample. Irag¢ne features we observe
around that energy appear to be compatible with such an unresolved loept gerhaps for the low
zlow L, subsample. We quantify these qualitative impressions in Se¢tiba

4.2 Results

In this section we study the statistical significance of the Fe line and its praparteeveral steps.
We first describe our results from our model-independent way to cédctliia significance of the line
detection, then we discuss its significance and characteristics again bytfitiagerage spectra using a
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single Gaussian to fit the Fe line. Then, we study the dependence of tha lr@nd X-ray luminosity.
Finally, we try complex line models with those subsamples that show significaad fine profiles.

4.2.1 Results from our model-independent method

To estimate the significance of the excess observed in the Fe K line regicalautated the percentage
of average simulated spectra (from the simulations of the continuum debamilsect.3.4) having a
flux in the Fe K region lower than the flux of the observed spectrum (daiegd in Sect3.5). The Fe
line flux was calculated in three regions centred at 6.4 keV, with half-widtBslokeV, 0.2 keV, and
0.4 keV, respectively. The significances of the Fe line estimated in this walyddull sample and all
subsamples are shown in Tadle

The narrowest interval was chosen at the limit of the instrumental braaglea significant excess
found just in this range and not in the other two would in principle corresporal detection of a
narrow line. On the other hand, increasing the width includes more flux &@utative broad line,
but it also increases the noise, hence a broad component would be iffictdtdo detect. We use the
+0.2 keV wide option (columrs, in Table4.2) as our fiducial value, since it maximises the SNR for
unresolved and moderately broad lines. We can see that the line is veificaign(> 98 %) in the full
sample and in almost all the subsamples, with the exception of theztigih L one. In general, the
significance is higher for low and lowL.

In all cases, the significance stays about the same or decreaseawliecreases. This is either an
effect of the expected lower SNR for wider intervals, or might indicate theepesof a wider profile
in the cases where the significance does not decrease noticeably.

TasiEe 4.2: Significance of the Fe line estimated from the fractibsimulations that have fluxes in the
corresponding bands higher than the average spectra afltlsafple and the subsamples.

Sample 6.3-6.5keV 6.2-6.6 keV 6.0-6.8 keV
1) 2 3)
Total 100 100 99
log (Nn/cr?) > 215 99 99 98
log (N /cn?) < 215 100 100 100
Li3<8 100 100 100
Ls3>8 97 98 96
z < 1.005 100 100 100
z>1.005 98 98 98
L4z < 143,2<0.76 100 100 100
2<0.76 100 100 100
L4z < 14.3,z> 0.76 99 98 91

L4z > 143,2> 0.76 88 88 86
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4.2.2 Results from our model dependent method (fits to the daj

We performed the spectral analysis employing the simulated continuuniasa model in Xspec

to represent the broad band continuum. During the fits described beWwave aways left its nor-
malisation free to vary, and its value returneipec is always around one. We added the required
components to the table model when we found residuals. We used the geadffi¢ criterion and the
confidence interval for a given parameter correspondingtp?a= 2.71 (90 % probability).
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The fit results are shown in Tabde3.

The o we mention in the remainder of this work (including Tall®) refers to the intrinsic width of
the line, taking the broadening introduced by our method into account.

2 _ 2
0 =0gps™

2
T sim

whereops is the total width returned b¥spec, andosm the instrumental width obtained from the
simulations of an unresolved Fe K line (120 eV, see Sect. 4.3.). During therditorced the width of
the Gaussian line to satisfy the conditiarsps > osim (Where we used the average value obtained as

explained in Chapter 5, withrsjy, reported in Tablg.1of ~ 120 eV).

We made the fits in several steps:

e Fixedo=0 and fixed centroid energy at 6.4 keV: this allows us to estimate the significditive
narrow component of a neutral Fe K line (first line for each sample in #aBje

e Fixed centroid energy at 6.4 keV and free it studies the significance of a possible broad
component and constrains its width (second line for each sample)

e Free centroid energy and fixed:=0: it considers the presence of an ionised narrow Fe component
and estimates its centroid energy (third line for each sample)

e Free centroid energy and free this leaves all options open (fourth line for each sample)

We calculated the significance of the Gaussian withAth@corresponding to the fits with and without
the line component, and we checked the corresponding probability usirigcbmpletes function
(Press et al. 2007

The significance of adding the gaussian is in Col. 3 in Tab& In the same way, we estimated
the significance of allowing the width afwit the centroid energy to vary with respect to the baseline
narrow and neutral line.

We summarise here the results for our (sub)samples (see Za8dad Figs.4.15 4.16 4.17, 4.18
and4.19:

e Full sample:
The spectrum of the full sample fitted with the table model and the Gaussian edlefrergy
and freeo are shown in Fig4.15 We can see that the model fits the spectrum well in the Fe
line region. The detected line is narrow. We do not observe any ioniséde=eomponent.
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e Absorbed and unabsorbed subsamples:
The spectra and fitted models are shown in Big.6 The continuum of the unabsorbed sample
is well fitted by a powerlaw witi" ~ 1.8 (see tablet.1), a common value for the AGN, and
is flatter in the absorbed sample, as expected. The line is characterisediby B narrow
profile for both subsamples. Only in the unabsorbed sample might the ceatreidy of the
line suggest a contribution from mildly ionised Fe. However, the centroidygrie consistent
with 6.4 keV within the 90 % confidence level, and the significance of0 from theAy? is <
90 %.

e High- and low-luminosity subsamples:
The spectra and fitted models are shown in Fgl7. The results of the fits suggest a more
intense Fe line in the lovi- subsample. We discuss the dependence of the EW on redshift
and luminosity more in detail in the next Section. The detected line is narrowthanel is no
significant ionised Fe contribution.

e High and low redshift subsamples:
The spectra and fitted models are shown in Fgl& The Fe line is more significant at low
redshift than at high redshift, and this can reflect the same trend jusd fwith the luminosity,
since sources with highérare usually found at higher The line profile is narrow in both cases.
The fits with the centroid energy free shows a mildly ionised Fe contribution itotheedshift
sample, but 6.4 keV is within the 90 % confidence interval.

e |-z subsamples:
The strongest line significance is found at lawand lowL, then decreasing with both redshift
and luminosity. The line profile is broad only in one case, in the low redshiftlommnosity
sample £95.4 % probability). The line profile looks symmetric (see Figs. 14448 two left
hand panels). Moreover, in the top-left hand panel there seems todxe@ss in the narrow bin
around 6.4 keV, which might come from an additional narrow componentdigéeiss in more
detail the shape of this feature in Sect@.4 In the two other subsamples, the detected profile
of the Fe line is narrow. We did not find any ionised Fe component.

At high energies+{ 10 keV), we observed an excess in some spectra that can be interpsepedt
of the Compton reflection. The paucity of counts at these energies doaiavo us to make a more
accurate assessment of this continuum component. An absorption feaisiedso detected, to some
extent, in some of our average spectra around 7-8 keV. This can lz@redgas the Fe edge commonly
found along the Compton reflection component.
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Ficure 4.15: Fit of the average spectrum of the full sample usingsthrilated continuum model
Gaussian (with free- and free centroid energy)
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Ficure 4.16: Fit of the average spectrum of the absorbed (left) arabsorbed (right) subsamples
using the simulated continuum modelGaussian (with free- and free centroid energy)
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Ficure 4.17: Fit of the average spectrum of the low-luminositytjlahd high-luminosity (right) sub-
samples using the simulated continuum mod@&aussian (with free- and free centroid energy)
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Ficure 4.18: Fit of the average spectrum of the low-redshift (laftyl high-redshift (right) subsamples
using the simulated continuum modelGaussian (with free- and free centroid energy)
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Ficure 4.19: Fit of the average spectrum of the- z subsamples (lovi.-low z subsamples in the left
panels, lowL- high z subsamples in the right bottom panel, higihigh z subsample in the right top
panel) using the simulated continuum modebaussian (with free- and free centroid energy)
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Ficure 4.20: Dependence of unresolved 6.4 keV Fe line equivaledthan the average luminosity

(left) and the average redshift (right) of the subsamplest (fow of4.3). SquaresL — z subsamples;

circles: redshift subsamples; triangles: luminosity suiysles. We represent upper limits by a down-

pointing arrow. Each set of points with the same symbol atssically independent, but not between
the symbols.

4.2.3 Dependence on redshift and luminosity

As our results seem to suggest a dependence of the Fe line EW ontadsdhoh luminosity, for lowz
and low-luminosity AGN, we checked this result in more detail to understaradtit The distribution
of the line EW with the averageand the average luminosity of the subsamples are shown i#F20.
In those figures, the same symbols refer to statistically independent subsainpcontrast, subsam-
ples with diferent symbols are not statistically independents and there will be significariapping
among the sources included in each subsample. We have used the fispondiag to an unresolved
line fixed at 6.4 keV (first line for each subsample in Tabl®.

At first view the EW seems to decrease both with increagangd X-ray luminosity. However, looking,
for example, at the blue squares (corresponding to indepehderz subsamples), it is clear that a
constant EW is consistent with the data points within the error bars, so tltk tibeit suggestive, is
not statistically significant.

4.2.4 Analysis of broad lines

We detected with strong significance narrow Fe K lines in all samples. Additipmathe low L-low
z subsample, the Fe line appears significantly broadened (with a signifiaboge two sigma). We
investigate here whether relativistic profiles are better fits than a simplistid Faassian.

We added to the simulated continuum thiskline model inXspec, which describes a relativistically
broadened emission line for an accretion disk around a Shwartzschilk Btade. We fixedR,, the
external radius of the accretion disk, to 100§, Re also fixed thes, the emissivity, to its default
value, -2. In this hypothesis, the relativistic model adopted implies that theieityiscales ag 2
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the bulk of the line emission is concentrated in the inner disk, as 50 % of the emisgiooduced
within ~ 12R.

We chose to leave free to vary only the inner radius, because we feththlimited spectral quality
of our average spectra did not allow to determine the full setiakline parameters. For thiy,
the inner radius, we obtained an upper limit {42Ry). As mentioned in Sect. 1, the inner radius
of the accretion disk is expected to be loweR¢dor a non-rotating black hole and2BR, for a
maximally-rotating one). The EW is consistent with the one obtained in the fit wittGHessian
(see4.d): EW:152§8 eV. The significance of adding a Fe line with skline to the continuum
is > 99.99%, again consistent with the case of the Gaussia®).( The fit givesy?/dof=20.5324,
to be compared withy?/dof=19.0725 for the Gaussian (with free energy and feee the fit does
not improve introducing the more complex model represented byikkline. Summarising, the
diskline fits both the Fe K line and the Gaussian. We do not significantly detbfirate relativistic
profile in the line, although it cannot be excluded.

Alternatively, the profile of the line could be characterised as the sumtbfdbroad and a narrow
component since, in principle, we would expect a contribution from both tenmmhaway from the
SMBH (narrow component) and disk (broad component) reflections. Sa&saed the significance of
this possibility by making a final test in the lol low z sample: we added a broad Gaussian to the
narrow Gaussian (i.e. combining models in the first and second linéBofWe fixed the centroid
energies of the two Gaussians at 6.4 keV andsithie zero in the narrow Gaussian and to 240 eV (the
value in the second line i.3) in the broad Gaussian.

We calculated the EW of the narrow and broad components, obtaini@g eV and 15_72 eV, re-
spectively. This fit giveg?/dof=19.1526, to be compared with?/dof=23.7027 of the fit with only
narrow Gaussian (i4.3). The significance of adding the broad component?c4.55 andAv=1) is

> 954% but< 99%, calculated as mentioned in Sect. 4.2. We conclude that a double (Gasssia
better fit, but only at the level.

4.3 Conclusions

We studied the average spectrum of a sample of 123 distinct AGN with mor@@i@amet counts each
selected from th€handraAEGIS, CDF-N, and CDF-S surveys, covering<0z < 3.5 and totalling
>70000 counts.

We repeated the averaging procedure for the subsamples defined intéwalis of column density,
2-10 keV X-ray luminosity, redshift, and in three 2D intervals in the luminogtyshift L — 2) plane

(see Tablel.1). We then estimated the significance of the presence of narrow andfeaiaces around
6.4 keV in a model-independent wa4.®), finding that narrow features are significant-88%, except
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for the highi, highz subsamples, where it is lower. Broad features would be harder to deigetre
most significant at low. and lowz.

Analysing the spectra witkspec using the simulated continuum and modelling the Fe line as a Gaus-
sian, we found strong evidence of a narrow Fe line at high significanaerifull sample and in most
of our subsamples, in particular (Talled):

e We detected a strong-(99.73 %) narrow Fe line with EW 85+ 35 eV and 73+ 32 eV in the
absorbed and unabsorbed subsamples, respectively (definedrag in&rinsic column density
above and below £8° cm2, respectively), with a hint of higher central energ§.5 keV in the
unabsorbed case, but still compatible with 6.4 keV at 90%.

e Segregating the sources purely on luminosity, we found that the avesaggism in the lowk
(L < 8x10™ erg s1) subsample shows a significant and strong narrow Fe line<(B@4 32 eV
at>99.99%). The significance and strength of the higare clearly smaller: EW 59 + 38 eV
at 95.4%, but the EW are compatible within 90%.

e By separating the sample insteadzat 1.005, the narrow Fe line is again stronger in the ow-
subsample (EW 80 + 32 eV at>99.99%) than in the higasubsample (EW 71+ 37 eV at
>99.73%), but the dierence is not statistically significant

e By defining distinct areas in thie — z plane (the division point wak = 14.3 x 10* erg s?,
z = 0.76), the most significant line is found in the ldwlow z subsample (EW 108+ 42 eV at
> 99,99%), with a hint of a broad componermt & 240+ 90 eV at> 20 significance). The low
L-high z subsample also shows a somewhat weaker narrow line(ES\ 40 eV at~ 99.7%).
The Fe line detection is at 90% significance in the high-high zsubsample (EW 90 eV)

We studied the trend of the EW for the narrow Fe line with redshift and luminosibyr subsamples.

We did not find a significant dependence: in F20that trend is not statistically more significant
than a constant. To disentangle tleets of the two parameters on the line detection, surveys of AGN
covering a wider area in tHe— z plane are needed. Since the Fe line is detected more significantly at
low-L and lowz, samples of the local Universe are particularly suited to this end.

We also investigated whether more sophisticated models for the line profile womldle a better

fit, concentrating on the low-low z subsample, since it is the only one where a broad line may have
been detected. Aiskline relativistic profile provides a worse fit than a broad Gaussian, with less
degrees of freedom. Additionally, the inner radius of the disk would be tge k& produce significant
relativistic efects. Therefore, we do not find any evidence of a relativistic profileynofour average
spectra.
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Allowing for both a narrow (from neutral material far away from the cehsource, e.g. the putative
torus) and a broad Gaussian (as just discussed) component pravigger fit to the average low-z
and low-L subsample than a single narrow or broad Gaussian, but with estreignificance: 99%.

To explain the symmetrically broadened line detected in thelldaw z subsample of th€handra
survey, we should consider two possibilities. In first place, there canbdending with narrow lines
from neutral and ionised material. Evidences for the presence of aredbliige have been recently
found in the stacking of COSMOS samplevdsawa et al. 2012 In the second hypothesis, instead,
we detect a broad symmetrical gaussian because the spectral SNR imthisisunsuficient for the
detection of the asymmetric relativistic line profile.

The study of more sensitive surveys with a superior spectral quality walfdto assess the presence
of the relativistic iron lines in more detail: to this end, we explore in the next @hdpe deepest
survey by theXMM-Newtonsatellite, its observation in tHéhandraDeep Field South.

As already stated at the beginning of this Chapter, the results of theGlemprafields are part of a
paper published in A&AFalocco et al. 2012
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TasLE 4.3: Results of fits of the average spectrum of the full sarapteits subsamplet4s: luminosity

in units of 12 erg s1. Columns: (1) sample; (2?/dof of the fit with simulated continuum model;
(3) y?/dof of the fit with the same continuum and the Gaussian; (4badity P(Ax?, Av)s, g (of
adding the Gaussian to the model, see text); (5) probalf(ity?, Av)g, go (of leaving the parameter
of the Gaussian free, see text); (6) central energy of thes€aw; (7)o after subtracting resolution
obtained in the simulations of the Fe line; (8) EW of the Garsg9) average redshift of the sample;
(10) average luminosity of the sample in t30erg s1; (11) average column density of the sample in

10%%cm2,
Sample x?/dof(s) x%dof(g) P1 Py E o EW @ (La3) (N22)
% % keV eV eV 16%rg st 10%%cn?
@) @ ) (4) ®) (6) @) (8) © @10 (11)
Full 475028 23.7427 >9999 6.4 0 7424 115 13.80 1.75
21.9826 >9999 <90 6.4 <138  94+30
237426 >9999 <90 640+010 0 73+ 25
21.9825 >9999 <90 640+010 <123  92+28
log (NH) > 215 35.6128 21.6627 >9973 6.4 0 85:35 1.15 14.11 3.93
211526 >9973 <90 6.4 <123 10045
214226 >9973 <90 628+002 0 92+ 41
212225 >9973 <90 640+030 <151  91+39
log(NH) < 215 53.0328 39.3827 >9973 6.4 0 73:32 114 1355 0.045
38.1826 >9973 <90 6.4 <189  100:43
37.4326 >9973 <90 650+010 O 85+ 36
37.1525 >9973 <90 650+010 <596  87+36
Lsz<8 442628 23.9627 > 99.99 6.4 0 89:32 0.85 2.89 1.64
237026 >9999 <90 6.4 <72 97+ 35
239626 >9999 <90 64x01 0 89=+ 32
235625 >9973 <90 64:x09 <68 97+ 34
Lsz>8 425928 36.4227 > 954 6.4 0 59+ 38 1597 30.20 1.91
36.426 ~954 <90 6.4 <7 58+ 39
364226 >900 <90 64x02 O 58+ 39
348625 >900 <90 630+020 <7 75+ 45
z < 1.005 52.3428 35.2627 >99.99 6.4 0 80:32 0.704 5.43 1.28
342126 >9973 <90 6.4 <100  94+37
336926 >9999 <90 650+010 O 92+ 35
332825 >9973 <90 645+010 <101  99+37
z>1.005 29.5@8 19.7727 >9973 6.4 0 71£37 1.617 225 2.24
19.4526 >9973 <90 6.4 <120  86+44
19.7726 >9973 <90  640+015 O 71+ 37
18.6625 >9973 <90 630+010 <76 85+ 43
Lsz<143,z<076 42.0128 23.7027 > 9999 6.4 0 108:42 0.566 2. 1.254
19.2326 >9999 >954 6.4 240:90 178+63
237026 >9973 <90 640+015 0 108+ 42
19.0725 >9999 >90 642+012 216+50 172+60
2<0.76 43.2828 23.0427 > 99.99 6.4 0 108:40 0573 3.23 1.173
19.0426 >9999 ~954 6.4 157+ 30 154+ 50
23.0426 >9999 <90 640+015 0 109+ 39
18.7225 >9999 <90 643+011 215:+50 170+56
L43<143,2>076 259728 16.9927 ~ 997 6.4 0 75:40 1141 558 1.900
16.9926 >954 <90 6.4 <4 75+ 40
16.9926 >954 <90 640+010 O 75+ 40
16.8325 >954 <90 643+010 <5 76+ 42
L43>143,2>076 31.8328 29.5627 <900 6.4 0 <90 1.803 37.05 2.187
295626 <900 <90 6.4 <5 <91
29.0926 <900 <90 6057982 O 50+ 47

26.7225 <900 <90 622+015 <5 73+ 53




Chapter 5

Stacking of the CDFS from XMM-Newton

In this Chapter, we explore the properties of the AGN in the Chandra dekpJouth survey observed
by XMM-Newton This observation is realised by an international consortium to which | gelon

The higher sensitivity oKMM-Newtorwith respect tacChandraallows to accumulate a superior num-
ber of counts than in the previous observation in the same field. Although uttthedeep observation

of XMM-Newtonthe background féects the spectral SNR, it is possible to study in better detail the
iron line properties.

The higher stacked number of counts from these data is expected to fatilgatetection of a broad
emission line if it is indeed commonly present in distant AGN.

5.1 Sample definition and properties

In order to characterize the spectra and to estimate their intrinsic luminositygedtging theXMM-
NewtonEPIC MOS and PN spectra at 20 counts per bin, the spectra were fitteddretivand 12
keV rest-frame withXspec using they? statistics. We used a simple powerlaw with Galactic (with
column density 7 x 10" cm~2) and intrinsic absorption. We checked the levels of the background
of each spectrum and we found a strong emission feature in the speameident with the position

of the Al line characterizing many background spectra dt.5 keV. To assess how this systematic
feature can influence the output of our fits, we repeated the fits remowenchdnnels corresponding
to 15 + 0.1 keV. The fit results show that the presence of this background édtgs not really
influence the output fit parameters. Comparing for example the intrinsic@lmsoestimated in X-
rays, we found that the filerence is negligible in the majority of the sample, with the exception of
a handful of spectra (seven). In these spectra, we used the fings obtained ignoring these
channels. The luminosities were estimated from the best fit models of eacthuspecorrected for
Galactic and intrinsic absorption, and calculated between 2 and 10 kekarastf

65
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TasLe 5.1: Properties of the full sample with SMR15 and its sub-samples. Columns: (1)
(Sub)Sample; (2) Number of sources; (3) number of net cdargsl? keV rest-frame; (4) number of
net counts in 5-8 keV rest frame; (5) average redshift; (6rage of the logarithm of the rest-frame
2-10 keV luminosity in units of 1% erg s, from the fits to each spectrum (see text), corrected for
Galactic and intrinsic absorption; (7) average intringtumn density from the fits to each spectrum
(see text); (8) average SNR of the (sub)sample between 2¥2dst-frame; (9) slope of the depen-
denceo o« E™* of the dfective energy resolution of our method (see Chagle(10) sigma at 6 keV

of the efective energy resolution of our method at 6 keV (see Sec}. 3.3

Sample Ns No12 Ns.g (2 (log(L)) (NH22) (SNR a o(6keV)
ergst 10P2cm™ eV
1) 2) 3) 4 (6) (7) 8 (9 (10)
Full sample 100 181623 40863 1.34 43.74 1.48 29.8 0.32 110.1
log(Ny) < 215 68 131383 25532 1.366 43.78 0.05 31.46 0.33 112.0
log(Ny) > 215 32 50240 15331 1.30 43.64 451 24.63 0.31 106.1
z<= 0.837 35 60329 14689 0.599 43.10 1.33 28.00 0.35 93.0
0.837<z< 1.605 33 57473 12444 1.24 43.847 1.89 28.66 0.36 111.3
1.605<z< 3.61 32 63820 13730 2.26 44.32 1.20 31.29 0.38 139.1
4153 < log(L) <4370 45 59234 14121 0.78 43.167 0.81 23.24 0.34 99.0
4370<log(L) <4422 31 59392 11930 1.54 43.98 1.82 31.40 0.35 116.7
log(L) > 44.22 24 62997 14812 2.14 44.49 2.27 37.85 0.36 129.4

To maximise the average SNR of the sample, and to take in account the level ldi¢kground of

the XMM-Newtonobservation, we limited our investigation to the 100 spectra (49 from the MOS
camera and 51 from the PN camera) characterized with the best SNR estoeatedn 2 and 12 keV
restframe (the band used in the analysis of the average spectra deébaibe). In total we studied 51
unique sources. This turned out to be equivalent to discarding theapath SNR< 15. The survey
accumulated a large number of sources detected with high quality spectve, @ see in the Fig.
5.1, where the histogram of the SNR (in 2-12 keV) is shown.

We can see in Figh.2the distribution of the spectroscopic redshifts included in the sample: 40 apectr
in our sample are located at redshiftslz2, where the peak of AGN activity lietJéda et al. 2003
and a dozen at redshift~ 2 — 3 makes possible eventually to study earlier epochs.

The CDFS observation b¥MM-Newtonallows a better coverage of the parameter space than our
previous work with deep Chandra fields (see F8). The CDFS survey is able to characterise with
the highest significance reached so far the properties of distant Xetagted AGN over 4 orders of
magnitude of continuum luminosity and a broad span of redshifts, w3t6.

5.1.1 Subsample definition

The sample characteristics and properties are listed in Taftle Given the high number of total
background-subtracted counts in our sample, we have investigatedoeddmce of the stacked spec-
trum on luminosity and redshift, dividing the sample in three bins in each of thoastities, with
similar number of counts in each bin.
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We constructed the three luminosity sub-samples with the same number of coeathjmesulting in:

e Low-luminosity sub-sample (hereafter called 'Low-L") : composed by @lgburces with logi[erg/s] <
4370

e Mid-Luminosity sub-sample (hereafter called 'Mid-L) : composed by allsberces with 43.70
logL[erg/s] < 44.22

e High-Luminosity sub-sample (hereafter called 'High-L) : composed byttadl sources with
4370< logL[erg/s] < 44.22

Segregating the sources in three redshift sub-samples with the same rafrobents we found:

e Low-z sub-sample (hereafter called 'Low-z’): includes all the sosikgh z< 0.837
e Mid-z sub-ample (hereafter called 'Mid-z'): includes all the sources @37 < z < 1.605

e High-z sub-sample (hereafter called 'High-z’): includes all the savgéh z> 1.605

Finally, we segregated the sources in two sub-samples of intrinsic colursitydestimated in X-rays

(' Ny sub-samples’) setting the threshold at ng/cn?) = 215. This is often used as the threshold
below which the interstellar medium of the galaxies hosting the AGN could prdakigl@bsorption
without additional circum-nuclear gas. The sample with(Ng/cmz) < 215 (hereafter called 'Un-
abs’) accumulates about 131000 net counts, covering % of the total amount of X-ray counts of the
full sample. The sample with Ic(@dH/cmz) > 215 (called hereafter 'Abs’) contains just about 50000
net counts.

The Ny sub-samples are characterized by a similar distribution in the space fornheritiyosity and
redshift, allowing to assess whether the intrinsic absorption alone canriofiube detection of the
X-ray spectral features of the AGN (see F4).

To check whether the spectral models used to unfold the spectra matehtlyotihe underlying con-
tinuum, we checked our results against extensive simulations, as expilaiGadpter3.

We represent in Figsb.5, 5.7, 5.6 our average observed spectra, together with the simulated continua
(solid line) and the 68% percentiles (dashed lines).

In the normalisation process applied to each spectrum before the awesgemputed the continuum
flux between 2 and 5 keV plus 8 and 10 keV because of the high numbésoftsed sources in the
survey. With such a large fraction of obscured AGN, in fact, by normaifietween 2-5 keV the
weight assigned to the absorbed sources would be too high. In this veagpthinuum reproduced
best the observed spectrum blue-wards of 7 keV. In this step, in twdemimise the &ect of the

Al spike at 1.5 keV in the spectra from XMM CDFS (discussed in Sect. #v#)ignored the bins
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Ficure 5.4: Distribution in Luminosity-redshift of our absorbemt@sses) and unabsorbed (full circles)
sub-samples

corresponding to 1.4-1.6 keV in the observed frame in the renormalisatibinahe final average
both in the real and in the simulated data.

Anintense iron line characterises the sample and all the sub-samples theteveonstructed, further-
more the line appears to be broad in almost all cases.

In order to properly study the iron line profile, in the XMM CDFS we were ias¢ed in estimating the
instrumental broadening introduced by our method in the broad energywmwere analysing. To do
this, we made the simulations of unresolved lines centredfi@rdnt energies, following the method
described in Chapte3. In our simulations, we recovered the input parameters of the continugm ve
well, reproducing a powerlaw continuum with~1.9, while the gaussian lines appear broadened by
about 100 eV.

We can see in Figh.8the unresolved line simulated at 6.4 keV. As we can see fibet®f our method
on an unresolved feature is a widening of the emission.

We studied the width of the average simulated lines as a function of their ceatreidies: the results
show ao- « E* with @ ~ 0.3 (see Fig.3.1). This energy-dependent instrumental response has been
taken into account in the spectral fitting of the average spectra.

5.2 Results

We discuss in this section the results of our analysis of the avetitid-NewtonX-ray spectra of
several subsamples in the CDFS, estimating in particular the iron line signéicancSect.5.2.],
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Ficure 5.5: Average observed spectrum with its simulated contimand the one sigma confidence
line. Full sample (top panel), absorbed subsample (middreel), unabsorbed subsample (bottom
panel).
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Ficure 5.6: Average observed spectrum with its simulated contimand the one sigma confidence
line. From top to bottom: low-z subsample (top panel), nedrisubsample (middle panel), high-z
subsample (bottom panel).
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Ficure 5.7: Average observed spectrum with its simulated contimand the one sigma confidence
line. Low-L subsample (top panel), middle-L subsample @tédbanel), high-L subsample (bottom
panel).
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Ficure 5.8: Unresolved line simulated at 6.4 keV for the full sample

we use a model-independent way to estimate the statistical significance, tHave&leped irfFalocco
et al.(2012; we also employed our new method to calculate the line EW using the simulatiorss of th
continuum.

In Sect.5.2.2 we describe the spectral fitting performed using continuum and line modslalde in
Xspec, and the model-dependent EW.

5.2.1 Model-independent estimation of the significance and EW

We calculated the significance of the iron line excess in the observed wpegith respect to the
simulated continuum (see Taldel). To do this, we followed the method explained in S&k

An excess in the observed data between 6.2 and 6.6 keV is found witlcrésmair simulations, for
the full sample and its subsamples, as we can see in the 5dbléf a broader range is considered,
i.e. from 5.5 to 7.2 keV, the excess is found with respect to more than 97% dirtiulations. An
excess in our observed data is found also in the range 6.8-7.0 keV, in jbietynaf the cases. It is not
significant in high-L, high-z{30%), and Abs+{90%).

We also estimated the EW of the iron line using the 110 simulated continua and usadn@éenergy
bands considered in the calculation of its significance. The EW calculatisrmaae following the
procedure described in Se@t5.

In the full sample, the EW seems to grow with increasing energy range &xe5l3), suggesting a
significant contribution from a broad line, in agreement with the qualitative@sgions expressed in
the previous section.
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TasLe 5.2: Model independent significance of the iron line estedah several bandwidths using the
simulations (as the fraction of simulations with a lower flivan the flux of the average observed
spectrum, see text). The bandwidths are expressed in keV.

Sample 6.2-6.6 6.0-6.8 5.5-7. 6.8-7.0
Full 1 1 1 1

Unabs 1 1 1 1

Abs 1 1 0.99 0.92
Low-z 1 1 1 0.99
Middle-z 1 1 1 1

High-z 1 1 0.97 0.27
Low-L 1 1 1 1
Middle-L 1 1 1 1

High-L 1 1 1 0.26

TaeLe 5.3: Median of the EW calculated inftBrent energy ranges using the simulations. The sym-
metrical errors are calculated using the error propagattmnon-symmetrical errors correspond to
the 1 sigma percentils of the simulations. The range is asgaekin keV and the EW in eV.

sample  6.2-6.6 6.-6.8 5.5-7. 6.8-7.
Full 129+ 15(*1]) 169+ 19(*23) 208+24(*3) 56+ 9(*1)

Unabs 152 22(*2)) 200+27(*39) 250+34(*34) 67+13(*1)
Abs 86+ 21(*31)  132+27(*5%) 162+ 34( ) 39+12(*1)
Low-z  123+26(*3%) 185+33(*4) 258+40(*%) 70+16(*%)
Middle-z 157+31(*33) 212+38(*4]) 278+47(*%) 51+18(*1F)
High-z ~ 116+23(*23) 118+29(*2)) 83+35(*3) 46+ 14(*13)
Low-L  148+28(*2%) 202+35(*3%) 264+43(%9) 72+17(*%)
Middle-L 130+ 26(*3%) 184+33(*4%) 219+40(*35) 53+ 15(*%)
High-L ~ 97+20(*2)) 113+25(*2]) 118+31(*3) 28x11(*})

This is also valid for the majority of the sub-samples that we constructed.Xtleptons are the high-z
and high-L sub-samples, where the line EW does not decrease with theofitithenergy range.

There is a hint of decreasing line EW with increasing average luminosity cfaimple (in agreement
with the 'lwasawa-Taniguchifgect’), but still within the mutual errors. There is no sudfeet withz,
indicating either that there is no evolution of the iron line with redshift, or thatiw@ot detect any
evolution due to the limitations of the survey employed.
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5.2.2 Spectral fits on the full sample and subsamples

In our analysis of the deeBhandrafields of Chapte#d (Falocco et al. 201)2the average simulated
spectrum was employed as a continuum in the spectral fits. In that appitedcend as the under-
lying continuum is assumed to be taken into account without any error lvatise current work, we
preferred to construct an empirical continuum with a flexible, smooth shiptake into account the
instrumental broadening at several energies between 2 and 12 kedgrnwelved the model with a
gaussian smoothing modejsmooth in xspec). Our 'basic continuum’ model is an absorbed power-
law, fitted individually to the average spectrum of each subsample, exgludirally the 5-7.2 keV
range (to avoid any contribution from a broad Fe K feature).

5.2.2.1 Partial covering absorption and Compton reflection

The observed continuum presents additional features below 4 keViave 8 keV, which we have
also tried to fit using more flexible models for the continuum. Although our pringagl was to
define the iron-line properties of the sample, we also attempted to correctigcttr@se the broad
band underlying continuum. The two main deviations from the standardsabpowerlaw at low and
high energies were considered using respectively complex absorptiaglsramd a Compton reflection
component.

The band E 4keV has noise features that did not allow a correct fitting of the continjsem Ap-
pendix B for details), but we included it anyway, for the determination ofctbrginuum. We took

into account the dispersion between the data and the basic continuum usorg Hexible absorption
model. This is the partial covering absorptigscfabs model inXspec). When we fitted the sole
continuum excluding the region 5.0-7.2 keV, the fit was bettey?iterms, than in the case of tpa.
When this band is included, instead, using the simplest line models also (i.e. a pingplemeno-
logical gaussian) the fit does not improve significantly. Moreover, thiggb@&overing absorber has
sometimes thefeect to produce a hump mimicking the broad line: its significance is consequently
reduced, together with its EW.

The spectra of the high-z and high-L subsamples are characterizetddxcass blueward 8 keV. To
take this into account, we fitted the continuum ignoring the channels in 5-7.2Wwhk&h exclude
the sum of our basic continuum and the iron line spectral feature) withexngélection component
(pexrav in Xspec) described inMagdziarz and ZdziarskiLl995. For the latter model we fixed the
slope to the same model as that of the basic continuum and th enésgy to 100 keV.

The reflection component does not seem to be significant, if compared witfit tvith the single
powerlaw. For example, the fitting does not give an improvement iry4tia the high-z subsample.
Moreover, in the high-L subsampléy? ~ 2.5 with 2 degrees of freedom less. In summary, more
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complex models for the continuum produced (at best) modest and low-sggrdé improvements in
the goodness-of-fit, and we have hence decided to use only the basmucon.

5.2.2.2 Iron line fitting with a gaussian model

After having re-introduced the bins between 5 and 7.2 keV, we foundad@xcess that corresponds to
the iron line. The first model we used to fit it was a simple phenomenologioakgm, for simplicity.

We set the parameters of the gaussian, in analogy of what we made fadp€ltbndrasample (see
Sect 4.4.2), as follows:

¢ Fixedo=0 and fixed centroid energy at 6.4 keV: this allows us to estimate the signiicditice
narrow component of a neutral Fe K line (hereafter "fix-fix’, in thetfinse of each sample in
Table5.4)

e Fixed centroid energy at 6.4 keV and free it studies the significance of a possible broad
component and estimates its width (hereafter 'fix-free’, in the second liradh sample in
Table5.4)

e Free centroid energy and fixeck=0: it allows for the presence of an ionized narrow Fe com-
ponent and estimates its centroid energy (hereafter 'free-fix’, in the linie of each sample in
Table5.4)

e Free centroid energy and free considers both ionized iron emission and broad line emission
(hereafter 'free-free’, in the fourth line of each sample in Tahi®

The probability of the improvement of letting free the width, the central enenglyoth, with respect

to the narrow neutral iron line is calculated according to the incompgléiaction and is in the fourth
column of the Tablé&.4. In the first line of each sample, the probability refers to the improvements in
the fit between fix-fix and the fit with the basic continuum over the full 2-¢¥ kange.

In the o~ given in Table5.4, the instrumental width is already accounted for due to the use of the
gaussian smoothing through the mogsthooth.

The sample is characterized by flat continua, in all but the unabsorlbesbsople, where the contin-
uum slope is- 1.8 as expected.

The significance of the emission line 6.4 keV is 99.99% in all cases. Leavingidtie of the line free
produces a significantly better fit in the full sample and in the majority of theasapkes. The ex-
ception is constituted by the high-99.7%) and high-z490%) subsamples where the improvement
introduced by a broadened gaussian is only marginal.
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TasLe 5.4: Results of fits of the average spectrum of the full sanaple its subsamples with the
basic continuum and the gaussian centered at 6.4 @wboth* (pha*pow+gauss). L: luminosity
in erg st. Columns: (1) sample; (2)?/dof of the fit with the basic continuum model; (8%/dof
of the fit with the same continuum and the Gaussian; (4) priibal(Ay?, Av)s, g (of adding the
Gaussian to the continuum model and of leaving the paranfieterto vary, see text); (5) intrinsic
column density estimated in the fits; (6) slope of the power(&) central energy of the Gaussian; (8)
o of the gaussian; (9) EW of the Gaussian; (10) average radsftiifie sample; (11) average of the
logarithmic luminosities in erg=s from the fits of the single sources after the correction folaGiic
and intrinsic absorption (see text); (12) average of therool densities from the fits to the single

sources in 1&cm=2.

Sample y%dof(c) x%dof(g) P,6(x?) Nn r E o EW (@  og(L))y {(Np)
% cn? - keV eV eV ergs!  10%%cm2
@) @) ®) (4) ®) (6) ) (8) ©) (10 (1) (12)
Full 216.2020 111.0819 >99.99 <0822 1.52:0.01 6.4 0 9815 134 4374 148
- - 68.7218 >99.99 <0822 1.540.01 6.4 3127%  204+38
- - 106.6718 >95.4  <0.822 1.520.01 6440%% 0 103:15
- - 68.7217 >99.99 <0.822 1.540.02 6.46:0.06 31155  203:39
Unabs 166.1@0 91.8919 >99.99 <0.822 1.780.02 6.4 0 10621 1.37 4378  0.05
- - 77.5618 >99.73 <0822 1.790.02 6.4 21733 171x44
- - 88.4518 >90 <0.822 1.780.02 6.46%937 0 11221
- - 76.1817  >99.99 <0.822 1.790.02 6.44%2% 212790 172:44
Abs 98320 64.1819 >99.99 2.9%0.31  1.4%0.05 6.4 0 7321 134 4374 451
- - 31.2918 >99.99 2.8%0.31  1.480.05 6.4 541293 273:90
- - 61.5418 <90 298031  14%0.05 6.480.06 0 80:22
- - 311417 >99.99 2.790.33  1.480.06 6.3%0.13 547210 274195
Low-L 106.3¢20 61.1719 >99.99 <0.822 1.5%:0.02 6.4 0 10424 0.78 43.17 081
- - 47.4518 >99.73 <0.822 1.54:0.03 6.4 382130 244:80
- - 58.7318 <90 <0.822 1.51:0.03 6.455%: 0 110:26
- - 47.1717  >99.7 <0822 1.540.03 6.430.10 371132 241473
Mid-L 1615520 118.1319 >99.99 <0.822 1.56:0.02 6.4 0 11227 154 4398  1.82
- - 96.5518 >99.99 <0.822 1.5%0.03 6.4 30133  228:59
- - 116.9818 <90 <0822 1.560.02 6.440%5 0 114+32
- - 96.4817 >99.99 <0.822 1.58:0.03 6.4%0.09 3013  228:59
High-L 103.3820 64.7219 >99.99 0.880022)  1.68:0.04 6.4 0 7820 214 4449 227
- - 54.6718 >99.7 0.8432%3 1.68:0.04 6.4 193391 119:37
- - 63.4818 <90 0.883( 1.68:0.04 6.47097 0 82:21
- - 54.6317 >99.7 0.84Q§f§§g 1.68:0.04 6.33@%2 1967331 120:41
Low-z 131.6220 832319 >99.99 0.55@0.270 1.530.06 6.4 0 9218 06 4310 133
- - 64.0518 >99.99 0.5420.272 1.560.06 6.4 450508 266+70
- - 76.5918 >99.0  0.5580.270 1.530.06 6.46533 0 10626
- - 62.3917 >99.99 0.50%0.280 1.560.06 6.38:0.12 48%107 27970
Mid-z 118.4620 86.2319 >99.99 <0.435 1.560.05 6.4 0 10430 1.24 4385  1.89
- - 54.7018 >99.99 <0.396 1.580% 6.4 446150 310:99
- - 83.3718 >90 <0.441 1.560.05 6.49957 0 11330
- - 52.2917 >99.99 <0.430 1.59508  6.51:0.12 43475  316+98
High-z 93.4920 41.8319 >99.99 0.4320.242 1.710.05 6.4 0 11426 2.26 4432 1.20
- - 39.5918 <90 0.424:0.243 1.7%0.05 6.4 11183, 13035
- - 40.9718 <90 0.430.24  1.7%0.05 6.3%0.06 0 14444
- - 39.1017  >90 0.420:0.240 1.7%0.05 6.380.06 <172 129:34

An additional single symmetric (narrow or broad) line at 6.4 keV is not required by the data. We

show the spectra with the best-fit models found with the gaussian (fredrfrall cases except for

high-z, where the fix-fix is shown) and the corresponding ratios in Eigs5.11, 5.10

Generally, the best fit with the gaussian line is found in the 'fix-free 'settimtjcating the presence of

a broad line, with the exception of the high-z subsample where the detectesliliseead narrow.
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5.2.3 Fits of the broad iron lines

Having established that a broad profile is demanded by the data, we nawslsphysical model for
the accretion disks. We considereddaskline’ to model the iron line. The model was developed by
Fabian et al(1994) for theXspec package to test the accretion disk hypotesis.

The relativistic model adopted here implies that the emissivity scales?asGeneral and special
relativistic dfects in this regime carflard a most suitable explanation of the observed profile. We set
the inclination angle to the average value of 4&ter having assessed that when it is left free to vary
during the fits, it does not significantly deviate from the input value.

We have fixed the inner radius of the accretion disk tq;@Rd the outer radius to 100Q,Rvithin the
picture of standard accretion disks around a non-rotating BH. We then:

e calculated the EW with the parameters set as just mentioned (we refer to thikandatiek-fix’
and we show the results in the first line in Tabl8)

o left the emissivity index, the inner radius, and the inclination angle free ta ¥his allows to
check if the parameters deviate from the input (we call this model 'disK;freith parameters
in the second line in Tablg.5)

The fits parameters are shown in the first two lines of each sample in 3&blEhe probability of the
fit improvement, calculated as usual with the inverse beta function, is shotte ithird and fourth
column of the Tabl&.5. In the third one, it is calculated between 'disk-fix’ and the simple *fix-fix’
model. In the fourth column, it is calculated between the 'disk-free’ anddis&-fix'. The absolute
x? values show that our fitting of the continuum is not good in all the band ceresid Moreover, the
diskline fits the lines as well as the gaussian.

The significance of leaving the diskline parameters free to vary is low, asawsee from the proba-
bilities in Column 4: these are lower than 90 % in almost all cases. We fitted the ieoflitme full
sample with another simple model in the literature: ther model inXspec (Laor, 1991). This model
considers an accretion disk around a rotating BH: such disk can extenldweer inner radius than in
the case of the Schwartschild BH. In fact, if the BH is maximally rotating, the@gpenner radius is
1.2 Ry. The line fitting does not improve with respect to thieskline fit. Probably, we would need a
higher spectral quality to identify which is the best model.

We should take into account that the EW of the broad lines are higher thaméisein the literature.
As a narrow core of the iron line is expected as the signature of fluoresd®s material far from the
central source (i.e. the torus), we added a narrow gaussian withrfeegye(between 6.4 keV and 7.1
keV). From now on, when the model is composed by the disk-fix and thiswayaussian, it is called
'disk-fix-na’; when it has instead the disk-free component plus theomagaussian, it will be referred
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to as 'disk-free-na’. The results of these two fits are in the third andtdune of Table 5.5. Contrarily

to the expectations, the addition of the narrow line does not seem to bee@gtriongly by our data

being its significance and its EW quite low in general. This result is in disagreemith the theory

predicting that a narrow fluorescent feature, emitted from material fay &@m the central source,

should be found in all or most AGN spectra.

TasLe 5.5: Results of fits of the average spectrum of the full sanguid its subsamples using
gsmo* (pha*pow+diskline) andgsmo* (pha*pow+diskline+gauss). Columns: (1) sample; (2)
x?/dof of the fit with disk-fix in the first line of each sample, diske in the second one, disk-fix-na
in the third one, disk-free-na in the fourth one. (3) Prolighof each fit with respect to the fit with
the basic continuum. (4) Probability between disk-free @disl-fix (second line), between disk-fix-na
and disk-fix (third line), between disk-free-na and diséef(fourth line). (5) intrinsic column density
given by the fits to the average spectra. (6) powerlaw slopdan(er radius. (8) emissivity index. (9)
inclination angle. (10fliskline EW. (11) central energy of the narrow component. (12) EW ef th
narrow component

Sample y%dof  Pisy?  P.6y? Ny r R B 0 EWgisk E EWha
% % 1G%cm2 Rg - ° ev keV ev
@) @) ®) ) ®) (6) @) ®) ©) (10) (11) (12)
Full 55.6¥19 >99.99 - 0.254:0.155 152001 =6 =-2 =45 24431 - -
55.016 >9999 <90  0.25&0.150 1.590.02 6% -1.95:0.25 443 23338 -
51.5517 >9999 <90  0.26:0.15 153003 =6 =-2 =45 19344 6.430%°  28:21
47.8714 >9999 >954  0.25%19 1.59700%  6'2° -2.2+03 2972 224146 6.95;§?§§ 4317
Unabs 81269 >99.99 - <0.82 18002 =6 =-2 =45 23943 - -
77.1716 >9999 <90  <0.82 1.79002 6%  -1.55%8 4323 191451 - -
74.0317 >9999 >954 <0.82 179002 =6 =-2 =45 150:67 6.5009%%  52+35
72.014 >9999 <954  <0.82 1.720.02  147% -1.639 21729 168:42 695j§:%§ 39:19
Abs 35.3619 >9999 - 28+0.3 1.470.05 =6 =-2 =45 22343 - -
32.7316 >9999 <90  2.80% 147908 g*g3 -2.240.5 403, 27152
33.9317 >9999 <90 28+0.3 1474005 =6 =-2 =45 202:36  7.1°00 20+20
30.0314 >9999 <90 2704 1.46:006 6839 -2.80¢ 323 248+58 7.0§§3§ 47+17
Low-L 43.9919 >9999 - 0.29:0.28 152006 =6 =-2 =45 25953 - -
43.9316 >9999 <90  0.2%0.28  1530.06 632 -198+055 467  260:41 - -
42,9917 >9999 <90  <0.82 1.530.03 =6 =-2 =45 188:72  6.4109%  43:36
335214 >9999 >99 034027 160006 6453  -4.82¢ 892 166+29 6.44:§¢§§L1 72422
Mid-L 949719 >9999 - <0.82 158+ 003 =6 =-2 =45 282:55 - -
946916 >9999 <90 <082 158003 6%  -2.0:04 43 278:69 - -
93.8017 >9999 <90 <082 1.580.03 =6 =-2 =45 26154 6.970%1, 2118
82.1§14 >9999 >954 <082 1.60:0.03 6.207 -6.959 35.0:1.8 396:79 6.96;%1? 81+36
High-L 56.6219 >99.99 - 0.79:0.23  1.680.04 =6 =- =45 17338 - -
31.1416 >9999 >9999 045025  1.620.04 7.792 -3.93° 33.992 33475 - -
548717 >9999 <90  0.8k0.23  1680.04 =6 =- =45 126:67 6.44291  30+29
31.1414 >9999 <90  0.450.26 16300 7.7%2 -9.9%9 342 320+76 6.6_*8% <72
Low-z  66.1319 >99.99 - 0.50:0.27 155006 =6 =- =45 25152 - -
60.2316 >9999 <90  0.44:0.27 153006 25%  -3.2032 257§ 24351 - -
61.1617 >9999 <954 0.52:0.27  15%0.06 = =- =45 186:93 6.45092  47+39
46.5414 >9999 >99.79 053027  1.56:0.06 38%  -3.1'31 5245 188:91 6.44:004 78:30
Mid-z  54.1019 >9999 - 0.11792% 157:0.05 = =- =45 30459 - -
514416 >9999 <90  0.120.12  1520.06 6%  -205:0.37 44  390:78 - -
49.1217 >9999 <954 0.13:0.13  1.580.05 = =-2 =45 28357 7.020%  48:28
48.3714 >9999 <90  <0.42 1.520.02 6/ -1735 632, 27852 70+0.1  52:20
High-z 67.9719 >9999 - <0.82 1.640.02 = =-2 =45 17&51 - -
46.7916 >9999 >9999 <082 1.64:0.02 272322 >-10 257, 137+30 - -
50.5717 >9999 >9979 <082 1.620.02 =6 =-2 =45 <1000 6.429% 111455
36.1/14 >9999 <90 <0.82 1.64:0.02 693 -7 113 129+:49 6.4j§184 120+£42
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5.2.4 Complex continuum models with a complete set of fluoreent lines

We considered a more proper model to represent both the primary camtiabgorption from a warm
absorber, absorption from a cold absorber, and fluorescenoeafroaterial far away from the primary
continuum source (i.e. the torus). We followed the lined®fa Calle Rrez et al(2010 andNandra
et al.(2007). The spectrunf(E) is represented by the model:

f(E) = W(T,Ni, ¢) - [eN - AET + Z Gi]
Hereafter, we call the model including the primary emission and the reiogefom material far
away from the central BH the 'complex’ model. The results are in the firstliribe Tableb.6.

After, we modified the model adding a relativistic iron line representeddiyskline:

f(E) = W(I, N}y, v) - [e "™ - [AET + D(0,8,R)] + ) _ G
The main components taken into account with this model are:

o W(T, Nh,gb): warm absorber represented by ftepec modelAbsori. NL is the intrinsic col-
umn density and is left freej=ionization parameter, left fre&= slope, it was set to the same
value as the photon index of the primary powerldws the temperature of the absorber, that we
fixed to the default value of210° K.

e Y Gjisthe sum of gaussian lines emitted by fluorescence from material far aovaytie central
BH (e.g. the torus), considering the prescriptions/aitt (2002):

FeK, line at 6.4 keV from neutral iron (EW in the 11th column of Tablé)

FeKj line centered at 7.06 keV with flux 11 percent of the flux of thekize

NiK, line centered at 7.47 keV with flux 5 percent of the flux of thage

Compton Shoulder line centered at 6.3 keV with30 eV and flux 20 percent of A¢,)

e D(0,8,R) is thediskline model with inner radius of 6 & outer radius of 1000 & emissivity
(B) fixed to -2. Being our sample dominated by unabsorbed sources thstitatsn 68 % of
the full sample, we expect that the accretion disks are seen preferefaiedyon, under the
hypotesis that the acretion disk and the torus axes are aligned. For gus wa set thé to 30
degrees. The paramet&s3, R are frozen in the second line of Tallies and free in the third
line.
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TasLe 5.6: Results of fits of the average spectrum of the full samaplé its subsamples using the
complex model:gsmo*absori [pha*pow+),gauss] in the first line of each sample; the complex
model plus theliskline with fixed parametergysmo*absori[pha *(pow+diskline)+) gaus]in
the second line; the complex model plus thiekline with free parameters in the third line. Columns:
(1) sample; (2)?/dof of the fit with the complex model with narrow lines only hretfirst line of each
sample; with the addition of fix diskline in the second oneliion of both fix diskline and ionised line
in the third one, with free diskline in the fourth one. (3) &ificance of the addition of the diskline,
in the first line, and significance of leaving its parametegg to vary in the second line. (4)intrinsic
column density given by the fits. (5) powerlaw slope. (6) mradius. (7) emissivity index. (8)
inclination angle. (9Yliskline EW. (10) EW of the narrow gaussian line at 6.4 keV

Sample y?/dof Paisiox?  Nh NH.ion r R B 0 EWgisk EWha
% 10%2cm 2 10°%cm2 Rg - ° eVv eV
@) (2) @) (4) ®) (6) ) (®) ©) (10) (11)
Full 83.8617 - <0.82 4.1f%§% 162+ 004 - - - - 78738
Full 57.4716 >99.99 <0.82 245j1;7§ 161+0.04 =6 =2 =30 167j§i <33
Full 45.8013 >99.00 <082 043737 156705 65772 -9.99°299 382727 26172 44'%
Unabs 91.4M7 - <082 <164  178+002 - - - - 9217
Unabs 80.306 >99.7 <082 <082  179+002 =6 =-2 =30 14357 272
Unabs 75.3M3 <90 <082 <082  180+002 197%° -2.0878 3313 146j§§ 4332
Abs 50.0417 - 2607532 147 142+005 - - - - 5378
Abs 39.3116 >99.7 <16 43 148+ 005 =6 =2 =30 13433 <1000
Abs 31.5213 >954 <164 34818 148700 873308 22708 3977 232j§§ < 1000
Low-L 536317 - <082 11675 1607008 - - - - 9057
Low-L 46.4916 <99.7 <082 osstgig“ 159+ 0.06 =6 =2 =30 1317 36%32
Low-L 352213 >954 <082 072§2;§§ 161+006 558 -2.1*22 353721 15973 66j§§
Mid-L  109.6717 - <082  91'%% 1587010 - - - - 8625
Mid-L  98.9516 >99.7 <0.82 62 1.58_*8;8g =6 =-2 =30 19723 <25
Mid-L  93.6913 <90 <082  372'1%2 1.60j§;§z 10581125 180 905, 163j§§ < 64
High-L 63.6017 - <082 24427 170+005 - - - - 6072
High-L 46.2316 >99.99 <082 180?»393 1.68+0.05 =6 =2 =30 14536 <1000
High-L 31.1513 >99.7 <0822 o45f%;269 163+004 7752 -10%0 342 323j§§ <1000
low-z  81.9417 - <082 1647 1567007 - - - - 7757
low-z  69.7416 >99.7 <0.82 123i%;28 155+ 0.06 =6 =2 =30 154% 1616
low-z  51.6913 >99.7 <0.82 103:2?2 157+006 3323 2867286 270, 190_*§§ sejﬁ
Mid-z 737917 - <082 456735 162900 - - - - 8872
Mid-z  64.0816 >99.7 <0.82 294j§117 1.60j858§ =6 =2 =30 20020 <1000
Mid-z  50.3313 <99.7 <082 109_%52 1.61j§-§g 7.0t 152:3°2 4240, 334:?%3 < 67
High-z 445217 - 044752% <329  172+005 - - - - 9522
High-z 44.1316 <90 0428;55 <329  172+005 =6 =- =30 373 1T
High-z 38.6413 <90 042;%%% <329  17179%2 289779 -10%° 2679, 13332 <1000

The spectrum of the full sample fitted with the complex model is in the top panegof312 its

fit with the diskline with fixed parameters added to the complex model is in the middle panel of

the same figure; the fit with théi skline with free parameters is instead in the bottom panel. The

vertical line marks the position of the energy 6.4 keV. The two models obtaoretthd full sample

using a complex model plusdd skline with fixed and free parameters are shown in FEdL3in the

left panel and right panel respectively. In that figure, the verticalibriocated at 6.4 keV and the blue

profile represents th&i skline model component.

For each subsample, from Fi§.14to Fig. 5.21, we show: in the first panel the fits with the complex

model plus the fixed diskline, in the middle panel the fits with the same model witldis&kne; in
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Ficure 5.13: Complex models with diskline: model with fixeldskline parameters (left panel);
model obtained with frediskline parametes (right panel). Full sample

the bottom panel the model obtained in this last fit. The vertical line is alwap$ddat 6.4 keV and
the blue profile indicates th#iskline component.

5.3 Discussion

A significant iron line characterizes the X-ray spectra of our full sampb al our subsamples in
luminosity, redshift andNy. Employing our new, model-independent analysis, and modelling the line
profile with a gaussian, we have shown that the line is significantly broddgr340 eV in the full
sample) in all the subsamples with the exception of high-L and high-z.

We investigated subsamples in luminosity and redshift to check a possibledfehd EW of the
narrow iron line. The results of such subsample division did not highlightdependence of the line
EW on these two parameters. While a non-dependence with the redshife@agound the previous
analysis ofBrusa et al(20095, a non-variable EW for dlierent luminosities would be instead harder
to understand, given that the lwasawa-Tanigudféa has been well assessed in many recent works
(Bianchi et al. 200). Given the uncertainties to the EW, it is probable that we did not accumulate a
suficient number of counts in each subsample to detect such dependence.

The fits with thediskline are in general as good as the fits with the broad gaussian and, adding the
narrow core, we found that its significance is generally lower than éggde®robably, to disentangle
the two components, a better spectral quality is required.

We used a more realistic model to fit the primary continuum and the reprogdssin material far
away from the central engine, along the lineslefla Calle Rrez et al(2010 andNandra et al(2007).
The fits to the spectra improve with the addition of thekline at>99.7% of significance in almost
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all cases. In general, our data do not require to change the input digknpters significantly. In
most cases, théiskline parameter®, R;, 8, are strongly degenerate or cannot be constrained with
precision. Anyway, taking the results at face value, they tend to be tentsigith the input.

The estimation of the EW of the relativistic line and its comparison with individualegin the
literature, give an information about the fraction of the sources contriptisuch feature. In the fits
with adiskline component and a narrow gaussian, for the relativistic component wmettg\W
of 193 eV in the full sample. A probable overestimation of this component @maganied by the low
significance and EW of the narrow core, and its EW of just 28 eV.

Using a complete model that represents fluorescent emission from mageraldy from the central
sources, like irde la Calle Rrez et al(2010 andNandra et al(2007), we obtained a lower value of
the EW. An EW of 164 eV was found in the full sample. The EW of the narrore @t 6.4 keV has
been constrained to be lower than 36 eV.

The EW of the relativistic lines are consistent with thos&lahdra et al(2007) andde la Calle Brez
et al. (2010. In particular,de la Calle Rrez et al(2010 found in their flux-limited sample an EW
distribution extended up to about 250 eV, with an average value of aFOu\L

5.4 Conclusions

We studied a complete sample of 100 spectra (51 AGN) with the best spebtRairSthe CDFS
XMM-Newtonobservation. The ultra-deep exposure of 3.3 Ms allowed to collect a gomiber of
high quality spectra, with SNR 15, totalling more than 180000 counts between 2 and 12 keV rest-
frame.

We averaged the spectra of the full sample and several subsampléspa®yéurther our own method
previously used irCorral et al (2008 andFalocco et al(2012 and we characterised the instrumental
and averagingféects using extensive simulations.

With our new methodologies, we could explore for the first time in X-ray stackiie relativistic
contribution to the average iron line of a deep AGN survey with high conieletaking full account
of the instrumental and methodologicdilexts.

We estimated the EW and the line significance in a model-independent waygfthdiran iron line is
significant>99.99 % in the full sample and in all its subsamples. The model-independenttéstima
of the EW is 129 eV in the full sample, and ranges from 86 eV to 157 eV in theasuples.

Investigating subsamples in luminosity and redshift, we did not detect a saifiependence of the
line EW on these parameters: our uncertainties on the EW do not allow to stadyrends. This is
probably due to the fact that we have accumulated arffiocgnt number of counts in each subsample.
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Fitting the line with a relativistic line profile and a narrow gaussian core, wbgiiy overestimated
the EW of the broad line component. Given that we expect to detect a prooatyiuum reprocessed
from material far away from the central engine (i.e. the torus), we ddd¢memploy a more realistic
model taking this into account: we used a complex physically-motivated modeptesent it along
the lines ofde la Calle Brez et al(2010 andNandra et al(2007). From the fits with such models, we
found that our data require, besides the expected set of fluordsenifrom material far away from
the central source, a broad line in the full sample and in almost all the sulesatingt we constructed.
For its correct physical interpretation we used a relativistic linesk1ine in Xspec. Given the limited
spectra resolution of the average spectra in analysis, we chose to noyengse complicated models
such as, for exampld,aor (Laor 1991, because we felt that the data do not allow to distinguish
between them. For this reason we used the simplest model in the literature.

The input disk parameters were broadly consistent with: the averadg lagtgveen the perpendicular
to the disks and the observer to be of 30 degrees; the accretion diskextebded from 6 Rto 1000

Ry; the emissivity function to scale as? Under this last hypothesis, the bulk of the fluorescence
production occurs in the innermost annuli of the accretion disk, and thissrteat the continuum
source is located in the inner edge of the accretion disk.

Leaving the parameters of thiskline model free does not allow in general to determine whether
deviations from the input model should be considered to fit our data. Adtintlue limited spectral
resolution and the average over many sources would not allow to detedtightlaccuracy significant
deviations from the model, itfBords a satisfying interpretation of the broad line profile.

Concluding, our main result is that the relativistic lines are significant98t7% in the majority of
our subsamples: for the first time in X-ray stacking, a broad iron line has detected with high
confidence and its presence has been well assessed with a large afrsimiations.

The EW of the relativistic iron lines are generally consistent with the averalyes found irde la
Calle Ferez et al(2010 andNandra et al(2007), being 167 eV in the full sample. This highlights that
the broad iron line is emitted by a large fraction of AGN in this survey.

Summarising, we found that a broad iron line is strongly detected, emitted thflmogescence at 6.4
keV in material both far away from the primary emission source and relatslese to the SMBH
since the relativistictéects are also detected.

Increasing the total number of counts available for these studies woulddelmnstrain better the
parameters of the line and hence, the general properties of the emitting.régis is investigated in
the next Chapter with the VCV sample.

The results discussed in this Chapter are part of a paper close to sulmgsgistronomy & Astro-
physics.



Chapter 6

Stacking of the VCV survey

We employ the VCV survey for the study of the AGN X-ray spectra with a higR St is a superficial
survey that, thanks to the high sensitivity of the instrumenisMM-Newton allows to compile many
spectra with good spectral quality.

With its high counts statistics, the average spectra of this wide survey allowetketidn and the
characterization of the relativistic iron lines.

We show in this chapter the preliminary results of this analysis.

6.1 Properties of the VCV sample

In this analysis, we focussed on the spectra with spectral SR in the rest-frame band between 2
and 12 keV rest-frame.

TasLe 6.1: Properties of the VCV full sample and the subsampledur@as: (1) (Sub)Sample; (2)

Number of sources; (3) number of net counts in 2-12 keV nest€; (4) number of net counts in 5-8

keV rest frame; (5) average redshift; (6) average restdram0 keV luminosity; (7) average intrinsic
column density in 1€ cm2 *

Sample N No_po Ns_g (2> (log(L)) (NH,22)
ergs 1F%cm?

Full 672 706870 160242 1.03 44.46 0.454
Unabs 544 510818 100605 0.950 44.20 0.04
Abs 128 196052 59636 1.399 44.46 2.22

The resulting VCV sample contains a total of 672 spectra (340 individuatespobserved with the
EPIC camera. The high number of counts accumulated in good quality spe¢®8870, promising
for the detection and an accurate study of the iron line properties. Thé&rapafter being grouped
with a minimum number of 20 counts per bin, were fitted between 1 and 12 kdfvaras using an
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Ficure 6.1: Distribution of VCV sample (blue crosses) and XMM CDFRSnple (red circles) in the
parameter space
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Ficure 6.2: Fraction of sources with a given intrinsigyNn 10°?cm2 in the VCV catalogue (red
hystogram) and in the CDFS catalogue (blue hystogram)

absorbed powerlavwpha*zpha*pow) by Galactic and local absorption. We calculated the luminosities
between 2 and 10 keV rest-frame with the best fit model corrected forsimd Galactic absorption,
as usual.

The distribution of the sample in the parameter space (se®Hjgshows that the VCV covers a larger
area than the XMM CDFS explored in the previous chapter. Moreovdisituf the low redshift zone
of z<0.5 with a large quantity of sources distributed over a broad span of lumirsositiegeneral,
VCV sources have higher luminosities than XMM CDFS ones, because ihasllawer survey.

We have estimated the N\of the intrinsic absorption using the best fit models, too. Their distribution
shows a large amount of unabsorbed sources (se&R)g.Comparing the VCV and the XMM CDFS
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Ny distributions, the first one has a dominant population of Unabsorbedesywrhile the second one
has a larger fraction of Absorbed AGN (though the majority of the souscaisabsorbed).

We divided the sample in Absorbed and Unabsorbed subsamples settingetteott, as always, at
log (N/cr?) = 215 as explained in Sect.0.5

The characteristics of the samples so defined are in the Babl&his survey is strongly dominated by
unabsorbed sources, being the obscured ones only one fifth ofiteelécted sample. For this reason,

in the normalisation process of each spectrum, the integral of the continuxmeffteach source is
performed in the band between 2 and 5 keV rest-frame (considering alsatid between 8-10 keV
rest-frame as we made in Chapis not necessary in this case because the majority of the sample is
made by Unabsorbed sources).

6.2 Results

After applying our procedure for the spectral stacking, we obtainedwbeage spectra in Fi§.3. An
intense iron line is detected in this survey, and it is visually broadened oritbodd and blue side.

Before making the spectral fitting, we measured the resolution of our methodstimate it, we
considered that the narrow core of the line is broadened by fil@ste Fitting its profile, we obtained

that it was 132 eV in the full sample and 123 eV in the unabsorbed samplesd¥mad that the trend

of the resolutionr-(E) is approximately constant in the band that we analyse. To do that, we set the
valuea of thegsmooth convolution model to 0.

Taking into account the complexity of the line profile in the absorbed samplelfveihould also be
present in the full sample), we have only attempted a preliminary charatitanisd the unabsorbed
sample apparently and (as expected) free of such complexities.

We fitted the average spectrum of the Unabsorbed sample using the 'cammiieX employed for the
XMM CDFS sample (see Chap.1). An excess leftward and rightward of the energy 6.4 keV is found
(see Fig.6.4), indicating that there must be a contribution of iron line also from materiabdimshe
central BH.

We added aiskline with fixed parameters as we made in the analysis of the XMM CDFS (set as we
have made in Sec6.4): in these fits, the angleis 30 degrees, the emissivifyis -2, the inner radius
Ri is 6 Rg

The spectral fitting is more appropriate to recover the line profile founieaat red-ward the narrow
line emission (see Fig6.4). No improvement of the ratios is instead reached blue-ward the narrow
core.
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Then, we left theliskline parametersq 3, R;) free and the adjustment corrects the residuals blue-
ward the line, while slight improvements are introduced fel6E keV (see the bottom panel of Fig.

6.4)

6.3 Conclusions

Altough we still need to progress in the quantitative analysis of the speetlres of the average
spectrum of VCV, we can already draw some preliminary conclusionsdraranalysis. We performed
the spectral fitting of the sample taking into account the full set of fluorgditees that are expected
to be emitted far away from the central BH.

From the fitting, a strong excess is still left, displaying large ratios betwetmnatal model both
blueward and leftward the energy 6.4 keV.

Adding thediskline model to represent such feature, we recovered the red wing: the ocwudstler-
ing the emission from an accretion diskads a more suitable fitting of the line. The fixéitlskline,
while taking into account the red wing of the relativistic component, leavesidsterepresented the
excess detected blueward the line (see 6ig. middle panel).

When we leave the parameters of thieskline free to vary, the inner radius increases from 6 to
~18Ry (that is still an annulus close enough to the central BH to detect the relatisfigzts) which
would argue against very strongly rotating BH. The inclination angle of the dibout 48, indicating

a preference for higher inclination angles, even for these unalboltjects. The emissivity law is
slightly steeper, indicating that the location of the continuum source is prefelly in the inner edge
of the disk. Perhaps, leaving the parameters free, we might have timextes! its EW because some
contribution from an ionized line, as found hyasawa et al(2012, might be present and unaccounted
for in the current state of our analysis.

There are some systematic residuals in the continuum at low and high ertbagiese still need to
model. The former might be accounted for by a partial covering with mild altisor, while the latter
might correspond to a reflection component, which is expected to acconipamarrow reflection
lines.

Concluding, we stronglyX99.99% significance) detect the presence of a broad, relativistic canpon
of the iron line, with an EW of 219 eV. This value is within the range of the EWhibin the flux-
limited sample ofde la Calle Brez et al(2010. It indicates with high significance that an intense
relativistic line is a common feature in the unabsorbed AGN. The narrow coempds also detected,
indicating the presence of fluorescent emission from neutral materiahiy from the central engine
(i.e. the torus), even in unabsorbed objects.
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TasLe 6.2: Results of fits of the average spectrum of the full saraptéits subsamples using the complex modem6*absori (pha*pow+>,gaus)) in the first
line of each sample; the complex model plusdtiekline with fix parametergsmo*absori[pha *(pow+diskline)+) gaus] inthe second line; the complex
model plus theliskline with free parameters in the third line. Columns: (1) sam{®®)?/dof of the fit with the complex model with narrow lines only imet
first line of each sample; with the addition of fix diskline lretsecond one, addition of both fix diskline and ionized Im#e third one, with free diskline in the
fourth one. (3) Significance of the addition of the diskliirethe first line, and significance of leaving its parameteeg to vary in the second line. (4)intrinsic
column density given by the fits. (5) powerlaw slope. (6) mmaglius. (7) emissivity index. (8) inclination angle. @)skline EW. (10) Narrow gaussian line at
6.4 keV EW.(11) central energy of the ionized component) B\M¥ of the ionized component

Sample y?/dof Paisidx®  NH NH,ion r R B 0 EWgisk EWha
% 10%2cm™2  10%2cm2 Rc ° eV eV

1) (2) 3) (4) () (6) (7) (8) 9) (10) (1Y)

Unabs 428.785 >99.99 <0822 <1645 1687007 - - - - 19211
Unabs 356.5B4 >99.99 <0822 <0822 1697007 =6 =-2 =30 21975 9527

0.01 126 0.5 7.0 43 19

Unabs 189.381 >99.99 <082 <082 17393 17.8+125 31703 47979 333793 146'1]
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Conclusions

Most astronomers nowadays accept that Active Galactic Nuclei arerngowby accretion onto a
SMBH. Such a model represents the most reasonable explanation fdrsered phenomena. How-
ever, as a BH is not directly observable, it is possible to infer its existenlgetfrough the influence
to its close environment. Detection of the characteristic relativistects of the black holes requires
data that probe such small scales, close to the event horizon. The vslouwitived begin to approach
to the velocity of light and furthermore the gravitational field of the black hadlecause time-dilation
effects resulting in gravitational redshift. These characteristics reprégentost compelling test of
the black hole paradigm. Modern X-ray spectroscopy is an excellemvitdoivhich we can peer into
the exotic world of accretion onto black holes.

7.1 Conclusions of this thesis

In this thesis we have presented a uniform analysis of AGN surveys eimgloyr averaging method.
Having been the results of the X-ray spectral analysis of AGN quite cagnsi@l during the last years,
confirming the presence of relativistic lines in some woksdblyanska et al. 200%r rejecting it in
others Corral et al. 2008 our work proposes to apply a uniform approach of analysis fostauitially
different samples.

The strategy adopted was to compile as many spectra as possible for AGdhstouct an average
spectrum and to obtain the mean properties of the iron line from it.

We have used the deepest surveys observe@handraand XMM-Newton(CDFN, AEGIS, CDFS)
to understand the iron line emission of the AGN in the distant Universe andotorexthe accretion
properties in dierent cosmic epochs.
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With the purpose to accumulate a large number of counts using spectraskasgmod SNR, we have
also explored the iron lines in the Universe using the VCV sample. The biodigta accumulated in
this survey allows a detailed study of the iron line properties of AGN.

7.1.1 Average Fe line emission fronChandra deep fields

In our study of theChandradeep fields, we focused on the spectra in the surveys of CDFS, CDdFN an
AEGIS. This is one of the most relevant surveys of AGN made so far inytedaray observatories,
totalling 123 unique sources with spectroscopic redshifts and good quaditgra. The total amount
of counts is~70000 in the 2-12 keV rest-frame band. After having checked ouftsesith the use

of extensive simulations, we found that a narrow line characterisesaoysle with an EW of 74 eV.
Investigating the subsamples in luminosity of the continuum and in redshift, uelfthat the EW of
the narrow line is somewhat lower for higher luminosities in agreement with thsawa-Taniguchi
effect, but considering the error bars on the EW the correlation cannatrizdered as significant.
Given the distribution of the sample in the parameter space formed by luminosityedshift, we
could not check whether the decrease is due to the increase of the lumimosityhe redshift. To
disentangle the twoftects, we will need wider samples that cover better the low redshift zone of th
parameter space.

We investigated the presence of the broad component of the iron line by fitengpectra with a
gaussian, the simplest phenomenological model that allows to check if thedjnged by our data is
broadened. We found that the line is broad only in the low-L low-z subsabgihg itso- 240 eV. The
line is symmetrical: the asymmetries due to the relativistic contribution should b@r@ninent to be
significantly detected in stacked spectra. In fact, we should considerfiegis First, in such spectra
not only the relativistic lines contribute to the average, but also neutralanohionised iron lines
emitted by material far away from the central source. A contribution frorséhiron, for example,
has been recently found lwasawa et al(2012. In a second hypothesis, a superior SNR is required
for the detection of relativistic lines.

7.1.2 Average Fe line emission from the XMM CDFS deep field

The XMM-Newtonobservation of the CDFS allows to accumulate a higher number of counts #han th
previous 2 Ms observation dfhandra This survey is the deepest one available today fPOviM-
Newtonobservatory and itféords a more significant detection of the iron line thanks to the highest
sensitivity of the instruments. Studying this sample, we were allowed to focastatal 100 spectra
(51 distinct sources) with a good quality, totalling about 180000 counts ibdhd between 2 and 12
keV rest-frame.
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To study in better detail the iron line profile, we applied for the first time our mathodology check-
ing the dfects of broadening introduced by our averaging method over the ful KeV rest-frame
range.

To avoid being fected by errors in the EW estimations due to an incorrect determination of the
continuum underlying the iron line, in this study we estimated the line EW and sigmifcin a model-
independent way. Using our innovative method, we found that the irondiadundamental spectral
characteristic (significant at 4 sigma) of AGN and its EW is 129 eV in the faliga.

From this model-independent analysis and from the fits to the spectrauwe foat the line is broad-
ened at more than 3 sigma. Fitting the spectra with a proper model taking intordi¢he primary
continuum and its reprocessing from cold material, we understood thatatairequire, besides a set
of fluorescent lines emitted from material far away from the central gparcelativistic line emitted
from the accretion disk. This componertiads a better physical interpretation of the excess around
6.4 keV, being significant at more than 3 sigma in the majority of the subsamples.

The EW estimated from the fits is of 167 eV, consistent with the values of sipgétra in the literature.

In particular, it this value is consistent with the average value found in thplssstudied byle la Calle
Pérez et al(2010. If emitted by a low fraction of sources, the AGN contributing to the line should
have EWs higher than individual observed values. For this reasonaweonclude that the sources
contributing to the average relativistic line are an important fraction of the<tdiM CDFS sample.

7.1.3 Average Fe line emission from XMM VCV wide field

This sample, being a widXMM-Newtonsurvey, allows to collect many spectra with good quality:
using the~700000 counts we carffard a more detailed study of the iron line profile. The iron line
appears evidently broadened. We have checked this result makingettteasfiits to the average data
of the Unabsorbed subsample, the one that lacks the complexities due todlyealsorption features.
From the fits withdiskline, the inclination angle of the average spectrum48°. The inner radius

is ~18 Ry: we did not found any evidence for the presence of a rapidly spinnkig\Vie found that

a narrow core of the iron line has E¥95 eV and the broad component, significant at more than 4
has EW of 215 eV. This component is well reproduced by the relativisticeinddhe EW value of the
relativistic component is within the range of EW found in the sampldedf Calle Rrez et al(2010.
This means that the relativistic sources should represent here an impgatdion of this survey.

7.1.4 Overall conclusions

We studied multi-comprehensive samples of AGN belonging to the most refésldstpresently avail-
able, obtaining information on the iron line properties over several oafarmgnitudes of luminosi-
ties and a broad span of redshift. From our analysis, we can conclaidiaéhiron lines are a common
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characteristic the AGN.

We checked whether the EW of the narrow line depends on luminosities dalifte: our results
did not show any significant dependence of the line on these paramétersannot tell whether this
is an dfect of the limited SNR in spectra of the subsamples that we constructed, trewtiee line

characteristics do not really depend on the luminosity or on cosmic time.

The broad iron lines are detected with high significance in samples with a ged/gpectral quality
(such as our sample of VCV). In samples with less spectral counts, it Sbht@s$o unveil the broad
component, but it is diicult to detect its dference from a simple phenomenological broad gaussian
for the dfect of the lower SNR (as we have seen in the XMM CDFS). To explain symimetrical
broadening, we also considered a probable ionised line contributioits lmnly marginal detection in
our best quality survey (VCV), compared with its highly significant relatiwisne, seems to favour
instead the first hypothesis, afiext of the SNR.

To disentangle the broad line component and the narrow core, good qpaitira are needed, such as
the ones from the VCV catalogue.

Finally, we obtained a strong indication that the broad component is common ht ASEW is
compatible with the ones found in individual spectra. Consequently, thieviglia line is emitted by
the majority of the sources in our surveys.

7.2 Pending issues

In our work, with the three substantiallyftBrent classes of surveys, the ultra-deep fields f@randra

and fromXMM-Newtonobservatory, and shallower fields frokMM-Newton we have characterised
successfully the iron line properties from the nearby Seyferts to far A@&could also explore the
relativistic profile of the iron line thanks to the high sensitivity of XldM-Newtordetector. Neverthe-
less, we could not make a detailed study of the dependence of the iron lihe physical properties of

the central engine. First of all, we could not detect any trend of the EWthétlsontinuum luminosity:
although we found some indication of an anti-correlation between the twopuld oot understand

if this effect is due to a luminosity dependence or a redshift dependence. Irepisdrveys, in fact,

we could not disentangle théfects of the two parameters on the iron line detection due to the strong
correlation existing between luminosity and redshift.

Another interesting issue we need to address is that we found, in ous yeobkoad line in the absorbed
sample (in CDFS) even though its contribution for such class of sourceséxpected according with
the theory.

We plan to address these pending issues in these ways:
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e finalising the analysis of the VCV sample studying the absorbed sample andlitisarhple
applying our model-independent technique

e EW trend with luminosity and redshift: we plan to take advantage of our largeiasinod data
already reduced and analysed, the VCV catalogue together with the XMWSC&electing the
sources with z1 and dividing them in several luminosity subsamples with the same number
of counts. In this way it will be possible to check the lwasawa-Tanigufileicein the local
Universe. We will also select the sources with luminosities betweéhergys and 16° erg's
and construct several bins of redshift with the same number of speotrats in each one. This
will help to check any possible trend of the iron line EW with cosmic time

e Iron lines in absorbed sources can be successfully studiedferatit samples selected in-&
keV. Such band is not stronglyfftacted by even moderate amounts of obscuration, so it allows
to survey more absorbed AGN

e On a larger time scale we are going to check any dependence of the iromlihe physical
properties of the central engines such as the BH masses. To do that,dessagy to make use
of multi-wavelength information in the catalogues, to get the accretion rate &Hhmeasses

Before the launch of the first X-ray satellites, the physics of the relativésitretion disks and the
astrophysics of BH was only pure theory. Modern X-ray spectrosbag dtered the opportunity to
explore these complex systems, although many open questions still remaitgakéndle formation
and evolution, the physics determining the accretion disk properties, thegdaphy of spinning BH,
the BH accretion in relation with galaxy formation and evolution, etc.

It is hoped that in the next decades, increasingly capable instrumentdloul ta address the most
fascinating open questions of X-ray Astronomy. While waiting for thesefaeilties, our work dfers
a statistical preview of the results that will be obtained in the future for indalidources.






Appendix A

Different selections of the Chandra
sample

We assessed the robustness of our results fror@ti@adrasample by changing the SNR that charac-
terizes our sample selection. To do that, we repeated the analysis for adluttes with more than
50 and more thant 100 counts in 2 - 12 keV. We excluded from these sathplepectra with the
lowest continuum flux between 2 - 5 keV (otherwise a bias during the noratializprocess can be
introduced, see Sect.3.1 for the details for method): CI22% (CDF-S RA: 53.082, DEC: -27.690),
CDFN_405 (CDF-N RA: 189.431, DEC: 62.177), EGSRD3 (AEGIS RA: 215.76, DEC: 53.45). Af-
ter having defined the samples, we redefined the subsamples of intringiecncd&nsity, luminosity,
and redshift, as described in Se410.5

The results are in Tables.1 andA.3. We can see from the last column in the tables A.2 and A.4 that
the Fe line significance, estimated from our model-independent analydisqafirmed by the spectral
fitting) grows with the SNR of the sample, as found in previous resGltm{nhazzi et al. 2006

We made the simulations of an unresolved 6.4 keV line forthB0 cts sample, obtaining results
compatible for the spectral resolution of our method with the defa@®O0 cts sample.

After having applied the same analysis method used for the defa@@0 cts sample, we repeated
the analysis ifXSPEC for the > 50 cts and> 100 cts sample, finding consistent results, altough the
line significance clearly decreases with the decreasing cut in counts samhgle selection. We can
conclude from this analysis that making a more conservative selection shthple (i.e. including
higher quality spectra), despite reducing the total number of spectraf @odimts, actually improves
the quality of the results.
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TasLe A.1: Properties of the sample composed of all the sourceds mitre than 50 countslLys:
luminosity in units of 16° erg s*. Columns: (1) (Sub)Sample; (2) Number of sources; (3) Nurobe
counts in 2 -12 keV; (4) Number of counts in 5-8 keV; (5) averagdshift; (6) average luminosity in
10* erg s?; (7) average column density of the local absorber it? tdn2 ; (8) model-independent
significance of the Fe line (calculation made between betvée2 and 6.6 keV).

Sample N N2 Nsg (2 (La3) (NH22) Significance
108 ergst 1072« cm2

(2) () 3) (4) (5 (6) (1) (8
Full 347 93385 21730 1.20 8.60 3.08 85
log(Ny) > 215 177 40174 10944 1.14 8.00 6.04 85
log(Ny) <215 170 53211 10786 1.28 9.50 0.04 72
Lsz3< 6 234 46546 11021 0.90 1.60 3.09 89
Lsz3>6 113 46840 10709 1.80 23.40 3.07 74
z<1 184 46672 10530 0.65 2.60 3.08 83
z>1 163 46713 11199 1.83 15.60 3.08 85
z2<0.76 120 31537 7511 0.53 1.80 3.75 81
L4s3<84,2z<0.76 116 26743 6614 0.52 1.20 3.35 82
L43<84,2>0.76 157 31862 6866 1.34 1.70 2.47 94
L43>84,2>0.76 70 29985 7353 2.08 32.10 332 77

TasLe A.2: Comparison between fluxes of real and simulated specthe total sample with more than

50 counts in each spectrumgf: flux of the average simulated spectrum (units of normalihed

per keV); Feai: flux of the average observed spectru%h@' is the percentage of simulations having

lower flux than the observed spectrum. Calculation is pm(’zunL between 6.3 and 6.5 (1); 6.2 and 6.6
keV (2); between 6.0 and 6.8 keV (3)

N<r,1 N<r,2 N<r4,3
Sample Nai Ney  Nes

Total 89 85 80
log(Nn/cn?) <215 75 72 55
log(Nw/cn?) >215 86 85 80

L43 > 6 76 74 66
Liz< 6 91 89 86
z>1 90 85 81
z<1 87 83 76
z<0.76 82 81 67

z<076andL43<84 85 82 69
z>0.76 andL4s3<84 94 94 94
z>0.76 andL43 > 84 82 77 68
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TasLe A.3: Properties of the sample composed of all the sources mvidre than 100 countd. 43:

luminosity in units of 16° erg s*. Columns: (1) (Sub)Sample; (2) Number of sources; (3) Numbe

of counts in 2 -12 keV, (4) Number of counts in 5-8 keV; (5) age redshift; (6) average luminosity

in 10* erg s*; (7) average column density of the local absorber if? t0~2 ; (8) significance of the

Fe line calculated as the number of average simulated spedtn a lower flux than the flux of the
average observed spectrum (calculation between 6.2 are@)6

Sample N No_1p Ns_g (2) (L43) (Nh22) Significance
108 ergst 10%%cnm?
(1) ) (3) 4) () (6) (1) (8
Full 219 84275 19312 1.24 11.83 2.63 92
log(Ny) > 215 104 34893 9422 1.15 10.80 550 91
log(Nn) < 215 115 49382 9890 1.32 12.69 0.04 100
L43 < 6.65 134 42061 9718 0.91 2.25 3.03 91
L43 > 6.65 85 42214 9594 1.76 26.82 1.99 94
z<101 109 41477 9216 0.68 3.80 2.74 90
z>101 110 42798 10096 1.80 19.71 2.52 99
L43<210,2<0.78 71 28349 6587 0.55 2.40 3.58 90
L43<210,z>0.78 93 29478 6273 1.30 4.80 2.16 100
L43>210,z>0.78 55 26448 6452 2.02 35.80 2.20 90

TasLe A.4: Comparison between fluxes of real and simulated spéttitse total sample with more
than 100 counts in each spectrum

N<r,l I\|<r,2 N<r,3

Sample Moo N Nes

Tot 0.92 0.92 0.89
log(Ny) > 215 0.91 0.91 0.87
log(Ny) < 215 1. 1. 1.

L43 < 6.65 0.91 0.91 0.87
L4z > 6.65 0.88 0.94 0.94
z< 101 0.91 0.90 0.85
z>1.01 0.98 0.99 0.99

z>078 Las>21 089 0.90 0.89
z<078 Las<21 090 0.90 0.83
z>078 Las< 21 1. 1.0 10
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TasLe A.5: Sample composed by all the sources with more th@amet counts in 2 - 12 keV. (1)
sample; (2) photon index of the powerlaw ; §3)of the fitting with the powerlaw ; (4)? of the fitting
with table model; (5)? of the fitting with table model plus gaussian; (6) significard adding the
gaussian to the table model; (7) gaussian centroid; (8)siusvidth; 9) EW of the gaussian; (10)
average redshift; (11) average luminosity; (12) averadenco density of the absorber; *: indicates
that it was not possible to calculate errors becaisgpec gives un-physical values ardeppar gives

a constani\y? < 2.71 for high sigma¥ 1keV)

Sample r x3/dof — xZdof  yZdof  P(Ax%v) E(keV) o(eV) EW(EV) (2 (Laz) (Nu22)
1) (2 3 4 (5) (6) Q) (®) 9) (100 (11) (12
Full 1117007 13.3413 40.7028 23.7727 >9999 6.4 0 96% 12 86 3.08
Full 23.7526 > 997 6.4 <207 10039

Full 22.9726 >997 65'0%. 0 10755

Full 226925 >997 649021 <199 10530

log(Ny) >215 047999 18.1513 46.9028 30.3127 >9999 6.4 0 1292 114 80 6.04
log (Ny) > 215 29.9326 > 997 6.4 <333 1453 - - -

log (Ny) > 215 30.3726 > 997 6408 0 12927 - - -

log (Ny) > 215 29.8825 > 997 640,08 <344 14510 - - -
log(Ny) < 215 171709 20.6513 34.6628 33.6627 <90 6.4 0 <29 128 95 0.04
log(Ny) < 215 33.6726 <90 6.4 <2000 <130 - - -
log(Ny) < 215 33.4326 <90 657 0 <81 - - -
log(Ny) < 215 33.3625 <90 6487 <= <137 - - -
Lsz> 6 12670%% 124513 32.1128 29.8127 <90 6.4 0 <125 1.8 234 3.07
L43>6 29.7426 <90 6.4 <945 <124 - - -
L4z>6 29.8726 <90 647 0 <125 - - -
L43>6 28.6425 <90 6507;,, <268 8070 - - -
L43<6 1050% 16.7313 457428 31.1327 > 997 6.4 0 1107 090 16 3.09
Ls3<6 305926 >997 6.4 <636 13010 - - -
Laz<6 311326 >997 64728 0 11037 - - -
L43<6 305325 >9999 64309 <678 1303 - - -
z>1 1137010 16.1713 358328 26.9527 > 990 6.4 0 983> 1.83 15.6 3.08
z>1 26.6126 >954 6.4 <526 1152 - - -
z>1 269526 >954 6427 0 987 - - -
z>1 26.6Y25 >954  640'0¢F <520 11530 - - -
z<1 11370% 26.0713 43.0028 35.8727 > 990 6.4 0 8622 0.65 2.6  3.08
z<1 35.8126 >9545 6.4 <216 85 - - -
z<1 35.8726 >9545 6472 0 862 - - -
z<1 35.5925 > 90 6447011 <217 853 - - -
2<0.76 106010 24,6913 40.0128 35.8127 >9545 6.4 0 78% 053 1.8 375
2<0.76 35.7326 <90 6.4 <238 80% - - -
2<0.76 35.8726 <90 64025 0 7878 - - -
2<0.76 35.7325 <90 640707 <233  80% - - -
2<076,L43<84 107010 257613 424928 375627 >9545 6.4 0 90%7 052 1.2 3.35
2<0.76,L43<84 37.4726 <90 6.4 <157  90% - - -
2<0.76,L43<84 37.5626 > 90 647212 0 90 - - -
2<0.76L43< 84 37.4¥25 <90 64701 <154 902 - - -
z>076L43<84 119010 123413 35.2728 26.9827 >9545 6.4 0 9837  1.34 1.7 247
z>076L43<84 19.9726 >9973 6.4 450250 23511 - - -
z>076L43<84 26.6726 >9545 650 0 104 - - -
z2>076L43<84 19.9325 >9973  636'0a7 44520 23515 - - -
z>076L43>84 1147077 09.3913 34.8028 33.3227 <90 6.4 0 <158 2.08 321 3.32
z>076L43> 84 33.0626 <90 6.4 <724 <162 - - -
z>076L43> 84 32.8426 <90 666032 0 <169 - - -

—0.46

2>0.76L43> 84 29.4725 <90 650055 <316 12520 - - -
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TaeLe A.6: Sample composed by all the sources with more th@@net counts in 2-12 keV. (1)
sample; (2) photon index of the powerlaw ; §3)of the fitting with the powerlaw ; (4} of the fitting
with table model; (5)? of the fitting with table model plus gaussian; (6) significard adding the
gaussian to the table model; (7) gaussian centroid; (8)simusvidth; 9) EW of the gaussian; (10)
average redshift; (11) average luminosity; (12) averadenco density of the absorber; * impossible
to calculate the error; witeteppar we get aAy? lower than 2.7

Sample r x?/dof(p) x?/dof(s) x?/dof(g) P(Ax%v E(keV) o(eV) EW(EV) (@ (Laz) (Nuz)
@) ©) ®) ) ®) (6) @ (®) ©) (10 (11 (12)
Full 111°0% 0.6813  48.0828 28.3527 >9999 6.4 0 1132 124 11.81 2.63
Full 27.9626  >9999 6.4 <83 1247 - - -

Full 28.1§26 >9999 632902 0 1187 - - -

Full 27.9925 >9973 640%° <697 1213 - - -
log(Nw) >215 030705 11.4213 395228 27.1427 >9973 6.4 0 12837 115 10.8 550
log(Ny) > 215 27.1326 >9973 6.4 <45  132% - - -
log(Ny) > 215 27.1426  >9973 64°2% 0 1288 - - -

log (Nu) > 215 271325 >990 64'0%, <38 131%1 - - -
log(Nu) <215 174°0%7 12.3413  44.4428 28.6127 >9999 6.4 0 803  1.32 1272 4.28
log (Nu) < 215 26.7726 >9973 6.4 <215 1207 - - -
log(Nw) < 215 28626 >9973 6401% 0 803 - - -

log (Nu) < 215 288225 >9973 65080 <719 13428 - - -

L3 < 6.65 103997 16.3913 57.3828 41.4627 >9999 6.4 0 1458 091 225 3.04
L4z < 6.65 41.3726 >9973 6.4 <68  154% - - -

L3 < 6.65 414626 >9973 647090 0 1450 - - -

L3 < 6.65 448525 >990 6573 <926 1845 - - -

Ls3 > 6.65 12370 14,6413 33.3028 29.9527 >900 6.4 0 403 176 26.88 1.99
L3 > 6.65 28.4626 >900 6.4 <643 66 - - -

L4z > 6.65 29.8Y26 <900 61°% 0 4032 - - -

L4z > 6.65 284825 <900 64707 <646 622 - - -
z<101 115907 16.7413  48.0828 36.7427 >9973 6.4 0 15177 068 38  2.74
z<101 36.7226  >990 6.4 <384 15476 - - -

z< 101 36.7426  >990 64721 0 1517% - - -
z<101 38.8425 >09545 6401 <485 15277 - - -
z>101 107°0%8 12.2013 34.2028 25927 >990 6.4 0 66%® 180 19.71 252
z>101 25.1726 >9545 6.4 * 8979 - - -
z>101 259226 >9545 6457 0 663 - - -
z>101 225825 >990 6197017 <374 1117 - - -
z>078,L44>21 1267077 81513 232128 205927 <900 6.4 0 4537 2.02 358 220
z>078,L4s>21 20.1726 >900 6.4 <797 60% - - -
2>078,Las>21 18.9626 >900 62502 0 6155 - - -
2>078,L4s>21 19.0225 <900 627050 <66 641° - - -
z2>078,Las<21 103705 128513 40.7328 315027 >9973 6.4 0 81;; 13 48 216
z>078,Lys <21 29.6926 >990 6.4 328, 14713 - - -
2>078,Las<21 315026 >990 64771 0 8l - - -
2>078,Las<21 28.0425 >990 6227025 <804 15572 - - -
z2<078,L44<21 1087005 17.2213 49.1428 38.8927 >9973 6.4 0 19410 055 2.4 358
2<0.78,Las<21 38.8926 >990 6.4 <219 1945 - - -
2<078,Las<21 38.8926 >990 64701 0 194100 - - -
z2<078,Lys< 21 38.8925 >9545 &40 <219 1940 - - -

-0.1






Appendix B

The XMM CDFS background

Given the long exposure of the observation of XMM-Newton in the CDFSexpect that the back-

ground level is also relatively high. For this reason, we performed twealah first, we checked the

average spectrum of the background in rest-frame; secondly, weddokthe presence of background
features at particular observed energies computing the averageaspeatiserved-frame.

To compute the average spectra of the background, we used the sametesgpplied to the observed
spectra (as explained in Ch&). The region around the expected position of the itk is relatively
smooth for the total, unabsorbed and low and middle redshift and luminositylesmgile that for
the absorbed, high-L and high-z subsamples (see BidsB.2 andB.3) is more complex, making any
observed features at those energies in the average observea sfifectrlt to model and interpret. In
particular we found features in the background for energies lowerSHaeV. The iron line region is
affected by background irregularities in the high-L subsample, where ttkgimamd displays features
for all the energies lower than 8 keV.

We investigated the possible presence of any instrumental emission in atrasjiiy computing the
average spectra in the observed frame. Applying our averagingquozésee Chap3), we skipped
the shift to a common frame only. We included the Al line channels in the computdtibe average
observed-frame spectra, in order to check tiieat of this background peak also.

As mentioned in Secb.], there does not seem to be a strong residual contribution from thechaidyr

Al line. In adition, no strong, well defined, structure is clearly seen ingl@&rage spectra. This is
reassuring for our method, specially taking into account that any sattrés would be diluted in the
observed average spectrum by shifting all spectra to rest-framef-iged.4, B.5, B.6).
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Appendix C

Tests of the method

We checked whether the correction for the response matrices (madetlisicgmmanceufspec)
depends strongly on the model used to do it. To make this check, vispara simulations. We used
Chandra data to make this check, and did not repeat it for the XMM datanass that this &ect is
basically the same independently from the instrument.

We start with an “average” source with high SNR modeled with an intrinsicakbprded powerlaw
and an unresolved Gaussian line at 6.4 keV, with the average valuesfofl tteemple (see Tablé.1):
z=115T = 1.24, Ny = 1.75x 10?2 cm2, EW=100 eV. We compared the input model with the
response-matrix-corrected spectra (“unfolded” spectisiprec) assuming three ffierent models:

1. the input model without the Gaussian
2. apowerlaw witd" =0

3. apowerlaw witH" = 2.

We can see the results in Fi@.1in the observed frame. The best approximation is obtained using the
input parameters, as expected. However, in a wide range around ththénesult does not depend
noticeably on the model used for the response matrix correction, evele&oly diferent models from

the input one. The significant discrepancies start only below abow 2da-frame.

We ran another simulation for an absorbed source, using the continuameitzrs of one source in
the absorbed subsample, £ 1.15, T = 1.64; Ny = 4322 x 10?2 cm™?, ) and a Gaussian at 6.4
keV with o = 0, EW = 100 eV, again with high SNR. We show in Fig..2 the input model and the

“unfolded” spectra using the three models above. In this case we aldbadbere is no important
difference in the continuum close to the Fe line between the various models. flldrerdies below

~3 keV rest-frame are much stronger in this case than in the “averagefesdaut again the result of
the input model follows the input spectrum very closely.
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Ficure C.1: Comparison, for a simulated “average” source, betvteerinput model (dashed blue
line) and the unfolded spectra using the best fit (greenadjclusingl’ =2 (red plus), using” =0
(continuous black line).
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Ficure C.2: Comparison, for a simulated absorbed source, betwideninput model (dashed blue
line) and the spectra using the best fit (green circles),gusia2 (red plus), usindg” =0 (continuous
black line)

Therefore, we chose to correct the spectra for the response masioggheir own best-fit continuum
models and we did not simply divide the spectra for tfieaive area of the detector. This simple
method actually assumes a flat continuum and does not account for the lipétettas resolution of
X-ray detectors.

It is important to notice that, in any case, there is an energy blending thatsvide Fe line. We have
guantified this &ect using simulations, as explained in the S8c%.3

To check the ffect of the correction for detector response on the actual averagteispewe corrected
the spectra for the detector responses using a powerlanwitt2. We then took the average of the
observed and simulated spectra, using the procedure as explained.i3.Sé& can see in FigC.3
that the diferences are again small and, in any case, within the mutual error barsytifing, using
the best-fit model for the “unfolding” appears to produce a more cuvatee estimate of the Fe line
flux.
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Ficure C.3: Comparison between the average spectra after havingcted for the detector response

using: the best fit (average observed spectrum represeyted ffull circles, simulated continuum by

a dashed line) and with the powerlaw with= 2 (average observed spectrum represented by black

stars, simulated continuum by a black continuous line). [Bawith the sources with more than 200
net counts.
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