UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS FISICAS
Departamento de Fisica de la Tierra, Astronomia y Astrofisica Il

TESIS DOCTORAL

A study of the X-ray and optical variability of the active galactic
nucleus ESO 362-G18: from days to years

Estudio de la variabilidad del nacleo galactico activo ESO 362-G18 en
las bandas dptica y de rayos X: escalas de tiempo desde dias a afios

MEMORIA PARA OPTAR AL GRADO DE DOCTOR

PRESENTADA POR

Beatriz Agis Gonzélez

Director
Giovanni Miniutti

Madrid, 2017

© Beatriz Agis Gonzalez, 2017



UNIVERSIDAD
COMPLUTENSE

MADRID

DocTtorAL THEsIS

A study of the X-ray and optical variability of
the active galactic nucleus ESO 362-G18: from
days to years

Estudio de la variabilidad del nicleo gakctico activo
ESO 362-G18 en las bandagptica y de rayos X: escalas
de tiempo desde ths a dios

Author: Supervisor:
Beatriz Acis GONZALEZ Dr. Giovanni Miniutti

A thesis submitted in fulfilment of the requirements
for the degree of Astrophysics in the

DEPARTAMENTO DE FiSICA DE LA TIERRA, ASTRONOMIA Y ASTROFISICA I
(Facultad de Ciencias Fisicas, UCM)
CENTRO DE ASTROBILOGIA

(CSIC-INTA)

I" ASOCIADO AL NASA ASTROBIOLOGY INSTITUTE

= = CSIC®

UMWNHM CENTRO DE ASTROBIOLOGIA

Maprip, November 2016






A Beni, mi estrella.
A mis padres, que me indican el camino tal cual la Via Lactea
A Buum, mi mejor compafiero de viaje.






Agradecimientos

Tienes entre tus manos lo que un dia fue un suefio, aunquesdntimos afos haya
adquirido apices de verdadera pesadilla infernal. Hoe&agilla se ha terminado y el suefio se
ha cumplido. En estos momentos el enorme cansancio no mé@elisirutar de toda la felici-
dad que esto conlleva, pero espera a que pasen un par diasbpé en mi de tanta felicidad!
También sé que ese mismo cansancio no me va a permitirsaxpoglo lo que me gustaria hacia
las muchisimas personas que me han ayudado a superar hes lpgea llegar hasta aqui y han
conseguido que el camino fuese mas agradable. Lo voy danteon el corazon.

Hay dos personas que siempre han estado ahi desde el iprideiforma incesante: mis
padres. No solo sois un ejemplo a seguir de fortaleza y stiparaino que también sois el
apoyo incondicional que cualquiera desea tener. Nuncagan®& habéis negado vuestro apoyo
y amor incondicionales a pesar de que mis pasos se ibanddejada vez mas de casa. Gracias
por cuidarme y por hacerme como soy, con mis defectos y migies, sois mivida. Os quiero
de manera infinita

Ana, crecer sin ti no hubiese sido lo mismo. Risas, juegdades, diversion incansable
de hermanas, peleas que acababan siempre en abrazos ias@mccuidarme y quererme
tanto. Y gracias también a ti, Benja. Eres el cufi ideal tpyesrgullosa de tenerte entre la
familia.

Sin duda, hay una persona que sin saberlo ha marcado profentami vida: Beni. Hace
ya 20 afhos que te fuiste, pero nunca, nunca dejaras depessante ni un soélo dia. Lo Gnico
gue tengo que hacer para coger fuerzas en momentos dfilesnsar en ti. No hay palabras
que puedan describirte, tus niveles de bondad y superagji@ran cualquier limite imaginable.
Ojala hubiese podido compartir mas tiempo contigo, Ghtiestino no fuese como fue, hubiese
hecho cualquier cosa. Eres y siempre seras mi estrella.

Tia Isabel, ti también mereces mi admiracion congelBéai tenia a quién parecerse. Tu
templanza ante la vida es la mas admirable que he visto n@reaias por ese espiritu de lucha
incansable.

A mi segunda mama, Ade, y a mis dos otras hermanas, Cris y $ait mi familia, no
pude ser mas féliz a vuestro lado junto con Carlos y Pepeu@so muchisimo.

A mi familia en general, tios y primas, tengo que agradecerdio el carifio que me brin-
dan. No tenemos una relacién extremadamente estrechiopdaaos familiares son muy espe-
ciales.

Ne, mi amiga del alma. Desde que ibamos al cole agarradasnderio, pasando por los
“walkie talkies”, el insti, nuestra casa juntas... hasta & dia. No puedo ser mas afortunada



de tenerte. No solo por estar siempre que lo necesito o peupdas entenderme sin mas que
mirarme a la cara, sino por ser una fuente inagotable deialegnstante y positivismo capaz
de contagiar a cualquiera. Te quiero a mas no poder.

Ro, ahora estas lejos, pero no me olvido de mi pareja. Sohosuaios reina, y los que
nos quedan... Gracias por ser como eres.

Sin duda alguna, gracias a mi director de tesis, Giovanni.dBome la oportunidad de
poder empezar este trabajo. Por transmitirme y contagiturpasion por los AGNs. Por todo
lo gue me has ensefiado a largo de estos afios. Y sobre todyugarme a llegar al final.

Tampoco puede faltar aqui otra persona fundamental enara diia: Benja. Sigo pre-
guntandome qué hubiese hecho yo sin tu apoyo diario, siramimos y sin tus cuidados.
Gracias por tus largas clases de MIDAS, Dipso, espectrasgopualquier cosa. Porque para
cualquier pregunta me ayudas a buscar una respuesta, tguguaatemos de estrellas, AGNSs,
polarimertria, barcos o la vida misma. Te voy a echar muehmenos en Liege.



Resumen de la tesis en castellano

El modelo unificado de los nlcleos galacticos activos (A@BF sus siglas en inglés),
establecido hace 30 afios, ha sido clave para esclarecamlalicada taxonomia de esta clase
de objetos tan heterogénea. Su base se fundamenta entégeizisie una estructura toroidal,
compuesta por gas y polvo, capaz de absorber la emisibratdet AGN y que rodea el agu-
jero negro supermasivo (SMBH, por sus siglas en inglés)diselo de acrecion, de modo que
la diversidad observada simplemente refleja diferentgalas de vision de una geometria con
simetria axial . Consecuentemente, en los AGNs tipo 1 tesama vision directa del mate-
rial préximo al SMBH, es decir moviendose a gran velocjdadjue permite que surjan lineas
anchas de emission en los espectros opftibdsPor el contrario, los AGNs tipo 2 son obser-
vados desde una linea de vision (LOS, por sus siglas eesinglie permite interceptar el toro,
bloqueando y absorbiendo la region de las lineas anclsés eEquema se consolido con el des-
cubrimiento de lineas anchas de emision polarizadas §P@ir sus siglas en inglés) en AGNs
tipo 2. Es decir, aunque no podemos verlas en luz directaA@lss tipo 2 también presen-
tan lineas anchas en luz polarizada, confirmando una fegaraomin entre ambos tipos de
objetos.

Hoy en dia, existen claros indicios observacionales queamguerdan con las predic-
ciones, como por ejemplo la estructura del toro. El modeifioado establece un toro ho-
mogéneo e uniforme. Sin embargo a partir de diversos estudobre todo en longitudes de
ondas infrarrojas, se obtienen evidencias de que estzsties mas bien grumosa.

Precisamente, el principal objetivo de esta tesis es alalacesidad de un toroide mas
complejo desde las bandas optica y de rayos X. Para ello;emasaremos en estudiar la vari-
abilidad de absorcion de una interesante galaxia Sef#&® 362-G18. Esta fuente merece toda
nuestra atencion debido a su intrigante comportamierdoalmente se clasifica como Seyfert
tipo 1, sin embargo, se ha recuperado un espectro contemielccatalogo 6dfGS que no mues-
tra lineas anchas, es decir, un espectro tipo 2. EstosiestisGNs clasificables en ambos tipos
representan una violacion del esquema unificado estgrmarstituyen una prueba mas de que
un modelo dependiente en exclusiva del angulo que formstraueOS con el eje de simetria
del AGN es insuficiente. Con el fin de ahondar mas en la nazaale estos objetos claves, y
a la vez poco frecuentes, decidimos emprender un profuriddiesnulti-longitud de onda que
nos permitiese obtener diferentes visiones complemastari

Debido a que se ya conocia que ESO 362-G18 también era engedtcandidato para
presentar variabilidad en rayos X, decidimos llevar a cabsaguimiento multi-eépoca en es-
tas longitudes de onda (9 observaciones tomadas con dsssatélites:Swift XMM-Newton
Suzakuwy Chandrg para determinar sus cambios espectrales y de flujo en sdeafporales
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desde dias a afios. Las observaciones de mayor calidacd:mogigron descomponer su com-
plejo espectro de rayos X, hallando entre sus componerpestesles una reflexion relativista
originada en las regiones mas internas del disco de acreor lo tanto la forma espectral
de esta componente se vera distorsionada con los fuedetm®fgravitatorios causados por
el SMBH. Analizar estas distorsiones nos permitira ohteaéosos datos acerca del agujero.
Concretamente fuimos capaces de medir un “spir"0.92 al 9999% de nivel de confianza, lo
gue implica que ESO 362-G18 presenta un SMBH de maximaiootag un indice de emisivi-
dad deg = 4.3t8:2, lo que sugiere que la fuente primaria de emision de raya®Xdocida como
corona de rayos X) es compacta y se concentra en las zonaalegulel disco de acrecion. Por
otro lado, ya que las distorsiones relativistas dependeardgilo de inclinacion del sistema,
derivamos = 53’ + 5°. Este valor relativamente alto de la inclinacion se carrata través de
estimaciones asumiendo condiciones viriales a travéstéblecida relacion entre la masa del
SMBH vy la velocidad de dispersion estelar, lo que confiereaporte independiente a nuestra

intepretacion de reflexion relativista de la forma espéde ESO 362-G18.

Por otro lado, también fuimos capaces de medir un retranpdeal entre el continuo
primario y el continuo reflejado. Este retraso de la luz iglaien dos regiones diferentes, la
emision primaria que tiene lugar en la corona de rayos X yresién reprocesada o reflejada
por el disco acrecion, puede traducirse en la distanciasgpara esas misma regiones. De este
modo, obtenemos que una distancia de separacion entredaacde rayos X y el dsico de
acrecion de- 7 radios gravitacionales y confirmamos nuevamente de un nmo@pendiente
del modelado espectral, la deteccion de refelxiion ivesdd.

Dada la alta inclinacion obtenida lo mas probable es qestna LOS esté interceptando
las parte superior del toro (cuyo angulo tipico de abaras~ 45°), de modo que su supuesta
grumosidad podra explicar los cambios de estado (de tiptigb& en solo 1 afio y 8 meses)
encontrados en ESO 362-G18. De hecho, en nuestro estudieépata en rayos X probamos
gue una de la observaciones es absorbida por una una nubéeta perteneciente al toro que
cubre por completo la fuente y aumenta la densidad de columd#@rdenes de magnitud en
un tiempo menor que 2 meses. Este evento nos permite confimaavez mas la naturaleza
compacta de las regiones emisioras de rayos X dentro de && rgidvitacionales, como ya
habiamos derivado del modelado de la reflexion relasivist

Durante otro seguimiento con el telescopio espdaveft (36 observaciones a lo largo de
2 meses), pudimos detectar otro evento de absorcién en ESG B3, pero esta vez de forma
mucho mas detallada, siguiendo su progresion desddqganaente el inicio del “eclipse” hasta
el final. Gracias a ello derivamaos con mejor precision eddode la regibn emisora de rayos X
(que resulta ser un poco menor de 50 radios gravitaciongs, Ehy 33) y las propiedades de la
nube absorbente, demostrando una vez mas la naturaléraidinde la absorcion en rayos X.



Nuestro estudio de ESO 362-G18 prosigue en la banda optalzando 4 espectros de
baja resolucion, dos de ellosmostrando lineas anchass gahde esas lineas anchas desapare-
cen, lo que confirma que ESO 362-G18 es ciertamente una g&axifert “changing-look”,
concretamente con espectros de tipo 1.5y 1.9. Ya que errogesallado estudio en rayos X
no detectamos cambios significativos en la actividad nufleaorrespondiente luminosidad es
estable a lo largo de cinco adns), concluimos que estosicarab los espectros Opticos vienen
dados por estructuras absorbentes del toro presentes snanu®S hacia la region de lineas
anchas presentes cuando la fuente muestra sus espectrdarhi§ién discutiremos que es al-
tamente improbable que estas estructuras sean exactaia®mésmas que las detectadas en
rayos X.

Ademas, nunca antes se habia llevado a cabo un estudi@ gwlarizada una galaxia
Seyfert “changing-look”, a pesar del potencial de estedipmedidas para entender la geometria
de las distribuciones de gas y polvo presentes alrededoidio de los AGN.

Como un analisis independiente y paralelo a ESO 362-G18ogla@ia continua en desar-
rollo, nos proponemos investigar las capacidades de lathenta matematica PCA (del inglés,
“Principal Component Analysis”) para determinar las congries espectrales de los AGNs a
través de un método que no requiera aplicar modelos estdbs. La PCA no solo puede
proporcionarnos informacion acerca de la variabilidgueesal en general, sino también datos
acerca de los cambios de flujo medido asi como mostrar dafesibante eventos de absorcion.
Las herramientas desarrolladas a partir de este trabaa apticadas en futuros analisis para
complementar la tradicional metodologia usada en raydsinflamentada principalmente en
espectroscopia y analisis temporales.






Abstract

The standard Unified Model (UM) of Active Galactic Nucleitasished 30 years ago, has
been key to shed light in the taxonomy of such a heterogerass of objects. Its basic premise
is the ubiquitous presence of an obscuring torus aroundahieat engine, so that the observed
diversity simply reflects dierent viewing angles of an axisymmetric geometry. Conssityie
type 1 AGNs are observed with a direct view of fast moving malkelose to the super massive
black hole (SMBH), resulting in broad emission lines in thaticafUV spectra, while type-2
AGNSs are observed from a more edge-on view, interceptingliseuring torus that blocks the
broad emission line region (BLR) component from our line ighs (LOS). This scheme was
consolidated with the discovery of polarized broad emisiites (PBLS), also known as hidden
broad-line regions (HBLRS), in the type 2 AGN, hence praggrthe same properties as type 1
nuclei in polarized light.

Nowadays, additional ingredients are likely needed to aetfor some observational facts
that are apparently in conflict with the predictions. Fotanse, the UM predicts the absorbing
torus as an homogeneous and uniform structure. There id lenadence, especially at infrared
wavelengths, that the dusty torus is indeed clumpy instegdmn.

The general goal of this thesis is to endorse the currenegaei for the clumplyness of
the key element of the standard UM from other wavelengthsays, UV and optical. To this
end, we will focus on the study of the absorption variabitigrformed by an interesting Seyfert
galaxy: ESO 362-G18. This source gets our whole attentiocaumse it is usually classified as a
type 1 AGN, however a spectrum retrieved from the 6 degreax@a@urvey (6dFGS) shows the
optical spectrum of ESO 362-G18 to lack its broad emissioesli This type 2 spectrum suggests
ESO 362-G18 to be a changing look Seyfert galaxy. This rgoe tf sources represents a
violation of the UM and probes that its corresponding cfassion is not only angle-dependent.
Thus, we decided to start a deep multi-wavelength analyffsisS®© 362-G18 to get as many
complementary views as possible and approach the intgguaiture of this source.

Since this target was known to exhibit a potential X-ray afility, as a first step we
decided to carried out a multi-epoch X-ray monitoring (9eations performed witlswift
XMM-Newton Suzakuand Chandrasatellites) to assess its X-ray flux and spectral varigbilit
on timescales of months to years. The high-quality obsemnstallow us to decompose the
complex X-ray spectrum of ESO 362-G18 into itéfeient components finding among them a
X-ray relativistic reflection originated in the innermosgions of the accretion disc. Then, its
spectral shape will be distorted by the gravitatiorfé¢ets of the SMBH, what allow us to get a
valuable information about the central engine analyzimgétdistortions. Particularly , we mea-
sure a black hole spia > 0.92 at the 999% confidence level, which implies that the SMBH
powering ESO 362-G18 is a nearly maximally rotating Kerrckl&ole. The disc-reflection
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emissivity profile is steep, with = 4.3j8:§, suggesting that the primary source of X-rays (the so
called X-ray corona) is compact and centrally concentra€l the other hand, the inclination
between the disc axis and our LOS is measured to ber58 via disc reflection modeling of
the X-ray spectra. Such high inclination is further suppdrby diterent estimates based on
virial assumptions as well as on the relationship betweankbhole mass and stellar velocity
dispersion of the SMBH, providing independent support fier disc reflection interpretation of

the spectral features seen in the X-ray spectrum.

We also detect a time delay between the primary continuuntlandeflected one which
may be used to infer the light-crossing distance betweemptineary X-rays emitting site (the
X-ray corona) and the reprocessing site (the inner disclisTWe infer that the reprocessing site
is located at distances of the order~of7 gravitational radii from the X-ray continuum source
(the corona). This strongly supports and confirms bealytifuhd independently (no spectral
modeling is performed to derived the time delays) the preser relativistic reflection again.

On the other hand, the derived high inclination is conststéith the idea that our LOS
is grazing the obscuring torus (which has a typical halfripg angle of the order of 45or
s0). If the torus is not homogeneous but clumpy, such higlnation may intercept from time
to time some of the clumps of the upper layers of the obscudngs possibly explaining why
ESO 362-G18 exhibits changes of look from type 1 to type 2smjfitical spectra taken only 1
year and 8 months apart. In fact, one observation of our feplhich analysis is consistent with
be absorbed by a dusty clump belonging to the torus, whiclteases the column density in
approximately two orders of magnitude in timescales lowanttwo months. This occultation
also get us enable to confirm that the X-ray emitting regi@m(grising both X-ray continuum
and soft excess) come from within about 50 gravitationali femim the black hole, supporting
the compact nature of the X-ray emission in AGN, conclusieo mferred from the relativistic
reflection component.

Such occultation event was not isolated, buBwift monitoring campaign of our target
over 2 months, comprising 36 pointed observations, re\aadsher eclipse event that this time
we could follow almost from ingress to egress. This allowsdaiinfer with good accuracy
all the relevant properties of both the X-ray emitting regidthat resulted to be slightly more
compact than the upper limit of 50 gravitational radii dedvin the multi-epoch analysis) and
of the cloud responsible for the eclipse confirming the dyisaand clumpy nature of the X-ray
absorbers towards ESO 362-G18.

Our analysis of ESO 362-G18 also includes four low-resotutbng slit optical spectra
which show the source exhibiting broad Balmer lines in twtheffour observations, while these
broad lines disappear in the two remaining spectra leadirsgchanging look classification for
the source, between Seyfert 1.5 and Seyfert 1.9. The miniohsarved timescale for a change
of look is 1 year and 8 months. We do not see any evidence fanatia changes in the nuclear



activity (this is also demonstrated by the stability of theay intrinsic luminosity over few
years), so that the most natural explanation for the chafideo& is that intervening dusty
absorbing structures are present into our LOS towards tteeddine region at the epochs when
the source exhibits a Seyfert 1.9 optical spectrum. Wi witlqe that it is unlikely that we are
observing exactly the same intervening structures in thieadpand X-rays.

Besides, no polarimetric observations of changing look A@Me been performed to date
despite the obvious potential of this kind of measurementbé context of understanding the
circumnuclear geometry and gdsst distribution. We will present here the first analysisaof
changing look nuclei in optical polarized light.

As a parallel and independent work, which is still in progtese are exploiting the math-
ematical tool of the Principal Component Analysis (PCA) asaalel-independent way to assess
spectral components in the AGN X-ray spectrum. This tealmicpn be used to study not only
the X-ray spectral variability in general, but also its fldependence as well as its sensitivity to
subtle absorption events. The tools developed here wiliruge near future for complementing
the more traditional X-ray data analysis performed frontsescopy and timing analysis.
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Chapter

Introduction

1.1 Brief history and basic concepts about active galacticuclei

In 1909, E. A. Fath observed, without knowing, the fastive galactic nucleus (AGNjt the
Lick Observatory. One of the major questions at that time alasut the nature of ‘spiral neb-
ulae’, mainly if those were relatively nearby gaseous dbjsomilar to the Orion nebula, or on
the contrary, very distant collections of unresolved sté&rath tried to test the claim that spi-
rals show a continuous spectrum consistent with a colledfcstars, rather than the bright line
spectrum characteristic of gaseous nebulae. However icetteof NGC 1068, he observed that
the spectrum was composite, showing both bright emissidnalsorption linesKath 1909.
The six bright emission lines were similar to those seenérsitectra of gaseous nebulae. Dur-
ing the following years, several astronomers reported thegmce of nuclear emission lines in
the spectra of spiral nebulae. For instangepble (1923 discovered two more spirals with
star-like nuclei showing a planetary nebula-type spectrtd®&C 4051, and NGC 4151. Thus,
the first notably distinct observational characteristi®@iN was the presence of emission lines
with widths upwards of 1®km- st and far in excess of any known class of objects. Never-
theless, the systematic study of galaxies with nuclear®amisdid not begin until the work by
Seyfert(1943, who selected a group of six galaxies with star-like apipgacores to analyze
their spectra: NGC 1068, NGC 1275, NGC 3516, NGC 4051, NGQ 4tsl NGC 7469. All of
them were dominated by high-excitation nuclear emissimgsliand the two brightest ones, NGC
1068 and NGC 4151, showed all the stronger emission linesaijyp seen in planetary nebulae.
In addition, Seyfert(1943 also noticed that some galaxies showed broad emissios livigile
others exhibit only narrow ones. Now, galaxies with higleiation nuclear emission lines are
known asSeyfert Galaxieg his honor. The nature of this strong nuclear emission neetba
mystery. A proposed explanation was that a large humbemos stould produce the observed
features.
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However,AGNs did not become a focus of interest for astronomers until thelbpment
of radio astronomy in the early 1950s with the first radio sysvof the sky: the third Cambridge
(3C) catalog Edge et al. 1959 and its revision 3CR catalod@énnett 1962. Allan Sandage
of the Mount Wilson and Palomar Observatories and Maartémm@&it of the California Insti-
tute of Technology (Caltech) initiated the search for agtidentifications and redshifts of radio
galaxies. In 1960, Sandage observed 3C 48 which looked lik mag stellar object with a
faint nebulosity on normal photographs. However, its gpeatere very confusing exhibiting
broad emission lines at unfamiliar wavelengths while itetpmetry showed the object to be
variable and to have an excess of ultraviolet emission. r@ewather apparently star-like im-
ages coincident with radio sources were found to show brogidsion lines. Thus, the terms
quasi-stellar radio sources (QSRS), quasi-stellar sey@8S) quasi-stellar objects (QSOs)
quasars were coined, being 3C 48 the first of its class. Thehireakthrough in understanding
these amazing objects came wikchmidt(1963 and their study of the source 3C 273. They
realized that the emission lines seen in the spectrum okthisce were actually the hydrogen
Balmer-series emission lines and MgR798 at the uncommonly large redshifto£ 0.158: the
strange objects with stellar appearance become distartirggid galaxies. The 3C 48 spectrum
was explained with a redshift af= 0.37 and the mystery of the spectrum of quasars was solved.
AGNs properties were recognized in the incoming years. Cosnmabgedshift ofQSOswas
accepted by the astronomical communiGréenstein & Schmidtl964) and the parallel be-
tween Seyfert galaxies and quasars suggested a commorglhyaiure. Simultaneously, the
idea that the observed concentration of the emission wilt@rcentral 100 pc of these galaxies
would require a mass of 18M,, was first presented/Noltjer, 1959. This idea evolved into the
possible explanation that in the centerA@Ns could lie a black hole which would emit mainly
by accretion processes of a surrounding disc of §adpeter 1964).

Nowadays, the terrAGN involves some the most powerful continuous sources of lumi-
nosity in the Universe which cannot be attributed direatlynbrmal stellar processes. Such a
high luminosity is produced in a very concentrated volunpectfically on sub-parsec scales.
Their luminosity is in the range of #0— 10*’erg- s~ Fabian(1999, i.e. more than a hundred
billion times more powerful than the Sun, and emerging fronuaresolved source. Their lumi-
nosity is comparable, and can even exceed, to that of theirtmst galaxies. This prodigious
radiation means that active galaxies can be seen over hagndé and are among the most
distant objects that have ever been detected. Their emigsi&pread widely across the whole
electromagnetic spectrum, frogammarays to sub-mm, often peaking in théraviolet (UV)
or extreme ultraviolet (EUV,)but with significant luminosity in the X-ray and infraredruts.
This fact separates active galaxies from normal galaxegsoamal galaxies emit most of their
energy as a thermal blackbody curve due to stars and glovasg g

Although there is still much to clarify in the field ®GNs, the most accepted explanation
for such release of energy is that it is produced by accradito asuper massive black hole
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(SMBH) (Kormendy 1988. Since the outward force of radiation pressure must beteolal-
anced by the inward forced of gravity, high luminosities Iyrinigh masses, otherwise the object
will disintegrate Peterson1997. As a result AGNs must present very high mass density, and
it has long been assumed that they consist 8&BH, whose mass is 10°M,, accreting gas
and dust at the center of a galaXyidtzer 2015. Hence, the deep gravitational potential of
the black hole is responsible for the radiativelii@ent accretion leading to the extremely high
luminosities as well as for the dynamical broadening of theeoved lines.

Moreover, the power output &GN is often variable on timescales of years and sometimes
on timescales of days, hours, or even minutes. An objectuiduaes rapidly in timet must
be smaller than the light-crossing time of the objaxt(wherec is the speed of light) and
therefore must be spatially small, otherwise the variationld appear smoothdehbian(1999.
Thus, aSMBH explain not only the large energy output, but also the snied sf the emitting
regions and the associated short variability timescal@gzdd. Within this picture AGN field of
research is currently open to study the physics involvetéraccretion phenomenon, to observe
and explain their emission throughout their whole electgretic spectrum and unravel the
distribution in space, the origin, the evolution and the faitthese thrilling objects.

In particular, the X-ray domain hasfsered an enormous evolution over recent decades,
and is currently one of the key energy ranges for the studA@®MN. The more energetic is the
radiation coming from th&GN, the closer to the central engine it is emitted, so that X6 ag
a tool to probe the vicinity of th& MBH. A great part of this dissertation is focused in X-ray
analysis ofAGN.

1.2 Beyond the atmosphere: satellites and birth of X-ray ason-
omy

In late 1895, the german physics Wilhelm Rontgen discaléteays quite by accident, while
he was analyzing the violet fluorescence of cathode ray#.bikgan with the experiments of an-
other british scientist, William Crookes, who studied tffeets of applying electrical discharges
to some gases. Crookes carried out his tests inside vaclhen tmnplemented with electrodes,
known asCrookes tubes However, he did not go ahead with his experiments. Rontgen
ried on investigating thesefects and realized that when one of his tubes was placed about 1
meter away for the photographic plate, a green colored fhoerd light could be seen over the
screen even when the tube was covered with a black cardbodiltet out any visible light.
This strange event led him to deeply analyze what appedtedilnew type of radiation, very
penetrating but invisible, that he called radiation “X” arkinown. On 22th December 1985,
Rontgen asked his wife, Berta, to place her hand over théoghaphic plate of his improved
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Ficure 1.1: Electromagnetic opacity of atmosphere. Image credit:
httpy/gsp.humboldt.edoim_2015CoursegGSP216 Onlingimagegatmo-abs.jpg

and upgraded device that needed a person to be handled. Blppieg the plate, a historic
image for science had appeared: the bones of Berta’s hahdawinhg in her finger, the first
radiography of human body. The discovery spread quicklgughout the world and X-rays
started to be of very important application in medical arfeeosciences. Rontgen was awarded
the first ever Nobel Prize for Physics in 1901.

Much later, thanks to Rontgen, Riccardo Giacconi wouldabse known as “the father of
X-ray astronomy” because of his work whose fruit was nothimgre, nothing less, than the
discovery of the first cosmic X-ray source. The advance oa)Xastronomy was a challenging
task due to a problem of big dimensions: our atmosphere. Wéw&ain our planet because the
atmosphere is protecting us from potentially damagingatéati, including of course X-rays.
The atmospheric electromagnetic opacity (see fig) makes it impossible to detect X-rays
from ground-based instruments: it is necessary to fly detedat high altitudes, for instance
using balloons or rockets. X-ray astronomy was born withléluech of the first rocket by the
US Naval Research Laboratory in 1948 which allowed the fegtction of X-rays coming from
the Sun. The following modest rocket supplied with a X-ratedtor and launched by the group
of Giacconi et al(1962 at the American Science and Engineering cracked the atmeosfor
a few minutes but made possible the detection of extrasoleayX for first time: it was the
discovery of Scorpius X-1, an X-ray binary which is the sgest apparent source of X-rays in
the sky.


http://gsp.humboldt.edu/olm_2015/Courses/GSP_216_Online/images/atmo-abs.jpg

Chapter 1 Introduction 5

A significant breakthrough came with the launch of teuru satellite in 1970 Giacconi
et al, 1971, which provided astronomers with the first X-ray catalo@89 objects detected in
the 2-6 keV energy band. The predominant fraction of theseces were found to be compact,
mass-exchange, i.e. X-ray binaries, but®4BN were also detected. Because of his pioneering
contributions to astrophysics Riccardo Giacconi was aecithe Nobel Prize for Physics in
2002.

Through the 1970s, thasriel V satellite established Seyfert galaxies as another claXs of
ray objects. The field progressed rapidly, with detectoxdrigalarger collecting area, increased
spectral coverage and improved spectral resolution inraodgive birth to the first true orbiting
X-ray telescope, thEinstein ObservatorgGiacconi et al.1979: it utilized a concentric array of
grazing incidence mirrors to focus keV photons onto its fptane detector. It revolutionized X-
ray astronomy thanks to its capability to create images tfreded objects andftlise emission
to detect faint sources. The resulting images vastly imguiaspatial localization of objects in
the sky and the sensitivity experienced a turning pointessource and celestial background
could be &ectively separated. At this point, improved results werghing more advances in
the instrumentation and this feedback remains still today.

By 1980, X-ray astronomy was a major branch of astronomy. bBést was yet to come:
the European X-ray Observatory Satellite (EXOSARoOntgen Satellite (ROSAT)Advance
Satellite for Cosmology and Astrophysics (ASCAhdBeppo X-ray Astronomy Satellite (Bep-
poSAX)satellites would define a new era for X-ray astronomy, priogia¢rucial tests of general
relativity and demonstrating that we still knew so littleoabthe contents, structure, physics and
evolution of the universe. The X-ray bandwidth, far morergasic than visible light, is about
seven times wider in terms of energy range (visible lightdfiequency of about 18 Hz while
X-rays cover from 18 to 10?° Hz). So, one instrument or one satellite cannot cover the en-
tire X-ray regime.EXOSAT, launched byEuropean Space Agency (ESi#)1983, zoomed on
the higher-energy part of the X-ray spectrum and made 1786raations of a wide variety of
objects, includingAGN, stellar coronae, cataclysmic variables, white dwarfsa)-binaries,
clusters of galaxies, and supernova remnafdylbr et al, 1981). The known X-ray universe
was growing. ROSAT, led by German Aerospace Center and launched in 1990, wdgghe
imaging telescope at low X-ray energies to provide highliguamages, improving on those
from Einstein ObservatoryTruemper 1982. ROSAT expanded the number of known X-ray
sources to 125000 and proved to be especially valuable @sfigating the gas present between
stars and galaxiesAstro-D, commonly known a®ASCA was launched in 1993 and comple-
mented thdROSATs imaging capability with spectral observations of X-ragirces of higher
energy Tanaka et a).1994. ASCAwas the first one to employ the so-calleested gold-coated
foil mirrors, that greatly improved X-ray photon collecting¢fieiency, and the first mission to
usecharge-coupled device (CCHecoming both standard technologies for future missitins.
was the first X-ray mission to combine imaging capabilityhWiroad band pass, good spectral
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resolution and a largeffiective area in order to find the first evidence of the grawateti red-
shift due to the strong gravitational field around a blaclehthe ‘broad iron K line’. In 1996,
anothe X-ray observatory with Italian-Dutch collaboratiwas launchedBeppoSAX working

in the broadest range of energy, from 0.1 to 300 k&¥¢asj 1997). It had moderate imaging
capability but was prepared for producing high-qualitycdpe One of its key discoveries was
that of gamma-ray bursts X-ray emission.

Nowadays, operating X-ray mission provides us with stilledtér understanding of the
amazing X-ray UniverseNational Aeronautics and Space Administration (NASAJhandra
X-ray ObservatorfWeisskopf et al.2003 and theESAs XMM-Newton SatellitéJansen et al.
2001 are like sister telescopes launched in July and Decemt®9, I@spectively. Chandra
provides the highest spatial resolution to date and thexafrcels in producing images with 0.5
arcsec angular resolution and decoding the structure ehded X-ray sources. XMM-Newton
possesses a large mirror surface with an excellent coitpetiea and sensitivity to deliver faint
images and spectra in less time, revealing the componestsuatures that Chandra sees.

While Chandra and XMM-Newton operate up to 10 keV, the hardesays up to several
hundred keV are accessible througtviftor Suzaku Since 2004 Swift (Burrows et al. 2005
also provide spectacular views of the X-ray Universe pemfog the first sensitive hard X-ray
survey of the sky. At hardest X-ray regime wikh >> 10keV grazing incident telescopes
would need focal lengths of> 10 m, i.e.Wolter-type telescopesnstead Swiftincludes coded
masks, similar to pin-hole masks but with a pattern of holesving for ~ 50% of the light
to reach the detector, achieving an imaging resolution wérs¢ arcmin. In 2005Suzakuvas
launched litsuda et al. 2007, the dramatically improved successorABCA. It was designed
to perform various types of observational studies of a watéety of X-ray sources, with higher
energy resolution and a higher sensitivity than ever befover a wider energy range from
soft X-rays to gamma-rays (0.4-600 ke\WWuSTARHarrison et al.2013, launched in 2012,
brought focusing optics to high-energy X-rays for the fiirsigt implementing long focal length.
It gives an observational window between 5 and 80 keV.

The next generation of X-ray observatories is coming in otd@chieve further advances
and disentangle the mysteries of this energetic world. Tostmexpected spacecraffdvanced
Telescope for High ENergy Astrophysics (ATHEMA(Barcons et a).2012) with a focal length
of 11.5 m is envisioned to carry out a wide-field imager and aroaialorimeter. It will be
launched around 2028 to give answer to e.g. B&BH do grow and contribute to our Universe.

Then, since 18 June1962, when the first X-ray object outside our solar systas dis-
covered, our understanding of the X-ray universe has grananstring of X-ray satellites which
have revealed exotic objects and energetic events. YeiWweese, 54 years later, with hundreds
of thousand X-ray sources detected. Among them are the most ghenomena in the uni-
verse asSMBH. It takes a lot of energy to make X rays. Black holes are a soaf¢hermal
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4 Nested Paraboloids
4 Nested Hyporboloids -

Ficure 1.2: Left: Schematic representation of the X-ray mirror€ofandraobservatoryRight:
Real picture ofChancrds X-ray mirrors. Image credit: .

X-ray emission, pure heat and therefore energy. Gas fadlovgn ontoSMBH, attracted by the
extreme gravity, is heated up to temperatures of milliondegfrees. In this way, astronomers
can “see” a black hole thanks to the “commotion” around itpitesits invisible nature. That
is what makes X-ray astronomy so exciting. The scene is filléd the most explosive and
energetic phenomena and it just took a little while for husango into to the X-ray universe.

It is worth mentioning that X-ray observatories cannot use donventional mirrors that
we are used to in everyday life, since X-rays would just passght through the gaps between
the atoms. The reason is that the larger the wavelength ltf liige larger its interaction cross-
section, and the larger the chance of an interaction i.eeféction. Unlike optical light, X-rays
have a short wavelength (high energy) and a small interactioss-section so that they can pass
between the atoms of a mirror without interacting with thenala The solution is to get the
incoming X-rays to interact with more atoms and this can bd@esed by turning the mirrors
edge-on, and so the X-rays are more likely to hit an atom thingjing the X-rays to a focus
point. The X-rays are slippingfbthe atoms like a stone slipping over water, since an incoming
X-ray will see more atoms when the mirror is placed edge on.

Indeed, one of the most complex part of X-ray observatosethé manufacture of the
mirrors, since they only can “collect” a tiny fraction of tivecoming X-rays leading them to
a focus after passing between thé&alient mirrors (see Figl.2). In order to get around this
problem, the designers of tBeMM-Newtonobservatory placed 58 nested mirrors within each
other trying to catch as many X-rays as possible. WhereasgmErs ofChandraspacecraft
opted for only 4 mirrors, but four mirrors so accurately magdaquisitely shaped and aligned
nearly parallel to incoming X-rays, that the resulting ireagre much sharper that the images
taken byXMM-Newton

The origin of X-rays from close to thEMBH means that X-ray dataffer a chance to
study the immediate environments of black holes and thelpooderstood accretion process
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that fuels them, allowing us to test physics in the extrentaivistic regime. Although the X-ray
emission is unresolved in images with current instrum@natiming analysis and spectroscopy
allow us to probe these regions indirectly. Gas inflows artflawss near the most central regions
inprint specific spectral features. The reprocessing datiaxh in the innermost accretion disc
makes it possible to reconstruct the geometrical stru@atemotion of the accreting material
on small radii.

1.3 AGN classification

Depending on their multi-wavelength properties, the taxoy of AGN constitutes a disparate
zoo of diferent names andfierent spectral, polarization, and variability charastérs. Since
the physics underlying their nature was not yet clear, timd bf objects have been historically
divided in a huge variety of classes, types and subtypes @anddaysAGNsform a very hetero-
geneous group, that collectively occupy a vast parametarespHere, the main classifications
of AGN are shortly described.

With respect to radio emission they can be classifiedadin-loud andradio-quiet The
radio-loud objects produce large scale radio jets and lobes of plasntlaeivicinity of the
SMBH, thus being detected as bright sources in radio band. Oibesritie weak radio ejection
of theradio-quiet objects does not show strong radio dominance and radio iemisgyenerally
energetically insignificantWilson & Colbert 19953. A generally accepted quantitative way of
knowing if anAGN is radio-loud or radio-quiet is the ratio of radio (5 GHz) fatical (B-band)
flux. Thus, roughly 15- 20% of AGNSs are radio-loud withFs/Fg > 10 (Kellermann et al.
1989. The capability of arAGN to form powerful relativistic jets, i.e. its radio-loudrsesan
be related to host galaxy typ&ifith et al, 1986 or to black hole mass and spikv{lson &
Colbert 1995h.

The multi-wavelength study carried out Byanders et a(1989 revealed, with few excep-
tions that the infrared to soft X-ray continuum and optiaad altraviolet emission-line spectra
of most radio-loud and radio-quiéiGNsare very similar. Therefore they would be a product of
more or less the same mechanisms. Thus, based on the chatiastef theirUV , optical and
near infrared (NIRgpectra,AGN can be separated into three broad typgsy & Padovanj
1995 Netzer 2015:

Type 1: Their spectra are characterized by a bright continuum amgrtesence of broad emission
lines from hot and high velocity gas witHall-width at half maximum (FWHM)f 1000~
20000km st superimposed to narrower linedtzer 2015. According to the relative
intensity of the broad and narrow components of the Balnmesli several subgroups of
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Type 1 sources can be distinguished : type 1.5, type 1.8 @r 1y®, being type 1.5 the
ones with the stronger broad component.

Type 2: Their spectra show a weak continuum, which is normally @mtsh time, and only strong
narrow emission lines with BWHM of 300— 1000km s* (Netzer 2015, which accom-
plish a ratio of fluxes o:‘E&]F'L;*S—W ~ 10 (Antonucci 1993 and show clear indications of
photoionization by a non-stellar source. As type 1, thep alspear like point sources in
X-ray wavelengths at least at high energies, where thermaunth emission dominates.

Type 2 AGN can be divided in other two subgroups: those wiifdden broad line region
(HBLR) which can only be detected in polarized light and not in comrspectroscopy
(Miller & Goodrich, 199Q Young et al, 1996, namedHBLR AGN, and those where ob-
servations in polarized light have failed to reveal the Bidtroad emission, swn-hidden
broad line region (NHBLR) In some cases, their X-ray emission is unabsorbed, typical
of type 1 AGN, indicating a clear view towards the nucleust,ithout detected broad
lines in the optical. These sources are sometimes knowruagype 2 AGNor naked
AGN as they perhaps lack théiroad line region (BLRxomponent Yalencia-S. et a.
2012 Hawkins 2004. True type 2 AGNtharacteristics will be more detailed in section
1.6.2

Type 0. This subgroup includeAGNs with extremely weak, sometimes completely undetected
emission lines and, ocassionally, continuum variabilietzer 2015. Urry & Padovani
(1995 related them by a small inclination angle to the of view (LOS)

Different subgroups &GN have been defined. Below, the main ones are detailed:

o Seyfert galaxies

Seyfert galaxies are the most common clas®\GNN that we can observe in the local
Universe. Due to their relative proximity, they provide ughathe best available spectra
and images and allow to study t&N physical processes in better detail. Taking this
into account, it is not surprising that they were the k&N classified as such.

They exhibit a low luminosity withMg > —215 + 5loghg, established originally by
Schmidt & Green(1983 for distinguishing Seyfert galaxies from quasars. Heticey
are seen only nearby, where the host galaxy can be resolhetbrRetrically, the surface
brightness of their nuclei is high, but they are mainly idfeed due to the presence of
strong, high-ionization emission lines in their spectrarphological studies suggest that
most, if not all, Seyferts occur in spiral galaxi&irqkin et al, 1980.

Khachikian & Weedmar{1974) realized that there were in reality two broad subclasses
of Seyfert galaxies, depending on the presence or absetceatf bases on the permitted
emission lines. As noted above, type 1 Seyfert galaxies shanset of emission lines:
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Ficure 1.3: Top panel:Example of a typical Seyfert 1 galaxy, in this case NGC554#ical
spectrum . The prominent broad and narrow emission linetabeded. The vertical scale is
expanded in the lower panel to show the weaker featuresFWéM of the broad components
is about 590&km s, and the width of the narrow components is about k®0s®. The strong
rise shortward of 4000A is the long-wavelength end of thedtimiue bump” feature which is
a blend of Balmer continuum and Fell line emissi@ottom panel:The optical spectrum of
the Seyfert 2 galaxy NGC1667 is shown with important emissiges identified along some
strong absorption lines that arise in the host galaxy ratier the AGN itself . Image credit:
httpy//www.faculty.virginia.edyASTR3130lecturegspectroscopigpec.html
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narrow and broad lines, superposed on one another. Namew diome from low-density
(electron densityne ~ 10° — 10°cnT3) ionized gas and show widths corresponding to
velocities of several hundred kilometers per second (inAGMNs objects this means
somewhat broad). In contrast, broad lines only appear iét®m of permitted narrow
lines, have widths of up okm s, and are likely emitted form high-density regions
ne > 10%n3 (Peterson1997). According to sub-classification mentioned above, in type
1 and 1.5 Seyferts, the broad and narrow components of the tian be easily seen,
in type 1.8 Seyferts, the broad components are weak but Inelees detectable Ha
and HB, and finally, in type 1.9 Seyferts the broad component cayg baldetected in
the Ha line (Osterbrock 1981). The absence of broad wings in the forbidden emission
lines corroborates the fact that that the broad-line emgjitjas is of high density as the
forbidden transitions do not occur at low densities siney tire collisionally suppressed
(Petersonl1997. Forbidden and permitted transitions will be explainedhiore detail on
sectionl.4.2

On the other hand, as mentioned above, the spectra of typgf@rSgalaxies only com-
prise narrow emission lines. Possil#gyfert 2 (Sy2nuclei have even extremely weak
broad components but too faint too detect against the amntinspectrum of the nucleus
(Osterbrock 1989. Both Seyfert 1 (SylandSy2galaxies exhibit weak absorption lines
due to late-type giant stars in the host galaxy in additiothto strong emission lines.
These absorption lines are weak because the starlightiediby the non-stellar contin-
uum (Petersonl1997. Sy2 galaxies exhibit a fainter emission continuum in the optica
thanSylsbecause theifGN core is usually less dominant with respect to the surround-
ing galaxy than irSyls Hence their non-stellar continuum is also usually very kvaa
that isolating it from the synthetic stellar spectrum cogrirom the host galaxy becomes
a very dificult task. OtherwiseSyl galaxies often exhibit a strong continuum which
appears to be featureless, i.e. without the charactestgitar absorption lines.

Up to here, the optical classification of Seyfert galaxiesteen discussed. An equivalent
distinction between Seyfert types is made in the X-raysetham the intrinsic absorption
measurement in the soft X-ray band, i.E. < 5 keV. At these energies, intrinsic ab-
sorption means the presence of matter close t&MBH and it is measured as a column
density of hydrogeniNy, in units of atoms peen? in the LOS. In general, Seyfert galax-
ies which present an intrinsic absorptionNy; < 107%cnm? are classified spectroscopi-
cally as Seyfert 1 or 1.2 while those witty > 10%?cn? are classified as Seyfert 1.8,
1.9 or 2 Beckmann & Shrader2012. It is likely that the transition between absorbed
and unabsorbed sources is smooth and therefore n8yaljalaxies exhibit low absorp-
tion (Awaki et al, 1991) and not allSy2 nuclei show intrinsic absorptiorPéppa et al.
200)). It should also to be outlined that intrinsic absorptiowvasiable as it can depend
on occultation events as it will be discussed in detail irtiea.
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Regarding to radio emission, Seyfert galaxies are radietqlihis dissertation is precisely
focused on the study of this subclassA@N.

Quasars (QSO0s)

They are the most luminous objects in the sky and, therefbey, are also the ones we
see far across the Universe. At date of writing, the highedshift quasar is detected at
z = 7.085 Momijian et al, 2014), which puts these objects at times as early as 800 million
years after the Big Bang .

According to the relation dbchmidt & Greern(1983 for Seyfert galaxies, quasars accom-
plish the complementary onélg < —21.5 + 5loghg. In fact, they are so luminous that
they outshine the light coming from their host galaxies anly the nucleus can be de-
tected. That is the reason why firstly they were confused stihlike objects $andage
1964), hence their nam@®SOsor quasars to shorten.

A small minority, ~ 5 — 10% of quasar are radio-lou®¢terson1997 and can also be
divided in type 1 and type 2. Their spectra are remarkablylainto those of Seyfert
galaxies, except that stellar absorption features are wegk, sometimes undetectable,
and narrow lines are usually weaker relatively to broadslio@mpared to Seyferts.

Low ionization nuclear emission regions (LINERS)

Low ionization nuclear emission regions (LINER=)nstitute the low luminosity end of
the AGNs with Lo ~ 10°° — 10%%erg s (Ho, 2009. They show faint core luminosi-
ties and strong emission lines originating from low-ioti@ga gas. Typical emission line
widths are 200- 400 kms™? and their properties are very similar to thoseSyR nuclei
but, despite their lower luminosity,INERs have stronger forbidden lines. According to
their position at the low luminosity end of tH&GN phenomenon, they may be accreting
matter with low radiative #iciency or at low rate compared to Seyferts. The ionizing
mechanism is still unclear and type 1 andIRIERs can also be found.

Radio galaxies

They are strong radio emitters concentrated in a point#iidio source with, typically,
two lobes of radio emission that are often approximatelgredd with the jetsrry &
Padovani 1995. Due to their spectral similarity, radio galaxies can besidered to
be the radio-loud Seyferts. According to their optical $pea, broad-line radio galaxys
(BLRGs)andnarrrow-line radio galaxys (NLRGsan be defined@sterbrock1989. On
the other hand, radio galaxies are preferentially locateglliptical galaxies Best et al.
2005 rather than spirals, although recent8ingh et al.(2015 have detected four rare
double-lobe radio sources hosted in spirals.

e Blazars
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In the rare cases where one of the jets is directed straigist apecial relativistic beaming
strongly enhances the observed jet emission, often djw@imd thus making it dicult to
observe any other emissions from the AGN. Such objects arekras blazars and are
always radio-loud.

There are two subgroups of blazaogptically violent variables (OVVsandBL Lac Ob-
jects OVVs are extremely variable on short timescales at X-ray, op#ind radio wave-
lengths , e.gAm > 0.1 mag. in optical wavelengths within one day. In additionheit
large variations in flux, they usually show high polarizatiap to a few percent while
mostAGNs tend to have- 1%, which also varies in both magnitude and position angle.
Hence their name)VVs. BL Lac Objects adquired their name from the highly variable
star BL Lacertae, since this class, like quasars, also #xdtédlar appearance. They are
mainly distinguished fronOVVs because of the absence of strong optical emission lines
in their spectra. The emission-line features may be iritd@tly absent or simply swamped
by the additional variable component: in the latter casassion lines may become vis-
ible when the variable component is at a low levéVVs behave more like standard
radio-loud quasars with the addition of a rapidly varialdenponent. In both classes of
source, the variable emission is believed to originate enrtiativistic jet. Relativistic
effects amplify both the luminosity of the jet and the amplitadeariability.

1.4 Radiative processes in active galactic nuclei

Radiation mechanisms hold a outstanding place in astragghwsrld since they are our “eyes”
to the astrophysical objects of the Universe. Understanttie interaction between photons
and particles and between particles or fields is essentiafdar to understand emission and
absorption processes taking placeABN. Synchrothron emission seems to play a key role in
jets. Accretion discs emit)V thermal radiation, being the X-ray emission produced tghou
the inverse Comptonfkect. Fluorescence is responsible for the main X-ray lindilpra~e K«

at 6.4 keV. Some processes emit unpolarized radiation whilers issue polarized light, which
will become important in this dissertation. Bellow, a ovew of these processes is outlined.

1.4.1 Continuum emission processes

Electromagnetic radiation produced in any kind of physmalcess within theAGN environ-
ment cannot travel undisturbed to the observer due to thmgtizal anisotropy that charac-
terizes this class of objects . Photons will be scatteredatices, losing or gaining energy.
This has importantféects on the observed spectrum. Those than can be seen ac8egfert
galaxies are:
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Inverse Compton Scattering — photon gains energy

Ficure 1.4: Graphic description of Compton scattering. Imageitred
httpsy/astrobites.orgvp-contentupload$201204/500px-Compton-scattering.png

e Compton scattering

Compton scattering is the inelastic interaction betweeiglaénergy photon, i.e relativis-
tic E ~ mv, by a charged patrticle at rest, usually an electron. It tesnla decrease in
energy (increase in wavelength) of the photon, caltedhpton gect which becomes im-
portant for X-rays and dominates-atays. Part of the energy of the photon is transferred
to the recoiling electron. Using the principles of consdoraof energy and conservation
of momentum, the energy of the scattered photon can be darivierms of the incident
photon energy and the angle through which it is scattdrsthiCki & Lightman, 1979.

e Inverse Compton scattering

The inverse process of scattering, in which a high energgtrele transfers part of its
energy to a low energy photon, is calléd/erse Compton scatteringMultiple inverse
Compton scattering by hot thermal electrons, i. e. therratmtonization Zdziarski
etal, 1994, are thought to occur in the accretion disc corona ontdtigphotons coming
from the disc so the resultant photons acquire X-ray engrditence, inverse Compton
effect is thought to be responsible for the primary X-ray emissif AGN, being the most
important X-ray emission mechanism in radio quA&N. The resulting spectrum depend
on the luminosity and incoming radiation spectrum, the gyelistribution of relativistic
electrons, number of scattering events and energy balatageen the energy gained by
the photons and lost by electrons.

e Cyclotron and Synchrotron emission


https://astrobites.org/wp-content/uploads/2012/04/500px-Compton-scattering.png

Chapter 1 Introduction 15

Radio emission in astrophysical sources is caused bgytletron processvhich occurs
when charged particles are accelerated in a magnetic figld.electron changes its di-
rection because the magnetic field exerts a force perpdadituits original direction of
motion. If the electron is relativistic, process is renanas@&ynchrotron emissionThe
energy of the emitted photons is a function of the electraergyn of the magnetic field
strength and of the angle between the electron’s path anddlgeetic field linesRybicki

& Lightman, 1979. Unless, the magnetic field is disordered, the resultidgoramission
is polarized.

1.4.2 Spectral line radiation

o Allowed and forbidden lines

A distinguishing observational feature of Seyfert galaigethe presence of narrow, non-
variable forbidden emission lines. What means “forbiddimés in this context? The
allowed line transitions are governed by the selectionsrofequantum mechanics. The
quantum numbers which describe the properties of the elest@and of their configura-
tions in the atom can only change in certain ways during asitian. The transitions
“forbidden” by the selections rules are only partially fiitben. A more correct descrip-
tion is to say that the transition probability is small but mero. Lines resulting from this
kind of transitions are known derbidden linesand are normally several orders of mag-
nitude fainter than those from the allowed lines, so that ttre normally lost in the noise
level of the spectrum. However, special circumstances reag to the forbidden lines
becoming detectable, and sometimes, dominating the sipectrhe interstellar medium,
also known as nebular medium, existingAGNs makes their characteristic spectra to
show very strong forbidden emission lines. This arises lmEadome elements of this
interstellar medium, composed mainly of gas and dust, ptesgergy levels which have
no allowed transitions to the lowest energy (ground staedll Excited electrons may
cascade downwards to such a level and become stuck. In teaabsf collisions or
other processes to provide alternative paths to the graiane, snost of the atoms of that
element will eventually make their way into this metastatitte. The forbidden transi-
tion, whose lifetimes ranges from 10s to many years, is then the only way out to the
electrons, so that the only observed lines are the forbiddes Kitchin, 1991).

Since theBLR presents high densities, collisions impede forbiddensitems. This is
the reason why only permitted broad lines are seen. Theddehi transitions are often
symbolized in the literature using two brackets, e.gnJQ5007, while the allowed lines
are written without brackets. The numerical value corresgigao the wavelength of the
line in angstroms.

e X-ray fluorescense and Auger process: production of F&« line
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Fluorescence
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Ficure 1.5: Graphic description on X-ray fluorescence and Audfeice Image credithttpy/
hyperphysics.phy-astr.gsu.edu

In the vicinity of a black hole, an high speed electron or X-pfioton can collide or be
absorbed by one of the inner electrons of a multi-electramation or molecule. One
of the outer electrons then drops to fill the vacancy. At tlugpthere are two possible
endpoints:(1), the dropping electron can emit another X-ray photon, agee&nown as
X-ray fluorescenceor (2), the energy emitted by the dropping electron goes intoiegct
one of the outer electrons, the so-callagyer gfect Both processes occur in the accretion
disc, making the X-ray fluorescence the responsible for tfumgest spectral feature in
thermalAGNSs: the Fe kv line, which, like all K lines, is the result of an electron gping
from the second orbital shell “L" to innermost “K” shell.

Photoelectric absorption of an X-ray photon by the neut@h ihas a threshold of 7.1
keV, i.e., in order to eject one of the two electrons of itshéll a photon of energy 7.1
keV is required. The resulting excited state has 34% prdibatn decay by fluorescence,
releasing 6.4 keV of energy, and 66% probability tefsuan Auger de-excitation, emit-
ting an electron. There are, in fact, two components tokhdine, Kal at 6.404 and
Ka2 at 6.391 keV, which are not separately distinguished im wWork because they are
unresolved at current X-ray resolution. There is ald¢adine at 7.06 keV, and a nickel
Ka line at 7.5 keV is expected-ébian et al.2000. For ionized iron, the outer electrons
are less fective at screening the inner K shell from the nuclear chamgd the energy
of both the photoelectric threshold and tke line are increased up to 6.9 keV if iron is
highly ionized @ntonucci 2015. Extrapolating the optical depth to bound-free absorp-
tion, the area of iron line production in a typical accretiisc should be of 0.1-1% of its
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(2013

thickness. lItis the ionization state of this thin skin whatktermines the nature of the iron
line.

1.5 Physical structure of active galactic nuclei

AGNs are not only spatially unresolved but also strongly noresigal. This implies strongly
anisotropic radiation patterns which make iffidult to know their detailed physics as it is liter-
ally hidden from view, with orientationsfiects having been the source of much confusion. The
prevailing, but not necessarily complete, picture of thegidal structure oAGN is illustrated

in Fig. 1.6, where the components detailed below can be distinguished.

1.5.1 Supermassive Black Hole

A black hole is a singularity in space-time where a huge amotimass is compressed into
one point. It exhibits such strong gravitationélleets that even light is not able to escape. The



18 Chapter 1introduction

Black Hole Regions
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Ficure 1.7: Graphic description of a general black hole. Imageitred
httpy//www.astronomysource.cgtagevent-horizon-definitioh

boundary of this region from which matter and light can fallvard towards the black hole but
can never re-emerge is called theent horizorn(Schwarzschild1916. Mathematically, at the
event horizon of a non-rotating black hole, the gravitatl@scape velocity equals the speed of
light at the event horizon surface, which occurs at a radius:

Rs = 2i—2" = 2rg (1.1)

whererg is known as gravitational radiuRs was derived by Karl Schwarzschid in 1916, reason
why it is known asSchwarzschid radiuand corresponds to the distance between the singularity
and the event horizon. Thus, the event horizon marks the tgtendary of the dark region
where the escape velocity is higher than the speed of lighitsi@e the event horizon, if the
black hole is rotating, there is a region, the so-callegbsphergewhere the black hole drags the
surrounding spacetime making it impossible for a partioldé at rest, if seen from a distant
observer. However, particles in the ergosphere can eshag#zck hole if their speed is higher
than the appropriate escape velocity, which decreasessiidince (see figl.7).

A detailed treatment of the environment of a black hole nexpGeneral Relativity How-
ever many of the concepts relevantAGN studies can be formulated from Newtonian approxi-
mations or discussed qualitatively without a complete ganelativistic treatment.
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Since the studies carried out hynden-Bell(1969, a SMBH surrounded by a hot accre-
tion disc has been the leading candidate to power the camtgithe inAGNs. Energy is thought
to be generated by gravitational infall to tB&BH of matter, in such a way that the potential
energy of this material is converted to radiation and plerticitflow in an accretion process.

Although this scenario has long been considered as therejda for theAGN phe-
nomenon, obtaining unambiguous proof has beéicdlt. A large amount of optical, infrared,
and radio studies have revealed the presence of large magbhas small radii that can only
plausibly be black holesS@alpeter1964). X-ray studies have revealed spectral features from the
innermost accretion flow of several Seyfert galaxies: trermaous Doppler shifts and gravita-
tional redshifts of the features showed for the first timedineng gravity near the event horizon
(Tanaka et a).1995. Only in nearby galaxies, spatially resolved kinematiesehprovided
strong evidence for the ubiquity of nuclear black holeéypshi et al, 1995.

e Accretion basics: Eddington limit

Accretion onto &SMBH is governed by two fundamental quantiti€&ddington luminos-
ity, also referred to as theddington limit andEddington ratio Eddington luminosity is
a natural limit to the luminosity that can be radiated by a paot object. This limit arises
because the radiation pressure acting on a, say, electngoair must be smaller than the
gravitational force that leads to accretion, not to stopwhele accretion-radiation loop.
This sets a limit to the maximum possible luminosity of anrating object.

4nGcemy

Oe

<

M
M ~ 1.26 x 1038M— erg-st (1.2)
O]

Equationl.2 represents th&ddington limitWhen the equality is accomplished, it is ob-
tained theEddintong luminosity Lgqg, i.€. the maximum luminosity that a body can
achieve when there is balance between the force of radiatitng outward and the grav-

itational force acting inward:

M
Ledd ~ 1.26 % 1038M— erg-st (1.3)
©

The other fundamental parameter in the accretion procehs Eddington ratiQ Reqq =
%ﬂd’ defined in terms of the bolometric luminosity, andLggq. The Eddington lumi-
nosity is reached wheRgqq = 1.

e Black Hole Mass

Direct kinematic observations of the black hole mass ari¢diirby finite spatial resolution
(a typical AGN at redshift 2 would require hanoarcsecond resolution tbgtbe sphere
of influence of the black hole), not to mention that scattdigiat from the bright central
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source dilutes any kinematic signal from orbiting matef¥dbo & Urry, 2002. For these
reasons, the need for developing indirect estimationsamfidiholes mass was clear. These
estimations can be organized in twdfdrent groups. First of them, those assuming that
BLR is gravitationally bound by the central black hole potdnia that the black hole
mass can be estimated from the orbital radius and the Dopglecity.

A. Black hole Mass from Virialized Motion

In classical mechanics, the virial theorem is a link betwinenaverage kinetic energy of
a system and its average potential energy. When both giesrdite balanced, the system
is said to be virialized. It is believed that broad-line dsuare virialized \(Vandel et al.
1999 Krolik, 2001J), so that a direct relation would be:

2
RB LR VB LR

Mgn = f
BH G

(1.4)

Where f is a scale factor that depends on the geometry of tteray However, radia-
tion pressure aridr magnetic fields may contribute significantly to the dynesrKrolik,
2001, and outflows or winds could cause the observed line widihexteed those in-
duced by the black hole potential alone. In these cases #uk hiole mass calculated
from equationl.4would be over- estimated.

Al. Reverberation Mapping:

Quialitatively, the observed typeAIGN spectrum consists of a strong continuum on which
are broad emission lines. The continuum emission, pastifutowards theJV region of
the spectrum, is believed to be due to accretion ontdStki&H. Since the broad lines
are produced by photoinoization or excitation from the tantm radiation, variations
in the continuum should imply variations in the line emissitelayed by a time =
RgLr/C. Thus, reverberation mapping involves sampling the vditialin the continuum
and emission line fluxes on time scales expected to be sntladlarthe light travel time
between the central black hole and the broad line clouds.sg=rorrelation analysis,
combined with a continuum-to-line response function camthe used to infer the size of
the broad line region from time delayBlé@ndford & McKee 1982 Peterson1993.That
size, along with dynamical information inferred from the amere lines widths can be
used to estimate the black hole mass by applyind EBq.

The broad-line velocity width can be determined in two wdysm the observed spectra
or through the meaRWHM derived from the rms spectrurPéterson1988. Although
Kaspi et al.(2000 has proved that the two velocity estimates provide sintiéeaults,
assumptions about the orbital shape and inclination of thadline clouds introduce
additional uncertainties. The derived black hole massea fjiven source can filer by
less than a order of magnitude, making reverberation mgppire of the more robust
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techniques for estimating AGN black hole mass. Howeverguies many resources,
consumes much observing time and is only applicable to typ&Ns.

A2. BLR Size-Luminosity Relation:

The distance t8LR or the size 0BLR, Rgr, can also be infered from optical luminosity
of the continuum throughout the proportionali®s r o« L* according toKaspi et al.
(2005. The estimation is usually carried outat 51004, although it is also applicable
to X-rays,UV and everinfrared (IR)(Shemmer et al2004) :

AL,

Mgy =4.817X | ———————
BH 10%erg st

0.7
] FWHM(Hg)? (1.5)

whereFWHM(Hg) corresponds to the full width at half maximum of the broachpo-
nent in theHB emission line. Although this is not the more accurate egtonaof black
hole mass, it remains important because it is applicable rigdatively high number of
AGNs.

B. Black Hole Mass from Stellar Velocity Dispersion

Second approach to estimate black hole masses is to expaildse connection seen in
nearby galaxies between black hole mass and an observadoiétguthe stellar velocity
dispersiono,. Being nearby, their black hole mass can be determined fruatiadly
resolved kinematics and this correlates with stellar vgtodispersion adMigy o« o¢
(Ferrarese & Merritt200Q Tremaine et a).2002. Empirically, the slope and scatter of
the Mgy — o, relation are still subject to debate, particularly foffeiient types of host
galaxies Greene et al2010 and between low and high mass black holéssene & Ho
2004 Greene et a].2008. In the form of log §22) = @ + Blog (5z5e5<7) Xiao et al.
(2011 found a zero point of = 7.68+0.08 and a slope ¢f = 3.32+0.22 for an assumed
virial normalization factor off = 0.75. They also found that the galaxy discs with high
inclination angles (edge-on systems) show a mitdei from the face-on systems in the
MgH — o, relation, as the rotation of the disc in the edge-on systemg antificially
increase the measured., which introduces a scatter in the relation. In addit¥igo

et al.(2011) confirmed that the narrow emission-line widths can be usedwseful proxy
for the stellar velocity dispersion in low-ma8&Ns. Further refinements are likely to be
presented in the near future as this is a filed of very actisearch.

¢ Black Hole Angular Momentun and Iron K « Line

Since theSMBH is accreting matter form the rotating accretion disc, agothndamental
parameter should be its angular momentum, or ‘spin’. It Garelimportant implications
on the overall behavior of the system.
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In Seyfert galaxies, the Fedline at E= 6.4keV is often found to be very broad and
asymmetric. It is believed that such lines arise from thesimmost regions of the accre-
tion disk, with mildly-relativistic Doppler shifts and grigational redshifts combining to
produce the line profile. Hence, such a line can provide uls avitery powerful tool for
assessing black hole rotation, as its profile will be reistiwally broadened and asym-
metric for fast spinning black hole&#bian et al.2000.

1.5.2 Accretion Disc and X-ray Corona

The angular momentum of the matter pulled toward the bladk lead to form a rotationally-
flattened structure, the accretion disc. The gravitatigrmaéntial energy of material flowing
through the accretion disk is converted into radiative, @kectromagnetic, and kinetic energy,
while its angular momentum is lost through viscous or tughtilprocesses. Nowadays, it is
believed that this angular momentum transport is due magaatl hydrodynamic processes
(Balbus & Hawley 1998. Such an energy transformation glows mainlyUAt wavelenghts.
However,AGNs are copious X-ray emitters. These X-rays are thought taraig from the
innermost regions of an accretion disk around the ceBi&BH. Since the accretion disk itself
is expected to be an opti¢gdlV emitter, the most likely mechanism producing hard X-rays is
inverse Compton scattering of these soft photons in a hoteamabus corona formed by a plasma
of hot electrons that sandwiches the accretion ditkafdt & Maraschil991). Thus, accretion
disc and the X-ray corona are coupled. Part of the photom&duto X-ray energies irradiate
the accretion disc, which is colder that the hot corona dus tadiative diciency, in the sense
that it radiates locally almost all of the energy absorbezhlly. Therefore, the comptonized
photons heat up the surface layer of the accretion disc gtngra reflection component within
the X-ray spectrumGuilbert & Rees1988. This scenario gives a two phases accretion disc: a
cool thick accretion disc witkT < 50eV, and a hot thin corona witkT ~ 100keV (Mushotzky

et al, 1993, both connected by the described feeedback.

The coronal heating mechanism is not known, but some ptiisbiare that a portion
of the accretion flow is intrinsically hotShapiro et al. 1976 Narayan & Yi 1994 or that
magnetic reconnection creates hot flaring regions abovadtretion disk llayakshin & Melia
1997, Poutanen & Fabiarl999. It is believed to be located somewhere along the rotatiis a
of the SMBH andor off-axis in the proximity of the inner parts of the accretioncdis

The main features that the accretion disc imprints 0A@IN spectrum are:

e UV-optical spectral observed signatures: Big Blue Bump

There is often a distinct bump in the spectrum at optiddl wavelengths, generically
referred to as the big blue bump, that is thought to corredporthermal radiation from
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the optically-thick portions of the accretion flow. Whileetlspectra of solar-type stars
peak aroundl = 500 nm, those of O-stars at arountdl = 350 nm The blue bump
appears al = 100-400nmreaching even shorter wavelengths and peaking at freqggenci
vy = 10 — 10'%Hz Therefore, this spectral component cannot have its oifgithe
starlight of the host galaxy and is commonly representedpasiive flux excess relative
to an underlying power law continuum which extends from agtwavelengths up to
hard X-ray energies. This feature was interpreted as theofirservational evidence for
the presence of an accretion distalkan & Sargent1982.

o X-ray spectral observed signatures: Fe k& emission line and Compton Hump

The cold and optically-thick matter that constitutes theretion disc can intercept and
reprocess some fraction of the X-ray hard continuum emmssigrinting atomic fea-

tures into the observed spectrum. It is a process of “X-réigcton” responsible for a
broad reflection hump peaking at30 keV and for theKa iron emission line at 6.4 keV
(Reynolds 1999. These spectral features which will be further descrilpeskctionl.7.2

Thus, accretion disc is a crucial tool for our study of blackels, since they become these
invisible objects, which do not emit any type of radiation,\iisible. This disc is what we
actually observe and from what we are able to infer propemietheir central objects. Its
structure is optically thick, but geometrically it can bénththin accretion discor thick, thick
accretion disc

As noticed, such structures are dominated commonly by tiadjabut radiatively inéi-
cient accretion flows can occur when the accretion rate isdbthe order of 1% oRgqg. In this
case, the accretion disc has low density, then the cooling thay exceed the inflow time of the
gas and the gravitational-to-radiative energy converisamefficient because most of the energy
is advected into th& MBH. These flows are generally describedadsection dominated accre-
tion flow (ADAF) (Narayan & Yi 1994, or more generally asdiation indficient accretion
flow (RIAF) (Quataert2004.

1.5.3 Dusty torus

This central, axisymmetric dusty structure with toroidaogetry is the key element of the
unified model (UM) which is described sectiadh6. Indeed its opening angle as inferred from
neariR observations is generally in agreement with the observpd B/ type 1 ratio (e.g.
Maiolino & Rieke (1999 in Seyfert galaxies). Early evidence for its existence aia® ob-
tained from neatR studies, which revealed the presence of very hot dust, ¢ttodee subli-
mation temperature, in the nuclei 81 galaxies (e.gStorchi-Bergmann et a(1992). Thus,
it is considered to present a column density which is largrigh, ~ 10?°cn?2, to completely
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obscure the central source in some directions whit presentsensities~ 10° — 10°%cn3. It
presents a variable size between 1-100 pc and is located@pt-from the nucleus. The torus
surrounds the accretion disc, which in turn, as said abaveysnds thesSMBH (Netzer 2013.

Its inner radius is considered to be coincident with the dubtimation radius, which is located
at sub-parsec scales in Seyfert galax@iaifchi et al, 2012. Extensive reverberation observa-
tional campaigns have confirmed the expected luminositgiggnce of the sublimation radius
o« LY? (Suganuma et g12008.

The torus structure is not clear yet and mafipms are investing to clarify this question.
Firstly, it was proposed as a homogeneous or smooth abgddrividal structureRier & Krolik,
1992. However, observations did not match the models and newelspds a clumpy torus
(Nenkova et a].20083 or a two-phased medium including a clump and inter-clumpenne
(Stalevski et a].2012) are currently preferred as they better describe the ohtens.

The torus is filled by gas which, at the innermost radii of thi$, is partially ionized by
the central source. Hence strong X- ray lines are produngmriicular irorK« lines. Due to the
large column densities, this part reflects and scattersnthidant X-ray continuum radiation as
well as the opticdUV emission from the hot corona and the accretion disc reygéctiDeeper
in, the torus contains dusty molecular gas which is optictdick, and whose signatures are
observed at infrared wavelengti@dnzalez-Martin et 312015. Only hard X-ray radiation can
penetrate it, and even those photons are limited to a few @ongepthsAwaki et al.(1997).

Apart from the ubiquitous X-ray,JV and optical absorption and reflection, other remark-
able features related to the dusty torus are:

e |onization cones

The unobscured radiation coming from the central sourcehemathe gas in the galaxy
causing heating and ionization. As a result the narrow @emifines are detected. A
torus like geometry surrounding the central source actsatirhator” of this ionized gas
forming two ionization cones, one each side of accretiok (fogge 1988.

e Dust boundary

The maximum temperature that a dust grain can resist befevaporates is known asist
sublimation temperaturél'syp and it depends on grain size and composition and the local
flux. In AGN context, amean sublimation radiyRs i.e. the minimum radius where

a grain of certain size and composition can survive the lmadibtion field, is estimated
from the AGN luminosity Barvainis 1987 Netzer 2013. Thereby,Rsyp coincides with

the inner boundary of the dusty torus and two distinct regiiohhigh velocity gas near
the SMBH can be diferentiated fronRs,p matching with observations: dust-free gas with
strong emission lines withiRsyp, known asBLR, and dusty gas with weaker emission
lines outside it Netzer & Laor 1993.
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e Variable infrared emission

As dust reemits the absorbed radiation at infrared wavéhsng broad infraredpectral
energy distribution (SEDjs detected with a luminosity proportional to the number of
absorbed photons. This radiation can be reemitted isattipi or anisotropically, de-
pending on the optical depth and exact geometry. Sincetraiamitted by the central
source is varying in time, it results in a time-dependentdi@at flux on the inner torus
walls, and a time dependent infrared emission by the dust.

1.5.4 Broad Line Region

The so-calledbroad line region BLR, is formed by high density and dust-free gas clouds mov-
ing rapidly with roughly Keplerian velocities at a lumintysdependent distance of 0.01-1 pc in
the gravitational potential of theMBH (Netzer 2015. TheBLR clouds are assumed to be in
photoionization equilibrium, that is, the rate of photdiation is balanced by the rate of recom-
bination. This can expressed in terms dbaization paramete¥ which describes that balance
between the ionization rate as driven by the incident phitonand the rate of recombination
which is directly dependent on the density Typical values for thBLR are logé ~ 1.5 and
n~ 4x 10%cnT3 (Kwan & Krolik, 1981).

Strong optical and ultraviolet emission lines are produasda result of the excitation
caused by the radiation emitted from the accretion ont&tH8H: the broad lines the broad-
ening being due to the high velocities of the gas. The moshprent of these lines are the
hydrogen Balmer serie lindda 116563,HB 14861 andHy 14340, hydrogerLya 11216, and
also common are the lines of iogn 12798, [Gu] 11909 andCiv 11549.

Individual clouds, depending on their size, present theintf side, that one facing the
central engine, highly ionized. Depending on their colurangities, they will be less ionized or
mostly neutral on the back side. Thus, the front side emgh Rinization lines while the back
side emits low ionization lines. This basic geometricahse® can be assessed observationally
with the reverberation mapping techniquge¢tkmann & Shradef012).

1.5.5 Narrow Line Region

The narrow line region (NLR)onsists of lower density and slower moving ionized cloufls o
gas extending from just outside the torus to hundreds anad #nisand of parsecs along the
general direction of the opening of the torus (ionizationes). Most of this gas contains dust.

The presence of narrower and lower ionization forbiddenssion lines was indicative
of a spatially distinct component from which the broad highization lines emanate. The
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lack of observable flux variability led to the conclusionttiids region was much larger and
kinematically separated from that of the broad lines. It @lwestablished that thHLR gas is
photoionized by thé&JV-X-ray continuum radiation emitted by the central source.

The FWHM of the narrow emission lines is typically 400 — 500 km s?, an order of
magnitude less than typic8ILR line widths. Forbidden lines, like oxygen, magnesium, neon
and sulfur imply gas densities ef 10° — 10°cnT as compared to densities of 10°cni3 or
greater inferred for th8LR (Beckmann & Shrade012. The size of the\LR is thought to
scale with the luminosity in some of the prominent forbiddiems. For instanceBennert et al.
(2009 found that theNLR size obeys the relatioRy.r o« L, whereLoy is the luminosity
in the Om 25007 line andy = 0.55(0.32) respectively for type 1 and typeAGN.

1.5.6 Relativistic Jets

Outflows of energetic particles occur along the poles of thie @nd torus, escaping and forming
collimated radio-emitting jets, sometimes giant radiorsea when the host galaxy is an ellip-
tical, but forming only very weak radio sources when the l®st gas-rich spiral. The plasma
in the jets, at least on the smallest scales, streams outwaety high velocities, beaming ra-
diation relativistically in the forward direction along) some cases, distances 0P 1010° pc
(Urry & Padovan] 1995.

The primary physical mechanisms initiating, acceleratang collimating these jets re-
mains an enigma still far from clear in many regardsynolds & Nowak2003 suggested that
they can be launched from the inner accretion disk or ergaspbf theSMBH and can be accel-
eratedcollimated by hydromagnetic processes. But the naturesskitinadio-loudhGN features
- their remarkable energetics, enormous size and phendaggnads a crucial open question yet
to be solved by modern astrophysics.

1.6 Unified Model

As already pointed out in sectidn3, the termAGN includes a large variety of sub-types accord-
ing to their multi-wavelength properties, that collecliveccupy a vast parameter space. Many
effort have been focused over the years to defineABdl phenomenon according its observa-
tional characteristics, but the battery offdrent characteristics was growing more and more.
In the current understanding, th&at is renewed so that this disparate zoo can be explained
by the simplest possible model. This is the key idea behiadhification Scheme or Unified
Model (UM) (Antonuccj 1993 Urry & Padovanj 1995 Elitzur, 2012, whose basic premise is
the ubiquitous presence of the obscuring torus on scalesl601pc around the central engine,
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so that the observed diversity simply reflect§eatient viewing angles of such an axisymmetric
geometry. In other words, allGN are the same, and thefdirences among them can be primar-
ily associated with the flierent orientations, being the optically and geometrictilgk torus
responsible for the line of sight viewing angle dependency.

Thus, the first prediction of placing such a simple geomaltstructure around the central
SMBH and the accretion disc, is a dependence of the obscuringnootin inclination to the
LOS, where inclination is measured relative to symmetry axishef system. Consequently,
type-1AGNs are observed with a direct view of fast moving material clasthe supermassive
black hole, resulting in broad emission lines in their agifldV spectra, while type-2AGNs
are observed from a more edge-on view, intercepting theuningrtorus that blocks thBLR
component from our line of sight. As ti¢LR lies further away from the centr&MBH, than
the BLR, the former is still observable despite the obscuring torus

The second prediction is based in the fact that electromagraaliation reflected 6 dust
grains and electrons is polarized with angle and percemalzeization which depend on wave-
length and geometry of the scattering region or regions.therowords, although thBLR is
hidden by obscuring material as in the case of tygea, the light of theBLR can escape in
directions where no material hinders the view to the cemingine ant its surroundings. If then
the BLR emission hits, for instance, electrons, it can be scattetedthe LOS and still reach
us. Indeed, th&JM arose with the discovery three decades agpadérized broad emission
lines (PBLs) also known a$iBLR, in the type-2AGN —more specificallysy2 galaxy— NGC
1068 byMiller & Antonucci (1983 and Antonucci & Miller (1985 using spectropolarimetry.
Although the direct view of the active nucleus is blocked ty torus inSy2 galaxies, radiation
escapes from the nucleus in conical beams aligned with thess pd the torus. Thus, some of
this radiation is scattered towards us, i.e. scatteringeriztacts like a mirror which enable us
to look behind the absorbing matter. As a res8li2 galaxies may exhibit the spectroscopic
properties ofSylnuclei in polarized light.

In conclusion,UM explains the large ftierences in appearance AGN throughout two
interceding parameters: the torus inclination and sowrggHosity. This causes fiierent ab-
sorption dfects intrinsic to the innermost regions of tAEN, as well as geometricalffects
regarding the beaming of the emission. There are two ves®bdM, that for radio-quieAGN
and another one for radio-loudiGN in which jets are intervening. A schematic representation
can be seen in figl.6. Since the focus of this study are Seyfert galaxies, radification is out
of scope of this work.
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1.6.1 X-ray unification scheme for Seyfert galaxies

Regarding specifically X-ray§y2galaxies should display very similar propertiesStgl galax-

ies but with additional absorption from the torus. Th8g2sare expected to possess accretion
disc reflection spectra as ddyls However, because the central engineSgPsis heavily
absorbed, additional X-ray spectral components becoraéivielly more important, depending
sensitively on the amount of absorptiddeckmann & Shradef012).

For Sy2swith relatively low absorbing column densitiesl{ < 10°?cn?), the central
engine emission can penetrate the absorbing material @ies@above a few keV. Consequently,
in these cases§y2scan exhibit broad iron lines at 6.4 keViMasawa et a).1996 Turner et al,
1998. As in Sylnuclei, these broad lines are thought to originate fromtheri regions of the
accretion disc. Even though, the reflection hump can be elsenally challenging to detect
against the absorbed spectrum, this also seems to be passexpected in at least some sources
(Weaver et al.1998.

In high absorption Seyfert 2 system{ > 10%%cnT?) , the central engine emission is
completely blocked by the Compton thick absorber. In theses, a very flat continuum with
a large equivalent width~( 1 keV) narrow iron line are inprinted in the correspondingdma.
This is interpreted as being an almost pure reflection specpossibly from the illuminated
inner edges of the torufkeynolds et a).1994 Matt et al, 1996. The fluorescence lines from
low-Z elements can also been seen in these reflection dogdicases.

1.6.2 Exceptions to unification model

Since the very beginning, théM has been extremely successful. There have been plenty of
other examples ofiBLR seen in reflected light, also in nearly all typesAfENs. However,
additional ingredients are needed to account for some wditsamal facts that are apparently in
conflict with the predictions.

Recent observations of largeGN samples, and more detailed information about specific
sources warn that the unification scheme requires modditatiThere are real fiierences be-
tween various sub-groups, beyond the dependence on luityiaos! torus inclination. This can
be due to the nature of the central power-source, eRIA& instead of high fficiency accretion
flow, and the fact that som&GNs lack one or more of the main components, e.g. tB&iR or
their NLR. Also, the scientific community are currently involved teéstigate if evolution the
SMBH, directly tied to the host galaxy evolution, or the naturehaf circumnuclear obscuring
torus (as already noticed in secti@rb.3, could impact on the main characteristics dfelient
types ofAGNs (Netzer 2015.
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Numerous investigations have tried to explain thigéedénces in the geometry or physical
properties of the circumnuclear absorber. lRgmos Almeida et a[2011) concluded that the
dusty torus have a larger covering factor, a lower opticatldand is more clumpy iBy2than
in Sylgalaxies.

One of the most remarkable open questions related to Se@kakies is why som8y2s
do not show any observational signsRBL. Tran(2001, 2003 andMoran et al (2001 reported
that only 30- 50% of Sy2galaxies showHBLRs. The non-detection dfiBLRsis by ho means
a certain confirmation that a given typeA%N lacks itsBLR, because it may simply indicate
that no adequate scattering medium is present. Howevegcant years, a new class AGN,
classified as type-2 by optical spectroscopy, has beenifideinttrue or real Seyfert 2 galaxies
(e.g.Heckman et al(1995). They also exhibit some characteristic behaviour typi¢dype-1
AGN such as, for instance, short timescale variability/anthck of X-ray obscuration and, at
the same time, are observationally found to accrete at lagirigitbn rates$hu et al. 2007, Wu
etal, 201J). This is in agreement with theoretical models which prettiat theBLR disappears
below a certain critical value of accretion rate gavduminosity Elitzur & Ho, 2009 Trump
et al, 2017). If the BLR cannot form in weakly accretingGN, some of the observed type-2
AGN would be so independently of the viewing angle. Therefores $y2 galaxies are thought
to lack theirBLR not only observationally (due to orientation) but also ptgity. In last decade,

a significant number of such tri&y2swith low accretion rates has been claimed in the literature
(Panessa et aR009 Shi et al, 2010. This might also be the explanation of wBY. Lac objects
the weakest blazar, do not show any emission lines. Howeeene candidates to trugy2
galaxies as GNS 06Mniutti et al., 2013 or 2XMM J123103.2110648 {Terashima et al.
2012 show high accretion rates, which seem to contradict thermgdy accepted explanation
that the trueSy2 phenomenon is associated with very low lumingsitgretion rates. Further
investigations in this class of object are needed to shdx ¢ig the study if its nature and still
much dfort is required to explain the whole appearances ofA@& phenomenon within the
unification scheme. Is théM needing further adjustment and dependence on other pamamet
than only orientation and radio-loudness? Or, maybe arentuey diferent classes AAGNs
intrinsically distinct? Precisely, this dissertation Mde focused on aspects which violate the
standardJM.

1.7 Typical spectrum of Seyfert galaxies

By definition, emission from a black hole does not resembé¢ fitom an ensemble of normal
stars. It has a dlierent broadband spectral shape, iIS&D, a very high luminosity density and
a very time variability properties. Roughly speaking, thedaband spectrum of akGN can
be represented by a power law in X-r&}y and optical ranges:
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L,=CaAl (1.6)

wherel is know asphoton indexand is, typicallyl’ = 1 — 2 for AGN (Osterbrock 1989.
But, let us analyze in detail tHgV-optical and X-ray spectral properties separatelu, siach e
band provide us with very fierent information about thaGN phenomenon.

1.7.1 UVoptical spectrum

In the modern era of astronomy, with observations rangindeldes in frequency, the identifi-
cation of an object as alGN still often comes from its optical properties, as alreadijosal in
sectionl.3. Optical spectroscopy is the malfGN classification tool and redshifts, and hence
distances, are measured from this domain.

As noted above, the optical emission can be represented lp@oximate power-law
dependence in wavelength plus (ofterbig blue bumpcomponent believed to be of thermal
emission origin $hields 1978 Malkan & Sargent1982. This property get&A\GNs to appear
“bluer” than non-active galaxies. In addition to this comtim emission, the spectrum exhibits
the showy presence of superimposed broad and narrow emigsgs. Besides, an integrated
stellar continuum plus absorption-line spectrum of a nomadaxy is also detected. All these
signatures can be detected in Fig3.

TheUV/optical emission continuum is very strongSglgalaxies, often so much stronger
that the integrated stellar absorption-line spectrum &rlganvisible Osterbrock 1989. In
typical Sy2sthis emission is much fainter and, in many cases, it can ezt only by careful
analysis of the observed continuum, as one would expect Btvn Thus, the additional un-
absorbed light coming from the nucleus makes a tydigdl more luminous (before correcting
from any intrinsic absorption) than a typicay2

1.7.2 X-ray spectrum

As already discussed in sectidrb.2 it is widely accepted that the accretion disc surrounding
the SMBH produces a thermaJVV continuum. This continuum acts &8/ seed photons field
that will be up-scattered to higher energies by relatiwistectrons in the hot corona above the
accretion disc throughout inverse Compton scatteringjuming the X-ray continuumHaardt

& Maraschj 1991). Thus, a substantial amount of the poweAfBNsis thought to be emitted as
X-rays from the accretion disc corona and the study of thesayX should provide information
about the immediate environment of tB&BH. At the same time, the circumnuclear torus will
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Ficure 1.8: General components of a typio®&GN spectrum. The solid lines represents a

prototype of unabsorbediGN. Image creditsRicci (2011).

be responsible for a column density dependent X-ray alisorpthe typical components of the

X-ray spectrum oAGNs are discussed below:

(i)

(i)

Power law Thermal Comptonization in the X-ray corona reprocessitiegohotons com-

ing from the accretion disc giving rise to a (primary) X-rayntinuum emission. This
intrinsic spectrum can be well described by a single powemiéth a photon index™ ~ 2

up to several hundresds of keWgndra & Pounds1994 Risaliti, 2002 Cappi et al,
20086. Since the relativistic electrons have a finite energyréseilting inverse Compton
scattering will have a high-energy cuff@s photons cannot be scattered up to higher en-
ergies than those of the electron populatidtadejski et al. 1995 Guainazzi et a).1999
Nicastro et al.2000. The shape of the continuum spectrum above a few tens of &eV i
only poorly determined due to the lack of sensitive obs@matat those energies, while it

is well known that the exponential cuffanust be around 50-500 ke\&{lli et al., 2007).

Fe Ka emission line and the reflection Compton hup noted in sectioi.5.2the two-
phase accretion disc generates a (seconalagessed) X-ray reflection spectrum. This
assumption can be easily understood by considering a haey Xentinuum (of power
law shape) illuminating a semi-infinite slab of cold gas.Histcontext, ‘cold’ means that
metal atoms are essentially neutral, but H and He are mastlyed. Then, a hard X-ray
photon penetrating in the slab cartfeun three diferent interactions: (1) Compton scatter-
ing by free or bound electrons, (2) photoelectric absompt@lowed by fluorescent line
emission and (3) photoelectric absorption followed by Awdgeexcitation. Therefore, the
hard X-ray photon can be (1) scattered out the slab with arl@wergy than the incident
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(iv)

v)

one, (2) reprocessed into a flourescent line photon whichpescthe slab, or destroyed
by a Auger de-excitation implicating the emission of a neecebn Krolik & Kallman,
1987 Matt et al, 1991, Fabian et a].2000. All these processes are included in the Monte
Carlo simulation carried out bieynolds(1996 shown in figurel.9, where two remark-
able characteristics should catch our attention: a braedphshape and a set of well
defined emission lines. Photoelectric absorption exhil@hergy dependence such soft
X-ray photons are mostly absorbed, whereas hard photonsialy absorbed and tend
to Compton scatter back out of the slab. This cold reflectimapss the showy hump at
hard X-rays, peaking around 20-30 keV (see Bigand1.8), where reflection fciency
reaches its maximuni{ro et al, 1990, although its shape and its strength depend on the
geometry, chemical composition, and orientation toLtes.

Then, the emission line spectrum results mainly from flumeasK« lines of the most
abundant metals, being the iréfw line at 6.4 keV the strongest one. The line profile
can be used to examine the movement and gravitational figlieadbcation where the
reflection takes place. Intrinsically the fluorescenceslisigould be narrow. However, the
lines are often broad if originating from the surface of tleatcal accretion disc, aymt
narrow and if due to X-ray illuminating of the cold gas in tmérmost regions of the
torus.

This reflection component is superposed on the direct pyirnantinuum (power-law)
flattening it above 10keV (as the reflection hump starts torge)end allowing the strong
FeKa line to arise. For solar or cosmic abundances and a plaradigiaslab geometry,
the expected equivalent width of the line is 150-200 &¢édrge & Fabian199J).

Soft excessAnother recurrent X-ray feature is a “soft excess” below Ke¥ discovered
by Singh et al(1985 and @Arnaud et al. 1985. While Sy2 galaxies are generally highly
absorbed, the absence of absorption allows us to see a gaft &mission in excess of
the extrapolation of the hard X-ray continuum in ma&yl nuclei below 1 keV. It cannot
be resolved into a series of emission lines with gratinghpalgh there are some discrete
emissioabsorption features superimposed on it. Its origin is gtiler debate although
it looks like an apparent continuum component, but it is atda high a temperature to
be simply the high energy tail of the accretion disc emissidhree models have been
proposed to justify its origin{1) an additional Comptonization componeefvangan
et al, 2007, (2) an additional ionized reflectiolCfummy et al,. 2006 and(3) a complex
or ionized absorptioone et al(2007).

Warm absorbers:Soft X-ray absorption by ionized gas in ou®©S, i. e. the so-called
warm absorberswas first discovered bydalpern (1984, against thecold or neutral
absorbersprovided by the torus at extended distances. Since thedems# of warm
absorption has been detected in about halbpt galaxies with column densities up to
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Ficure 1.9: X-ray reflection from an illuminated slabMonte Carlo simulation carried out

by Reynolds(1996 representing the X-ray reflection from an illuminated sl@mashed line

shows the incident continuum and solid line shows the thectftl spectrum integrated over
all angles.

Ny ~ 10%3cn?(Reynolds 1997 and now we know that they are photo-ionized by the
primary X-ray continuum and also known to vary. A warm absorimprints over the
spectrum both absorption and re-emission lines. Therenie ®vidence for its origin as
a wind from the dusty torus envisaged in unification modeisSieyfert galaxiesglustin

et al, 2005, but cases in which an origin from the accretion disc seemes fpreferred do
also exist Krongold et al, 2007).

To sum up, the general observed X-ray spectrum of unabs@bgfirt galaxies consists
of the primary continuum with its corresponding cuf-at high energies, and a reflection com-
ponent with signatures of photoelectric absorption, iraorkscence and Compton scattering
inprinted over a broadband spectrum. In addition, cold aathwabsorption can also appear
while a soft excess is observed in some cases.
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1.7.2.1 Absorption

All components described above are schematically reptegémFig. 1.8, where an unabsorbed
(type 1) prototypeAGN is pictured as a solid line. Nonetheless, we can also enepumbd-
erately obscured\GN, i.e. Compton-thin sourceand strongly absorbed (type 2GN, i.e.
Compton-thick sourcesThe distinction between absorbed and unabsorbed couldtbblish
approximately aroundy ~ 107 — 10%%cnm? but this is always a arbitrary diving line. In Fig.
1.10it is shown how a typical X-ray spectrum iffected by dferent column densities, from
an unabsorbed case (i.e type 1) to an opposite Compton<hixk (i.e type 2), passing through
Compton-thin states. At energies above 10 keV absorptidinhave very little dfect on the
X-ray emission, unleslly > 10?5cnm?

Absorption only &ects components that are not associated to extended emissgrales
larger than the absorber’s. Therefore, emission due ttesitag on kpc scales or emission lines
arising from star formation or gas photoionized by &k@N (green components in Figl.10
will remain undfected even for absorption at the torus scale, as well as theeflection of
the power law continuum by distant gas (red components irséime Fig.). In the cases of
absorbedAGN these components became observable since they are no mngt below the
continuum level as in unabsorbé&dsNs. Thus, a typical very absorbetiGN will exhibit a
strong Fe line arising from distant reflection anffelient emission lines in the soft X-ray band
while the common spectrum of an unabsor#€aN will be dominated by the X-ray power law

continuum.

A scheme of how absorptionffacts the dterent emitting regions is show in Fid..12
The primary X-ray continuum is represented as solid bluevesr As shown in that same figure,
the accretion disc is not the only reflector able to producerayXreflection, the torus itself
is Compton-thick and therefore act as such. Both reflect@niributions can be distinguished
since the spectral line profiles arising from the center efdhcretion disc will be altered by
special and general relativisticfects Fabian & Miniutti, 2005.

As discussed above, there is evidence for the presence of gas surrounding the central
nucleus, the so-calledrarm absorbers This photo-ionized gas is detected thanks to its con-
tribution to the total spectrum in absorption. Thefie&s are displayed on FidL.11, where
two different warm absorbers, one of low ionization and the anotherhighly ionized, are
superimposed over the unabsorbed example shown on ufppatel of Fig.1.10

In Sylgalaxies, the continuum level is not absorbed and the thet@ohemission compo-
nents from extended regions are diluted and generally rergbble whereas, iBy2 galaxies,
the primary continuum is heavily absorbed by the large colulensities of the torus, so that
the large scale environment of tA&N becomes detectable via emission lines, scattering and
reflection components. On the contrary, the warm absorgi@asier to detect iBy1 nuclei
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Ficure 1.10: Absorption ffects on typical X-ray spectral components. An increasitignin
sic column density is applied to a general unabsorbed X-ragiah(top left panel) up to get
to a Compton-thick stateNyy = 10%“cnT?). The intrinsic absorption applied in each case is
indicated on the upper-right corner of the correspondirag. pBlack lines represent the to-
tal spectral model. Blue component coincides with the pdewerX-ray primary continuum.
Green shows the extended emission caused by distant sugtfgreen power law) and also
emission lines arising from photoionized gas or star-fogmegions. Red represents the re-
flected X-ray continuum by distant neutral gas. Finally, evag displays the X-ray reflected
continuum by the accretion disc. High velocities and strgrayitational &ects distorts the
resulting spectrum.

due to precisely the higher level of continuum. Thus, thenégally outflowing) ionized gas
gives rise to absorption lines that can be used to derivedhsm density, ionization state and
outflowing velocity of the warm absorber. The general respdtints out to rather compact loca-
tions for the warm absorbers and place them at distance afitier torus or closer. Therefore
they do not have anfiect upon the extended emission and, on the contrary, theyeirde the
compact emission (nuclear continuum and disc reflection).

1.7.2.2 Spectral X-ray absorption variability: softest Xray bands

When the absorbing column densityNg; > 1.5 x 10%%cni?, it becomes optically thick to
Compton scattering giving rise to the so-calledmpton-thick sourcggwaki et al, 1991 Matt



36 Chapter 1introduction

T roTTTTT T L T ToTTTT

fé; }» J outflowing warm absorbers 5

- flem 5

w oy | '

N o F -

e —E ;

5 - ]

N [ ]

s 1 _
LLLLJ by

L 85‘ E

ot i

—E I\M\. L“MMI el A 3

1 10 100
Energy (keV)

Ficure 1.11: Here it is shown how two warm absorbers, one with lowamather one wit high
ionization, dect the typical X-ray spectrum of &GN (upper-left panel of Figl.10).

SOFT BCATTERED

FOWER LAWY
o @ ﬂ:ﬂc"-"l.laun':’ as Bg .'
a " [=} 8 B @ 0O g0 f
P u.nf"eq nnﬂ“'ﬂ aﬂaq. d-q""u.:Pg-:l'"
@8 & B & g a e o
oo ® 'Doﬂ-‘rn:ﬂnﬂ-ﬁ'f#ﬂn;%“nvn Dﬂ';}‘"‘!
& a a4 @& - - a @ 0 _"8Bg L
[ ¢$°¢ ﬁn:jaq;uug%ﬂ:;ﬂﬂﬁtﬁuua‘jpnuuq
[POLARSCATTERER | %00, s o @#®® @ %0 S -5 v :
d.,u.:gﬂr:ﬂ e %o 00 gdoddy oom's REFLECTION
oy o ad 05 0 0 50 -] =
L " @ L -]
o o
o E

Ficure 1.12: Scheme representing one of the possible schemeshilegthe geometry of the
innermostAGN regions. Image creditddiniutti et al. (2014).



Chapter 1 Introduction 37

et al, 1993. Their direct component is completely absorbed below M kiee. hard X-rays
while the 0.1-2 keV range is commonly designedaft X-ray$. However, the nuclear radiation
can be still Compton reflected by the cold obscuring toruscattered by free electrons in a
highly ionized warm gas. If these media extend outside tisering torus, then signatures of
the X-ray nuclear activity are observable via the refleseattered continuum.

On the other hand, if the column density is between<21ogNy < 24, the AGN is
classified as &ompton-thin sourcé€Gilli et al., 2007). However,Risaliti et al.(2002 analyzed
a sample of 25y2 galaxies and found that 90% of them showed significant variatof their
absorption column density. This is another fact that fotoeassume some clumpiness in the
torus model for the absorber. One of the most prominent cfetiohanging look’AGN is the
Seyfert 1.8 NGC 1365, which changes from a Compton-thick am@ton-thin absorber and
back on a monthly timescale, while the X-ray reflection spautdoes not varyRisaliti et al,
2005.

1.7.2.3 FeKa emission line and its implications: relativistic dfects

As expected byM, Syl nuclei appear to be the clearest evidence of X-ray refle¢iamdra

et al, 1990 Nandra & Poundsl994), and it is precisely in these objects where theledine is
found broader and asymmetric, with an extensive red wiadpian et al.200Q Fabian & Mini-
utti, 2005, despite being emitted locally as symmetric and intrialbjcnarrow. Such a broad
and asymmetric shape is expected if X-ray reflection oceutise inner regions of an accretion
disc, since only in the neighborhood of a black hole, strompder shifts and gravitational
redshifts combine to produce an extensive low-energy wirdyasharp truncation of the line
at high-energiesHabian et a].1989. In that case, besides Newtonian distortions, special and
general €ects shape the line profile as shown in Figl3 In a non-relativistic case, each radius
of the disc will produce a symmetric double-peaked line pFoflhe two peaks correspond to
emission from material on both the approaching (blueatiiftend receding (redshifted) sides of
the disc (top panel of Figl.13. Closer to the black hole, orbital velocities of the discdiae
mildly relativistic and, consequently, the blue peak ieimdified (second panel). Moreover, the
transverse Dopplerfiect shifts the contribution of each radius to a lower enehgythe inner-
most vicinity of the black hole, where gravity becomes sorglf gravitational redshifts cause
the displacement of the entire line profile (third panel).did) the line emission from all radii
of the relativistic disc results in a asymmetric and highlgdzened line profile (bottom panel).
Since relativistic beaming and gravitational light berpaffects depends on the anglelddsS,
the disc inclination will determine the maximum energy aichtthe line can be seen.

Thus, the F&Ka line profile has the extraordinary potential of revealing dynamics of the
innermost accretion flow iSMBH. In addition, the line profile for a non-rotating Schwarzkth
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Ficure 1.13: The asymmetric and broad profile of theke emission lines is the result of the

interplay of Doppler and transverse Doppler shifts, reistic beaming and gravitational red-

shift as shown in the three panels that are separated angdodiheir velocitygravity regime.
Image creditsFabian et al(2000.

case will look diferent from the case of a spinning black in which a Kerr metds to be
consideredl(aor, 1991, Martocchia et a.2000. In this way, the relativistic broad Fe line also
represents a unigue tool from X-rays observations to probastrong gravity regime of General
Relativity in a way unaccessible to other wavelengths. Tisecthcerting spectral variability
seen in some sources can be understood by considering giramigational bending of the
radiation emanating close to a rotating Kerr black hole.

Moreover, the line will vary as a function of the geometry toé taccretion disc (primarily
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Ficure 1.14: X-ray reflection model for threeftiérent values of (left panel) and taking into
account the relativisticféect (right panel). See text for details. Image cred#abian & Mini-
utti (2009.

the solid angle subtended by the reflecting matter as seeheb)Xtay source), the elemen-
tal abundances of the reflecting matter, the inclinationleaagywhich the reflecting surface is
viewed and the ionization state of the surface layers of thk @mong othersTanaka et aJ.
1995 Miniutti et al., 2004 Miniutti & Fabian, 2006.

On the other hand, XMM-Newton and Chandra spacecrafts rexgaled narrow F&a
emission lines on bright Seyfert galaxieé&afoob & Padmanabha@004 Nandra 200§. Such
unresolved Fe lines are most likely emitted by a reflectoatied at some distance from the
central nucleus, as the outermost accretion dis¢oareben more distant matter such as the
torus or theBLR clouds.

1.7.2.4 lonization

Until here, we have considered a simplification of the adanetlisc (or to be more precise
its external layers). The real situation is likely more cdisgied than the assumed slab of
uniform density gas where hydrogen and helium are fullydedj but all the metals are neutral.
A further approach to reach a more representative model tigki® into account thermal and
ionization equilibrium. The ionization parametérjs defined as the ratio between the isotropic
total illuminating flux and the corresponding hydrogen nembensity of the gas.Ross &
Fabian(2005 developed a successful model which assumes the illundnaidiation to have
an exponential cut{® power law form with high-energy cutfiofixed at 300 keV and variable
photon indexX” between 1 and 3. They computed resultséfaanging from 1 to 16erg cm s?.
The local temperature and fractional ionization of the gasamputed self-consistently by
solving the equations of thermal and ionization equilibriand C, N, O, Ne, Mg, Si, S, and Fe
ions. The Fe abundance can be variable. The X-ray reflectieat® produced by this code
for three diferent values of, keeping the remaining parameters constant, are showrein th



40 Chapter 1introduction

left panel of Fig.1.14 The dfect of the ionization over the spectrum is clear and even more
remarkable on the emission lines. For the higher paramétenization, £ = 10* erg cm s?

(top black spectrum), the surface layer is very highly iediand the only noticeable line is a
highly Compton-broadened HF&x line, while the overall spectral shape closely resemblas th
of the illuminating continuum. For the intermediate vallewn of¢ = 10° erg cm s? (blue
spectrum), the&Ka lines from the lighter elements begin to emerge in the 0.8\3 &nd the Fe
line becomes dominated by the kev intercombination line. The lowest value of the ionization
parameter¢ = 107 erg cm St (red spectrum), gives way to emission lines features below 3
keV over a largely absorbed continuum and the residual Cemiptoadening of the emission
disappears. In conclusion, the less ionization, the monsitjeof emission lines and the more
visible absorption. The right panel of the same figure reprssthe relativistic féect over

the reflection spectrum keeping the lowest ionization patamshown¢ = 10% erg cm st

The blue version model corresponds to the X-ray reflectiacispm in the absence of any
relativistic dfect, whereas the red one shows the relativistically-btlrrersion of the same
model keeping fixed its parameters. The sharp emissionrésatwe broadened by the relativistic
effects described in the former subsectiboi.2.3 However, the Fe line remains clearly visible
thanks to its strength, isolation, and location on a regibtihe X-ray spectrum relatively free
from absorption. This fact adds another advantage to theakdd mine of knowledge that the
FeKa emission line is able to provide.

1.8 AGN variability

From the very beginning, one of the defining characterisiégsGNswas their variable emission

over the whole electromagnetic spectrum. These variationeot appear to be periodic and
exhibit variable amplitude whereas the mechanism for pivduthem is not totally clear yet

(Nandra 2001).

The first hint of AGN variability was found in quasarsSmith & Hoffleit (1963 and
Matthews & Sandag€1963 proved significant variations>( 0.1 mag) in the optical bright-
ness of these objects on time scales as short as days. Thtiatewf variability in quasars
within days represented a landmark since it implied thasthe of the emitting region must be
also the order of lights days (1 tl-day2.6 x 10'° cm). If a source varies coherently the entire
emitting region must be causally connected, then the maxisige for the emitting source must
be directly related to the light-travel tim@éterson2001)). Therefore, the variability time scale
translates into an upper limit to the ratio between the sizheemitting region and the velocity
at which the changes propagate. That means that varialilitypowerful tool to probe physical
properties of the innermost unresolved region&@Ns and give rise to the question of how so
much energy can be produced in a region that is about the kthe &olar System for typical
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Ficure 1.15: Continuum variability of Seyfert 1 galaxy NGC 3787 at X-ragfical and IR
wavelengths The variability on long time scales is well correlated amtmg diterent bands
although the corresponding amplitude is decreasing witielawavelengths. Short time scale
variability is clearly more significant in X-ray band and dgs with longer wavelengths. Image
credits:Lira et al.(2010

black hole mass. Indeed, the original arguments for theende of SMBHsin AGNs arose
from size constraints determined throughout variabilitgether with mass constraints derived

from the Eddington limit.

Multi-wavelength light curves are used to study the physical geometrical connections
between the dierent regions around the central engine. The early acceyotthrio for the
interplay of these emitting regions is that variability isvén by the emission from the X-ray
corona Krolik et al., 1991, Collier et al, 1999 Cackett et al.2007). In general, continuum
variability of AGN is color-dependent: the blue bands show higher variakalinplitude than
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Ficure 1.16:Continuum variability of the nearby quasar MR 2251-178 ab){-optical and IR

wavelengths X-ray band presents the largest amplitude variations dwer scales of days to

weeks. However the optical wavelengths show larger angagiof variation over time scales
of months to years . Image creditsra et al.(2010

the red bands. This is consistent with the statement thabgtieal continuum represents pre-
dominantly thermal emission from the accretion disc andéwnwavelength emission arise from
larger radii where the disc is cooler. The outer, larger asid disc is thought to respond more
slowly than the inner, compact and hot regions. Indeed,dbpanse of dust iR wavelengths
lags variation of th&JV flux. However, coordinate multi-wavelength monitoring qaigns are
not always consistent with this picturBgckmann & Shradei2012. For instancelira et al.
(201] carried out a 3-year X-ray and optid&-monitoring of both theSylgalaxy NGC 3787
and the nearby quasar MR 2251-178. Their results for NGC &f87shown In Fig.1.15
The variability is well correlated among theffdirent bands on long time scales while the cor-
responding amplitude is decreasing towards the bottomeofitjure with less energetic bands.



Chapter 1 Introduction 43

At the same time, the short time scale variability is cleanlyre significant in X-ray band and
it decreases with longer wavelengths. Their results for MR12178 (see Figl.16 show that
X-rays present the largest amplitude variations over ticades of days to weeks but optical
wavelengths show larger amplitudes of variation over ticades of months to years. These re-
sults are not compatible with the idea of X-ray reprocesslifiging all this observed variability.
Lira et al. (2011 could reproduce the overall variability of MR 2251-178 byadels invoking
both variable accretion rates and X-ray reprocessing.

On the other hand, delays between variations of, for exanepletinuum and emission-
line spectral components together with the involved timeesqrovide essential information on
the locations and properties of those components. In faistjd the basis of theeverberation
mappingtechnique as already discussed in seclidnl

1.8.1 U\joptical variability

Similarly, the origin of the th&JV/optical variability of AGN is still not clear and there are also
three main possible pictures that can explain the phenonwriah are not mutually exclusive
and can coexistMcHardy et al, 2016:

(i) It can be result from reprocessing of X-ray emission by tberetion disc and the hot
corona. This should lead to measurable time delays betweeaptical and X-ray light
curves Beckmann & Shrader2012. UV/optical variations will lag behind the X-ray
variations by the light travel time between the two emisgiegions. This time is of the
order of a few hours in a typic#dGN.

(ii) It can be due to intrinsic variability of the thermal emdssifrom the disc. IfUV/optical
photons are the seed photons for the X-ray emission, thmughverse Compton scat-
tering within the X-ray corona, then the X-ray variationg @roduced by seed photon
variations and therefore the X-ray emission will lag behiine UV /optical variations by
the light travel time between the two emitting region, sowva f®urs again.

(iii) If UV/optical variability is a product of inwardly propagatingcaetion rate variations,
these variations will propagate at the viscous disc andafféict the X-ray emission re-
gion (Arévalo & Uttley, 200§. As a result the X-ray variations will lag tHéV/optical
varations by some years.

Therefore, neither the relationship betweé¥i/optical variability and X-ray variability is
clear. In general, strong X-rdyV or X-ray/optical correlations, with short lags of less than a
day, have been observed on short time scales (weeks - m@dttisy et al, 2003 Arévalo et al,
2009. However, these same studies show poorer correlationsrget timescales (months -
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years): often the long-terrdV/optical variability is not reproduced by the X-ray variaits
suggesting thatJV/optical variability is dominated by fferent processes depending on the
timescale involved (intrinsic variability on long time$es and reprocessing on short ones).

1.8.2 X-ray variability

The rapid X-ray variability ofAGN is thought to originate in the innermost region of the accre-
tion flow what reinforces the presenceSifIBHssince it implies very compact emitting sources.
Among the spectral X-ray emission components, the softssxaad the power law are variable.
The medium energy power-law component in general variestémsity with very little change

of the spectral index{lrich et al, 1997). In some well-observedGN, the flux variations are
accompanied by a softening of the spectrum with increasitemsity, see e.gMushotzky et al.
(1993.

As already discussed, X-ray flux and spectral variability abso be due to absorption by
the circumnuclear, clumpy torus or by clouds of BER. In this context the variability time
scale will provide us with relevant information about thesatiber. Long time scale absorption
variability are usually associated to transits of dustyoatisg clouds in out.OS, proving the
clumpy nature of the dusty torus at relatively large radd, Rivers et al(2011), Agis-Gonzalez
et al.(2014. On the contrary, short time scale absorption variab{fitgm hours to days) sug-
gests absorbing clouds placed at shorter radii, probalbbnbing to theBLR, e.g.Risaliti et al.
(2009, Sanfrutos et ali2013. Let us discuss briefly both cases.

¢ X-ray absorption variability within the sublimation radiu s: sub-parsec scales

The evidence for gas absorption within the sublimationusadiomes mostly from X-ray
observations and the most direct way to probe the presensachf gas component is
through X-ray absorption variability measurements. Adaeat, column density varia-
tions are often observed in Seyfert galaxies (eRjsaliti et al. (2002), which means
that the X-ray absorber must be clumpy. In some cases, tiodvet/ timescales are so
short that the clumpy absorber can only be located at sudepatistances from the cen-
tral source. In particular, in the case of NGC 13@handrg XMM-Newtonand Suzaku
observations revealed extreme spectral changes, from ©ortign Ny ~ 10%3cn?)

to reflection-dominatedNly > 10?*cnT?) states on time scales ranging from a couple of
days to~ 10 hours Matt et al, 2003 Risaliti et al, 2005 Bianchi et al, 2012. Such
rapid events imply absorbing clouds with velocities> 10°%km s and placed at dis-
tances of the order of 10* gravitational radii from theSMBH. Assuming that these
clouds are homogeneous with a constant column densityhandhey are moving across
the LOS with Keplerian velocity, their physical size and densitg astimated to be of
the order of 18%cmand 16° — 10*cn13, respectively. All these derived parameters are
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consistent wittBLR clouds, strongly suggesting that the variable X-ray atesosken in
NGC 1365 and other similar sources and the clouds resperfsibbroad emission lines
in the opticalUV are one and the same.

High signal-to-noise data of X-ray “eclipse” can providether information on the ge-
ometrical and physical structure of the clouds (eévtniolino et al.(2010, Risaliti et al.
(2011). X-ray absorption variability within the sublimationdiais will be further dis-
cussed in Chaptes.

¢ X-ray absorption variability from the pc-scale torus

While X-ray absorption variability studies have reportedjdsite information on the
structure of the absorbing medium on scales of BhR, the same kind of analysis is
difficult to perform on the parsec scale absorber because thestiabe for variation is
much longer and hencefficult to detect the absorption events. However, there exits
some registered cases, elMarinucci et al.(2013, Miniutti et al. (2014, which points
towards a clumpy torus originNenkova et al.2008ab). X-ray absorption variability
conducted by the pc-scale torus will further discussed iapBdr2.

1.9 Motivation and structure of this thesis

The main motivation behind this work is to significantly cdimite to the refinement of the
UM of AGN, namely the basic idea that #IGN are intrinsically the same (apart from some
physical distinction based for example on the ability, arklaf it, of launching collimated
relativistic jets), and that their widely filerent observational properties can be understood, to
first order, in terms oL.OS orientation with respect to an ubiquitous toroidal, circwdlear
obscuring structure: the dusty molecular torus (see setti). Several pieces of observational
evidences accumulated since its formulation have provédggbort to this scheme. The success
of this general unification model has been extraordinaryalagved us, in the past 30 years or
so, to clarify and unify in a common framework the often rekadty different observational
phenomenology of Active Galactic Nuclei.

However, in the past few years, outliers have emerged ctrallg theUM and calling for
some modifications of the general scheme. Another of the reasarkable cases is that of the
so-called changing l00RGN, namely the cases @GN whose optical spectral properties are
seen to change from one classification to another of the eafrime: someAGN are seen
to change from a type 1 classification in the optical (i.e.ia@btspectra with broad permitted
emission lines as well as narrow permitted and forbiddesslirto a type 2 classification (only
narrow lines). In the general unification scheme, type leiwae those fbering a clear view
of both the extended\LR and the compacBLR, i.e. sources in which outOS does not
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intercept the obscuring circumnuclear torus. Obviousiget2 nuclei are those in which our
LOS towards theBLR is instead obscured, so that optical spectra only reveabwdmes (as
well as a typically fainter and non-variable nuclear comtim). As a consequence, the only
plausible explanation within theM scheme for changing lookGN would be that a standard
type 1 nucleus exhibits a type 2 optical spectrum if the nucleas switchedffy i.e. only if no
ionizing continuum is available anymore to illuminate thresgesponsible for the emission of
the broad lines leaving, as a relic, only narrow emissioedithat are produced in such extended
regions that their response to the nuclear continuum dropuish slower (on typical timescales
of hundreds of years or more).

On the other hand, X-ray observations@N have revealed that X-ray absorption towards
the nuclear continuum often varies on timescales rangimg filays (or even hours) to months
and years. As X-ray absorption generally also obeys to thiéiddtion scheme, i.e. type 2
nuclei are much more heavily absorbed in the X-rays than typeurces, the X-ray absorption
variability may be thought of as a sign that the Unificationddbis not dynamic enough to
represent the real situation.

In order to study and contribute to this field, we focus heneatiention on one particular
Seyfert galaxy, ESO 362-G18. The reason is that historiptital spectra (fronBix-degree
Field Galaxy Survey (6dFG3) January 2003 and frol8SO Multi-Mode Instrument (EMMI)
in September 2004) indicated that ESO 362-G18 is indeed abeyeofithe changing loo0RGN
class, as the 2003 6dF spectrum only shows narrow emission, livhile theEMMI @New
Technology Telescope (NTTgne clearly exhibits strong brodd, and Hg emission lines as
well. We then decided to study this Seyfert galaxy in all jdesdetail, retrieving all available
observations in the optical as well as in the X-rays and pmgpfor new observations at both
wavelengths in order to probe the largest possible rangmebtales, as well as to obtain totally
new information on the source (as it is the case for our poletric observations).

Such changes of look suggest ESO 362-G18 to be a potentididead to exhibits a re-
markable intrinsic variability which can allow us, on onentato put physical constraints on
the circumnuclear gas and dust both at sub-pc scales amgeasleales of thAGN from X-ray
variability , and, on other hand to test the basis of it model in optical wavelengths with
appear to be a Seyfert galaxy whose optical spectra charappefrance betwe&ylandSy2

Thus, at X-ray energies we decided to explore minor timescaiesenting a proposal of
a new long observation of the source with the aim of look fatalality within a day, together
with a linked monitoring of the source along 15 days to folitsymood in timescales of several
days. Besides, with the aim of deepening in the apparentgehafstate in the optical band
we also decided to observe the source again to find out whidb & showing ESO 362-G18
this time. Then, we started a multi-wavelength study froma)}-to optical bands. We will
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Ficure 1.17: Optical image of ESO 362-G18 at 5500A, the source tleadn@ going to further
discuss along this dissertation. Image creditsnt et al.(1999

complement our own observations carrying out a profoundcedar archive data , where also
take advantage of optical telescopes on board some spfideanalyzeUV data.

Hence, this thesis addresses the following main issues:

(1) Study the X-ray variability of our target in order to ass¢he functioning of th&AGN at
sub-parsec scales and get constraints to its physical piegpeCan we probe the cause of
variability?

(2) Go in depth into the issue of a Seyfert galaxy showing gkarof state in its optical
spectra. How can we explain this violations of this1?

Answering the above questions is the main objective of tiésis, which outlines as fol-

lows.

In chapter 2, a exhaustive X-ray analysis of the target ES®@88 is carried out on
timescales which range from days to years. This study allbote assess the spectral components
of the source establishing a model to define the behavioeddhrce along the observed epochs.
This model get us enable to derive physical parameters @kh@H and study its environment
until torus scales.

In chapter 3, we demonstrate that the former absorptiont éseot isolate catching our
target under a X-ray eclipse event, almost from ingress tessg which allow us to explore
shorter variability timescales and probe the model derimddst chapter.
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In chapter 4, we analyzedftirent optical low and medium resolution spectra of our ssurc
that probe ESO 362-G18 as a changing look Seyfert galaxy,rfamoncordance with results
obtained in chapter 2 and 3.

In chapter 5, we perform a study of our source in polarizelt lig order to disentangle its
apparently changing nature. It is the first study carriedadwt changing look Seyfert galaxy
using polarimetry to assess its properties.

As complementary study, we also include an appendix wherexpioit the mathematical
tool calledprincipal component analysis (PCA) perform a spectral-timing analysis with this
technique and assess the energy-dependent X-ray flux Migyiabhe final goal of this ongoing
work will be to verify the interpretation derived in chaptibut in a model independent way
and also obtain a method to be used routinely in future dadlysis of X-ray analysis comple-
menting the information that can be derived from traditi@pectroscopy and timing analysis.
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A multi-epoch X-ray analysis of the Seyfert 1.5
galaxy ESO 362-G18

This chapter is devoted to a detailed multi-epoch X-rayysig| performed between November
2005 and June 2010, of the-@.012 Seyfert galaxy ESO 362-G018, also known as MGC 5-13-
17, classified as Seyfert 1.5 Bennert et al(20063. The main goal of this study is to study the
X-ray variability exhibited by the source on both long andrshime scales. For this purpose,
we look for the best-fitting model which describe the vatigbof the source according to the
physics ofAGN. Besides determining the cause of the observed varigholitiy study allow us

to derived key parameters the size of the X-ray emittingégjan(s) and the black hole spin.
This chapter is adapted frofkgis-Gonzalez et a(2014).

2.1 Introduction

In recent years, several examples of X-ray absorption bifitiain AGN have been reported
on relatively short timescales ranging from hours to dayg, BIGC 4388 Elvis et al.(2009;
NGC 4151,Puccetti et al(2007); NGC 1365,Risaliti et al.(2005 2007, 2009 and Maiolino
etal.(2010; NGC 7582 Bianchi et al(2009; Mrk 766, Risaliti et al.(2011); SWIFT J2127.45
654 Sanfrutos et al(2013. The data are generally consistent with absorption byratioiv—
ionization clouds with typical column density of 20- 10?4 cm™2, number density of 10—
10 cm3, and velocity of few times TOkm s which suggests to identify the variable X-ray
absorber with broad line regidBLR clouds. In the best studied cases, occultation events have
been followed almost entirely from ingress to egress engbk.g. Risaliti et al.(2007, 2009
with NGC 1365 andSanfrutos et al(2013 in SWIFT J2127.45654, to infer that the X-ray
source is compact, and confined withir-30rg around the central black hole.

49
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X-ray absorption variability is also seen on longer timéssaThese events are obviously
more dificult to detect, as the longer timescale ideally requireg bomd continuous X-ray mon-
itoring campaigns. In the few cases reported so far (e.g.AC&ivers et al(2011); NGC 4507,
Marinucci et al.(2013; ESO 323-G7Miniutti et al. (2014)) absorption on timescales of a few
months can be attributed to clouds with typical column dgrefi 1072 — 1072 cm 2 and number
density of 16-10° cm™3, which points towards a clumpy torus origiNgnkova et al.2008ab).

The X-ray luminosity of ESO 362-G18 from ROSATobservation in the early 90s is
~ 4x10* erg st in the 0.1-2.4 keV band, much lower than that required to mibdeextended
narrow line region (ENLR)properties, whilg=raquelli et al.(2000 detected &NLR in ESO
362-G018. This suggests that tROSAT observation may have beelfected by X-ray ab-
sorption, with diterent soft X-ray fluxes into ourOS and into that of the ENLR. Subsequent
observations witlBwiftand XMM-Newtonconfirm that X-ray absorption variability is present
towards the X-ray emitting region of ESO 362-G18, and thatdbft X-ray luminosity during
unabsorbed states is much higher than that deriveB@SAT In fact, ESO 362-G18 transits
from an unobscured state with soft X-ray luminositylefs_» ~ few x 10*2 erg s observed
with Swiftto a highly absorbed state with one order of magnitude lowktisminosity observed
with XMM-Newtorabout 2 months late#inter et al, 2008.

We have monitored ESO 362—-G18 in 2010 with six new obsemstio study in greater
detail the absorption variability towards the X-ray emigtiregion. To that end, we focus on the
general X-ray spectral shape of the source as well as on ¥bagrption variability.

2.2 X-ray Observations and instrumentation

Our dedicated X-ray monitoring of ESO 362-G018 compriseslong exposure (53 ks) taken
with XMM-NewtonSatellite on January 2010 and 5 shorter exposures (10k&)rmed with
Chandra spacecraft within 15 days between 2010-05-18 ah@d-@6-03. Moreover, we con-
sider 3 previous observations of ESO 362-G18 performed thigtswift XMM-Newtonand
SuzakuX-ray observatories in 2005, 2006 and 2008 respectivel firkt 2 observations were
performed only~ 2 months apart (2005-11-26 and 2006-01-28), and the thisipgaformed
about 22 years later. The most important details of the observatiovolved in this work are
given in Table2.1

Below, we will introduce very briefly each one of the four X¢rabservatories and their
instruments used for this campaign.
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TasLe 2.1: Details of the performed X-ray observations. The last tolumns refer to the

X—ray counts collected in a soft and hard energy band. Thebsofd is the 0.3-2 keV for the

Swift XMM 1 and XMM 2 observation, and the 0.5-2 keV for tBazakwand the fiveChandra

observations. The hard band lower limit is set at 2 keV, witiéieupper bound is 10 keV except

for the Swiftand the fiveChandraobservations, where we use data up to 8.5 keV and 7.5 keV
respectively because 8N limitations.

Obs. Obs. ID Obs. date Netexp. Fos-2 Fa-10 Soft counts  Hard counts
Swift 00035234002 2005-11-26 7 B+ 0.1 135+ 04 17 10
XMM 1 0312190701 2006-01-28 8 @6+ 0.01 37«01 4.3 21
Suzaku 703013010 2008-04-11 41 2%01 332+0.1 1274 764
XMM 2 0610180101  2010-01-29 53 .&+0.02 958+0.04 1078 436
Chandra 1 11608 2010-05-18 10 .62+ 0.05 105+ 0.2 6.5 39
Chandra 2 11609 2010-05-19 10 .28+006 133+0.2 104 51
Chandra 3 11610 2010-05-21 10 .12+ 0.04 65+0.2 53 25
Chandra 4 11611 2010-05-25 10 .26 0.1 199+ 0.2 240 86
Chandra 5 11612 2010-06-03 10 .56+007 149+0.2 152 5.8

The net exposure (fourth column) is in units of ks. Observext® in the 0.5-2 keV (fifth column) and 2—-10 keV
bands (sixth column) are given in units of #®erg s cm2. The soft and hard X—ray counts (last two columns)
are in units of 18 photons.
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Ficure 2.1: Schematic representationXiiIM-Newtors orbit . Image credithttp;y/xmm-tools.
cosmos.esa.ifgxterngixmmusersupportdocumentatiofuhkyorbit.html
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Ficure 2.2: Left: EPIC-MOS camera. The central CCD is at the focal point on {htécal
axis of the telescope while the outer six are stepped towhedmirror by 4.5 mm to simulate
approximately the focal plane curvature, and improve treddfor df-axis sources.Right:
EPIC-pn camera presents four individual quadrants, eagindg¢ghree pn-CCD subunits with
a format 200« 64 pixels which are operated in parallel. Image creufitp;//www.cosmos.esa.
int/welyxmm-newtoritechnical-details-epic

2.2.1 XMM- Newton

The X-ray Multi-Mirror MissionXMM-Newtorwas launched b SA on December 10 1999.
With 10 meters of length and 4 tonnes of weight, it is the bigeience satellite ever built by
ESA. It carries on board three advanced X-ray telescopes witmarecedentedfiective area
along with an optical monitor, the first one on board of an ¥-maission. Its orbit is highly
elliptical, traveling at nearly one third of the distancalte moon what enables long interrupted
exposures (see Fi®.1). In addition, its large collecting area provide us withHiigsensitive
observations. A key aspect of the designXdfiM-Newtonis that it presents six co-aligned in-
struments: thé&uropean Photon Imaging Camera (EPit€juding theEPIG-pn (Turner et al.
2001 and twoEPICG-Metal Oxide Semi-conductor (MOS$$trider et al.2001) imaging detec-
tors, twoReflection Grating Spectrometer (RG8gen Herder et al200]) readout cameras and
the Optical Monitor (OM)telescopeNlason et al.200]) (see Fig.2.3).

The EPIC cameras were created to exploit the full design range of thayXmirrors,
they are sensitive in the 0.1-15 keV range in a field of view @faBcmin. They give us a
spectral resolution dE/AE ~ 20— 50 whereas their spatial resolution is enough to resolve the
mirror performance of 6 arcséd/VHM of point spread function (PSFAIl EPIC CCDsoperate
in photon counting mode with a fixed, mode dependent framé-oe& frequency in order to
produce theevent lists (see sectiorl.2). Due to the intrinsic energy resolution of the pixels, it
is possible to achieve simultaneous imaging and non-disgespectroscopy.

Two of X-ray telescopes are equipped WHPIG-MOS CCD arrays, the third uses pn
CCDs so it is referred aEPICGpn camera. The types &PIC differ in some major aspects,
mainly in their geometries (see Fig.2) and readout times. BotBPIG-MOS cameras consist
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Ficure 2.3: Reperesentation 6fMM-Newtonspacecraft along with its instruments and X-
ray mirrors. The Image credihttpy//www.esa.intOur Activities/OperationsXMM-Newton_
operations

of sevenCCDs with eachCCD made up of 60& 600 pixels, one pixel covering 1.1 x 1.1 arcsec
on the field of view. They are essentially two 2.5 Mpx digitalray cameras. Th&PICpn
camera is of a dierent design, it presents a spatially uniform detectorigyualer the entire
field of view realized by the monolithic fabrication of twel8x 1 cm pnCCDsof 64 x 200
pixels on a single wafer. EadBCD has a pixel size of 4.4”. Moreover, the pn camera can
be operated with very high time resolution down to 0.03 m$atiming mode and 0.007 ms
in the burst mode. However, the absolute timing accuracyeisrchined by the process that
correlates the on-board time to the universal time. Theracguof the absolute and relative
timing reconstruction in thEPICG-pn camera is regularly monitored through observationb®f t
Crab Pulsar, e.ylartin-Carrillo et al.(2012. Due to their major qualities, we will work mainly
with pn data, although checking their consistency WitB'S data.

Among the science instruments ¥MM-Newton RGSis the most appropriate for high
spectral resolution X-ray spectroscopy within the enesmge 0.33-2.5 keV, i.e. 5-38 A. That
range has a particularly high density of X-ray emissiondiimeluding the K-shell transitions
and He-like triplets of light elements, such as C, N, O, Ne,afd Si; and the L-shell transitions
of heavier elements like Fe and Nifering thus a large number of diagnostic tools to investigate
the physical conditions and chemical composition of thettimgi material. Two of the three X-
ray telescopes are equipped WRIBESunits: RGSL andRG 22, with a dispersion slowly varying
function of dispersion angle, being equal to approxima8eB/and 12.7 mm Al at 15 A in first
and second order, respectively.
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Ficure 2.4: Reperesentation of tighandraX-ray observatory along with its accurate X-ray
mirrors and details of ACIS instrument. The Image credittp;/www.chandra.si.edblog/
node500.

The OM is co-aligned with the X-ray telescopes providing simutiaims opticaUV/X-
rays observations. It consist of a Ritchey-Chretien telpecwhich feeds a compact image-
intensified photon counting detector. Despite its 30 cms i& ipowerful instrument because
of the absence of atmospheric extinctionfrdiction and background. It has three optical and
threeUV filters over the 180-600 nm range and provides us with imafj&seacentral part of
the X-ray field of view with a resolution of 1 arcsec (depeigdan instrument configuration),
low-resolution spectra and high time-resolution photagnebDue to the extreme sensitivity of
the detector, th©M is well suited for observations of faint sources in photamneBy contrast,
very bright sources would cause irreversible damage inetectbr. The safety limitisy < 7.4
mag for an AO star. Therefor@M can not be used with targets exceeding this boundary.

2.2.2 Chandra

The Chandra X-ray Observatory was developed and launched on July 2399 by NASA

through the Space Shuttle Columbia. Similarly to ¥ldM-Newtonsatellite, the observatory
was boosted to a high Earth elliptical orbit to allow unintpted exposures of 55 hours. Its
X-ray telescope is the most sophisticated built to date itemhsists of four pairs of cylindrical

mirrors with diameters between 0.69-1.4 m (see Hi®). The alignment of these mirrors is
extremely accurate, with a precision up to L8 (or about one fiftieth the width of a human
hair). The successful completion of that high resolutiomroniassembly was one of the major
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accomplishments in the developmentGiiandra On the contrary, the X-ray mirrors &fMM-
Newtonare not so accurate, although it possesses 58 (as opposexd &) pairs of cylinder in
order to increase the collector capability of X-ray phot@assalready discussed in sectibi2.

The incoming X-rays oi€handraare led by the mirrors onto two of the four instruments:
the High Resolution Camera (HR@Murray & HRC Team 1999, and theAdvanced Charged
Couple Imaging Spectrometer (ACIgparmire et al. 2003. These focal plane instruments
take the most of the high-quality images formed by the ad¢eumairrors providing the num-
ber, position, energy and time of arrival of the X-ray couritfere are two additional instru-
ments dedicated to high resolution spectroscatigh Energy Transmission Grating Spectrom-
eter (HETGS)(Drake 2002 and Low Energy Transmission Grating Spectrometer (LETGS)
(Dewey, 2003, which provide detailed information about the X-ray elesg Each spectrome-
ter is activated by swinging an assembly into position behire mirrors according the energy
of each incoming photon (see Fig.4).

In this work we have exploited th&CIS instrument which consists of tabCDsdivided in
two arrays ACIS-1 and ACIS-S (see Flg2.4). Two CCDsareback illuminated (Blwhile eight
arefront illuminated (FI) It allows for spectroscopy within the 0.2-10 keV energygarand
imaging with a pixel size of 0.5 arcsec. The main capabilityAGIS is that it makes exquisite
high angular resolution images and, at the same, can meti®uenergy and arrival time of
each incoming X-ray, adding spectral capabilities to itsefient spatial resolution dthandra
around 1- 2 arcsec.

2.2.3 Suzaku

Suzaky previously called Astro-E2, was launched on Julf" D05 by theJapan Aerospace
Exploration Agency (JAXA)n collaboration with US and Japanese institutes and ertdeipi
erations in September 2015. This observatory performsramtnical observations using two
instruments:X-ray Imaging Spectrometer (XI§Matsumoto et a).2005 andHard X-ray De-
tector (HXD)(Kawaharada et al2009) (see figure2.5). XIS consist of four sets of X-ragCD
cameras operating in the standard X-ray band within thel8.keV range (alhough fiectively,
the 0.5-10 keV range is the optimal). Each one of them presiEifz4x 1024 pixels and covers
a region of 18x 18 on the sky combined with an X-ray telescope. O{8 usesBl CCDs
and the other three are equipped withCCDs TheBI CCD presents a higher quanturfie
ciency than thd-1 CCDsbelow 2 keV, while thd=I CCDsare more sensitive to X-rays above
5 keV. Both types of devices have nearly the same energyutgmal FWHM~ 130 eV at 6
keV. HXD works in the wide energy band of 10-700 keV. It consists of mlgioation of the
GSO well-type phoswich counters 60 keV) and the silicon PIN diodes 60 keV). The GSO
emits optical light when they absorlygamma-ray photons. The optical photons are detected by
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Ficure 2.5: Reperesentation of tHauzakusatellite together with its operative instruments.
Image credithttpy//www.isas.jaxa.jfE/entergmissiongsuzaki.

photo-multiplier attached to the bottom of each well-d&iecand signals are read through the
pre-amplifiers. On the other hand, on the GSO crystal theist ®¥o layers of the PIN diodes
sensitive to X-rays between 10-50 keV. That functioningegiguch a low background that the
sensitivity is higher than any past missions in the hard Xband.

Suzakualso carried on board what would be a new typeay Spectrometer (XRSJe-
signed to achieve, for the first time, both high-resolutionorder to see much finer details in
the spectrum, and high-throughput, in order to measureyalagge percentage of photons. Un-

fortunately, nineteen days after its launch, a cryogen ioadeXRS no longer able to perform
the planned science.


http://www.isas.jaxa.jp/e/enterp/missions/suzaku/
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Ficure 2.6: Reperesentation of tf&wift spacecraft where its three instruments are indicated.
Image credithttpy//www.nasa.goimissionpagegswift/spacecraft

2.2.4 Swift

The main scientific objective dASA’s Swiftspacecraft, launched on Novembef'22004, is

to study the phenomenon of tgamma-ray bursts (GRBahd their afterglows along theftir-
ent wavelengths of the electromagnetic spectrum that thdyace: gamma-rays, X-raysVv
and visible. For this aim to be achieveslift carries three instrumenBurst Alert Telescope
(BAT) (Barthelmy & SwifyBAT Instrument Team2004), X-ray Telescope (XRT}Hill et al.,
2004 andUltraviolet-Optical Telescope (UVOT(Roming et al. 2004 (see Fig.2.6). Swifts
multiwavelength observations are completely simultaseBAT is a widefield of view (FOV),
coded-aperture instrument with a CdZnTe detector planeatipg over the 15-150 keV energy
rang. It detects and locates the bursts with an accuracyairtmin within 20 sec after the start
of the event. Immediately, it begins an autonomous spaftegdeav to pointXRT and UVOT,
which have co-alignedrOVs towadrs the targetXRT uses a excellent mirror set and an im-
proved XMM/EPIC MOS CCDdetector in order to provide us with a sensitive broad-b&na} (
10 keV) X-ray imager with anféective area of 116n¥ at 1.5 keV, &0V of 23.6 x 23.6 arcmin
and a angular resolution of 18 arcsec. It produces imagestrgpand light curves working in an
auto-exposure mode, which adjusts @€D readout according to the count rate automatically.
UVOT is a Ritchey-Chretien telescope with advafi@€D detectors which operate in either a
photon-timing or an imaging mode while providing sub-acte®l resolution. It possesses a
filter wheel accommodating broadbabl and visual filters for photometric studies including
determination of photometric redshiftslV and visual grisms for low-resolution spectroscopy
are also available in the filter wheel.


http://www.nasa.gov/mission_pages/swift/spacecraft/
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While Swiftis not carrying out observations of ne@®RB, its telescopes perform pre-
programmed observations, which include long-term follggvof GRBsand but also of other
sorts objects. Thus, in our analysis of ESO 362-G18 we wikensse ofXRT andUVOT.

2.3 Reduction of the data

The data from the missions and detectors described abowel®®n reduced as standard us-
ing the dedicated softwar@AS v12.01(XMM-Newtol), CIAO v4.4 (Chandrgd, andHEASOFT
v6.11 (Swift and Suzakit Epoch- and position-dependent ancillary responses adidtribu-
tion matrices have been generated for each data set. Sawaégcts have been extracted from
circular regions centered on the source, and backgroundupt® have been generated from
nearby source-free regions. For simplicity, we only coesitere EPIC pn spectra frokKMM—
Newton although we have checked their consistency with the MOS&. das for theSuzaku
data, we merge the spectra from the front-illuminated CCfeaters X1S0 and X1S3 using the
FTOOL ADDASCASPECto obtain one single front-illuminated CCD spectrum of tloeirse.
The resulting spectrum from the front—illuminated detextis consistent with that from the
back-illuminated XIS1 detector, although only the formeused here for simplicity. We also
make use of the PIN data from the Suzaku HXD, which have bedurcesl with the dedicated
FTOOL HXDGSOXBPI. The source flux obtained from the PIN d&iecs about 25 per cent of
the background below 40 keV. O@handraobservations were performed in continuous-clock
mode to minimize pile-up and the resulting spectra are iddele—up free. Hereafter, when
needed to convert fluxes into luminosities, we adopt a cosgyolvith Hy = 70 km s Mpc™?,

Qx = 0.73, andQy = 0.27. Quoted uncertainties refer to the 90 per cent confideswes for
one interesting parameter unless otherwise stated.

2.4 X-ray variability

In this section, we will explain in detail how we determinédx tbest-fitting model that better
describe the spectral shape and the variability exhibitedur target along the nine available
observations. We always search for the simpler model, ironmiumber of free parameters,
keeping the consistency with the typical X-ray spectrunAGN.

As the fiveChandraobservations are part of a two-week monitoring campaignsa!
treat them separately from the others to investigate angt-tihmescale spectral variability in
detail (see Sectio2.4.95. In order to first define a global X-ray spectral model to bedus
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TasLe 2.2: The soft X—ray emission lines detected in the RGS spectf the XMM 2 obser-
vation. Line energies are given in keV, and intensities ap@rted in units of 1 ph s cm.

Line ID Lab. Energy Observable Measurements

N v Lya 0.500 Energy A9+ 0.02
Intensity 13+ 06
0.561 (f) Energy (b61+ 0.001
Intensity 46+ 1.0
O vi Lya 0.569 (i) Energy (®69+ 0.002
Intensity 12+ 0.7
0.574 (r) Energy B75+ 0.002
Intensity 07429
O vir Lya 0.654 Energy ®53+ 0.002
Intensity 13+05

to study the spectral variability of ESO 362-G18, we start analysis from the two highest-
guality observations of our campaign, namely Swwrakuand the XMM 2 observations which
provide, by far, the largest number of X-ray counts (seedal).

2.4.1 The high-resolution RGS data from the XMM 2 observatio

As a first step, we examine the high-resolution spectrum filoeRGS on board ofXMM-
Newtonduring the XMM 2 observatioh We fit the RGS data with a simple blackbody plus
power law and Galactic absorption modisl(= 1.75x 10?° cm~2, Kalberla et al(2009) which

is adequate for the continuum. Several soft X-ray narrowssioin lines are visually clear. We
then add a series of Gaussian emission lines, as requirdtelnlata. We detect five soft X-ray
emission lines corresponding tow and Ovmr Ly, and to the Ovm triplet. The properties of
the detected lines are reported in TaBl2 In Fig. 2.7 it is shown the most relevant portion of
the RGS1 spectrum together with the best-fitting model and the iieation of the Nvir, O vir
(actually a triplet), and G emission lines. The dominance of the forbiddeniOLya line
at 0.561 keV strongly suggests emission by photo—ionizex] gig. Porquet & Dubay2000.
All subsequent spectral models include the emission lifdsble 2.2 with energy fixed at the
laboratory value, and with normalization allowed to varyyowithin the uncertainties derived
from theRGSanalysis.

1The RGS data during the XMM 1 observation have poor qualitytdithe short exposure @ ks) and relatively
low soft X-ray flux Fos_» ~ 6.4 x 102 erg s cm2). On the other hand, thRGSdata during the longer and
higher-flux XMM 2 observation are of good enough quality taused.
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Ficure 2.7: The RGS 1 spectrum obtained during the XMM 2 observatiahown together
with the best—fitting model. The most important emissioeditare labeled for reference (the
O vu line being in fact a triplet). Data have been rebinned fouai<larity.

2.4.2 The high-quality Suzakiland XMM 2 observations

The X-ray spectra from the two high-quality observatidBagakiand XMM 2) are shown in the
upper panel of Fig2.8. In order to show the general spectral shape of the two oaens, we
fit a power law plus Galactic absorption model in the 1-4 kel &Al0 keV bands, i.e. ignoring
the soft and Fe K bands, as well as ezakuHXD data above 10 keV. The resulting data-to-
model ratios are shown in the middle panel of A@® A soft excess with similar spectral shape
is detected in both observations. Both spectra also extibéd residuals in the Fe K band, and
theHXD/PIN data suggest that a hard X-ray excess is present abow/18l&te, however, that
while the best-fitting photon index from the (higher fli8izakwbservation is in line with the
typical spectral slope of unobscured AGN £ 2.0, e.g. Piconcelli et al(2005), the XMM 2

observation is extremely hard with ~ 1.3, possibly signaling that some extra component is
needed in the hard band.

We then consider a global spectral model for both obsemstiaitially including:

(i) a power law continuum,

(i) adistant reflection component (we use BEXMON model inXSPEQ,

(iii) all soft X-ray emission lines of Tab2and
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Ficure 2.8: In the upper panel, we show the high—quality data fraasiizakyupper red open
circles) and XMM 2 (lower, filled squares) observations. Tive spectra are normalized to
the diferent detector féective area to show the real spectral shape. In the middlel pae
show the data-to-model ratios obtained by fitting a powerdagorbed by the Galactic column
density in the 1-4 keV and 7-10 keV band (i.e. ignoring the s&tess, Fe K band, and hard
X-ray data above 10 keV). This shows that both observatiomstzaracterized by a soft excess
and broad residuals in the Fe K band, while HRIN data suggest the presence of a hard X-ray
excess. In the lower panel, we show our final, best-fitting ehake text for details.

(iv) arelativistic disc-reflection component which may acadanthe soft excess, and for the
positive residuals in the Fe K band (and in the HRIN).

The latter is modeled with thieoss & Fabiar{2009 partially ionized reflection modeéflionx®
which is convolved with the&kERRCONV relativistic kernel Brenneman & Reynolds2009

to account for any relativisticfiects. The soft X-ray emission lines and the distant reflactio
component are forced to be the same in both spectra, as thegmoents are not expected to
vary.

2We extend their original grid to include values of the iotiza parameter down t¢ = 0.01 erg s* cm and
photon indices down tb = 1.5.
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The fit is relatively good withy? = 3040 for 2580degrees of freedom (dofy?ed =
1.18). The description of the data improves by adding a ratyical warm absorber (we use
the ZXIPCF model inXSPEQ. As the column density of the warm absorber is consistetit wi
being the same in the two observations, we force a comNpim both data sets. We obtain a
significant improvement tg? = 2880 for 257 tlof (szed = 1.12) with a common column density
of ~ 10?1 cm2 and log¢ ~ 2.4 (=~ 2.0) for the SuzakuXMM 2) observation. Although the fit
is now acceptable, the XMM 2 data are not well reproduced syttematic positive residuals
in the 2-6 keV band. Moreover, the resulting spectral shape¢hfat observation is still rather
flat (" ~ 1.5 — 1.6) when compared with the typical value for unobscured AGN'(>~ 1.9,

Piconcelli et al(2005).

We then consider the possible presence of absorption bydimg a neutral absorber af-
fecting both the power law and disc-reflection components te sake of generality, we allow
it to partially cover the X-ray source. The fit improves dréaicelly by Ay? = —137 for 4 more
free parametersy® = 2743 for 2573dof, szed = 1.07). In fact, theSuzakuwspectrum is consis-
tent with being unabsorbed (with covering fractigrd.1). Hence, the improvement is only due
to a better description of the XMM 2 spectrum which requireseatral absorber with column
densityNy ~ 10?2 cm2 and covering fractiol€; ~ 0.4. The photon index during the XMM 2
observation is now" ~ 1.8, broadly consistent with a standard spectral slope. Riwgeahe
disc-reflection component with a phenomenological bladgbr disc blackbody) model to
account for the soft excess results in a much worse statist&scription of the datg €t = 2938
for 2576dof, szed = 1.14), strongly indicating that the disc-reflection modehs best descrip-
tion for the soft excess. Therefore, our best-fitting modelthe two observations of highest
guality comprises:

(i) a power law continuum,
(i) adistant reflection componer®EXMON model inXSPEQ,
(iii) all soft X-ray emission lines of Tab22,
(iv) arelativistic disc-reflection componemtERRCONV convolved withREFLIONX),

(v) awarm absorbed required by both observations and

(vi) a neutral absorbed required K§vIM 2 observation.

Let us discuss here results on the relativistic paramessiacéated with the disc-reflection
component, namely the black hole spinemissivity indexq, and disc inclination. The error
contour for the black hole spin is shown in the upper paneligf £9. We measure a black
hole spin ofa > 0.92 at the 99.99 per cent confidence level, angd @.98 at the 90 per cent
one. Hence, the accreting black hole powering ESO 362-Ga8/e3y rapidly spinning Kerr
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Ficure 2.9: Left panel:it is shown the error contour for the black hole spin in ESO-838,
as obtained from the disc reflection model applied to the tigh-quality observationsSuzaku
and XMM 2). The contour has been obtained allowing all othedet parameters to vary. The
horizontal dashed lines are, from bottom to top, the 90, 99,%nd 99.99 per cent confidence
levels. Values ofi < 0.8 always giveAy? > 22, and are not shown for visual claritRight
panelwe show the 68, 90, and 99 per cent confidence level contoutthéodisc-reflection
emissivity index and for the disc inclination. The contohese been obtained allowing all
other parameters to vary.

black hole, consistent with being maximally spinnireg=f 0.998). The contours plot for the
disc-reflection emissivity indexgf and for the disc inclinationi) is shown in the lower panel of
the same Figure and indicates thjat 4.3j8:§ andi = 53 + 5° (90 per cent confidence level for
the two interesting parameters).

2.4.3 Joint fits to the Swift Suzakwand the two XMM—Newtorspectra

Having found a good global spectral model for the two higlyestlity observations of our cam-
paign, we use the model to perform a simultaneous analysiedirst four X-ray observations
of Table2.1, namely to theSwift XMM 1, Suzakyand XMM 2 observations. We defer the
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analysis of the fivaChandramonitoring observations to Sectidh4.5 since they represent a
time scale of days and in this section we are treating timeséeom months to years .

The X-ray spectrum of ESO 362-G18 from the first four obsénmabbservations is shown
in the upper panel of Fig2.10together with the best-fitting models. Remarkable spevtasat
ability is present with a general steeper-when-brightdrali®r. Moreover the (lowest flux)
XMM 1 observation appears to have a distinct spectral shiipe visually larger narrow Fe line
equivalent width suggests that the hard X-ray continuunigsificantly depressed during the
XMM 1 observation, either because of an intrinsic low fluxetar because of absorption.

We proceed by performing a joint fit to the four observatiorihwhe same model dis-
cussed above. The warm absorber ionization is unconstralngng theSwiftand XMM 1
observations. We then fix this parameter to that obtainethgluhe higher quality XMM 2
observation which, according to our best-fitting model, &asmilar intrinsic luminosity. We
force the warm absorber column density to be the same in sffrghtions, as in the analysis of
the high—qualitySuzakuand XMM 2 observations. The joint fit is excellent wjth = 3140 for
2933dof (szed = 1.07). The most remarkable result is that the lowest-flux XMMbosearvation
appears to be heavily absorbed by a column density b3 cm~2 covering about 80 per cent
of the X-ray source. Removing the absorber from the XMM 1 nhdde attempting to explain
the XMM 1 spectral shape with no intrinsic absorption (bedide warm absorber), yields to
a disc-reflection dominated model but results in a poordistital description(® = 3162 for
2936 dof, szed = 1.08). Moreover, the photon index is too flat to be realislic~ 1.5). We
conclude that the spectral shape during the XMM 1 obsemvatialriven by cold absorption
rather than by an extremely low intrinsic flux.

Still some residuals are seen-at0.9 keV during the lowest flux XMM 1 observation.
Adding a further soft (unresolved) X-ray emission line @0 keV (corresponding to Ne
Ly) yields Ay? = —34 for 1 more free parameter (the line intensity is conststéth the RGS
spectrum of the XMM 2 observation, and it is included with Hzene intensity in all observa-
tions, as is the case for all other unresolved soft X-ray simislines, see Tabl2.2). The soft
X-ray emission lines we include in our model are most likebgaciated with emission from
extended gas that is photoionized by &@®N. The same gas may also be associated with a soft
scattered component, as ubiquitously seen in the X-raytrgpetheavily absorbedGN (e.g.
Bianchi et al.(2005). We test this scenario by adding to our model a soft powsrttat is
only absorbed by the Galactic column density. Its normabnais the same in all spectra, as
this component is not expected to vary (see Figl?. The fit does not improveAy? = -3
for 2 more free parameters). We measure a a photon iidexX2.4 and a scattered 0.5-2 keV
luminosity of~ 10*! erg s. This component is overwhelmed by the X-ray continuum, aod t
negligible, in all observations except the lowest-flux XMMlservation. For consistency with
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the typical soft X-ray spectrum of heavily obscuk@N, we keep this component in our best-
fitting spectral model although, as mentioned, it is not falfynrequired by the data. Therefore,
until now, our best-fitting model comprises:

(i) a power law continuum,

(ii) adistant reflection componer®EXMON model inXSPEQ,

(i) all soft X-ray emission lines of Tab2.2,

(iv) arelativistic disc-reflection componemtERRCONV convolved withREFLIONX),
(v) awarm absorbed required by both observations,

(vi) a neutral absorbed required KM 2 observation and

(vii) a soft power law only absorbed by the Galaxy which gives astof the ubiquitous
extended gas photoionized by tA&N, associated with a soft scattered component and
probably responsible for the detected soft X-ray emissitgsl.

We conclude that most of the spectral variability seen inubper panel of Fig2.10is
due to a variable cold absorber changing in both column tleasd covering fraction, although
photon index variability is also detected witfi' ~ 0.2 — 0.3. The most important absorption
variability event is detected during the XMM 1 observatiohieh requires a much higher level
of X-ray absorption than any other observation and, in paldr, than theSwift observation
which was performed only 63 days earlier. We measure a coldemsity of~ 10?2 cm2
covering=~ 80 per cent of the X-ray emitting regions during the XMM 1 afva¢ion. Such a
column density is at least one order of magnitude higher thanmeasured during any other
observation.

2.4.4 A hard scattered component

As discussed extensively Biniutti et al. (2014, the inclusion of a hard scattered component
describes very well the absorbed X-ray states of anothecsamhich exhibits extreme X-ray
absorption variability, namely ESO 323-G77. A hard scattasomponent is likely present in all
cases where absorption is due to a clumpy rather than horaogsrstructure. This is because
ourLOSis absorbed by a specific clump (cloud), but the X-ray continuin different directions
intercepts dierent clumps which re-direct part of it into ou©S via scattering (see Fid..12.
The presence of a hard scattered component has also bears®ahq other absorbediGN
such as NGC 3227amer et al, 2003 and NGC 7582Riconcelli et al. 2007). Both sources
exhibit variable X-ray absorption, most likely associateith clumpy absorbers, in line with
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Ficure 2.10: In the upper panel, we show the data and best-fittingetsddr the first four

observations of our campaign (see Tabl#). From top to bottom, we show tHauzakuSwift,

XMM 2, and XMM 1 data. In the lower panel, we show the best-Hitdata—to—model ratios

for the Swiftand XMM 1 observations. The corresponding plot for 8iezakuand XMM 2

observations has already been shown in the lower panel oRRgand it is not reproduced
here for visual clarity.)

the scattering interpretation outlined above. The X-ragoation variability ESO 362-G18
strongly suggests that this is the case here as well.

In order to check for the presence of a hard scattered companESO 362-G18, we use
the same phenomenological model usedMin{utti et al., 2014 for the case of ESO 323-G77.
Thus, we include an additional absorbed power law with thess@bservation-dependent) pho-
ton index and normalization as the intrinsic nuclear cantin, we allow the column density
towards this component to befidirent than thatféecting the nuclear continuum (but the same
in all observations), and we multiply the model by a constdlnwed to vary between 0 and
1 which represents the hard scattering fraction. The statiglescription of the data improves
significantly byAy? = —28 for 2 more free parameters for a final resultydf = 3075 for
2928 dof (szed = 1.05). The hard scattered component is absorbed by a colunsityler
~ 2-3x10%? cm™?, and its scattering fraction is 12 per cent. Note that this component is sig-
nificantly detected only during the most heavily absorbedMKMobservation (as expected,see
the discussiorMiniutti et al. (2014). The inclusion of that component induces a higher col-
umn density and covering fraction during the XMM 1 obseatiwhile not &fecting any other
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parameter. We now measure a column density & — 4 x 10?3 cm2, consistent with a full
coverage of the X—ray emitting region with covering fraotié; > 0.94 during the XMM 1
observation. Note that, as our phenomenological deseniftf the hard scattered component is
likely only a rough approximation of the true spectral shapese values are likelyffected by
larger uncertainties than the quoted statistical ones.

Re-running the error contours on the relativistic paransesee Fig2.9) gives identical
results. This is expected since the relativistic pararsedee best constrained from the highest-
quality X-ray spectra that are uffiected by the inclusion of the hard scattered component. The
final best-fitting results are reported in Talde8 and a summary and brief discussion of the
main results is presented in Sectidrb. The data-to-model ratios for thgwift and XMM 1
observations are shown in the lower panel of Rid.0(see Fig2.8for the Suzakuand XMM 2
observations).

So finally, our definitive best-fitting model comprise:

(i) a power law continuum,

(ii) adistant reflection componer®EXMON model inXSPEQ,

(i) all soft X-ray emission lines of Tab2.2,

(iv) arelativistic disc-reflection componemERRCONV convolved withREFLIONX),
(v) awarm absorbed required by both observations,

(vi) a neutral absorbed required KM 2 observation,

(vii) a soft power law associated with a soft scattered compaaraht

(viii) a hard scattered component associated to clumpy absorbers

2.4.5 The two week€Chandramonitoring campaign

We consider here a joint fit to the fiv@handramonitoring observations performed between
2010-05-18 to 2010-06-03 using the same X-ray spectral hamheribed above. We fix the
parameters associated with the soft X-ray emission litesdistant reflection component, and
the soft and hard scattered components to the values ddrovadhe analysis discussed above,
as theChandradata have typically lower spectral quality, and becauseettemmponents are
not expected to vary. The relativistic parameteffe@ing the disc reflection component are
also fixed to the best-fitting values obtained from the anmglgsthe first four observations, as
the Chandradata cannot constrain them any better. As before, we foreevdrm absorber
column density to be the same in all observations, while timézation parameter is free to
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Ficure 2.11: In the upper panel, we show the data and best-fittingeladdr the fiveChandra

monitoring observations performed within 15 days from 205018 to 2010-06-03. In the

lower panel, we show the best-fitting data-to-model ratissilting from the joint fit to the five
data sets.

vary independently. As for the neutral partial coveringaber, the column density is initially
free to vary independently. However, Blg turns out to be consistent with being the same in
all Chandraobservations, we force it to have the same value in all dd& se that the cold
absorber is only allowed to vary in covering fraction.

We reach a good statistical description of the fBlgandramonitoring observations with
a final result ofy? = 1248 for 1218dof (x2,_, ,,). The spectra, best-fitting models, and final
data-to-model ratios for the joint fit to the five data setssdrewn in Fig.2.11 The observed
spectral variability can be explained by a combination aftph index variability AT ~ 0.3,
although with large errors) and by moderate changes in theritm fraction of a cold absorber
with column density of 8 x 10?1 cm™2. Our best-fitting results are reported in TaBl& and

discussed in Sectioh.5.
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power law as well as the distant reflection componelrgf?_2 is the luminosity of the soft scattered (ss) component, a@imy contributions from the soft

scattered power law and from all unresolved soft X—ray eimishnes. NS‘S) and f() are the column density towards the hard scattered compamehits

scattering fraction. The superscript™2) means that the parameter is tied to that during the XMM 2 alagien. Luminosities are unabsorbed and given in units
of 10* erg s*; column densities are given in units of2@m2; the ionization parameter is given in units of erg cth s

Constant continuum components and common relativistiamaters

Soft scattering Hard scattering Distant reflection Disfteotion relativistic parameters
T RV a q i
24+01 012+005 25+16 012°0% 0.32+0.09 >098 4308 53+5
Variable components
Obs. Cold absorber Warm absorber Continuum Disc—reflection
Id Id i
e i ' gy e,

Swift 05+04 05+03 015+0.04 20%MM2) 20+ 04 20+0.3 <25 <20
XMM 1 35+8 > 0.94 ” 2.0xMM2) 1.90+ 0.09 23+0.2 <32 09ﬁ8:§
Suzaku - <01 ” 24+0.2 212+ 0.03 835+ 0.08 16+12 19+0.2
XMM 2 1.3+02 042+0.04 ” 20+03 180+ 0.04 195+006 <8 09+0.1
x?/dof = 30752928
Chandral ®+02 06+01 020+008 20+11 17+02 23+0.2 <26 07+ 05
Chandra 2 § +01 ” 19+06 18+0.2 31+01 <25 09+ 04
Chandra 3 ” ®+0.2 ” 25+13 18+0.3 12+04 <35 <16
Chandra 4 i 8+ 0.06 § 25+ 04 21+0.1 49+0.1 7+6 13+03
Chandra 5 ” ®+01 ” 21+04 20+0.1 34+01 <19 11+0.2

Y2/dof = 12481218
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2.5 Summary of the multi-epoch spectral analysis

The relevant best-fitting parameters of our multi-epochcspé analysis are reported in Ta-
ble 2.3 The parameters associated with the soft emission linessaffthard scattering com-
ponents, the distant reflector, and the disc-reflectiortivedtic kernel are the same in all ob-
servations. They are reported in the upper part of the Taldementioned, these parameters
have been fixed in the joint analysis of tGeandraobservations, so that the reported values and
errors are drawn from the joint fit to tf&wift XMM 1, Suzakyand XMM 2 observations.

A disc-reflection component is detected in all observatiersept theswiftandChandra3
ones, where only upper limits are obtained. This is likelgauese of the relatively low spectral
guality of these observations (see TaBl&). The relativistic parameters are best constrained
from the highest-quality spectr&zakwand XMM 2) and suggest that ESO 362-G18 is powered
by a very rapidly spinning Kerr black hole (with spin> 0.98 at the 90 per cent confidence
level). The observer inclination with respect to the disis éx also very well constrained ¢
53°). The disc ionization state is rather low, and we are onlg &blobtain upper limits on the
ionization parameter, except during the highest fluzakuandChandra4 observations.

The intrinsic photon indeX is variable and it appears to be steeper during the highest flu
observations$uzakuandChandra 4, consistent with a steeper-when-brighter behaviourerAft
checking that the data allow us to do so, the warm absorbenusotensity is forced to be the
same during the first four and during the subsequent five elsens. The final results indicate
that the warm absorber column density is in fact likely canstduring the whole 2005-2010
campaign withNy =~ 1 — 2 x 107t cm™2. On the other hand, the warm absorber ionization is
marginally variable and roughly consistent with respogdimthe intrinsic variability although
the relatively large errors do not allow us to investigasevariability in detail.

A neutral, partially covering absorber is detected in abatations but th&uzakuone,
which appears to be unabsorbed. The absorber is varialdeharX-ray spectrum of ESO 362-
G18 changes from unabsorbed or only mildly absorbed statgs during theswiftandSuzaku
observation) to highly absorbed ones (the XMM 1 observatigaing also through states with
intermediate levels of absorption (the remaining XMM 2 &ithndraobservations). The most
remarkable absorption variability event is that occurringr the 63 days separating the mildly
absorbe®wiftobservationl§y ~ 5x 101 cm2 andCs ~ 0.5) and the heavily absorbed XMM 1
one Ny = 3—4x 10°3 cm™2 andC; > 0.94).
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2.6 The black hole mass and further, independent constraiist on
the system inclination

Along this section we will derive estimations for the blaakdimass of ESO 362-G18 follow-
ing the methods discussed on sectibh.1 It will allow us to reinforces our disc-reflection
interpretation.

Garcia-Rissmann et a{2005 measure the stellar velocity dispersion of ESO 362-G18
from the Calcium triplet obtaining-, = 130+ 4 km s (we consider the average value and
standard deviation of their two measurements). As alreadigad, the black hole mass can
be estimated from thdlgy — o, relation (e.g. Merritt & Ferrarese(2001), Tremaine et al.
(2002). Using theMgy — o, relationship as obtained ¥iao et al.(2011) (see sectiord..5.]),
we estimate a black hole massMgy = (0.8 — 1.7) x 10’ M. However, in order to include the
spread and not only the statistical uncertainties on theflitsg Mgy — o, relation, we prefer
to consider the sample of reverberation-mapp&N from Woo et al.(2010 that have stellar
velocity dispersion consistent with that of ESO 362-G18] tmassign to ouAGN the black
hole mass range that can be derived from this sub-samplén ti¥&t prescription, we obtain a
larger mass range dflgy = (0.7 — 7.2) x 10" Mo,

Since our source is a typeAIGN, another estimate of the black hole mass can be obtained
by combining the observed optical luminosity with tHgbroad emission lineWHM by using,
e.g. the relationship frorRark et al(2012:

FWH MHﬁ )1.666( /“—5100 )0.518 (2 1)

Mgy = A | ———2 0
BH (103 km st 10*erg st

whereA = 100985 M,,. Bennert et al(20063 report aHg FWHM= 5240+ 500 km s from

the optical spectrum obtained at tN&T on 2004-09-17. They also measure a nuclear 5100 A
luminosity of~ 4.1 x 10*3 erg s. By using Eq2.1, we then havéMgy = (0.8-8.1)x 1¢% Mo,
which appears to be inconsistent (and much higher) tharddvated from the stellar velocity
dispersion.

However, Eq2.1 assumes an average Vvirial ¢idgent logf = 0.72, as derived byVoo
et al.(2010. In fact, f is likely source-dependent, and depends on the unkrigivihgeometry.
If we assume a disc-likBLR geometry, the virial relationship can be expressed in terftiae
FWHM as:

ReLrFWH Mﬁﬁ

M =
BH 4Sir%iG

2.2)
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wherei is the inclination between thieOS and the angular momentum of the disc-liReR,
whose direction is likely parallel to that of the accretioowflangular momentuniRg g can be
estimated from th8entz et al(2009 Rg_r-luminosity relationship which, for the given 5100 A
luminosity givesRg g ~ 5.2 x 10'® cm. Our disc-reflection model provides information on
the system inclination, namely= 53° = 5°. InsertingRg r andi into the virial relationship
leads to a black hole mass estimateMgy = (4.5 + 1.5) x 10’ My, which is now totally
consistent with the mass estimated from the stellar vglatgpersion. Notice that, in order for
the black hole mass estimates fromand from the virial assumption to be consistent with each
other, one must have <in > 0.46. In other words, under the assumption of a disc-BtéR
geometryj > 43°. This provides further, independent support to the redstihigh inclination
we derive from the X-ray spectral analysis with the disce@tfbn model. Hereafter, we assume
thatMgy = (4.5 + 1.5) x 10’ M, and we refer tdVlpest= 4.5 x 10’ M.

2.7 Looking for a reverberation time lag

An inescapable consequence of interpreting the soft X-ress as partially ionized X-ray
reflection df the inner accretion disc is that relatively short time delase expected between X-
ray energy bands dominated by the intrinsic power law, amdi®aominated by disc-reflection
(i.e. the soft excess). Such lags have been indeed discowettee Narrow Line Seyfert 1 galaxy
1H 0707-495 Fabian et al.2009, where the variability in the spectral band dominated by
reflection from the accretion disc is found to lag behind thahe spectral band corresponding
to primary X-ray emission by tens to hundreds of secoagibi et al, 2010. Subsequently,
these lags have been discovered in many odia&s (Emmanoulopoulos et aR011, de Marco

et al, 2011 De Marco et al. 2013 Kara et al, 2013ha, Cackett et al.2013 Fabian et al.
2013. Measuring these time lags implies measuring the lighetrime between the source and
reflector and allows us to probe scales as small as 10 liglonsis inAGN. This interpretation
has then been proved thanks to the detection of very simdaf lags in some sourceZdgghbi

et al, 2012 Kara et al, 2013 Zoghbi et al, 2013. However a few authors disagree this most
accepted picture and consider the detected soft lags siguaiod thus physically meaningless
(Miller et al., 201Q Legg et al, 2012).

The base supporting the study of the timing properties istreept of coherence. The
coherence of two light curves is a measure of how correldteg &re, or how much of one
light curve can be predicted from the other, which implies Bourier transforms of the two
light curves under study (for a further discussion aboutritahematical development see e.g
Nowak et al.(1999, Vaughan et al(2003, Zoghbi et al (2010, Wilkins & Fabian(2013). The
coherence takes a value of 1 if the two light curves are piyfeoherent and the coherence
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Ficure 2.12: The broadband, 0.3-10 keV EPIC-pn light curve of ES@-88L8 during the
XMM 2 observation is shown with a bin size of 500 s. The coroeging background light
curve is also shown for comparison.

can be translated into time lags between 2 light curves septang two diferent energy bands.
AccordingNowak et al.(1999, the time lag can be calculated as:

f f
(f) = 200 AU 23)

whereC(f) is the cross spectrum between the Fourier transforms ¢f $mft and hard light

curves andarg[C(f)] is the argument of the complex numb@¢f). Following this calculation

and sign convention, a negative time lag indicates that #mbility in the soft energy band
is lagging behind that in the hard energy band, as it wouldxXpeeted if the hard band is
dominated by an X-ray continuum which is subsequently reftedt the accretion disc and this
reflection dominates the soft band.

ESO 362-G18 is X-ray variable during the long XMM 2 obsemmatiand the broadband
0.3-10 keV light curve is shown in Fi@.12 The X-ray variability is of stficiently high am-
plitude that lags between fiérent energy bands can in principle be computed. To compute
the lag-frequency spectrum, we select energy bands thadrding to our best-fitting spectral
model, are dominated by disc-reflection (0.3-0.6 keV) anthkyintrinsic power law continuum
(0.8-3 keV) respectively. In Fig2.13 we show the lag-frequency spectrum of ESO 362-G18
between the two selected energy bands, where negativé leggdtmean that the soft band lags
the hard one. We measure a soft lagof = 658+ 342 s atv ~ 1.7x 107 Hz. The errors in the
lag were calculated following equation (18pwak et al.(1999. A similar lag is consistent to
be present in the wide®— 7 x 104 Hz frequency band. Fdvigy = Mpes; and assuming that
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Ficure 2.13: The lag-frequency spectrum of ESO 362-G18 betwee.810.6 keV and the
0.8-3 keV bands. The lag is defined such that negative valeaes tihat the softer (soft-excess-
dominated) band lags the harder (likely continuum-dongidpabne.

soft lags are related to the light-crossing-time betweé@mnany and reprocessed X-ray emission
components (i.e. the power law continuum and the soft exctesobserved soft lag translates
into a distance of (8 + 1.5) ry between the continuum and soft excess emission sites.

However these calculations assume that the light curvédweafitectly observed continuum
and reflected emission can be measured directly. This isusince light curves are obtained
in spectral bands that are only dominated by either the wonth emission (the hard band at
0.8-3 keV) or the reflection from the accretion disc (the baftd at 0.3-0.6 keV). Therefore, the
measured time lag is diluted as the selected reflectiondeslpromptly arriving photons from
the continuum and the continuum includes late-arrivingtphs from the reflectionWilkins &
Fabian 2013. The dfects of this dilution can be taken into account by using theslbped
best-fitting model. Integrating the number of photons detdéérom both components over both
energy bands, the fraction of the reflection and power lawpmmants in the two selected bands
can be computed. The remaining spectral components ammaddo be constant and therefore
not to contribute the lag.

Following the same arguments Wfilkins & Fabian (2013, we infer an intrinsic lag of
~ 1600 s, corresponding to a distance~of rgq between the continuum and reflection emitting
regions.
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2.8 Origin of the variable absorber and constraints on the X+ay
emitting region(s) size

The main result of our X-ray absorption variability monitay is that ESO 362-G18 transits
from a mildly absorbed state withy ~ 5 x 10°* cm™2 andC; =~ 0.5 as observed during the
Swiftobservation, to a highly absorbed state Wil ~ 3 — 4 x 10?3 cm™2 andC; > 0.94 during
the XMM 1 observation performed 63 days later.

The observed X-ray absorption variability is most likelyedo one absorber clump (cloud)
crossing outOSduring the XMM 1 observation. A clumpy absorber may be dlyeidentified
with the clumpy obscuring torusNgnkova et al.2008a Rivers et al. 2011, Miniutti et al.,
2014). Another possibility is that the variable absorber istedlatoBLR clouds Lamer et al.
2003 Elvis et al, 2004 Risaliti et al, 2005 2007, 2009 Sanfrutos et al.2013 Miniutti et al.,
2014. Although theBLR and clumpy torus are likely part of the same continuous atisgu
structure Elitzur & Shlosman2006), they can be physically distinguished by their dust conten
The BLR is dust-free, which locates th&LR within the dust-sublimation radius. The same
radius is instead generally considered as representdtitree dnner edge of the clumpy torus.
To gain some insight on the location and origin of the vagaisorber, we considelV data of
ESO 362-G18 with the goal of distinguishing between dusg-find dust-rich absorption during
the XMM 1 observation.

If the 3— 4 x 10?3 cm2 absorber fiecting the XMM 1 observation is associated with the
dusty clumpy torus, th&V emission from ESO 362-G18 may also Heeated, provided that
the absorber covers affigiently high fraction of théJV-emitting region (likely the accretion
disc). On the other hand, if the absorber is dust—free (ehg.BLR clouds), no significant
effect is expected in the)V. Reliable optical andJV fluxes can be obtained from thévOT
and OM telescopes on boar8wift and XMM-Newtonduring the mildly absorbed (hereafter
“unabsorbed” for simplicity) Swiftand XMM 2 observations as well as during the absorbed
XMM 1 one. The resulting opticAlV flux densities are given in TabR&4.

The U and W1 fluxes are nearly consistent with being constealf bbservations. On the
other hand, the M2 flux is nearly the same during the unabd@hbdftand XMM 2 observation,
but~ 30 per cent lower during the X-ray absorbed XMM 1 observatiime same is true for the
W2 flux, which is~ 40 per cent lower during the X-ray absorbed XMM 1 observati@an dur-
ing the unabsorbe8wiftone (no data were collected in W2 during the XMM 2 observatidin
is worth pointing out that th&JV intrinsic variability is an unlikely explanation for the sérved
variability in the M2 and W2 filters because the intrinsic a§¢duminosity is higher during the
X—ray absorbed XMM 1 observation than during the two X-raghsorbed ones.
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TasLe 2.4: Flux densities in the UVW2 UVM2, UVW1, and U filters duginhe Swift and
XMM 2 (X—ray unabsorbed) observations, and the XMM 1 (X-rag@bed) one. Results are
given in units of 10 erg cn? s A1,

Filter Swift XMM 1P XMM 2P
(unabsorbed) (absorbed) (unabsorbed)

Uvw2 135+ 0.6 79+04 -

UvM2  122+04 85+04 124+ 0.5
UVW1 118+07 106+ 0.5 99+ 05
U 100+ 0.5 107+ 0.5 88+04

2 The Swift UVOT filters are centered at 1928 A (UVW2), 2246 A (UVM2), 268QUVW1), and 3465 A (U);
b The XMM—-NewtorOM filters are centered at 2025 A (UVW2), 2250 A (UVM2), 28258\(W1), and 3450 A

V).

The most natural interpretation of the obsert®d variability is then that th&JV-emission
in the shorter wavelength M2 and W2 filters t§escted by absorption (as are the X-rays) during
the XMM 1 observation, while it is not during the two X-ray uorsrbed ones. By comparing
the UV flux during absorbednabsorbed observations, and assuming that total coverage
completely block th&JVV emission, we infer that the absorber cover30 (~ 40) per cent of the
UV-emitting region in the M2 (W2) filter. In summary, the UV date consistent with a dusty
absorber covering about 30-40 per cent of thé emitting region during the X-ray absorbed
XMM 1 observation. This strongly suggests to identify theaber with one clump (or cloud)
of the clumpy dusty torus, rather than witfB&R cloud.

As theUV are only partially covered during the XMM 1 observation w@h yy ~ 0.3 -
0.4, while the X-rays are fully covered witG; x ~ 1, the X-ray emitting region must be
significantly smaller in size than théV emitting region. This is not highly surprising, and it is
in line with the mounting evidence from e.g. microlensingulés that X-rays originate in more
compact, centrally concentrated regions of the accretmmtfian opticalJV (e.g.Morgan et al.
(2008, Chartas et al(2009, Dai et al.(2010, Morgan et al.(2012, Mosquera et al(2013).
Further constraints on the X-ray emitting region size caolitained from the X-ray absorption
variability itself. As the X-ray emitting region is consssit with being fully covered during the
XMM 1 observation Cs > 0.94), one haPDy < D, whereDyx andD. are the assumed linear
sizes of the X-ray emitting region and of the obscuring cloegpectively. On the other hand,
Dx = ATV, wherev, is the absorbing cloud velocity amdl' < 63 days is the time it takes to
transit from an unobscured to a fully covered spectral tate

As discussed above, théV data strongly suggest to identify the absorbing structutle w
one cloud of the clumpy, dusty torus. Henggijs lower than the Keplerian velocity at the dust

3Although theSwiftobservation is mildly absorbed, we consider it to be unolestbecause the twidy during
the Swiftand XMM 1 observation dier by nearly two orders of magnitude, making it highly unljkenat the same
structure was obscuring partially tissviftobservation as well.
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. - - 0.5
sublimation radiudRyyst ~ O‘4LBOI,45

luminosity of ESO 362-G18 can be estimated from the 2-10 keXirosity assuming a X-

pc (Nenkova et al.20083. The (averaged) bolometric

ray bolometric correctiork,_10. We use here the total (rather than the power law) averaged

ot)
-10

contributions. As for the X-ray bolometric correction, weasamek,_;o = 25 (Vasudevan et al.
2009, which givesLgy = 1.3 x 10* erg s? (i.e. an Eddington ratio ofgo/Lggq =~ 0.02
for a black hole mass oflgy = Mpest = 4.5 x 10’ My). From the estimatetlg, we have

and unabsorbed 2-10 keV luminosit ~ 5.1 x 10* erg s, as material aRyys; Sees all

that Ryust ~ 0.14 pc. Assuming Keplerian motion of the clumpy torus clounise has that
Ve < 1180 km s for Mgy = Mpest

Substituting the upper limit o, (as well asAT < 63 days) intoDyx = AT\, givesDx <
6.4x10 cm. This corresponds Dy < 961y Mpesi/ MgH, SO that X—rays come from radii within
Dx /2 = 48y MpesMgH from the central, accreting black hole under the naturairagsion
of axial symmetry. This is consistent not only with micraerg results (e.gMosquera et al.
(2013 and references therein), but also with measurements of tf&y emitting size coming
from other, better monitored X-ray occultation events whiply Dx < 10-20rg (e.g.Risaliti
et al. (2007, 2009, Sanfrutos et al(2013). A simple sketch of the envisaged geometry and
time-evolution is shown in Fig2.14

The upper limit onDx also represents a lower limit dd.. By combining this with the
maximum observed column density, we infer that the cloud bemdensity isn. < 6.7 x
10° cm 3. Such a density is lower than that required BirR clouds ¢ 10° cm3), supporting
our identification of the variable absorber with one clumgys cloud.

2.9 Discussion

The multi-epoch X-ray observations ESO 362—-G18 reveal thaAGN is generally mildly
absorbed by both partially ionized and neytoaV-ionization gas. While the warm absorber
properties do not change significantly during our monityithe neutral absorber exhibits re-
markable spectral variability with one observation (XMMHging highly significantly more
absorbed than all others.

While unabsorbed, the X-ray spectrum is characterized ligoag soft excess, typical of
the X-ray spectra of type AGN. A broad feature is also seen at Fe K energies, an&tizaku
data from the HXD also suggest a hard X-ray excess around2@\3. All features are highly
reminiscent of a reflection componertt the inner accretion disc, whose spectral shape is dis-
torted by relativistic fects. Using data from two the two highest-quality, reldyivenabsorbed
observationsSuzakiand XMM 2, we show that the X-ray spectrum is indeed best+itzesd by
a power law continuumfected by warm absorption, a reflection component from disteatter
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Ficure 2.14: A simple sketch of the possible system geometry as @iimof time during
the transition between the unabsorisadftand the heavily absorbed XMM 1 observation. We
show the larger and blue UV-emitting region, the smaller i@atX-ray one, and the absorbing
cloud (dark gray). The figure is not to scale for visual clariThe time-evolution proceeds
from top to bottom. The upper panel is representative of tiasorbe®wiftobservation. The
lower panel represents the likely geometry during the dizsbKMM 1 observation performed
63 days later, when the UV-emitting region is partially cad(C;, yv ~ 0.3—0.4) by the dusty
absorbing cloud, while the X-ray-emitting region is fullpsered Cr, x ~ 1). An intermediate
situation where both the UV and X-ray-emitting regions aaetiplly covered is shown in the
middle panel.

(comprising an unresolved Fe emission line) and, most itapty, a relativistically distorted
disc—reflection spectrum originating in the inner accreflow. The detection of an X-ray rever-
beration lag between the continuum-dominated and softssxdominated bands supports our
spectral model and suggests that the continuum and regingesites are separated by7 rg.
From our disc-reflection model, we infer that the black hatevering the AGN in ESO 362-
G18 is a rapidly spinning Kerr black hole, and we measure eklfale spina > 0.92 at the
99.99 per cent (statistical) confidence level. The disecsiin emissivity profile is steep, with
gq= 4.3j8:g, and the inclinatiori between the disc axis and our LOS ig535°. Such a rela-
tively high inclination implies that outOS may intercept the classical obscuring torus\GfN

unification schemes whose half-opening angle is typicauemed to be of the order of 45
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Indeed, we observe X-ray absorption variability during campaign, pointing to a clumpy
structure of the absorber. All observations but one areistamg with being unabsorbed, or
mildly absorbed. The absorbed observation XMM 1 is charieetd by a column density of
~ 3-4x10?° cm~? and a covering fraction d; > 0.94. On the other hand, the prev dwift
observation performed only 63 days earlier is consistett witypical mildly absorbed state,
with a neutral column density about two orders of magnitumeer. UV variability between
the absorbed XMM 1 and the unabsortdiftand XMM 2 observations strongly suggests that
absorption is due to a dusty cloud of the clumpy torus trantgithe LOS during the (only)
heavily obscured observation of our monitoring campaign.

It is worth pointing out that, in our best-fitting spectral deb, the absorber is applied to
both the power law continuum and the disc-reflection compbwéh the same covering fraction
in each observation. We now perform a simple check of thigraption. We select the two most
heavily absorbed observations (namely the XMM 1 and XMM 29n®ur best-fitting model,
obtained by assuming the same covering fraction towardssbespectral components in each
observation, results ip? = 1634 for 1579 dof. We then allow the covering fraction toveard
the power law and the disc-reflection component to Ifkedint. We reach a similar statistical
quality (¢> = 1631 for 1577 dof), and the covering fraction towards the temponents is
consistent with being the same during each observatiors Mbkans that any constraint that can
be obtained on the size of the X-ray emitting region is vadidtfoth spectral components.

The relatively short X-ray absorption variability timeseaf ~ 2 months between the
Swiftand XMM 1 observations enables us to constrain the X-rayt@mitegion size tDy <
96 rg, i.e. assuming the natural axial symmety /2 = Rx < 48r4. As absorption fiects
both the power law continuum (X-ray corona) and soft excessc{reflection, according to
our decomposition)Rx has to be associated with the outer boundary of the largetbieafvo
emitting sites. The resulting compact nature of the sofesg@mitting-region is fully consistent
with our interpretation in terms of disc-reflection as, adowy to our model (and the steep
emissivity profile), the bulk of the X-ray reflection flux omgtes from radii within~ 10 ry.
As the X-ray source is consistent with being fully coveredimy the XMM 1 observation, the
cloud linear size must be larger (or at most equal) to theyXsturce size. By combining this
result with the observed column density we infer a cloud g n. < 6.7 x 10° cm™3. Such
a density is lower than that typically required LR clouds, supporting our identification of
the variable absorber with one cloud of the dusty, clumpydor

2.10 Summary and outcomes of this chapter

From the analysis described in this chapter, we can conchateESO 362-G18 generally ex-
hibits the typical X-ray spectrum of &yl galaxy comprising a power law representing the
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primary X-ray continuum, warm absorption by partially ipedl gas, a narrow iron emission
line and its reflection continuum. Moreover, a highly sigrafit soft X-ray excess is detected
below~ 1 keV and, at the same time, a neutral absorber partiallyroay¢he X-ray emission

is also required by the data in most observations. The softssxis very well described by a
relativistically distorted X-ray disc-reflection comparte The disc-reflection component also
accounts for broad residuals in the iron K band and above ¥OF@®m our best-fitting reflec-
tion model, we infer that the accreting black hole powerimgAGN in ESO 362-G18 is a very
rapidly spinning Kerr black hole with spia > 0.92 at the 99.99 per cent confidence level and
system inclination of 53° .

As for the neutral partially covering absorber, ESO 362—-@G1i§pically only mildly ab-
sorbed. However, the absorber is variable (in both colummsitieand covering fraction). In
particular, one observation is heavily absorbed by a cdlgheo density of~ 3—4x 1073 cm2,
consistent with a full coverage of the X—ray emission. Thavilg absorbed observation was
performed only~ 2 months after a mildly absorbed one (with nearly two ordénmagnitude
lower column density). CleddV variability between the heavily absorbed observation &aed t
others strongly suggests to identify the variable absaslira dusty cloud of the clumpy torus
transiting theLOS during the (only) heavily obscured observation. Th& months absorption
variability timescale enables us to constrain the X-rayttingj region to be confined within 50
gravitational radii from the central black hole. Such reswlds not only for the X-ray corona
responsible for the power law continuum emission, but alstrhfe soft X-ray excess which then
originates from radii that are fully consistent with a disflection interpretation. The detection
of a~ 650 s, time delay possibly corresponding~td.600 s the intrinsic one, between energy
bands that are dominated by the continuum and the soft exespsctively also supports the
reflection interpretation for the soft excess.

In addition, ESO 362-G18 is characterized by an averageshimttic luminosity of 13 x
10* erg s which, considering our best-estimate for the black holesvas45 x 10’ M,
translates into an Eddington ratio aD@. Also the derived high inclination ef 53° is expected
to intercept, at least at times, the atmosphere of the oipgctarus which is generally thought
to have an half-opening angle €f45°. This is consistent with the X-ray andV results which
enable us to identify the variable absorber with the clurdpgty torus.



Chapter

Further X-ray monitoring of ESO 362-G18:
tracking a eclipse event

In this chapter we report the detection of an eclipse evédibdaplace in ESO 362-G18. A
supernova explosion dated on 2010 November and placed @01 tilhe nucleus of ESO 362-
G18, resulted in a monitoring of our target during more thao tnonths. The available 36
observations allow us to study in detail the evolution of ¥ieay absorption variability on
shorter time scales than in our analysis described in théque chapter. Besides detecting a
clear eclipse of the X-ray emitting region, it gave us an appuoty for verifying and reinforcing
the conclusions obtained ifxgis-Gonzalez et al2014 (hereafter Paper I). This work will is
part of a planned future publication.

3.1 Introduction

As mentioned in previous chapters, occultation eventsatheer common ilAGN. One of the
most showy cases is that of the Seyfert galaxy NGC 1365 repbstRisaliti et al.(2007). They
caught the source in an occultation event of the centralyXsaairce with extreme spectral vari-
ability, transiting from a Compton-thin state to anothee a@lominated by reflection and back to
Compton-thin again in a time scale of only four days. Thegripteted this event as a Compton-
thick cloud crossing ourOS, and they were able to estimate an upper limit to the X-raycou
of size of 13“cmwhereas derived a cloud-source distance less thifittOThus, they proved
the theoretical predictions on the extremely compact ditleeocentral X-ray emitting region on
the one hand, and they demonstrated that the gas Comptdnettumnuclear gas responsible
for the occultation is located at a distance consistent thigtscale of th8LR on the other hand.

Maiolino et al.(2010Q went in depth into the properties BLR clouds. They analyzed a
300 ksSuzakuobservation of NGC 1365 and found variations of the colummsidg and the
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covering fraction during the occultation. They inferreaitithe intercepte®LR clump is far
from having a spherical geometry (as sometimes assumed)restelad, propose a comet-like
structure, i.e a cloud comprising a dense heaad-(10cnT3) and an expanding dissolving
tail longer than~ 10'3cm They suggest that the cometary shape ma be a common feature
if BLR clouds in general, but it is flicult to recognize observationally. This structure could
be originated by shocks and hydrodynamical instabilitiesegated in turn by the supersonic
motion of theBLR clouds into the intra-cloud medium. On the other hand, tlesgmce and
structure of “cometary” clouds adds possible solutionddag-standing problems in modeling
the BLR. Maiolino et al.(2010 also estimate that the cloud head loses a significant dract

its mass through the cometary tail, which is expected toecthestotal cloud destruction within
a few months, which implies that tH&LR region must be continuously replenished with gas
clouds, possibly from the accretion disk. Such scenarioldvealve the problem of the long-
term stability ofBLR clouds, for which a convincing solution has not been fount(Benchi

et al, 2012.

Markowitz et al.(2014) carried out a deep analysis of multitime-scale X-ray-gtison
variability, looking for discrete absorption events in risatype 1 and Compton-thin type 2
AGN within the vast archive dRossi X-ray Timing Explorer (RXTE)They detected 12 eclipse
events in 8 objects, with durations of hours to months. Iresef these objects, the occultations
are caused by clouds whose derived parameters are cohsistierbeing located at the outer
BLR or at the inner regions of the torus. The remaining objectCN8383 was found to exhibit
a double peak in its hardness ratio light curve, suggestimyeclipses separated by only 11
days. After proving that other fierent scenarios physically probable do not fit with the data,
the authors conclude that double peak is likely due to twaeoted clumps belonging to a same
same cloud that is being tidally distorted or sheared.

Here we report results from a monitoring campaign of ESO G@38-with Swiftobserva-
tory, which yields 36 observations within 2 months and 8 dalisese data allow us a further
study on the X-ray variability of this source where we prdwattsuch variability is clearly driven
by remarkable absorption which triggers a eclipse event.

3.2 TheSwiftmonitoring campaign

Swift monitored ESO 362-G18 between 2010 November 15 and 201hdal8 with a total
of 36 short exposures to follow the optiddV decay of the Supernova SN2010jr that was first
detected on 2010 November 12 about’ Zbom the nucleus. The observation ID, date, and
net X-ray exposure for th&RT instrument are reported in Tab&1 for all monitoring ob-
servations.UVOT was operated simultaneously to tKRT observations hterefore eadtRT
exposure is complemented with optjtéV data in most of the available filters from V (centered
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at~ 5468 A) to UVW2 1928 A). We are interested here only in the cen&@N, and we
have extracted optic&lV products taking care of excluding SN2010jr from both sowand
background regions using a circular region ¢f fadius for the source, and an annulus with
inner (outer) radii of B (10”). As for XRT data, we extract source products from a circular
region with a radius of 47", and the background is estimated from nearby source-freelar
regions. SN2010jr lies within the X-ray source region. Heere we check that, even during
the first monitoring observation corresponding to the epsbkn SN2010jr was at its bright-
est level, the X-ray flux contribution is negligible, and lar X-ray spectra obtained with and
without the excision of a circular region witl 3adius centered on SN2010jr do not exhibit any
significant diference.

3.3 Summary of previous X—ray observations of ESO 362-G18

To briefly remind the reader, ESO 362-G18 has been observedas¢imes in X-rays in the
past few years. In our previous work on the source (Paperd)gport results from the detailed
analysis ofSwift (1 observation)Suzaku1), XMM (2), andChandra(5) observations obtained
between November 2005 and June 2010. The main results ohalysés can be summarized as
follows: ESO 362-G18 is, typically, a mildly absorb&&N whose most relevant X-ray contin-
uum components are an X-ray power law with a stable photoeximdIl” ~ 2.0 and a partially
ionized relativistic reflection componentfahe accretion disc. The latter component implies a
disc inclination of~ 53°, a relatively steep emissivity profile witih~ 4.3 (where the reflection
emissivity is defined ag(r) « r~9), and an inner radius consistent with the innermost stable
circular orbit for a maximally spinning Kerr black hole. Thalativistic reflection component
accounts very well for a clear soft X-ray excess and broadriee &s well as for a hard X-ray
excess seen in thBuzakuwata above 10 keV. A (mild) neutral column density~ofL0?? cm™2

with covering fraction of~ 0.5 always partially covers the above continuum components. A
weak warm absorber is also present.

However, one of the available X-ray observations (perfatiore January 2006 witKMM—
Newtor) caught ESO 362—-G18 in a highly absorbed state with an additicolumn density of
~ 3.5x 1073 cm2 consistent with full coverage of the X-ray continuum comgais. The event
was interpreted as the transient eclipse of the X-ray nueledtting regions (X-ray continuum
and disc reflection) by a cloud of the dusty clumpy torus.

The analysis of the 9 previous X-ray observations allowetbuderive a detailed spectral
model for ESO 362-G18 in its typical mildly absorbed X-ragtet Besides the absorbed con-
tinuum components mentioned above, the model comprise$t paeer law associated with
distant scattered fiiered by the primary X-ray continuum and absorbed by the @alaslumn
density only, as well as a series of soft Gaussian emisgies that are (both) typically detected
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TasLe 3.1: Log of the X-ray observations used in this work. We réploe Swift observation
ID, the observation date, and the net exposure in the XRTcttatin seconds.

Obs. ID Date Net exposure (s)
00031868001 2010-11-15 1970
00031868002 2010-11-16 2605
00031868003 2010-11-17 2392
00031868004 2010-11-18 1950
00031868005 2010-11-19 2008
00031868006 2010-11-21 2100
00031868007 2010-11-22 2100
00031868008 2010-11-23 2410
00031868009 2010-11-24 2365
00031868010 2010-11-25 2100
00031868011 2010-11-26 2615
00031868012 2010-11-27 2080
00031868013 2010-11-28 2021
00031868014 2010-11-29 2032
00031868015 2010-11-30 1533
00031868016 2010-12-02 1821
00031868017 2010-12-06 697
00031868018 2010-12-10 3874
00031868019 2010-12-12 4388
00031868020 2010-12-14 4308
00031868021 2010-12-16 3988
00031868022 2010-12-18 4338
00031868023 2010-12-20 88
00031868024 2010-12-22 4023
00031868025 2010-12-24 4250
00031868026 2010-12-27 4006
00031868027 2010-12-30 4088
00031868028 2011-01-02 4028
00031868029 2011-01-05 1303
00040311001 2011-01-07 1244
00031868030 2011-01-08 4218
00031868031 2011-01-12 1983
00031868032 2011-01-15 3961
00031868033 2011-01-18 4310
00031868034 2011-01-21 4365
00040311002 2011-01-23 1026
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Ficure 3.1: Best-fitting model for the highest quality previoiMM-Newtonobservation of
ESO 362-G18 from Paper |. The observation was performed @0 d@nuary 29 and caught
the source in a typical, mildly absorbed X-ray state. Thealvenodel is shown as the upper
red solid line together with all spectral components. Tlaeklsolid line is the intrinsic power
law, dfected by both warm and cold (partially covering) absorptibhe disc-reflection com-
ponent is the dashed dark-blue line, while the dash-doiyattblue line represents the distant
reflection component. Dotted lines show the scattered comts, comprising a soft scattered
power law plus emission lines (green), and an absorbed,dtattered component (magenta)
that has a luminosity of 12% that of the intrinsic continuum. Note that the latter poment
has a negligible contribution in this observation, and ih& significantly detected only at
epochs where the hard X-ray continuum is more heavily olestur

in the X-ray spectrum oAGN whenever the soft X-ray flux drops (either intrinsically ared

to absorption, as in typical Seyfert 2 galaxies). Our modsd @aomprises a standard, distant
neutral reflection component carrying a narrow Fe emissimndt 6.4 keV (again, as ubiqui-
tously observed in the X-ray spectra&BN) and a hard scattered power law component that we
associate with scatteringfdhe dusty clumpy torus. The latter component is only sigaiftty
detected in heavily absorbed states (see also our work onE23577,Miniutti et al. (2014

and Sanfrutos et al(2016) and it is consistent with having the same scattering ifsacat all
epochs. The overall spectral model is shown as referencig i B, adapted from Paper I.

3.4 X-ray spectral variability of ESO 362—-G18

In the upper panel of Fig.2, we show the 4-7 keV X-ray light curve of ESO 362-G18 during
the wholeSwift monitoring campaign. The source is clearly variable in thea)X band in a
time scale as short as two dayssN variability is, typically, either intrinsic or driven by Xay
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absorption variability Elvis et al, 2004 Risaliti et al, 2005 Sanfrutos et al2013. We choose
the 4-7 keV band in order to minimize the lattefest, so that the light curve shows the best
possible approximation to the intrinsic X-ray flux varidyilof ESO 362-G18 during the 2
months of the monitoring campaign.

A soft (0.3-0.6 keV) light curve of ESO 362-G18 is shown in th&ldle panel. In soft
bands the absorptiorffects are usually more noticeable and indeed the source sleovhagher
amplitudes. In order to search for any spectral variabditying the monitoring campaign, we
produce a hard-to-soft ratio (H) between the hard 4-7 keV and the soft 0.3-0.6 keV bands.
This is shown in the lower panel of the same figure. Cle& Yriability is seen during the first
~ 30 days, while S remains approximately constant thereafter, despitdfisignt 4-7 keV
flux variability. To increase the signal-to-noise and redltlte uncertainties (especially in the
lower panel of Fig.3.2) we combine each three consecutbeift observations, obtaining 12
new Swift XRT exposures. The resulting binned 4-7 keV light curve is shiovthe upper panel
of Fig. 3.3 In the lower panel of the same figure, we show the correspgridiS ratio between
the 4-7 keV and the 0.3-0.6 keV light curves.

Thus, Fig.3.3 confirms the S variability during the initial~ 30 — 35 days. It may
be associated either with genuine spectral variationmgitrto the source, or with absorption
variability mostly dfecting one of the two bands (normally the soft one). In gdndra X-ray
continuum slope is a function of X-ray flux, with steeper ¢oma associated with higher flux
states. As can be seen in both F3g2 and Fig.3.3, significant hard X-ray flux variability is
present throughout the monitoring campaign, b ldnly varies significantly during the first
half. This suggests that the/$lvariability is not driven by spectral variability assdeid with
intrinsic X-ray flux fluctuations, but rather to an externarsient event, possibly absorption
variability, occurring during the first half of the monitog campaign.

In order to understand the origin of the$lvariability, we extract two diierent spectra.
One is representative of the highest possibl& Hpoch, and it is obtained by combining the
two highest HS data points (filled red circles in the lower panel of RBg3), corresponding
to six individual Swift observations for a total exposure of 12.4 ks. The other, fgindd by
combining the last three data points of the same figure (biygtyecircles) and it is representa-
tive of an epoch during which /3 is constant, as well as much lower than during the high-H
epoch. Its total net exposure if 26.4 ks, and the spectrurbtamed by combining 9 individual
Swift observations. For simplicity, we refer to the two spectraheshigh HS and low HS
respectively.

We start our analysis with the low/B spectrum. As it is approximately constant, the
spectrum is likely representative of the typical specthalpe of ESO 362-G18. Although the
quality of the spectrum is not very high (slightly less th&@®@0 counts are gathered in the 0.3-
8.5 keV band), we define our spectral model making use of awigus work on ESO 362-G18
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Ficure 3.2: The 4-7 keV light curve during th&wift monitoring campaign is shown in the

upper panel. The 0.3-0.6 keV light curve is shown in the nedainel, and the hard-to-soft

ratio H'S between the 4-7 keV and the 0.3-0.6 keV bands is plottedeitotiver panel. Each

data point is obtained from one individuaWift observation. Time is shown in days since the
first observation on 2010-11-15
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Ficure 3.3: A binned version of the upper and lower panels 8ig. Each data pointis obtained

by combining three consecutii&wift observations. Filled (red in the on-line version) and

open (blue) circles represent the time intervals used taetxthe high and low F6 spectra
respectively, see text for details.

(Paper 1), as detailed in Secti@i3. Due to the relatively low quality of th8wift XRT data (in
comparison with much longer previous exposures WithM—Newton Suzaky andChandrg,
the spectrum could be described by simpler and more pheraowgeal spectral models, but the
derived spectral parameters would not be consistent wétlattalysis of previous higher quality
X-ray observations of the source (for instance, considegirsimple absorbed power law plus
blackbody model results in a flat photon indexiof.6). For this reason, we prefer to consider
a more complex, but also more physical model which can dssevell not only theSwiftdata,
but also all previous X-ray observations of ESO 362-G18.

The adopted spectral model comprises a power law continitardistant and relativistic
reflection components, a series of soft Gaussian emissies filus a soft power law accounting
for extended emission and scattering, and a hard, absodagtred power law. The overall
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spectral model is absorbed by the Galactic column densi§110°° cm~2, seeKalberla et al.
(2009). A layer of partially covering neutral gas with10°? cm~2 and covering fraction of the
order of 50 % &ects only the nuclear components (power law continuum asd rdiflection
component) that are als@facted by a weak warm absorber (see Se@i@and Chaptep).

We apply this model to the low 3 spectrum, fixing as many parameters as possible to
those derived from the much higher quality X-ray data preskim Paper I. The parameters that
are fixed include all those associated with emission froreredé¢d components (scattered and
soft X-ray emission lines), the distant reflection compdremrying the narrow Fe emission
line, the warm absorber parameters, as well as all the vislédi parametersféecting the disc
reflection component (black hole spin, disc inclination andssivity profile that are all fixed to
their best-fitting values reported in Paper I). In summauy fimal spectral model is characterized
by the following 6 free parameters:i)f the intrinsic power law continuum photon index and
normalization, [ii)] the relativistic reflection ionization state and normation and [fji)] the
column density and covering fraction of the neutral absors mentioned, the overall spectral
model is discussed in Paper |, Chafeand Sectior8.3, and it is shown in Fig3.1

The model provides a fair description of the lowSHspectrum with? = 381 for 361
dof (x4, = 1.05). The neutral absorber has a column density.5£10.6 x 10?2 cm? and a
covering fraction of ® = 0.1, consistent with that derived in Paper | from much highealqu
ity XMM-Newtonand Chandradata during typical mildly absorbed states. TA@N X-ray
continuum has a photon index Bf= 2.1 + 0.1, again consistent with previous X-ray observa-
tions of ESO 362-G18. The relativistic reflection compongmsents an ionization parameter
of 40+ 30 erg cm st, and a 2-10 keV luminosity of 7.76 x 10*! erg s, while the intrinsic
X-ray continuum has a 2-10 keV luminosity aBéx 10*2 erg s'. We consider that this spectral
model provides an adequate description of the |oi8 bectrum which, by comparing the re-
sulting parameters with those obtained from previous Xeataservations of the source, appears

to represent a typical, mildly absorbed X—ray state of ES®G@8.

The low HS spectrum and best-fitting model are shown in the top panElgpf3.4. In

the same Figure, we also show the higfStspectrum together with the same spectral model
rescaled to approximately match the 4-7 keV data of the highdgectrum. The spectral shape
above 4 keV is very similar, but the high/$l spectrum is characterized by a large deficit of
soft X-ray photons. Thus, the most likely explanation fas thpectral shape is that the high
H/S spectrum is fiected by extra absorption with respect to the loy@ldne, like the similar
event observed on 2006 January 28 vittiM-Newton During that observation ESO 362-G18
was heavily absorbed, while Swift observation two months earlier caught the source in the
typical mildly absorbed state, i.e. the event occurred dmasdcale of the order of 2 months.
In that case, thXMM-Newtondata were interpreted as a transient occultation of ESORB2-

by a cloud of the dusty clumpy torus (see Chaf@eand theXMM—-Newtorheavily absorbed
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spectrum could be very well reproduced by the typical spkatiodel discussed in Secti@i3
(and used above for the low/8 spectrum) with the addition of an extra layer of absorbing
gas (in the sense that the column density of the neutral laéseras allowed to vary along the
observations). Itis therefore natural to look for a simdalution for the high S state observed
during theSwiftmonitoring campaign.

We then proceed by fitting simultaneously the low and higB Bjpectra using the same
baseline spectral model (as defined above for the Ig@vdpectrum), adding an extra absorption
component. We consider neutral absorption at the reddtlieaggalaxy and, for the sake of gen-
erality, we allow the neutral absorber to only partially enthe X-ray continuum components.
The only parameters that are allowed to bedent between the two spectra are the same than
we keep free to try the spectral shape of the loi# ldata : i) the nuclear power law photon
index and normalizationji] the extra absorption column density and covering fractiod {ii )
the disc reflection ionization and normalization. Howewdter a few tests, the photon indices
in the two spectra appear to be consistent with each othérvarthen force the sanieat both
epochs to reduce further the number of free parameters.efextina absorber is not required by
the low H'S data, we also force the same column density in the two sptcwobtain an upper
limit on the covering fraction during the low/8 interval. The simultaneous fit of the low and
high H/S spectra is acceptable with = 463 for 441dof (y2., = 1.05).

red —

The absorber covering fraction in the low%istate is € < 0.13. On the other hand, the
high H/S state requires extra absorption with N 4.2 + 1.5 x 10?2 cm™2 and G = 0.83+ 0.04.
Replacing the extra absorber with an ionized one (with colwansity and ionization forced
to be the same at the two epochs for simplicity) further impsothe fit and we reach a final
best-fitting model of? = 455 for 440dof. Allowing for a different ionization at the two epochs
does not provide any further statistically significant imygment. The low 5 spectrum is still
unabsorbed with £< 0.15, while the high IS is dfected by a partially ionized absorber with
column density N = 5.0 + 1.5 x 10°? cm2, ionization log¢ = 1.0 + 0.4 and covering fraction
C; = 0.88+ 0.03. The data and best—fitting models are shown in the middielpd Fig. 3.4,
and the resulting residuals for the two spectra are showmeittoiver panel of the same Figure.

3.4.1 Time-resolved spectral analysis

Having found a good description for the low and higist$pectra, we then proceed with a time-
resolved spectral analysis of the wh@wiftcampaign. We consider the simultaneous analysis
of all 12 spectra corresponding to the data points showndn33. All spectra are considered

in the 0.3-7 keV band, except the last five that have enoughbtrgpeguality to be used up
to 8.5 keV. We use exactly the same model as above. Guidedebgrévious analysis, we
force the photon index to be the same at all epochs (we hawkethe posteriori that leaving
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Ficure 3.4: Upper panel:.we show the low 5 spectrum (empty blue circles) together with the
high H/S spectrum (filled red circles). The top (blue) solid lineres@nts the best-fitting model
for the low H'S spectrum. The bottom (red) solid line is the same modebteddo match the
4-7 keV data of the high }$ spectrumMiddle panel:same as above, but the bottom solid red
line is now the best-fitting model for the highi$ispectrum. The modelftiers from that of the
low H/S spectrum only for a layer of partially covering ionized ghewer panel: The best-
fitting residuals (\/)? in each channel) for the low and high'$ibest-fitting models (shown in
the middle panel above).
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the photon index free to vary does not improve the fit). In oitdedescribe any evolution
of the absorber properties, we first consider the simplessipte model in which the column
density and ionization are always the same, and only thericgyvé&action is allowed to vary
during theSwift monitoring. We assume at first that the absorber covers,cht @aoch, with
the same covering fraction both nuclear continuum compsn@ntrinsic power law and disc
reflection). In summary the only parameters that are allot@edhry independently in the 12
spectra are the continuum normalization, the disc refledgtiaization and normalization, and
the covering fraction of the extra ionized absorber. Itsigol density and ionization, as well as
the continuum photon index and the overall neutral absqraexmeters are allowed to vary but
they are forced to be the same at all epochs.

The model describes the data well, and we reaqﬁ & 1849 for a total of 1764lof
(x? ~ 1.05). The extra ionized absorber is statistically requiiiesl {ts covering fraction is dif-
ferent from zero at the 90 per cent level at least) in the fisgiéttra only (the first 7 data points
in Fig. 3.3). The (common) column density and ionization aig N4.8 + 1.1 x 10°? cm™2 and
logé = 1.0+ 0.3 respectively. In principle, if the absorber density anchton are constant, the
absorber ionization should be variable and proportiongtedntrinsic X-ray flux. If the ioniza-
tion state of the absorber is let free to vary independentihé 12 spectra, no improvement is
obtained. This is probably because all ionization beshdjttalues are within the range allowed
by the previous fit (a factor 4 in total), while the maximunriinsic flux variability during the
campaign is a factor of 3.5 between the 5th and 9th spectrum, see upper panel o8 B)g.
The same lack of statistically significant improvement @sanhen the column density is free
to vary independently in the 12 spectra. The most importardmeter is the (variable) covering
fraction of the extra ionized absorber. Its evolution astthe whole monitoring period is shown
in the upper panel of Fig.5. The evolution is very smooth and, in fact, it can be well diésd
by a Gaussian centered at.02 0.6 days witho = 8.1 + 0.6 days since the beginning of the
monitoring campaign. Such smooth Gaussian evolution ottwering fraction implies that
the X-ray emitting region experiences a transient ocdohagvent by an absorbing structure of
similar size as the X-ray emitting region, and that the ei@fdllowed almost completely from
ingress to egress during tissviftmonitoring campaign.

We then consider the possibility that the covering fractiowards the power law X-ray
continuum and that towards the disc reflection componenhiiig diferent. In other words
we look for a solution in which the emitting regions of the t@omponents (namely the X-
ray corona and the reflecting accretion disc) are spatiatyndt (in size angbr location). The
statistical quality of the fit is basically the same, and weairly? = 1834 for 1752dof (szed ~
1.05) to be compared wit? = 1849 for 1764dof (y2,, ~ 1.05) of the model in which the
covering fraction towards the two components is the sameyagaen epoch. As the two fits
are statistically equivalent, we shall not draw any strongctusion from the latter attempt.

It is however interesting to compare the evolution of theetimg fraction towards the two
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Ficure 3.5: The covering fraction evolution during ti8wift monitoring campaign. In the
upper panelwe show the evolution under the assumption that the covéietjon towards the
X—ray power law continuum (physically, the X—ray coronajl éime disc reflection component
is the same at any given epoch. We also show a simple Gaugsiarttfe covering fraction
evolution. The bestfitting centroid is at.02 0.6 days since 2010 November 15. In tbever
panelwe show the evolution of the covering fractions towards e ¢ontinuum components
(X-ray corona and disc reflection) when they are allowed tdifferent at any given epoch,
possibly reflecting a dierent spatial distribution of the two emitting region.
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SN 2010jr

Ficure 3.6: The UVOT image of ESO 362-G18 in the M2 filter during thstfmonitoring ob-
servation on 2010-11-15. The supernova SN 2010jr is clsady. We show the source (inner
circle) and background (outer annulus) extraction regiesl for the opticdUV photometry.

components in order to see whether the derived values shpwremmd. The evolution of the
two covering fractions is shown in the lower panel of RBgh. At all epochs, the two covering
fractions are consistent with each other within the errdtse covering fraction toward the disc
reflection component is more loosely constrained than tveatds the X-ray corona.

3.4.2 UV variability

The UVOT telescope on board tHgwift mission provides simultaneous ultraviolet and optical
coverage in the- 1700— 6000A band. During th&wiftmonitoring of SN201jr (which was the
trigger for theSwift campaign), the 36 observations were complemented witlcandUV
data using filters V (central wavelength at 5468 A), B (439243465 A), UVW1 (2600 A),
UVM2 (2246 A), and UVW?2 (1928 A). The galaxy is well detectedall filters and the su-
pernova SN2010jr is clearly visible in most images. In Bd we show theJVOT image of
ESO 362-G18 in the UVM2 filter during the first observation lodé imonitoring campaign (on
2010 NOvember 15), where the UV flux from SN2010jr is the hggthé\s we are only inter-
ested in the opticAlV photometry of the nucleus, we extrad¥OT products in an inner circle
of 5 arcseconds in radius, considering an outer annulusiwiigr (outer) raddi of 5 (10”) as
background region. As can be seen in B, our selection makes the contribution of SN2010jr
totally neglibile, so that our find\VOT products are notfected by the supernova flux.



Chapter 3 Further X-ray monitoring of ESO 362-G18: trackaneclipse event 95

L \Vj 4 W1 1
¢
£ L
8 * +*+*
§ - | **++M# + +++ + + + q r #*:*#** . ** 4
2 i
W
]
“t B 1 F M2 .
'
4
£ oy ! R
. ”'# byt ﬂ— by
o M#H*** R LT + 1
5 Y . W
z *# [
]
)
2t U 40k w2 ; .
g '
: ; ' y ! * **
§ ; h ¥ ! ++ "
g 4 bpod ot VI
R o ; 1 Lk ] A
5 w L] + ¥ * wy 44 .
b4 # L] + [
' o
)
6 ‘ 210 ‘ z:o ‘ 610 ‘ 6 ‘ 210 ‘ 4{0 ‘ éo
Time since 2010 November 15 (days) Time since 2010 November 15 (days)

Ficure 3.7: The UVOT count rates in the optical filters V, B, U (left)chin the UV filters W1,
M2, and W2 (right). To ease comparison, the light curve irhddter has been normalized to
its mean value. The y-axis scale is the same in all panels.

Fig. 3.7 show the optical andJV light curves in all filters. In all panels we show the
background subtracted count rate normalized to its meareval ease comparison between
the diferent light curves. ESO 362-G18 is variable in all filtersthwincreasing amplitude
from long to short wavelengths, from a few per cent varigpiiin filter V during the whole
monitoring, to more than 100 per cent at the shortest availabvelength (W2). The variability
amplitude is even higher in the X-rays, as can be seen irBR2gThe overall long term trend is
of an increase of opticalV flux, matching closely the similar behavior seen in the Xstajhe
longer wavelengths (V and B filters) are likelffected by the galaxy flux, which might explain
their lower variability amplitude, and we do not discussntiheny more here.
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Normalized count rate
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Ficure 3.8: The U (filled squares, black) and W2 (open circles, rethénon-line version)
normalized light curves are shown in the same panel to easerparison between optical
and UV variability properties.

Here we are interested in understanding whether part of ptieayUV variability could
absorption-induced, as it is the case in the X-rays. Assgrtfiat the optical ant/VV emission
are due to the thermal accretion disc emission (plus repsig, if any), the optical flux should
originate in more extended regions than tié that, in turn, should originate in more extended
regions than the X-rays. Hence, any absorption-induceidhitity should be associated with
(i) increasingly longer timescales and) (ncreasingly smaller covering fractions going from
short to long wavelengths (X-rays to optical). Optical & light curves should then show a
different behavior if part of their variability is indeed abdap-induced.

In Fig. 3.8we show a comparison between an optical (U) antVsin(W2) light curve (in
both cases we show the normalized count rate). The two ligihves are very well correlated
and, besides the higher variability amplitude in the W2 ffilthe only significant dference
appears to occur during the first significant optioal flare. There appears to be a time delay of
the order of 1 days between the leading W2 and lagging U lightes between causing the W2
flux to drop faster than the U flux between 12 days and 15 dayis. agparent time delay does
not occur in the other three optigdV flares around 25 days, 42 days, and 58 days. Although the
difference between U and W2 light curves occurs close to the eggaghich X-ray absorption
is maximal (12 days) it is diicult to interpret this behavior securely in terms of opti@al most
likely, UV) absorption. This is because if the fast&v drop was due to absorption, we would
expect to see much longer timescales, astkeemitting region is expected to be much more
extended than the X-rays. The only plausible explanatigghtriie that a significant part of the
UV (W2) flux originates in a region as compact as the X-ray gngjtregion and that it is only
the flux from that compact region that ifected. In principle this may be a viable explanation,
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as the X-ray reflection spectrunifdhe accretion disc can extend naturally to the due to a
non-zero ionization state.

However, besides this filierence, we do not see a clear trend of absorption-induced var
ability in the comparison between optical ad¥ light curves. This may be because:

(i) the covering fraction towards the corresponding emittiegions is too low to have a
significant éfect on the opticdlV fluxes, angbr

(i) the timescales for absorption-induce variability arelarge to have a significant impact
across the monitoring campaign, And

(iii) the absorber thatfects the X—rays is dust—free so that its impact in the opindUV is
only minor.

3.5 Absorber properties and X—ray emitting region size

The intrinsic (i.e. the power law continuum only) and unabsd 2-10 keV luminosity of
ESO 362-G18 averaged over the occultation event (first 38 daghe monitoring) isx 2.7 x
10*2 erg s1. As in the former chapter, considering a standard bolomeiirection of a
factor ko_10kev = 25 (Vasudevan et g1.2009, the bolometric luminosity is estimated to be
~ 6.75x 10" erg s. As discussed in sectiod.6, the black hole mass is of the order of
4.5x 10" My, so that the Eddington ratio for ESO 362-G18 during the fidstl@ys of theSwift
monitoring camapign ifpo/Legg =~ 0.012. The dust-sublimation radius during that epoch is

Roust= 041772 = 0.104 pc= 3.2 x 107 cm Barvainis 1987).

Let us consider the simplest possible geometry for the tatboth event. We consider
a uniform X-ray emitting region of linear sizBs and an obscuring cloud of linear sif®.
The cloud has uniform column densilyy, so that its number density. is simply defined as
ne = Ny/De. It should be noticed that, in order to accomplish the foramsumption, the cloud
cannot present a spherical geometry because a sphere ¢a@poa constant column density
towards all directions parallel to olwOS. Instead, the rough approximation of considering a
cube, whose face-on is perpendicular to b@sS, give rise to a constant column density along
our LOS. Besides, we consider that the cloud motion is dominatedrhyity, i.e. the cloud
orbits the central black hole with a velocity = (GMgn/Rc)Y? whereMgy is the black hole
mass andR; is the cloud radial distance from the center. This very crapleroximation of the
real geometrical structure will enable us to constrain tmgsjtal parameters of the absorber as
well as to derive an estimate of the X-ray emitting regiorsiz

Let us consider two possible geometries for the occultatiant:
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(i) the source siz®s is slightly larger than the cloud sid2., or

(ii) the source is smaller than the cloud, but the occultatiomissaligned, so that it is possible
that the X-ray emitting region is never fully covered.

These two possibilities haveftirent consequences for the covering fraction overall ¢y
and they can actually be distinguished. Let us defin@Bg.x the time interval during which
the X-ray emitting region is maximally covered, and/€Ep, the time interval during which
the covering fraction decreases (or increases). From theryganel of Fig3.5it is clear that
ATmax < ATpare In fact, the covering fraction evolution implies thaTy.x < 6 days while
ATpari= 15— 21 days.

We then consider the two possibilities mentioned abové Ik Dg (see upper panel of
Fig. 3.9, we have that:

D Ds—-D D AT

Vo= —2 =—2""C  sothat — =1+ (3.1)
ATPart ATMaX DC ATPart
which is consistent with the initial assumption®f < Ds.
On the other hand, iD; > Ds (see bottom panel of Fig.9), then:
Dc Ds ATMax

Ve = = ,sothat D¢=D 3.2
7 ATmax  ATpar ¢ * ATpart (3:2)

which can never be consistent with the initial assumptiorDgf> Dg becauseﬁ—“:;‘jt < 1.
We then conclude that the occultation we observe is charaeteby D, < Dg and, using the
observed value ofs max > 0.83 we have that.81Ds < D < D, since the covering fraction is
defined as the ratio between the projected areas of the sancne cloudC; = g—g

We can now derive the properties of the absorbing cloud. \Wedansider the definition
of the ionization parametet = r:—ﬁR”g whereLq, is the ionizing luminosity betwee 1 and 1000
Rydberg. In our case, we estimatg, ~ 5.06 x 10*3 erg s1. Using our best-fitting results for
the cloud ionization parameter lgg= 1.0+ 0.3, we have than:R2 = [0.25- 1.00]x 103 cm™L.

On the other hand, the cloud velocity is defined/as | /GLRCBH and, as mentioned above,
~32—. By combining both relationships, we obtaRng? =
[2.9 — 14.0] cm’. Using the previous result o£R2 = [0.25 - 1.00] x 10*3 cm™, we can solve
for nc andRe, and deriven. = [1.05—- 2.6] x 108 cm™3 andR; = [1.5 — 2.0] x 10"’ cm where
lower densities and larger radii are associated with smedlieimn densities and viceversa. The

derivedR; places the absorber just within the dust sublimation rafig; ~ 3.2 x 10’ cm

we also haver, = 57 =
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Ficure 3.9: Sketch of the possible relative sizes of the cloud aeddlurce (see text for details).

which may explain why no clear signs of absorption—inducadawility is seen in the optical
andUV lught curves (see Fig.7 and Fig.3.8), because the absence of dust.

AsD¢ = ’:_? taking into account that high densities correspond to higlvalues, we have
D = [2.3-3.5]x10* cm. For the adopted black hole mass, this corresponbls to[34-53] rg.
Since, 081Ds < D < Ds, the X-ray emitting region size iBs = [34 — 65] rg. Assuming the

natural axial symmetry, the outer radius of the X-ray emittiegion is then constrained in the
range between 1rg and 33rg, demonstrating the compact nature of the X-ray emissiorGiNA

3.6 Discussion

We report the detection of an X-ray occultation event in E8@-8&18 during a 2 monthsSwift
monitoring campaign, originally motivated by the follove-of supernova SN2010jr. A mildly
ionized absorber with log ~ 1.0 and column densitiy ~ 5 x 10?2 cnm? crosses out.OS

to the AGN X-ray emitting region during the first 35 days of the campaign. The X-ray data
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suggest that the ionization and column density of the alesadmain approximately constant
across the occultation event. The X-ray emitting region &ximally covered with covering
fraction C; ~ 0.88 during 6 days at most. The covering fraction evolutiormgh@ the upper
panel of Fig.3.5 coupled with derived ionization and column density, eaghis to estimate
the properties of the absorber. Assuming a cloud with umifoolumn density, linear sizBq,
and motion dominated by gravity, we derived the cloud lataR; = 1.75+ 0.25x 10'" cm,
corresponding to a cloud velocity = 1.85+0.15x 10° km s™X. The cloud location suggest that
the absorber lies just within the dust sublimation radRigd; ~ 3.2x 10t cm for ESO 362-G18
during the occultation) which may be the reason why no clbaogtion-induced variability is
seen in the optical andV (Fig. 3.7 and Fig.3.8). The cloud number density is estimated to be
in the rangen; = [1.05 - 2.6] x 10° cm™3, and its linear size i®. = 2.9 + 0.6 x 104 cm =
495 + 155 rq. From the maximum covering fraction observed during theuttation event,
one has that the X-ray emitting region linear sizge(we assume uniform emission within the
region) is related to the cloud si4®; by 0.81Ds < D; < Ds. Assuming the natural axial
symmetry for the X-ray emitting region, we conclude thatdkiger radius of the X-ray emitting
region is constrained in the range betweenrdand 33ry. This demonstrates the compact
nature of the X-ray emitting region. As shown in the lower glaof Fig. 3.5, the quality of the
X-ray data is insfficient to distinguish the evolution of the covering fracttowards the nuclear
intrinsic continuum (the X-ray corona) and the disc reflmettomponent. Hence, the limits on
the outer radius we derive above apply to both the power lavimmoum and the disc reflection
component.

In the adopted spectral model, we have included a disc rigilecbomponent. However, as
mentioned, at the level of quality of tf&wiftdata, disc reflection simply models the soft X-ray
excess that is seen in ESO 36-G18 as well in rggdtgalaxies in the X-rays. Indeed, if we use
a simple power law plus blackbody model to reproduce theycamtinuum, we find a similarly
good description of the spectral evolution of ESO 362-G IBamextra ionized absorption with
variable covering fraction is still required to model thespal variability across the monitoring
campaign. The absorber has now a column density.®#51.4 x 10?2 cm™2 and ionization
logé = 0.9 + 0.3. The (common) photon index is flat with= 1.6 + 0.1 vs. T" ~ 2.1 derived
from the disc- reflection interpretation. The covering fi@t evolution using this very simple
spectral model as baseline is shown in HdLOand is very similar to the evolution shown in
the upper panel of Fig8.5with the only diference being that the maximum covering fraction
is slightly lower, most likely reflecting the much flatter &y photon index. As for the previous
model, we can not distinguish the evolution of the coveriragtion towards the X-ray corona
and the soft X-ray excess (here simply described with a taemodel), so that the two emitting
regions are consistent with similar location and size. Rersimple power law plus blackbody
phenomenological model, we repeat the calculations pegdrabove, and we derive a cloud
size of D¢ = [1.4 — 3.5] x 10" cm = [21 - 53] rg, in very good agreement with the result
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Ficure 3.10: The covering fraction evolution during tissvift monitoring campaign when a

phenomenological absorbed power law plus blackbody madetéd as baseline. The black-

body reproduces the soft X—ray excess that was previoustyusted for by the disc reflection

component in the more physically—motivated model used isdlfeae evolution is very similar

qualitatively to that shown in the upper panel of F3g5 demonstrating that the overall shape
of the evolution is not driven by a specific adopted spectiadah

obtained with the more complex and physically—motivatediei(. = [2.3—3.5] x 10'* cm =

[34 — 53] rg). As the maximum covering frction is no® = [0.74 — 0.79], the source size is
Ds = [38 — 61] rg. Assuming axial symmetry, we conclude that the outer radfutbe X-ray
emitting region is constrained in the range betweerrgl@nd 305 rg. This applies to both
the nuclear power law and to the soft X-ray excess componantsthe derived size is fully
consistent with that obtained using the complex spectralehimcluding disc reflection (outer
radius between 17y and 33rg). This demonstrates that the soft X-ray excess in ESO 362-
G18 has a compact origin. Coupling this results with the spkanalysis of high quality data
presented in Chapt&and Paper |, where a disc reflection component was necessargdel

no only the soft excess but also a broad emission featureexiétgies, and a hard X-ray excess
around 20-30 keV, our analysis suggests to identify theXsofty excess, an almost ubiquitous
spectral component in the X-ray spectraAfEN, with the contribution of a partially ionized
reflection componentfbthe inner accretion disc.

We are aware that the rough estimation of considering thenwoldensity of the absorber
as constant along oWwOS is not consistent with the conclusions of the works citechmtbrief
introduction of this chapter, e.dvaiolino et al.(2010 or Markowitz et al.(2014)., where the
clouds causing the occultation events are not homogenoderisity. However, the quality of
our data is not enough to reach these details of the absorber.



102 Chapter 3Further X-ray monitoring of ESO 362-G18: tracking an echips/ent

3.7 Summary and outcomes of this chapter
The main results of the work described in this chapter carubesarized as follows:

1. The model derived in our previous work for this same takfe®© 362-G18 (see Paper 1
or Chapter2), is consistent with these new data although here the guaithe data is
not enough to resolve the finest features detected in thatdoe as for example, those
associated to the disc reflection interpretation of theesafess, or the narrow, soft X-ray

emission lines.

2. As in our previous analysis of ESO 362-G18, the varigbéithibited here by the source
is driven by absorption. However, th&wift monitoring campaign provide us with the
opportunity of studying an eclipse event almost completielyn ingress to egress.

3. While in ChapterR the absorber was identified with a neutral cloud of the clunooys,
here the absorber appears to be ionized byAB&l and it is located just within the dust
sublimation radius. However, the derived velocity and dgrse still low to be consistent
with a clump of theBLR and we suggest it to belong to the inter-material placed &etw
the Ryyst and theSMBH.

4. As in Chapter2, the absorberféects both the reflection component and the X-ray con-
tinuum equally (even if we model the soft excess with a phesratogical black body),
therefore, both the soft excess and the X-ray primary sduasge a compact origin.

5. According theUVOT data, the occultation event does nffeat to the opticdUV emis-
sion, probably because the absorber is dust-free.

These conclusions make ESO 362-G018 a relative good caadalstudy absorption evolution
in AGN and the compactness of the X-ray emitting region(s). Thers interesting to go
on observing this target with the aim of deepening our undeding in these lines AAGN

research.



Chapter

ESO 362-G18 as a changing look Seyfert
galaxy: optical view

In this chapter we investigate historical and new opticalctmscopic data with the goal of
understanding whether the absorption variation detedt¥eray energies in ESO 362-G18 also
imprints their signature at lower energies. As alreadywudised, our target is usually classified as
aSeyfert 1.5 (Syl.59alaxy, e.gMulchaey et al(19963, Fraquelli et al(2000, Bennert et al.
(20063, Winter et al.(2008. However,Parisi et al.(2009 retrieved a spectrum of this source
belonging to thesdFGSwhich does not show the broad lines mandatory to classifysthece
as type 1 since it only exhibits narrow lines, i.e. the typimectral signature of 8y2 galaxy.
Indeed,Parisi et al (2009 classified ESO 362-G18 as a haked, or tay galaxy. Here we will
report the diferences among available archive data and a new grantedsatiser(performed
with FOcal Reducer and low dispersidspectrograph v.2 (FORSR) order to study and try to
explain the disappearaneppearance of the broad emission lines in ESO 362-G18. @$usts,
along with those derived in the next chapter, will be puldislin Agis-Gonzalez et. al (2017)

(in prep.).

4.1 Introduction

As already discussedGN are associated with accretion of gas onto the ce@kéBHs The
accretion disc, feeding the black hole, generates continpiootons that photoionize and excite
the gaseous region of tiBLR located light-days to light-weeks away from the black hidedy

et al, 201§. This region is responsible for the characteristic broaiseion lines of velocity
widths v > 1000km s? induced by the keplerian motion around hole and observetién t
opticafUV spectra of type AGN. On the other hand, the photoionization of lower velocitg ga
at distances of hundreds of parsecs, by photons also comtngthe accretion disc, produces

103
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the narrow emission lines showings 1000km s present in both type 1 and ®GN. The
absence of broad lines in typeAZN is explained by the presence of the absorbing dusty torus,
the key element of th&JM (see sectiorl.6). However, there exits well documented cases
of rare events where the source transits from type 1 to typgt2 s or vice versa, i.e. its
broad lines disappear or appear in its opfild& spectrum, e.g. in Seyfert galaxies, NGC 3516
(Collin-Soutrin et al, 1973, NGC 7306 Tohline & Osterbrock1976, NGC 4151 Penston &
Perez 19849, Fairall 9 Kollatschny & Fricke 1985, Mrr 1018 Cohen et al.1986, Mrk 993
(Tran et al, 1992, NGC 1097 Storchi-Bergmann et al1993, NGC 7582 Aretxaga et al.
1999, NGC 2617 Shappee et al2014 or Mrk 590 Denney et al.2014), and the quasars
SDSS J015957.64003310.5 LaMassa et a].2015 or SDSS J101152.9%44206.4 Runnoe

et al, 2016.

Astronomers have suggested two possible potential caos#sig exceptional changes in
optical spectra oRAGN:

(i) The AGN activity depends on the availability of gas to fuel the bl&cke. The mecha-
nisms by which cold gas is transported from the galaxy dispatscales to hundreds of
pc scales, and further down into the inner few parsecs tgdri§GN activity determine
the dficiency at which the black hole is fuelledléxander & Hickox 2012. Then, large
changes in the accretion onto t6&BH can be responsible for these changing looks, ei-
ther creating or disrupting the broad line region. Morepités tought that below a given
critical accretion rate (or luminosity), no broad line m@gs can be formed nor sustained
over a long time, so that sources below that critical limitNdoalways be type 2 objects
(Nicastrq 200Q Elitzur et al, 2014 Runnoe et a).2018§.

(i) On the other hand, when the inclination of the source is sii@hourLOS intercept the
upper or lower edge of the torus, relative rapid changeseénothserved flux can occur
when obscuring clouds belonging to the torus move to allavplack, a clear view of
the central region of th&GN (e.g. Goodrich (1989, Leighly et al. (2019). In this
configuration, the disappearance of broad emission linasbeaexplained by a dusty
absorption event. In the previous Chapters we have showE®@ 362-G18 presents a
very favorable inclination for this scenario and, at the sdime, we detected remarkable
absorption events, one of which driven by the dusty toruskvhiduces a column density
variation of nearly two orders of magnitude.

In this chapter, we first considédFGSand EMMI@NTT observations with the aim of
establishing the cause of the disappearance of the broageBaimission lines in the 6dF spec-
trum. Then, within theEuropean Southern Observatory (ES#Dghive, we discover another
spectropolarimetric observation performed with EFOSGE@3that show ESO 362-G18 as a
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Sy2or Seyfert 1.9 (Sy1.9pnce more. Studying changing lodiGN in polarized light can pro-
vide us with further information about the possible scassmand we shall discuss about it in
the next Chapter. Besides, we have obtained new polaromatgervations of ESO 362-G018
through adirector discretional time (DDTprogram at FORS2@VLT. In the total spectrum de-
rived from these new data, our target shows again its shoagddines clearly. In summary, we
will analyze four observations, two of them showing ESO &2t8 asSyl.5 and the remain-
ing ones displayingy1.9like spectra, which allow us to characterize the changéerad by
the broad Balmer lines in ESO 362-G18. The observationsateziadbn 2003-01-305(x-degree
Field (6dF), 2004-09-18 EMMI), 2006-09-21 ESO Faint Object Spectrograph and Camera
v.1 (EFOSC1)and 2016-03-30FORS3. We will study them in chronological order.

4.2 6dFGS data: Seyfert 1.9 look

In this section we present the already analy@db spectrum of ESO 362-G18 and develop our
own study in order to compare thefiidirent available spectra.

4.2.1 Data and instrumentation: 6dF multi-fibre spectrogrgph

The 6dFGS(Jones et al.2004 is a large-scale redshift combined with peculiar velosityvey
over almost the entire southern sky of our nearby Univeraehiagz ~ 0.15. Its final red-
shift release is reported hlpones et al(2009 and reaches limit magnitudes dfi(J, rg, b;) =
(1305,1375,15.6, 16.75). Its 136.304 spectra have yielded 110.256 new extraiial@dshifts
and a new catalogue of 125.071 galaxies. Survey data, inguohages, spectra, photometry
and redshifts were collected between 2001 and 2006 and@tetde through th€dFGSOnline
DatabaseH(itp;/www-wfau.roe.ac.ulsdrFGS).

The 6dFGSis performed with the6dF multifibre spectrograph, an instrument that uses
opticalintegral Field Unit (IFU)ibres and robotic positioning technology which enabled iKe
Schmidt Telescope to record 150 simultaneous spectratr@ge obtained in two observations
using separate V and R gratings, that together Bive1000 over at least 40007500A andSN
~ 10 per pixel Jones et a|2004).

4.2.2 Previous work

As noted before, thédFsepctrum of ESO 362-G18 was analyzedHayisi et al(2009. Since
it presents narrovid, andHg lines in emission, [Qu] forbidden emission line, as well as Ca
H + K ans G absorption bands, they classify the sourcgy@being aware that ESO 362-G018
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was previously classified &yl.5galaxy (e.gMulchaey et al(19963, Fraquelli et al (2000,
Bennert et al(20063, Winter et al.(2008). Besides, they also derives a very low reddening
E(B-V)acn = 0.036 consistent with their SWilKRT analysis which reveals a spectrum without
intrinsic absorption.Parisi et al.(2009 reinforce this conclusion performing a diagnostic tool
developed byMalizia et al. (2007 in order to evaluate absorption as Compton thin or thick.
However they advise that the quality of the used X-ray datpiite low and future deep X-ray
observations are needed (possibly together wifl® keV) to assess the nature of ESO 362-G18
safely. Indeed, X-ray absorption variability reported byselves ilAgis-Gonzalez et a(2014)

and in Chapte? and3 with high quality X-ray data are not consistent with the sgénderived

by Parisi et al(2009.

The absence of broad emission lines in the optical spectnun @ the same time, the
absence of intrinsic absorption on both X-ray and opticalelengths ledParisi et al(2009 to
classify ESO 362-G18 as a tr&y2galaxy Bianchi et al, 2008.

4.2.3 Spectral analysis

The releases of th@dFG Sprovide already reduced spectra. Nevertheless, becaria@ttof the
survey did not required it, the data are not calibrated in. fNife carried out a flux calibration
using the measured simultanedos and re magnitudes contained idones et al(2009 by
IDL procedures courtesy drarisi et al.(2009. We do not correct the spectrum for starlight
contaminationflo et al, 1993 1997 because of its limite@N and spectral resolution, but this
is not dfecting our results and conclusions.

With the aim of providing an estimation of the local absarptof our source at the flierent
epochs, all spectra were dereddened applying a correatiothé Galactic absorption along
the LOS. For this purpose, we made use of the extinction lawGaydelli et al.(1989 and
the value for the galactic extinction calculated Bghlegel et al(1998 and listed in NED as
E(B — V)gaL = 0.017. Then, we estimate the color exc&%8 — V)agn local to theAGN host
through the relation fron®sterbrock(1989, which compares the intrinsic line ratio:

(4.1)

E(B-V) :A-Iog( Ha/Hs )

(Ho/Hg)o

where A is a constant which depends on the extinction law and itsevédu Cardelli’'s law
corresponds to 2.21H,/Hg is the galactic Balmer decrement and,(Hz)o is the intrinsic
ratio, 2.86. Thus, fo6dF data we obtairE(B — V)agn = 0.11+ 0.10, which is consistent with
the low very extinction derived bRarisi et al(2009 E(B — V)agn = 0.036.
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Tasie 4.1: Lines parameters together with statistical errorspmated from fits with Gaussian
functions on6dF data. In order to calculatEWHMs we have taken into account the instru-
mental broadening, which, according@@ampbell et al(2014) the averagéWH M, for the
fibres of6dFis ~ 140km- s1. The lines belonging to the same multiplet are forced to have
the same value of their gaussian sigma, while the broad coemg@fH, has its center tied to
that of the corresponding narrow component. The flux unigs®0%erg cnt?s™t. Fyeredis
the reddening-corrected flux and the corresponding caoreatas carried out for the interven-
ing Galactic absorptio&(B — V)ca = 0.017 according tschlegel et al(1998 and through
Cardielli's law. Fqered/Hp is the galactic reddening-corrected narrow emission livterisity
ratio relative toHg.

FWHM (km- s?) EW () Fdered ((10%erg cm?s™)  Fgered/Hp
NARROW LINES

Hg 14861 265+ 60 109+ 0.28 6218+ 5.40 1

[O 1117114959 582+ 15 301+ 0.36 20918+ 9.72 336
[O 1117145007 576+ 15 1045+ 0.58 37391+ 1312 601
[O1]46300 252+ 64 114+ 0.34 3233+ 9.17 052
[N 11116459 381+ 37 157+ 0.39 4078 + 9.34 066
H, 16563 299+ 17 773+ 0.93 19944 + 1276 321
[N 11116583 378+ 37 438+ 0.60 11196+ 1245 180
[S 11]16716 462+ 40 393+ 0.56 9481+ 1092 152
[S 11]46731 460+ 40 215+ 040 5150+ 5.78 083

BROAD LINES
Ha 16563 3138t 746 444+ 2.44 9564 + 50.09 -

Since the former expression does not account for radiatarester, we are assumed that
the dust is outside theLR, or theBLR, and not mixed with gas contained in them. However,
this method remains the only practical and an extendedigoltdr finding at least an estimate
of the amount of dust obscuring both théR andBLR, suited to compare fferent extinctions
in the same source (see ekfpard & Gaskel(2016 and references therein).

In order to carry out fits to the narrow lines of this spectruithv®y2appearance, we used
single gaussians. Nevertheless, a broad component imad found to improve the fit (see Fig.
4.1and Table4.1). Onthe contrary, the spectral shape aroHiganakes impossible to fit a broad
component for this Balmer line. The results derived throtigse fits are shown in Tablel
We adopted the following notation for the gaussian function

(/1—0)2

f()=A-e22 +m-1+b, (4.2)

whereA is the amplitude of the Gaussianjts corresponding centes; its width, andm and

b account for the lineal continuum (since we select a shogeasf wavelengths). Thus, the
emission lines belonging to the same multiplet are forceldbiae the samer, i.e [O m], [N 1]
and [Su], while the centers of the broad and narrow components, oindHg, if detected, are
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Ficure 4.1: Calibrated spectrum and Balmer lines fits for 6dF datpper panel: 6dF cal-

ibrated spectrum of ESO 362-G18Jiddle panel and Bottom panekFit performed for the

emission lines arounH,,. A broad component fa, is detectedBottom panelGaussian fits
for Hz and the [O I11] doublet.
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also obliged to present the same value. Then, from the Gauparameters we derived the flux
(V2rA - o), theFWHM (2.355- o) and theequivalent width (EW{"2e.12%) for each emission

m-c+b

line. The statistical errors are computed by propagatiar the indicated expressions. We also
took into account the instument&WHM, FWH M., in such a way that the tabulated value is
FWHM = \/ FWHM2Z .- FWHMZ_. Campbell et al(2014 found that the averagéW H M

for all fibres of6dFalong the visible range is 140n- st and we also assume this quantity. All

emission lines are resolved.

4.3 EMMI data: Seyfert 1 look

In this section, we develop the same analysis carried oudbispectrum in Sectiod.2 This
will allow us to compare, analyze and explain th&atiences between the obtained results.

4.3.1 Data and instrumentation; EMMI

EMMI works on the visible range, between 300 and 1000 nm, in foffierént observation
modes: wide-field imaging, low-resolution multi-objectang-slit grism spectroscopy, medium-
resolution long-slit grating spectroscopy and echellespecopy. It was mounted at an adaptor-
rotator at the Nasmyth B focus of tieT T, but was decommissionned in March of 2008.

EMMI is divided in two “arms” defined by optical elements: the bluen which gather
light whose wavelength ranges from 300 to 500 nm, and themradteat delivers products from
400 to 1000 nm. Th&MMI spectra of ESO 362-G18 used here were performed in medium-
resolution long-slit grating spectroscopy mode. For ouppse of examining the broad com-
ponents ofH, and Hg Balmer, we are only interested on red arm data and in this ttase
observations were made in the spectral range 4540-7060& cditespondingCCD has a im-
age size of 204& 4096 pixels and each pixel is 2615 um with a pixel scale of 0.166”. The
data were taken in a photometric night with a typical seein®.®-1” and using a slit of width
1"

4.3.2 Previous work

The EMMI data used here were previously analyzedBlaynert et al(20063. As theNLR of
our target is spatially resolved, they extract informatimtheNLR properties by performing
spatially resolved spectroscopy. As already showetbichaey et al(1996h), ESO 362-G18
exhibits [Om] extended emission along the host galaxy radio axis andngktvased images
reveal a symmetrically distributed emission. Als@quelli et al(2000 carried out an extensive
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spectroscopic study confirming that the nuclear continuanizes the gas in the disc along
PA = 158 out to 17", giving rise to a cone-shaped region observed im]OBoth groups of
authors classified ESO 362-G18 as typ&GN.

Bennert et al(2006g, through diagnostic diagrams, find that not all of the gashm
extended\LR is of high ionization, confirming the result reported liylchaey et al(19961),
but while Fraquelli et al(2000 attribute emission out te 17 from the nucleus to the extended
NLR, Bennert et al(20064 show that only the centrat3” region is ionized by the central
engine.

4.3.3 Data reduction and spectral analysis

Unlike 6dFGS in this case we have access to the raw fits files of ESO 362-@b8ghESO
archive portal. Standard reduction including bias sulitvacflat-field correction, and cosmic-
ray rejection was performed using IRAF v2.14. Wavelengtibcaion was achieved using lamp
spectra acquired in the same observation night and therapeete rebinned to a scale of 1.58
A/ px. Flux calibration was performed using correspondingeokations of the standard star
LT1788. The extinction caused by the atmosphere at La Siise@ratory was also corrected
through the measurements providedEyQ There were two available spectra with 1500 s of
exposure time that we combined in order to increasestieatio.

Since our main purpose is to compare the available spectardhGN performed with
different instruments, we must take care about the area fromhvibhéc spectra are extracted.
This is specially important if thBILR of the AGN is resolved as in this case, because in a larger
area we are including a bigger fraction of tdeR, and therefore more flux. Unfortunately, the
6dF spectrum was performed witkU fibres of 5.7” of diameter, so the long-slit of 1” of width
used withEMMI makes it impossible to achieve similar “collecting” ared$wus, the narrow
emission lines will predictably change their flux (per uriittime) from 6dFto EMMI, being
higher in6dF data since this spectrum is extracted from a higher areaicdmg larger fraction
of theNLR.

We decided to extract our definitideMMI spectrum from the three central pixel rows
containing the highest flux along the spatial direction.His tvay, we obtain a reasonable flux
with minimum contribution form the host galaxy. At the sanmad, this is also a region analyzed
by Bennert et al(2006g and it allows us to compare results. The extracted spedsigiown
in the upper panel of Figd.2 There are no signs of strong underlying Balmer absorptiwesl|
and it seems clear that t&N continuum and the broad and narrow emission lines dominate
the spectrum, as usual in typeAGNS, so that a starlight correction is not strictly necessary fo
our purposes.
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Ficure 4.2: Calibrated spectrum and Balmer line fits for EMMI datdpper panel: EMMI

calibrated spectrum of ESO 362-G18/iddle panel: Fit performed for the emission lines

aroundH,. We disentangle two broad components (see text for deiiigpm panelFits for
H; and [Om] doublet. A broad component is clearly detected alsHjn
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TasLe 4.2: Lines parameters together with statistical errorspated from fits with Gaussian
functions on EMMI data. In order to derid®&VVHM the instrumental broadening has been taken
into account. We assum@&VHM,s = 250km- s! as derived byBennert et al.20063 for a
slit width of 1”. Accordingly, [Nu] and [Su] doublets are not resolved lMMI. The lines
belonging to the same multiplet are forced to have the satoe wé Gaussian width, while the
broad components have their centers tied to those of thesmwnding narrow components.
Faereqais the reddening-corrected flux and the corresponding ctiorewas carried out for the
intervening Galactic absorptiof(B — V)ga = 0.017, according t&chlegel et al(1998 and
through Cardielli’s law. Fgered/Hp is the reddening-corrected narrow emission line intensity
ratio relative to k8.

FWHM (km- s%) EW (A) Fdered (-10%erg cm?s™)  Fgered/Hp
NARROW LINES
HpB 14861 321+ 39 328+ 0.98 333+ 042 1
[O111]24959 334+ 3 1610+ 1.51 1612+ 0.25 484
[O111]45007 329+ 3 4883+ 3.58 4849 + 1.27 1456
[0 1116300 334+ 32 395+ 1.52 770+ 0.75 231
[N 11116549 131+ 8 4.66+ 1.00 380+ 0.21 114
Ha 16563 278+ 8 1704 + 2.06 1387 + 0.39 417
[N 11]16583 128+ 8 9.85+ 1.30 800+ 0.29 240
[S 11]16716 40+ 16 278+ 0.86 224+ 021 067
[S 11]26731 37+ 16 282+ 286 226+ 0.21 068
BROAD LINES
HpB 14861 6662+ 224 4209+ 11.60 4274+ 5098 -
Ha 16563 3524+ 59 12067 + 1149 9825+ 2.29 -
Ha gauss 2 1179@ 564 8843+ 9.55 7199+ 5.36 -

Because of th&yl spectral shape, during the fitting procedure we had to a¢douthe
additional broad emission lines underlying the permittedseion of theNLR. In doing so, a
second Gaussian, a broad one, is added to fit the permitted bne profile. Nevertheless, we
found that the use of two Gaussians was ndfigent to fit the broad wings of H A third
broader Gaussian was added generating an improved fit. Ttimg finethod to broad compo-
nents of H, and H; lines was also adopted by other authors, Beynolds et al(1997), Sulentic
etal.(2002, Bennert et al(20063. Because emission line profiles reprede@Sintegrations of
several kinematic components, even for narrow lines, denable profile structure is measured
at enough resolutiorMtilek & Carleton, 1985 Schulz & Henkel2003. Another alternative is
to try a Lorentz profile in order to account for the broaderggirhowever$ulentic et al.2002
realized a systematic study of the brddgl lines in severaAGN subtypes and concluded that
FWHM < 4000km st are well fitted by a Lorentz function whilEWHM > 4000km s* are
better reproduced with two broad gaussian components.igadually what we see in our data,
and we used three Gaussian (one broad, another “very broadha last one narrow) profiles
to fit the H, emission line, two gaussians (one broad, one narrrowiifoand single gaussians
for the remaining narrow lines. It is worth to mention that gigma of the broad gaussian (and
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not the “very broad”) fitted td,, is totally consistent with that derived fédF data. Then, it is
likely that we are observing the same component.

The obtained results are displayed in Big, where we clearly show that broad and narrow
lines are very well disentangled as reported in Tab The correction of the instrumental
broadening was applied following the value derivedB®nnert et al(20063 for the used slit of
width 17, FWH Mins ~ 250km- s71.

Here the galactic reddening correction of the data provideasith a intrinsic extinction of
E(B - V)nLr = 0.36 + 0.12 towards theéNLR, following Eq. 4.2 This value is approximately
twice as high as that derived for tiéelF spectrumE(B — V) = 0.11 + 0.10, although the two
values are almost consistent with each other within thegris already noticed, here we are
not able to compare the same flux fraction from MieR. In the 6dF spectrum we are likely
collecting spectral data from most bR, while theEMMI data, collected with a 1” slit, do
not allow us to extract the same area of our source. Hencextimet@ons towards th&lLR are
difficult to compare directly.

On the contrary, the unresolved subpc-s@lld is for sure entirely contained in both ob-
servations. This enables us to compare the extinctifiermd by the broad emission lines and
determine changes of dust absorption on the smBll€t scale between the fiierent observa-
tion. If we apply Eqg.4.2to the ratio of theeEMMI broad Balmer lines (taking into account the
two fitted components for brodd« in order to consider the whole detectBdR), we derive
E(B-V)gLr = 0.32+0.05. If we assume that the observed extinction toward8ttie includes
the intrinsic extinction sfliered by both th&8LR andNLR (Heard & Gaskell2016. i.e

E(B-V)¥%=E(B-V)Iiz+EB-V)iig (4.3)

we can conclude that the intrinsic extinctiorffened by theBLR is E(B - V)it . ~ 0, since we
have calculatedE(B — V)t - = 0.36 + 0.12 which is the order of the derive(B — V)33, =
0.32+ 0.05. Hence a dust free view of tiBt R during theEMMI observation is implied by the
data.

It should be mentioned that inside tB&R the Balmer decremer, /Hgz could be influ-
enced by other many factors than the reddening, for instdrecéemperature, see e.@askell
(2015. These authors compare a wide range of properties of lashift blueAGNs and find
that the only diference among them is the internal reddening. Hence, theéyedea mean
Balmer decrement for thBLR of ~ 2.72 + 0.04. For the sake of generality, here we keep con-
sidering the standard Balmer decrement of 2.86 even for ribeddlines, but we have checked
that using the decrement derived ®askell (2015 we would obtainE(B — V)g r ~ 0.36, a
value consistent with our calculations.
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TasLe 4.3: Lines parameters together with statistical errorspmated from fits with Gaussian
functions onEFOSC1ldata. In order to computEWHM, the instrumental broadening has
been estimated from tHeWHM of the AGN since during the observing night the seeing was
~ 0.8”, narrower than the used slit . We derives a instrumentadeoiag of~ 460A. The lines
belonging to the same multiplet are forced to have the saine @dtheir gaussian sigma, while
the broad component ¢, has its center tied to that of the corresponding narrow corapb
Faereqais the reddening-corrected flux and the corresponding ctiorewas carried out for the
intervening Galactic absorptida(B — V)ca = 0.017 according t&chlegel et al(1998 and
through Cardielli’s law. Fgered/Hp is the reddening-corrected narrow emission line intensity
ratio relative toHg.

FWHM (km-s?*)  EW (counts)  Fgered/Hp
NARROW LINES
Hz 14861 229+ 38 472+ 0.70 1
[O 111114959 391+ 14 779+ 043 122+1.68
[O 111145007 382+ 14 1468+ 090 313+4.33
[0 1146300 176+ 145 Q97+ 0.47 465+6.50
[N 11116459 181+ 70 296+ 043 073+1.01
H, 16563 184+ 10 2118+ 213 455+6.28
[N 11116583 175+ 21 951+087 211+291
[S 11]16716 197+ 24 595+ 063 118+1.63
[S 11]46731 194+ 24 418+ 050 083+1.15
BROAD LINES
Ha 16563 3509+ 58 1122+ 1.86 -

4.4 EFOSCL1 data: Seyfert 1.9 look

In this section we discuss spectropolarimetric obsermatmbtained from th&SOarchive and
performed witlEFOSCL1 A further study in polarized light will be developed in thext chapter.
Here we only consider the total spectrum in order to analjamges in the broad emission lines.
It must be noted that data in polarized light do not need toledalibrated (since it measures
differences in flux between two spectra polarized orthogonahgyefore standard stars are not
routinely observed and such data were not available, so we ma able to carry out a reliable
flux calibration.

A brief description oEFOSC1as well as the data reduction, will be given also in the next
chapter devoted to polarimetry. There is nothing publishieclut this data.

4.4.1 Spectral analysis

According to the spectrum provided BfFOSC1the broad component of thesldmission line in
ESO 362-G18 seems to disappear again leading to a typiaatgpeof a Seyfert 1.9 galaxy (see
Fig. 4.3) with similar appearance to tleelFdata (see Fig4.1). Indeed, a slight underlying broad
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performed for the emission lines arouHd. As in the case o8dFspectrum, we detect a broad

component (see text for detaiBpttom panelFit for Hz and [Om] doublet.
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component for théd, line with its gaussian sigma fixed to those broad compondrisiieand
EMMI data (in both cases the sigma is consistent) was also redoiobtain a reducegEed ~ 1.
We fixed the centroid of [Ni] 16549 since it appears to be buried in thg profile. The peculiar
continuum shape aroundsHnay suggest that absorption is distorting the continuunctsgle
shape there. We could not derive a reliable upper limit onpiltative broad A component.
The situation is then similar to that seen in g data, with only a narrow Blemission line
confidently detected, and with no broad component pointimgtds eéSy1.9classification. The
results delivered by our fitting procedures are recored biela 3.

The instrumental broadening was determined fronFWW&H1M of the AGN since during the
observing night the seeing measured was8”, narrower than the used Wollmask ( equivalent
to a slit width of~ 1.5”). Then, the spectral resolution will be determined by theasid not by
the slit width. Taking into account that for grisBr 4 FW H Mesolution = 13.65A for a slit width
of 1”, we derived theeWHMps = 13.65% 0.8/1.5 = 7.28A. Assuming thelcentral Of the grism
for the whole spectral range we obtaird60km- s,

The reddening correction for the intervening Galactic ghon provide us with &(B —
V)ner = 0.39 + 0.09., which is totally consistent with that derived t8MMI data.

4.5 FORS2 data: Seyfert 1.5 look

As in the previous section, here we consider of the totaltspecderived from the polarimetric
observations granted to us throughe&0O DDT program withFORS2in order to study the
spectral broad lines of ESO 362-G18. The analysis in padright is deferred the next chapter.

4.5.1 Spectral analysis

In this new spectrum we found ESO 362-G18 to show clearlyriadblines again (see Fig.4).
Here, both lines of the [Ni] doublet are buried in thél, profile, so we fixed the centroid of
both lines to those derived froEBMMI data. The results obtained through our fitting procedures
are shown in Tabld.4.

As in EFOSClcase, the seeing during the observing night was narrow6r/(’) than the
slit width (~ 1.2”). Then, the spectral resolution will be determined by theakd not by the
slit width. Taking into account that for grism 300MaciAA = 440 for a slit width of 1", we
derived theFWH Ms = 440/0.7 = 6285A. Assuming thelcentral Of the grism for the whole
spectral range we obtain 480km- s,

The reddening correction for the intervening Galactic gfson allows us to derive a
E(B - V)nir = 0.78 = 0.12, much higher than in other available observations, bainaghis
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Ficure 4.4: Spectrum and Balmer lines fits fBORS2data. Upper panel:FORS2spectrum
of ESO 362-G18 (calibration flux in not carried outMiddle panel: Fit performed for the
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TasLe 4.4: Lines parameters together with statistical errorspmated from fits to Gaussian
functions onFORS2data. In order to deriveWHM, the instrumental broadening has been
estimated from theWHM of the AGN since during the observing night the seeing was7”,
narrower than the used slit . We obtain a instrumental broiageof ~ 480A. The lines
belonging to the same multiplet are forced to have the saine @dtheir gaussian sigma, while
the broad component ¢, has its center tied to that of the corresponding narrow corapb
Faereqais the reddening-corrected flux and the corresponding ctiorewas carried out for the
intervening Galactic absorptida(B — V)ca = 0.017 according td&chlegel et al(1998 and
through Cardielli’s law. Fgered/Hp is the reddening-corrected narrow emission line intensity
ratio relative toHg.

FWHM (km- s?) EW (counts) Fdered/Hp
NARROW LINES

Hy 14861 773+ 94 378+ 146 1
[O 111114959 598+ 4 1702+ 176  467+252
[0 111145007 589+ 4 4842+ 347 1348+7.29
[0 1146300 452+ 86 358+0.32 105z 0.60
[N 1116459 685+ 40 754+119  228+126
H, 16563 482+ 20 2191+199 644+ 349
[N 11]16583 679+ 39 1722+179 511+2.78
[S 11116716 491+ 84 361+072 105+ 0.60
[S 11116731 489+ 84 358+ 077  104= 059
BROAD LINES
Hp 14861 5443: 140 4029+ 14.72 -
Ha 16563 4130: 118 13724+ 1238 -

Ha 16563 12444+ 1859 4474+ 1102 -

does not posses a lot of meaning since the narrow line regibasges among theftkrent
observations because of thefdrent “collecting area”. However, as already noted, we can
compare the observable extinction in tBeR which in this case appear to BB — V)nLr =
0.57 + 0.07. This value is approximately twice than that obtainedEdtMI data. Moreover,
according to Eq.4.3, we computed the intrinsic extinction towards tBeER obtainingE(B —
V)ing ~ 0.20. We will discuss this absorption change along the next@ewhere a detailed
comparison of the four spectra will be performed.

4.6 Comparison among the dferent observations

The optical lines are a useful tool of diagnosis for compadifferent observations GiGNs
and getting valuable informatiord, andH act as reddening indicator, [@ 215007 emission
line is sensitive to changes of temperature while the r&id 16716/[S ] 16731 is #fected by
changes in the electron densifgnnert et al.20068. Unfortunately, as already mentioned, we
are not able to take the whole advantage of this great toa@domparing our observations since
different regions of thélLR are contained in the various data sets. However, the uneassol
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Ficure 4.5: Normalized optical spectra comparing théetient optical spectra of ESO 362-G18
using the EMMI observation as reference. Data are labelgt@npper right corner (see text
for details about comparison).
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Ficure 4.6: Normalized optical type 1.9 spectra of ESO 362-G18.

BLR is indeed entirely present in all observations, hence whatan do is to compare the
broad emission lines to measure carefully their changesdsst the available data (see Table

4.5,

In general, we can assume the relation between opticalatixtmand hydrogen column
density in our Galaxy to be the one same that in ESO 362-Gai8vér & Ozel 2009 measured
the column density of 22 supernova through their high eneegplution X-ray spectra and
derived the relation:

Ny (cm?) = (6.86 + 0.27) x 10?*E(B - V) (mag (4.4)

This relation gives a column density 8i5MM! = (2.20 + 0.27) x 10P*cnm? for EMMI data
andNfOR% = (3.91+ 0.28) x 10?'cmi? for FORS20bservations during which the source had
a typical type 1 spectrum. Hence, from 2004-09-E8IMI data) to 2016-03-30HORS2 we
detect an increment of the column density of abeu® x 10°'cnm? towards the broad line
region of ESO 362-G18. On the other hand, the spectrum aatain 2006-09-21 (2 years apart
from EMMI observation) lacks a cleargbroad component. This suggests that dugOSC1
observation the absorption could be much higher, partidtigking theBLR and leading to the
disappearance of the broagBalmer line on the spectrum of ESO 362-G18.
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We have also tried to fit broad gaussians on the base of thewafy lines of bothSy2
spectra with the aim of establishing an upper limit on theedin of the broad components
in order to derive a lower limit on thBLR extinction at epochs when the source iSydl.9in
the optical. Unfortunately, the spectral shape in the \tigiof Hg, as already mentioned, seems
to sufer a drop of flux and we did not achieve a meaningful fit of a brgaudssian, so that no
reliable upper limits on its flux could be measured.

For a clear comparison of the four presented observatiansahtinuum-normalized spec-
tra are displayed in Fig4.5 keepingEMMI data as reference. The changing look nature of
ESO 362-G18 is reinforced in this Figure. TBdF spectrum has the lowest quality, and it
would be possible that broad lines (especially thfedre) are lost within the continuum (upper
panel of Fig.4.5) also because the bigger aperture of fRg fibres respect to long-slit spec-
troscopy. However, the higher quality long-$iEFOSC1lspectrum (see middle panel of Fij5)
has much higher quality and looks extremely similar to @dé& one, which strongly suggests
that the lack of broad Blemission is a real and common feature at the two epochs. lfowe c
pare the normalize®y1.9spectrum (see Figd.6), we found a really good match between the
spectral features, not only regarding the slight detecteddcomponent oHylpha, but also
with respect to the continuum shape arourgigérhaps suggesting absorption.

The total disappearance of broad thecomponent is unambiguous while a weak bréd
component remains, as showed by the performed fitting ptweedvhich delivered a consistent
Gaussian FWHM pointing towards a 1.9 classification of the@®during th&édFandEFOSC1
epochs.

The bottom panel of the Figt.5shows that some flerence in the blue wing of the broad
Ha profile is present when the source is detected as a type 1 AGNoader base, possibly
blueshifted, seems to be present in EMdMI data, while it has disappeared at the epoch of the
FORSZ2observation. The peculiar shape of the Wing may be associated with an outflow that
is only present in th&MMI data. We would tend to disregard extra absorption inRB&RS2
observation as the two data sets exhibit remarkably siraii@ad H3 line profiles.

4.7 Discussion

According to the X-rays absorption events detected on ESB@EB in this dissertation - an
absorption event consistent with being performed by a clofrtpe dusty torus (Chapt&) and

the eclipse event tracked almost from ingress to egressp(€t) - along with the change of
absorption found in this Chapter towards B8R betweenEMMI andFORS2data where the
column density increases2x 10?1cn?, suggest that the changing looks exhibited by our target
are probably driven by dust absorption variability. Besideaving a look at Tablké.5and at the
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TasLe 4.5: Log of the optical observations analyzed in this chaeF intstrument use~U

fibres with a diamater of 5.7EMMI data is rebinned to a spectral resolution of is BxX’and

the used slit had a width of 1”. We extracted the spectrum fitventhree central pixel rows,

so the corresponding“collecting area” is 1"x1.11”. On thidey hand the spectropolarimetric

observations performed witBFOSClandFORS2were obtained with stripped masks of width
1.2" and 1.5" respectively.

6dF EMMI EFOSC FORS2
Look Sy1.9 Syl.5 Sy1.9 Syl.5
Date 2003-01-30  2004-09-18 2006-09-21 2016-03-30
Technique IFU (5.7") LongSlit (1") Stripped mask (1.2") Biped mask (1.5")
E(B - V)nir 0.11+ 010 036+ 0.12 039+ 0.09 078+ 0.12
E(B-V)gLr - 0.32+ 0.05 - 057+ 0.07

dates corresponding to each observation we can derivedhisd look changes took place in
time scales lower than 1 year and 8 months.

It is worth to mention that the absorbed XMM1 observationpiganalyzed in Chapte2
was taken 1 year and 4 months afidviM| data and 8 months before tB#&=OSClspectrum.
According toUVOT data, that absorption event was also extendééMtavavelengths. Although
the computed observed X-ray column density is probably mhigher than that causing the
optical spectral dferences, we can speculate that perhaps during XMM1 obgery&SO 362-
G18 was being involved in the starting of an important absompdue to a cometary shape cloud
of the dusty torus with initial high column density (the aboompact and dense core) and a
much more extended, lower column density tail which wouldabode with the disappearance
of the broad Balmer lines 8 months later. Although, admiytedur data cannot confirm this
picture which remains a simple speculation.

On the other hand, the possibility that the broad lines of B82-G18 disappear due to
changes on the accretion rate of the central black hole dds with the rough constant intrinsic
2-10 keV X-ray luminosity computed from our best-fitting spal model on Chapte2, which
is around~ 2—3x 10* erg- st with a few excursions. Those intrinsic variations do notsé¢e
be suficient to induce dramatic optical spectral changes in thademission lines of a Seyfert
galaxy.

4.8 Summary and outcomes of this chapter

Along this chapter we have carried out a detailed study of fiiferent optical spectra of
ESO 362-G18 which show the changing look nature of our taiyet have modeled the emis-
sion lines along the four epochs through multi-gaussiamfiish account for dterent velocity
components of the Balmer lines.
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Unfortunately, each analyzed spectrum was observed wilifiiarent programs with di-
verse aims, dferent instruments and, evenffdrent spectroscopy techniques, IiJ, spec-
tropolarimetry or long slit spectroscopy of medium resolut This implies that each spec-
trum gather dierent sections of oUlGN which present an extend@lR whose emission is
confirmed by, e.g.Mulchaey et al(19961), Fraquelli et al.(2000 or Bennert et al(20063.
Consequently, dierent fractions of th&lLR are present in each spectrum and this prevented us
to compare the narrow emission lines among theedént epochs. However, we are still able
to assess changes of the unresol&dR, which will be always entirely contained in all spec-
tra. H,/Hp ratios, reddening indicators par excellence, of the braswponents can provide us
with changes of absorption towards tReR. Indeed, we found that between t8g1.5spectra
(EMMI andFORS3J the column density increases by2x 10?1cm 2. We would also have liked
to determine an upper limit to the extinction during the ®eyl.9 states in order to assess the
changes of column densities. However, whereas a slightiiigcomponent is unambiguously
detected in both observations during type 1.9 states, we wegible to derive a reliable upper
limit on the putative broadz component. This is due to the peculiar flux drop in the continu
level around I in both observations, perhaps suggesting by itself sonra ekisorption.

In summary, we can conclude that the most probable scenarrithé changes of look
performed by ESO 362-G18 is that driven by dust absorptioiabiity, precisely, due to the
several reported events where the column density towaedsatier regions of thAGN changes
remarkably. Moreover, as shown in Chapfer9 X-ray observations of high spectral quality
covering a period of several years showed that ESO 362-G&8 dot show dramatic intrin-
sic luminosity variations that may explain the optical ajiag-look phenomenon which is then
most likely associated with variability of a dusty clumpysaltber capable of obscuring tran-
siently our view towards the broad Balmer line emitting cegi

There are few studies of changing-lo8ksN analyzing in detail optical spectra. One of
the them is the recent work &fcElroy et al.(2016. These authors find Mrk 1018 to change
from aSy1 configuration to &yl.9classification after 30 years exhibiting its type 1 spectrum
However, they suggest that the change is due to an intrimszid flux from the accretion disk.
In our case, the lower timescales also support the intefiwatof a dust absorption picture.






Chapter

ESO 362-G18 as a changing look Seyfert
galaxy: polarimetric view

The purpose of this chapter is to investigate the changioly tature of ESO 362-G18 in the
context of observations in polarized light. Within tA&N picture, this allows to infer infor-
mation about their unresolved components, as BIgR. Here, we make use of polarimetric
observations to enhance our view of the changing look Segtdaxy ESO 362-G18 whose
optical and X-ray properties have been discussed in thequewhapters.

5.1 Polarimetry: a powerful tool

From common astronomical spectral observations we carnnot&duable information: mea-
surements of intensity, either per unit of time, or wavetangr both. Through polarimetry, we
can measure something more: how the electric field vectaltaiss. Electric field oscillations
are perturbed by any mechanism or element that breaks theetygnin the radiative source,
for instance, scattering by particles or dust, the influesfca magnetic field or the presence of
geometrical structures which collimate he radiation. Thpddarization arises every time one
of these elements is interposed between the source andskeveb Consequently, we will be
able to study the geometry of the nucleus immediate suriagadeven though it is well below
the spatial resolution of the telescope. In &@®N context, polarization provides a unique way
to reconstruct the structure and kinematics of that s¢atfenedia, and becomes an alternative
and very powerful remote sensing tool for the study of theimagions out of the dire¢tOS.

As noted in sectiori.6, spectropolarimetry has played a key role in the developrakén
the currentUM of AGN (Antonucci 1993. The presence dPBL, in Sy2 galaxies is due to
scattering oBLR light escaping from th&GN, whose direct view is blocked by the circumnu-
clear torus. In the simplest picture, light coming from B8ieR and central continuum source

125
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emerges in bipolar radiation cones which illuminate theadside the torus, giving rise to, e.g.,
the emission from th&lLR. Free electrons arior dust associated with théLR scatter some of
the light into ourLOS. Depending on the geometry of the medium, light becomesigethand
observations in polarized lighti@r the opportunity to study the geometry of the scatterer(s)

Antonucci & Miller (1985 proposed that the optical polarized flux spectrum of NGC3106
could be explained as scattering by free electrons abovpdies of the torus. Their proposal
has been thereafter confirmed by modeling free electronsdastlin a conical region along
the poles of the torus successfully explaining the obseogital andUV polarization of that
source Willer et al., 1991, Young et al, 1995. Then, imaging polarimetry of this same Seyfert
galaxy has revealed a bipolar scattering region exhibirngntro-symmetric polarization pat-
tern, consistent with illumination from a hidden centralisze Capetti et al. 1995 Packham
etal, 1997 Simpson et a).2002. This basic polar scattering picture seems to be generalily
for PBL Sy2nuclei.

Since scattered light has an electric vedquosition angle (PAperpendicular to thecat-
tering plane(the plane containing the incident and scattered ray), imcyple, thisE vector is
thought to be perpendicular to the scattering cone axis@ABN. This axis is typically de-
fined by the rotation axis of the accretion disc and hencecat@mt with the radio source, the
torus, and the disc symmetry axes. Consequently, the sogtteones will be co-aligned with
this system axis and scattered light will be polarized wilEivector perpendicular to i§mith
et al, 2002. Observations oPBL Sy2galaxies support this scenario, where the scattered light
in the illumination cone of the torus almost always shows ticappolarization position angle
(PPA), 6, perpendicular to the projected radio source akiggnuccj 1983 Brindle et al, 1990.
GenerallySy2 galaxies meet this condition @blar scattering but in contrast, the optical po-
larization properties of moSy1galaxies are not consistent with this view. Several stucke®
found thatd is more often aligned with the system axis in these objefatgagnucci 1983 Mar-
tel, 1996. This implies that at least some of the scattered light gingrfrom the nucleus must
follow a different path to that iBy2galaxies and suggests that the simplest unification gegmetr
including only one single polar scattering’ ‘mirror” is iamplete. An additional source of po-
larized light is then required iBy1, which provides a dferent scattering geometry. Moreover,
such secondary “mirror” must be blocked from viewSg2 According to these observational
results,Goodrich & Miller (1994 suggested that a number of spectral polarization chaigcte
tics commonly exhibited byy1galaxies are best explained by a model in which broad Balmer
line emission originates in a rotating disc and is scatténgdnaterial in the equatorial plane
of the disc. This model predicts that the aver&§A or 6, of the broad K line and that of
the continuum, are aligned with the rotation axis of the-meitting disc, and therefore with
the system axis. In this way, these authors could accounhémquatorial scatteringvhich is
observed in the majority dby1galaxies.
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However, the picture becomes even more complicated, asas&yd galaxies show optical
polarization orthogonal to their radio source ax8snith et al.(2002 and Smith et al.(2004
identified a number 0Byl galaxies whose polarization spectra are very similar tegtafSy?2
galaxies in whichPBLsS, also known adHiBLR, are detected. Therefore, although equatorial
scattering seems to explain the optical polarization intr8g4, there exist evidence that polar
scattering does not only occur 8y2galaxies, as would be expected in the standard unification
scheme, but actually dominates over equatorial scatté@misgmeSylcases. These objects are
of particular interest in the context of the unification stiee since they appear to have scattering
geometries similar t&y2 galaxies, despite exhibitin§y1spectra in total light.

Smith et al (2004 used a two-component scattering code in order to demasritrat the
inclination of the system axis to tHeOS cannot, by itself, govern which component, polar or
equatorial scattering, dominates. Instead, they argusidpibiar-scatteringyl are objects in
which the LOS to the nucleus passes through the upper layers of the tordugstimate the
amount of extinction needed for the polar scattering reggodominate the observed polariza-
tion. They found thaf\y = 1 — 4 mag is enough to suppress polarized light from the eqwtori
scattering region, while keeping the broad wings of the Rallimes visible. ThusSmith et al.
(2009 report that the range in polarization properties obseamadng Seyfert galaxies can be
broadly understood in terms of an orientation sequenceistens with the unification scheme.
Polar-scattere®yl1 galaxies represent the transition between unobscuredn@jarity of Sy1)
and obscured (type 2) Seyfert galaxies.

5.2 Polarization parameters

Before discussing the physical picture that emerges frolarigation studies oAGN, it is nec-
essary to introduce the basic concepts and parameters afrpetry. The polarization state
of a radiation beam is determined by the state of oscillatibits electric field, i.e. the di-
rection of the electric field and how that direction variegime and space. Let us consider
a monochromatic wave which is totally polarized. Total pakation means that the tip of the
associated electric field vector draws an ellipse in a tilnesvery fixed plane perpendicular to
the propagation direction. According to Maxwell's equatgdel Toro Iniesta2004. This is
the so-called polarization ellipse (see figbrd), whih is defined by three constant quantities, its
major and minor semi-axeg,andb, (expressed in non dimensional units and measured in the
rotatede — u coordinate system of the ellipse), and the tilt anglea andb give the projected
amplitudesEqy and Eqy, that are also constant. The polarization ellipse remaxesifas the
polarized beam propagates.
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Ficure 5.1: Polarization ellipse and its degenerated states. éntagdit: https;/spie.org
publicationgfg05_p07-09polarizationellipse

In general, the field is elliptically polarized, but there aeveral combinations of ampli-
tudes and tilt angle that give rise to degenerate polaozattates as specified in Fi§.1, in
turn, producing:

() Linearly polarized light whose degenerate states can be horiztetdical (LHPLVP)
or £45° polarized. The total linear polarization is defined by theclion of maximum
polarization.

(ii) Circularly polarized light composed by righieft degenerate states (RCEP). One of
the two directions will dominate the total circular polation.

In each polarization state (elliptical, linear, circulahe associated electric field draws its
corresponding geometry in every fixed plane perpendicaltdre propagation direction (see Fig.
5.2). Therefore, the degenerate states of the polarizatigpselldescribe special polarization
states which in turn can be described through the specdicati four independent quantities:
the Stokes parametelsQ, U andV (Stokes 1852. Their definitions require the preliminary
choice of a reference direction in the plane perpendicaldhé direction of propagation of the
radiation Landi Degl'Innocenti et a).2007). In astronomical observations, the reference direc-
tion can be thought of as a great circle in the celestial sppassing through the observed object.
The choice of this great circle is arbitrary, but in nightiéi astronomy, it has become customary
to choose the reference direction as the celestial merjzhiaring through the observed object.

The first Stokes parametdy,describes the total intensity of the optical beam; the sgco
parameterQ), describes the preponderance of linear polarization gwdan the plane perpen-
dicular to the direction of propagation over linear polatian parallel to that plane of reference;
the third parametet), describes the preponderance of linear polarization witimeination of
45° to the plane of reference over linear polarization with alimation of —45° and, finally,


https://spie.org/publications/fg05_p07-09_polarization_ellipse
https://spie.org/publications/fg05_p07-09_polarization_ellipse

Chapter 5 ESO 362-G18 as a changing look Seyfert galaxyripagic view 129

=

YUV

Linear Circular Elliptical

Ficure 5.2: Schematic representation of thé&elient polarization states. Image credittp;/
ganymede.nmsu.eftharrisgast53@ast536week07.html
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Ficure 5.3: Geometrical definition of Stokes parameters considehiat the observer is look-
ing toward the source. Image crediandi Degl'Innocenti et al(2007).
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V describes the preponderance of circular dextrorotatolgrigation over circular levorotatory
polarization. A schematic definition of Stokes parametergpresented in Fih.3.

In other words, the Stokes parametgis connected to the eccentricity of the polarization
ellipse and the Stokes paramet€&andU tell us how the polarization ellipse is oriented. Then,
if linear polarization is zero, the polarization ellipsegdaerates in a circle. If circular polar-
ization is zero, the polarization ellipse degenerates irganent. The Stokes parameters are
usually expressed in quantities relative to the total isitgni.e. | parameter in which case they
are called reduced Stokes parameters:

Q U
T T

\%
PVII—

and Py = (5.1

, Po =

On the other hand, the major and minor semi-axes of the palisnh ellipse,a andb,
and the tilt angled that the major semi-axis forms with the reference directipare related
with the reduced Stokes parameters of the polarized conrmpdnethe equations (sdeandi
Degl’'Innocenti et al(2007) and references therein):

a = % (1-Py)Y2+ 1+ Py)Y)

b = 3 (P - (14 P)) 52)
P
P_Q = tan(20)

Due to the fact that scattering is much mofiogent to produce linear than circular polar-
ization by a factor~ 100 (Siebenmorgen et al2014), in the field of AGN the circular polar-
ization is usually null and linear polarization dominat€sandU are then the most important
parameters in this field. However it is important to note thidultiple scatterers or synchrotron
emission are present, circular polarization could becam@oritant, although this is not com-
mon in Seyfert galaxies. The contribution of polarimetryoiar understanding of thAGN
environment is detailed below.

In general,Pq and Py are combined in two fundamental magnitudes which contaen th
whole information about the configuration of polarizatidime degree of polarization (pjvhich
measures the fraction of linearly polarized radiation amelRPA, or 6, which is coincident
with the angle of maximum polarization, i.e., the angle tihat major axis of the polarization
ellipse forms with the x-axis of the reference system, raekiocounterclockwise for an observer
looking at the radiation source.

They are expressed as:
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p:1/Pé+ P2 (5.3)

1 Pu
0 = — arctan — 0 5.4
2 P(PQ) T (5.4)

if PQ>0,Pu>O
if Pg>0, Py<O or 0
if Pgo<0, Pyz0

if Pg=0, Py>0

where 6o =
0 if PQ = O, PU <0
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This equations will be further explained in section.

5.3 Scattering models in Seyferts galaxies

Having introduced the meaning and potentiality of polait@aparameters, we are now ready
to understand and interpret the polarization propertieSeffert galaxies so that the whole
information provided by this powerful technique can be used

First of all, it is extremely important to underline that tintrinsic spectrum of polarization
is likely to be modified by interstellar dust along th®S in both the host galaxy and our own.
Aligned dust grains can indugeterstellar medium (ISMjppolarization. There exist methods to
estimate the inducelbM, p;swm polarization by the Milky Way (see sectidn12.]), however
the dfects of dust in the host galaxy are moréidult to assess. According to the Serkowsky
law piswm strongly depend on wavelengtBdrkowski et al.1979. It varies weakly in short
wavelength ranges while the correspondiPigAis expected to show a constant valk®gsati
et al, 2007. Therefore the detection of significathtotations or changes imacross a relatively
short wavelength range would indicate that the polarizatat least partly intrinsic to th&GN.

As mentioned at the beginning of this chapter, althoughrzuattering is the norm iSy2
galaxies while equatorial scattering appears to domimatedstSy1 galaxies, a number @&yl
galaxies have optical polarization orthogonal to theiiogdr symmetry) axis, i.e. there appear
to be a number dbylgalaxies where polar scattering dominates, as is the caSy&ygalaxies.

From an observational point of view, the polarization sgedf “standard” equatorial-
scatteredSy1 nuclei nearly always exhibit variations with wavelengtbraj the broadH, line
in either the degree and position angle of polarization, aihlfsee left panel of Fig5.4, as
noted above, these changes indicate that the Seyfert suslagurinsically polarized). Rotations
of PPA across theH,, line profile from the blue to the red wings mean that the odton



132 Chapter 5ESO 362-G18 as a changing look Seyfert galaxy: polarimeig
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Ficure 5.4: Left: Prototype of equatorial-scatter&y1 ( Mrk 6; Smith et al.(2009). Right:
Prototype of polar-scattere&dly1 (NGC 3227;Smith et al.(2004).

of the scattering plane varies with th&®S velocities of the line emitting gas, which places
constraints on the geometry and kinematics of the scaftarigor emitting regions. A velocity-
dependent rotation in thBPA across the broad emission line requires either thaBthe is
resolved by the scattering region or that it is subject to disbinct scattering regions that are
arranged in order for their scattering planes to subtendge langle between them. In both
cases, the velocity field in thBLR andor scatterers must also be perfectly ordered so that
some discrimination in wavelength can lead rays followingietlent scattering paths. Thus, if
two scattering regions produce a line profile covering sohagvditerent wavelengths ranges
(because, one is shifted, or broadened, with respect tothez)pthe ratio of polarized fluxes
from each scattering geometry will vary across the tota profile, resulting in & rotation. At
the same time if th&LR is confined to a rotating disc and is surrounded by a coplangrof
scatterers p will decrease in the core of the bro&tj line because the line profile in direct view
(total flux) is narrower than in scattered view (polarize&)Julue to the fact that dire¢tOS to
the BLR has to pass within the opening angle of the circumnucleasstand therefore provides
a more face-on view, whereas the scatterers will have a edggew of the discSmith et al.
(2002. We will address this model further on the next subsection.

On the contrary, irBy2 galaxies showing type 1 spectra in polarized light, the Lisaad
of pis to increase with respect to the continuum across theegpttafile ofH,, not only in the
wings, whiled rotations across the broad lines are usually not obsenveeketore, in principle,
this case seems simple to interpret. The nuclear continaurcs and théLR are hidden by
the torus and only visible in scattered, and hence, poladiggt. Thus, continuum and line
emission are generally believed to be generated in the seatieisng geometry made of dust
andor electrons along the polar axis of the torus. Since, treomly one intervening scatterer,
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continuum and line emission should exhibit the same patdr level. The increase malong
the broad Balmer lines is explained by the presence of adyrtimpolarized continuum compo-
nent, likely to be starlight from the host galaxdr(tonucci 1993 Gonzalez Delgado et all998
Storchi-Bergmann et al1998), that dilutes the polarized light from both the nucleartowum
and theBLR. The contribution of polarized flux from tH&LR lessens thefiect of dilution over
the broad-line profile, leading to an increase in percenpad@rization. Finally, the continuum
polarization is often seen to increase at shorter wavdbsngthis is generally believed to be due
to the combination of the unpolarized starlight contribntand of dust scattering of the light
from the obscuredGN continuum (or, alternatively, to electron scattering coreld with a red
unpolarized continuum).

In Syl galaxies, we have the direct view of the nuclear continuuorcand theBLR,
hence the dilution féect of starlight would be smaller and dominated by &@&N continuum
(Smith et al, 200). Polar-scattere@yl galaxies do not exhibit significamtrotations across
the broadHa line. These trends op andé identied withPBL Sy2are also plausible in polar-
scatteredsylgalaxies if the direct view of th&GN continuum passes through the upper layers
of the of the dusty circumnuclear torus (see right panel gfF4). This one would act like a
dusty far-field polar scattering regio8¢hmid et al.2007).

Smith et al(2002 argue that the observed polarization properties of Segédaxies must
follow the unification scheme which demands that/@N are intrinsically the same, so that
both polar and equatorial scattering routes should be préasall Seyferts. The question to be
considered is: what is it that determines which of the twaeesi of scattered light dominates
the observed polarization in bo8y1 andSy2 nuclei? In order to answer this questi@mith
et al. (2002 proposed a model in which the broad-line emission is geeéria a rotating disc
and then scattered by two distinct scattering regions tratyze orthogonally polarized light.
These two regions are:

(i) a near-field scattering region co-planar with the lineténg disc and situated within the
torus, in its equatorial plane: theguatorial scattering regian

(i) a far-field scattering cone situated outside the torus ligmed with the torugemission
disc axis: the establishagublar scattering region

This geometrical configuration is shown in Fi$.5. Equatorial scattering prints more
complicated polarization features than polar scattergiie processes taking place in the equa-
torial scattering region are more complex. Consequenteywill first address the equatorial
scattering model and then, separately, the polar one.
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Ficure 5.5: Two-component scattering geometry proposedhyth et al.(2002 to explain

the optical characteristics of Seyfert nuclei. The rottilisc is responsible for the emission

of the broad Balmer lines. The equatorial scattered regianddeled as a flared disc of half-

opening anglerg surrounding the line-emitting disc. The polar scatteriegion is modeled as

a truncated cone of half-opening anglg aligned with the system simmetry axis. Inclination,
i, is measured from the simmetry axis to the line of sight. lenagedit: Smith et al.(2004).

5.3.1 Equatorial scattering model

A more detailed view of the equatorial scattering regiontieven in Fig. 5.6. As noticed,
the major role is played by the line-emitting disc which isteged on the point-like continuum
source, C. The disc rotation axis is inclined at some inteliate angle to observerdsOS, which

is perpendicular to the page. A co-planar ring of scatterkrsely surrounds the disc. In turns,
both the disc and ring are surrounded by the circumnuclestiydarus, the key element &fM.
Their three axes are co-aligned defining the system axisyvaess to be coincident with the
symmetry axis of thé\GN and, therefore, with the radio axis. This direction can Ise ahlled
principal axisof the AGN.

For the sake of simplicity, let us start considering a sirsglattering element aligned with
the major axis of the disc seen in projection. Light from thaténg disc and from the central
continuum source is scattered from this scattering eleinémthe observer's OS and thereby
becomes linearly polarized. THevector of the scattered continuum light will be parallel, in
projection, to the system axis. The scattering element‘sgk’ blue- and redshifted emission
from points A and B, respectively. Keeping in mind that thedat-line emitting disc is inclined,
the scattering planes for red- and blue-shifted rays anddabeespondinde vectors are directed
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Ficure 5.6: Scheme on the equatorial scattering model proposé&thtith et al.(2002. The

disc rotation axis is inclined at some intermediate angletiserver'd OS, which is perpen-

dicular to the page. The central continuum source, C, anditbad line emitting disc are

surrounded by a coplanar ring of scattering medium. A sipglgicle of the scattering ring is

represented as well as polarization vectors, after saagtenf rays originating from opposite
sides, A and B, of the emission disc and C. Image cr&litith et al.(2005.

either side of the continuurk vector with equal but oppositeffset angles. This leads to a
rotation inPPA 6, from blue to red across the line profile, centered on theirwonin 6.

In general, the blue-to-red rotation is kept even considering scattering from the whole
ring. When the disc is viewed face-on, circular symmetryuess complete cancellation of the
polarization produced by any scattering element by thatsobithogonal counterpart. On the
contrary, when the disc is inclined, light scattered fromnetnts aligned with the minor axis
of the projected disc begins to get polarized due to the smattattering angles than those
exhibited by the light scattered in elements aligned with itigjor axis. Thus, the symmetry
is broken and leaves a net polarization witRRArotation similar to that expected for a single
scattering element aligned with the major axis.

Distinctive variations irp with velocity shift across the line profile are also reproshliby
the model. A simple rotating disc produces a line profile fbrck the width varies as sinbeing
i the inclination of rotation axis to the line of sighsrfith et al, 2002 . Since the scattering
ring has an edge-on view of the line-emitting dise 90°, the scattered line profile collects the
whole range in rotational velocity present in the disc, ¢fiame all scattering elements within
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the ring will ‘see’ a broader emission-line profile than theedt LOSto the observer, which for
a Sylnucleus, must pass within the torus opening.

The average torus opening angle in Seyfert galaxies is wtdbished by reiterated ob-
servational evidences to be of the order~ofl5° (e.g. Lawrence(1991). Therefore, thd.OS
in Syl galaxies must have, typically,< 45° which implies that the line profile in direct (un-
polarized) light has a widtke 1/V/2 times that in scattered (polarized) light. It follows titiaé
combination of scattered and direct line emission will leBuwavelength-dependent dilution
of the polarized component. With the addition of the undegycontinuum, for which the po-
larization is wavelength independent, the observed p&agerpolarization will increase relative
to the continuum level in the line wings, where the dilutidrttee direct and unpolarized light
has little dfect due to its narrower line profile, but will drop to a minimumthe core of the
line.

In short, the equatorial scattering model based on a broaeklnitting disc proposed by
Smith et al.(2002 reproduces the general polarization characteristicsqoawrial-scattered
Sylgalaxies as described above:

() @rotations from blue to red across the broad lines profiledgvithe underlying continuum
keeps a roughly constaRPA

(i) The continuumPPAis aligned with the projected disc rotation axis and hense wlith
the symmetry and radio axis.

(iii) ppeaks inthe line wings and passes through a minimum in teectine, while the under-
lying continuum is polarized at an intermediate level.

A blue-to-redo rotation across the line profile is not always observed. Agilade expla-
nation according to the model is that increasing the séaftemg radius relative to that of the
disc will decrease the angle subtended by the disc at a goadtesng element and hence will
reduce thd®PAswing Smith et al, 2002. Thus, a constarRPAin wavelength in some objects
could mean that the scattering ring has a relatively largausa Nevertheless, while the model
predicts that thd®PA swing has to bisect the continuum polarization in the ceotdhe line
profile, sometimes it occurs displaced from the center atjhostill in the line. A scattering
outflow along the system axis would produce redshifted eeadtlight, polarized orthogonally
to the equatorial component. This would imply the expecteglaude of the red-wing polar-
ization peak to be reduced (by cancellation) relative todlfithe blue-wing peak and iBPAto
be preferentially modified, breaking the symmetry of theebland red# swing relative to that
of the continuum.

In conclusion, polarization features predicted by the &g scattering model are present
to very diferent degrees in the observatio®(th et al, 2002. This is not surprising given
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the simple geometry of the model and the probable compl@fityie real emission and scat-
tering regions. Additional emission components or scatsgmperhaps with velocity shifts, will
undoubtedly distort the polarization signatures of the/disy system. However, the equatorial
model is generally successful in accounting for the typiteslervational properties of equatorial-
scatteredsyl galaxies.

5.3.2 Equatorial + polar scattering model

As already statedsylnuclei do not always exhibit thefrparallel to the principal axis. In some
cases polarization spectra very similar to those obsemwdtBL Sy2nuclei are observed. It
follows that polar scattering and its corresponding ‘sraiy mirror’, which is located above the
circumnuclear torus and allows us to detect the obscBidelin Sy2 galaxies, are also present
in some type 1 onegoodrich & Miller, 1994). Following the idea that alA\GN are intrinsically
the same, the idea is that both an equatorial and a polaesngtregion are always present in
Seyfert galaxies. Therefore optical polarization praperbf Syl nuclei should include both
far-field polar and inner equatorial component.

According to the model developed Mpung (2000, the polar scattering region is devised
as a cone, containing dust dadfree electrons, which is co-axial with the torus and hasra-c
parable opening angle. The observed polarization prodhgdatie combination of equatorial
and polar scattering will, in general, depend on the intilimaof the system axis to tHeOS.

Smith et al.(2004) carried out calculations using the scattering codeYatfing (2000
varying the inclination from = 0° to 9C¢°. At very small inclinations, with the system axis
closely aligned with th& OS, a lowp is obviously obtained, since the circular symmetry ensures
that both components of scattered light wilifawr almost complete cancellation. However, when
i is increasedp increases more rapidly for the equatorial than for the potemponent. Then,
without considering the optically thick dusty torus, theuatprial component would dominate
the observed polarization at all inclinations. Neverthgdor inclinations > 45°, theLOSto
the BLR and the equatorial scattering region is blocked by the tohushis configuration we
would observe &y2 nucleus with broad Balmer lines visible in polarized ligktaresult of
scattering in the polar region.

For polar scattering to dominate in type 1 Seyferts, the tgiagh component must be sup-
pressed relative to the polar component. The polar saagteegion is visible in bottsyland
Sy2 galaxies because it is located outside the circumnuclaas.toTherefore polarized flux
from this component will contribute to the observed net ppéion in all Seyfert nuclei. This
component is dominating i8y2 galaxies, because the torus blocks the direct view of the con
tinuum source, th8LR and the equatorial scattering region. Then, one would éxhatwhen
the direct view of the nuclear regions is not blocked by thragpequatorial scattering tends to
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dominate the observed polarization. Why is this not the gaee polar-scattered Syl galaxies,
in which we evidently have a direct view of tB&.R? Two scenarios are contemplatedSyith

et al. (2004. (1) The equatorial component is unusually weak in thegectdy allowing the
polar component to dominate. This could occur if, for exampiie column density of scatterers
is relatively small in the equatorial region, compared ®pholar region. (2) A more interesting
possibility in the context of the unification scheme, is tip@ametry plays a role in suppressing
the equatorial component relative to the polar componenthé Sy1 nuclei exhibiting signa-
tures of polar scattering, the direct line of sight to the A@akses through the, presumably
relatively tenuous, upper layers of the torus. Light frora gguatorial scattering region might
easily siffer suficient extinction to allow polar scattering to dominate theerved polarization.
Direct light from theAGN would, of course, also $ier extinction, although the extinction must
not be strong enough to obscure the view of BheR.

To sum up, much of the observed diversity in the optical fzddion properties of Seyfert
nuclei is well-explained by this model studied and probedShyith et al.(2002, Smith et al.
(2004 and Smith et al.(2005 in which the broad-line emission originates from a rofgtitisc
and is scattered by two distinct scattering regions thatlyre orthogonally polarized light.
These are the scattering region co-planar with the lingtemgidisc and situated within the
torus, in its equatorial plane, i.e. the so-calégplatorial scattering regioand a scattering cone
situated outside the torus and aligned with the t@mnéssion disc axis, the well established
polar scattering region

5.4 Extinction through the torus atmosphere

The idea that polar-scatteretl/1 galaxies are objects viewed at intermediate inclinatioms,
which the direct.OSto the AGN passes at relatively small optical depth in the upper lagérs
the dusty torus, had already been studie@80s Wills et al. (1992 showed that the polariza-
tion and spectral properties of the infrared-seled@ROIRAS 13349-2438 can be explained
as a combination of a reddened spectrum transmitted thraudiksty thick disc (conceptually
equivalent to the torus) and a polarized component due tibesicey of light escaping in the
polar directions.Schmid et al(2001) modeled the spectrum of Fairall 51 combining reddened
direct light and dust-scattered polarized light. The gt light emerged from a dusty polar
scattering region while theOSto the AGN went through a section of the torus with an optical
depthr ~ 1.

Since equatorially scatteretl/1show low polarizations, typicallp ~ 1%, relatively little
extinction in the upper layers of the torus would be neededltw polar scattering to dominate
the observed polarization. Afterering this extinction the polarized flux from the equatorial
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scattering region would have to be less than the unatteshyzdtarized flux from the polar
scattering cone.

The ratio of the polarized flux produced by equatorial s Feqi), to that produced
by polar scatteringFpol(i), can be considered as a lower limit to the required optiegitil
through the torus atmosphere:

| Fe)

T> Fool (5.5)

Smith et al.(2004 used this relation together with the generic scatteringlehfor AGN
developed byroung (2000 configured as in Fig5.5to obtain estimates fdfeq(i) andF o(i).
They considered well-established valuesA@N parameters like opening angles for polar and
equatorial scattering regions and torus as, £8° and 43 respectively. Therefore, extinction
through the upper layers of the torus is likely to become irtgd for inclinations around 45°.

For this value ofi, they findr ~ 1, corresponding to an optical extinctidyy ~ 1 mag. The
BLR will be also exposed to the same extinction that the equatscattering region. However,
they also derived that a much larger extinction, typicélly> 4 would be needed to reduce the
direct broad-line flux to undetectable levels against thidedging continuum. Despite the fact
that these estimates of the necessagyare model-dependent, they show that it is possible for
light from the equatorial scattering region tdf&um enough attenuation to allow polar scattering
to dominate the observed polarization spectrum, withousicg significant obscuration of the
BLR andAGN continuum source.

Considering the half-opening angle of the torus 45°, one could expect that the optical
depth along th& OSwill increase fori > 45° as a result of both the path length through the torus
and an increasing dust density towards the equatorial plEmen, polar scatterefy1galaxies
will be observed in some range in inclination governeda@y. The lower limit to this range will
be the inclination at which(i) becomes large enough to attenuate the polarized flux frem th
equatorial scattering region to a level below that of thepstattering region. The upper limit
will be the inclination at whichr(i) is large enough to extinguish the direct broad line emissio
relative to the stellar continuum, leavind®?&8L Sy2spectrum.

It follows that, in general, polar-scattered objects stidnd more reddened than the equatorial-
scattered ones amongSk1 population. Besides, it is worth mentioning that if the dire
view of BLR and equatorial scattering region goes through the dustpsghere of the torus,
dichroic absorption could imprint a certain amount of pialation. However, the strength of any
dichroically polarized flux component will depend on the metic field structure in the upper
atmosphere of the torus. The common increasp tf shorter wavelengths so characteristic
of the polar-scattere@yl nuclei argues against significant dichroic polarizati@mith et al.
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(20049 suggest the upper atmosphere of the torus can be turblilerking any large-scale
organization of the magnetic field and hence any significast grain alignment.

In brief, this two-component scattering geometry implibattthe polar-scattere8yl
galaxies represent the transition between unobscuredn@faity of type 1) and obscured (type
2) Seyferts, showing inclinations of the system axis toldDE comparable to the half-opening
angle of the torus.

5.5 Classification of Seyfert galaxies according to orientaon-dependent
polarization

Within the scenario described up to now, the combination obmpact equatorial scattering
region within the torus and an extended polar scatteringpnegutside it, results in strongly
orientation-dependent polarization propertigmith et al (2004 identify four inclination regimes,
each one producing flierent polarization features (see Fig.7), only assuming that the well-
established value of 45° for the torus opening angle. Since the geometrical configuraf
the scattering regions, i.e their opening angles, are paorhstrained, the inclination range of
each regimen is approximated. This classification is desdrbelow:

e Unpolarized Seyfert 1 galaxiesi(~ 0°)

Wheni ~ 0° (system viewed almost face-on), both the equatorial andrpsaattering
regions exhibit a high degree of circular symmetry in pridggtand therefore cancellation
leads to null or very low polarization, within the uncertgirof the measurement gf.
Hence, this type of objects shows featureless polarizaattra.

e Seyfert 1 galaxies dominated by equatorial scattering®d® < i < 45°)

For inclinations 0 < i < 450, the direc.OSto the nucleus does notféer obscuration by

the torus. Both scattering regions, as well as the broaddmitting disc, are visible. The
two scattering regions produce orthogonal polarizatiberdfore there will be cancella-
tion between the two, and the net polarization will refleet thf the stronger component.
In general, equatorial scattering is the dominant one aetihelinations.

The predicted polarization features of this subgroup are:
(i) A central dip inpin the line core, flanked by polarization peaks in the wing.

(i) A blue-red swing irp across the H profile.

(iiif) The continuum and averagexHPPA should be parallel to the system axis.

The amplitudes of thesdfects depend on fierent combinations of parameters and the
presence of one does not necessarily imply the presence oftbr.
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Ficure 5.7: Schematic representation in which the broad linesrizalion characteristics of
Seyfert galaxies can be directly related with th@S inclination. Image creditSmith et al.
(2004.

e Seyfert 1 galaxies dominated by polar scatteringi(~ 45°)

Wheni ~ 45°, theLOSto the nucleus passes through the relatively tenuous upperd
of the torus attenuating the normally dominant equatgriafiattered light and leading
polar scattering to dominate the polarization spectrume fital light spectrum is still
that of aSyl, but moderately reddened.

In this category, the predicted polarization signatures ar

(i) prises for shorter wavelengths with local maxima associaftéuthe broad Balmer

lines.

(i) 6(1) is generally constant over the spectrum or presents dliglihges across the
broad lines, but always small compared to the large swings sethe equatorial-

scatteredSylgalaxies.

(i) The averagéPAtends to be roughly perpendicular to the system axis.

These general characteristics are shared Righ Sy2galaxies.

e Seyfert 2 galaxies
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When the inclination is such that th€S to the nucleus passes through the body of the
torus. Both theBLR and the equatorial scattering region are completely obscand
only the polar scattering region remains unobscured. Thadlines are only visible in
polarized light scattered from the polar scattering region

e Other objects

It is important to highlight that this classification desertd by Smith et al.(2004) is a
general framework which can explain the broad range of falion spectra exhibited by
Seyfert nuclei. However, the detailed properties of a paldr object may show variations
and may not fit perfectly in this scheme.

5.6 Potential of ESO 362-G18 in polarimetric observations

As already noticed, the results reported up to now alonglibgertation place ESO 362-G18in a
very interesting perspective within the polarization stémoutlined above. The multi-epoch X-
ray analysis of ESO362-G18 carried outtigis-Gonzalez et a(2014 and reported on Chapter
2 strongly suggests that the inclination of dudSto the system axis is= 53° + 5°. Moreover,
the occultation events discussed in the previous chapteven by clumps likely located close
to the dust sublimation radius (i.e. the inner edge of théydiasus), strongly suggest that our
LOS passes through the upper layers of the clumpy torus itseifjrening a grazing inclination
which is one of the defining properties of the class of polatteredSy1 galaxies identified
by Smith et al.(2004. Moreover, as discussed in Chapterwe have seen that the observed
extinction towards th&LR when the source exhibits bottie andHg broad components (i.e.
when ESO 362-G18 is classified @g1.5 is AyEMM! = 0.99+0.15 andAy"OR® = 1.71+0.21,
precisely in the range dhy = 1 — 4 mag that is capable of obscuring the equatorial scattering
region while preserving the broad emission lines. Henaeg#scribed picture of polar-scattered
Syl galaxies fits very well with the previously presented restdr ESO 362-G18 and, at the
same time, it reinforces the scenario where absorptiorxidy clumps of the torus (or its upper
layers) is responsible for the changes of look reportedrimés section.

The polarization properties of changing look Seyfert nuate still not studied, and they
could provide us with a clearer view of these transitiongéots within the unification scheme.
With the aim of probing the picture described above for thec&d case of the changing look
Seyfert ESO 362G-18, we applied for observations in paariight with one of the most pow-
erful instruments working in this fieldzFORS2located atvery Large Telescope (VLT)and the
observations were granted to us. The immediate objectieiobbservations was to obtain the
polarization spectrum, and to classify the source accgrttirthe scheme given ymith et al.
(2004. To that end, we aim to measure the fraction of linear ppddion and its angle as a
function of wavelength. Since the change of polarizatiomse theH,, line constrains th8LR
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geometry and kinematics, we also required a polarizatiectsppm at higher resolution around
6500 A. Imaging polarimetry (through the same bands) of thlel faround the source is also
needed to estimate the value of interstellar polarizati ifitrinsic to the source).

As discussed in Chaptdy our spectropolarimetric observation of the source WiIRS2
revealed (in direct light) both &land H3 broad emission lines in the optical spectrum, so that
during that observation ESO 362-G18 is classified 8yh5galaxy. Hence, in principle, both
scattering regions, the polar and the equatorial, are sitbdedor our study. Therefore, we will
be able to derive the behavior p{1) andd(1) and to corroborate if our target can be classified
as polar-scattere8y1, as all previous results discussed so far seem to anticigataust be
pointed out that the source is resolved and the morpholbgasition angle known so that the
polarization position angle can be directly compared td’he radio axis of this source is not
available in the literature presumably because the olbgenbi resolved at radio wavelengths.
However, thePA in [Om] is thought to be aligned with theA of the scattering cones and with
the symmetry axis.Mulchaey et al.(19963 give PA= 158 for [Om]. Hence, thePPA of
ESO 362G-18 can be compared taiffoPA to estimate the relative direction of its polarization.
For this purposeSmith et al.(2004 establish three arbitrary categorigsarallel objectshave
APA < 30, intermediate objecthiave 30 < APA < 60° and perpendicular objecthave
APA > 60°. We will follow these bins inAPA taking into account that their boundaries are
general approximations.

As already discussed in the former chapter, observatiopslarized light of ESO 362-
G18 performed wittEFOSC1@3.6m are also available BSO archive. However with these
data the goals on the source cannot be reached due to a catifigyproblem of the instrument
which makes impossible to compute

5.7 General set-up of polarimetric observations

The observations described in this chapter were obtaingdimstrumentation that follows the
optical scheme oRppenzeller(1967), i.e. comprising al/2 retarder wave plate set at fixed
positions and a Wollaston prism as beam splitting device . 5.8). The /2 retarder wave
plate can be rotated in Z2 steps. Ifa = 0°,45°,90°,135... = k45° the retarder will select
the linear polarization contained in the planes perpetalicand parallel to the direction of
propagation, thus it will be measuriiy. If o = 225°,67.5°,1125°,1575°, ... = k45° + 225°
the retarder will select linear polarization with an ineliion of 45 and-45° to the plane of
reference, i.e it will be filterind®y (Hough 2005. The Wollaston prism splits up the incoming
light in two beams orthogonally polarized: thedinary beamand theextraordinary beam
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Ficure 5.8: Optical devices required to split up polarized lightstronomical observations.

Left: a Wollaston prism whose function is to separate orthogda#ds of polarization detected

simultaneoulsy.Right: the retarder wave plate allows to select the direction ofpiblarized

light to enter in the optical system. Image creditttp;//www.eso.orgscifacilities/paranal
instrumentgorg/insypola.html

Po and Py are measured by combining the photon counts (backgrounuastdx) of
ordinary and extraordinary beam§°(and f€, respectively) observed at various retarder wave
plate positiongy, wherea indicates the angle between the acceptance axis of theapyddeam
of the Wollaston prism and the fast axis of the retarder waateplin the ideal cas®q andPy
are obtained measuring the quantity

fo—f€
fo+ fe

r=(-1)

(5.6)

at any retarder wave plate position= k45° anda = k45° + 225° (k=0, 1, 2,..., 7.) respectively
(Bagnulo et al(2006§ and references therein). In practice, there are sevevétdms from
the ideal case. For instance, the actual retardance valile oétarder wave plate may deviate
from its nominal value or the transmission of the ordinaryg awtraordinary beam can be not
identical, even after flat field correction. In linear patation, the &ect of these and other
sources of instrumental polarization can be largely redwatehe first order, carrying out four
exposures at four angles of the retarder wave plate:

1_ fo— fe _ fo— fe
2 (\fe+fe) o \fo+fe) 4o
(T e (750 e )
a2 \ T+ 1) a75

The corresponding errors;p, beingX=Q, U, can be obtained through error propagation:

Pq =
(5.7)
Pu
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wheregg = 0° if X = Qandg = 225° if X = U. Pqg andPy can be obtained adding ippairs
of exposures. In that case the errors will be given by:

N
1 /
o-,sz =N E O'PZX (5.9)
i=1

Since the fluxe$® and f€ are usually very similar (unless the source is really stippg-
larized), one can can considét = f€ = f and(r;DX = ¢ for all beams and positions intervening
on the calculation oK. Thus, the error onp, can be simplified as:

1
op, = ——
Px N

—13

(5.10)

which means that the error bar fBx is equal to the inverse &Nin one beam of one exposure
divided by twice the square root of the number of pairs of expes Bagnulo et al.2009.

As already mentioned®q andPy are generally combined in two fundamental magnitudes
which contain the whole information about the configuratidipolarization: thep, which mea-
sures the fraction of linearly polarized radiation and B\ or 6, which is coincident with the
angle of maximum polarization, as:

p:,/Pg+ P2 (5.11)

1 Pu
6= —arctan — |+ 6 5.12
= "(pQ)+ o (5.12)

o if PQ>0,Pu>O
x if PQ>0,Pu<O or 0
if Pgo<0, Pyz0

if PQIO,Pu>O
if Po=0, Py<0

where 6o =

Il
—_—

NTE)
Al B
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Eg. 5.12is the correct expression for obtaining tR&A since thearctan is a function
defined betweer-90° and 90 what generates inconsistencies for the resulting valudef t
angle. This discrepancy is solved adding those turns ©68Q80C according to the signs &y
andPq. The arising is measured in the usual astronomical sensés Qorth and 90is east.

At the same timePg andPy can obviously be expressed as a functiop ahdé (Bagnulo
et al, 2009:

Po= pcos?d
Q (5.13)
Pu= psind

The associated errors, andoy, are derived from the former equations by error propaga-
tion and the corresponding error bars will be given by:

op= \/co§(29)cr|23Q + sin(26)02,

1 sin2(29)a,%Q +co(20)03 (5.14)

2 p

g =

Note that the expression fory is only valid if o, << p. Besides ifop, = op, then Eq.5.13
are transformed into:

O'pIO'pQ = 0Py

P, ==
G 7

It has to be noticed than linear polarization is a biased tifyarit describes the state of
polarization (along wittPPA) throughout the normalized Stokes paramet&g, Py), which
due to the presence of errors are only estimates of the tneatiaed Stokes parameteiRd,,
Pu,) (Simmons & Stewart1989. Usingp = ‘/Pé + Pa as estimator the true polarization,

Po = ‘/Péo + Pao, will be overestimated. This is a common behavior for questidefined as
always positive. IfPq, = Py, = 0 and both parameter are considered randomly distributed
betweenio-pQO and £0py,, Po should be also zero. However, if one compykefor each
realization ofPq, and Py, within the intervals errors, the average valugpgfwill not be equal

to zero.

Several ‘debiasing’ schemes have been discussed in trelite (se&Simmons & Stewart
(1989 for a review and for a detailed mathematical developmdntprder to get a analytical
expression, let us consider the estimatwr= o — f(o, po), althoughf (o, pp) excludes any an-
alytical solution and wherpg’is also an estimator fqug. Serkowski(1958 propose to consider
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(p) as the observed so thatpg can be estimated fromy = p + f(o, p) (maximum likelihood
estimator). Simmons & Stewar{1985 found that this estimator has the least associated risk
whenop/p < 0.7. On the contrary, whearp/p > 0.7, the best suited estimator fpg is that
suggested byardle & Kronberg(1974), i.e fp accomplishes that for that value pf the actual
Pobs IS the most likely, which is similar but not identical to therimum likelihood estimator.

It should be mentioned that the introduction of estimatampensates the biadfect
partially but these estimators will not be totally free ofi The key point is to choose the
least biased estimators in the range of polarizations tttatdsts us as well as the one which
minimizes the square erré¢pPo — Po)?) (Simmons & Stewart1985.

5.8 Instrumentation;: FORS2

FORS2is the acronym folFOcal Reducer and low dispersion v3pectrograph Appenzeller

et al, 1998. It is a multi mode instrument (imaging, polarimetry, loslif and multi-object
spectroscopy) working in optical and nedy ranges, 330-1100 nm and attached to\thé of
ESQ located at Paranal Observatory (Chile). Two versions oRBEMave been built, FORS1
andFORS2 but nowadays onl{FORS2is in operation, mounted on the UT1 (Antu) Cassegrain
focus. It dfers two diferent magnifications with pixel scales aR8” /pixel (with the standard
resolution collimator) and.Q25’ /pixel (with the high resolution collimator). The correspen
ing field sizes are 6.8’ x 6.8’ and 4.25’ x 4.25’ respectiveljhe two diferent magnifications
are chosen by selecting one of the twéfelient collimators, hence each magnification has to be
calibrated independentfFORS?2also provides an unbinned readout mode for specific scientifi
cases.

The polarimetric modes allow for the measurement of linea eircular polarization,
both for direct imagingJPOL, and for spectroscopfpMOS The polarization optic is located
in the parallel beam section and consists of a Wollastommpes beam splitting analyser and
two superachromatic phase retarder plate mosaics to neelisear and circular polarization
respectively. Both mosaics are installed in rotatable rtinga on a dedicated swing arm which
can be moved in and out of the light path. The Wollaston prisrimserted in the uppermost
wheel of the parallel beam section after the corresponditayder and splits the incoming light
into two orthogonally polarized beams separated by a smagliea Hence, every object in the
field presents two images on tReCD detector (see, for instance, Figl2.

For imaging polarimetry (IPOL mode) of extended objectsromnaed fields, an aperture
strip mask is put at the focal plane of the telescope in omexbdid any overlapping of the two
beams of polarized light on tHeCD and to reduce the sky contribution (see F¢p). Then, by
design, in IPOL observations, only half of the full field oew of the instrument is imaged on
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Ficure 5.9: Strip mask to be inserted in the focal plane of FORS2 fmlPnode to avoid
overlapping of the two polarized beams. Image credit: FOR88ual VLT-MAN-ESO-13100-
1543v96.0.

the CCD in one exposure. The complete field coverage can enachieved if the user carries
out an dfset of the telescope accordingly in between exposures. $heiia stripped mask
is also required for spectropolarimetry (PMOS mode) in otdeavoid overlapping of the two
beams polarized orthogonally.

As explained in sectiob.7, the /2 retarder wave plate can be rotated in®23teps rag-
ing between the whole wheel,= 0°,225°, ..., 337.5°, wherea indicates the angle between the
acceptance axis of the ordinary beam of the Wollaston prisththe fast axis of the retarder
wave plate . Stokes parameters can be measured by comidieiqipoton counts (background
subtracted) of ordinary and extra-ordinary beams obseav@drious retarder wave platepo-
sitions.

The polarization optics allows the determinationpab a relative error ok 3 x 10~ and
of PPA (depending on the target polarization) to abeu2°. For observations in the center of
the field of view no instrumental polarization was found &t detection level ok 3x 1074, For
off-axis measurements spurious polarization of up ®x 10~* was detected. It was modeled
for V band and hence can be corrected (see sebtibh ).



Chapter 5 ESO 362-G18 as a changing look Seyfert galaxyripwtic view 149

Standard Filter Set

.|.ID_‘””“IIb‘,'l_.l—liilé}‘-]“]l”I”IHIHI”””[.Ir”””'““ TTTTY " TT r-—

Lu_High High R_Special : z_Gunn
100 e
90 | {\’“’\f\ Y £
80 L |

/70
60
50
40
30
20
10

'U' | pasadyiveas V0 ..Lz;;l L I

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

| 'V R OO Y B

Transmission (%)

R I S N IO

Ficure 5.10: Transmission functions of the standard filter set ilRBQ@. We utilized vHIGH
and RSPECIAL to measure the fraction of linear polarization asarientation in the contin-
uum. Image credit: FORS2 manual VLT-MAN-ESO-13100-1%28.0.

5.9 Observations

Our observations of ESO 362G-18 were performed in servicgengliring the night of March
29th 2016. Since the sky-background is highly polarizedr@sence of the Moon, we asked for

grey time.

5.9.1 Imaging polarimetry: IPOL mode

The broadband polarization of ESO 362-G018 has been mebfarrélters vHIGH+114 and
R_SPECIAL+76 (see transmission functions in Fi§.10 in IPOL mode. The target was ob-
served taking exposures of 3 s. at half wave plate angle$, &2b°, 45° and 675° for each
filter at read-out mode & 1, i.e. at scale pixel @25’ /pixel, at standard resolution. In order to
get polarization measurements in the field of view of theaawgth the aim of estimating the
ISM polarization, another set of exposures, this time of 30t sheasame half wave plate angles
were performed, again in both filters but in read-out mode2? i.e. at scale pixel.@5” /pixel,

at standard resolution. The exposure time and the readrewthanged since the field stars are
much fainter than the target galaxy. For each Stokes paesioet pair of exposures were taken.



150 Chapter 5ESO 362-G18 as a changing look Seyfert galaxy: polarimeig

5.9.2 Spectropolarimetry: PMOS mode

Two grisms were used with twoftierent mask. The grism 306\.0 (hereafter 300V) provides
a spectral coverage from 4350 to 9300 A, a central wavelenigB900 A, a dispersion of 112
[A/mm] or 1.68 [Apixel] and a resolving power of/A1 = 440 for a slit width of 1”. Together
with the grism 300V, a stripped mask of 1.2” was used, therctspleresolution changes to
A/AA = 367. These capabilities allow us to analyze the continuuouotarget and théla and
Hg lines. Since changes of the polarization is expected attmmghe 1200R-95 grism together
with a stripped mask of 1” width were also requested to gettspeof high resolution around
6563 A. Its spectral coverage is 5750 - 7300, its central {eagth 6500 A, its dispersion 25.0
[A/mm] or 0.38 [Alpixel] and its resolving powet/A1 = 2140.

In order to get the chromatic refraction due to the atmosplaéwng the slit, this one is
set at the parallactic angle, i.e. along the hour circle his way, the position of the target will
move within and along the slit from the blue to the red withisk of having the blue or the red
image out of the slit. However, the reference plane estaddigo calculate polarization is that in
which the rotatgiadapter coincides with N-S direction. Then, tg-Py plane has to be rotated
by the parallactic angle value with respect to the N-S dioecin each exposure. This rotation
is not dfecting the polarization degree ps$s the quadratic sum d?q andPy. ThePPAcan be
obtained by a simpleftset correctionBagnulo et al.2009: 6 = & -rotator position

Exposures of 117 and 120 s., respectively for grisms 300V1200R, at half wave plate
angles of 0, 225°, 45, 67.5°, 90°, 1125°, 135 and 1575° were taken to be combined and to
compute averagBqg(41) andPy(4).

5.10 Reduction of the data

All the calibration and science frames were bias subtraot#dg the corresponding master
bias. No flat-field correction was carried out as it is irralevfor the purpose of measuring
the polarization through Edb.7 and can induce additional noise. Besides, the beam-swgppin
technique described before largely reduce the errorsdnted by a non-constant transmission
function.

5.10.1 Procedure for IPOL data

Ordinary, f°, and extra-ordinaryf€, beams were bias-substracted and not flat-field corrected.
Then, f° and f€ fluxes were measured via simple aperture photometry thapessrmed us-
ing a procedure written within the ESO MIDAS reduction paggk@ombined with FORTRAN



Chapter 5 ESO 362-G18 as a changing look Seyfert galaxyripagic view 151

language and developed bgmy & Hutseméker$1999. This procedure allows to derive semi-
automatically linear polarization data fro@CD images obtained with beam-splitters such as
the Wollaston prism available at FORSRg and Py are then computed from the fluxes mea-
sured in the orthogonally polarized images according to5=q.The associated errorsp, and
op, are calculated taking into account the photon noise in thecoland the sky background.
These errors are then propagated asEgneglecting the readout noise.

Due to the fact that polarization observed in extragaldbieds is usually~ 1%, a care-
ful subtraction of the sky background and an accurate d@tetian of the object intensities®
and f€ are essential to achieve reliable results for the Stokemnpetersl(amy & Hutsemékers
1999. Since the sky background is usually polarized, the satina must be done indepen-
dently for each orthogonally polarized image. For that pagy two strips centered on each one
of the two orthogonally-polarized images of the object atteaeted. Then, the local sky is eval-
uated by fitting a bi-dimensional polynomial to values ofkground measured in small boxes
free of cosmic rays and faint objectsamy & Hutseméker$1999 showed that the best results
were achieved with first grade polynomials. The small boxeshosen in the upper and in the
lower strips at exactly the same locations with respectaamthject, taking care about a possible
misalignment between the direction of the image splittind the columns of th€CD. The cen-
ter and the width of the object are determined at sub-pixatipion by fitting a bi-dimensional
Gaussian profile. These results are injected in a FORTRAN tméhtegrate the flux in a circle
of same center and arbitrary radius, taking into accouny tmse fractions of pixels inside
the circle. Thus, Stokes parameters are calculated fordbigathle value of the aperture radius
with a selected step in units of the mean Gaussian width (2 In 2)"Y?FWHM/2, which is
assumed to be identical for both the upper and lower imagtsedadbject. In this work a radius
of R/o- = 3 was adopted in order to take as much flux as possible witloutnuch sky. Polar-
ization contribution coming from the host galaxy is thoutghibe insignificant as compared with
that generated by thaGN if Pq and Py present a constant value when varying the aperture
radius.

Although a super-achromatic half wave plate is used Wil RS2 the position angle of
the wave plate is slightly wavelength dependent. Therefdreaw measurementsare rotated
by an angle of a few degrees due to this chromatism problenn.inkaging polarimetry, the
offset zero angles can be determined by convolving the filtgrorese curves with the color
dependence of the half wave plate zero angle. The result®eneded in table 4.7 of FORS2
manual VLT-MAN-ESO-13100-154896_0. Thus, in order to correct thiglset, a new position
angled is obtained as

0=0 —e(F) (5.16)
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wheregy(F) is the correction factor depending on the filter F @rid the final corrected result
for PPA As noted in sectio.9.2 it is not necessary to apply this rotation correction fautes
on the degree of polarization, pss calculated as the square sunRef andPy.

5.10.2 Procedure for PMOS data

PMOS data were pre-processed with the dedicated packaggseftira analysis implemented in
IRAF. Spectra in the ordinary and extraordinary beams wigre fubtracted by the correspond-
ing master-bias obtained from two series of 20 frames. Asadly noted, flat-field correction
was not applied. The data were optimally extracted and weagth calibrated using IRAF pack-
ages, and finally processed using dedicated IDL routinealtoiatePq, Py, p, andPPA, 6, with
the corresponding errors following the procedure explhinesections. 1

As in IPOL mode, the zero angle of the half wave plate in PMOSeris not negligible.
In this case, the chromatic dependence is determined wiligmed Glan-Thomson prism. The
tabulated values can be downloaded friop;//www.eso.orgscifacilitiesparanglinstrumentgors
insypola.htmland are displayed in Figs.11 The correction is applied following an analogous
equation to Eg5.16 but for PMOS mode we have to take into account the rotatiofopeed
to keep the slit at the parallactic angle in order to keep bethand blue images shifted by the
chromatic dispersion of the atmosphere within the slit. M;Her ¢’ derived from the PMOS
data, the correction to be applied due to thiéedent disets is:

o) = () — () - § (5.17)

wheree(1) is the zero angle of the wave plate ahid the position angle of the rotator.

5.11 Control quality of the data and results

5.11.1 Polarized standard star: ffset of the polarization position angle

Studying scientific targets where polarization is involveliservations of standard stars are of
crucial importance to calibrate and monitor instrumentfqgrenances. AtVLT, observations
for standard stars considered to exhibit either zero prtdn or substantial polarization are
routinely performed within the context of tH€ORS2calibration plan. Usually, a star known
to exhibit a large signal of polarization, i.e palarized standard statis observed during those
nights when the polarimetric mode is workirfgossati et aJ.2007). Vela 1 95 was the polarized
standard star observed in IPOL mode on the night of 29th M20di6. Standard stars for PMOS
mode are not performed so routinely since the PMOS mode iifsegkas very stable.


http://www.eso.org/sci/facilities/paranal/instruments/fors/inst/pola.html
http://www.eso.org/sci/facilities/paranal/instruments/fors/inst/pola.html
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Ficure 5.11: Tabulated values of the zero angle for the half waveeplatermined with an
aligned Glan-Thomson prism.

For IPOL mode, Vela 1 95 allows us to check the reduction pomeand to determipeer-
ify the offset of thePPA, which is measured with respect to the instrument axis atigrith the
N-S direction. As noted in sectidn10.1, the dfset of the position angle of the wave plate for
IPOL mode is stable and given as a function of the filtdfF@R S2manual. Filters \HIGH+114
and RSPECIAL+76 are relatively new in the filter set of FORS2 but their res@ocurves
are very similar to those of Bessel V and R filters. Thereftine, established fisets given
in FORS2manual for Bessel V and R filters will be equivalent to those ¢1IGH+114 and
R_SPECIAL+76 in terms for carrying out the chromatic correction of thsultingPPA

Po andPy for Vela 1 95 were computed through the MIDABORTRAN procedure de-
veloped byLamy & Hutseméker$1999. The final results for its degree of polarizatign,and
polarization position angle}, are shown in tabl®.1 After having performed the chromatic
correction due to theftset of the zero angle of the half wave plate following Egj16 the
calculated quantities are in agreement with the tabulaaékbg for that polarized standard star.
This fact verifies the procedure carried out to derive thagwdtion parameters for the next
targets is correct.
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TasLe 5.1: Tabulated and measured values for the polarized stdsti, Velal 95, observed
within the FORS2 calibration plan in mode IPOL during thehtig which ESO 362-G018
data were taken, 29th May 2016.

POLARIZED STANDARD STAR: Velal 95
Filter p(%) Pran(%) o &(F) o Brap

V_HIGH+114 824+ 003 824+0.03 1735°+01° +180 1717°+01° 1721°+0.1°
R_SPECIAL+76 795+0.03 7.89+0.04 1704°+0.1° -119 1716°+01° 1721°+0.2°

pis the derived and final degree of polarization.

Subscripttab indicates that the corresponding magnitude is that tadodilat
@ is the measureBPA

e(F) is the chromatic fiset of the wave plate in function of the used filter.
d is the corrected and fin&lPA

5.11.2 Instrumental polarization

As noted in the former subsection, there exits a roui@R S2quality control (seenttpy/www.
eso.orgobservingdfo/quality FORSZreportgHEALTH/trendreportPMOS angleHC.html). The in-
strumental polarization d&FORS2is checked to be stable thanks to periodical polarized staind
stars which ensure that, for IPOL mode, instrumental prddion can be considered zero in the
center of instrument field of view. It should be noted thattha corners of th&€CD, FORS2
is afected by a problem of spurious linear instrumental poléinmathat cannot be eliminated
even by performing several observations with the wave @aterious positions. This spuri-
ous polarization, due to the presence of curved lenses iodlfimator, combined with the non
complete removal of reflections by the coatings, has beeyzathin V band and shows a high
degree of axial symmetry, increasing smoothly from lesa h@3% on the optical axis t0.0%
at an axis distance of 3 arcmiR4tat & Romaniellp2006. This dfect can be modeled with a
correction function which depends on the radial distanomfthe center of the field of view in
units of arcminy = (X— X, Y — Ye):

pins(r) = 0.0057r2  [%]

y_yc) (5.18)
X_

PA(X,Y) = arctar(
Note that this spurious polarization is filter-dependerat anly applies for V filter.pins(r)
and PA(x,y) must be decomposed in the correspondifighs and Py;ns through Eg.5.13in
order to apply a “vectorial correction” wheRyns andPy;ns are subtracted from the observed
Po andPy. From there, the correctguland PPAare computed. It must be underlined that
polarimetric observations of single targets in the cenfehe field of view are not fiected by
these fects.


http://www.eso.org/observing/dfo/quality/FORS2/reports/HEALTH/trend_report_PMOS_angle_HC.html
http://www.eso.org/observing/dfo/quality/FORS2/reports/HEALTH/trend_report_PMOS_angle_HC.html
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A grism-dependent instrumental polarization is also prege PMOS mode. For grism
300V a polarization fiset forPq is well defined through unpolarized standard stars and -estab
lished asPq,,;, = (V)0.07% byFossati et al(2007 andCikota et al.(2019, while for Py no
spurious polarization is detected. For grism 1208Rbenmorgen et a(2014 measured an
instrumental contributioPq,,,(R) which is linearly changing with wavelength from0.2% at
A = 580 nm to~ 0.32% atd = 720 nm, andPy,,,(R) ~ —0.1% that is nearly constant with
wavelength. This instrumental contributions will be sabted from the observed valueskyj
andPy.

5.11.3 Unpolarized starlight from the host galaxy

The unpolarized starlight from the host galaxy cdfeet our measurements by diluting the
intrinsic polarization of thAGN. Besides, the level of starlight contribution may not bestant
across the wavelength range of our data and can lead to aneapjiracrease in polarization
towards shorter wavelengthSrgith et al, 2002. However, in the analysis of the IPOL data
we have noted that the comput®d and Py are constant with the the aperture radius up to
10 o ( beingo the mean gaussian width of the source profile, see sebtith]). This result
suggets that the host galaxy is not exerting a measurahigodileffect. We also consider this
assumption for boht IPOL and PMOS modes.

5.12 Results from imaging polarimetry

5.12.1 Interstellar medium polarization

If between the target and the observer, there exist alignstigiiains in ouLOSbelonging to our
Galaxy,ISM polarization can be induced. Thiffect is indeed more noticeable at low galactic
latitude, but intermediate objects as ESO 362G-18 withudéib = —3257 are not exempt.
Assuming thatSM polarization is constant over tl@RS2field of view, the inducedg, sy can

be computed from the neighboring stars. Through SAOImag&uxsShave overlapped the GSC
2.2 Catalog over our acquisition images orSRECIAL+76 filter (see Fig5.12. We chose that
catalog among the available options because it containg stars of the field and also more
information about them. In this way, we retrieved the cooatiés of each star in the field (see
table5.2).

Nevertheless, it should be emphasize thatA@N is out of the Milky Way and therefore
the light crosses a much larger portion of the Milky Way tham $tars within the Galaxy. Then,
it is not possible to know exactly the magnitude of tB® polarization, only it is possible to
get an estimated approximation. For this purpose, we theddllowing methods:
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Ficure 5.12:: Top panel Acquisition image of ESO 362-G018 on®PECIAL+76 filter with

0.5 seconds of exposure time, which makes easier to reetiréfield stars contained in GSC

2.2 Catalog Bottom panel:Polarimetric image of ESO 362-G018 orHIGH+114 filter with

30 seconds of exposure time. With this exposure the galaggtisrated but the flux of the

field stars is suitable to measure their corresponding Q aStbkes parameters and obtain an
estimation on théSM polarization.

e Estimation from stellar catalogs

The most simple and direct way to get an estimation ol &M polarization is to identify
the neighboring stars in the field of tA&N and start a search in polarimetric catalogs.
If several stars are going to exhibit similaandPPA very probably their polarization is
due tolSM. We have identified the neighboring stars in B@V of our images thanks to
the coordinates given by the GSC 2.2 catalog. Unfortunatelgie of the field stars are
included in any type of catalog (polarimetric or not). An axbtive search in SIMBAD
did not deliver any match.
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e Estimation from stellar extinction

For lines of sight withE(B — V) > 0.1 mag, Serkowski et al(1979 showed that the
maximumISM polarization in per cent over the V band obeysg m,.. < 9E(B - V).
Making use of the Galactic Extinction Calculator tool pasd by NED, we have found
that the expected extinction for ESO 362-G18 is rougi8 — V) ~ 0.01. The relation
given by Serkowski et al(1975 is less certain for low extincitons although still valid
(see Fig. 9 ofSerkowski et al(1979). In any case, an estimation of the maximi®M
polarization can be always derived and we have fopprdy,., < 0.14 %, according to
Schlafly & Finkbeiner(2011) and pism,,, < 0.17 %, accordingSchlegel et al(1998,
assuminge(B — V) = Ay/3.1 from the galactic extinction law b@ardelli et al.(1989.

It should be emphasized that this estimation correspondsetanaximum polarization
in the LOS. For typical conditions, where the dust grains are not lyigtligned, the
percentage of the induced polarization<iSE(B — V). In this case, the estimations result
in piswm =~ 0.05 % for A, data given bySchlafly & Finkbeine2011) and p;sm ~ 0.06 %
following Schlegel et al(1998.

When the magnitude dSM polarization is known or estimate#ioffman et al.(2005
showed that the maximumPAdifference given by thdEM can be inferred as:

1 .
ABmax = > arcsm( Pis M) (5.19)

Pobs

wherep,s v is the magnitude of thiSM polarization andgpsis the degree of polarization
observed for the target in question.

An analogous estimate can be calculated for R band thanke enpirical relation given
by the Serkowski law\W/hittet, 1992):

Pi = DIS Myay exp(—K Inz{%‘}) (5.20)

whereK = (1.66 + 0.09)max + (0.01 + 0.05) andAnmay is the wavelength of maximum
polarization, which varies from star to star although isagpy in the range of (B—0.8um

with a mean value of 85umwhich will be adopted here. Taking into account the average
for both results derived above fpis w,,, (hereafterp;sw, ), we obtainp;s v, ~ 0.151%

for pism, ~ 0.155%.

e Estimation from measurements in neighboring stars

The last attempt for achieving a reliable estimation ofl&M polarization is to apply the
described MIDAS-FORTRAN procedure in order to find out if some field stars eikib

similar state of polarization. If so, the most probable scenwould be that the polariza-
tion of the neighboring stars is caused by IB& and its corresponding would be that

obtained.
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Since the neighboring stars on the polarimetric images @ B62-G18 are not in the
center of thé=OV, they will be dfected by spurious instrumental polarization whose cor-
rection function is only available for V band (Eql8. Then, our estimation can only
be carried out for those images performed with the filtétlGH+114. For this purpose,
the targets must be bright and cannot be placed close torthébshduaries. Otherwise,
the sky background could not be computed and the apertutemletry could not be per-
formed in favorable conditions. Unfortunately, only twddistars far € the edges of the
polarized strips are bright enough so that polarizatiommp&ters can be obtained: those
identified as 3 and 7 in Fig5.12 Star 1 also verifies these two requirements, however,
in the fits file a kind of spurious horizontal band in t8€D can be noticed very close to
it. This makes very diicult to compute the corresponding Stokes parameters and sta
turns into not usable. Star 2 is saturated, hence invalidToe log of the corresponding
results can be found in tabfe2

After applying the adequate instrumental correction aidd for V band and given by
Eq5.18 we found that Star 3 shows= 0.31+0.01% and = 125 +5°, whereas the an-
other usable neighboring star, Star 7, seemsfi@sa degree of polarization polarization
significantly higherp = 1.13 + 0.05%, and a consistePAwith 8 = 133 + 2°. Hence,
both polarization position angles are aligned but due tgtti#ference we are unable to
get a reliable conclusion about the indugeégy. However, it s worth to highlight that the
measured for our AGN is not consistent with that derived for the usable field stdrat
should indicate that the direction of the electric field coghfrom ESO 362-G18 is not
induced by the dust belonging to our Galaxy.

The measurements of polarization of Star 3 in both V and R loianabt allow us to per-
form a meaningful comparison since a correction functiothefinstrumental polarization
induced by R filter is not available. It can only be concludeat the observed (including
instrumental polarizations) are consistent.

In conclusion, there is evidence for intrinsic polarizatiof the neighboring stars and a

substantial contribution fronh'SM cannot be ruled out. The galactic extinction on th@S

suggest thap;s m,,,, IS comparable with the degree of polarization computed B8OE362-

G18, whereas thp for the analyzed field stars is considerably higher, whatinditate that

the field stars exhibit intrinsic polarization, at leastrSta In the view of these results, we

decide to assume a rough estimate of Bkl polarization on V band considering the average

value calculated fop;s v, taking into account the absorptions given®ghlegel et al(1998

and Schlafly & Finkbeiner(2011). Namely, hereafter we will consider the contribution o th

ISM polarization to our measurements @sw, ~ 0.155% for V band. From this, we obtain

Pism, ~ 0.151% for R band according to the Serskowky law (B0 and assuming as the
effective wavelength of filter EEPECIAL+76 filter.



TasLE 5.2: Estimate of ISM polarization from the field stars in bbthnd R filters.

v_HIGH+114 R_SPECIAL+76 filter
Object RA DEC Pg Pu pv (%) Oy PVeorr (%0) Neoor Pqg Pu pr (%) R
AGN 05h19m35.80s —-32°3927.31" -0.22+0.02 003+0.02 022+0.02 86 +13 - - -0.19+0.02 013+0.01 023+0.06 73+ 9
Star 1 05h19m27.29s —-32°39'33.98" anomaly anomaly
Star 2 05h19m51.84s -32°3849.82" SATURATED SATURATED
Star 3 05h19m27.74s -32°384156" -0.23+0.01 -0.14+001 028+001 105+9 031+001 125+9 -011+0.01 -017+0.02 020+0.07 118 +10C°
Star 4 05h19m48.47s —32°3805.98” on the edge on the edge
Star 5 05h19m23.87s —32°380105" not bright enough not bright enough
Star 6 05h19m22.32s -32°3802.71" not bright enough not bright enough
Star 7 05h19m20.83s -32°380127" -049+0.01 -0.62+0.02 078+005 115+2° 113+005 133 +2° SATURATED
Star 8 05h19m25.84s —32°37'48.82" on the edge on the edge
Star 9 05h19m52.30s —32°37'12.54" on the edge on the edge
Star 10 05h19m21.46s -32°37'1157" not bright enough not bright enough

pv is the observed degree of polarization on band V.

6y is the obsrerved polarization position angle on band V.

Pveorr IS the degree of polarization corrected by instrumentaduization.

Oveorr IS the polarization position angle corrected by instrurakpblarization.

pr is the observed degree of polarization on R band.

Or is the observed polarization position angle corrected birumental polarization.
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TasLe 5.3: Polarization parameters for ESO 362-G018 derived froaging polarimetry.

ESO 362-G018

Filter V_HIGH+114 RSPECIAL+76
Po —022+002 -0.19z 0.02
Py 0.03+ 0.02 013+ 0.01
p(%) 022 0.02 023+ 0.06
Paer(%) 0219+0.02 0229+ 0.06
Peornsy (%) 035+ 0.02 034+ 0.06
Peornenae, (%) 0349+£002 0339+ 0.06
¢ 86° + 13 7F
&(F) ~119 +1.80°

0 87 + 13 71° + O°
Abpmax 22 21°
APA ~ 71 ~ 87

p is the observed degree of polarization.

Pdeb is the debiased observed degree of polarization.

Pcom sy IS the observed degree of polarization corrected by ounestis ofiSM poalrization.

Pcoms mqep 1S the 0bserved degree of polarization corrected by oumestis oiSM poalrization and by bias.
@' is the observe®PA

€(F) is the chromatic fiset of the wave plate in function of the used filter.

0 is thePPAcorrected by fiset induced by the corresponding filter.

A8 is the expected maximun change @imduced by the estimategls v -

APA:Iis the diference between the symmetry axis of &&N (considered here as tif& for [Om]) and 6.

5.12.2 Imaging polarimetry for ESO 362-G18: results

The polarization parameters for ESO 362-G18 are derived fhe described MIDASFORTRAN
procedure developed lyamy & Hutseméker$1999 and are shown in table.3. We have ap-
plied corrections folSM polarization taking into account the estimates describe&ection
5.12.1and the bias op. The observed ratio,/p lead us to use the “debiasing” scheme given
by Wardle & Kronberg(1974. In Table5.3 we record the degrees of polarization observed
(p) and corrected by the estimat&sM polarization fcorr,s,,) @and, in turn, also both quantities
debiased fgen and Peorr s wgaep)» @lthough this last correction appears to be negligible.he

The PPAIs corrected by the given instrumentdfset of the corresponding filteg,(F)).
As already mentioned in sectidn6, ESO 362-G18 is not resolved at radio wavelengths. Con-
sequently, we make use of another measurement of the dineaftthe system axis of our target,
the PA for [Om] ~ 158, provided byMulchaey et al(19963. Hence, thé®PAof ESO 362G-18
can be compared to @ PA. APAmeasures this ffierence in Tablé.3.

According to the results listed in this table, it can be irddrthatPPAis roughly orthogonal
to the system axis in both analyzed bantlg.ax is the possible rotation in tHePAinduced by
the estimatedSM polarization in both bands. Taking into account these \&dul the statistical
errors, the derive@PPAsare approximately constant along V and R filters and perpefati to
the system axis.
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Ficure 5.13: Ordinary and extraordinary spectra performed witbngi300V.

On the other hand, the degree of polarization of ESO 362-@&é&8hs to be constant in both
bands with a observed value ©f0.22%. When the estimatd®M polarization is taking into
accountp increases up te 0.34%, still quite low for a polar-scattered object. The ims® inp
after applying thdSM polarization correction can be possible if tRBAof the ISM is roughly
perpendicular to that of thaGN, which results in a depolarizingfect. Then, the correctga
is expected to be higher.

Hence, the derived places ESO 362-G18 in the class of polar-scattered Seydidakg
ies. Besides, this value @fis different from thePPA found for the field stars, which gives
some confidence, that the measured polarization althougik gantrinsic to the source. On
the order hand, the computedor ESO 362-G18 is quite low for a polar-scattered object. A
plausible explanation could be that the analysis of patattered Seyfert galaxies carried out so
far was most probably done by selecting objects signifiggrilarized, i.e. on the basis of their
polarization properties, which may induce a bias.

5.13 Results from spectropolarimetry

As noted in sectiorb.9.2 exposures at half wave plate angles of P25°, 45, 67.5°, 9(°,
1125°, 135 and 1575° were taken to be combined and form aver&geandPy spectra from
which p andéd were calculated for each wavelength bin. All ordinary anttamxdinary spectra
are shown in FIg.13
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Ficure 5.14: Pg andPy taken with grism 300V are shown for each two pairs of expasure

top panelsPq andPy for exposures corresponding to the positions of the retanfie®, 22°,

45° and 675° are represented. In bottom panBlgandPy for exposures of 90 1125°, 135
and 1575° are shown.The blue regions represent the estimated erreafth parameter.

The unavoidable and well established instrumental patda measured bifossati et al.
(2007 and Siebenmorgen et a(2014) for Po and Py (see sectiorb.11.9 in both 300V and
1200R grisms is removed for the corresponding measurepsmigly applying:

Px = Py — Port, (5.21)

The dfset generated from maintaining the slit at the parallactgley s, is also taken into
account as well as the chromatic rotation induced by thevnalie plate (Eg5.17). Since two
pairs of exposures were taken in order to calcuRgeandPy (see Fig.5.14), these were added
up for deriving averag® andPPA (see Fig.5.15. The corresponding errors were estimated
according to Eg$.10 5.14and5.15

Taking into account the strong noise, the four quantitiess@nt a rough constant value
alongA. The average values pfand PPAalong the wavelength range,0.2% and~ 85°, are
in very good agreement with those values computed from IPQ&.drhen, here the correction
for ISM polarization will give the same result ptorr,,, and constant along wavelength.

As in IPOL data, the bias correction suggestedN¥ardle & Kronberg(1974 was applied,
however sincer, is always higher thap, the debiased values are most often null and they are
not shown by lack of meaning.
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Ficure 5.15: From right to left and from top to bottom: meBg, meanPy, mean polarization
degree and mean polarization position angle. The bluemsggpresent the estimated error for
each parameter.

5.13.1 High spectral resolution

Exactly the same procedure used for the 300V grism is folib¥ee the analysis of the data
taken with 1200R. Since this is a narrower grism, 8i¢ratio is lower and consequently the
errors are higher. In Fi§.16all ordinary and extraordinary spectra for the same eighitions

of the waveplate are representdly andPy for each two pairs of exposures are shown in Fig.
5.17, while the corresponding mean values and the denivadd PPAare plotted in Fig5.18
Although errors are large, we conclude that the four polatiio parameters are consistent with
being constant with wavelength and, in broad agreement thélresults obtained with the R
filter in IPOL mode,p ~ 0.2%, 6 ~ 90° and pcorr,s,, ~ 0.35%. The debiased is also zero in
most bins and is not plotted because it would not provide aforination.

5.13.2 Conclusions from the spectropolarimetric observabns of ESO 362-G18

Despite the large errors in PMOS data, the results are ¢ensiwith the values obtained from
imaging polarimetry with IPOL data. Both(1) andé(1) are constant over the full wavelength
range in both grisms. However, the high errors do not alloviousstablish solid conclusion
about small changes with wavelength.
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Ficure 5.16: Ordinary and extraordinary spectra of high resotutioundHa.
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Ficure 5.17: Pg and Py taken with grsim 1200R are shown in top panels for obsematio
and in bottom panels for observation 2. The blue regionsemgnt the estimated error for each
parameter.
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Ficure 5.18: From right to left and from top to bottom: meBg, meanPy, mean polarization
degree and mean polarization position angle aroundHtladine. The blue regions represent
the estimated error for each parameter.

On the other hand, PMOS data reinforce the conclusion addafor IPOL data that
ESO 362-G18 exhibits PA perpendicular to the system axis, as it is expected for polar
scatteredSy1 galaxies. p(1) generally exhibits an increase towards the blue in palattered
Sylgalaxies, however, the relatively large uncertaintiesuinderived quantities may mask any
subtle trend op with A.

5.14 EFOSC1 data

As already mentioned, we have also retrieved spectropoddric data of ESO 362-G18 per-
formed withEFOSC1@3.6m from theESOarchive. Particularly, two pairs of exposures in V
band taken on 21 September 2006 were available. As noted, ESO 362-G18 éxkittypical
type 1.9 optical spectrum at that epoch, with undetecteddky. It would therefore be of great
interest to obtain information on the polarimetric projeesf the source in thatfiierent optical
state.

Several standard stars taken around the observation nigfat studied (Vela 1 95, HDE
316232, HD 94851 and Hiltner 652) in order to determine tistrilmental &'sets and polariza-
tion by comparing the measured valuesP#fA andp with the literature. The results provided
by the standards were inconsistent since fffiged between the measure@Aand the tabulated
one was dterent for each star. Hence, we are not able to derive theblarfiset thaEFOSC1
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imprint to Pq andPy and we cannot compute tiPAfor ESO 362-G18. However, sincéset
rotations do not fiiect the degree of polarization we could still measpifer this additional
observation.

5.14.1 Instrumentation: EFOSC1

TheESOFaintObjectSpectrograph an@amera (VL) is a multi-mode instrument including nor-
mal/polarimetric imagingspectroscopy (several submaodes in each), multi-objecttrgeopy
and coronography. It was attached to the Cassegrain fodhs BSO-3.6m telescope (La Silla,
Chile), but it was moved to the Nasmyht focus of tH&T in April 2008. SinceEFOSClwas
permanently mounted at the Cassegrain focus @&&RS2al the VLT) of the\ESG-3.6m, the
EFOSClinstrumental polarization is expected to be comparabléadabaf FORS2 Moreover,
EFOSC1lalso performs polarimetry using a Wollaston prism as bedittisgp analyser and a
retarder waveplate in order to measure linear polarimetry.

Its wavelength range of operation is between 305 nm and 10 itsFOVis 4.1'x4.1”.
The size of itSCCD s 2048x 2048 pixel, the pixel size being fdx x 15mu, or 012”7 x 0.12”
on the sky.

5.14.2 Results from spectropolarimetric data of EFOSC2

For EFOSC1there is no literature on instrumental polarization, aljfio it is expected to be
comparable to that FFORS2 i.e. < 1%, since both instruments are mounted at the Cassegrain
focus and perform polarimetry which analogous devices. fbmpose here will be to derive an
estimation of the degree of polarization of ESO 362-G18drednfiguration o5y1.9 which in
principle is thought to be higher than 8y1.5configuration.

We computedPq andPy following the same procedure than that detailedFOR S2data,
but without applying spurious polarization which will bepected to be, as noted,1%. Then,
detections ob >> 1% will imply a noticeable increase on the polarization éegof ESO 362-
G18 with respect to itSyl.5state.

Our calculations found a megn 3% for V grism. Although this is a rough estimate,
with a factor higher than 2 comparing withderived forFORS2data, we can conclude that
ESO 362-G18 exhibit a higher degree of polarization irsigd.9configuration.
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5.15 Summary and outcomes of this chapter

In this chapter we have analyzed the polarization propedfea changing look Seyfert galaxy
for the first time. It is clear that this type of objects remmtsa powerful probe of th&/M

of AGN (and, most importantly, of its possible modifications) athpmetry potentially adds
important information which could allow us to have a clearmw of these objects. In the
particular case of ESO 362-G18, the optical changes frora fyp to 1.9 Seyfert, as well as
the occultation events observed in the X-rays and of thenatibn angle derived from X-ray
spectroscopy, place the source in the highly interestigipneof intermediate objects, with a
LOS of the order of 45 which is likely passing through the upper layers of the oldsgudusty
torus. From a polarimetric point of view, this type of obgshould be dominated by polar
scattering, as even low extinction levels in the torus apheee can reduce the contribution of
the equatorial scattering region.

TheFORS2data, however, measure low levels of polarization and itffscdlt to say with
any confidence whether the measured polarization is imritasthe AGN or induced by the
ISM. By means of a detailed and careful analysis of IPOL data we lparformed a rough
estimation of the polarization induced by tl#&M of our Galaxy. As already discussed, it is
difficult to obtain accurate determinations since the light ognfiiom our extragalactic source
will always sufer more interaction with thESM than the stars within the Galaxy. We estimate
Pismg ~ 0.15% and an expected maximum change ortRainduced by théSM paolrization
of A6 ~ 20 for both studied bands, V and R. At the same time, for ESO 362-@®e derived
p ~ 0.2 also for both bands. Nevertheless, applying the correpgncorrection, ps m.,
increases up te 0.35%, probably due to a depolarizinfect of thelSM which can take place
if the interveningPPA, that of theAGN and that of thdSM, are perpendicular. No variation of
polarization withA is seen in the spectropolarimetric data, although the riniser data could
mask subtle changes across the broad emission lines.

On the other hand, even considering the maximum possikd¢iantinduced by théSM,
ESO 362-G18 presentsPPAorthogonal to the system axis (considering the system axisea
[O m] PA given byMulchaey et al(19964). Besides, the ESO 362-GEPAIs different from
the PPAfound for the field stars, which gives some confidence, thantkasured polarization
although weak is intrinsic to the source. Although the cotagp for ESO 362-G18 is quite low
for a polar-scattered object, a plausible explanationd:belthat the analysis of polar-scattered
Seyfert galaxies carried out so far was most probably donselgcting objects significantly
polarized, i.e. on the basis of their polarization progs:itwhich may induce a bias.

Moreover, the extinction that we could measure towardsBh& from optical spec-
troscopy in the two observations where ESO 362-G18 is ifpyts.5 state is consistent with
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that estimated bgmith et al.(2004) for polar scatteredyl galaxies Ay ~ 1 — 4) reinforcing
that classification.

Finally, from EFOSC1date, we were able to perform a rough estimate of the degree of
polarization of our changing look Seyfert galaxy in #y1.9 configuration. We tentatively
detect a much highgrthan in theSy1.5state which could possibly indicate that the low level of
p in the latter state may be due to cancellatifie&ts that are only present when the equatorial
scattering region is also visible.
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Conclusions and Future Work

This dissertation is based on the detailed analysis of repliich observations of the Seyfert
galaxy ESO 362-G18 in the X-rays and UV using a number @iedint X-ray observatories
(sometimes carrying optigalV telescopes and detectors on board) and in the optical vaema
use of long slit spectroscopy at low and intermediate résmis and also a detailed analysis
in polarized light. As a whole, our observations span a vengltemporal baseline, starting
with a first optical observation on January 2003 from @ue-GSand ending on March 2016
with the last spectropolarimetric observation. In betwethX-ray observations (from the X-
ray observatorieXMM-Newton Chandrg Suzaky and Swif) and two other optical data sets
have been analyzed in this work. Although most data have teteeved from the X-ray and
optical archives, a number of observations were obtainedsbfone long X-ray observation
with the XMM-NewtonX-ray observatory, five with th€handraX-ray observatory, and one
spectropolarimetric observation with tRORS2instrument at th&/LT).

6.1 Main results

The global X-ray data set can be divided into two main blockie first comprises individ-
ual pointed observations obtained wiwift (1 observation) XMM-Newton(2 observations),
Suzakul observation), an€handra(5 observations) that allow us to probe the X-ray global
properties of the source and its X-ray flux and spectral fdifia on timescales of months to
years (as well as, thanks to a long and continldMM-Newtorobservation, timescales of min-
utes to hours). The second block, comprisingS3@ft observations covering about 2 months,
enables us to probe timescales ranging from days to weeks.

From the analysis of the highest quality available X-rayeotations (a longKMM-Newton
and aSuzakuwbservation) that are associated with unabsorbed or ontiyndbsorbed states,

169
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we are able to decompose the complex X-ray spectrum of ES&E3@&2into its diferent com-
ponents. Here we mention only the most important ones. Beditk standard X-ray power
law like continuum, we detect a narrow Fexkemission line (that is ubiquitous in the X-ray
spectra ofAGN) due to X-ray reflection from distant material such as, foaraple, the illu-
minated and visible face of the obscuring torus. The spesiiape of the source, however, is
characterized by three additional features: a soft exé&ssaf excess of X-ray emission below
~ 1lkeV with respect to the extrapolation of the power law amniim), a broad feature around
the energy of the Fe Kline, and a hard X-ray excess around 20-30 keV. The first tatufes
are detected in both théMM-Newtonand Suzakwata, while the third one can only be seen in
the Suzakuspectrum, aXMM-Newtonis not sensitive above 10 keV. All three features are
extremely well reproduced when a X-ray reflection comporsghthe inner accretion disc is
included in our spectral model. The rest-frame reflectiogctpim is characterized by a series
of fluorescent emission lines both in the soft X-rays and aKEemergies, but the spectral dis-
tortions caused by relativisticffects close to the black hole produce a smooth spectral shape
that fits the data extremely well. The disc reflection featuran then be used to infer some of
the most relevant properties of the black hole and inneriocr disc. We measure a black hole
spina > 0.92 at the 999% (statistical) confidence level, which implies that thpesr mas-
sive black hole powering ESO 362-G18 is a nearly maximaltatiog Kerr black hole.. The
disc-reflection emissivity profile is steep, with= 4.3j8:§, suggesting that the primary source of
X-rays (the so called X-ray corona) is compact and centi@lycentrated. On the other hand,
the inclination between the disc axis and @S is measured to be 83 5° via disc reflection
modeling of the X-ray spectra. Such high inclination isffiert supported by élierent estimates
based on virial assumptions as well as on the relationshipdes black hole mass and stellar
velocity dispersion of the super massive black hole masstwihécome all consistent with each
other only for inclinations> 43°, providing independent support for the disc reflectionrinte
pretation of the spectral features seen in the X-ray spactrdin unavoidable consequence of
disc reflection is that this reprocessed component shotiibiexa time delay with respect to the
primary continuum which may be used to infer the light-ciogslistance between the primary
X-rays emitting site (the X-ray corona) and the reprocesgsite (the inner disc). By analyzing
the energy-selected intra-band variability off@lient timescale during the continuoX#1M-
Newtonobservation we are able to detect a time lag of the order ofséb€ween the energy
band dominated by the continuum and that dominated by rieflted€onsidering dilution ects
(as in reality both bands have contributions from both coneps), we infer an intrinsic lag of
~ 1600 s which implies that the reprocessing site is locatediséénces of the order of few
gravitational radii from the X-ray continuum source (theaw). This strongly supports our
interpretation in terms of delayed relativistic reflectiffithe inner accretion disc in ESO 362-
G18 and confirms beautifully and independently (no speati@eling is performed to derived
the time delays) that relativistic reflection is presenthiis active nucleus.
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Moreover, the relatively high inclination we derive is citent with the idea that owrtOS
is grazing the obscuring torus (which has a typical halfripg angle of the order of 45or
s0). If the torus is not homogeneous but clumpy (as spectoaleting of AGN in the infrared
is starting to show), such high inclination may intercephirtime to time some of the clumps
of the obscuring torus (or of its atmosphere, or upper I3ymssibly explaining why ESO 362-
(18 exhibits changes of look from type 1 to type 2 in its optigeectra taken only 1 year and 8
months apart, as mentioned above.

In fact, a subsequeXMM-Newtorobservation caught the source in a much more heavliy
absorbed state consistent with full coverage of an extraralecolumn density of 3- 4 x
1072 cm2 with respect to a basically unabsorbed observation peddrmith Swift just two
months before. By analyzing in detail this absorption euetite X-rays also making use of the
simultaneous opticAlV photometric data of the two optical monitors on boXiM-Newton
and Swift, we were able to infer that the absorbed observatiotfected by a transient occul-
tation event produced by a cloud of the dusty torus. Moreostgch analysis allowed us to
estimate the size of the X-ray emitting region, confirmingttk-rays come from within about
50 gravitational radii from the black hole, thus supporting compact nature of the X-ray emis-
sion inAGN. Such result holds not only for the primary X-ray continuumitting region, but
also for the soft excess, demonstrating that this composesiso associated with a compact
emitting region and supporting our interpretation in tewhselativistic reflection & the inner
accretion disc.

Such occultation event was not isolated, and3twftmonitoring campaign over 2 months,
comprising 36 pointed observations, caught another catoniit events. In this case, we were
able to follow the occultation almost completely from inggdo egress. This allowed us to infer
with good accuracy all the relevant properties of both thea)Xemitting regions (that resulted
to be slightly more compact than the upper limit of 50 grdidtzal radii derived above) and of
the cloud responsible for the eclipse confirming the dynaamid clumpy nature of the X-ray
absorbers towards ESO 362-G18.

Our analysis of ESO 362-G18 also includes four low-resoltutong slit optical spectra
which show the source exhibiting broad Balmer lines in twtheffour observations, while these
broad lines disappear in the two remaining spectra leadirsgchanging look classification for
the source (betweeByl.5andSy1.9 as anticipated above. In detail, ESO 362—-G18 is detected
as aSy1.9in January 2003, then assy1.5in September 2004, again aS$gl.9two years later,
and finally, as &y1.5in our last observation performed in March 2016. The mininolserved
timescale for a change of look is therefore 1 year and 8 moltlesdo not see any evidence for
dramatic changes in the nuclear activity (this is also destrated by the stability of the X-ray
intrinsic luminosity over few years), so that the most naltexplanation for the change of look
is that intervening dusty absorbing structures are prastmbur LOS towards theBLR at the
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epochs when the source exhibitSwgl.9optical spectrum. As thBLR is much more extended
than the X-ray emittin region, it is unlikely that we are ohseg exactly the same intervening
structures in the optical and X-rays. As demonstrated byutheclipse monitored witlSwift,

the cloud size fiecting the X-rays is of the order ofx310'* cm (about 50 gravitational radii),
likely too small to significantly fiect theBLR. On the other hand, the very fact that broad
Ha emission is detected in the optical even at epodfected by absorption means that we are
likely dealing with a structure that absorbs most but nott@IBLR flux, i.e. an extended (but
not too extended) dusty cloud or clump. Extinction vari@pitowards theBLR is detected
when comparing the two optical spectra durthgl.5states, pointing (as expected) towards two
different absorbing structures in 2003 and 2006 with an equivaleange in column density of
the order of~ 2 x 10?2 cm 2.

No polarimetric observations of changing look nuclei hagerbperformed to date, despite
the obvious potential of this kind of measurements in thaéexdrof understanding the circumnu-
clear geometry and gahust distribution. We have then proposed (and obtainednaging and
spectropolarimetric observation of ESO 362-G18 with H@RS2at theVLT. Unfortunately,
in FORS2data ESO 362-G18 does not seem to exhibit highly significaininsic polariza-
tion despite its previously studied properties pointed #mds to a polar-scattered classification.
However, ESO 362-G18 shows other properties characten$tpolar-scattered Seyerts, like
a PPA orthogonal to the system axis and an estimatged~ 1.8 towards theBLR when in a
Syl.5state, amAy that is sificient to block the polarized light from the equatorial seatig
region while preserving the broad optical emission linesxpected in sources where @S
is passing through the upper layers of the circumnucleaistoFhis can suggest that ESO 362-
G18 presents, in reality, a ‘ifiicient” polar-scattered®yl, with a polar-scattering region not
well orientated, badly placed or simply ndfieient, as it is the case in many Seyfert 2 galaxies
observed in polarized light and that do not exhibit any paéat broad emission component.
On the other hand, we also carried out an estimate of theipalimn degree during one of the
Syl.9states of ESO 362-G18, and we measured a clear increaseesjitbat to th&yl.5case,
possibly indicating that the only marginal detection ofgs@ation duringSy1.5states is due to
cancellation &ects when more than one scattering region is contributing.

In the appendix attached to this thesis, we present what eazobsidered as work-in-
progress. We have explored in detail the capabilities oftheist mathematical tool d?CA,
which provide us with a model-independent way to assesgrgpeomponents in thAGN X-
ray spectrum. We highlight that this technique can be usetlidy not only the X-ray spectral
variability in general, but also its crucial flux-dependeras well as its sensitivity to subtle
absorption events. The mathematical and numerical toeklaleed here will be used routinely
in future data analysis of X-ray data fro&GN complementing the information that can be
obtained from more traditional spectroscopic and timinglysis.
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6.2 Future Work

Apart from the work included and described in this thesis haee been also involved in other
side projects related to the main topic of this dissertatlarthe following, we briefly point out
some highlights concerning this future work :

e True 2 Seyfert galaxies
We are interested to analyze the paradigm of the &y@galaxies in polarized light. In
particular, we will try to assess a detectability limit oretHBLRs, which is essential
in the definition of trueSy2 galaxies. Often the hidden broad lines are present but are
difficult to detect.

e Changing-look quasars
As already noted, the degree of polarization can providarimétion about the configura-
tion of a changing loolAGN. We will exploit the potential of the polarized light to ftwr
study the properties of this speciaGN type.

e X-ray polarization
If the optical polarization can provide us with valuableomrhation about the unresolved
scatters far from th&€MBH, X-ray polarimetry will allow a completely new view of the
X-ray scatterers like the accretion disc and the inner regad the torus.
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Appendix

Probing X-ray spectral variability in AGN
throughout principal component analysis
(PCA)

This appendix comprises the work initiated during a 3-msrdtay at the “Osservatorio As-
trofisico di Arcetri” in collaboration with the research gmled by Dr. Guido Risaliti. The
main goal of this study is to analyze the X-ray spectral \alitg of AGN in the most model-
independent way as possible, using the mathematical tamwkrasPCA. We will describe
briefly its functioning, why it is useful and how to interpréte results. Subsequently, we
will apply this technique on data retrieved from tKk®&M-Newtonarchive of theSy1 galaxy
NGC 4051, known to perform rapid X-ray variabilitygughan et a).2011).

A.1 Introduction

As widely discussed along this dissertatid@N can show extreme variability in X-ray wave-
lengths at timescales as short as the light travel time of@w gravitational radii, which ranges
from days to minutes, depending on the black hole mass. As#isady noted on Sectidn7.2
AGNs show a complex X-ray spectrum which is normally intereptedie a combination of a
large variety of spectral components produced by veffipaint physical processes. As a result,
AGN X-ray spectra can be very complex, with multiplétdrent models providing acceptable
fits to the same data, meaning that spectral fitting alon@ aft@not discern between alternative
physical models.PCA is a powerful tool for distinguishing fferent patterns of variability in
AGN (Mittaz et al, 1990. It reduces the dimensionality of the data without loositfgrmation
and yields the directions that maximize the variance of #ua.dIt works transforming a data
set where variables correlate with each other into a newdaoate system, defined by a smaller
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Ficure A.1: Schematic representation of the coordinate rotatiguiicit to thePCA technique.

Z lies in the direction of the most variance in the dataset, it. eepresents the first principal

component, while the second principal componéhis perpendicular to the former one and

its direction is along the next largest variance. For thegdlclarity, only two coordinates are

plotted, then the reduction of dimensionality is not repreed.Image credit:httpy/strata.uga.
edy637QlecturenoteprincipalComponents.html

number of uncorrelated variables callgdncipal componentsr eigenvectors In other words,
it consists in a coordinate rotation so that one axis in th&ed system lies in the direction for
which the distribution has the largest variantéa(zac et al. 2006. This functioning is shown
in Fig. A.1, where for simplicity of vision there are only two initial ables, so the reduction
of the dimensionality is not represented. The two resulgirngcipal components (PCg)ake a
new set of axis wherg lies along the maximal direction of variability. This ditem is known
as thefirst principal componenand accounts for most of the variance in the data . Séend
principal components orthogonal to the first one and is the axis along which ts&ridution
has the next largest variance, the same would be valid far&a¢dbmponent and so on. In this
way, the variability is summed up in as few principal compuseas possible. These few “rel-
evant” principal components can be linearly combined t@mstruct the initial data set. If the
spectrum is made up of a linear sum of variable, uncorrelaad spectrally distinct physical
components, then with enough data qualRZ A will reproduce an exact description of those
components. Hence, the undeniable advantage is that thisitgie provide us with detailed
spectra of each variable component in a model independgn{Reaker et al.2015.

This powerful technique has already been used for the a@salyX-ray binary variability
(Malzac et al. 2006 Koljonen et al, 2013h Koljonen, 2015 . PCA has been also performed
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understandAGN spectral variability (e.g. aughan & Fabian2004 Miller et al., 2007), but

in most cases with only one component confidently identifidtiore recently,Parker et al.
(2015 2014h 2015 have demonstrated that, given a dataset with high-enouglityjon rele-
vant timescales of the order of 10 ks, tREA can isolate several several spectral components.
These authors carried out a systematic analysis of variBIds, usingPCAto determine pat-
terns of variability and relate them to the physical proeessAGN.

NGC 4051 is probed to be an exceptionally good candidatéfetéchnique to be applied
due its high-amplitude and fast flux and spectral X-ray \ality (e.g9. Vaughan et al(2011)).
NGC 4051 is among the sources systematically analyzdthbiyer et al(2015 in a time-slicing
of 10 ks. These authors analyze a global data set compridimgdividual observations of this
target (of about- 40 ks per observation). We will go further and study anotheeovation of
NGC 4051 dated in May of 2001 with 120 ks ofXMM-Newtordata in order to investigate the
usefulness of th@CA at timescales as short as 1ks.

A.2 The procedure

We developed aytaon procedure to apply theCAon any possible chosen timescales, follow-
ing the methods discussedmarker et al(20143, i.e:

(i) We divide the observation(s) in spectra at the intendedduale and the data are arranged
into a matrixn x m (Matrix M), wheren is the number of energy bins for each spectra and
mis the number of spectra.

(ii) Deviations from the mean for the whole set of spectra arepced.

(iiif) We then apply th&ingular Value Decomposition (SVIfPress et a].1986 Mittaz et al,
199Q Miller et al., 2007, a method which decomposes the arranged matrix into orthog
onal eigenvectors in order to find the set of principal congmts factorizing the matrix
M = UAV* (seeParker et al(20143), where* refers to the corresponding conjugate
transpose matrix. This factorization does not require gumisolution, which implies
that it is not necessary to have more spectra than energyirbiiie analysis, which is
analogous to having more unknowns than equations. Heredjlithnstrumental resolu-
tion can be preserved and also the number of bins (logartiipispace) can be changed
in order to optimize thaignal to noise ratio (SNR)f the resulting components.

Then, in order to carry out theCA we must first divide the data into time-sliced spec-
tra binned in energy and also regularize Bi6dR versus the spectral resolution . The energy
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bins cannot be infinitesimally small because otherwise sbise would dominate over intrinsic
sources variations.

The rows of U and the columns of V coincide with the orthogoeiglenvectors of the
matrices andVi*M, and the diagonal elements of A are the corresponding eadiggw. In this
context, whereM is a matrix of spectra, the eigenvectors give each varigigetsal component,
and the square root of each eigenvalue gives the variabiitheir corresponding component
(Parker et al.20143. The fractional variability of each component is compubsddividing
each eigenvalue by the sum of all eigenvalues. When thedredtvariability is plotted in a
logarithmical scale, which is known &sg-eigenvalue (LEVdiagram, the components due to
noise are predicted to decay geometrically, so deviatimoma fi geometrically progression will
be the variant principal components. Thus, the initial iRal can be reconstructed taking
into account the variable principal components while th@i$y’ components can be neglected
for further analysis. Each component show the strengtheoEthirelation between energy bins,
thus any coherent component is extremely unlikely to be yred by random noise which
is independent of bins. Therefore a flat (positive or negatsince the sign of the y-axis is
arbitrary) component shows that all bins vary equally. Gndbntrary, a component that changes
its sign along the spectral range will represents a pivosfigct. The first component is by
convention defined to be positive.

A.3 A example of how PCA works

A simple and illustrative example of this functioning is fsemed byParker et al(2015 (see
Fig. A.2). These authors add together three synthetic sinusoidatiéms (y1(x) = 0.3 + 3,
y2(X) = sin(x) andys(x) = sin(2x)) along with random noise (left panel in Fig\.2) in order

to create 50 new functions (middle panel i) according/(ta) = 0.6a1y1(X) + 0.2ay2(Xi) +
0.1agys(xi) + 0.1a4 with & and x;being random values betweeai®.5 andx; and [0,6r]. The
functions recovered by thHeCA are shown in the right panel of the same figure, while the cor-
responding_EV diagram is displayed in FigA.3 which probes that exactly three components
are significant, with 47% of the variability falling in thegircomponent, 7% in the second and
3% in the third.

A.4 Need of simulations

The advantage d?CAis that it produces detailed spectra of each variable commtan a model
independent way. On the contrary, calculating the RMS saeetn show the total variability as a
function of energy, but cannot be used to determine how marigihle components of the initial



Appendix A Probing X-ray spectral variability in AGN throlagut principal component
analysis (PCA) 179

Original Functions —_— Noisy Data Reconstructed Functions
T T T T T ] g T T T T T T

=
T
|

=
£ =]
—= O

=
=

y(x) (Arbitrary units)
v(x) (Abitrary units)

Ficure A.2: On the left panel are represented three synthetic immethich are added together

along random noise in order to created the 50 functions ajygul in the middle panel. The

three initial functions are retrieved BBCA in the right panellmage credit:this example was
performed byParker et al(2015
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Ficure A.3: LEV diagram corresponding to the example shown in &ig. Image credit:
Parker et al(2019

spectrum contribute to the variability or to isolate cdmitions from diferent mechanisms.
However there exists a small disadvantage: the interjoataf these variable components is
not always immediate. They do not have to correspond to palysbmponents, since there is
no requirement for the true physical components to varygaddently. Thus, a sanRCcan be
generated by more that one parameter or physical procegagar

To solve this inconvenience and keep the independence freimodels one has to turn to
numerical simulations. This technique was introducedbljonen et al(2013h and itis based
on the idea of creating simulated variable spectra basedgsiqal models that are allowed to
vary within ranges of given parameters. Then, B@A is applied to these simulated spectra
of models and produces the correspondiigs From theseéPCs patterns from each spectral
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Ficure A.4: Simulated®Cscomputed by usin@CA on a spectra of a power law which varies

both in normalization and photon index. Here tiéeet on both parameters can be easily

disentangled. The first component (top, black) reveals smghs in normalization whereas

the second component (bottom, red) represents the pivoliagges of the power law due the
variation of the photon indexmage credit:Parker et al(2015

model can be determined. Then, they can be matched tB@s#ound from the real data for
each source.

In order to perform simulations we used theeec command “FAKEIT”. The resulting
fake spectra was processed®@A so that the corresponding fakR&scould be computed. The
flux of the models was always exaggerated in order to get nmroraipent features in theCsas
what really matters is the relative flux between thigedent physical models and their variability
amplitude and typical timescale, rather than the total flux.

Simulations becoming important to understand the analykifis particular work are
outlined below.Parker et al(2019 also performed simulations in order to create a “cataldg” o
fake PCsso that the reaPCscan be rapidly disentangled. These authors initially aersthe
baselineAGN model: a variable power law, and then investigate tiiece of additional spectral
components. Here we review some of their work which we haem lable to reproduce within
the framework of our numerical simulations aR@sreconstruction.

e Baseline model: power law varying photon index and normaliation

A simulation of a simple variable power law produces B@sshown in Fig.A.4. They
are completely straight, without features of any kind, @ligh there is a slight increase
with energy in the primary component, due to a correlatiawben flux and photon index
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Ficure A.5: Simulated®?Cscomputed by usin@CA on spectra comprising a power law and a

black body modeling the soft exceSap row: Constant black body plus a variable power law.

Second row:both power law and black body varying their normalizatiomkird row: power

law varying both photon index and normalization and blaatybearying only its normalization

but with stronger changes than that of the power Battom row: The same conditions than in

third row, but this time the power law exhibits stronger opamof normalizationimage credit:
Parker et al(2019

in the model. The photon index is allowed to vary between P2l randomly, and the
normalization is allow to change up to a factor of 2.

e Variable power law + black body modeling the soft excess

The next natural step is to investigate a soft excess conmpoiiie this endParker et al.
(2015 consider a black body for simplicity, however the resgtiCswill be equivalent
to those that would be produced by any other models accaufitinthe soft excess in
terms of an additional component that only contributes\atdaergies (e.g. Comptoniza-
tion and bremsstrahlung models). g shows the resultin@Csfor different scenarios.

In the top row, a variable power law plus a constant black bsaynsidered. Thefiect
of this constant component is to suppress the variabilign se the variable components
of Fig A.4, pushing the bins where the blackbody dominates towards Zerthe sec-
ond row, the power law photon index is fixed, and the blackbigdgllowed to vary its

normalization. This produces affirent second component with the same shape as the
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Ficure A.6: Image credit:Parker et al(2015

blackbody at low energies and negative but close to zeroght émergies. The negative
values arise from the orthogonality constraintR€€A (the dot-product of any tw&Cs
has to be zero). In practice, this means that if the primargpmment is entirely positive,
approximately 50% of the energy bins of all subsequDsmust be below zero.

Allowing also the photon index to vary weakly produces Biesshown in third row. The
first two components keep almost the same (both componghtiglincrease their slopes
at high energies) but a third component arises. This tA@deems to act as a correction
factor to the second component, which no longer descritbes tile pivoting itself. This
assumption is probed in the bottom row where the photon indebes strongly. This
does not change the third component bieets the second one. Hence, the third com-
ponent is not a direct match to a single physical componestalfeady noticed, this is
a inherent weakness of tlRCA: if two physical components have a simildfext on the
spectrum, then they will not be expressed as two sep&@tethere will be onePCde-
scribing the averageffect, and another one describing théfetiences between them. In
this model, the increase of flux in the blackbody and the emeenf photon index produce
a steeper spectrum which is imprinted on the second comp@seParker et al(2015
for details).

¢ Relativistic reflection component

Another main feature in the X-ray spectrum of th&N is the relativistic reflection from
the inner accretion disc. Fig.6 shows thePCsfrom a model comprising a variable
power law and a constant reflection component. The Fi&s{top panel) can be thought
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Ficure A.7: Simulated®PCscomputed by usin@CA on spectra comprising a power law and a

relativistic reflection component, where the power-law ftuallowed to vary by a factor 4 and

the reflected flux by a factor 1.5. In each row it is represetiie@Csfor a different ionization

parameter and the fractional variability attributed toreaomponent is labeled in each plot.
Image credit:Parker et al(2015

of as a flat line with the reflection component subtractedsasgnting the suppression of
variability at energies where the relativistic reflectioaka a substantial contribution to
the total flux. The same interpretation can be given for tleesgPC, although starting
from a diagonal flat line.

Allowing the relativistic reflection component to vary, keith lower amplitude than the
power law, produces a third component as shown in&#y The first twoPCsare equiv-
alent to those shown in FigA.6. In this case, the third component appears to represents
all the reflection and displays the correlated soft excesskainoad iron line typical of
relativistic reflection.

A.5 Previous results for NGC 4051 applying PCA

NGC 4051 is classified in the literature asarow line Seyfert 1 (NLS1¢xtremely variable
on all timescales.Ponti et al.(2006 found that the variable spectrum to be well-described
by a power law plus relativistic reflection modeAlston et al.(20133 also detected strongly
flux-dependent time lags, what suggests models involvitignsic variability and relativistic
reflection over reprocessing by distant material.
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Ficure A.8: Principal components computed Bgrker et al(2015 for 14 x 40ksobservations
of NGC 4051.Image credit:Parker et al(2015

(Parker et al.2015 carried out a general classification of 2&&N matching the patterns
shown by theilPCswith those derived from model simulations. XM-Newtonobservations
retrieved from archive ot 40 ks each one, one of them from November of 2002 and the
remaining from May and June of 2009 were added by these autharder to computed the
corresponding?Cs Their results, performed with a time binning of 10 ks, areveh in Fig.
A.8 and reveals fivé®Cs Comparing with the simulateeCsshown in the former section, the
first and second components can be interpreted as a poweralyng in photon index and
normalization, where the suppression of variability atrgies of the soft excess and iron line
indicates the presence of a strong relatively constantisp@omponent at these energies. The
third and fourthPCsmatch with variations from relativistic reflection. The lfifeC appears to
be an absorption edge at 1 KeV with no other strong featusskl&iin the spectrum.

A partially covered power law can reproduce the spectrurhisfdource, but not the spec-
tral shape of the observdelCs Fig. A.9 shows the simulate@Csfor a variable power law
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Ficure A.9: Simulated principal components for a variable power tanvolved with neutral

partial covering absorption model. The column density amekdng fraction of the absorber

vary. The firstPCcorrelates well with the covering fraction, however, thessttwo components

do not correspond directly to a single parameter and repte$@anges in the column density
at different covering fractiondmage credit:Parker et al(2015

convolved with neutral partial covering absorption modittnce, thd?Csof NGC 4051 do not
accept partial covering absorption aR@A rejects the absorption interpretation.

A.6 Another observation

We retrieved fronXMM-Newtonarchive another observation of NGC 4051 which was not ana-
lyzed byParker et al(2015. This data has- 120 ks of exposure time and the observation was
performed in November 2001. We sliced the spectrum soursenall spectra of 10 ks and, in
order to maximize the spectral information, we adapt thegnkin size so that the lower flux
spectrum has at least 25 counts at high energies. ErrorseoresiltingPCsare obtained by
the Monte-Carlo method, in which the observed photon cobimised in energy and time are
perturbed by a random amount proportional to Poisson phmtise following a normal distri-
bution. Then we us®CA on the perturbed data set. This process is repeated 50 tifitnes.
computedPCsfor this ‘new’ observation are displayed in Fid\.10. They are equivalent to
those found byParker et al(2016. Due to the minor amount of data (L20 ks vs. 560 ks) the
fourth and fifthPCsare lost while the first three are softened. This corrobertte relativistic
reflection interpretation given byonti et al, 200§ andParker et al(2015 of NGC 4051 for
this 120 ksXMM-newtonobservation performin@ CAwith a time binning of 10 ks.
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Ficure A.10: ComputedPCsfor the 120 ks MM-newtorobservation of NGC 4015.

As NGC 4051 is known to vary on timescales s as short as 100 savweealso applied the

same technigue to spectra extracted in shorter time bimst@&ks. We tried several flierent

time bins between 10 ks and 1 ks, shorter time bins were nailjedo keep at least 25 counts

per energy bin. However we found that the obtaifdswere always consistent with those

derived with a time-slicing of 10ks.

A.7 Discussion

On the other hand the data set analyzedPbyker et al(2015 obviously comprises observa-

tions in very diferent flux levels, but results will obviously be dominatedtbg higher fluxes

with little contribution from the low flux observations. Atis point, we decided to investigate

other possible capabilities of this robust mathematical smd investigated the resultirfgCs

of individual observations of NGC 4051 analyzed Bgrker et al(2019. In figure A.11 we

show thePCswith a time bin of 10 ks for the highest-flux observation amaty byParker et al.

(20195. The second and thirBCsare dominated by noise due to the short exposure which is

40 ks, then only the first component is reliable. We reprodubés PC with a simulation of a

variable power law convolved with a constant relativisgéfiection model.

We also applyedCA on the lowest-flux observation used by citeParkerML201% wait

time bin of 10 ks to explore whetherftirent variability patterns are imprinted as a function of

the source overall flux level. The correspondiP@sare shown in FigA.12. Again the second

and thirdPCsare dominated by noise due the relatively exposure timetheufirst component

appears to be clearlyftierent from the case of the high flux observation. The vaitgbd sup-

pressed at low energies and rises at high energies compétetheP C shown in Fig.A.11 for

the highest-flux observation. These changes can be sirddlai® the highest-flux simulation

simply increasing the relative flux of the constant reflecttomponent and adding a constant
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Ficure A.11: ComputedPCsfor the highest-flux 40 ks observation analyzedRarker et al.
(2019. The second and thifdlCsare dominated by noise due the relatively exposure time (see
text for details).

soft excess, modeled by a black body, which suppresses tiabilisy at low energies. Besides,
this constant soft excess is also found\aughan et al(201]) calculating the rms spectrum
of NGC 4051. This is likely an emission component from an edéa emitting region whose
flux is generally much lower than that of the continuum and ihanly revealed as a constant
component when the nuclear continuum flux level is extrertaly as it is the case during the
considered observation. The relativistic reflection congmt is constant, but its relative flux
increases with respect to that during the higher flux obsiervain other words the spectrum
is likely more reflection dominated during the low flux pesodHence, with a 10ks time bin
over a individual observatioRCA reinforces the a previous conclusion derived through the rm
spectrum.

A.8 Summary and outcomes of this chapter

Along this chapter, apart from confirming tRe&sinterpretation for NGC 4051 given Wyarker
et al. (2015 using a dfferent available observation and a variety dfatient time-slices, we
have corroborated the model proposedvayghan et al(2011) for NGC 4051 usind?CA.

Besides, we have explored the capabilities of the robushenadtical tool oPCA, which
provide us with a model-independent way to assess specnapanents in théAGN X-ray
spectrum. The technique can be used to isolate contrilsufimm diferent physical mech-
anism, although it should be noted that there is no need oPt&to correspond to unigue
physical components, since there is no requirement forrthe ghysical components to vary
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Ficure A.12: ComputedPCsfor the lowest-flux 40 ks observation analyzed Pgrker et al.
(2019. The second and thifdCsare dominated by noise due the relatively exposure time (see
text for details).

independently. Thus, a sarf& can be generated by more that one parameter or physical pro-
cess varying. This is why numerical simulations are needextder to interpret physically the
results obtained through tH&CA. Moreover, with the study carried out here we can conclude
thatPCA provides additional information about the spectral congods at play if flux-selected
observation are considered revealing which are more dorninand at which flux level(s).

On the other hand, we have seen that, at least for NGC 4051ifieoethce in thé>C are
obtained by varying the timescale of interest in the rangevéen 1 and 10 ks. This probably
implies that the contribution of the fiierent spectral components to the variability patterns is
already established on timescales as short as 1 ks andtloatier to see the building up of the
spectral variability in NGC 4051, one should consider srotimescales, which will only be
reachable with larger collecting area X-ray missions infthere.

Then, the main conclusions can be outlined as follows:

(1) We have not been able to probdfdientPCsat shorter timescales (10 ks) in a source
as NGC 4051, expected to be variable at those timescales.

(2) We have corroborated the model suggestetfdiyyghan et al(2011) usingPCA

(3) We have found an unexplored capability REA: its dependence with flux, at least in
the case of NGC 4051, which enables us to infer that a constdhtomponent (likely
from an extended emitting region) emerges at low flux levals that the overall X-ray
spectrum is likely more dominated by the disc relativistiflaction component at low
fluxes.
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Our work with thePCA has just started and the results presented here should sidemu
as a first step of a longer term work in progress. We will carditto apply this technique to
other sources exploring bothftérent time-slices and flierent flux levels to reveal what are the
physical mechanisms behind the often extraordinary véitialof active nuclei in the X-rays.
This type of anlaysis will be routinely used in our X-ray datalysis work in the future.
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