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Abstract

The most recent studies suggest that almost all galaxies in the Local Universe host
Super-Massive Black Holes (SMBHs) in their center. SMBHs are responsible for
the most powerful phenomena in the Universe, the Active Galactic Nuclei (AGN).
When SMBHs accrete matter, strong radiation is emitted at all wavelengths of the
electromagnetic field. The complete census of the various populations of AGN and the
construction of samples with high statistical significance are essential to understand
the evolution of the SMBHs and the host galaxies in the history of the Universe. The
present doctoral thesis focused on comparing different AGN detection techniques. In
particular, AGN selection techniques based on photometric and spectroscopic data
were used from different wavelength regimes of the electromagnetic spectrum (optical,
infrared, X-rays) as well as techniques that are based on flux variability. Comparing
the methods with each other, the observational and physical AGN properties were
studied. The main conclusion is that the different methods used to identify AGN are
complementary to each other and equally important in building the whole picture
of the AGN population. This doctoral thesis is divided into three distinct parts
according to the fields studied and the techniques applied:

A. Robust identification of Active Galactic Nuclei through HST optical
variability in GOODS-S: Comparison with the X-ray and mid-IR selected
samples

Identifying AGN through their X-ray emission is efficient, but necessarily biased
against X-ray-faint objects. In order to characterize this bias, we compare the X-ray-
selected AGN to the ones identified through optical variability and mid-IR colours.
We present a catalogue of AGN selected through optical variability using all pub-
licly available z-band Hubble Space Telescope images in the GOODS-South field. For
all objects in the catalogue, we compute X-ray upper limits or discuss detections
in the deepest available ~7Ms Chandra Deep Field South images and present the
Spitzer/TRAC mid-IR colours. For the variability study, we consider only sources ob-
served over at least five epochs and over a time baseline of up to ten years. We adopt
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the elevated median absolute deviation as a variability indicator robust against in-
dividual outlier measurements and identify 113 variability-selected AGN candidates.
Among these, 26 have an X-ray counterpart and lie within the conventional AGN
area in the Fx /F.,; diagram. The candidates with X-ray upper limits are on aver-
age optically fainter, have higher redshifts compared to the X-ray detected ones and
are consistent with low luminosity AGN. Out of 41 variable optical sources with IR
detections, 13 fulfill the IR AGN colour selection criteria. Our work emphasizes the
importance of optical variability surveys for constructing complete samples of AGN
including the ones that remain undetected even by the deepest X-ray and IR surveys.
The results in this field were published in the journal Monthly Notices of the Royal
Astronomical Society (MNRAS) as Pouliasis et al. (2019).

B. The ”Hubble Catalog of Variables”: AGN identification in CANDELS
and Frontier Fields

Within the framework of the "Hubble Catalog of Variables” (HCV) project, AGN
candidates were selected through variability. The purpose of the HCV program is
to detect variable point-like sources as well as extended sources using data from
the Hubble Source Catalog. In particular for the AGN detection, fields that have
deep observations with long exposure times and have also been observed many times
are necessary using all the available filters. Such are the CANDELS and Frontiers
fields. The results in the GOODS-South field were used as a keystone in the selection
process and confirmation and verification of the results in the latter fields. Depending
on the available data from the entire electromagnetic spectrum in each field, different
AGN selection methods were used to compare the results. Part of the results in the
CANDELS fields were included in the publication of Bonanos et al. (2019) in the
journal Astronomy & Astrophysics.

C. An obscured AGN population hidden in the VIPERS galaxies:
identification through spectral energy distribution decomposition

The X-ray emission constitutes a reliable and efficient tool for the selection of Active
Galactic Nuclei (AGN) although, it may be biased against the most heavily obscured
AGN. Simple mid-IR broad-band selection criteria could identify a large number of lu-
minous and absorbed AGN yet again host contamination could lead to non-uniform
and incomplete samples. The Spectral Energy Distribution (SED) decomposition
could decouple the emission from the AGN and that from star-forming regions re-
vealing weaker AGN components. We aim to identify an obscured AGN population
through SED modelling among galaxies in the VIPERS survey in the CFHTLS W1
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field. We construct SEDs for 6,860 sources and identify 160 AGN at a high confi-
dence level using a Bayesian approach. Using optical spectroscopy, we confirm the
nature of ~85% of the AGN. Our AGN sample is highly complete (~92%) compared
to mid-IR colour AGN, but also includes a significant number of galaxy-dominated
systems with lower luminosities. In addition to lack of X-ray emission (80%), the
SED fitting results suggest that the majority of the sources are obscured. We use a
number of diagnostic criteria in the optical, infrared and X-ray regime to verify these
results. Interestingly, only 35% of the most luminous mid-IR selected AGN have X-
ray counterparts suggesting strong obscuration. Our work emphasizes the importance
of using SED decomposition techniques to select a population of type I AGN, which
may remain undetected by either X-ray or IR colour surveys. The results in this field
have been submitted in the journal MNRAS.

The conclusions derived from this thesis are that the different methods used to detect
AGN are complementary to each other and equally important in determining the full
picture of the AGN demographics. Each method selects AGN samples with different
physical and observational properties. Mid-IR identification selects AGN with large
amounts of dust around the black hole, which may obscure some or all of the X-ray
emission. On the other hand, the X-ray selected AGN could not be selected in the
infrared regime, as they may contain less amount of dust and often be contaminated
by the host galaxy. Furthermore, the optical variability is able to identify a large
number of low-luminosity AGN, especially at high redshifts, including those that
remain undetectable even at the deeper observations in the X-rays or the infrared.
This population is critical for studying the faint end of the AGN luminosity function
and may be the key between normal galaxies and AGN. In addition, the importance of
using SED decomposition techniques to detect less luminous AGN of high absorption
of radiation at optical wavelengths and X-rays is emphasized, which other methods
may not be as effective.
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Tow. emtponr: Ap. L. I'ewpyavtonoviog, Ap. A.Z. Mrovévou & Kad. K. Tolyxoavoc

Aviyveuon evepY OV YOAAELAXOY TUEPHVWY
XEYNOLLOTOLWVTAC XAl CLYXEIVOVTUS BLAUPORETIXES

nedodoug

ITepiandn

O mo mpbdoputeg PEAETEG BEYVOUY OTL OYEDOY GhOL Ol YUAEIEC GTO XOVTIVO LUUTaY
nepéyouy Trép-Meyédeic Mehavéc Onéc (TMMO) oto xévipo touc. O TMMO
ebvon umeLVLVES Lot To O BUVAUIXE PouvOuEVa 6T MUuTay, Toug Evepyolc luhall-
oxolg Huphvee (ETTI). ‘Otav OAn mégter otic TMMO, exdleton toyuey| oxtivofolio
oe Oha T Uixn xOUOTOG Tou MAEXTEOUXyVNTXoU @doupatoc. H mAvieng xatorypagn
TV 0Wpopny TANtuouny Twv BN xou 1 xataoxeur| Seryudtony e HEYdAN oTUTIoTIXN
TANEéTNTA efvan amopaiTnTa OTNY XATavONoY TN EEEAETC TWV UENAVMY 0TIV YO TWV
yorolloy oty o topio Tou Xourmavtog. H nopodoa didaxtopixr dtatel3y| emxevtp@inxe
otnv olyxpon dwpopeTixwy teyvixwy aviyveuong EIIL ILo cuyxexpwéva, yernot-
nomotiinxay teyvixeg aviyveuong EI'N facioueveg o€ QuTOUeTEId Xot PUCHATOOXOTIXS
OEDOUEVA, TIOU TPOEPYOVTOL UG DLUPOPETIXES TEQLOYES TOU NAEXTROUMY VNTIXOU QACUATOS
(omtixd, unéputpo, axtiveg X), xodme xou teyvixég mou Baoctlovtar otny YetoBohf tng
pofc. Xuyxpivovtag Oheg T Yedod0UC PETALY TOUC, UEAETAUNXOY Ol TUPAUTNENCLOXES
xan puoeg WotnTeg twv EI'NL To cuunépaocua mou amoppeet elvor OTL OL BLOPORETIXES
uedodoL Tou YENOOTOUVTAL Yo ToV Tpocdtoploud Twv EI'Il elvar cupmhnpwuatixég
UETAED) TOUC Xan €00V OTUAVTIXES VIOl TOV OYNUATIONS TNG TANEOUS EIXOVOS TGV OTuo-
Yeapuay otoryelwy twv ET'TL. H dwaxtopuxr dwatelfn yweiletar o tpio dtonpitd pépn
avdAoya Ue o TEdio ToU UEAETAUNXOY %ol TIC TEYVIXEC TTOU EQUOUOC TNXALV:

A. Aviyvevorn EI'Il pe tn péYodo petofforrc Tng poNS OTO OTTIXO
@iktpo z oto nedio GOODS-South: 30yxpion pe ta emheypeva EI'TL
oto unépudpo xau T axtiveg X

H aviyveuon tov EI'T pyéow tne exmountc toug otic axtiveg X elvon amoTeEAEoUOTIXT Yid
NV €lpeot) evog ueydhou detypatoc ET'TL ‘Ouwe, undpyel 1 dSuvatdtnto un eviomiouod
TWV TO aLOEOY TNY®V. 'Evag evolhoxtindg tpodmog elvon 1 uetoBAntoTnTa Tng pong Toug
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o€ O oL Winn xOuotog, N onota arotekel Baocuc| widtnTa Twv BT o €yel amoderydet
ot ebvan ot a€Lomo T wévodog Yo TNy e0pect| Toug, TepthapuBavouévey twy BN uxeric
putevotnTag. XTo 1edlo GOODS-South aviyvedinxay dieg ol yetafBhntég mnyég yen-
OWUOTIOWOVTOC €vay VEO Beixtn petaBAntomntac (U€on TUTXT AOXALOT])) TOV XOUTUAGY
POTOC OAWY TWV TNYWY 6T0 Tedio. [a TNV XUTAOKEUT) TV XOUTVAGY POTOS YENOL-
uomotinxay Topatnenoelc and To Sl Truxd tnieoxomio Hubble . T tnv Sloyelplon
X0 OVIAUOT] TWV EXOVLY, ONutoueyinxe éva Tedypouua, To 6Tolo autopata xodupllel
TIC EXOVES amd xOoUXEC axTiveg, xdvel puwToueTpela, Beloxel actpousTtpwr) AOon xo,
TEMXS, PEow Tou OelxTn ueToBANToTNTAC Blvel Evay xatdhoyo ue Tic YeTaBAnTéc mnyéc.
Kodog o yetofAntéc mnyéc umopel vor TepLéyouy oxour UetaBAnTtolc aoTépeg 1| UTép-
xawvoavelc, yior va emtheyel eva xadopd detypo EI'IL, ol topamndve mnyeg doywelo Trxay
UECK OTITIXMY Xl UTEQLUPWY BEXTWY YPWUATOS 1) UECK TWY YORAUXTNELO TIXMY TWV X0-
UTLUAGY pwTog, avtioTorya. To amoteréopato cuyxpldnxoay ye EIT mou emiéytnxay
uéow axtvoPoriog otig oxtiveg X (Chandra X-ray Telescope) xou uéow Setxtdv ypouo-
T0¢ ot0 uTépuipo (Spitzer-IRAC) . Me v pédodo petaBhntétntoc oto ontind pdoua,
aviyveLovton yaunirg ewtewvotntog EI'LL ou onolol eivon ontind auudpdtepol xar €youy
vmidtepeg epuipd-uctatonioeic and toug avtictotyoug EI'IL pe axtiveg X. Eniong, o
manduouog autdg ebvan mo acleviic otic axtiveg X xou €yel TUEOUOLL PWTEVOTNTO UE
avtiotoryoug ET'II younirc gotevotntag 6to xovTvd Loumay, ahrd Beloxeton oe mohd
uoxeUTEEY amécTaoT. To amotehAéouata GTO CUYXEXQWEVO TEdD ONUOCLEDTHXAY GTO
emoTnuovixd teptodd Monthly Notices of the Royal Astronomical Society, MNRAS,
w¢ Pouliasis et al. (2019).

B. O xatdroyog petafAntedyv tou Hubble: aviyvevon ET'Il cta
CANDELS xow Frontier nedia

Yto mhadota Tou mpoyeduuatoc “Hubble Catalog of Variables” (HCV), npayuatornot-
funxe n aviyvevon ELL Xxondg tou npoyedupatoc HCV eivon 1 aviyveuor YeTaBAnTov
ONUELXWY, ARG X0 EXTETOUEVWV TNYQY, YPNOULOTOWMVTAUS DEDOUEVO ATO TOV XATAAO-
Yo mnyov tou Hubble (Hubble Source Catalog). ITio cuyxexpyéva, yioo tnv aviyvevon
ET'II yenowonoudnxay medio to omola €youv Padiéc napatnenoels Ue eydAoug ypdvoug
exdeone xou emlong €youv napatnenlel TOAEC QopEC YpnoylomolmvTag Oha Tar Slodéatua
gpihtpa. Térowa etvan to CANDELS xou Frontiers medlo. Tao amoteréopato 6o nedio
GOODS-South yenowwonom{inxay we d&ovag 660V agopd TNy ETAOYT TNG dLodLxaciag
xou Ty emiPBeBainon xou enah¥eucn TV aTOTEAECUATOY 0To Tapamdve Tedio. Avaloya
ue tar Slodéotua BEBOUEVY amd OAO TO NAEXTEOUAYVNTIXG @doua ot xdle medlo, dlapo-
eeTixéc uédodol aviyvevong twv EI yonowono(dnxay yior cOyxplor anoteAeoudToy.
Mépoc tov anotereopdtowy ot CANDELS nedia, ntepihipdnxay otnv dnuocicuon Bo-
nanos et al. (2019) oto emotnuovixd teplodixd Astronomy & Astrophysics.
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I'. 'Evac tAnduopodg ET'Il peyding anoppdpnong otic axtiveg X xou
TO OMTIXO QPACUA, XpLUUEVOG atoug Yalaleg VIPERS: aviyveuon
KECHL AVAALCTS TWV PACUATINGDY EVERYELAXWDY XATAVOUDYV.

H exmouny| axtveyy X w¢ pédodog aviyveuone twv EINT anotehel éva alidmicto xou
ATOTEAEOUATING EQYUAELD, OUWS UTOPEL VO UEPOANTITEL EVOVTL TWV TINYWV PE UEYIAN o-
ToEEOPNOT OTIC AXTIVES X X0l TO OTTIXG UEEOC TOL NAEXTE /00 pdouatoc. ATAd xpLtrpta
emhoyric ET'II pe evpeleg undvteg oty pecaior unépulden axtivoBoiia Yo uropolcay va
VY VRIGOUY €voy UEYEAO aptiud QWTEWVGDY xou Ue UEYAAT aroppdgnon B, av xa 7
oUyyvon ue toug Yoholleg mou ta teptEyouy Yo Unopolce Vo 001y HOEL GE U1 OUOLOUOE-
o xon edmr Sebypoto. H avéluon twv goopatixdy evepyetoxay xatavouoy (PEK)
umopel va Sty wploel v peocaio utEpulpn exmtouny tou tpogpyeTu and toug EI'IL amd
exelvn) TV TEQLOYWY 6ToU 0 PLIUOS TYNUATIONOD ACTERWY Efvol UPNAGS XoL Vol oToXa-
Aoder tétolou eldoug EI'IL ye axdun uxpodtepn ouviotwoa. 'Evac peydhog nAnduoude
EI'Il peydhng amoppdpnong eviomoTnxe yenoionowwvas ty avdiuon PEK ot éva
detypo yoroliwy and 1o mpdypauua VIPERS oto nedlo CFHTLS W1, émou umdpyet
TANIOEA PWTOUETEIXMY X0l PUCUATOOXOTUIXGY Bedouévwy. Kataoxeudotnxay ot PEK
6,860 Tnydv pe dedopéva oo ontixd (CEFHTLS) xou to unépudpo (WISE xoaw VHS) %o
ue oflomoteg epuipd-uetatonioelc. Eniong, yenowono{dnxay povtéia uévo yahallov
X0, G CLVEYELYL, DIEPELVATNXE XUTd TOCO 0 EXEYYOG XUAHG TEOCUPUOYG UETHBAAAE T
ue Vv mpooUxn wovtéawy EI'IL Me tov cuyxexpyiévo tpomo, emhéydnxay 160 EI'TI
yenowonowwvtag Mnagolavr) tpocéyyion pe uPniéd didotnua eumiotoovvne (99.3%).
Meletdvtac ta ontxd gdopoto (VIPERS) xa tic avtiototyec teyvixée aviyveuong
ETTI, 85% tou detypatoc eivor emPeforwpévor EI'IL To delypo ET'IT ebvan eZonpetind
miheee (~92%) oe olyxpton pe toug EIL tou €youv emdeydel oto unépuipo, ahhd
repthopfdvel emtiong evay onuavTind apLiud TNYOV YUUNAAS POTEVOTNTAS UE CUC THHO-
Toe ToL xvpLopyel 1 axtvofolla Tou yoha&io évavtt Tou EIIL Extoc amd tnv éhheudn
exmounic axtivwv X (80%), o amotehéopota twv PEK unodnhdvouv ot n mhetongpio
TWV TNYOV TUYYAVEL ATopeOPNoNG UECUAS XAUOXAS OTo OTTIXG Wixn x0uaTog. Xenot-
UOTIOLOVTOG OPLOUEVOL LY VWG TIXE XELTH Lol 0TO OTTIXO, UTEPLUEO xon TIg axtiveg X, To
anoteléopoto autd emodndedoviat. Eivon evBiagpépov ot uévo 1o 35% tov TAéov guwTel-
vov ET'IL mou éyouv emheydel oto unépuipo exnéunouv otic axtivee X, yeyovog mou
UTOONAGVEL toyLen anoppdgpnor. H ypantd dnpocicuct yia To Tapamdve amoTeEAEGUOTA
€yel N xatatevel oo Tepodixd MNRAS w¢ Pouliasis et al.

To cuUTERPAOUATA TTOU ATOPEEOUY ATt TNV GUYXEXELIEVY BLdaxTopwxT| dloTel3T| efvar 6TL ot
dLapopeTXeS uédodot Tou yenoulomololvTon yia Ty aviyvevon twv EIL'I etvou cupmhinpe-
HOTiXEC HETAEY Toug Xon €€{00U ONUAVTIXES YIoL TOV TEOGOLOPIOUS TNG TANPOUS EXOVIC
TV Onuoyeapixey otoyelny Tov EI'L H xdde puédodog emréyer delypota EI'TL pe
OLUPOPETIXES PUOLXES ol TopaTNENoloxég WioTtnTeg. H aviyveuon otny yecola umepu-
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en oxtvoPolia meotipder ENT ye peydha mocd oxdvng yopw amd tnv podern teina,
Toe omolar umopel var amoxpUdouy uepd | odxd TNV exmount| otig axtiveg X. XNy
avtidetn neplntwon, ov EI'II emheypévor otig axtiveg X d0vavton vo unv emheydoiv
otnv umépuien oxTivoBoAia, xadde EUTERLEYOUY UXPOTERX TOGE OXOVNG XL GUY VA GUY-
yéovton pe TNV oxtivoBolla amd tov yoholia mou o guholevel. H petoffantétnto tng
PO OTO OTTIXO UToEEl Vo avaryvwpioel éva peydro apriud EIIL pixenc gotevotntog,
eldwoTEPa o€ LYNAES epupd-ueTaTOTOELS, CUUTERAUUBAVOUEVWY EXENVKDY TOU TopUE-
VOUV U1 avtyveloulol oxoua xou ot Paditepeg topatnerioel otic axtiveg X xo 670
umépuipo. O mAnduoude autde ebvon xploog yior T UEAETN TNG opUBEC TERLOYNAC TNS
ouvdptnone putevotntag Twv BN xon propel vo etvon 10 xhetdl uetald twv xavovixoy
yoroliov xan v EI'ML Emnpéceta, unoypopuileton n onuacioc Tne ¥ehone TEYVIXOY
avédrvone PEK yio tnv aviyveuon Aydtepo QWTEVGOY TNYOV UEYIANG Amopedpnong tne
oxtvoPollag ota omTd Wipen xOpatog xou Tig axtiveg X, mou dAleg puédodot umopel va
unv etvon 1600 amOTEAECUOTIXES.
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Chapter 1

Introduction

It is widely accepted that massive galaxies and a fraction of lower mass galaxies in the
Local Universe host a super massive black hole (SMBH) in their centre (Magorrian
et al. 1998; Kormendy & Kennicutt 2004; Filippenko & Ho 2003; Barth et al. 2004;
Greene & Ho 2004, 2007; Dong et al. 2007; Greene et al. 2008). Their mass ranges
between 10° and 10'° solar masses (Lynden-Bell 1969; Lauer et al. 2007; Koss et al.
2017). When matter from the galaxies starts to accrete into the SMBH, an enormous
amount of energy is released across the electromagnetic spectrum (from radio emission
up to X- and - rays). This constitutes the characteristic signature of the class of
Active Galactic Nuclei (AGN). In many cases, the power of a single AGN with a size
that is similar to our Solar System is higher than the power emitted by the stellar
population of its host galaxy. Recent studies suggest a close interaction between
the creation and evolution of galaxies and that of SMBHs (e.g. Silk & Rees 1998;
Granato et al. 2004; Di Matteo et al. 2005; Croton 2006; Hopkins et al. 2006, 2008;
Menci et al. 2008), though the physical processes governing this relationship are not
yet fully understood. Moreover, there is a correlation between the mass of the black
holes and the properties of their host galaxies (Kormendy & Ho 2013), such as the
luminosity, the stellar mass, the velocity dispersion or the bulge rotational velocity
(Dressler 1989; Kormendy & Richstone 1995; Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002; Marconi & Hunt 2003;
Héaring & Rix 2004; Ferrarese & Ford 2005; Graham & Driver 2007; Giiltekin et al.
2009). Hence, either the processes that take place in AGN play an important role in
star formation and shaping of the galaxy structure, or vice versa the galaxy evolution
directly affects the mass and spin of the central black hole.

To better understand the relations between the central black hole and its host
galaxy, it is necessary to have complete samples of AGN, not biased against redshift,
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obscuration, luminosity, etc. The detection and study of AGN is one of the most active
fields of extra-galactic astrophysics today. Their demographics (e.g. space density),
their distribution on the cosmic web (e.g. two-point auto-correlation function) and
their physical properties (e.g. luminosity, black hole mass, accretion rate, absorption)
play an important role in understanding the evolutionary models of black holes and
whether the AGN affect their host galaxy properties (e.g. star formation rate). The
main purpose of this thesis is to enhance the reliability and completeness of the
different AGN selection techniques, but also to apply and test new methods. Through
comparison of the methods in different observational windows and fields with different
depths and areas, it is possible to constrain their limitations and find ways to reveal
AGN populations that are missed. In this Chapter, some historical facts and an
introduction will be given in the observational properties and the physics lying behind
the AGN, while I will focus on the selection methods ending with the analytical
purpose of this thesis.

1.1 The signs of the times

In this section, a brief history is given concerning the birth of the extra-galactic
astronomy and the definition of the AGN. The first AGN observations are presented
in different parts of the electromagnetic spectrum and the connection between them.
Furthermore, all the signs and theories are summarized that led to the interpretation
of the physical mechanisms lying behind AGN and the beginning of a new era of
multi-wavelength technological excess.

The beginning of extra-galactic astronomy: The idea of some distant nebulae
that do not belong to our Galaxy and represent further Milky Ways was given, firstly,
in the 18" century (Wright 1750) and, later, Kant (1755) called them ”Welteninslen”
that means ”island Universes”. Then, William Herschel built a large catalogue of
around 5,000 nebulae (Herschel 1786, 1789, 1800, 1802) and some years later Lord
Rosse by constructing a 72" telescope was the first to draw a sketch (Fig. 1.1) of the
spiral arms in the "nebula” M51 (Whirpool galaxy, for the Advancement of Science.
1845) and later on he gave the term ”spiral” to other nebulae (Rosse 1850). In
these nebulae, he identified some point-like sources inside them indicating that they
are not just clouds of gas. At the end of the 19" century the director of the Lick
Observatory, James E. Keeler, with a catalogue of 120,000 nebulae found that the
majority of them had spiral structures supporting that they originated outside of our
own galaxy (Keeler 1900). Some years later, Edward A. Fath during his PhD in the
Lick Observatory using the Lick reflector gathered many spectra from these spiral
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nebulae and none had continuous spectra. The only explanation was that the spiral
nebulae had to be a gathering of stars (clusters) and should be really far away from
the Milky Way (Fath 1909a,b,c, 1913).

L2

Figure 1.1: A sketch of the galaxy M51 by Lord Rosse (Rosse 1850).

Discovery of Seyfert galaxies: E. Fath was the first to notice some strong emis-
sion lines (H, O, Ne) in the spectrum in the center of the NGC 1068 (Fath 1909a).
With more extensive observations resulting in higher resolution spectra, E. Fath in
collaboration with Vesto Slipher (Lowell Observatory) found signs of unusually broad
emission lines with velocities of several hundreds of km/s (Slipher 1917). In 1918,
Herber Curtis observed also the first optical jet that is connected with the nucleus in
the M87 and noticed "a curious straight ray....apparently connected with the nucleus
by a thin line of matter” (Curtis 1918). In 1926, E. Hubble retrieved along with the
spectrum of NGC 1068, two more spectra for the nebulae NGC 4051 and NGC 4151
and found also broad emission lines (Hubble 1926). With the general relativity theory
established in 1915 (published in Einstein 1916), he concluded that these "nebulae”
are extra-galactic. A couple of decades later, Seyfert (1943) found a large number
of galaxies (NGC 1275, 3516, 4051, 4151, and 7469) similar to NGC 1068 separating
them from the others as a new distinct class. These galaxies with very bright point-
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like nuclei and high-excitation nuclear emission lines (broad lines up to 8500 km s-1)
were named after him as ”Seyfert galaxies”. Seyfert galaxies remained in the dark for
a couple of decades until two radio sources were associated with NGC 1068 and NGC
1275 (1955) and Schmidt (1963) realized that the radio source 3C 273 had an optical
counterpart with a redshift at z=0.158. But how a radio source could be associated
with an astronomical object?

Discovery of radio galaxies: Radio astronomy started at the end of 19*" century
with the James Clerk Maxwell’s equations showing that the electromagnetic radia-
tion could have any frequency. A little bit later, Heinrich Hertz showed that these
electromagnetic fields, indeed, exist by constructing the first radio wave transmitter
(LC oscillator) that transmits and receives electromagnetic waves of about 5 m wave-
length and he, further, confirmed the predicted polarization. Efforts at that time
to detect a radio signal coming from the Sun were unsuccessful, since the antennas
constructed were technically limited. In 1932, when Karl Jansky was working for a
company in detecting static from the vehicles, he detected an unusual radio signal
with a constant cycle of approximately 24 hours (Jansky 1932). His initial thoughts
were that this radio emission comes from the Sun. However, by comparing sky maps
in different wavelengths, he concluded that this radio source is coming from the Milky
Way and, especially, from the constellation of Sagittarius (Jansky 1933). Grote Re-
ber, in 1939, inspired by the work of K. Jansky, built his own parabolic reflector
(~9.5 m) in the back yard of his home in Chicago. He aimed to observe the full sky
during the nights to avoid the sparks from the vehicles that induced large noise. His
first two attempts to receive a signal at 3300 MHz and 900 MHz did not have any
results. His trial at 160 MHz (corresponding wavelength at 1.9 m) was successful,
since he found a signal from the central part of the Milky Way (1938) confirming the
discovery of K. Jansky. The next years, he focused in building a full sky map in 160
MHz that published in the year 1944 (Reber 1944). This catalogue included a radio
source in Cygnus constellation (the second brightest object) that was a precursor of
what followed in the AGN interpretation, while it motivated the scientists to turn
their interest in constructing radio catalogues starting the era of radio astronomy.
Such surveys with radio catalogues were conducted by different institutes around the
world. The early radio surveys included the 3C, 3CR and 4C Cambridge catalogs
(Edge et al. 1959; Pilkington & Scott 1965; Gower et al. 1967) at 158 and 178 MHz,
the PKS survey (Ekers 1969) at Parkes in Australia that observed the southern sky
at 408 and 1410 MHz, the Arebico Occultation survey (Hazard et al. 1967) giving
high precision positions and the Ohio radio survey (Ehman et al. 1970) at 1415 MHz.
Some of the early radio discoveries included the detailed studies of the Cygnus region
from 1946 Stanley Hey that found rapidly variation in a source that called Cygnus
A and concluded that the variations could be explained only with a small number of
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discrete sources. (Ryle et al. 1950), with the detection of similar sources categorized
them as a new type of stars with bright radio emission, but invisible in the optical
light, the radio stars.

Discovery of Quasars: Minkowski (1960) was the first to identify an optical coun-
terpart of the radio source 3C 295 that has a redshift of z=0.46. After this discovery,
Allan Sandage and Schmidt started the quest of optical identifications and redshifts
of radio galaxies. Both of them worked in collaboration with Matthews that used the
interferometry in Caltech to derive accurate positions. In 1960, A. Sandage took an
optical photograph of the radio source 3C 48 and he found a source with 16 magni-
tude, stellar-like object showing variability. Furthermore, this source had an excess
in the UV regime and also had broad emission lines in not familiar wavelengths in
its spectrum. This result was presented in a conference and was published in the
proceedings by Matthews et al. (1961). Next, the discovery of many other objects
similar to 3C 48 were found (e.g. Matthews & Sandage 1963), and the number of
these objects was high enough to categorize them as a new class of objects giving
them the name Quasi-Stellar Radio Sources (QSRSs), Quasi-stellar sources (QSS) or
quasars. In the same year, (Hazard et al. 1963) found an accurate position of the
brightest radio source, 3C 273, using the technique of lunar occultations. Maarten
Schmidt then identified the optical counterpart of this radio source and surprisingly
this point-like "star” had a very bright magnitude (13" mag). With further exam-
ination of its spectrum, M. Schmidt found a peculiar compared to that of 3C 48
spectrum with very broad lines. He also surprised recognised the Hydrogen Balmer
emission lines, though redshifted at 16% (Schmidt 1963). This meant that this source
with the huge energy emitted is at a distance 770 Mpc (redshift z=0.16). The same
year, Greenstein (1963) and Oke & Schmidt (1963) found the optical spectra from the
radio sources 3C 48 and 3C 273, respectively and identified similar emission lines if
redshift was taken into account. After that it was clear that these object belonged in
the same AGN family. Sandage (1965) identified more objects similar to the previous
but without radio emission. He called them as quasi stellar galaxies. Since then the
radio was not included in the definition of these objects.

Towards super-massive black holes: After all this progress the previous years
in identifying AGN, the idea of SMBHs being in the center of the AGN has started
to be dominant. It was clear at that time that a super massive and compact source
should explain all these observations. Furthermore, this object should be responsible
for the powerful energy emitted and be capable of forming collimated jets. Woltjer
(1959) was the first to list some basic properties of the Seyfert galaxies: a) unresolved
nuclei with size less than 100 pc, b) nuclear activity should last more than 10® years
(this is a result of the fraction of spiral galaxies hosting an AGN), c) if material is
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bound gravitationally to very high mass, then from the virial argument the velocity
dispersion of the emission lines is about 1000 km/s and the nuclear size (<100 pc)
could give an upper limit in the mass. So the mass should be in the order of 10%-
10'. Hoyle & Fowler (1963) was the first to claim that in the center of the AGN
lies a stellar type object with huge mass and that emits a large amount of radiation
by accreting mass from the surrounding environment. The idea of a black hole that
replaces this hyper-massive star was given by Salpeter (1964) and Zel’dovich (1964).
However, black holes as objects were not something new. Even though, (Wheeler
1968) gave the term ”black holes” to gravitational singularities, the theoretical stud-
ies have began almost two centuries ago with Michell (1784) supporting the existence
of objects with sufficient gravitational energy that could be capable to trap the light.
Independently, Laplace (1796) introduced the concept of ”dark stars” that repre-
sented the most massive stars in the Universe that are invisible in the optical light
due to the gravitational potential. With the General relativity replacing the New-
tonian, (Schwarzschild 1916) solved the Einstein’s equations and gave the black hole
solution. After several works later on white dwarf (Chandrasekhar 1931) and neu-
tron stars (Oppenheimer & Volkoff 1939), Oppenheimer & Snyder (1939) suggested
that massive stars when reaching a critical gravitational radius could collapse into
black holes formatting an event horizon. So in 1970’s, the black hole paradigm as the
intrinsic mechanism of the AGN could explain the huge energy output of the AGN
as the gravitational energy is converted into accretion energy and could explain also
the short-scale variability of the center of these galaxies that should be very small
(Salpeter 1964; Zel’dovich 1964; Lynden-Bell 1969; Rees 1984).

X-ray revolution: After the discovery of quasars, in the mid-1960s the X-ray astron-
omy started and was important to understand better the nature and the properties
of the AGN, as the X-ray emission seemed to occur in the majority of the them. The
first X-ray detected emission of AGN was that of M87 and 3C 273 in a survey of the
Virgo region (Giacconi et al. 1962) with a proportional counter (Geiger counter) on
board an Aerobee rocket (Friedman & Byram 1967). Later, Uhuru, the first X-ray
satellite launched in 1970 was responsible for the first detection of a Seyfert galaxy
(Gursky et al. 1971), while Ariel V, a British-USA collaboration satellite launched
in 1974, mended to monitor the X-ray sky. Results of Ariel V data included the
confirmation of the X-ray variability in the center of AGN (Ives et al. 1976; Marshall
et al. 1981) and strong X-ray emission in Seyfert galaxies (Elvis et al. 1978) with
typical luminosities of 10425-10**% erg s1. Also, Elvis et al. (1978) claimed that not
all QSOs have the basic properties defined by Schmidt, but the majority of them
have X-ray emission. The next generation X-ray telescopes included in addition to
proportional counters, scintillation detectors. These are a) the NASA’s High Energy
Astronomy Observatory (HEAO 1) that was launched in 1977 and carried the first
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complete X-ray sky survey, especially towards high Galactic amplitudes (Piccinotti
et al. 1982) and b) the Einstein Observatory satellite launched in 1978 that was the
first telescope with focusing optics and capable of producing images. The advanced
astronomical findings of the latter led to surveys with many X-ray point-like sources
and also diffuse sources with very high spatial resolution of a few arcseconds (Tanan-
baum et al. 1979). Furthermore, it was the first time that the power-law was observed
in the 3-50 keV regime characteristic feature of AGN, the very first discovery of the
soft X-ray (<1 keV) bump in the Seyfert galaxies (Singh et al. 1985), a good spectral
characterization of the X-ray cosmic background (Marshall et al. 1980) and studies of
X-ray spectra and time variability (Mushotzky et al. 1980; Dower et al. 1980). At that
time, the X-ray emission has become basic and main characteristic of the AGN and
in the decades after, many other X-ray telescopes were launched with match higher
spatial resolution and with much larger collective areas. Some examples of those are:
a) the European EXOSAT and the Japanese Ginga satellites in 1980’s with results
confirming the soft bump in X-ray spectra (Turner & Pounds 1989) and showing the
flattening of hard X-ray spectra, a strong indicator of X-ray reflection (Pounds et al.
1990; Singh et al. 1990), b) the ROSAT satellite operating in energies smaller than
2 keV that mapped the whole sky with very high spatial resolution and resulted in
more than hundred thousands of AGN (Voges et al. 1999) and ultra deep observations
that resolved the soft X-ray spectrum (Lehmann et al. 2001), ¢) the Japanese ASCA
(Tanaka et al. 1994), the Italian BeppoSAX (Boella et al. 1997) and the Rossi X-ray
Timing Explorer (RXTE) (McHardy 2010) in the late 1990’s and d) the more recent
Chandra X-ray Telescope and the XMM-Newton Telescope that provided many sci-
entific results with their high spatial resolution and large collective areas along with
the NuSTAR telescope (Harrison et al. 2013) and eRosita (Cappelluti et al. 2011).

1.2 AGN taxonomy and classification

The classification of the AGN is empirical and is based on their different observational
properties. Some are only based on the orientation and some others reflect real
internal physical characteristics. First, they can be categorized according to the radio
emission and the presence or not of jets: a) the radio-quiet AGN with negligible or
very weak jets in the radio wavelengths and, b) the radio-loud AGN with very strong
jets. Usually, the host galaxies of the first class are spiral galaxies, while in the case
of radio-loud AGN;, the galaxies underneath are elliptical galaxies (Marziani et al.
1997). Another criterion to separate the two classes is based on the angle between
the SMBH spin and the vector of the angular momentum of the accretion disc. In
this manner, radio loud AGN have large (>60 degrees) angles, while in radio-quiet

7



CHAPTER 1. INTRODUCTION

AGN the level of the accretion disc is almost parallel to the equatorial surface of the
SMBH. Also, according to their optical spectra they could be of type 1 or type 2.
Type 1 AGN spectra show both narrow and broad emission lines, while type 2 AGNs
have only narrow emission lines. Further, depending of their luminosity there are
Seyfert galaxies and quasars with the latter lying in the bright end of the luminosity
range. Moreover, there are some special types of AGN, such as blazars that belong to
the radio loud class, but they have relativistic jets with the direction of the observer
showing very strong variability. More recently, Padovani et al. (2017) reviewed the
different AGN types and classes with different morphological and spectral features
and resulted in more than 50 different AGN types with specific features each. They
concluded that the unification between those should be in terms of the efficiency of
the radiation and also of the presence or absence of relativistic jets. Below, some
of the basic and more common AGN classes are described in more detail along with
their properties to give an idea of the diversity but also the similarities of the AGN
zoo terminology.

Seyfert galaxies are lower-luminosity AGN. They have very luminous point-like
nuclei in the center of the galaxies and in the optical bands they are very similar to
bright stars. A comparison of an AGN to a normal galaxy is given in the Figure 1.2.
Seyfert galaxies have lower luminosities that the QSOs and they are predominately
found in early-type spiral galaxies (up to 10% of Sa and Sb’s), but a much higher
fraction is expected. Initially, they were categorized as Type I and Type II depending
on the presence or not of broad Balmer emission lines in their spectra (Osterbrock
1977). Though, after the Unification model (Antonucci 1993; Urry & Padovani 1995),
the best criterion should be the viewing angle. This angle is defined as the angle
between the line of sight and the perpendicular line to the equatorial axis of the
accretion disc. For small angles, the observations are edge-on (Type II) and only the
NLR are present, while for large angles the AGN is shown face-on (Type I) and the
observer sees both the BLR and NLR and also the central engine of the AGN, such as
the accretion disc. Considering their spectrum could be categorized as type 1 or type
2 with type 1 having broad allowed emission lines (e.g. Balmer series) and FWHM
up to 10* km/s, while those of type 2 lack broad lines and they have weak absorption
lines coming from the underlying galaxy (usually late-type galaxy). There are also
intermediate classes, such as Sy 1.5, 1.7, 1.9 with decreasing widths of the Balmer
lines Osterbrock (1981). In Figure 1.3, example spectra are shown for a classic type
1 and type 2 Seyfert galaxy along with the typical spectra of quasars, LINERS and
normal galaxies.

QSOs (quasi-stellar objects) are characterized as the luminous version of Seyfert
galaxies with nuclear magnitudes higher than Mp > —21.51 + 5log(H,) (Schmidt &
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Figure 1.2: Image of a Seyfert galaxy type I, NGC 5548 (left) and a normal galaxy,
NGC 3277 (right). The nucleus of the AGN is much brighter than that of a normal
galaxy and its brightness has saturated the detector resulting in the diffraction spikes

seen. Image credit: https://pages.astronomy.ua.edu/gifimages/ngc5548.html.

Green 1983), where the H, is the Hubble constant. They are AGN that have very

0%8ergs™!) and usually are found in greater distances

high luminosities (~ 106 — 1
than Seyferts, but they have similar spectra with them. The difference between them
is that their nuclei is so bright that totally outshine their host galaxies by a factor
of a thousand and thus, it is difficult to observe the hosts even with high resolution
imaging, such as HST, and the absorption line features. The separation is empirical
and some times it is difficult to separate high luminosity Seyfert galaxies from low
luminosity QSO. A historical division between them is at i=23 mag. Similarly to
Seyferts, QSO are divided into type I and type II according to the appearance or
not of broad emission lines. The latter sub-class was recently discovered (Stern et al.

2002; Norman et al. 2002) compared to the discovery of quasars.

LINERs stands for Low-Ionization Nuclear Emission Line Regions and they are
sources with strong forbidden narrow emission lines ([OIJA6300, [NIIJAN6548,6583
and [SIT]AN6716,6731) in their optical spectra similar to AGN, however they display
weaker [OIII]A5007 emission lines (Fig. 1.3). They first defined as a distinct class by
Heckman (1980) that pointed out that these source have spectra that are very different
than the classic AGN or H II regions. Interestingly, the majority of nearby AGN are
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Figure 1.3: Typical spectra of different classes of AGN as indicated. Image credit:
https://pages.astronomy.ua.edu/keel/agn/spectra.html.

dominated by emission lines of low ionization, such as [OI]A6300, [OII]AA3726,9 and
[S]AN6717,31 (Ho et al. 1997). Also, one third of the galaxies in the Local Universe
and, especially, in early-type galaxies has spectra similar to LINERS (Heckman 1980;
Ho et al. 1995, 1997). In principle, LINERs are less luminous than Seyfert galaxies or
quasars and some times they are synonymous to low luminosity AGN, though there
are some exceptions in this rule (e.g. Filippenko 1993) and thus low luminosity AGN
are not all LINERs. LINERs may have weak broad lines (~20%), and by analogy to
Seyfert galaxies they are divided into LINERs type I and type II in the presence or
not of broad emission lines. Furthermore, when comparing the strength of the X-ray
and radio emission, LINERs tend to be radio-loud (Terashima & Wilson 2003). This
agrees well with the work of Ho (1999, 2002) that showed that radio-loudness is a com-
mon feature in nearby accreting AGN. LINERS are usualy defined by one or two line
intensity ratios. The most common ratios are [OII]/[OIII]>1 or/and [OI]/[OIIl]>1/3
and NII/Ha>0.6 or [OIII]/Hb<3 (Veilleux & Osterbrock 1987; Kewley et al. 2006).
The true nature of LINERS is debated as their power source is still unclear. There are
many evidences indicating that an AGN is responsible for the low ionization emission
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lines, but with lower ionization parameters than Seyfert galaxies (Heckman 1980; Ho
et al. 1993). Some of them a) have double-peakes broad Balmer lines (Bower et al.
1996; Storchi-Bergmann et al. 1997; Eracleous & Halpern 2001), b) have compact
radio cores (Falcke et al. 2000; Ulvestad & Ho 2001; Filho et al. 2002, 2004; Anderson
et al. 2004), ¢) have evidence of hard X-ray spectra (Terashima et al. 2000; Ho et al.
2001) and/or d) show UV variability (Maoz et al. 2005). On the other hand, there are
some different interpretation of the emission of LINERs, such as fast socks (Heckman
1980; Dopita & Sutherland 1995; Lipari et al. 2004), photoionization by hot stars
(Filippenko & Terlevich 1992; Shields 1992; Maoz et al. 1998; Barth & Shields 2000)
or photoionization by an old, metal-rich stellar population (Taniguchi et al. 2000;
Alonso-Herrero et al. 2000). Concerning the low ionization region, it is observed in
extra-nuclear regions and it is though that is connected with large-scale outflows and
related shocks (Lipari et al. 2004) or with regions shocked by radio-jets (Cecil et al.
2000).

Blazars are characterized by non-thermal emission and rapid high amplitude vari-
ability from minutes to years and the emission in almost all band (optical, radio,
X-rays) is polarized. The strong radio emission originates in the jets that have di-
rection towards the observer and outshine the rest of the central engine and the host
galaxy that are usually giant elliptical galaxies. The main categories of blazars are a)
the Flat Spectrum Radio Quasars (FSRQs), b) the BL Lac objects and, ¢) the Steep
Spectrum Radio quasars (SSRQs) with very steep spectra, while there are plenty
of other sub-classes (LPQs or lobe-dominated SSRQs, OVVQs and core-dominated,
etc.). Efforts to understand the physical processes that differentiate the classes of BL
Lacs and FSRQs have been made from many authors. For example, in Boula et al.
(2019) they used a one-zone leptonic model with only one free parameter, the mass
accretion rate, to reproduce the blazar sequence observed for the different classes.

Radio galaxies are characterized by extended radio emission and could be split into
Fanaroff-Riley I (FR Is) and Fanaroff-Riley II (FR IIs) based on differences in the
jets (morphology) and the power of the radio-waves (Fanaroff & Riley 1974). FR
Is: a) usually have jets that do not have hot spots, b) areas of increased brightness
are those located near the central core while brightness is reduced in the outermost
regions, ¢) there is no need of any obscurial material, such as the torus component,
that would hide the central engine in the direction of the observer (Chiaberge 2004),
d) do not have emission lines and, in general, are considered as low-brightness AGN,
and, e) may have jet in one direction only (one-sided) or in both directions (double
sided). FR IIs: a) display aligned jets with prominent hot spots on the edges of the
lobes, b) unlike FR Is, the presence of material with high optically depth (optically
thick) is generally acceptable that conceals the central area of teh AGN, ¢) areas of
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high brightness are those considered to be far from the center (e.g. edge brightened).

1.3 The Unified Model

As discussed in the previous section, there is a big variety of AGN classes that arises
from the different detection criteria and the wavelengths AGN are observed. Though,
despite the differences between the AGN classes, there were some common character-
istic that led to the idea of a unique and simple model that would explain physically
or observationally the distinct AGN classes. Such unification theories were initially
appeared in 1970’s with the idea that inside the Seyfert galaxies exceeds faint quasars
(Weedman 1973; Penston et al. 1974). This was in agreement with the work of Kris-
tian (1973) that found quasars with extended host galaxies and not being point-like
sources. Rowan-Robinson (1977) was the first trying to unify the Seyfert galaxies
and the radio sources and he made the assumption of an obscuring by dust material
that attenuates the broad line emission and it is responsible for the type I and type
IT classification. Even though, he was correct partially, he did not take into account
the beaming effect. The latter was approached by Blandford & Rees (1978) doing a
beaming unification in which for example the blazars have its beaming axis toward
the observer. Scheuer & Readhead (1979) further tried to unify the the radio-quiet
and the radio-loud AGN. Later on, the idea was extended to radio-lobe and radio-core
dominated galaxies Orr & Browne (1982); Kapahi & Saikia (1982) and the radio-loud
galaxies and the quasars (Barthel 1989). In many studies (Antonucci 1984; Antonucci
& Miller 1985; Miller et al. 1991), the search for a connection between Seyfert galaxies
of type I and type II led to the first evidence that there is an anisotropic obscuring
material (mainly dust) in AGN. In particular, using spectropalrimetry in the pro-
totype of Seyfert type II galaxy, NGC 1068, they found broad permitted lines that
appear usually in Seyfert type I galaxies. Thus, in type II AGN there is an optically
thick obscuring material that hides the BLR.

With the reviews of Antonucci (1993) and Urry & Padovani (1995), the Unified
model became very shortly broadly accepted. In this scheme, there are two different
types of AGN, the radio-quiet and the radio-loud AGN, and the variety of all the
AGN classes observed is due to an obscuring material between the central engine and
the observer, while the different classes could be explained in terms of the viewing
angle. In Figure 1.4, an artistic view of the Unified model is shown by Beckmann &
Shrader (2012). The different components that are included in the current picture of
the AGN will be discussed in detail in the next section, while they can be summarized
as follows:
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e A super-massive black hole in the nucleus with mass in the order of 10%-10° Mo
and size Ry<<107 pc.

e An accretion disc that sourounds the SMBH (rg;5.<<0.1 pc) constituted by hot
(10%-10° K) and optically thick ionized gas.

e The Broad Line Region (0.01-0.1 pc) with dense, ionized by the accretion disc
gas clouds with very high velocities producing the broad emission lines observed
in spectra.

e A dust molecular torus that hides the central engine of the AGN (1-10 pc) with
the inner border set by the dust sublimation temperature (T,;,=1500 K).

e A hot corona near the central engine that emits in the X-ray regime.

e In larger distances (10-100 pc) there are less dense gas clouds of lower velocities
responsible for permitted and forbidden narrow emission lines

e Relativistic jets that are created at 100*Rg from the SMBH with sizes of 0.01-
108 pe.

Other evidences that both types of Seyfert galaxies have the same central engine
was through X-ray and IR observations. Lawrence & Elvis (1982) found higher column
densities of absorbed gas in Seyferts II galaxies compared to those of type I and
Goodrich et al. (1994); Ruiz et al. (1994) using near-infrared observations where the
opacity is much lower than the optical regime identified broad permitted emission
lines in a sample of Seyfert type II galaxies. Moreover, in Page et al. (1997) and
Hasinger et al. (1998) the majority of AGN with broad emission lines are unobscured
in the X-ray regime. Another strong argument supporting the Unified model is the
existence of the torus itself. From the late 1990’s Gallimore et al. (1997); Jaffe et al.
(2004); Capetti et al. (2005) up to more recent observations (Garcia-Burillo et al.
2016a; Carilli et al. 2019) the structure of the torus can be observable.

One of the main difference between the AGN sub-classes is the presence or not of
broad emission lines in the optical spectra. The Unified model suggests that all sources
have the same intrinsic mechanism, but their observational properties are different.
Since, the broad and narrow regions lie in different regions, this could be imprinted
in the spectra. For example, for small viewing angles where the AGN is seen edge-on,
the NLR is observable but not the BLR, because the NLR is more extended than the
BLR and the obscuration torus hides the central components, such as the accretion
disc and the BLR. In this case, the spectrum of a source would have only narrow
lines indicating a Seyfert galaxy or a quasar of type II. On the other hand, large
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Figure 1.4: A schematic view of the AGN Unified model by Beckmann & Shrader
(2012).

viewing angles allow the observation inside the torus of both the broad and narrow
line regions and also the accretion disc, thus in the spectra there is a superposition of
broad and narrow lines similar to Seyfert galaxies of type I. Following the same logic
in the X-ray regime, for small viewing angles the X-ray radiation from the central
engine is absorbed and this can be interpreted with high column densities (N >10%2)
of the torus (type II AGN), while for large viewing angles the X-ray emitting region
is observable and thus there is no obscuration (Ny<10%?), such in type I AGN.

As the majority of the different AGN classes could be explained with the orienta-
tion effect, many studies have tried to understand the transition from the radio-quiet
(non- or sub- relativistic radial outflows) to radio-loud AGN (relativistic jets). For
example, this difference in outflows was suggested to be attributed to the BH spin
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(Blandford 1990; Wilson & Colbert 1995), to the host galaxy type and properties
(Smith et al. 1986) or to the mass accretion rate (Rees et al. 1982). Though, in
Tsinganos et al. (2001), it was the first time that a quantitative physical criterion was
proposed to explain the differences in the radio-loudness based on analytical model
of Magneto-Hydro-Dynamic (MHD) outflows from a magnetic and rotating BH. In
particular, they introduced the magnetic rotator parameter, €, that depends on the
efficiency of the magnetic rotator and the pressure gradient inside the streamlines
of the jets that is affected by the environment the jet propagates. Previous works
in MHD analytical solutions and the formation and morphology of collimated jets
included Sauty & Tsinganos (1994) and Sauty et al. (1999). This magnetic rotator
could explain the different class of AGN in addition to the viewing angle. Figure 1.5
presents a unified scheme including this parameter (vertical axis). Thus, the transi-
tion from radio-quiet (upper) to FRI and further to FRII could be explained with the
efficiency of the magnetic rotator and also the environment.
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Figure 1.5: The AGN unification scheme proposed by Tsinganos et al. (2001) that
includes a quantitative physical criterion to explain the radio-loudness transition.
Image credits: Prof. K. Tsinganos.
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However, the Unified model does not seem to be applied in all the cases. For
example, Tran (2001) studied Seyfert galaxies of type IT and they found a high fraction
of sources with no polarization as expected, so the orientation effect was not consistent
in these galaxies and other, probably intrinsic mechanisms, should be taken into
account. Netzer (2015) claimed that this fraction is around 30% in the Local Universe.
Moreover, the recent years, there are many studies showing that some AGN change
spectral types within a few years, the so-called Changing-look AGN. For example,
an initially type 1.5 Seyfert galaxy could change to type 1 and later on in type
2, such as the Mrk 590 (Denney et al. 2014). Such a behaviour would result in a
variable obscuration material or an accretion rate that varies with time. Mateos
et al. (2016) also supported that the Unified model cannot explain different covering
factors measured in type I and type II AGN in terms only of the orientation and the
nature of the obscuring torus should be further investigated.

1.4 AGN structure

Nowadays, the paradigm responsible for the huge amount of energy released from
the AGN is the presence of a central engine composed of a super massive black hole
and a accretion disc from which matter falls inwards the SMBH. Other components
of the AGN structure are the broad and narrow emission line regions, the dusty
torus, a hot corona and/or relativistic jets. Behind these structures, different physical
phenomena occur resulting in a multi-wavelength emission. The energy emitted from
the different components covers the full electromagnetic spectrum from ~-rays to
radio wavelengths. In Figure 1.6, a typical spectral energy distribution (SED) of
AGN is shown. In this section, the structure of the AGN will be presented with the
corresponding emission features after a brief introduction in the power that could be
produced by accretion.

1.4.1 Super massive black holes

The black holes are region in space-time with such a high gravitational potential that
even the light cannot escape and they are surrounded by the event horizon in which
the escape velocity is higher than the speed of light. BH can characterized only by
three parameters: the mass, the spin and the charge. Applying the General Relativity
theory (Einstein 1916) and taking into account the influence of the matter on the
geometry of the space-time, Schwarzschild (1916) gave the solution for a neutral, non-
rotating black hole with the event horizon radius given by Rg = 2GM/c?, where g is
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Figure 1.6: A schematic view of a multi-wavelength SED of AGN from radio to
~v-rays. The different colours represent different components of the AGN structure as
indicated. The image was taken from Harrison (2014).

the Gravitational constant, M the mass of the black hole and ¢ the speed of light. The
solution for rotational black holes was given by (Kerr 1963). Rees (1978) gave three
possible scenarios for the formations of black holes: a) gravitationally collapse of many
stars or of massive primordial clouds (Dokuchaev et al. 2007), remnant of population
[T stars, c¢) formation of dense cluster and runaway collisions. None of these can
be ruled out nowadays, since there are limitations in the high-redshift observations
(Volonteri 2010). Then, these stellar BHs become the seeds of the SMBHs in the
center of galaxies (Lynden-Bell 1969; Rees & Volonteri 2007) as they grow by accretion
matter or by merging with other stars or black holes. The SMBH mass ranges between
10°—109M, (Lynden-Bell 1969; Lauer et al. 2007). The most extreme cases were found
at redshift higher than six when the Universe was less than 700 Myr old with masses
exceeding 109 M, (Mortlock et al. 2011; Banados et al. 2016; Mazzucchelli et al. 2017).
The big question raised from these observations and it is still unclear was how these
BHs formed in the early Universe (Volonteri 2014; Banados et al. 2018). Moreover, the
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SMBHs evolve slowly with time (Vika et al. 2009) and, thus, the accretion process may
not explain the most extreme cases of black hole masses (Mayer et al. 2010). Finally,
there are correlations between the black hole mass with the host galaxy properties,
such as the bulge mass and the velocity dispersion (Kormendy & Ho 2013).

GRMHD Blurred GRMHD

MS7 April 6

0 10 20 30
Brightness Temperature (107 K)

Figure 1.7: The first image of a SMBH in M87 (left), the image expected from
General relativity and Magneto-Hydro-Dynamics simulations (right) and the expected
image with the telescope biases. The image was taken from Event Horizon Telescope
Collaboration et al. (2019).

The first evidence of the BH existence found in IR observations. In Genzel et al.
(1996); Ghez et al. (1998), stars orbit around an invisible object in the center of
the Milky Way suggesting a heavy and compact object. The mass of Sgr A* was
estimated equal to 4.4 x 10°M,. Other methods for finding BH masses relies on:
a) the broadening of several emission lines, such as broad Ha (Greene & Ho 2005b)
and Hb (Trakhtenbrot & Netzer 2012) emission lines, b) reverberation mapping with
Bentz & Katz (2015) providing an AGN catalogue with the majority of them having
BH masses between 10° — 109M,, (Koss et al. 2017) consistent with the theoretically
models and c) stellar velocity dispersion (Greene & Ho 2005a; Dasyra et al. 2008,
2010, 2011). The latter indicates that the accretion history of the BHs are linked with
the evolution of the galaxy in the Local Universe (Ferrarese & Ford 2005). Another
evidence of the existence of the BHs can be given by the Soltan argument. The cosmic
X-ray background that is observed in the X-ray spectrum peaking at ~30 keV consists
of the emission of AGN and a small fraction of small X-ray clusters or/and starbusrts
galaxies (Gilli et al. 2007). Assuming a specific radiative efficiency and the fact that
SMBHs grow in time, the SMBH density can be derived by the radiation density
from the AGN. The initial idea of this argument was given by Soltan (1982) and it
provides an observational limit of the BH density in the Universe. The latter was
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measured by Marconi et al. (2004) and found values equal to p = 4 x 105 My Mpc=3.
The first direct view of a SMBH was observed with the Event Horizon Telescope
(EHT) in M87 (Event Horizon Telescope Collaboration et al. 2019). EHT linking
telescopes at millimetre wavelengths around the world reached spatial resolution up
to 25 mas that corresponds to 0.035 pc in the case of M87. In Figure 1.7, it is shown
the first image of a SMBH in M87 (left), the image expected from General relativity
and Magneto-Hydro-Dynamics simulations (right) and the expected image with the
telescope biases.

1.4.2 Energy produced through accretion

One main characteristic of the AGN that separates them from the other galactic
and extra-galactic sources is the release of huge amount of energy with luminosities
up to 106 ergs st. Nowadays, it is commonly accepted that inside the AGN there
is a super-massive black hole that accretes mater from a disc around it. In this
picture, the energy released is due to the conversion of gravitational energy into heat
and radiation. Assuming a particle with mass dm originally located very far from
the black hole (for simplicity in the infinity) is captured by the accretion disc in a
circular orbit with radius r around the black hole. Then, the centripetal equilibrium

balance for the mass particle dm gives:

dmu? _ GMdm

1.1
= (1.1)

where M is the mass of the black hole. In the circular orbit, the particle has negative
total energy. As the initial energy, F., in its original position, was zero, the release
of the extra energy, dF,.., should be due to viscosity in the accretion disc:

1 Md
B = Bog — E, = 0 — <—dmv2 _¢ m) . (1.2)
2 r
From the equations 1.1 and 1.2 there is:
1GM 2
dE,. — Em_ (1.3)
r

Considering the Schwarzschild radius of the black hole (R, = 2GM/c?), the previous

equation gives:
1 R,dmc?
AdBgee = ——> . 1.4
4 r (14)

The luminosity, L., produced by this accretion is:

dFE e 1Ry .
= ——m 1.
dt 4 r € (1.5)

Lacc =
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where 1 = dm/dt is the accretion rate of the material into the black hole. The latter
equation, further, can be written as:

Lace = ninc?, (1.6)

where n = (R, /4r) denotes the efficiency factor that converts the potential energy to
radiation. The efficiency factor may vary in the range between 6 and 42% (Krolik
1999), as the accretion rate depends on the mass of the black hole and the distance
(compactness of the source). The maximum value can be reached by a maximally
spinning black hole (Novikov & Thorne 1973; Fanidakis et al. 2011). Typical values
for AGN are close to n = 10%, such as in the case of 3C 273 (Marconi et al. 2004;
Merloni 2004). These values are in agreement with observations of quasars with
values 7 ~ 6 — 30% (Davis & Laor 2011). For comparison, the efficiency of hydrogen
fusion into helium during the thermonuclear reactions occurring in the core of the
stars is equal to 7 = 0.007. Therefore, the accretion matter is a very efficient way
of producing the huge amounts of radiation produced in the center of the AGN.
This could not be explained just by nuclear reactions inside the stars. Finally, the
efficiency factor depends strongly on the spin of the black hole and in this case, the
energy released will be much larger (Shapiro & Teukolsky 1983). In the case of the
Milky way, the equation 1.6 could explain its low luminosity compared to that of
AGN as the accretion rate is too low or its efficiency process is very small.

1.4.3 Growth of SMBHs

Assuming a steady, spherically symmetric and non-rotating accretion of a fully ionized
gas (e.g. hydrogen), there is a maximum luminosity that can be reached from the
accreting object that depends only from its mass (Eddington 1916). According to
the hydro-static equilibrium, the Eddington luminosity (or Eddington limit) could be
defined when the gravitational force is equal to the radiation pressure. The radial
component of the gravitational force onto an electron-proton pair (electromagnetically
coupled), with masses me and mp respectively, is:
GM(my+m.)  GMm,

F rav — -
g T2 7«2

, (1.7)

where G is the gravitational constant, M is the mass of the accreting object and
assuming the mass of the electron negligible compared to that of the proton (m, =
2000m.). On the other hand, a photon with energy hv and luminosity L has flux
L/47r?, thus the number of the photons will be:
L
N,

hot — .
P dmr2hy

(1.8)
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The radiation pressure related to the momentum transferred from photons to electrons
is:

O'TLhI/

_— 1.9
cArrihy’ (1.9)

Frad = UTNphotp =

where o7 = 6.65 x 107%em? is the Thomson scattering cross-section and the mo-
mentum is defines as p = hv. Satisfying the condition of the energy production, the
radiation power should be lower than the gravitational force:

Frad S Fgrana (110)

thus by replacing these quantities with equations 1.7 and 1.9 the Eddington luminos-
ity, Lepp, can be given by:
L GM ArGM
orl _GMm, ___ . 4¢GMmc
cdmr? 72 oT

o

M
=1.26 x 10% <ﬁ> ergs”' (1.11)

So, the Lppp is depending only from the mass of the accreting object. Theoretically,
if the luminosity is higher than the Lgpp, then the ionized gas is expelled by the
radiation pressure and the accretion will be halted resulting in a natural feedback
process with a limiting accretion rate. This accretion rate, the Eddington accretion
rate Mgpp can be inferred by setting the accretion luminosity (eq. 1.6) equal to the
Eddington luminosity (eq. 1.11):

. Lgpp Mpy n o\t 1
Mepp — ~ 2.2 (-) Myr1. 1.12
BDD = 7 (108Mo) 01) Moy (1.12)

Further, the Eddington ratio defined as Aggq = Lpo/LEdq should be less than one
(for larger luminosities than Lpggy the accretion stops) and is thought to regulate the
SMBH growth over cosmic time being valid for both low and high redshifts (Schulze &
Wisotzki 2010; Nobuta et al. 2012; Suh et al. 2015). In reality, though, the geometry
of the accretion is rather axially than spherical symmetric as assumed here and there
could be luminosities higher than the Lgpp with Super-Eddington accretion rates.
Indeed, Super-Eddington accretion periods are believed to be plausible (Zubovas &
King 2013) and may even be necessary to explain the fast growth of the first SMBHs
(Volonteri 2012).

1.4.4 Accretion disc

The simplest case of accretion onto a black hole is the spherical accretion (Bondi
1952) where the motion is steady and spherically symmetrical with the gas being at
rest. In this case, the accretion rate can be given by:

Mpondi = 4T R% 1pp.ACs, (1.13)
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where Rp4 = 2G M /c? is the radius in which the escape velocity is equal to the speed
of sound (c¢s) and pap is the gas density at this radius. Though, in this case the
efficiency of producing such high energies observed in AGN is too low. The solution
given was an optically thick geometrically thin accretion disc introduced by Shakura
(1972) and developed by Shakura & Sunyaev (1973), in which the accretion disc
transfers angular momentum outward and track the gas inward onto the black hole
maximizing the efficiency. The loss of the angular momentum is due to viscosity driven
by magnetic instabilities (Balbus & Hawley 1991) or due to mass and momentum loss
through winds (Ostriker et al. 2010) or both. The relativistic version of this standard
model of accretion disc was given by Novikov & Thorne (1973). In the standard
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Figure 1.8: Multi-colour black body SED emitted by a standard accretion disc.
Image credit: Lecture by D.P. Dullemond.

model, the radial profile of the gas temperature is:
R\ ¥4
T(R)=T % (ﬁ) . (1.14)

The total radiation coming from the accretion disc can be interpreted as a multi-colour
black body emission (Fig. 1.8) with the super-imposition of different Planck curves.
Each part of the disc has a given temperature at a specific radius from the black hole
and the monochromatic surface brightness of such independent black bodies is given
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by Rybicki & Lightman (1986) equation:

Bo(T(R) = =g ——. (1.15)
e~BT(R)

It can be shown that the spectrum is proportional to v*/? between frequencies corre-
sponding to the minimum and maximum distance from the black hole. In the case
of low frequencies, the spectrum follows a Rayleigh-Jeans relation (I o< v?), while for
hv > kt(R;,) the thermal emission is represented by the Wien law with a cut-off in
the inner part. Thus, the maximum temperature of the accretion disc is found in the
inner part of the disc at the Schwarzschild radius of the BH:

. 1/4 _1/4
Te = 1.4 x 10° | — ( 1 )_1/4 M K (1.16)
e 0.1M g 0.08 107 M, ‘ ‘

In the case of Seyfert 1, the maximum temperature is T},q, = 10° K that corre-

sponds to kT = 12 ev. Thus the emission of the accretion disc is prominent in the
UV area and cannot account for the X-ray emission.

Other models similar to the optically thick geometrically thin accretion disc
model has been proposed in the literature and include a) the SLE (Shapiro, Lightman
& Eardly) solution where there are two temperature optically thin plasma accreting
at the Eddington rate (Shapiro et al. 1976), b) The Advection-Dominated Accretion
Flow (ADAF) model with a an optically thick for Super-Eddington accretion rates
(Katz 1977; Abramowicz et al. 1988) or an optically thin disc for sub-Eddington
accretion rates (Narayan & Yi 1994) and, c¢) more lately, a model that instead of

an accretion disc, there is accretion of matter in clumps (Courvoisier & Tiirler 2005;
Ishibashi & Courvoisier 2009).

1.4.5 Emission Line Regions

As mentioned in previous sections, the spectral observations of AGN resulted into
division of broad and narrow line regions as independent components of the central
engine with the narrow line region being much more extended, since there is no
variable features in objects with large continuum variations. These regions are very
distinct with each other in terms of velocity, density and geometry. In Figure 1.9
there is schematic view of these regions. Lately, though, an intermediate component
found indicating the existence of an intermediate line region. In the following, the
physical properties of these regions are given.
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Figure 1.9: A schematic view of the AGN components. The image was taken from
Ramos Almeida & Ricci (2017)

The Broad Line Region (BLR) constitutes of gaseous clouds very close to the
actively accreting SMBH that produce broad emission lines, such as the Hydrogen
Balmer lines and the lyman Series. Responsible for these lines is the photo-ionization
of gas by far/extreme UV continuum radiation originated in the accretion disc (Bah-
call et al. 1972; Davidson & Netzer 1979). Recombination by de-excitation and cas-
cade emission is followed (Netzer 2013). These lines are broad with the widths corre-
sponding to thousand of km/s (Peterson 2006) caused by the Doppler broadening due
to Keplerian bulk motions of the gas around the SMBH (Clavel et al. 1991). The size
of the BLR is a few light days for Seyfert galaxies, while it can be extended from tens
up to hundreds light days in the case of quasars (Kaspi et al. 2000; Bentz et al. 2013;
Hoormann et al. 2019). The temperature of the ionized gas is around 10* K (Popovié¢
2003) and its density is at least 108 cm~3. The observed broad line profiles are not yet
fully understood and there are many physical explanations for its structure. These
include streaming of gas in a bi-conical structure (Corbett et al. 2000), spherical dis-
tribution clouds around the SMBH (Goad & Wanders 1996), two-component model
or relativistic Keplerian disc (Strateva et al. 2003). Though, more recently, Gravity
Collaboration et al. (2018) spatially resolved the BLR of 3C 273 AGN in sub-pc scale
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and the BLR seems to be located close to the illuminated side of the dusty torus with
a disc-like geometry (Baskin & Laor 2018).

The Narrow Line Region (NLR) is a gaseous region much further than the BLR
and constitutes a natural continuation of the polar winds. The gas is ionized by ra-
diation originate in the central region of the AGN (e.g. accretion disc, corona) or by
socks due to interactions between outflows and interstellar medium (Afanasiev et al.
2007; King & Pounds 2015). The size of the NLR correlates with the luminosity of
some emission lines (O III) and it usually is 100-1000 pc long, but it may reach up to
a few kpc in the case of the most luminous AGN (Netzer 2013). Because of its size,
NLR is resolved in optical or infrared images and its bi-conical nature can be revealed
(Tadhunter & Tsvetanov 1989) that agrees well with the Unified model. Progress in
the NLR structure has been achieved with using integral field spectroscopy creating
a de-projected 2D-map with the inferred velocities of the ionized gas. Further, some
observations showed in addition to a rotational structure also outflows with rate 2-3
orders higher than the accretion rate, indicating that these outflows are loaded by
mass in the surrounding interstellar medium (Miiller-Sédnchez et al. 2011). Unlike
BLR, the NLR lack broad emission lines in their spectra and instead there are per-
mitted and forbidden narrow emission lines similar to H II regions or the planetary
nebula, but the range of the ionization parameter is much more wider (Osterbrock
& Ferland 2006). The spectra of this ionized gas include some narrow permitted
lines, such as the Hydrogen Balmer lines (H I, He I, He II), and also some forbid-
den lines. The most prominent and strong lines though are [OIIIJA A 4959,5007,
[INTI]A A\6548,6583, [OII]A A6300,6364, [SII|A A6716,6731, [NellI]A3869, [NeV]A3426,
and some times the [FeVII]A6087 and [FeX]\6375. The forbidden lines are indicative
for the electron low density, as they may be formed due to collisional excitation of
electron to a meta-stable state that the following de-excitation can produce radiation.
The widths of the lines varies between 200 and 1000 km s-1 and by using line diag-
nostic ratios (e.g. [OIII] or [NII]), it is possible to derive the physical properties of the
NLR, such as the temperature (10* K) or the electron concentration (102 — 10*cm™3)
that is much lower compared to BLR (Osterbrock & Ferland 2006).

The Intermediate Line Region (ILR) is thought to located between the BLR
and NLR and constituted by gas clouds with intermediate density that is imprinted
as an extra component in the spectra. Initially, it was too difficult to explain the
significant suppression of the emission lines in the region between the BLR and NLR
in the majority of the AGN (Osterbrock & Ferland 2006; Boroson & Green 1992).
Netzer & Laor (1993) suggested that responsible is the dust suppression. Though,
there are some observations that favor the existence of an intermediate line region.
Brotherton et al. (1994); Mason et al. (1996); Crenshaw & Kraemer (2007) found
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emission lines with velocities near 1000 kms-1. Then, spectral analysis showed the
existence of intermediate width components in the spectra of some AGN located
in the inner 3 pc (Hu et al. 2008; Crenshaw et al. 2009; Li et al. 2015). Though,
there is need for more observations with high spatial resolution to securely define an
intermediate region.

1.4.6 The Dusty Torus

As already mentioned, the AGN Unified model suggested that the central engine is
surrounded by a geometrically thick dusty torus (Antonucci 1993; Urry & Padovani
1995). The existence of such a toroidal structure blocks the direct emission from
the central engine of the AGN (accretion disc, BLR, corona) by reprocessing the
UV and optical photons and re-emitting in the IR wavelengths (Rees et al. 1969).
Furthermore, it collimates the emission and, thus, it is responsible for the bi-conical
shape of the ionization cone (Kishimoto et al. 2011). The parameter that describes
this cone is the opening angle and it has be shown that correlates with luminosity
and most probably with the Eddington accretion rate (Lawrence 1991; Simpson 2005;
Oh et al. 2015). This toroidal structure is different for different sources and through
sub-mm (Imanishi et al. 2016; Garcia-Burillo et al. 2016b; Gallimore et al. 2016)
and MIR imaging (Packham et al. 2005; Radomski et al. 2008) and interferometry
(Burtscher et al. 2013) its size is constraint between 0.1 and 10 pc. The outer radius
of the torus can be defined from the gravitational sphere influence of the SMBHs at
~10 pc (Alexander & Hickox 2012). The inner region of the torus is thought to be
less than 1 pc and it is limited by the dust sublimation temperature that depends on
the luminosity, /4 (Barvainis 1987; Suganuma et al. 2006; Kishimoto et al. 2011).
In Figure 1.10, the most recent view of the torus in Cygnus A is shown in the radio
(Carilli et al. 2019) in addition to an artistic view.

Initially, a very simplified torus model was considered with a smooth and homo-
geneous dust density distribution (Krolik 1992; Efstathiou & Rowan-Robinson 1995;
Efstathiou et al. 2013; Fritz et al. 2006). Though, Krolik & Begelman (1988) and
many studies after started to reconsider the torus structure inclining in a clumpy
distribution rather than homogeneous. The first observational evidences from Tris-
tram et al. (2007); Burtscher et al. (2009) supported this idea. Further advance
in computational capabilities allowed simulations of clumpy models (Nenkova et al.
2001, 2008b; Honig et al. 2006; Honig & Kishimoto 2010; Schartmann et al. 2008;
Stalevski et al. 2012) with results in agreement with the observations and they could
explain the differences in the silicate strength of type 1 and type II AGN (Nikutta
et al. 2009). More recent observations with high angular resolution (Honig et al.

26



CHAPTER 1. INTRODUCTION

Figure 1.10: An artistic view of the torus of Cugnus A (right), while in the left
panel the real image in radio is shown from Carilli et al. (2019).

2012, 2013; Tristram et al. 2014; Lépez-Gonzaga et al. 2016; Leftley et al. 2018) are
inconsistent with the radiative transfer models from IR interferometry or the IR, SED
fitting results. The inferred structure of the torus included two components rather
that a single torus classical smooth or clumpy one. The elements of this new picture
constitutes of an equatorial thin disc with a polar extended feature originated in the
dust winds forming a hollow cone and defining the NLR edges (Honig & Kishimoto
2017; Stalevski et al. 2017; Honig 2019).

1.4.7 The Hot Corona

The hot corona is composed by a hot cloud of electrons located very close to the
center of the accretion disc (Haardt & Maraschi 1993). The hot plasma probably
is analogous to the solar corona, hence this name was given by Galeev et al. (1979).
Reverbaration mapping of prominent emission lines and micro-lensing analysis suggest
that the corona is relatively small and has a radius, R.<10*R,, where R, is the
gravitational radius of the black hole (Fabian et al. 2009; Chartas et al. 2009). Many
studies suggested different models for the corona geometry. Some of those are: a)
a hot sphere around the SMBH (Zdziarski et al. 1994), b) the hot planes parallel
covering the cold accretion disc (Haardt & Maraschi 1991; Haardt et al. 1994), ¢) an
inner hot sphere plus an inner warm disc (Kubota & Done 2018), d) a ”lamp-post”
corona (Matt et al. 1991; Miniutti & Fabian 2004; Petrucci & Henri 1997) or more
extended filling the inner part of the accretion disc. Furthermore, nowadays, it is
still unclear whether the coronal plasma is a continuous or it is a patchy medium
(Petrucci et al. 2013).

The shape of the spectral energy distribution of the corona could be represented
by a power-law continuum. In addition to this, there is a reprocessed radiation by the
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Figure 1.11: Upper: The typical X-ray spectrum of AGN with its main components,
the primary continuum (yellow), the Compton hump, the soft excess and the absorp-
tion Fe Ka line. Image credits: Fabian (2006). Lower: The effect of the absorption
on the X-ray spectrum (Treister & Urry 2012). The different spectra correspond to
different values of the hydrogen column densities, Ny, as indicated.

other elements of the AGN, such as the torus, the BLR region and the accretion disc.
This is reflected in the X-ray spectrum imprinting some characteristic features as the
iron Ka emission line, the soft excess or/and the Compton hump. In Figure 1.11
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(upper), the SED of the X-ray spectrum is shown with its different components:

The power-law continuum has a very high-energy turn-over (a few hundreds of
keV) and it is suggestive of Comptonization of thermal electrons (Haardt & Maraschi
1991). Optical and UV photons from the accretion disc are efficiently up-scattered by
the relative electrons in the corona and produce the X-ray emission. The energy cut-
off is dependent only on the temperature of the electrons (Shapiro et al. 1976; Rybicki
& Lightman 1979) and different studies used hard X-ray spectroscopy observations
(with the BeppSAX, INTEGRAL and Swift/BAT) found that it varies from 50 up
to 300 keV (Dadina 2007; de Rosa et al. 2012; Ricci et al. 2018). In Seyfert galaxies,
this cut-off ranges between 100-300 keV. The primary X-ray continuum was given by
Elvis et al. (1978):

F(E) = kE™" photons em™ s keV ™!, (1.17)

where k is a normalization factor of the power-law at 1 keV and I' is the photon
index. The slope of the power-law spectra in the X-ray band ranges between gamma
1.6 and 2.2 (Bianchi et al. 2009; Sobolewska & Papadakis 2009) and depends on the
optical depth and the temperature of the scattered medium. For radio-quiet galaxies
it is equal to Gamma=1.8-2 (Dadina 2008; Beckmann et al. 2009), while for type I
and type II AGN it has values of 1.83 and 1.90, respectively (Brightman & Nandra
2011). In the case of radio-loud AGN the spectrum is more flat. Furthermore, there
is a debate if there is a correlation between the physical parameters (optical depth,
temperature, cut-off) of the corona and the SMBH properties. In particular, Tortosa
et al. (2018) found an anti-correlation between the optical depth and the temperature
and no correlation between these parameters and the BH mass, the accretion rate or
the intrinsic spectral slope, while Ricci et al. (2018) found that the cut-off is depended
on the Eddington ratio.

The iron Ka line is present in almost all AGN. Part of the radiation coming from
the accretion disc and corona interacts with the BLR and the result is the Fe Ka
emission line at 1=6.4 keV. This is a fluorescence line of an L to K shell electron
transition. This is happened when X-ray photons ionize the atom from the L shell
and then an outer electron fills the energy state and emits to the transition energy
from the electron (Barr et al. 1985). In reality, the Fe Ka complex consists of multiple
lines, though higher resolution in spectrometers is needed to distinguish them. The
dominant component of the Fe Ka complex has typical values of 1,000-17,000 kms-
1 (Yaqoob & Padmanabhan 2004), while it can be distorted due to gravitational
redshifting, Doppler boosting and broadening.

The Compton hump is the second reflection component observed at 30-40 keV
(George & Fabian 1991; Ross & Fabian 2005; Garcia & Kallman 2010; Fabian &
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Ross 2010) and this is believed to come from the super-position of two components:
a) reflection from the inner part of the accretion flow and b) reflection by material
located further away, such as the BLR and/or the torus. The emission of the Compton
hump consists of a few percent of the primary X-ray emission in the 2-10 keV band
(Comastri et al. 2010; Balokovié et al. 2014; Ricci et al. 2017), while in many studies
it appears mostly in mildly obscured AGN with column densities Ny = 1023724 cm =2
(Ricci et al. 2011; Esposito & Walter 2016; Zappacosta et al. 2018). Panagiotou &
Walter (2019) showed that the main reflection of unobsured and obscured sources
comes from the accretion disc and the clumpy torus, respectively.

The soft excess is present in the majority of Seyfert 1 galaxies at energies below 1-2
keV (Pravdo et al. 1981; Singh et al. 1985; Arnaud et al. 1985). Its origin is still a
matter of debate (Petrucci et al. 2018; Garcia et al. 2019; Middei et al. 2019). It may
have different origin for the absorbed and unabsorbed AGN. In the second case, it
may come from blurred reflection from the disc, smeared absorption by ionized winds
or a second cooler corona.

Absorption The X-ray emission may be affected by absorption mainly due to two
processes. The first one is the photoelectric absorption that depends strongly on the
energy of the X-ray photon, especially on energies below 10 keV. In higher energies,
the absorption is not significant for column densities lower than Ny < 10%* em=2.
For different column densities, the energy cut-off of the primary power-law emission is
different as shown in Figure 1.11 (lower panel). The column density is the key factor
to characterize the type of AGN in the X-ray regime. Below the threshold Ny = 10?2
em™2 (Ricci et al. 2017), the absorption does not affect the X-ray spectrum and the
AGN are characterized as unabsorbed or type I AGN, while for values higher than
this threshold the AGN are obscured or type II AGN. The second process that affect

the observed X-ray emission is the Compton Scattering.

1.4.8 Relativistic Jets and Lobes

As mentioned in the previous sections, around 10% of the AGN have relativistic
outflows (jets) at which plasma moves with incredibly high velocities reaching the
speed of light. The material of the accretion disc is highly conducting and it produces
a magnetic field as it rotates around the black hole. The changing magnetic field
creates strong electric field capable of accelerating charged particles and boost them
from the central engine creating two jets vertical to the equatorial axis of the accretion
disc at two opposite directions. The particles spin around the dynamical lines of the
magnetic field accelerating and reaching relativistic velocities. This process produces
the Synchrotron radiation. The magnetic torques push away the angular momentum
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from the disc as the magnetic field of the disc is paired with the relativistic particle
flow, so the accreting matter moves toward the inner parts of the disc. Another

theory responsible for the accelerating particles comes from angular kinetic energy of
the black hole, the so-called Blandford-Znajck for rotating black hole (Blandford &
Znajek 1977).

Figure 1.12: The structure of the radio galaxy MS87 in different scales. All the
components, such as the jets, the lobes and the knots are resolved. This image was
taken from Blandford et al. (2019).

The two jets usually have different brightness and in some cases only one jet
is visible. This is due to the frame of the special relativity theory, the relativistic
projection and also due to orientation effects. These are also responsible for the
apparent super-luminal motions of bright spots inside the jets that move away from
the center of the jets with velocities that appear to be higher than the speed of
light (Whitney et al. 1971; Zensus 1997). Usually, the jets have lengths from kpc
to Mpc scales, while they could be continuous or forming dense and bright regions
(knots). The lobes are created as the matter in jets moves outwards the AGN. Its
energy constitutes only of kinetic energy. Though, as the jets move, the matter in the
front of the jets interacts with the interstellar and /or intergalactic medium and create
shock waves (Begelman & Cioffi 1989; Kaiser & Alexander 1997). The accumulation
and deceleration of the matter form the shape of these lobes. In Figure 1.12, the
structure of the M87 radio galaxy is shown in scales from kpc to sub-pc, where all its
components (jets, lobes, knots) are resolved with radio interferometry observations.
More details on the structure, the physics and the formation of the relativistic jets
can be found in the recent review of Blandford et al. (2019).

The spectrum of the emission produced in the jets consists of two basic com-
ponents, one in low frequencies from radio to X-rays and one in high frequencies
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(X-ray to 7y-rays). Many models have been suggested in order to reproduce these
SEDs. When considering leptonic models, the energy emitted produced through
Synchrotron radiation and also from the Inverse Compton scattering. The Comp-
ton scattering could be due to photon produced by the Synchrotron radiation (Self-
Compton, Maraschi et al. 1992; Bloom & Marscher 1996) or from external photon
fields (Dermer & Schlickeiser 1993; Finke 2013). In the case of lepto-hadronic models,
the photo-hadronic interactions are taken into account (Petropoulou & Mastichiadis
2012; Mastichiadis 2016; Cerruti et al. 2015).

1.5 AGN selection techniques

In this section, different AGN selection methods will be described in the X-ray , optical
and infrared regimes, as they will be used for the analysis and the interpretation of
the results of this thesis.

1.5.1 X-ray regime

X-ray emission is nearly a Universal property of all AGN and it is associated with
the accretion disc having a tight relation with the UV and optical emission (Lusso
& Risaliti 2016). X-ray selection provides clean and reliable samples of AGN, as
the continuum of the host galaxy is very low and the contrast is very high (Brandt
& Alexander 2015). Also, the penetrating power of X-ray emission (above 2 keV)
allows low amount of absorption by the host (Ny = 10*cm™). Usually, the AGN
are selected as those having hard X-ray luminosity higher than Ly = 10%? ergs s~
Below this limit, there is a high contamination by stellar processes originate in the
host galaxy. In particular, X-ray binaries or Ultra luminous X-ray sources (ULXs)
can have luminosities up to Ly = 10*! ergs s~!. Using the most sensitive observations
of XMM-Newton and Chandra X-ray telescopes in the energy regime E<10 keV in
the deep fields, a large sample of AGN was produced with a wide range of redshifts
and luminosities with density up to 23,900 deg? (Alexander et al. 2003; Luo et al.
2008; Brandt & Alexander 2010; Xue et al. 2011; Luo et al. 2017). The latter is an
order of magnitude larger than in the optical selection techniques. On the other hand,
the AGN selection below 10 keV is biased against the most heavily obscured AGN
due to the high absorption of the X-ray emission from the torus. The most recent
observatories Swiftand Nustar was meant to provide cleaner and more complete AGN
samples in this manner. Though, the Compton Thick AGN with column densities
higher than Ny = 10**cm™ would be still difficult to detect. Another way to identify
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AGN in the X-ray regime is to use high resolution images (mainly from nearby sources)
of the nucleus and find a point-like X-ray source near the central engine. This demands

attention for a probably contamination from X-ray binaries (Gallo et al. 2010; She
et al. 2017).

1.5.2 UV-optical-NIR regime

One of the first and pioneer method to identify AGN is through optical and UV
colours. The accretion disc has overall higher temperatures than that of the stars
resulting in an excess in the blue and UV spectrum and thus it could distinguish
them from the stellar emission. The only exception is the white dwarfs with very
strong emission in UV light only when they are young. So, looking for point-sources
brighter in the UV than the normal stars is very efficient up to z=2-2.5. Beyond this
redshift, it becomes challenging, since there is a lot of inter-galactic absorption and
the quasars are very red in the blue part of the spectrum. Colour-colour diagrams
have been used extensively in the literature to provide a large sample of AGN. In these
diagrams the AGN have a different location from the stellar locus and by combining
many colours the separation is quite easy at least for the unobsorbed sources. In the
case of obscured AGN where there is a large amount of dust that absorbed the UV
and optical light, this method is not that efficient. Another disadvantage concerns the
low luminosity AGN, since the host galaxy is the dominant emission and the colours
are strongly affected.

Spectroscopic techniques to identify AGN in the optical/UV regime rely on the
high ratio of high-ionization to low-ionization emission lines and on the presence of
very high ionization emission lines. The very first diagnostic diagram proposed by
Baldwin et al. (1981). According to this, the so-called BPT diagram, the different
population of AGN, LINERS, star-forming galaxies or composite galaxies can be dis-
tinguished by the ratio of high to low ionization ratios (Fig. 1.13, left panel) based on
the [OIII], ha, Hb and [NII] emission lines. Other studies include SIT or OI instead of
NII lines or a combination of all diagrams (Veilleux & Osterbrock 1987; Kewley et al.
2006, 2013). These work very well in the Local Universe. As going to higher redshifts,
the standard emission lines used in BPT lie outside the wavelength coverage of opti-
cal spectrographs. For example, for redshifts higher than z=0.5 the NII and Ha lines
are redshifted to the observed NIR regime. Therefore, other indicators are needed
to replace this ratio. In the literature, alternatives indicators have been proposed,
such as the rest-frame Bessel U-B galaxy colour (Yan et al. 2011, Colour Excita-
tion diagram), H band absolute magnitude (Weiner et al. 2006), OII/Hb (Lamareille
2010), Dn4000 break (Marocco et al. 2011) or stellar mass (Juneau et al. 2011, 2014,
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Figure 1.13: Left: BPT diagram from Toba et al. (2014). Right: Mass Excitation
diagram from Juneau et al. (2014).

Mass excitation, MeX, diagram). In Figure 1.13 (right panel), the MeX diagram is
shown colour-coded with the AGN probability (high probability with red colour). All
these replacements of the [NII|/Halpha ratio are based on the correlation between
the galaxy stellar mass and the gas phase metallicity or the rest-frame (depended on
stellar mass) Kauffmann et al. (2003).

In the second case, high ionization narrow lines produced in scales of 0.1 to
few kpc from the central BH are free from nuclear obscuration. Such lines are the
[OTV]A26m and [OITI]A5007A forbidden lines and in combination with hard X-rays
could identify heavily obscured AGN (Maiolino et al. 1998; Panessa et al. 2006). How-
ever, they are applicable to the low redshift regime, since for high redshifts (z>0.8),
they move out from the optical spectral window. Another such line is the [NeV] at
A = 34264 and X\ = 33464 and they could be used up to z=1.5. Even though, these
lines are very weak compared to [OIII], their presence indicates strong AGN activ-
ity, since high energy photons (>97 eV) are required for ionization (Schmidt et al.
1998), while the maximum energy potential from stellar emission reaches up to 55 eV
(Haehnelt et al. 2001). In Figure 1.14, the SEDs for different models of star-forming
galaxies (low and high metallicities) and AGN are shown taken from Feltre et al.
(2016). For low energy (~20 eV) the AGN and SF galaxies are very similar, while
for energy potentials greater than 50 eV the SF SEDs are dropping dramatically and
thus the emission lines are very prominent for AGN activity.
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Figure 1.14: SEDs of the incident ionizing radiation in AGN and Star-forming
models. The shaded area indicates the location of AGN spectra, while the blue/orange
lines indicate the spectra for stellar population with Z = 0.001/0.03. Image credit:
Feltre et al. (2016)]

1.5.3 Mid-IR regime

The mid-IR emission from AGNs, in particular after the advent of sensitive spectro-
graphs in space telescopes such as ISO and Spitzer, has proven extremely useful in
revealing the presence of an AGN and characterising whether it is of type I or type II
(Clavel et al. 2000; Verma et al. 2005; Weedman et al. 2005; Wu et al. 2009; Alonso-
Herrero et al. 2016). It is now widely accepted that the AGN continuum emission
appears as a power law from the 3 to 10 um range, since the strong UV and X-ray
radiation destroys the molecules responsible for the Polycyclic Aromatic Hydrocarbon
(PAH) emission, while heating the surrounding dust particles in thermal equilibrium
to near dust sublimation temperatures. The mid-IR AGN spectrum may also display
absorption features with variable strength (due to astronomical silicates at 9.7 and
18um) depending on the geometry of the obscuring dust as well as the luminosity of
the active nucleus compared with the host galaxy (Nenkova et al. 2008a,b).

Even when mid-IR spectra are not available, one may use mid-IR broad-band
colours to trace this slope. These criteria are based on the power-law that appears
in the mid-IR bands (5-10 pm) when AGN luminosity is at least comparable with
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that of its host. A number of such diagnostics have been proposed using the IRAC
instrument (Fazio et al. 2004) on board the Spitzer Space Telescope (Werner et al.
2004) which provided imaging at 3.6, 4.5, 5.8 and 8.0 pum for a large sample of
galaxies. These include the ”Lacy wedge” (Lacy et al. 2004, 2007; Sajina et al. 2005),
the ”Stern wedge” (Stern et al. 2005) and more recently the ”Donley wedge” (Donley
et al. 2007, 2012). Below, the AGN selection criteria by Donley et al. (2012) and
Lacy et al. (2007) are presented, as they were used in the analysis of this thesis. The
criteria by Donley et al. (2012) are:

x> 0.08 and y > 0.15
y>(121%2)—0.27 and y < (1.21 x ) +0.27

F[4.5] > £[3.6] and f[5.8] > f[4.5] and f[8.0] > f[5.8],

where x=log(f[5.8]/1[3.6]), y=log(f[8.0]/f[4.5]) and f[band] is the flux of the corre-
sponding band.

Lacy et al. (2007) used a similar mid-IR colour-colour diagram with somewhat
relaxed limits and without the power law condition:

x> —0.1 and y > —0.2

y > (0.8 % x) — 0.5.

Furthermore, a number of similar diagnostics have been proposed using WISE
data that provides imaging at 3.4, 4.6, 12 and 22um for a large sample of galaxies.
These include a simple colour W1-W2 cut-off defined by Stern et al. (2012), a more
refined magnitude-dependent cut-off taking into account faint sources in the W2 band
by Assef et al. (2013) and two wedges in W1-W2 vs. W2-W3 and W1-W2 vs. W3-
W4 colour-colour diagrams suggested by Mateos et al. (2012) using three and four
WISE bands, respectively. The AGN selection criteria by Assef et al. (2013) are:

y > a, * exp(fy * (z — %‘)2)7 ifz >~ and (1)
y>a,, ifzx<qy,, (2)
where © = W2 and y = W1 — W2 and the revised constant values of (a5, 7:)
given by Assef et al. (2018) are equal to (0.650,0.153,13.86) and (0.486,0.092, 13.07).

reliability++++. Moreover, the Mateos et al. (2012) colour selection criteria use the
colours (W2-W3) and (W1-W2):
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W1—W2 < 0.315 x (W2 — W3) + 0.796, (1)
W1—W2> —3.1725 x (W2 — W3) + 7.624 and (2)
W1—W2 > 0.315 x (W2 — W3) — 0.222. (3)

In this thesis, the WISE AGN selection diagnostics by Assef et al. (2013) and
Mateos et al. (2012) were used in the Chapter 2.

1.5.4 AGN variability

An alternative method to identify AGNs is based on the detection of variability at
any wavelengths on timescales from hours to years (Ulrich et al. 1997; Kawaguchi
et al. 1998; Paolillo et al. 2004; Garcia-Gonzalez et al. 2014). There is a correlation
between the amplitude of the AGN variability and the timescale of variation (Hook
et al. 1994; Trevese et al. 1994; Cristiani et al. 1997; di Clemente et al. 1996; Vanden
Berk et al. 2004; Kelly et al. 2009; Bauer et al. 2009; Middei et al. 2017), the redshift
and the black hole mass (for timescales longer than 100 days; Cristiani et al. 1990;
Hook et al. 1994; Trevese et al. 1994; Vanden Berk et al. 2004). On the other hand, the
variability amplitude is anticorrelated with the rest-frame wavelength (di Clemente
et al. 1996; Cristiani et al. 1997; Giveon et al. 1999; Helfand et al. 2001; Vanden Berk
et al. 2004; Zuo et al. 2012) and the nuclear luminosity (Trevese et al. 1994; Vagnetti
et al. 2016). The latter suggests that low-luminosity AGNs (LLAGNs) will dominate
a variability survey compared to more luminous AGNs.

Several theories and mechanisms have been proposed to explain the variability.
For example, Rees (1984) and Kawaguchi et al. (1998) proposed that AGN variability
may be due to the fact that accretion disks are vulnerable to dynamical instabilities,
while Li & Cao (2008) and Zuo et al. (2012) attributed the variability to fluctua-
tions in the accretion rate. In the extreme case of blazars (the most luminous class
of AGNs possessing a relativistic jet pointing towards the observer), the variability
is modulated by changes in the accretion disk, but also by non-thermal power-law
emission from the jets and the (not fully explored) connection between them (Gu &
Li 2013; Finke & Becker 2014; Chatterjee et al. 2018). Other interpretations of AGN
variability include gravitational microlensing effects (Hawkins 1993; Alexander 1995),
tidal disruption events (Komossa 2015) and multiple explosions of supernovae (SNe)
near the nuclei (Kawaguchi et al. 1998; Terlevich et al. 1992).

In the last several years, AGN variability has been used in many studies. In
the X-ray region, Young et al. (2012) and Ding et al. (2018) selected LLAGNs in
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the 4 and 7 Ms Chandra Deep Field South (CDF-S), respectively. In the optical and
near IR bands, Sarajedini et al. (2003, 2011); Trevese et al. (2008); Villforth et al.
(2010); Simm et al. (2015); Falocco et al. (2015); Graham et al. (2014); De Cicco
et al. (2015); Baldassare et al. (2018); Kim et al. (2018) identified a large sample of
AGNs, suggesting that the search for variability at short time scales is efficient in
selecting LLAGNs that would have been missed by X-ray surveys. As AGNs exhibit
a red-noise behaviour (Lawrence & Papadakis 1993; Park & Trippe 2017; i.e. they
have more power at low frequencies in the Fourier space), De Cicco et al. (2015)
and Paolillo et al. (2017) pointed out that the longer the time baseline (e.g. greater
than few years), the larger the variability amplitude and the more complete is the
AGN selection. Indeed, De Cicco et al. (2019) used longer time baseline in the Cosmic
Evolution Survey (COSMOS) field achieving giher reliability (86%) and completeness
(60%) compared to previous works.

However, while blazars tend to show variability at all timescales, the power spec-
trum and structure function analysis of light curves of many radio-quiet AGNs suggest
that their variability amplitude does not rise indefinitely with longer timescales. Their
power spectrum flattens below some frequency. Such power spectra were modeled
with a damped random walk and continuous auto-regressive moving average models
(de Vries et al. 2005; Kelly et al. 2009; MacLeod et al. 2010; MacLeod et al. 2012;
Kelly et al. 2014; Kasliwal et al. 2015; Kozlowski 2016; Simm et al. 2016).

1.6 Scope of this thesis

The main purpose of this thesis is to enhance the reliability and completeness of the
different AGN selection techniques, but also to apply and test new methods. Through
comparison of the methods in different observational windows and fields with different
depths and areas, it is possible to constrain their limitations and find ways to reveal
AGN populations that are missed. An outline of the content of each chapter in this
thesis follows:

Chapter 2: The main results of this thesis are based on the data in different fields
and in different wavelength regimes. Thus, in the first Chapter, an overview and a
brief description of the telescopes and instruments used is given.

Chapter 3: In this Chapter, data from the Hubble Space telescope were used to
identify AGN through optical variability in the GOODS-South field. Comparing to
previous HST-based studies, in this work the time baseline of the light curves was
expanded up to 10 years using the latest HST data, while a new method, the Median
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Absolute deviation, was used as a variability indicator that is more robust than the
classic indicators, such as o, and returns cleaner samples of variable sources. The
AGN candidates were compared with the AGN selected by the deepest (~7 Ms) X-
ray data and also the mid-IR colour diagnostics. The main result of this study is
the advance of the optical variability method to detect low luminosity AGN at high
redshifts that may be missed from the other methods. This work was published in
Pouliasis et al. (2019).

Chapter 4: In this chapter, firstly, the ”Hubble Catalog of Variables” (HCV) project
is presented that aimed to identify all the variables sources from the Hubble Source
Catalog. Furthermore, with the constraints derived from the results in the GOODS-
South field, a demonstration of the HCV power in identifying AGN through variability
is given in the CANDELS and Frontier Fields listing the optically variable AGN
candidates. The results in CANDELS fields were included in Bonanos et al. (2019).

Chapter 5: In this chapter, the AGN identification is done through SED decompo-
sition using a Bayesian statistical method. In particular, we use data from optical to
mid-IR to construct the SEDs of a sample of ~7,000 sources. After, by comparing the
statistical significance when adding to the parameter space AGN templates, we iden-
tify 160 AGN with high confidence. These results are compared to the X-ray, infrared
and optically spectroscopical AGN. The results of this study have been submitted in
MNRAS as Pouliasis et al.

Chapter 6: This chapter summarizes the results of this thesis for all the fields and
presents the main conclusions derived.
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Chapter 2

Telescopes Overview

In this chapter, a description is given of the different telescopes used in this thesis and
of their main instruments. In particular, there is an overview of the XMM-Newton and
Chandra X-ray telescopes, the Spitzer and WISE telescopes in the infrared regime and
also the optical Hubble Space telescope and the Canadian French Hawaiian Telescope.
Since the analysis and the results of this thesis were produced in different fields
(GOODS-S, CANDELS, Frontier fields and XMM-XXL), the data reduction and the
databases or catalogues used will be described in detail independently for each field
in the corresponded chapters.

2.1 Optical Telescopes

2.1.1 Hubble Space Telescope

The Hubble Space Telescope (HST) named after the astronomer Edwin P. Hubble is
the first of the NASA’s Great Observatories and is dedicated to provide deep images
from the ultra-violet to near-infrared spectral range. It was launched in 1990 into
a low-earth (~550 km) orbit with an inclination of 28.5 degrees to the equator and
a period of 95 minutes. The HST has size 13.2 m in length and weights almost 10
tonnes. It carries a Cassegrain reflector telescope with a 2.4 m in diameter primary
mirror and a 0.3 m secondary mirror. Its advance compared to the other ground-based
observatories is its high angular resolution that is 0.05”. The observation of the HST
helped to make incredible discoveries and promote scientific results in all fields from
the physics of stellar population to very faint early-Universe galaxies and AGN. The
HST includes two main sets of instruments, imaging cameras and spectrographs. The

41



CHAPTER 2. TELESCOPES OVERVIEW

instruments can be replaced or fixed with small space missions. Below, I will describe
the basic instruments on board HST. In this thesis, data from the ACS camera were
used in Chapter 3 in GOODS-S field, while the HCV catalogue in Chapter 4 was
based on observation fro all three camera (ACS, WFC3 and WFPC2).

ACS (Ford et al. 1998), the Advanced Camera for Surveys, is a third-generation cam-
era for imaging using two types of detectors, the Charged-Coupled Device (CCD) for
near-UV up to near-IR and the Multi-Anode Micro-channel Array detector (MAMA)
for observation in the UV. In particular, there are three channels: a) The Wide Field
Channel (WFC) that provides imaging between 350 and 1100 nm with a Field Of View
(FOV) of 202" x202” and a spatial resolution 0.04”, b) the High Resolution Channel
(HRC) with FOV 29” x26” and 0.028” /pixel for the 170-1100 nm regime and, c) the
Solar Blind Channel (SBC) with a FOV 34.6” x30.8” designated for observation in
UV (115-170 nm). Since 2007, HRC is not operational due to an electrical failure.

WEFC3, the Wide-Field Camera 3, provides imaging from UV to IR. There are two
channels: the UVIS channel that observes in the UV and optical (200-1000 nm) with
a FOV of 162”7 x162” and spatial resolution 0.04” and also the IR channel for IR
imaging (900-1700 nm) with FOV 123" x136” and 0.13” /pixel. In total, WFC3 has
80 filters, 63 in UV-optical and 17 in IR.

WFPC2, the Wide Field/Planetary Camera 2, was removed in 2009 from HST and
it was the predecessor of WFC3. It was designed for high resolution images in 115-
1100 nm regime. It had four detectors, three (WF2,3,4) with FOV 80” x80” and one
(PC1) with 36”7 x36”.

Furthermore, there are two instruments for spectroscopy: The Cosmic origins Spectro-
graph (COS) that provides high sensitivity moderate and low resolution spectroscopy
in the far-UV to near-UV regime, and the Space Telescope Imaging Spectrograph
(STIS) designated for spectroscopy in the 115-1000 nm wavelngth regime (UV-NIR).

2.1.2 The Canadian-French-Hawaiian Telescope

The Canadian-French-Hawaiian Telescope (CFHT) as indicated by its name is a joint
science facility between the National Research Council of Canada, the Centre Na-
tional de la Research Scientifique of France and the the University of Hawaii. The
3.6 m telescope is located at Mauna Kea in Hawaii at a height of 4,200 m and it
started operating in 1979. All the observational data are archived and handled by
the Canadian Astronomy Data Centre (CADC). The CFHT mainly consists of five
different scientific instruments:
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The MegaCam (Boulade et al. 2000), a wide field optical and near-IR imager. The
MegaCam has a field of view almost one square degrees with a resolution 0.18” per
pixel. It consists of 36 E2V CCD camera with a size 2048 x4612 each resulting in a
total 340 millions pixels. The prime focus of the telescope, MegaPrime, is equipped
with five broad-band filters (u, g, r, i and z) with a spectral coverage from 3500 to
9400. It started operating in 2002. In this thesis, data from the MegaCam were used
in Section 5 in the XMM-XXL field.

The WIRCam (Puget et al. 2004), a wide-field infrared camera. WIRcam started
operating in 2006 and mainly aimed to produce infrared complementary images
to MegaCam. It is made of four HgCdTe HAWWAII-RG detectors that each has
2048 x2048 pixels with a sampling of 0.3” per pixel. The detectors are arranged in
2x2 grid providing a 20 square minutes field of view. The broad-band infrared filters
correspond to the Y, J, H and K, bands.

The ESPaDOnS (Donati 2003), an Echelle Spectropolarimetric Device for the Ob-
servations of Stars that provides high resolution spectroscopy and polarimetry since
2005. It was designed to obtain in a single exposure the full spectrum in the 370-1,050
nm regime with a resolving power that can reach even 81,000.

The SITELLE (Drissen et al. 2019), an optical imaging Fourier transform spectrom-
eter (IFTS). This integral field unit (IFU) spectrometer has a field of view approxi-
mately 120 square arcminutes that is 100 to 1000 larger that the other traditional IFU
spectrometers, such as the MUSE in the Very Large Telescope. Its spectral resolution
can be adjusted from R=2 up to R>10%, while its spatial resolution is 0.32” /pixel. It
comprises of two cameras that each has four 2048 x2048 E2V CCD'’s.

The SPIRou (Donati et al. 2018), a near-infrared spectropolarimeter and velocime-
ter with high radial-velocity precision and accuracy that can reach a meter/second
over a period of several years. Its main scientific purposes are the search of habitable
exoplanets and also the study of forming sun-like stars and their planetary system.

2.2 Infrared Telescopes

2.2.1 The Spitzer Space Telescope

The Spitzer Space Telescope (Werner et al. 2004) is the fourth of the NASA’s Great
Observatories and is dedicated to infrared observations of the full sky. It was launched
in August 25th in 2003 into an Earth trailing heliocentric orbit. Spitzer carries a cryo-
genic telescope (85 cm in diameter) with three cryogenic science instruments attached
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in the focal plane: The Infrared Array Camera (IRAC), the Ingrared Spectrograph
(IRS) and the Multiband Imaging Photometer for Spitzer (MIPS). The cryostat uses
liquid helium to keep the temperature at 1.4 K in order to avoid heat biases in the
observations. The short expected life (2.5 years) actually was extended to 5.5 years
and the cool mode depleted in 2009. At that moment, with a temperature at 28
K (warm mode), only the two short-wavelength channels (3.6 and 4.5 um) of the
IRAC camera are operating very well. Below, it is given a brief description of each
instrument:

IRAC (Fazio et al. 2004) is a four-channel camera with four different detectors each
one having 256x256 pixel size with a field of views over a 53.2x5.2 squared arcminutes.
IRAC is capable of simultaneously observing four mid infrared bands at 3.6, 4.5, 5.8
and 8.0 m and producing images. The detector of the two shortest bands was made of
indium and antimony, while the one of 4.5 and 8.0 m bands consists of arsenic. The
angular resolution of the four detectors is 1.5 arcsecond while the sensitivity achieved
(1 sigma) in each IRAC channel is 0.60 Jy, 1.2 Jy, 8.0 Jy and 9.8 Jy, respectively
for 100 seconds of integration and low background. In this thesis, Spitzer/TRAC
photometry was used in the analysis of the GOODS-South Field (Chap. 3) and also
the Frontier Fields (Chap. 4).

IRS (Houck et al. 2004) provides high and low resolution spectra in the range 5-
40 m in addition to 16mm imaging with four different modules: two low (R~60-
130) and high (R 600) resolution at short wavelengths (5.3-20 m) and two more at
long wavelengths (14-40mm). The low resolution modules use long-slits that allow
simultaneously both spectroscopic data and one-dimension spatial information. Each
module is divided into two in-line sub-slits. The high-resolution modules use single
slits and a cross-dispersed echelle design to provide broad spectral coverage in a single
exposure. Furthermore, IRS with its peak-up arrays provides imaging in two further
bands (13-18 and 18-26) between 8 and 24 m completing the spectral gap from the
other Spitzer instruments. The sensitivity (the median lsigma continuum) reached
in the IRS low- and high- resolution modules is about 0.05 mJy and about 2 mJy,
respectively in 512 seconds of integration with low background.

MIPS (Rieke et al. 2004) provides imaging and photometry in three broad spectral
bands at 24, 70 and 160 m in addition to low-resolution spectroscopy in 55-95 m.
MIPS consists of three detector arrays that operate simultaneously with an angular
resolution of 6, 18 and 40 arcseconds with corresponding low-background sensitivity
of 16.1, 5.15, and 6.53 MJy/ster at 24, 70 and 160 m, respectively. The 24 m camera
provides roughly a 5 arcmin square FOV, the 70 micron camera provides a FOV that
is roughly 2.5 by 5 arcmin, while the 160 m array projects to the equivalent of a 0.5
by 5 arcmin FOV.
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2.2.2 WISE

The NASA’s Wide-field Infrared Survey Explorer (WISE Wright et al. 2010) launched
in December 14th in 2009 aimed to map for the first time the entire infrared sky. The
telescope with a weight of ~650 kg set in a polar circling orbit at ~525 km above
the Earth. It carried a 40 cm diameter telescope with four infrared detector arrays
on its focal plane. Each of the detectors has over a million pixels providing imaging
photometry at 3.4, 4.6, 12 and 22 m. The entire telescope is placed in a tank of
frozen hydrogen (cryostat) that keeps the temperature of the telescope at 12 K, while
that of the detectors at 32 K for the 3.4 and 4.6 m and less than 8 K for the 12 and
22 m bands. The primary mission was mended to last 10 months until the tank of
the hydrogen was depleted. After that, since two of the infrared detectors could not
operate without coulant, the NEOWISE Post-Cryogenic mission began with the two
left detectors aimed to observe the near-Earth objects, such as comets and asteroids.
NEOWISE’s decommission happened in February of 2011. However, the NEOWISE
was re-activated two years later in 2013 and since then it operates till today normally.

The angular resolution of the WISE detectors is 6.17, 6.4”, 6.5” and 12" for the
3.4, 4.6, 12 and 22 m bands, respectively, with a FOV of ~47 square arcminutes (three
times the dimension of the full Moon). The corresponding achieved 5-sigma sensitivity
for point sources is 0.08, 0.11, 1.0 and 6.0 mJy, respectively, in low-background regions
on the ecliptic which improves toward the ecliptic poles. Furthermore, the astrometric
precision id better than 0.15” for sources with high signal-to-noise ratio. WISE data
were used in Chapter 5 to construct the SEDs of the VIPERS field and also to apply
AGN selection criteria.

2.3 X-ray Telescopes

2.3.1 XMM-Newton Telescope

XMM-Newton is an European Space Agency X-ray satellite launched in December
10th of 1999. The mission was initially planned for two years but has been extended
several times till today operating already 20 years. Initially, it was named X-ray
Multi-Mirror Mission, though the name XMM-Newton was given in honor of Sir Isaac
Newton. Its main objective is to observe and explore the soft X-ray regime (0.2-15
keV) of distant X-ray sources for long time periods. The satellite with a weight of
almost four tons is orbiting the Earth in an elliptical orbit (eccentricity is e=0.68) with
a period of 48 hours. The apogee and the perigee of the orbit are at 114,000 and 7,000
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km, respectively. It is characterized by a high position accuracy and stability, since
the control of its orientation is handled precisely with two sets of four small thruster
and four momentum wheels. XMM-Newton constitutes of three X-ray co-aligned
telescopes (each one is made up with 58 nested Wolter type-1 mirrors), an optical
telescope and, in total, three instruments that provide high sensitivity and good
angular and spectral resolution with a moderate energy resolution (E/AE ~ 20—50).
These are: a) the European Photon Imaging Camera (EPIC), for X-ray imaging and
moderate resolution spectroscopy b) the Reflection Grating Spectrometer (RGS), for
high-resolution X-ray spectroscopy in the 0.35 2.5 keV range and, c) the Optical
Monitor (OM), for optical/UV imaging and spectroscopy. The description of each
instrument is summarized below. In this thesis, the analysis of the VIPERS field was
based partially on X-ray photometric data from the EPIC camera.

EPIC consists of three CCD detector arrays, two Metal Oxide Semi-conductors (MOS
1 and MOS 2, Turner et al. 2001) and one pn CCD camera (Striider et al. 2001).
Both MOS cameras are equipped with a RGS, thus 44% of the incoming flux goes
to MOS cameras in the primary focus, 40% to the RGS detector in the secondary
focus, while the rest is absorbed. The pn camera receive the full lux of the third
telescope. The EPIC FOV is 30 in the energy range 0.15-15 keV and has spectral
resolution of E/AFE ~20-50 and angular resolution PSF 6" FWHM. Furthermore,
the pn camera has readout noise much faster compared to MOS cameras and it has
very high time resolution equal to 0.03 ms for the "timing” mode and 0.007 ms in
the "burst” mode. One main difference is that the MOS cameras (7 CCD’s) are
front-illuminated, while the pn camera (12 CCD’s) is back-illuminated, so they have
different quantum efficiency.

RGS (Brinkman et al. 1998; den Herder et al. 2001) are placed in the secondary
focus of the two X-ray telescopes and provide high resolution spectra and spectral
photometry for bright sources in the soft X-ray band. Each of the RGS consists of
an array of reflection gratings which diffracts the X-rays to a CCD array detector.
The resolving power is 150-800 in the energy between 0.33 and 2.5 keV (5-35 ). The
effective area for both spectrometers peaks at ~0.83 keV at about 150 cm2.

OM (Mason et al. 2001) is mounted on the mirror support platform alongside the
X-ray telescopes and aimed to provide simultaneously with the X-ray observations
also optical and UV imaging and spectrometry with a coverage from 170 to 650 nm.
The FOV of OM is 17 square arcminites centred in the FOV of the X-ray images. The
30 cm Ritchey-Chretien telescope has a focal length 3.8 m and the light is reflected
to two (redundant) detectors where there is a filter wheel that further provides grism
and magnifier.
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2.3.2 Chandra X-ray Observatory

The Chandra X-ray Observatory (Weisskopf et al. 2000) launched in July 23th in
1999 at a high-Earth orbit with a period of ~64 hrs. Its mission was to detect X-ray
emission in the 0.3-10 keV regime from very hot regions in the Universe, such as Su-
pernovae, clusters of galaxies and matter sound black holes. The Chandra’s telescope
system has four nested Wolter-type mirrors with focal length of 10 m and an effec-
tive area 800 cm2 at 0.25 keV, while it has very high spatial resolution (PSF~0.2”
FWHM) compared to the XMM-Newton. In the focal plane there are two instru-
ments, the Advanced CCD Imaging Spectrometer (ACIS) and the High Resolution
Camera (HRC), that provide sharp images with information on counts, position, en-
ergy and time of arrival. In addition there are two more instruments, the High Energy
Transmission Grating (HETG) and the Low Energy Transmission Grating (LETG),
for high resolution spectroscopy with detailed information about the X-ray emission.
Below, a description of these instruments is given. In this thesis, data from ACIS
detector were used in the analysis of the GOODS-South field (Chap. 3).

ACIS (Garmire et al. 2003) has two arrays with different configurations. The first
one, ACIS-I, is the main imaging (0.2-10 keV) square detector that includes four front
illuminated (FI) chips with a field of view 16’x16’, while the second one, ACIS-S,
is a rectangular array of 6 chips. Four of those are FI and two are back illuminated
(BI) resulting in a field of view 8 x48’. ACIS-S is used mainly for the readout of the
HETG. All the chips have effective area 340 cm2, while the energy resolution, E/AFE,
is 20-50 and 9-35 at 1 and 6 keV for the FI and BI, respectively.

HRC (Murray et al. 2000) consists of two micro-channel plate detectors and provides
imaging and spectroscopy in the 0.1-10 keV regime, while it has very high time
resolution of 16 microseconds. The first one, HRC-I has a large field of view of 30’ x30’
but a smaller energy resolution than the ACIS cameras. Its spatial resolution is 0.5”
and its effective area is 225 cm2 at 1 keV. The second, HRC-S has field of view 7" x 97’
and it serves the LETG mainly for readout of the diffraction grating.

HETG (Canizares et al. 2005) and LETG (Brinkman et al. 2000) are diffraction
gratings that are located into the path of the X-ray photons and provide high and
low resolution spectroscopy, respectively. Both gratings are used in complement with
the imaging detectors, ACIS-S and HRC-S, respectively. HETG is sensitive in the
0.5-8 keV (1.6-6 ) and has spectral resolution power of E/AE ~60-1000, while LETG
is sensitive in the 0.05-2 keV band with £/AFE ~30-2000.
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Chapter 3

Robust Identification of Active
Galactic Nuclei through HST
Optical Variability in GOODS-S:
Comparison with the X-ray and
mid-IR Selected Samples

In order to study AGN variability over cosmic time one needs a deep field ob-
served multiple times. The Great Observatories Origins Deep Survey Southern field
(GOODS-S Giavalisco et al. 2004) centered at ov =3h32m30s 6 = —27°48'20” J2000,
covers an area of 10’ x 16’. It is the most data-rich area of the sky in terms of depth
and wavelength coverage and as it has been observed by the Hubble Space Telescope
(HST) multiple times, it perfectly satisfies the requirements of our study. Variability
studies in this field based on HST multi-epoch data have been performed by Sara-
jedini et al. (2011) and Villforth et al. (2010, 2012). Sarajedini et al. (2011) used
the V-band (F606W) images over five epochs spanning almost seven months and the
standard deviation, o, as the statistical variability indicator to identify 42 variable
sources. The authors compared their results with the mid-IR and the 2Ms Chan-
dra X-ray data. Villforth et al. (2010) identified 88 variable sources (out of ~6,000
sources) using the C-statistic (the ratio of the measured standard deviation, o, to
the expected one 0.y, in this case scaled from the estimated photometric errors; de
Diego 2010) on z-band data with the same epochs and time baseline as in Sarajedini
et al. (2011). The authors, after removing the false positive detections and the stellar
population, validated the AGN nature of 55/88 variable sources through spectral en-
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ergy distribution fitting, the identification of X-ray counterparts in the CDF-S 4Ms
catalogue and auxiliary radio and IR data (Villforth et al. 2012).

The field was also targeted in ground-based optical variability studies. Trevese
et al. (2008) studied the variability of sources in AXAF, a larger field that includes
GOODS-S. They analysed V-band images taken from ground-based telescopes and
used magnitude differences between eight epochs over two years of observations to
identify 132 variable AGN candidates. Similarly, Falocco et al. (2015) applied a
multi-epoch variability search spanning six months with the SUDARE-VOICE survey
dataset obtained with the VLT Survey Telescope. They selected 175 variable sources
over an area of 2deg? around CDF-S using o as the variability index. They compared
the optical variable sample with AGNs selected through optical-NIR and IR colour
diagnostics and AGNs with X-ray counterparts in the 4Ms CDF-S catalogue.

We extend the previous HST-based studies of Sarajedini et al. (2011) and Vill-
forth et al. (2010, 2012) by using the latest data, variability detection and IR-colour-
based AGN selection techniques. We construct a new catalogue of optically variable
AGNs based on HST z-band observations and comparing it with other selection tech-
niques. We highlight the following novel aspects of this study:

e We expand the time baseline of the deep HST observations of GOODS-S up to
ten years, which should result in a more complete AGN selection.

e We use the Median Absolute Deviation (MAD) as the variability-detection
statistic, which, unlike o, is robust against individual outlier measurements
(Sokolovsky et al. 2017). We expect MAD to yield a cleaner sample of variable
sources compared to the previous studies.

e We use the new deepest available 7Ms Chandra image to constrain the X-ray
brightness of the variability-selected AGNs.

e We compare our variable sample with AGN selected in the mid-IR using the
Lacy et al. (2007) and Donley et al. (2012) criteria.

The HST optical observations and the data reduction (astrometry and photome-
try) along with ancillary data used in this work are presented in Section 3.1, while in
Section 3.2, we describe the method we used to create the list of variable sources. We
also exclude stars and supernovae from the sample of the AGN candidates. In Sec-
tion 3.3, we demonstrate the properties of the AGN candidates (e.g. magnitude and
redshift distributions or X-ray luminosities) and construct the mid-IR AGN samples.
In Section 3.4, we compare our results with other variability studies and we discuss
the differences between optically variable, mid-IR and X-ray selected AGNs.
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3.1 Data Reduction

3.1.1 Optical HST data

We analyze all publicly available images of the GOODS-S region obtained with the

Wide Field Channel of the HST Advanced Camera for Surveys (ACS, Ford et al.

1998) in the F850LP filter (z-band). The images are collected from the Hubble

Legacy Archive (HLA) Data Release 10'. Each image corresponds to an individual

HST visit and results from a combination of three or more individual exposures with

the purpose of rejecting the cosmic rays. The observations were collected in the
=

framework of the observing programs listed in Table 5.1. We analyze totally 437
individual images spanning up to 10 years in some regions.

We used the code developed by M. Tewes? which is based on P. G. van Dokkum’s
L.A.Cosmic algorithm (van Dokkum 2001) to further reduce the cosmic-ray contam-
ination of the visit-combined images, especially on the edges of the combined frames.
This algorithm is based on variations of the Laplacian edge detection and is capable
of rejecting any cosmic ray, regardless of its shape and size, keeping at the same time
the faint point-like sources untouched.

Source detection and photometry was performed using SExtractor (Bertin &
Arnouts 1996a, 2010). We applied the mexican hat spatial filter for detection and
set the minimum contrast parameter for deblending (deblend mincont) to 0.0075 in
order to avoid multiple detections for individual extended sources. This did not affect
the unresolved sources, since the GOODS-S field is not crowded. For the photometry
and the variability analysis, we used a circular aperture with a radius of 0.36”. This
was the radius used by Villforth et al. (2010) as for smaller radii the photometry
is affected by changes in the point-spread function and aperture centring issues. In
addition, we measured the magnitudes for two more radii (0.05” and 0.15"), which
correspond to the ones used for the Hubble Source Catalogue (HSC, Whitmore et al.
2016) apertures (MagAperl and MagAper2). The latter were used to compute the
concentration index (CI) and to validate our photometry against the HSC. CI is an
indicator of the extension of a source and is described below.

After visually inspecting images associated with outlier points appearing in many
light curves, we noticed that many outliers were situated near the frame edge or the
gap between CCD chips in these images. This is related to the background estimation,

1http://hla.stsci.edu/

Zhttp://obswww.unige.ch/~tewes/cosmics_dot_py/
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Table 3.1:: The HST Treasury programs included in this study

Prop. ID PI Name Cycle Nimg® Negp” Exp. Time (s) Start_Obs® End_Obs®

9352 A. Riess 11 12 4 1880-4800 2002-10 2003-02

9425 M. Giavalisco 11 78 4 2040-2120 2003-02 2003-02
9488 K. Ratnatunga 11 2 3 1800 2002-09 2003-02
9500 H-W. Rix 11 o8 3 2160-2286 2002-09 2003-02
9803 R. Thompson 12 18 6 6900 2003-08 2003-11
9978 S. Beckwith 12 68 4 4660-4860 2003-09 2004-01
10086 S. Beckwith 12 3 4 4660 2003-12 2003-12
10189 A. Riess 13 23 3-4 1200-2000 2004-09 2005-01
10258 C. Kretchmer 13 20 4 3034 2004-10 2006-09
10340 A. Riess 13 75 4 1440-1600 2004-07 2005-02
11144 R. Bouwens 16 1 4 2046 2009-10 2009-10
11563 G. Illingworth 17 31 4 5102-5332 2009-08 2010-08
12060 S. Faber 18 15 4 2046-2330 2011-03 2011-11
12061 S. Faber 18 11 5 1836-2086 2010-11 2011-06
12062 S. Faber 18 15 5 1886-1986 2011-07 2011-12
12099 A. Riess 18 4 4-5 1886-2070 2010-12 2011-08
12461 A. Riess 19 2 4 1943-1992 2012-02 2012-03
12534 H. Teplitz 19 1 4 5000 2012-05 2012-05

CHAPTER 3. OPTICAL VARIABLE AGNS IN GOODS-S

Note. — (a): Number of combined (level 2) images. (b): Number of single exposure images.
(c): Starting and ending time of the observations.
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which is essential for aperture photometry. Because the images have been resampled
to a north-up east-left orientation, blank areas appear around the actual image (e.g.
CCD gaps and image edges). SExtractor uses these blank areas and gets incorrect
background estimates. To avoid this effect and, consequently, outliers and false-
positive variable sources, we used the weight images provided by HLA and excluded
all detections located within 10 pixels, or ~0.5”, from the edges (~1% of all the

detections).
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Figure 3.1: The magnitude errors as a function of the magnitude for each detection.
The measurements are colour coded by the SNR. The vertical and horizontal lines
represent the limits in magnitude and magnitude error, respectively, after the SNR
filtering.

To ensure the quality of the data but also enable the search for small amplitude
variations, we selected measurements with a signal-to-noise ratio (SNR) greater than
five. The SNR was calculated for each of the detections for all images using the fluxes
and the corresponding flux errors derived with SExtractor. In Figure 3.1, we plot
the magnitude error as a function of the magnitude, colour-coded with SNR. The
relation between magnitude and magnitude error is approximately linear as expected
if the errors are mainly statistical at the faint end. After applying the SNR cut-off,
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Figure 3.2: The distributions of the normalized measurement errors for each mag-
nitude bin (gray). The black dashed line represent the Gaussian fit to the data. The
units are given in magnitudes.

the faintest sources have an average error of about 0.25 mag.

We also divided all the detections into magnitude bins and over-plotted the dis-
tributions of the normalized magnitude errors (after subtracting the median) for each
of the magnitude bins in order to check if all detections of the same magnitude have
similar errors. Figure 3.2 shows that these distributions are approximately Gaussian.
The distribution would have been skewed, if there was a group of sources measured
with systematically larger uncertainties (e.g. due to bright local background).

Since the astrometric accuracy of the HST is limited by the positional accuracy
of individual Guide Star Catalogue stars (Lasker et al. 2008), we applied a triangle
matching technique based on the Valdes et al. (1995) algorithm to find the astrometric
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solution. We used the match_v1l program by M. W. Richmond® to automatically
determine the coordinate system corrections using the 50 brightest sources in each
source list. We used the second version of HSC (HSCv2) as the reference catalogue
for the astrometry and the resulting positional errors are less than 0.1”.

We then cross-matched the coordinates-corrected source lists with each other to
construct a light curve for each source. We kept only sources with at least five mea-
surements. Figure 3.3 presents the histogram of the median magnitude, <F850LP>,
of all the sources after the SNR filtering. Due to the drop-off of detected sources
beyond 25.7 mag, our sample is photometrically complete down to this magnitude.
Since the images used to derive the source lists have different depth (Table 5.1), we
over-plot in Figure 3.3 the completeness curves of different images with extreme ex-
posure times. We summed the detections of images with exposure times of ~2000 s
(Prop. ID: 12062) and ~5000 s (Prop. ID: 11563), respectively. For both data sets,
the number counts of detections decline at magnitudes fainter than the magnitude
completeness limit of this work. Thus, the variable depth of the images did not affect
our results. The resulting catalogue consists of 21,647 sources. Figure 3.4 presents
the distribution of the number of data points in the light curve, N, as a function
of the time baseline, T}.s, which is defined as the time difference between the first
and the last observation of a source. A large fraction of sources (~ 80%) has been
observed for more than two and up to ten years with a median time baseline of 8.5
years. The average and median number of data points in the light curves are 15 and
12, respectively.

The photometric accuracy was tested by comparing our MagAper2 magnitudes
to those in HSCv2. First, we cross-matched all the sources with HSCv2 using a
radius of 1”] resulting in 7245 matches out of 21,647 final sources (our source list is
much deeper than HSCv2 in this region). In Figure 3.5, we plotted the difference in
magnitude, <F850LP> ;s work—<F850LP>yscy2 as a function of magnitude between
this study and HSCv2 and find the values to be comparable. The relation is linear
through the full magnitude range as expected. We visually inspected the images and
the light curves of the outliers (marked with black filled circles on Figure 3.5) and
attributed the magnitude discrepancies to multiple detections of the same extended
source in the HSCv2.

The separation of the extended and point-like sources was performed using CI
as defined in the HSC, CI=MagAperi—MagAper2 (Whitmore et al. 2016). The CI
histogram reveals two well-defined areas (Figure 3.6, top panel). We fitted two Gaus-
sians to the two populations (point-like and extended) and the point where these two

Shttp://spiff.rit.edu/match/match-1.0/
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Figure 3.3: The distribution of the median magnitude, <F850LP >, of all the sources
(gray shaded histogram) along with the completeness curves for images with exposure
times of 2000 s (blue hatched) and 5000 s (red), respectively. The dashed line
indicates the completeness limit of our final sample.

fits come across is at CI=1.33 mag. Adopting it as the separation threshold results
in 21,022 extended and 625 point-like sources. Figure 3.6 (bottom panel) shows the
CI as a function of magnitude, where the two populations are plotted using different
colours.

3.1.2 X-ray and IR data sets

GOODS-S is among the deepest and best studied fields in the sky and over the last
decades there is a variety of imaging and spectroscopic data available from radio to
X-ray wavelengths. In this study, apart from the HST optical observations, we utilize
X-ray and IR catalogues and, also, photometric or spectroscopic data when available
to validate the nature of the variable sources.
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Figure 3.4: The number of data points as a function of the maximum time baseline
covered by the light curve.

We use four X-ray catalogues from CDF-S and the Extended Chandra Deep
field South (ECDF-S) with different depths: 250ks (Xue et al. 2016), 2Ms (Luo
et al. 2008), 4 Ms (Xue et al. 2011) & 7Ms (Luo et al. 2017). The area studied in
this work partly overlaps with CDF-S, which is centered at a =3h32m28.06s and 6 =
—27°48'26.4" (J2000) and covers an area of ~464.5 arcmin®. ECDF-S covers an area of
0.54 deg? in the sky centered at o =3h32m24.0s § = —27°48'47.0” (J2000). Figure 3.7
shows CDF-S and GOODS-S projected on the sky. The catalogues are produced from
the X-ray images taken by the Advanced CCD Imaging Spectrometer camera (ACIS,
Garmire et al. 2003) aboard the Chandra X-Ray Observatory. We also used these
four catalogues to test the dependence of the number of optical counterparts on the
depth of the X-ray image.

Table 3.2 presents the number of sources detected in at least one band (the
supplementary sources — lower significance X-ray sources with bright IR counterparts
— of each catalogue are also included), the number of observations and the observation
dates with the on-axis sensitivity limits in the soft (0.5—2 keV), hard (2—8 keV) and
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Figure 3.5: A comparison between the <F850LP> magnitude of our photometry
and HSCv2. The grey points represent all the sources in common. The blue solid line
shows the median, while the blue dotted and red dashed lines represent the 30 and

50 values of the magnitude difference, respectively. Sources exceeding the 5o value
are highlighted in black.

broad (0.5—8 keV) bands of the catalogues. The 250ks catalogue is from ECDF-S,
which covers a much larger region, but here we only present the sources that lie within
CDF-S. The 7Ms CDF-S catalogue extends up to 7 keV to avoid the background noise
present at higher energies. The full list of the observations of each catalogue and the
detailed description of the data reduction can be found in the aforementioned papers
and the references therein. All published catalogues include additional information
on the sources, such as X-ray properties, multi-wavelength counterparts and redshifts.

For the variable optical sources identified in Sec. 3.2 that have no X-ray counter-
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Figure 3.6: The median magnitude, <F850LP>, as a function of the C'I for point-
like (red circles) and extended sources (blue crosses). The dashed line represents the
chosen threshold at C'I = 1.33 mag that separates the two populations. The upper
panel shows the histogram of the C'I.

parts, we independently reduced the Chandra images using the CIAO software v2.0.1%
to construct the 7Ms image and calculated the X-ray flux upper-limits. First, we
created the 7Ms co-added images in the three bands — broad, soft and hard, starting
with the level 2 event files. We used 99 observations taken from October 1999 to
March 2016. We kept only the central CCD chips (ccd_1d=0,1,2,3) and filtered out
flares affecting the background in the light curve of each observation by masking the
sources and using the deflare tool with the clean_1lc option. For each observation,
we ran the wavedetect tool to create source catalogues, so we could reproject the
images at the same reference point in the sky to achieve a good absolute astrometric
solution. The final step was to combine the event files with the dmmerge tool and
create images and exposure maps for all the bands.

4http://cxc.harvard.edu/ciao
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Figure 3.7: Colour composite image of the exposure corrected and smoothed 7 Ms
CDF-S. The white polygon represents the GOODS-S footprint.

The smoothed image including all three bands is shown in Figure 3.7. For the
non-detected sources in the X-rays, we measured the counts and the exposure effective
areas in a circular region centered on the position of the optical counterparts. The
radius, r;, used for each optical source was calculated in a way that to enclose a
specified fraction of the point spread function. The fraction adopted here decreases
from the on-axis (0.95) to off-axis sources (0.5). The background was extracted from
500 circular regions (with aperture half of r;) at random positions around the optical
source (within a distance from 1.5 to 5 times of r;) that do not overlap with other
X-ray or the optical variable sources. We derived the count rate for each background
region and finally normalized the mean value of all of them to the area of the source.
Then we derived the upper limits with a confidence interval of 99.7%. The count
rates were converted to fluxes, using an energy conversion factor equal to 2.8 x 1077,
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1.5x 1072 and 6.2 x 1072 ergs photon™ for the broad, soft and hard band, respectively
by assuming a power-law model with photon index of I' = 1.7.

GOODS-S overlaps, also, with the Spitzer IRAC/MUSYC Public Legacy Sur-
vey in the Extended Chandra Deep Field South (PI: Pieter van Dokkum, SIMPLE).
SIMPLE covers an area of ~ 1,600 arcmin? surrounding GOODS-S and contains pho-
tometry for ~45,000 sources from deep Spitzer /IRAC (Fazio et al. 2004) observations
combined with other UV to mid-IR data from the Multiwavelength Survey by Yale-
Chile (MUSYC). In this work, we use the four IRAC bands (3.6 um, 4.5 um, 5.8 um
and 8.0 um) to construct the IR selected AGN sample (Section 3.3.2), while the r, J,
K and 3.6 um bands from the same catalogue were used to separate the stellar from
the extra-galactic objects in Section 3.2.3. The full description of these data can be
found in Damen et al. (2011).

3.2 AGN selection based on optical variability

Sokolovsky et al. (2017) discussed two classes of statistical methods that quantify
variability of a source. The first class quantifies the scatter of the magnitudes within
a light curve, while the methods of the second class quantify the smoothness of a light
curve by taking into account the order and time at which the magnitude measurements
were obtained. Regular variability can be detected that way too, if the observing
cadence is shorter than the variability timescale (Ferreira Lopes & Cross 2016), or,
if the scatter is higher than what is expected from noise (Ferreira Lopes & Cross
2017). Light curve simulations by Sokolovsky et al. (2017) suggest that the scatter-
based methods are more suitable for detection of variability in light curves having a
small number of points compared to the methods that characterize the light curve
smoothness. Median Absolute Deviation® (Rousseeuw & Croux 1993, MAD) belongs
to the first class of methods and it is the most robust to outliers among the variability
indices discussed by Sokolovsky et al. (2017). MAD is defined as the median value of
the absolute deviations of the measurements, m;, from the median:

MAD = b x (|m; — (m,)). (3.1)

where b = 1/(\/571(1/2)) ~ 1.4826 is the factor scaling the median absolute deviation
to the standard deviation (assuming the normal distribution of m;); ~! is the inverse
error function. In the next section, we compare the performance of various variability-

detection statistics in the presence of photometric outliers to verify the reliability of
MAD.

Shttps://en.wikipedia.org/wiki/Median_absolute_deviation
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3.2.1 Variability detection in the presence of outlier mea-
surements

For all but the faintest optical sources, the accuracy of their brightness measurements
is limited by the poorly constrained systematic effects rather than the number of col-
lected photons (“shot noise”) and uncertainties in the background level estimations.
This means we typically do not have a reliable error bar attached to a photomet-
ric measurement. Of a particular concern in the context of HST photometry are the
residual cosmic rays that were not cleaned-out perfectly in the process of image stack-
ing (“drizzling”; Fruchter & Hook 2002) that overlap with the measured image of the
object. To circumvent the above issues, we may 1) assume that in a non-crowded field
like GOODS-S objects of similar brightness will have similar measurement errors and
the majority of objects are non-variable; 2) employ a variability detection statistic
that is robust against individual outlier measurements (similar to those caused by
cosmic ray hits).

We perform Monte-Carlo modeling to characterize the performance of various
variability-detection statistics in the presence of photometric outliers. First, we model
7 = 1...10000 light curves each containing N points randomly distributed in time. At
each point in the model light curve we assigned a brightness value drawn from the
Gaussian distribution characterized by the variance e?. In addition, 1% of the points
get a “cosmic ray hit” modeled by the additional increase in brightness by a value
drawn from a uniform distribution between 0 and 100e. We, then, compute the
median value, """ and the standard deviation o (I""~"*") scaled from the median
absolute deviation of I, var values for each of the tested variability indices:

U([HOH—V&I‘) — 14826 X (|Iinon—var _ (];lon_var)D‘

After that, we add to each light curve an aperiodic variation characterized by a power-
law power spectral density with a slope of —1 and amplitude e (equal to the noise
level). We use these lightcurves to compute the median value of the variability index:

[Var — ([Zvar)

and the typical Signal-to-Noise ratio , SNR, of variability detection (among all the
realizations of the noise and variability patterns):

SNR — (IV&I‘ _ [nonfvar)/o_(jnonfvar)'

The resulting values of SNR as a function of N are presented in Figure 3.8 for the
three variability indices: the standard deviation o, the MAD that characterize the
scatter of measurements in a light curve and the 1/n that quantifies the smoothness
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Figure 3.8: The simulated median signal to noise ratio of variability detection as a

function of the number of light curve points with no outlier measurements (top panel)

and in the presence of outliers (bottom panel).

of a lightcurve. A detailed discussion of these variability indicators can be found in

Sokolovsky et al. (2017).

Figure 3.8 highlights that in the absence of outlier measurements (i.e.
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periodic variability is being detected over a pure Gaussian noise) o and 1/7 typically
provide a higher SNR detection for a given number of light curve points than MAD. If
outlier measurements are present in light curves, they dramatically affect the efficiency
of o as a variability indicator rendering its useless as soon as each light curve has so
many points that it is likely to contain at least one outlier (recall, that in our model
the variability amplitude is lower than the amplitude of outliers). The ability of 1/n
to identify smooth variability is also reduced considerably by outliers, while MAD
maintains the SNR that is steadily increasing with N.

The simulations described above confirm that MAD may serve as a variability
indicator resistant to individual outlier measurements. It is also apparent that o is on
average a more sensitive variability indicator than MAD as long as N is sufficiently
low that each individual lightcurve is unlikely to contain even one outlier. However,
if outliers are present in the data set, the light curves that contain outliers will
predominantly be selected with ¢ as candidate variables. The use of MAD is still
preferred to select a clean sample of variable objects, even at the cost of a slightly
lower detection efficiency compared to o.

3.2.2 Variability algorithm

Our variability detection algorithm works as follows: we divided the sources into
magnitude bins and by assuming a Gaussian distribution, we calculated for each
bin the median magnitude, the median MAD and the standard deviation (o) of
MAD. The bin size is adjusted so as to have at least 50 sources in each bin. To
get a smooth magnitude dependence, we fitted a cubic spline to the median and the
threshold values. We, also, extrapolated toward fainter magnitudes to account for
the completeness limit (Section 3.1). Taking into account that the majority of the
sources are normal galaxies and no variations are expected, the variable sources are
those that exceed a cut-off above the median. We note that Sarajedini et al. (2011)
rely on the same critical assumptions as we do here: that the majority of sources are
non-variable and that sources of similar brightness have similar photometric errors.
Villforth et al. (2010) also rely on this assumption indirectly when they derive the
scaling factors for the estimated photometric errors that they use to compute the
C-statistic.

Following Bershady et al. (1998), or more recently Sarajedini et al. (2011), we
determine the threshold separately for the point-like and the extended sources (ex-
cept we determine the threshold in MAD scaled to o rather than in o as Saraje-
dini et al. 2011). Figure 3.9 (upper panels) shows the variability index, MAD, as
a function of the median magnitude, <F850LP> for the extended (left) and point-
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like (right) sources. We also calculated the normalized significance, MAD™, for each
source through the following formula:

MAD, — (MAD),

MAD; = o(MAD), '

(3.2)

where MAD; is the MAD for the i** source and b the corresponding magnitude bin.
The significance has units of o. The plots of MAD* as a function of magnitude are
shown in the lower panels of Figure A.6.
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Figure 3.9: The MAD (upper panels) and normalized signific