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Abstract

Active galaxies have been in the forefront of astronomieaesh since their first discov-
ery, at least 50 years ago (egchmidi 1963 Matthews & Sandagel963. The putative
supermassive black hole (SMBH) at their center chara@gtiaeir properties and regulates
the evolution of these objects. In this thesis, | study trenidgraphics’ and ‘ecology’ of
active galactic nuclei (AGN) in the context of their evoatiand the interaction with their
environments (mainly their host galaxy).

The number density of AGN has been found to peakatz < 3 (e.g.Ueda et al.2003
Hasinger et a).2005 Richards et a).2005 Aird et al, 2010, similar to the star formation
history (e.g.Silverman et a].2008a Aird et al,, 2010. However, when taking into account
obscuration, faint AGN are found to peak at lower redshift{(2) than that of bright AGN
(z = 2 — 3; e.g.Hasinger et a).2005 Hopkins et al. 2007 Xue et al, 2011). This qualita-
tive behaviour is also broadly seen in star-forming galaxeeg.Cowie et al, 1996 and is
often referred to as ‘cosmic downsizing’, although thisrtdras developed a number of us-
ages with respect to galaxies (eByindy et al, 2006 Cimatti et al, 2006 Faber et al.2007
Fontanot et a).2009. Though this behaviour is well established up:ter 3, the nature of
how and when the initial seed of these AGNs were formed resraiopen question.

For this study, | us€handrasurveys to study some of the most distant AGN in the Uni-
verse ¢ > 3). The combination of two different size and de@handrasurveys Chandra
COSMOS and ChaMP) provides me with the largest to-date3 AGN sample, over a wide
range of rest-frame 2-10 keV luminosities [I0Bx /erg s1) = 43.3 — 46.0] and obscuration
(Ng = 10% — 10% ecm™2). | find strong evidence about a strong decline in numberitlens
of X-ray AGN abovez ~ 3, and also the association of this decline with a luminosity-
dependent density evolution (LDDE; e@illi et al., 2007). Especially at high redshifts, the
different evolution models predict quite different numbef AGNs. The large size and the
wide X-ray luminosity range of this sample reduces the wagaies of previous studies at
similar redshifts making it possible to distinguish betwéee different models and suggest
that observations appear to favour the LDDE model.

The observed AGN downsizing behaviour seen via the meagtragl luminosity func-
tion (XLF) could arise due to changes in the mass of the typic&ve SMBH and/or changes
in the typical accretion rate. But how does the growth of SMRiMer cosmic time influence



its environment? A powerful way to address this questioroisdmpare the host galaxy
properties over a wide range of AGN and accretion rate types.

Radio-jets are one of the most prominent constituents of AGNhey can interact di-
rectly with the host galaxy. Although AGN with radio jets aege (they make up to 10 per
cent of the total AGN population) radio galaxies make up @@per cent of the massive
galaxy population and it is likely that all massive galaxggsthrough a radio-loud phase,
as the activity is expected to be cyclical (8gst et al, 2009. It is therefore, important to
investigate the impact of radio jets on the host galaxy amticpgarly the star formation. The
method | follow focuses on the comparison of the host galarpé@rties between optically
selected quasar samples, with and without strong radiosemnigssociated with powerful
radio-jets, matched in AGN luminositierschelfar-infrared observations are used to trace
the star formation in the host galaxy, providing minimal A@bintamination. In my first
approach, | have constructed a sample of radio-loud and-@adet quasars from the Faint
Images Radio Sky at Twenty-one centimetres (FIRST) andlten®igital Sky Survey Data
Release 7 (SDSS DRY7), over the H-ATLAS Phase 1 Apéal@" and14.5"). The main re-
sult of this work is that RLQs at lower AGN luminosities teratltave on average higher
FIR and 250x=m luminosity with respect to RQQs matched in AGN luminositg aedshift.
However, evolution effects could be strong as the quasatrgsrsample cover a wide range
of redshifts (0.4 < z < 5). Therefore, | follow a second approach with the advantdge o
QSO sample selection at a single redshift epoch, decomgptserevolution effects from the
AGN/star-formation study. The results indicate that rgeits in powerful QSOs can both
suppress and enhance the star formation in their host galakhese fundings are consistent
with a galaxy mass and jet-power dependence model. Then peeemore massive galax-
ies to have more star-formation for a given jet-power beedhsir star-formation is more
enhanced by the jet.

Although radio-jets are the best candidates for a direct A@pact to the host galaxy,
many models refer to an AGN feedback associated with ener§&iN winds and outflows
which are expected to suppress the star formation in pow&GIN when compared to the
overall galaxy population. My results do not suggest stanfdion is suppressed in the hosts
of optically selected QSOs at~ 1, with more than 30 per cent of them being associated
with strong star formation rateSER ~ 350 M, yr—!). Although different interpretations
are possible, this result can be explained through peridédsloanced AGN activity and
star-forming bursts, possibly through major mergers.

However, optical QSOs comprise only a small fraction of tb&ltAGN population.
Even if the ‘unified model’ predicts that the host galaxy mdj@s should not be affected
by the viewing angle (type-1 vs. type-2 AGN), several stadiave shown results support-
ing a scenario departing from the basic model. Investigatiar formation in the hosts of
24 um selected type-1&2 AGN, | found that the type-2 AGNs disptenyaverage higher



star-formation rate than type-1 AGNs. This result is in agnent with previous studies sug-
gesting an undergoing transition between a hidden grow#sgland an unobscured AGN
phase.
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Where are we going? Do not ask! Ascend, descend.
There is no beginning and no end. Only this present mo-
ment exists, full of bitterness, full of sweetness, and |
rejoice in it all.

[The Saviors of God (1923)] - Nikos Kazantzakis

Introduction

Active Galactic Nuclei (AGN) belong amongst the most faatimy objects in the Universe.
Their study has been rapidly evolving with a seismic shitbum understanding of their role
in shaping the evolution of the Universe. The term AGN refershe central region of a
galaxy, which outshines its host over the bigger part of theteomagnetic spectrum. In the
heart of these objects, large amounts of energy are relehsetb the accretion of matter
onto a supermassive black hole (SMBH). An accretion diskodffas surrounds the SMBH,
but moving further out it is also surrounded by a donut-shapeus of colder gas and dust.
Although classes of AGN can be very diverse, they exhibiéast some common features.

Despite the large amounts of energy they release, AGN arenget considered as rela-
tively rare and exotic gravity-driven phenomena but theythough to play a dominant role
in the galaxy evolution and formation. The main evidence €®ifrom:

1. the identification in nearby galaxies of the tight relaibips between the black hole
(BH) mass and the various properties of the host galaxy k@gnendy & Richstong
1995 Magorrian et al. 1998 Gebhardt et aJ.2000a Merloni, 2004 Beifiori et al,
2012,

2. the requirement for several theoretical models and nigalesimulations to implement
outflows driven by the AGN, such as jets and winds, to regudat®uppress star for-
mation in galaxies (‘AGN feedback’; e.§pringel et al.2005 Di Matteo et al, 2005
Croton et al. 2006 Hopkins et al.2006.
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Whilst a compelling picture has emerged, it is mainly camngied from indirect evidence
while direct observational evidences are still scarca@aerly in the distant Universe where
the majority of the BH and galaxy growth has occurred. Thitiea provides an overview of
the observed properties of AGN across the electromagnatictisim, their evolution across
cosmic time, the effects of their local environment and htwthase parameters could affect
their connection with the star formation.

1.1 The Global Picture

Observations show that a number of galaxies posses a vdrgbigentration of luminosity
in their nuclear regions. For this class of objects, the ded¢®GN, the luminosity of their
nuclei lie in the range of0*° — 10*" erg s=! (e.gFabian 1999. In the current paradigm,
the primary source of this energy is believed to be the gatieital accretion of matter onto
a SMBH (e.gRees 1984 Fabian 1999. The central SMBH gains mass by accreting some
of the surrounding matter in an accretion disk. As matenighe disk loses angular momen-
tum and gravitational potential energy, it falls furthetoithe disk and gives off substantial
amounts of electromagnetic radiation. The total radiatitoan AGN can sometimes out-
shine the entire stellar component of its host galaxy andexheir emission covers almost
the entire electromagnetic spectrum. Therefore, AGN cdoined at the farthest reaches of
the universe.

One of the most important questions about AGN concerns thaeaf their emitted
energy source. Despite the observed differences betweeAGIN types, the entire AGN
class has one common property: a large amount of energyessed within a small volume.
It became clear very early that the black hole paradigm @xplaest, in a natural way,
many of the observed properties and is thus commonly pexfée.gHoyle & Fowler, 1963
Salpetey 1964 Rees 1984). In this picture, the large amount of energy comes from the
release of gravitational energy from accretion onto thelblele. The surrounding matter,
driven by its gravitational pull, generates an accretistdin which, matter spirals towards
the black hole whilst losing its angular momentum. The ptigéenergy of the matter into
the accretion disk is converted in radiation by viscousdsrcAs a matter of fact, accretion
of matter in the strong gravitational field of these objestthe most efficient process. The
accretion luminosity is a function of the radiative effiaigr given by:

Loce = €M ¢? (1.1)

wherelM is the accretion rate andthe speed of light. The radiative efficiency for accretion
of matter onto a black hole is, however, with~ 0.1 much higher than for nuclear fusion.
Even though, there are studies suggesting the radiativaesity might be higher, up to
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e ~ 0.4, for rapidly rotating black holes (e.glvis et al, 2002 Wang et al. 2006.

As an example, in order to fuel a luminous AGN with~ 10%¢ erg s~!, a mass accretion
rate of2 M., yr~! is required. It is clear that the luminosity of an AGN primadepends
on the mass accretion rate, with in turn depends on the mase akentral black hole and
the efficiency for the conversion of gravitational energipiradiation. However, assuming
a standard accretion disc models with a geometrically tso, dhe luminosity emitted from
an object with mas8a/gy has a physical upper limit, the Eddington limit

LEdd ~ 1.3 X 1038(MBH/M®) erg S_l, (12)

at which the radiation pressure from accretion of the infglinatter balances the gravita-
tional force of the black hole. The ratio between the boleio@nd Eddington luminosities
is referred as the Eddington ratid,= L;,/Lgqq. Luminosities and accretion rates higher
than the Eddington limit in so-called super-Eddington ation are possible in different disc
models (e.gShakura & Sunyae\ 973 Dotan & Shaviy 2011 Sadowski et a).2011).

1.2 Finding AGN

The exploration of how the BH growth can be triggered in tinmel &pace requires the
identification of AGN over a wide range of redshifts and casmmnvironments. Exten-
sive optical surveys have provided the easiest way to ifyeAGN in the local Universe
(Kauffmann et al. 2003 Heckman et aJ.2004 Ho, 2008. Since the AGN narrow emis-
sion line region & 10 — 1000 pc) lies outside of the central dusty circumnuclear mate-
rial (see Sectior.3.1), optical spectroscopic observations are able to ideetrBn heavily
obscured AGNs (e.g. due to the putative obscuring tofugpnucci 1993, though they
may be affected by dust in the host galaxy. Multi-wavelerrgttio, mid-IR and X-ray ob-
servations further extend our understanding of the role ®N& within the formation and
evolution of galaxies with an almost complete census of A@tWey down to a given sen-
sitivity limit (i.e., lower-luminosity AGNs can still be udentified), even in the presence of
star-forming dust in the host galaxy (e@oulding & Alexander2009 Nardini et al, 2010).
However, if the obscuration level towards the central reggextremely high due to the pres-
ence of dust in the host galaxy (e.g. Arp 2Zdements et a).2002 lwasawa et a).2005
Downes & Eckart 2007, even intrinsically luminous AGN might be completely obssd
and remain unidentified.

At high redshifts, although optical spectroscopy remaifecéve at identifying distant
AGN (e.g.Steidel et al.2002 Trichas et al.2009 Kalfountzou et al.2011), the number of
identified AGN can be quite limited since the emission-limr@Mdiagnostics move out of
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the optical bands at > 0.4. Recently, various techniques have been employed to over-
come these limitations extending the utility of optical sfpescopy for AGN identification
outtoz ~ 1 (e.g.Juneau et al.201%, Trouille et al, 2011). Nevertheless, X-ray obser-
vations remain the most efficient and effective way to find bsgantial fraction of the
most heavily obscured distant AGNs, almost unaffected byptiesence of obscuration (e.qg.
Tozzi et al, 2006 Gilli et al., 2007 with a minimal weak contamination from star forma-
tion (e.g.Alexander et al.2011 Comastri et al.2011). Despite the significant advances,
even> 10 keV X-ray observations (e.gNuclear Spectroscopic Telescope Arr&jluSTAR
Harrison et al. 2013 are relatively insensitive to extreme amounts of absorpfi.e., the
most Compton-thick AGNs withiVy; > 3 x 10%* ecm~2). Fortunately, some of these ob-
jects, where absorption is so high that not even X-ray ptotan escape, can be recog-
nized as AGNs by their infrared and radio emission (eagy et al, 2004 Stern et al.2005
Hickox et al, 2007 since:

1. the intrinsic emission from the AGN heats the obscuringtdnd is re-emitted at
infrared wavelengths and

2. any core or jet emission from the AGN produced at radiodesgies can easily pass
through the absorbing material.

However, infrared and radio emission due to both AGN andfstanation activity often
co-exist, making it challenging to decompose the two corepts(e.gPolletta et al.2007
Mullaney et al, 20113. The bulk of a galaxy’s light is emitted at ultra-violent \J to
submillimetre wavelengths{ 0.1—1000 zm; e.g.Kennicutt & Evans2012 and is primarily
due to the radiation produced by stars and AGN activity, wiresent. The intrinsic emission
from these stellar populations dominates in the UV - nefiaiad (NIR) bands and can
be described by a black-body radiation model over a rangeasfsas and age&jrucz
1979. These models are typically sensitive to the presencesif garticularly in dusty star-
forming regions, which are generally optically thick to sheavelength UV-NIR radiation.
Consequently, observations at far-infrared (FIR) wavgllem are among the most useful
tools to efficiently measure the emission from young and fognstars since the emitted
starlight will heat the dust and then thermally re-radiasdFIR emissionX ~ 30 —300 um;
typical temperatures af ~ 10— 100 K). Therefore, galaxies which are currently undergoing
an intense burst of star formation emit most of their lightl& wavelengths, while quiescent
galaxy emission is produced at UV-NIR wavelengths.

Since the accretion disk is hotter than young stars, theigdwgpically heated to higher
temperatures~ 100 — 1000 K) and therefore the majority of the infrared emission from
the AGN is shifted to shorter NIR - mid-infrared (MIR) wavelghs than that from star for-
mation & 3 — 30 um; e.g. Netzer et al.2007 Mullaney et al, 20113. Consequently, for
many AGN studies, the FIR emission is taken as a measurerhém gtar formation rate
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(SFR). However, in order to provide the most accurate SFRteaints it is necessary to
decompose the infrared emission into the AGN and star-fotomaomponents, which is es-
sential for reliable SFR measurements from intrinsicallyinous AGNs (e.gNetzer et al.
2007 Mullaney et al, 2011a Delvecchio et al.2014. The following sections explore the
multi-wavelength process of AGN activity using observasiat X-ray, optical, IR, and radio
wavelengths. | investigate the evolution of AGN with redistthe connection between AGN
and radio-jet activity with star formation, and the role aff@onment.

1.3 AGN Phenomenology

AGN show a great variety of classes and definitions. In theohg a brief excursion going
through most AGN classes is given. Although many propedie®GN distribute relatively
continuously, | will also consider the question to whichesxd these classes are really distinct
and different or if AGN can be variable or may even one classhpéct evolve into another
class on certain periods of their time life.

Seyfert galaxiesare a class of active galaxies characterized by a very bagtitstar-
like core, high nuclear surface brightness and strong éomidiges in their optical spectrum
(Khachikian & Weedmanl1974). About 3 to 5 per cent of all galaxies are Seyfert galaxies
(Maiolino & Rieke 1995 Maia et al, 2003. Almost all these sources are hosted in spiral
galaxies and they belong to the radio-quiet AGN family, itey are either radio-undetected
or radio-quiet. The Seyfert galaxies are classified acogrth the presence of ‘broad lines’
in their optical spectrum. In type-1 Seyfert galaxies (Syitead emission lines are observed
due to gas with density of 10° — 10'? atoms cm~3 and typical moving speed on the order
of a few thousandtm s~!. Additionally, narrow forbidden emission lines with veities of
a few hundreds of kilometers per second can be also obsamnbeir spectra. In the case
of type-2 Seyfert galaxies (Sy2s) only narrow emissiondiaee found. There are, however,
Seyferts with intermediate properties between the twosymel even observed evolutionary
pictures in which Sy1ls evolve into Sy2s,\wce versaon scales of a few months (e.g. NGC
4151;Penston & PergZ1984).

Low-lonization Nuclear Emission Line Regiongalaxies (LINERs;Heckman 1980
are very similar to Sy2s. The difference in the optical sfze that these galaxies show
weaker continuum emission of LINER nuclei and strongerowarow-ionization emission
lines uncharacteristic of photoionization from normakstileckman 1980. LINERs are
very common as they are detected in at least one third of neglaxies Ho et al, 1997
and they may simply be very low-luminosity Seyferts or obgebat include mechanisms
of starburst-driven winds or shock-heated gas and coolowsfithat play a major role in
ionizing the gasleckman 198Q Filippenko & Terlevich 1992. As Heckman(1980 and
later Keel (1983 mentioned, these narrow-line regions are powered by thee dgpe of
source as Seyferts and therefore LINERs may represent tg&@ngilink between powerful
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AGN and nearby ‘normal’ galaxies.

Radio Galaxiesare also strong radio AGN emitters. These sources showasisplec-
tral properties at optical wavelengths as the Seyferts arides could be considered as their
radio-loud analogues. Based on their optical spectra ditiie igalaxies can as well be sepa-
rated into Narrow Line Radio Galaxies (NLRGSs) and Broad LRa&lio Galaxies (BLRGS),
depending on the full width at half maximum (FWHM) of theirtmal emission lines. Con-
trary to Seyferts, they are usually associated with (gieltiptical galaxies.

The radio emission arises in two morphologically and spgtthstinct components: the
compact region and the extended region. Emission from bwhcompact and extended
region is most likely synchrotron radiation from a popuatof relativistic particles being
ejected from the central engine. Such collimated outflowsatled jets. A further morpho-
logical classification is based on the morphology and thegp@iithe jets. By comparing the
distance with the total extent of the radio-emitting regibanaroff & Riley (1974 defined
two subclasses of radio galaxies: radio galaxies with gtregmmetric jets and extended
radio lobes that become fainter as one moves to the outemaities of the lobes are classi-
fied as Fanaroff & Riley Type | (FR 1) sources. On the other haviten the radio lobes are
collimated, ending in luminous hotspots that have steersgkectra in the inner regions,
these are classified as Fanaroff & Riley Type Il (FR II) soardeanaroff & Riley (1974
suggested a separating luminosity at 178 MH2.6fx 102 W Hz ! sr~!, but the luminos-
ity boundary between them is not very sharp, and as showreljow & Owen (1996 it
depends on the host galaxy optical luminosity. The hostxggdeof FR 1l are similar to the
normal giant ellipticals, whereas FR | galaxies are usuahyer, brighter and display flatter
surface brightness profiles than normal ellipticals (@gen & Laing 1989 but this may
also depend on redshift (elgerbert et al.2017). FR Il galaxies have more luminous optical
emission lines (e.Zirbel & Baum, 1995 and are found in less rich environments compared
to FR | galaxies depending on the redshift (¢ddl & Lilly , 1991 McLure & Dunlop, 2001
Falder et al.2010.

Quasarsare the most luminous AGN, which are typically very distaittmMheir number
density having a peak at< z < 3 (e.g.Fan et al.2001, Hasinger et aJ2005 Richards et a.
20063. At these distances the host galaxy is no longer detectaitiher because the nucleus
outshines the host galaxy, or because its angular extersiaell below the telescope’s
angular resolution thus, quasars show a point-like appearat optical wavelengths. The
so-called quasi-stellar objects (QSOs) were first deteictéde search for optical counter-
parts of unidentified radio sources (eSehmidi 1963 Matthews & Sandagel963. Even
though, the radio-loud quasars (RLQs) make only up to theet@ent of the total quasar
population (e.glvezic et al, 2009. The radio luminosity of the radio-loud objects at 5 GHz
isaboutto 1 - 3 order of magnitude higher than their optigadihosity Sanders et gl1989.

Blazars constitute a subset of the AGN population with relativigéits pointing in the
direction of the observer. The general characteristicslatd@s that distinguish them from
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the rest of the AGN are the smooth continuum at the IR/ogtialregions from a stellar-
like nucleus, their high optical polarization, the fastiogkvariability on timescales as short
as hours and their strong and time-variable radio continudine special jet orientation
can explain these characteristics. They contain two sabefa the BL Lac objects and the
optically violent variables (OVVs). BL Lac objects so no oeak emission lines thus, their
optical spectra are clearly dominated by continuum emisétrittmatter et al.1972. The
majority of blazars are hosted by giant elliptical galaxies

1.3.1 Unification of AGN

In 1995, Urry & Padovani proposed an AGN unification schenggssting that the different
types of AGN can be unified in a single theory. We could sumpeahe observed properties
of AGN in three wide groups: luminosity, radio-loudness anaission line widths. Figl.1
presents the current understanding of unification scheméioh the observed AGN type
depends on the observer’s viewing angle to the system. Ratlicare the only intrinsic
property responsible for the presence of radio-loud anib rquiet AGN sub-classes, while
most of the other AGN phenomenological differences arisghbi from the different viewing
angles.

The key elements of this unification model are the componaritsee AGN. The central
engine is associated with a SMBH surrounded by an accretsgnndich feeds the BH with
gas. Material orbiting around the BH reaches its highestalrgpeed velocities as it comes
closer and closed to the BH. Due to the large velocity dispeiis the inner region of AGN,
the emission lines, which are produced by photo-ionizdtypthe continuum radiation from
the central source, are broad. Thus, this inner region wiastemoving clouds orbit above
the accretion disk is called Broad Line Region (BLR).

The original unification scheméftonuccj 1993 included a torus of gas and dust, large
enough to completely obscure the central region in sometthres (e.g. high inclination
angles) and block the direct optical and UV emission to th&Béven though some contin-
uum and broad emission lines can be scattered into the fisegbt by dust which is found
throughout the region. Even further away from the BH, thession comes from a region
with much smaller velocity of clouds - the Narrow Line Reg(®lR). Combined with the
low gas density at these distances, the formation of fodmddhes is allowed while their
profiles are narrower due to the smaller velocity spread.omescases, the gravitational
energy extracted by BH and accretion disk processes istealdéavay as highly energetic
photons or escapes in a jet. The direction of the relatwjsts is thought to align with the
symmetry axis, but no preferential orientation relativéh® rotation axis of the host galaxy
is seen (e.gLyutikov et al, 2005 Lindner & Fragile 2007).

As mentioned above, most of the properties of the differddNAypes can be explained
assuming a simple geometrical parameter associated witbraut’-shaped obscuring AGN
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FIGURE 1.1: Schematic cross-section of the central engine antbie environment in the unified
scheme (not to scale). In the unification model the diffe BN classes are explained by different
viewing angles of the same AGN model. The labels indicatectmponents of an AGN. Viewing
angles are labelled with the AGN type. The separation irorémlid and radio-quiet along the orbital
plane is only used for illustration. The central super meesklack hole is surrounded by an accretion
disk of orbiting dust and gas. Depending on the radio-loadrad the source, a jet (or two back-to-
back jets) of accelerated particles is present. IllusiragifterUrry & Padovanj 1995

torus and the relative position of the observer. For insgatite inclination of these systems
can explain why only a fraction of AGN show broad lines in trepectra. If the obscuring
torus is observed from the exact edge-on direction (intibmaangled = 90°), it can prevent
the direct view of the inner AGN region and only the NLR can berswhile the BLR is
obscured. As we move away from the edge-on axis (inclinaingle decreases), the inner
region becomes more apparent. Thus, the two types of Sg@dkxies (type-1 and type-2)
could be explained using the orientation parameter.

In a similar manner, RLQs are believed to have the same mgyas FR Il radio
galaxies. In the case of flat-spectrum radio-quasars (FSR@Yy are observed in small
angles close to the line-of-sight which is nearly aligneth®m axis of the jet. For the steep-
spectrum radio-quasars (SSRQ), the line-of-sight is tetkto higher angles (unt?; e.g.
Barthe| 1989 Padovani & Urry 1992. The most extreme case are the blazars, where the
jetis pointed almost directly toward the observer. Thetnaktically boosted emission from
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the jet can dominate all the other sources of radiation, apthas the feature-less spectra,
as well as the short variability time scales. The BL Lac otgjéave been unified with FR |
radio galaxies (e.gschwartz & Ky 1983.

However, the traditional ‘donut’-shaped structure of theauring torus might be a sim-
plified picture. The real distribution of the material coddd associated with ways more
complex structures (clumpy torus model; elgstram et al, 2007 Nenkova et al.2008 or
even depend on AGN luminosity (e.Blitzur & Shlosman200§ Lawrence & Elvis 201Q
Elitzur, 2012). Elvis (2000 presented a more sophisticated model for the quasarststeu
(see Fig.1.2) where an accelerating outflow-(10° K) with a funnel-shaped thin shell ge-
ometry rises vertically from a narrow range of radii on a diskhe BLR. This structure can
explain the observed emission and absorption-line phenamssociated with both broad
absorption line region, high-ionization ultraviolet masr absorption lines and X-ray warm
absorbers. The observed differences in high and low luntinssurces such as the UV and
X-ray Baldwin and the greater prevalence of obscuratiomwluminosity AGNs could be
explained by small luminosity-dependent changes in thBavushape of the inner parts of
the model.

Having treated AGN in general, what follows is a more dethdescription of particular
AGN sub-classes which are of direct relevance for this theSpecial attention will be paid
to the apparent type-1&2 AGN unification and radio-loudrdiskotomy of quasars.

1.3.2 Seyfert unification scheme

The Seyfert unification scheme predicts that Syls and Sylagiga are extracted from the
same parent population and the observed differences aly shle to the differing orien-
tations of the ‘donut’-shaped obscuring material arourgdrthicleus (e.gRowan-Robinson
1977 Lawrence & Elvis 1982 Antonucci 1993. Emission from the NLR is expected to
be unaffected by the viewing angle while, on the contraryission from the BLR can be
observed only if the line of sight does not intercept the $oila type 2s, where the opening
of the torus is edge-on, the BLR has been detected in potHigg® due to scattering by free
electrons and dust grains located above the torus openpagti®polarimetric observations
provide direct evidence for the presence of polarized bemadsion lines establishing that at
least some of the Seyfert 2s harbor a type 1 Seyfert whoseregien is obscured from view
(e.g.Miller et al., 1997, Heisler et al. 1997 Moran et al, 200Q Panessa & Bassari002.
However, it is a matter of debate whether all Sy2s posseshitighe 1 nuclei.

Similarly toMoran et al(2000, several other works have yielded results consistent with
the predictions of the Seyfert unification scheme, e.g.ngeo continuum emission in the
case of Sy1s, with a systematic lack of ultraviolet and X{snft and hard) emission in Sy2s
compared to Syls galaxiekgwrence 1987 Mas-Hesse et gl1994), similar amount of
molecular gas for both type#/@iolino et al, 1997 Curran 2000, (bi)conical morphology
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FIGURE 1.2: Quasar’s structure. The four symmetric quadrantstithitie (clockwise from top left):
the opening angles of the structure; the spectroscopicaappee to a distant observer at various
angles; the outflow velocities a long different lines of sigdome representative radii (appropriate
for the Seyfert 1 galaxy NGC 5548) and some typical columrsities. Figure adapted fromlvis
(2000.
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of the NLR perhaps due to an obscuring torlvi(chaey et al. 1996 Mufoz Marin et al.
2007, and no statistically significant difference in the nucleadio properties of the two
Seyfert subtyped @l et al, 2011).

While this unified scheme is simple and attractive, incdesisies with its predictions
remain, such as, the absence of hidden Seyfert 1 nuclei irga feaction ¢ 50 per cent)
of Sy2s (e.g.Tran 2007J), the increase of the detected hidden broad-line regioBt R4)
fraction with the radio power of AGN (e.gran 2003, Sy2s tend to have, on average, later
Hubble types than Sy2s (elglalkan et al, 1998, the lack or low X-ray absorption in some
Sy2s (e.gPanessa & Bassarl002 Caccianiga et 8l2004 Corral et al, 2005.

Although clear evidence favour the obscuration of the nuelgion due to the pc-scale
torus presence, in agreement with the orientation-basiidation model predictions, it is
still a matter of debate whether an additional ingrediesgpaiated with larger scales, must
be considered (e.@ylaiolino & Rieke 1995 Matt, 2000. Several recent studies have shown
results that would imply significant departure from the défanified model, e.g. enhanced
star formationin Syls (e.@age et a)2004 Hatziminaoglou et a]201Q Chen et al.2015,
more disturbed host galaxy morphology of dust-obscuredapsavhen compared to unob-
scured quasars (e.gacy et al, 2007 and stronger clustering in Sy2s (eHickox et al,
201% Donoso et al.2014 DiPompeo et a).2014). These results associate the high levels
of nuclear obscuration with dusty starburst events due fommaerger. Due to the power-
ful AGN activity and AGN winds, the dust can be later expeliegblying an evolutionary
link between type-1 (unobscured) and type-2 (obscured) A&HL Di Matteo et al, 2005
Hopkins et al. 2006 Somerville et al. 2008 Treister et al. 2009. However, other stud-
ies have found no significant difference between mean stellsses and star-formation
rates of obscured and unobscured X-ray-selected AGNs KestsMainieri et al, 2011,
Rosario et al.2012 Rovilos et al, 2012 Merloni et al, 2014).

Nonetheless, both AGN sample selection from flux limitedszeys and measurements
of star formation properties for AGN host galaxies stillfeufrom selection effects that are
often different among various AGN populations. The testefvalidation and limitation of
the current unification models of AGN still continues with memproved and well defined
samples.

1.3.3 Radio-loud —radio-quiet AGN unification

The radio-loudness dichotomy has been recognized for meaysyas constituting one of
the major questions of intrinsic versus orientation défezes in QSOs. The degree of radio-
loudness is based on the radio emission generated by themssion, jets and lobes and its
correlation with the central engine. However, due to thgdarariety of definitions a unique
classification is sometimes difficult.

Generally, two main parameters are used to estimate the-lawliiness of a QSO, either
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the radio power at 5 GHZ5¢yy, or the radio-to-optical flux density rati®. Kellermann et al.
(1989 originally defined the radio-loudness paramdteas the 5 GHz radio flux density to
B-band (400@\) flux ratio, R = %2% Based on this definition, QSOs are often separated
into two broad categories, the ‘radio-quiet’ (RQQs) and ‘thdio-loud’ (RLQs) quasars.
The radio-loud sub-sample is usually categorized?y 10 (e.g.Kellermann et al.1989

or Piqy, > 10%W Hz !'sr~! (e.g.Miller et al., 1990, or both (e.g.Falcke et al. 1996
Wold et al, 2007, and makes only- 10 per cent of the total population.

The radio-loudness parameté&, was found to be bimodal where a luminosity gap sep-
arates the two populationEéllermann et al.1989 Miller et al., 199Q Ivezic et al, 2002.
However, some studies found a class of radio-intermediadsars which have radio lumi-
nosities that fill the gapMiller et al., 1993. This group of sources was proposed to be
the relativistically beamed radio-quiet (or radio-wealkipgarstalcke et al.1996. In con-
trast,White et al.(2000 found no bimodality in the? parameter distribution using quasars
selected from the FIRSTBEcker et al. 1995 survey (see als&irasuolo et al. 2003ab;
Ivezi€ et al, 2004 Barvainis et al.2005. However, it has been pointed out that Waite et al.
(2000 sample was biased by objects near the flux limit, a fact thatdclead to spurious
results. With their resultdyezic et al.(2002, have suggested bimodality using FIRST and
the large and unbiased SDSS catalogt@K et al, 2000. However, the detection limits of
both surveys do not permit the detection of a significant nemal) RQQs and hence a sec-
ondary peak must exist due to the majority of undetected Sip&Sars in the FIRST survey
(~ 90 per cent) and the weaker radio emission of typical RQQs coedp@ RLQs. More
recently,White et al.(2007) using a sample- 40000 quasars from SDSS DR3 catalog and a
stacking analysis of FIRST for their radio-counterpartsvetd evidence for a shallow min-
imum between the RL and RQ groups of the radio-loudnessilision. However, again,
optical selection effects at these flux levels may domirfaedistribution.

Apart from the radio-loudness difference between the tw@@8b-samples, their spec-
tral energy distribution along the other wavelength basdsroadly similar. Possible cor-
relations of the radio-loud quasars fraction or radio lumsity with the optical luminosity
(e.g.Padovani1993 Hooper et al. 1995 Goldschmidt et a).1999 Impey & Petry 200J)
or lack of correlations (e.gStern et al. 200Q Ivezic et al, 2002 Cirasuolo et al.20033
could indicate the physical differences of the two clasSd® physical meaning of radio-
loudness could lead to different physical properties betwdhe two populations, such as
different origin of radio emission (jet vs. corona; elgaor & Behar 2008, different BH
masses (e.gVicLure & Jarvis 2004, accretion rates (e.¢rikora et al, 2007 and/or spins
(e.g. Blandford & Znajek 1977 Garofalo et al. 2010, as well as host galaxy properties
(Sikora et al. 2007 Lagos et al.2009 or could also be linked with dark matter halos and
galaxy mergers (e.gdughes & Blandford2003 Lagos et al.2009 Garofalo et al.2010).

Several studies have reported a radio dichotomy dependentiee quasar’s environ-
ment (e.g.Green & Yee 1984). While they confirmed the hypothesis that quasars tend to
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lie in clusters, they have shown that low to moderate retd&t@Qs are found in signifi-
cantly less rich environments. More recent studies at miggashifts agree with the fact that
RLQs are found in overdense environments (BlgLure & Dunlop, 2001, Barr et al, 2003
Falder et al. 2010 but for RQQs the there is as yet no clear consensus. Whilerdbeu
of studies suggest that RQQs are found in underdense regioasleast regions less dense
than RLQs (e.gEllingson et al. 1991, Smith et al, 200Q Hyvonen et al.2007), other stud-
ies show that, at the very least, a significant fraction of R@Qocated in environments con-
sistent with that of their radio-loud counterparts (é\pld et al, 2001, McLure & Dunlop,
200)). Thus, the environment alone cannot provide the mechatniggering radio activity.

An alternative handle on radio-loudness comes throughestuaf quasar host galaxies.
Studies of the host galaxy morphology dependence on radisiai have a long and che-
quered history.$mith et al, 1986 argued that RLQs are predominantly hosted by luminous
elliptical galaxies and RQQs are found in less bright sgu@dts. These early indications
have been superseded by a picture in which RLQs indeed reslidminous, massive ellip-
tical galaxies but the morphology of the RQQ hosts may dependhe quasar luminosity.
In that scene, although RQQ may reside in both early-typealspand ellipticals at their
bright end of the luminosity function (LF) are exclusivelgdted in elliptical galaxies (e.qg.
Dunlop et al, 1993 McLure et al, 1999. At 1 < z < 2 redshifts, the hosts of RLQs ap-
pearl — 1.5 magnitudes more luminous than RQQs hosts with the same AGihasity
(Kukula et al, 2007). At even higher redshifts the hosts have proved hardertextimaking
the picture less clear. Fig.3 shows the results dfukula et al.(2001) on the evolution of
host luminosities of RLQ and RQQ at three cosmological epooks expected from the
evolution of massive spheroids, RLQ host luminosity inse=aby a factor of 3 at redshift
z ~ 2. In contrast to RLQ hosts and passive evolution, RQQ hogisayto have the same
absolute magnitude at all redshifts. The fact that the didpQQ host mass is not displayed
by their radio-loud counterpart might be explained by adaa effect arising from the fact
that radio-loudness criterion ensures a higher BH masshbté in the case of RLQs.

An interesting result originally reported bfanceschini et gl1998 and since then has
been the subject of many studidsafy et al, 200% Nagar et al. 2002 Jarvis & McLure
2002 McLure & Jarvis 2009, is the correlation of BH mass and radio-loudness or radio
luminosity. Many of these works have concluded that on ayethe BH mass of RLQS is
more massive than that of RQQs by a factorofi.4. Fig. 1.4 shows the results of radio-
loudness and BH mass correlation for RLQs and RQQs popuoktcawn from SDSS and
NVSS/FIRST catalogued/cLure & Jarvis 2004. The BH masses of RLQs were found to
be confined taV/zy > 10®M,. However, for a given BH mass the radio luminosity has a
scatter of several orders of magnitude. On the other handralestudies argue that RLQs
with 105M,, < Mgy < 108M,, rule out any correlation between BH mass and radio power
giving evidence that radio dichotomy can not be explainesd ftom BH mass parameter
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FIGURE 1.3: Mean absolute V-band magnitude versus mean redshiftest epochs for the host
galaxies of RLQs (open circles) and RQQs (filled circles)tvew different cosmologies. The dotted
lines show the luminosity evolution of present d&¥;, 2L* and4L* elliptical galaxies. Figure taken
from Kukula et al.(2001).

(Oshlack et a].2002 Woo & Urry, 2002ha; Ho, 2002 Urry, 2003. Despite the lack of cor-
relation, these studies also suggest the existence of a Bid theeshold which controls the
onset of radio-loudnesd gor, 2000 Magliocchetti et al. 2004 Metcalf & Magliocchett]
2009.
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FIGURE 1.4: Black hole mass plotted against the radio-loudne$ ded against the radio lumi-
nosity at 5 GHz (right) for a sample of RLQs (filled black ces) and RQQs (grey arrows). RLQs
with Lsqn, < 102 W Hz~! sr~! plotted as open black circles. Figure taken figiti_ure & Dunlop
(2009.

1.4 AGN demographics and evolution

Since the early identification of AGN in the '60S¢hmidt & Olsen1968§, their evolution
as a function of cosmic time has been studied intensivelyer Eince, the identification
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of the relatively rare AGN systems was dominated by wide apgacal and radio surveys.
Due to the availability of large optical quasars surveybas become evident that the pop-
ulation of luminous quasars evolves strongly, being ordémmagnitude more common at
cosmic times corresponding to redshift 1 — 2 than locally (e.gSchmidt & Green1983
Boyle et al, 200Q Richards et a).2006g. However, optical selection is heavily biased to-
wards unobscured AGNs that are bright enough to dominatestmdined spectrum over the
host galaxy. Therefore, a complete study of AGN requiresnaprehensive census of AGN
including both unobscured and obscured AGNs down to a lowrlasity level.

Currently, the most effective method to select distant A@&Nssing X-ray observations
which provide an almost unbiased selection and, sincef@taration activity is compara-
tively weak at X-ray energies, can identify even low-lunsip systems. Thanks to deep
X-ray observations at 10 keV performed by th&€€handra X-ray ObservatorgChandrg
Weisskopf et al.2000, and theX-ray Multi-Mirror Mission (XMM-Newton Jansen et gl.
2007 a large fraction of obscured systems, that are signifigaesls luminous up to 2 order
of magnitude than typical quasars in wide-area surveys @QXfSS;Ross et al.2012), has
been identified. Though the completeness of the most heabidgured and high-redshift
(z > 5) AGN requires further improvements, the AGN samples are famly complete over
a large redshift and luminosity range to allow fundamentedsgions about the evolution of
AGN activity across cosmic time to be addressed.

A key finding, firstly introduced by observational studiessnevealed an ‘anti-hierarchical’
luminosity dependent trend in AGN evolution: the numbergigrof luminous AGN peaks
at higher redshifts than those of fainter AGN (eCgpwie et al, 2003 Hasinger et a).2005
La Franca et a.2005 Silverman et a].2008a Aird et al, 201Q Ueda et al.2014. These
findings are consistent with the downsizing behaviour oleskalso in optically and radio se-
lected AGN (e.gRichards et a).2005 Hopkins et al, 2007 Croom et al,2009 Ross et al.
2013, confirming the consistency of this phenomenon. Whileagsisigns of this downsiz-
ing phenomenon are now seen, precise measurements aneetiéid to efficiently reduce the
large uncertainties as to the exact form of the X-ray lumigdanction (XLF) and its evo-
lution. Recent studies have proposed either luminosifyeddent density evolution (LDDE;
e.g. Gilliet al., 2007 Ueda et al.2014 or luminosity and density evolution (LADE; e.g.,
Aird et al, 2010 to describe the evolution of the XLF at both low and high tefis. In
LDDE scheme, the shape of the XLF changes with redshift, avitattening of the faint-end
slope as redshift increases. This evolution is broadlyaittarized by a shift in the peak
of AGN space density towards lower redshifts for lower luasity objects. In the latter
(LADE), the shape of the XLF is constant over the whole reitisange, unlike the case of
LDDE, but it undergoes strong luminosity evolutionzak 1.0, and overall negative den-
sity evolution toward increasing redsh#trd et al, 201Q While both models reproduce the
down-sizing behavior, the number of AGN they predict, eggbcat high redshift { > 3),
are quite different. Although the current X-ray data confiha exponential decrease in the
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AGN density above: > 3 (e.g. Silverman et al.2008a Brusa et al. 2009 Civano et al,
2017% Hiroi et al,, 2012 Vito et al,, 2013 Ueda et al.2014), none of the previous works was
able to sufficiently describe the shape of the XLF (e.g. LABE VDDE) at high-redshifts,
largely owing to the small samples and limited area coverage

Unobscured AGNsKy < 10?2 cm~2) are found to trace the same evolution as obscured
AGNSs, although there is evidence that the fraction of obsdtWGNSs in the total (Compton-
thin) AGNs increases toward higher redshift (eBgllantyne et a.2006 Treister & Urry,
2006 Hasingey 2008. This trend would be consistent with a suggestion thabdisAGNs
contain nuclear regions that are more gas rich than lowdshié AGNs. Although, deep
X-ray surveys have provided the most effective method feritientification of complete
samples of AGN, a significant fraction of the heavily obsdu(®y > 10?3 cm~2), and
Compton-thick (Vi; = 10** em~2) AGN probably remains undetected (efdexander et al.
2008 Georgantopoulos et al2009 Comastri et al.2011). The number density of these
heavily obscured AGNSs is estimated to be similar to the mateér obscured AGNs (e.g.
Gilli et al., 2007 in order to fit the 30 keV peak in the cosmic X-ray backgrouGXRRB),
with =~ 25 per cent at 6-8 keV ang 50 per cent at> 8 keV of them remaining unresolved
(e.g.Worsley et al, 2004 2005. Numerous attempts have been made to find AGN candi-
dates that are undetected in the X-ray band, with the mostsstul methods have utilized
radio and infrared observations. Each method has streimgitene areas and limitations in
others, such as completeness and reliability, thus thesnare efficient when used together
to AGN candidates identification.

Apart from the observational constraints, a variety of te&oal models and simula-
tions have been used to provide valuable insight into thesighy nature of AGN evolu-
tion (e.g.Di Matteo et al, 2008 Hopkins et al. 2008 Fanidakis et a).2012 Menci et al,
2013. Although, at present, small-scale physical mechanisifated to the BH accretion
and formation are not sufficiently modeled due to the limggdtial and mass resolution,
several state-of the-art cosmological models have sugnedemonstrating the observed
‘anti-hierarchical’ trend in AGN evolution and SMBH growgiioviding a cosmological in-
terpretation of the ‘downsizing’ effect. On the one han&, ¢huse of this trend may results
from the exhaustion of the gas content in massive halos dstatburst events and feedback
or from a drop of the rate of mergers, or even the combinatidinese physical mechanisms.
On the other hand, less-luminous AGN evolve smoother as déisecgntent in low-mass
galaxies evolves more mildly. Additionally, as luminous R&run out of fuel, their SMBHs
are no longer rapidly growing and their luminosity fadesuteto a significant fraction of
the less-luminous sources that still appear as AGNSs.

The integrated growth of SMBH is dominated by systems ardbadcknee of the AGN
luminosity function (e.gHopkins et al. 2007); AGNs with Ly = 10* — 10% ergs™!
dominate SMBH power production at higher redshifisX 1.5), while those withLy =
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FIGURE 1.5: Top: Comoving number density of AGNs, selected fromtipl@ X-ray surveys,
plotted against redshift in different luminosity bins (abélled; in units ofogferg s~!]). The curves
are the best-fit model, and the data points are calculated &ither the soft or hard band sample.
Note that the number density of luminous AGN peaks at higbdshifts that lower-luminosity AGN
(i.e., AGN cosmic downsizing). Bottom: Comoving mass dgnef all SMBHSs plotted against red
shift (uppermost solid curve, black). Note the shift of tielk for AGNs withLg, < 10%° erg s~
(or Lx < 10%3 erg s—1). Taken fromUeda et al(2014).
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10% — 10* erg s—! dominate at lower redshifts. Fid.5shows that the luminosity depen-
dence of AGN evolution results in a shift of the SMBH mass dgnseak fromz ~ 2,
where AGNs withLp, = 10% — 10*7 ergs™! (or Lx = 10** — 10% erg s~') make the
largest contribution, to lower redshiftt)éda et al. 2014). Approximately, the integrated
fractions of SMBH growth at < 1, z = 1 — 2, andz > 2 are35 — 50 per cent25 — 40 per
cent, andl5 — 25 per cent, respectively (e.ylarconi et al, 2004 Silverman et a].2008a
Aird et al,, 201Q Ueda et al.2014. Two important AGN sub-populations for the growth
of BHs and galaxies are optically selected quasars whickribote about~ 40 — 50 per
cent (e.g.Di Matteo et al, 2003 to the integrated fractions of SMBH growth representing
a rapid growth phase of massive BHs and, RLAGNs which cautigik: 10 per cent (e.g.
Cattaneo & Best2009 but appear to have played a significant role in the formagiod
evolution of galaxies.

Although RLAGNSs are a minority at all redshifts, the largeaamt of kinetic/mechani-
cal energy produced by the jets and lobes can be transfertbd host galaxy or large-scale
environment and prevent the gas cooling and star formalibarefore, the radio luminosity
functions associated with AGN activity are used to obsémmally constraint the volume-
average heating rate from AGN (e@roton et al.2006 Lehmer et al.2007 Smolcic et al.
2009 La Franca et a).2010. Obtaining an estimate of the mechanical radio power has
proven to be a difficult problem with a basic requirement afvasting the synchrotron jet
luminosity into a kinetic energy (e.@est et al. 2006 Heinz et al, 2007 Cavagnolo et a/.
2010. On the basis of the current conversion factors, the kinetiergy density is pre-
dicted to be broadly flat over ~ 0 — 4, with power density being completely dominated
by low luminosity AGN at low redshifts, while the contribati from RLQs becomes sig-
nificant atz ~ 2 (e.g.Merloni & Heinz, 2008 Cattaneo & Best2009. There is evidence
for a sharp (about a factor of five) decrease of the kineticggndensity atz: < 0.5, which
would indicate a weakening role of AGN activity towards: 0 (e.g.Kording et al, 2008
La Franca et a|2010.

1.5 The host galaxies of distant AGNs

In the past 20 years astronomers discovered that almost massive galaxy hosts a cen-
tral galactic BH (/gy ~ 10° — 10'° M.). The existence of SMBHs at the center of
massive nearby galaxies has been confirmed mostly from thandigs of stars and gas
kinematics (e.gKormendy & Richstong1999. In the case of AGN, it has been possi-
ble to measure SMBH masses due to a technique known as restgshemapping (e.g.
Blandford & McKeeg 1982 Peterson1993 which provides indirect BH mass estimates and
kinematic studies which are known to provide the most rédiabass measurements (e.g.
Kaspi et al, 2000. These measurements have lead astronomers to establisthefuged
black hole mass scaling relations with host galaxy propersiuch as: stellar mass in the
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spheroidal component (e lglarconi & Hunt 2003, luminosity (e.gMagorrian et al.1999,
velocity dispersion (e.gsebhardt et al2000h Ferrarese & Merritt2000 McConnell & Ma,
2013 and mass of the dark matter halo (é¢=grraresg2002. The tightness of these relations
suggests there may be a link between black hole formatiomgalacky evolution.

Researchers, trying to understand the origin of this BHespld mass link, have re-
vealed the need of the presence of powerful phenomena sgasagh major mergers (e.g.
Sanders & Mirabel1996 Hopkins et al. 2008, galaxy interactions, minor merger or other
secular processes such as galaxy bars, disk instabibtiesclumpy cloud accretion (e.g.
Silverman et a].2011;, Bournaud et a).2012, Villforth et al., 2014. These processes may
be responsible for triggering both black hole feed via aomneof gas to the center of the
galaxy and star formation. However, we note that there idenge that the most luminous
AGNs are preferentially triggered by major mergers, as &smd for the most powerful
star-forming galaxies (e.Jreister et al.2012, which could indicate that to reach the high-
est AGN luminosities - where the most massive BHs accretedbltk of their mass - major
mergers are required to drive sufficient quantities of gastime central regions of galaxies.
Fig. 1.6shows a schematic example for thg;; — o relation with three possible evolution-
ary tracks for merging galaxies overlaidédling et al, 2015.

Black holes release huge amounts of energy to their suripgrgystems. Assuming
a sufficiently strong coupling between BH radiative/mecbamoutput and the surrounding
gas, the SMBHSs can potentially regulate the growth of thestlgalaxies through AGN feed-
back (e.gSpringel et al.2005 Hopkins et al.2010. This assumption would be consistent
with the existence of a correlation between the mass of stdle bulge and the masses of
the SMBHSs. In particular, theory suggest that nuclear agtregulates host galaxy growth
either by high velocity AGN-driven outflows that remove tresgrom the galaxy and sup-
press the star formation and future black hole growth (éagpkins et al.2006 Menci et al,
20006, or by heating it (e.gCroton et al. 2009. The feedback process from a growing
SMBH can be split broadly into two types. Using the termimgyi@f Croton et al.(2006,
there is ‘quasar-mode’ feedback, which comprises widdeasgb-relativistic out-flows due
to the efficient accretion of cold gas, and ‘radio-mode’ teszk, which are relativistic out-
flows driven by radiation that punch their way out of the hadagy and into the surrounding
inter-galactic medium (IGM), often but not exclusively dizethe relatively inefficient ac-
cretion of hot gas (see Fid.7; Alexander & Hickox 2012. It is important to note that this
radio-mode is mechanical feedback from radio jets.

Quasar-mode feedback is considered to be driven by a wiratextdoy the luminous
accretion disk. The ignition of the nucleus in a star-forghgalaxy heats-up and removes
the inter-stellar medium (ISM) gas from its host galaxystiheducing or even stopping star
formation (e.g.Granato et aJ.200% Croton et al. 2006 Hopkins et al. 201Q Page et aJ.
2012. During this process, the flow of matter to the central SMBi# be reduced, low-
ering the accretion flow and eventually extinguishing theNA®nce the gas cools down
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FIGURE 1.6: Mgy — o relation for isolated galaxies frolcConnell & Ma (2013 (black) with
three possible evolutionary tracks for merging galaxiesrlaid. If the black hole grows first or more
quickly than the galaxy bulge, mergers would lie above thetimn (as shown by the gold arrows). If
the black hole growth lags the bulge growth and is respomséisicurtailing evolution (e.g. quenching
through AGN feedback), mergers would lie below the relatas shown by the purple arrows). If
instead the black hole and the bulge grow in lockstep, thegenerwould remain on the relation (as
shown by the blue arrow). Taken frolkhedling et al.(2015.

and starts to collapse into the nucleus again, a new AGN pimgebegin and the cy-
cle resumes. In recent years, much work has focused on aleera evidence for AGN
wind mainly through the presence of highly blue-shiftedapson and emission lines (e.g.
Boroson 2005 Davies et al. 2009 Gofford et al, 2013, Richards et a).2011). All these
studies demonstrate that energetic winds are common in Ad&Mever, based on the ex-
ist data, it is not clear whether these winds have signifieffietts on the scale of the host
galaxy since, many studies have shown that the winds arevassenly along the line of
sight and there are no direct constraints on the spatiallalition of the outflowing gas (e.g.
Tremonti et al, 2007 Arav et al, 2008 Dunn et al, 2010. The emergence of integral-field
unity (IFU) observations for spatially resolved spectagsc of individual sources provide
significant advantages over these challenges Fegiglio et al, 2019 Greene et al201]).
Observations reveal examples of powerful feedback in tira fif AGN-driven outflows, but
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FIGURE 1.7: Schematic diagrams to illustrate the two main modes ®NAoutflows: Quasar
(superwind) mode outflows such as those found in luminous @ radio mode outflows such as
those found in low-excitation radio-loud AGNSs. Figure takeom Alexander & Hickox(2012.
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their overall prevalence and impact on the galaxy evolutgznains to be determined.

Unlike AGN winds, direct observations show that jets canuierfice gas many tens of
kpc from the centre of the parent host galaxy. Indeed, thrghbest radio structures in AGN
are often observed on kpc scales and are produced by thermpaplthe AGN outflow to
its environment. Although quasar-mode feedback might ecicuall AGN, it is likely to be
important only in powerful AGN, while lower AGN power radiosrces are probably dom-
inated by the radio-mode feedback. For most of the radid-lGN, the radio-mechanical
power can exceed (by as muchas1000 times) the nuclear radiation (e.Birzan et al.
2008 Cavagnolo et a.2010. Radio AGN energy output, in the form of heating, can pre-
vent hot gas from cooling and falling into a galaxy to formrstge.g.Croton et al. 2009,
especially in the more massive galaxies and at much smalbeetdon rates than that of the
quasar-mode feedback. The cooling of the hot gas onto tHeirfuels sporadic AGN out-
bursts, which in turn heat the inflowing gas, perhaps stappmreversing the inflow (e.g.
Best et al.2005.

Although on the basis of these feedback models, we wouldagxpsuppression in the
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star formation of the AGN, depending on how fast the star &drom is suppressed, its signa-
tures could be comparatively subtle (e-tnpkins et al.2006 Harrison et al.2012. Sensi-
tive SFR measurements for individual AGN but also their asgmn with AGN luminosity
and redshift are required to provide sufficient tests of thact of AGN on star formation.

1.5.1 Where the distant AGNSs live?

The general consensus is that the majority of distant X-r@&NA are found to be hosted
by massive galaxies with/, ~ (0.3 — 3) x 10" M, (e.g.Alonso-Herrero et al.2008
Brusa et al.2009 Hickox et al, 2009. AGN host galaxies down to the 10° — 101° M,
stellar mass regime are also identified although they apjgeaomprise a small fraction
of the total X-ray AGN population (e.gshi et al, 2008 Xue et al, 2010. RLAGNS pre-
dominantly inhabit the most massive elliptical galaxiesrmi/, ~ 10 — 102 M, (e.g.
Tasse et a).2008 Floyd et al, 2010. Radio-quiet, optically selected quasars are generally
hosted by less-massive ellipticals and spirals, with aigidxdé disc component in most of
the cases (e.Qunlop et al, 2003 Tasse et al2008 Floyd et al, 2010.

Galaxy colours are related to the star formation, dust, aathkenrichment history of
galaxies and thus provide information about their formmatind evolution (e.d5trateva et a|.
200% Baldry et al, 2004. The colour-magnitude diagrams (CMD; plot of the restrfea
optical colours vs. absolute magnitude), are a common d&tgnto explore the role of
AGNSs in galaxy evolution. CMD analysis reveal a bimodalitg, a separation of galaxies
into the ‘red sequence’ and ‘blue cloud’. In contrast, namoolbimodality appears to exist
for X-ray AGN while it has been also found that they preferait lie in the ‘green val-
ley’ (e.g.Nandra et al.2007 Silverman et al.2008¢ Hickox et al, 2009. By comparison,
the radio AGNs are preferably found in the ‘red sequencehef CMD (e.g.Tasse et a).
2008 Hickox et al, 2009, as expected for old massive galaxies, although it seerds-to
pend on radio power and triggered mechanisms (gagdcastle et 812006 Kewley et al,
2006 Smolcic et al,2009. IR-selected AGN inhabit slightly bluer, less luminouststhan
X-ray AGN (e.g.Hickox et al, 2009. A key result of the difference between the X-ray AGN
and the optical galaxies color is a scenario in which AGNvagtis the primary mechanism
responsible for quenching star formation and the galaxyatiign from the blue to the red
sequence (e.dNandra et al.2007). The large number of AGN found in the red sequence
implies that strong, ongoing star formation is not mandatoan active phase, as BH accre-
tion persists even after the star-formation terminatioowelver, it is possible that many of
these AGN would be found in the ‘red sequence’ due to dustwbson (e.gDonoso et al.
2014.

Recent studies show that when the AGN and optical galaxy kmngye matched in
mass, there is no clear difference between the AGN and noN-§&axies on the CMD
diagrams (e.gSilverman et al.2009 Xue et al, 201Q Rosario et al.2013. The lack of a
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significant difference suggests that X-ray AGNs do not resid‘'special’ host-galaxy en-
vironments (but see algéoss et al. 2011for = < 0.05). They additionally found that the
AGN fraction is mostly independent of host-galaxy colout tmr 2 — 3 (e.g.Bundy et al,
2008 Xue et al, 2010, providing an estimate of the BH-growth duty cycle in tygicnas-
sive galaxiesXue et al, 2010. The fraction of massive galaxies hosting X-ray AGNs \&rie
from ~ 10 — 20 per cent for moderate-luminosity AGNL¢ > 10%% erg s7!) to < 5 per
cent for AGNs withLy > 10* erg s~!, with some evidence for an increase with red-
shift (e.g.Xue et al, 2010 Georgakakis & Nandre2017). The fraction of galaxies hosting
RLAGN out toz ~ 1.3 is essentially the same or slightly higher than that in tlealdJni-
verse, indicating a relatively constant duty cycle of RLAG&ivity (e.g.Tasse et al2008
Smoilcic et al.2009.

X-ray AGN hosts show a broad range of morphologies out toadtle ~ 3 between
disk-dominated and bulge-dominated systems @rggin et al, 2005 Gabor et al.2009
Georgakakis et §1.2009 Kocevski et al. 2012 Fan et al. 2014). Although, the first ev-
idence suggest a stronger association between AGN and-dalgaated galaxies than
normal galaxies (e.gGrogin et al, 2009, these differences mostly disappeared when the
samples were matched in mass (&gcevski et al. 2012 Fan et al. 2014 Villforth et al.,
2019). Recently,Rosario et al(2013 using a systematic morphological analysis of AGNs
and galaxies mass-matched samples found evidence that sélected AGN host galaxies
are similar to inactive galaxies out toat= 3.

1.5.2 Probing the AGN/Star-Formation connection

There are numerous evidence that support a global evoarfjoronnection between the
star formation and AGN activity e.g. (1) the differentiabdshift evolution of the AGN
luminosity function, or ‘AGN downsizing’ is also found foheé star-forming galaxy pop-
ulation (e.gHasinger et a.2005 Hopkins & Beacom200§ Aird et al,, 2010, (2) the red-
shift distribution of the most strongly star-forming gales follows that of powerful AGN
(e.g. Willott et al., 200L Chapman et al.2005 Wardlow et al, 2011, Miyaji et al., 2019,
(3) the star formation rate density as a function of redssiftroadly similar with the black
hole accretion rate density (e.§oyle & Terlevich 1998 Merloni, 2004 Silverman et al.
20083 Aird et al,, 201Q Madau & Dickinson 2014 and (4) the tight correlation of the BH
and stellar mass of the host galaxy bulge (&/ggorrian et al. 1998 McConnell & Mg,
2013 Graham & Scott2013 Kormendy & Bender2013 with both ongoing AGN and star-
formation activity. There are several examples of composiijects showing both AGN
and star formation activity, in the literature (efgge et a).2001, 2004 Alexander et al.
2009, particularly atz = 1, close to the peak of the AGN luminosity density in the Unseer
(Barger et al.2005 Hasinger et a).2005. The AGN and star-formation histories show sim-
ilar evolution up toz ~ 2, when the mass accretion history is scaled up by a faetd6000
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(e.g.Silverman et a].2008a Aird et al,, 2010. However, at higher redshifts there are sig-
nificant differences between the two evolution historiethwihe AGN slope being much
steeper. As an example, at~ 6 the star formation per unit volume is found to be- 2
orders of magnitude higher than that of the the mass acaoretio

The first studies on the identification of the star-formatma accretion activity had at-
tempted to determine the star-formation activity in AGN trgeaxies using a broad variety
of indicators such as optical colours or spectroscopy, iRidata and submillimetre obser-
vations (e.glsaak et al.2002 Stevens et al2005 Alexander et al.2005 Mullaney et al,
201Q Lutz et al, 201Q Kalfountzou et al.2011). These results suggested that, globally, the
SFRs of AGNs of all classes are found to increase with retishife the SFRs cover a wide
range, up tox 5 orders of magnitude for a fixed AGN luminosity (eMullaney et al, 201Q
2011gLutz et al, 201Q Seymour et a)2017). The main drawbacks of these studies was the
significant uncertainties in the estimation of the SFRs dugotential contamination from
the AGN, underestimation of the SFR due to obscuration byah$uncertain extrapolation
from the observed wavelength to the total SFR.

These issues are best addressed by FIR observations whish@wn to be dominated
by emission from dust in the host galaxy, except in the maseme cases (e.fletzer et al.
2007 Mullaney et al, 20113, and to be a proxy of its star formation activity that is kelsg
uncontaminated by the AGN (e.lgatziminaoglou et al2010. Consequently, the launch of
theHerschelSpace Observator(lbratt et al, 2010, with its high FIR sensitivity and wave-
length coverage, offers a powerful way of measuring theamsineous SFR with minimal
AGN contamination (e.gNetzer et al.2007 Hatziminaoglou et a].201Q Mullaney et al,
2011k Bonfield et al, 2011 Hardcastle et al2013. Due to a large number of studies un-
dertaken usingferschelobservations, we have concluded that the average SFRs AGNe
host galaxies increase strongly with redshift frera 0.1 to z = 2 — 3 (e.g.Mullaney et al,
20114 Harrison et al.2012 Rosario et al.2012 Rovilos et al, 2012. A similarly strong
SFR increase is also seen in the overall star-forming gatempulation & (1 + 2)%; e.g.
Daddi et al, 2007 Pannella et al.2009 Rodighiero et al.201Q Elbaz et al. 2011). This
good agreement probably suggests that both star formatid®™&N activity are driven by
the same fuel supplies.

Apart from the strong increase with redshift it is also fouhdt, for both star-forming
galaxies and AGN, this increase is independent of galaxynisecifically, the specific star
formation rate (SSFR) evolves strongly with redshift asralé stellar masses, and is thought
to be driven by the availability of a cold-gas supply (i.&e distant galaxies are more gas
rich than the nearby galaxieB#ddi et al, 201Q Genzel et a].201Q Tacconi et al.2013.
The relatively tight relation between the galaxy stellarssiand its SFR is often referred
to as the ‘main sequence’ of star formation, implying thdagies spend most of their life
in this stage of growth. Figl.8 shows a comparison of SSFR between X-ray AGNs and
star-forming galaxies out to ~ 3.
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FIGURE 1.8: Top: Mears0um (FIR) luminosity vs. AGN luminosity in 5 different redshibins
(as labelled) over =~ 0 — 2.5, showing the observed relationship between AGN activitgl star
formation. The solid curves are functional fits to the meaasneements, based on a two-component
model using a flat line (the constant value is determined bynlean SFR of low-luminosity AGN
hosts and is unrelated to accretion activity) and a strdightwith a positive non-zero slope. The
dashed line is the correlation line shown by AGN-dominatetiesns inNetzer(2009, and the shaded
region corresponds to the estimatedrange exhibited by empirical pure-AGN SEDs (see Section 3.1
of Rosario et al.2012for details). L oqx corresponds to the bolometric AGN luminosityy = 1042
and10** erg s~! correspond td acn = 5.7 x 10*2 and3.4 x 10*® erg s~!, respectively. Bottom:
Individually FIR-detected (left) and average (right) sSER redshift for X-ray AGNs withL x =
10*2 — 10* erg s—! (as labelled) over = 0.5 — 3. The AGNs are compared to FIR-detected star-
forming galaxies not hosting AGN activity (non AGNs) and tnacks trace the evolution in SSFR
found for star-forming galaxies with redshift, as definedRannella et al(2009 and Elbaz et al.
(2011). Overall, the X-ray AGNs broadly trace the evolution in S&RI sSFR found for the star-
forming galaxy population. However, the observed relaiop between the AGN and star-formation
luminosity is complex and is probably, at least partiallyyehn by the different timescales of stability
between star formation and AGN activity. Adapted froullaney et al.(20123 and Rosario et al.
(2012.
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Although most studies agree on the strong increase of SHRredlshift, a broad range
of results have been found regarding the dependence on A@Mdsity with researchers
arguing that either the average SFR increases with botlhnifedsd X-ray luminosity, in-
creases only with redshift (similarly to moderate-lumiity®GN), or decreases with X-ray
luminosity (e.g.Harrison et al.2012 Page et a).2012 Rosario et al.2012 Rovilos et al,
2012. Part of the disagreement between the different studrdsdb-luminosity AGNs pos-
sible arises from the facts that: (1) luminous AGNs are mare than moderate-luminosity
AGNSs, limiting the statistics especially in small to moderarea surveys and (2) AGN con-
tribution to the FIR wavelengths increases for luminous A@HNucing the reliability of the
SFR measurements. Indeed, studies performed in largefialdawith good source statis-
tics find that the average SFR of luminous AGNs is either @nswvith X-ray luminosity or
increases with X-ray luminosity. The transaction from astant to a rising trend is found
to be a function of redshift (e.dgdarrison et al.2012 Rosario et al.2012 2013 Fig. 1.8).

In distant galaxies, the AGN fraction has been found to beedrby the star-formation
rate. RecentlyRafferty et al.(2011) found that moderate-luminosity X-ray AGN.{ >
10% erg s71) are at least- 5 — 10 times more common in systems with high star-formation
(> 300 Mg yr!; equivalent to LIRGS) than in systems with lower star-fotioa rate
(< 30 M, yr'). At the highest star-formation rates- (1000 M yr—!; equivalent to
ULIRGS) the AGN fraction rises tez 30 per cent. These results are in agreement with
previous studiesAlexander et al.2005 Symeonidis et al.2010. The high AGN fraction
at the highest SFRs indicates an intimate connection bet®ekegrowth and star-formation
phases during periods of vigorous growth. However, thealAGN fractions are generally
consistent with those for intense star-forming galaxigh@local Universe (e.g., the fraction
of nearby ULIRGs hosting AGNs withy > 10*® erg s~! is &~ 40 per cent;Alexander et al.
2008, implying a constant ‘duty cycle’ of BH growth in in star+fming galaxies over a wide
range of redshift{ ~ 0 — 3).

Although these results imply a general connection betwdeserwed AGN luminosi-
ties and the properties of AGN hosts, the observed coroelstAGN and star-formation
luminosity appear relatively weak or absent especiallyoater and moderate-luminosity
AGNs where the average SFR is flat across at least 2 orders gitade in AGN lu-
minosity (Fig.1.8). Several models (e.dsabor & Bournaugd2013 Hickox et al, 2014
Neistein & Netzer2014) have explored the possibility that the lack of correlat®oaused
by significant AGN variability on timescales shortef Myrs) than those characteristic of
star formation which is is assumed to be relatively stabkr tang periods (of order 100
Myr). For instanceHickox et al.(2014) constructed a simple model which assumes that the
long-term growth rate of BHs is exactly proportional to thardormation rate in the host
galaxy but it allows the observed AGN luminosity to vary os@vide dynamic range on short
timescales on the basis of an assumed Eddington-ratidodisem. This model, and the other
models referenced above, reproduce the broad trends seeeebeAGN activity and SFR
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over galaxy evolution timescales and demonstrate howntest@ous luminosity of an AGN
is a weak indicator of the average BH accretion rate on thedaales of the galaxy evolution
processes that may be expected to drive the long-term groiBks (Hickox et al, 2014).
However, it is not yet clear which model provides the bestgudgt description of the ob-
served trends and how additional parameters such as BH Afabkfueling and variability ,
Eddington limit would affect them. Further observationalghostics and more sophisticated
versions required to account for the joint distribution ¢ Bhasses and SFRs and provide
greater diagnostic power.

1.6 Layout of PhD Thesis

This PhD thesis focuses on the parameters which would daffe@GN and their host galaxy
evolution. As mentioned in Section 1.4, the evolution of A@Nvell-determined out to
z ~ 3. However, our knowledge at even higher redshifts is quitetéd mainly due to
the small number statistics. Bhapter 2, | present my results on the evolution of AGN
atz > 3 (up z ~ 7) using the largest X-ray selected sample to date. Due toaitye |
size of the sample, we are able to study also the evolutiowibf dbscured and unobscured
sub-populations, identifying for first time, the model tligiscribed best their evolutionary
path at these high-redshifts. In the following Chapter§]3-present my works on the star
formation of the host galaxies in particular AGN sub-class8pecifically, as a follow-up
of my Kalfountzou et al(2012 work on radio-loud and radio-quiet quasarsJhapter 3
| present the FIR properties of the two populations invediigy the effects of the radio-jets
to the host galaxy and the star-formation. Ghapter 4, | focus on a well-defined sample
atz ~ 1 of optically selected quasars (radio-loud and radio-guwhich span~ 5 orders
of optical magnitude, and radio galaxies in order to decasepbe evolution effects and
compare the SFRs of the three populations to the presenaaiof jets, their radio power
and the AGN activity. InChapter 5, | present my work on the FIR emission of type-1 and
type-2 AGN associating my results to the AGN evolution areluhified model. Finally, in
Chapter 6 | focus on some of the key remaining questions which come buatyoresults
and some future projects can be used to address them.

A cosmological model witk), = 0.3, A\, = 0.7, and a Hubble constant @ km s~ Mpc~*
is used throughout the thesiSfergel et aJ.2003. 1 follow the conversion inKennicutt
(1999 (which assumes &alpeter1955initial mass function) when deriving SFRs.



We come from a dark abyss, we end in a dark abyss, and
we call the luminous interval life.

[The Fratricides (1964)] - Nikos Kazantzakis

The largest X-ray-selected samplezof 3
AGNs: C-COSMOS and ChaMP

This chapter is partly reproduced from the pagdre largest X-ray-selected sample:of 3
AGNs: C-COSMOS and ChaMRalfountzou E.; Civano, F.; Elvis, M.; Trichas, M.; Green,
P., 2014, MNRAS, 445, 1430

Abstract

In this chapter | present results from an analysis of theektrdpigh-redshift { > 3) X-ray-
selected AGN sample to date, combining tblkeandraCosmological Evolution Survey ardhan-
dra Multi-wavelength Project surveys and doubling the presi@amples. The sample comprises
209 X-ray-detected AGNs, over a wide range of rest-fram® RelV luminosities [ x = 10433 —
10%60 erg s~1). X-ray hardness ratios show that 39 per cent of the sources are highly obscured,
Nu > 10%2cm™2, in agreement with the- 37 per cent of type-2 AGNSs found in our sample based
on their optical classification. It is found that 26 per cent of objects have mismatched optical and
X-ray classifications. Utilizing theé /V,,,,.. method, | confirm that the comoving space density of all
luminosity ranges of AGNs decreases with redshift above 3 and up toz ~ 7. With a significant
sample ofz > 4 AGNs (V = 27), it is found that both source humber counts in the 0.5-2 kakth
and comoving space density are consistent with the exjp@ttat a luminosity-dependent density
evolution (LDDE) model at all redshifts, while they exclutlee luminosity and density evolution
(LADE) model. The measured comoving space density of typaditype-2 AGNs shows a constant
ratio between the two types at> 3 as a function of redshift. Our results for both AGN types atth
redshifts are consistent with expectations of the LDDE rhode

28
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2.1 Introduction

AGNSs evolution at high redshifts, before their density padiminates the role of AGN
in the formation and co-evolution of galaxies and their SMBtturing the time of rapid
SMBH growth. The so-called downsizing evolution has beeratd for both AGN (e.g.
Ueda et al. 2003 Hasinger et a).2005 Aird et al, 2010 and galaxies (e.gCowie et al,
1996 Kodama et al.2004 Damen et al.2009. Supporting this idea, X-ray surveys have
shown that the number density of luminous AGN peaks at higedshifts than less luminous
ones (e.gUeda et al.2003 Aird et al, 2010. This sort of cosmological co-evolution sce-
nario is inferred from the tight correlation that existsdtyg between SMBH mass and galac-
tic bulge properties (e.dvlagorrian et al. 1998 Ferrarese & Merritt200Q Gebhardt et a).
2000h McConnell & Ma 2013.

To elucidate the co-evolution of SMBHs and galaxies, theetmmn activity in the Uni-
verse has to be studied both at high redshifts and for lowrosities. This requires large
samples of AGNs spanning wide ranges of properties. Whileynoatical surveys have in-
vestigated the space density of high-redshift AGNs (Righards et a).2006a Jiang et al.
2009 Willott et al., 201Q Glikman et al, 2011, Ikeda et al. 2011, Ross et al.2013, the
results are still controversial due to their inevitableampleteness, especially at the faint
luminosity end due to the host contamination, and the biasnagobscured sources. As
compared with optical surveys, X-ray observations aredessaminated by the host galaxy
emission and include AGN populations with a wide range ottra¢inydrogen column den-
sity.

For the investigation of absorption evolution (eldgeda et al. 2003 Hasingey 2008
Draper & Ballantyne2010, X-ray selected samples include all types of AGN (e.g. type
1/unobscured and type-2/obscured) and provide reducedi@isn bias in comparison with
optically selected AGN. Although X-ray surveys have inéefthe existence of an anticorre-
lation between the obscured AGN fraction and the luminpsiyeral of these studies have
suggested that this fraction increases toward higher méétgim = = 0 to z ~ 2 with limited
samples at > 3 (e.g.La Franca et al2005 Ballantyne et a].200§ Treister & Urry, 2006
Ballantyne 2008 Hiroi et al,, 2012.

However, the evolution of AGN is still rife with uncertaint®n the basis of hard X-ray
surveys, many studies agreed that the XLF of AGN is best destby a LDDE model (e.qg.
Ueda et al. 2003 Gilli et al., 2007 Silverman et al.2008h Ueda et al.2014. Aird et al.
(2010 preferred instead a LADE model. In LADE, the shift in thesbidt peak of the AGN
space density versus X-ray luminosity is much weaker thartDBDE models, yet gives a
similarly good fit to their data. While the < 2 downsizing behaviour is common to both
models, quite different numbers of AGNs are predicted dbéigedshifts{ > 3).

X-ray surveys (2-10 keV) are now sensitive enough to sanmpebulk of thez > 3
AGN population. Limited studies have been performed on egshift AGN exploiting
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the deep X-ray surveys in the Cosmological Evolution Sut@®SMOS) field carried out
with XMMNewton(Nagn = 40; Brusa et al.2009 andChandra(N gy = 81; Civano et al,
2011), limited to 2-10 keV luminositied,_ gy > 10**2 erg s~ and10*35 erg s~1, respec-
tively. A more recent study based on the 4 ®tlsandraDeep Field South (CDF-Sue et al,
2011 was able to investigate the evolution of> 3 AGN down to Ly ~ 10* ergs™!
(Nagn = 34; Vito et al, 2013. These results are consistent with a decline of the AGNespac
density at: > 3, but the shape of this decline remains highly uncertatn:at4. To overcome
these limitations, in this work we combined the two largeshples of: > 3 X-ray-selected
AGNSs, both derived fronChandra X-ray Observatory \(Veisskopf et al. 2002 surveys:
the wide but shallowChandraMulti-wavelength Project survey (ChaMRjm et al., 2007,
Green et al.2009, and the deeper but narron€handraCOSMOS survey (C-COSMOS;
Elvis et al, 2009. This combination results in the largest X-ray selectedNA&ample with
Nagy = 211 atz > 3 and Nygy = 27 atz > 4. At the same time, by combining two
surveys with different flux limits, we are able to determihe density evolution of both
low-luminosity (Lx < 10* erg s1) and high-luminosity AGNs. Our sample includes both
obscured and unobscured AGNs, and their separate evohdmheen determined.

The chapter is structured as follows. In Sectibg | discuss the data sets used in this
work and the selection of the highsample. In Sectiof.3, | present the optical and X-ray
properties of the selected highAGN sample, and | explain the AGN type classification
using X-ray or optical data. In Sectio@s4and2.5, the number counts and space density of
the sample are compared with model predictions. Se@i6summarizes the conclusions.

2.2 Sample selection

The high-redshift AGN sample used in this work has been t&detom the C-COSMOS
X-ray catalogue, combining the spectroscopic and photomieformation available from
the identification catalogue of X-ray C-COSMOS sourcés/gno et al. 2011, 2012 and
the ChaMP X-ray catalogue using only the 323 ChaMP obsiddapy@ng with Sloan Dig-
ital Sky Survey (SDSSRichards et a).20069 DR5 imaging. In Fig.2.1, |1 show the sky
coverage (the area of a survey that is sensitive to souraeeabgiven X-ray flux) using the
observed soft band (0.5-2 keV) source detections for theswweeys, and their sum. This
corresponds to 2-8 keV rest frame for> 3. A schematic diagram of the sample selection
with the detailed number of sources for each step is predemtéig. 2.2

2.2.1 The C-COSMOS sample

The C-COSMOS surveyHyvis et al, 2009 Civano et al. 2012 covers the central 0.9 dég
of the COSMOS field up to a depth of 200 ks in the inner 0.5%*de&gth the ACIS-I
CCD imager Garmire et al. 2003 on boardChandra The C-COSMOS X-ray source
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FIGURE 2.1: Sky area vs. X-ray flux sensitivity curves for the C-CO3#(blue solid line) and
ChaMP/SDSS (red solid line) samples and the total areak(blashed line). The vertical blue dashed
line indicates the flux corresponding to 10 per cent of thal tGtCOSMOS area (see Sectidr)).
The vertical red dashed line indicates the ChaMP X-ray flmitlivith > 75 per sent completeness
from SDSS/UKIDSS/WISE (see Section 2.2.2). The total aaétey the applied cuts, used for this
work is represented by the shadowed grey area.

catalogue comprises 1761 point-like X-ray sources dededtavn to a maximum likeli-
hood threshold detml = 10.8 in at least one band. This likelchthreshold corresponds
to a probability of~ 5 x 10~° that a catalogue source is instead a background fluctuation
(Puccetti et al.2009. Given this likelihood threshold, the flux limit reachedtive survey is

5.7 x 1071% erg cm~2 s~ in the full band (0.5-10 keV)1.9 x 107! erg cm~2 s~! in the soft
band (0.5-2 keV) and.3 x 10716 erg cm~2 s~ ! in the hard band (2-10 keV).

The z > 3 C-COSMOS sample, as presented®yano et al.(2011), comprises 107
X-ray-detected sources with available spectroscopic&B8)photometric (45) redshifts plus
30 sources with a formal,,,; < 3 but with a broad photometric redshift probability distri-
bution, such that,,,; + 1o > 3. All of the spectroscopic C-COSMOS sources have a
quality flag 3 (two sources) or 4 corresponding, respegtivela secure redshift with two or
more emission or absorption lines and a secure redshiftwidlor more emission or absorp-
tion lines with a good-quality, high S/N spectrum (deky et al., 2007, 2009for thorough
explanation of quality flags). Tuned photometric redsHdtshe C-COSMOS sources have
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FIGURE 2.2: Schematic flow diagram of the highsample selection.
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been computed and presentedsilvato et al(2017). Due to the large number of photomet-
ric bands and the sizeable spectroscopic training samplengpy a large range in redshift
and luminosity the estimated photometric redshifts areetau to be quite robust at> 2.5
even at the fainter magnitudes > 22.5). The COSMOS photometric redshifts for X-ray-
selected sources have an accuracy 0f/(1+-.,..) = 0.015 with a small fraction of outliers
(< 6 per cent), considering the sample as a whole<a2.5. At fainter magnitudes, the dis-
persion increases o /(14,,..) = 0.035 with ~ 15 per cent outliers, still remarkably good
foran AGN sample. For the > 3 C-COSMOS sample, an accuracyof. (14,,..) = 0.014
is achieved with only three catastrophic outliersq per cent). The SEDs of the sources with
photometric redshift larger than 3 have been visually intgmbtogether with the photometric
fitting and the probability distribution of all the possiltdelutions.

There are 91 sources selected in the 0.5-2 keV band, 14 in1Bek2V, and 4 in the 0.5-
10 keV bands. There are 15 C-COSMOS sources without a cqamtén the optical bands,
but with aK'-band and IRAC (7), only IRAC (6) or no infrared detection.(@jven the small
number of bands in which these objects are detected, no pledtic redshift is available for
them. In X-ray-selected samples, non-detection in thecapbiand has been often assumed
to be a proxy for high redshift (e.goekemoer et al.2004), or for high obscuration, or a
combination of both. 4 of the 15 sources have no detectiohdrsbft band suggesting high
obscuration, possibly combined with high redshift. Moréadle about the sample selection
can be found irCivano et al(2011) and are also presented in Fij2

2.2.2 The ChaMP sample

The ChaMP is a wide-area non-continuous X-ray survey basedahival X-ray images of
the high Galactic latitudef| > 20 deg) sky observed with ACIS ddhandra The flux levels
(in erg cm~2 s~! units) reached in the survey arel x 10716 —5.9 x 10~ in the full (0.5 —8
keV),3.7x 1071 -2.5x 10711 (0.5 -2 keV) inthe softand.7 x 1071 — 6.7 x 1071 (2 -8
keV) in the hard band, respectively. The ChaMP survey iresualtotal of 392 fields, omit-
ting pointings from dedicated serendipitous surveys likE@SMOS, theChandraDeep
Fields, as well as fields with extended § arcmin) bright optical or X-ray sources. The list
of Chandrapointings avoids any overlapping observations by eliningathe observation
with the shorter exposure time. The survey has detectecabdbt- 19 000 X-ray sources
(Kim et al, 2007 Green et al.2009 over33 deg? with ~ 15 350 X-ray sources positionally
matched to SDSS optical counterpaf@séen et al.2009.

The study of the X-ray-detected AGN properties requiresiate estimation of red-
shifts, luminosities and source classification thus, goaality spectra or, when not avail-
able, multiband photometry. Hence for our X-ray analysischese only the 323 fields
over-lapping with SDSS DR5 imaging for which the sensiyiatirve is given bysreen et al.
(2009, to determine accurate number counts. Optical spectpysaictChaMP X-ray sources
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was described byrichas et al(2012, where redshifts and classifications for a total of 1569
Chandrasources are presented. Since the ChaMRJkandraarchival survey, most ChaMP
fields contain targeted sources selected by the targets@thase targets are likely to be
biased towards special X-ray populations such as bright AGNhe targeted sources 90

per cent have a secure spectroscopic redshift with 33 of ttesnding atz > 3 and 29
atz > 4 (seeTrichas et al.2012. The high rate of high-redshift-detected sources clearly
shows the strong selection biases that could affect ouysisal the targeted sources are
included. Therefore, | exclude all targeted sources (1&8¢duce bias in sample properties
and source number counts.

For SDSS point sources with< 21 and without available spectroscopy, efficient photo-
metric selection of quasars is possible using a nonparanidyesian classification based
on kernel density estimation as describedRichards et al(2009. To select highz candi-
dates without available spectroscopic or photometrichiil SDSS detection is required in
at least the andz bands, to detect Lyman dropouts (eSgeidel et al.1996.

Searching the ChaMP catalogue for X-ray sources within dearof the optical SDSS
guasar coordinate (95 per cent of the matched sample hasayloftical position difference
of less than 3arcsec; s€een et a].2009), yields 9727 unique matches (63 per cent of
the total ChaMP X-ray-selected sample). We additionalraeed for cross-matches in the
Wide-field Infrared Survey ExplorédWISE Wright et al, 2010 and UKIRT (UK Infrared
Telescope) Infrared Deep Sky Survey (UKIDSSarren et al. 200Q Hewett et al, 200G
Maddox et al.2008?.

For a source to be included in tMgISEAIl Sky Source CatalogWright et al, 2010,
SNR > 5 detection was required for one of the four photometric bards, W2, W3, W4,
with central wavelengths of roughly 3.4, 4.6, 12, andu22, and angular resolutions of 6.1,
6.4, 6.5, and 12.0 arcsec. Because of the different spasalutions, 6.0 arcsed®MISE
W1) and 1-2 arcsec (SDSS), | use 6 arcsec as the matching radiWglSE counterparts
(Wu et al, 2012.

Similarly, | searched the UKIDSS Large Area Survey (LASwrence et a).2007) Data
Release 10 for NIR counterparts to ChaMP X-ray sources. Thiogopetric system is de-
scribed inHewett et al.(2006, and the calibration is described odgkin et al.(2009. |
used the LAS YJHK source table, which contains only fieldéwiverage in every filter and
merges the data from multiple detections of the same objgwt. X-ray source catalogues
were then matched within 3 arcsec of the X-ray position sep8rto each UKIDSS band:
Y (0.97-1.07um), J (1.17-1.33um), H (1.49-1.78um), andK (2.03-2.37um) recovering
also the areas with coverage in a single UKIDSS band. Theiohafl band lists were then

1The UKIDSS project is defined ihawrence et al(2007. UKIDSS uses the UKIRT Wide Field Cam-
era (WFCAM; Casali et al.2007 and a photometric system describedHawett et al.(200§. The pipeline
processing and science archive are describéthimbly et al.(2009.
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FIGURE 2.3: Optical and/or infrared ChaMP survey completenessfaaaiion of 0.5-2 keV X-
ray flux. The red dotted line indicates the ChaMP X-ray fluxwith > 75 per cent completeness
from SDSS/UKIDSSNISE

combined. For objects not detected in a UKIDSS band, | usédheetection limits pro-
vided inDye et al.(2009 of Y = 20.23, J = 19.52, H = 18.73, and K = 18.06. Matching
the ChaMP catalogue ®/ISEand UKIDSS, | find 1103 additionaVISEand/or UKIDSS
counterparts which do not have a SDSS counterpart (theletaiimbers are reported in
Fig.2.2).

In summaryy~ 70 per cent of the total ChaMP X-ray sample have SDSS and UKIDSSE
photometry (9727 SDSS andMfISEand/or UKIDSS and 110@/ISEand/or UKIDSS). The
limited fraction of optical matches shows how optical cauparts of faint X-ray sources are
fainter than the SDSS magnitude limit-€ 21.0). SDSS quasars were identifiediter 19.1
for spectroscopy by their UV-excess colours, with an extamn®r z > 3 quasars té = 20.2
usingugri colour criteria Richards et a).2002).

Based on the X-ray limits, the identification completendsSlaMP X-ray sources falls
rapidly for objects with fainter optical counterparts. Rig3shows the optical (SDSS-band
counterparts) and infraredMISEand UKIDSS counterparts) completeness of the X-ray-
selected sample as a function of the soft (0.5-2 keV) X-ray. fllhis incompleteness can
severely bias determination of the number counts and spaesity, particularly at high
redshifts (e.gBarger et al.2005.

To address this issue, | set a relatively high X-ray flux limiChaMP, where spectro-
scopic completeness is higher, and photometric coverémesatjood photometric redshifts.
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| use a soft flux limit for ChaMP af 5_s v > 3 x 107 erg s7! cm~2 as at these brighter
fluxes the completeness is higher than 75 per cent (se Bjg.The completeness fraction
as a function of flux has been taken into account for the esomaf the number counts
and comoving space density (see SectidAsand2.5). For sources not detected in the soft
band, the 0.5-2 keV flux has been computed by converting th@ 2V flux usingl’ = 1.8
(see Section 2.3.2). One of the main advantages of our catigpilis that we do not miss
the faint high-redshift population, since this is recodey the C-COSMOS survey. In this
way, the ChaMP sample is used for the determination of thghbend of the luminosity
function at high redshifts.

Spectroscopic redshifts

Secure spectroscopic redshifts have been compiled foebab1547 sources. | have used
1056 sources (excluding target sources) from existing GhalkectroscopyTfichas et al.
2012 for the selected ChaMP fields. Additional spectroscopdsingts are given in the
SDSS-1lI (V = 91; Noterdaeme et gl2012 and SDSS-DR10 quasar catalogu&’s= 145;
Paris et al.2014). | also searched the literature by cross-correlatingcappositions with
the NASA Extragalactic Database (NED), using a 2 arcsec maitius where | found 255
more sources with spectroscopic redshift.

The high-redshift spectroscopic sample consists of 44cesuwvithz > 3. All of these
sources have a soft band X-ray detection, and only threesslack a hard-band detection.
Among them, there are seven sources witly 4 and one source with = 6.016 + 0.005
(Jiang et al.2007). All but six of them have SDSS optical spectra with mean S/N.5
(none of them has S/N 2.0) with at least two broad emission lines (.yand Gv) sig-
nificantly detected. For five of the remaining sources, rétdshave been obtained by
Trichas et al(2012) while for the source with the highest spectroscopic retéhi= 6.016)

I have used the estimate fralrang et al(2007). For 30 sources of the ChaMP spectroscopic
sample, there are available photometric redshifts defyeRichards et al(2009 with an
accuracy oba./(1+z,,..) = 0.013 and only one catastrophic outlier.

SDSS Photometric redshifts

For the sources without spectroscopic redshifts, | denpreztometric redshifts. The criteria
used in SDSS DR6 have now been refined to include objectsrédti®« — g) = 1.0 which
may well be highs quasars. The resulting catalogue~ofl million photometrically identi-
fied quasars and their photometric redshifts from SDSS DateaRe 6 (DR6) is described
in Richards et al(2009. Only point sources (type = 6) with-band magnitudes between
14.5 and (de-reddened) 21;3{mag_i > 14.5 andpsfmag_i — extinction_i < 21.3; where
psfmag are the point-spread-function magnitudes). Thegnate the overall efficiency of
the catalogue to be better than 72 per cent, with subsamgplgs X-ray-detected objects)
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being as efficient as 97 per cent. At the faint limit of the tagae some additional galaxy
contamination is expected.

There are 1611 sources with SDSS high-quality photometdshifts and no spectro-
scopic redshifts in ChaMP (i.e. those with goad).0, where good is the quality flag; 6 =
most robust—6 = least robustRichards et a].2009. Among them there are 14 sources
with 2,0 > 3 and one withz,,,,, > 4, above the adopted ChaMP flux limit. All of these
sources are detected in both soft and hard band. The SDS& photle also gives a prob-
ability of an object being in a given redshift range. In thiaywwe have not only the most
likely redshift but also the probability that the redsh#tietween some minimum and max-
imum value, which is crucial for dealing with catastrophaddres. The redshift probability
distribution for each source is taken into account for therestion of the number counts and
comoving space density (see Sections 2.4 and 2.5). As foDSMIOS selection of high-
sources, we also included 13 sources havifig, + 10,photo > 3 anNdzpneto < 3. This adds
another 10 objects to the main sample, all of them detectbdtimsoft and hard bands.

High-z candidate selection and photometric redshift estimation

For the remaining 7759 without a spectroscopic or photam8DSS redshift, | selected the
high-redshift AGN candidates using their optical and/@itinfrared colours. Most of these
sources+{ 70 per cent), despite being included in SDSS DR6 catalogues vegected from
Richards et al(2009 selection criteria. The remaining sources come from IS3@ES data
releases.

Following the same morphological criteria R&chards et al(2009, a candidate is re-
quired to be unresolved in images taken through the two rddts (e.g.g andr for z ~ 3
selection). This minimizes contamination from lawgalaxies since even type-2 AGN at
z > 3 appear point like. However, | avoid using any faint flux cuonder to ensure that
we do not miss faint high-candidates since non-detection can imply higtiropouts. |
reject sources with flags indicating that their photometeyrbe problematic (e.g. blending
of close pairs of objects, objects too close to the edge ofrtmae, objects affected by a
cosmic ray hit). Overall, | reject 5079 non-point like soeg®r with problematic photome-
try. This number £ 65 per cent) is in good agreement with the rejected number atssu
by Richards et al(2009 using the same criteria which explain the lack of a photoimet
redshift for these sources.

Photometric redshift criteria must strike a quantifiablebae between completeness and
efficiency, i.e. a probability can be assigned both to thesifecation and the redshift. Using
the SDSS, UKIDSS, and WISEphotometric data can help us to select quasar candidates
more efficiently than using each survey individually (sekl&a.1). The photometric redshift
reliability, defined byWu et al. (2012 as the fraction of the sources with the difference

2We use the colours related WISE W3 and W4 magnitudes only for sources lacking SDSS and/or
UKIDSS detections becau¥élSEuncertainties are substantially largevy et al, 2004.
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TABLE 2.1: Photometric redshift reliability defined bW( et al, 2012 and number of sources
for ChaMP sources without spectroscopic or SDSS photometdshifts.
Survey$ Reliability (%) Nobi® Nobj_1im®

W 955 359

U 27 19

U+w 67.4 19 16
S 70.4 637 367
S+W 77.2 733 526

S+U 84.8 71 44
S+U+W 87.0 238 177
Total 2,680 1,508

a3=SDSS; W=WISE; U=UKIDSS
bNumber of point-like objects in each combination of surveys

®Number of point-like objects in each combination of surveyth

So5-2kev >3 x 1075 ergs™ cm ™2,

between the photometric and spectroscopic redshifts entan 0.2 is given in Tabl2.1
The highest reliability can be reached only in the UKIDSSveyed area, which is much
smaller (4000 deg than the sky coverage of both SDSS and WISE surveys.

Richards et al(2002 used a 3D multicolour space to select high-redshift QSQliean
dates in SDSSyriz (g9 — r,r — 4,7 — z) for candidates witlr > 3.0. Following the SDSS
group, we search for high€andidates in three redshift intervals 3.0—3.5, z ~ 3.5—4.5,

z ~ 4.5). The details of the selection criteria are given in the Appr 2.A. Our selection
criteria require that the sources lie outside @varegion surrounding the stellar locus. We
still expect the sample to be contaminated by stars and:lgataxies. For this reason, |
use some additional criteria describedmighards et al(2002 to exclude objects in colour
regions containing predominantly white dwarfs, A stars ancesolved red-blue star pairs.
During the colour selection process, no specific line is drdetween optically selected
quasars (type-1 AGN) and type-2 AGN. Taking into account twh type-1 and type-2
AGNSs are unresolved in optical images:zat- 3 and type-2 AGNs should lie outside the
stellar locus due to their red optical colours, | expect thatabove criteria efficiently select
both high-redshift AGN populations. | found 53 SDSS-detddiigh= candidates.

To increase the reliability of the photometric estimatiba)so combine the SDSS se-
lection with the redder baselines from UKIDSS aMiiSE where the contamination of the
stellar locus and low-redshift galaxies is lower. | usedatvabination of UKIDSS and SDSS
colours in theY” — K versusg — z colour-colour diagram suggested Wu & Jia (2010 to
efficiently separate quasars with redshif 4 from stars. SimilarlyWu et al.(2012 sug-
gested that — W1 andg — z colours could be used to separate stars from quasars. Based o
these criteria, | have rejected 10 sources associated taithlsased on both SDSS-UKIDSS
and SDSSA/ISEcolour-colour diagrams. For sources detected only by UKSDSused the
i = 21.3 upper limit and & — K versusi — Y colour-colour diagram to separate stars and
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low-z galaxies from high= candidates. | found four high<andidates. In the case of sources
detected only byVISE there is no efficient way detailed in the literature to sapmhighs
quasars from stars.

Photometric redshifts have been estimated for the highndidates by comparing the
observed colours with theoretical colour-redshift relasi derived from samples with known
redshifts Richards et a).2002 Wu & Jia, 201Q Wu et al, 2012. A standardy? minimiza-
tion method is used to estimate the most probable photametmishifts. Here, thg? is
defined as (se®/u et al, 2004

9 [(mi,cz - mj,cz) - (mi,Ob - mj=0b)]2
o , 2.1)
Z'Zj O-gﬁbiﬁob + 0-7%1]',017

where the sum is obtained for all four SDSS colours and/orB\d8d/or UKIDSS colours,
m; .. — M. 1S the colour in the colour-redshift relations, ., —m; ., is the observed colour
of a quasar, and,,, , ando,,, , are the uncertainties of observed magnitudes in two bands.

The uncertainty in the measurement was obtained by mappimg\{? error. Since
the above studies are dominated by optically selected cgias® would expect that the
photometric redshifts uncertainties in type-1 AGNs arelEnaHowever, since the Lyman
break enters the band at: ~ 3.5, theg — r colours quickly redden with redshift for both
populations Alexandroff et al (2013 found thaty — r colours are indistinguishable at an 84
per cent confidence level between type-1 and type-2 quasars-& suggesting that even
in the case of type-2 AGNs the photometric redshifts aralbdliestimated. Overall, | found
eight sources withh > 3 at greater thano significance, four sources with> 3 but lower
thanle significance, and two sources With,ot + 1ophot > 3.

The ChaMP high-z sample

The totalz > 3 ChaMP sample includes 87 sources with- 3. Among them there are 44
sources with secure spectroscopic redshift, 15 sourcésSSSz,;,,, > 3 and 13 sources
with SDSSz,n0t + lophet > 3 available fromRichards et al(2009, and 15 sources with
estimated photometric redshifts based on optical/inff@a@our—redshift relations (13 with
Zphot > 3 @NA 2 Withzphot + 1opnet > 3).

2.3 The C-COSMOS & ChaMP z > 3 AGN Sample

In summary, | have assembled a sample of X-ray selected AGN-at in the C-COSMOS
and ChaMP on the basis of both spectroscopic and photometistifts. The total sample
includes 209 sources with > 3. Of these, 45 are selected to bezat 3 from their broad
P(z). There are also 15 C-COSMOS sources considered to be-&t on the basis of their
optical non-detection these are included only in the déoweof the upper boundary of the
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log N —log S curve. The properties of the sample members are given ir FapAppendix)
and the detailed numbers are given in A Fig. 2.4 shows the optical and near-infrared
(7, K, and 3.6um) observed magnitude distributions for the total highepulation and
for sources with spectroscopic and photometric redshsiparately. Sources selected as
i-dropouts are also presented.

The hard (2-10 keV rest frame) X-ray luminosity versus rdétigflane is shown in
Fig. 2.5 together with the flux limit of the C-COSMOS and ChaMP surv@eashed line)
and the applied flux cut for ChaMP (dotted line). Luminositieere computed in every case
by assuming an intrinsic = 1.8.

The C-COSMOS & ChaMP high-sample is a factor of 4-5 larger than all the previ-
ous individual X-ray selected sampleszat- 3 (e.g.Brusa et al.2009 Hiroi et al,, 2012
Vito et al, 2013. Most importantly, this is the first time that a significaangple of 29 X-
ray selected AGNs at > 4 is assembled. At these redshifts previous studies had amaxi
of nine sources. The > 3 X-ray-selected AGN sample also covers more than a factor of
2 of soft (2-10 keV rest frame) X-ray luminosity, and inclgde significant number of both
broad-line and non-broad line AGNs.

To discuss the obscured AGN fraction requires each objemtiisample to be classified
as obscured or unobscured. There are two commonly adoptdwdsefor classification:
one is based on the optical emission line widths (“opticpety or, if a spectrum is unavail-
able, by the type of template that best fits the optical-nelaSEDs of the sources. The
other is based on the column densitidg;, in the X-ray spectra (“X-ray type”) or, if an
X-ray spectrum is unavailable, by the hardness ratio (H&;Hasinger et a).2001). X-ray
absorption should typically correlate with optical AGN &pIn the unified scheme (e.g.
Lawrence & Elvis 1982 Antonuccj 1993 Urry & Padovanj 1995 as the narrow emission
line AGNs are viewed through the dusty torus, and hence hgiehabsorption column den-
sities than broad emission line AGNSs. In fact, evidence le@nlmounting over the years that
the optical- and X-ray-based classifications often givaremting resultsliawrence & Elvis
201Q Lanzuisi et al.2013 Merloni et al, 2014).

2.3.1 Optical Types

The optical type of the sources is determined by the meadubedidth at half-maximum
(FWHM) of the permitted emission line. Those objects withigsion lines having FWHM
> 1,000 km s~* (e.g.Stern & Laot 2012 are classified as “optical broad-line” (BLAGN),
and all others as “optical non-broad-line” (non-BLAGNE.j.they show narrow emission
lines or absorption lines only, followinGivano et al (2011, 2012.

In the C-COSMOS spectroscopic > 3 sample, 21 of 32 sources are classified as
BLAGN. These are mainly associated with the brighter optscaurces {4z ~ 22 — 23)
of the spectroscopic sample. At fainter optical magnitudes > 23), equal numbers of
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FIGURE 2.5: The hard X-ray luminosity (computed with= 1.8) redshift plane for the objects
in our sample. Blue squares = C-COSMOS sample. Red circlesadM@ sample. Filled = spec-
troscopic redshift. Open = photometric redshift. The dddmes represent the 2-10 keV luminosity
limit of the surveys computed from the 0.5-2 keV limiting fluXhe dotted red line represents the
completeness flux cut we have adopteddat 10~ erg cm=2 s~!. The dotted black lines corre-
spond to the flux limits we imposed for the computation of thace density and their associated
areas, purpledf.4 < log(Lx/ ergs™!) < 44.0), green 44.0 < log(Lx/ erg s~') < 44.7), orange
(log(Lx/ ergs™!) > 44.7).

broad-line and non-broad-line AGNs are found. The clasgiba for the 75 AGNs in C-
COSMOS with photometric redshifts is obtained by ®avato et al(2011) photometric
fitting method fitting, the SED via? minimization with code EPHARE (Arnouts & llbert,
201103, More details on the fitting can be found Salvato et al(2011). Briefly, two li-
braries of templates were used, depending on morphologigabpariability, and X-ray flux
of the source. The first library (defined Balvato et al.2009 table 2) consists of AGN
templates, hybrid (host + AGN) templates, and a few normkbges and was used for all
the point-like optical sources and for the extended soungtrsan X-ray flux brighter than
8 x 107 erg cm~2 s~!. The second library (as definedlibert et al, 2009 includes only
normal galaxy templates and it was used for the remainingessy(i.e., extended and with
X-ray flux < 8 x 107 erg cm~2 s7!). The flowchart in fig. 6 oBalvato et al(2011) sum-
marizes the procedur€ivano et al(2012, according to this fitting, divide the sources into

3http://www.cfht.hawaii.edu/ arnouts/LEPHARE/lephétenl
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obscured AGN, galaxies and unobscured AGN. About 40 per(@&sources) of the pho-
tometric sample is best fitted with an unobscured quasarlééen@nd 47 sources with an
obscured quasar template. For 29 AGN with spectroscopittifdztion, the photometric
and spectroscopic types match. Given the mismatch ratedoper cent, | estimate that 7
out of the 75 AGNs could have been assigned the wrong SEDfatasion.

In the ChaMPz > 3 spectroscopic sample, as expected at these fluxeB(eisp et al.
2009, and due to the predominantly SDSS spectroscopic tartgsttsm, only 2/44 sources
are non-BLAGN. The characterization of these sources bagdldeir SED fittings has been
obtained byTrichas et al(2012. In order to be in agreement with the spectroscopic ChaMP
sample, we followed the same SED fitting method for the chiaraation of the 43 sources
without a spectroscopic classification. According to thisiy, 11 of 43 sources are best fit-
ted with an obscured quasar template (non-BLAGN). Moreildata the fitting can be found
in Trichas et al(2012 andRuiz et al.(2010. Briefly, a total of 16 templates has been used
including QSO, Seyfert-2 galaxies, starburst galaxiespgition line galaxies and compos-
ite templates that are known to harbor both an AGN and a sttrbliheRuiz et al.(2010
model has been adopted, which fits all SEDs using aninimization technique within the
fitting tool SHERPA (Freeman et al2001). The fitting allows for two additive components,
one associated with the AGN emission and the other assdaiatie the starburst emission.
The fit with the lowest reduceg? has been chosen as the best-fit model.

A general problem of relying on the optical type is that thassification may depend
on the quality of the available optical spectra, since gagdas-to-noise ratio is required
to detect less-luminous broad-emission lines above thirst®ntinuum emission of host
galaxies. Also, at > 3, the Hx emission line moves into the infrared and so, until re-
cently, was difficult to observe. Intermediate AGN types8(11.9; Osterbrock & Koski
1979 rapidly lose their broad H emission, and without & these may be misclassified as
type-2. Nevertheless, such effects are not expected t@gh#isant in our sample, as it con-
sists predominantly of luminous AGNSs for which contamioatirom the host galaxies is
negligible.

2.3.2 X-ray Types

Most sources in our sample have a low number of detected sdomadian~ 25 in the 0.5-
8.0 keV full band). In this count regime, spectral fit resalts not reliable, especially if more
than one free parameter is fit; even if the fit converges themmiaties on the parameters
are large. For these reasons, we use the Bayesian Estinohtiderdness Ratios (BEHR)
method Park et al.2006 to derive X-ray spectral type. Hardness count ratios (HdRjined
asHR = (Cus — Csg)/(Cus + Csg), whereCsg andCygp are the counts in the soft band
and hard band, respectively.

BEHR is particularly powerful in the low-count Poisson megi, because it computes a
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realistic uncertainty for the HR, regardless of whetherXh@y source is detected in both
energy bands. Sources with unconstrained upper or lowéslolne to non-detections (14
hard-only and 49 soft-only detections) have been compugembhverting the3o flux upper
limit in the undetected band into counts.

To estimate the column density, curves of constéqtas a function of redshift have been
derived for two spectral slope valuds,= 1.4 andI" = 1.8. The flatter spectral slope has
been chosen to be consistent with the assumptions adoppeddncing the original X-ray
catalogsKim et al,, 2007 Puccetti et a].2009. The steeper value is more representative of
the intrinsic value if the spectrum is not affected by obation (Nandra & Poundsl994).
The relationship between HR and redshift of our C-COSMOSG@maMP AGN samples is
shown in Fig.2.6. Curves of Ny = 10%°, 10%, 5 x 10?2 and10* cm~2 are reported for
[' = 1.8 (dashed lines) an@l = 1.4 (solid lines). We observe that C-COSMOS sample
tend to be more obscured as expected due to the fainter Xersitiwity limit, than the
ChaMP samplel(awrence & Elvis 1982 Ueda et al. 2003 Hasingey 2008 Brusa et al.
201Q Burlon et al, 2011).

Though the two samples (C-COSMOS and ChaMP) of 3 AGN show different trends
regarding their obscuration, the large HR errors and thdagiity in this redshift range of
the curves with widely differenfVy values for the same spectral slope, do not allow an
accurate estimate of the column density for each source tmdme. Using the CIA®
spectral analysis package;SRPA°, | have simulated X-ray spectra for AGN populations at
3 < z < 7in order to quantify the evolution of X-ray spectral slope® do thek-correction
of the observed AGN spectra toward high-Based on these simulations, | find that the
HR distribution for the ChaMP sample peakslat- 1.8 — 2.0 while the HR distribution
for C-COSMOS sample peaks Bt~ 1.4 — 1.9. Hereatfter, to better constrain the column
density and for the purpose of comparison with previousietjave fixed the photon index
toI" = 1.8 and converted all source fluxes.

In this work, | adoptNy = 10?2 cm~2 as the dividing criterion; AGNs withVy <
1022 ecm~2 and> 10?2 cm~2 are classified as X-ray unobscured and obscured, resggctive
This criterion is adopted by many authors, and is known todreeally in good agreement
with the optical type (see e.¢leda et al.2003 Hiroi et al,, 2012).

2.3.3 X-ray/Optical flux ratio

The X-ray/Optical (X/O) flux ratio is a redshift dependenaqtity for obscured AGN, given
that the k-correction is negative in the optical band andtpedor the X-rays Comastri et al.
2003 Fiore et al, 2003 Brusa et al.2010. As a result, obscured sources have higher X/O
at high redshift. On the other hand, unobscured sources $imkar k-corrections in the

“http://cxc.harvard.edu/ciao/
Shttp://cxc.harvard.edu/sherpa/
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FIGURE 2.6: Hardness ratio versus redshift (in logarithmic scalBue squares = C-COSMOS
sample. Red circles = ChaMP sample. Filled = spectroscegishift. Open = photometric redshift.
Sources with no hard band or soft band detection are shovimamidws. Four curves of constaNy
(10%°, 10?2, 5 x 10?2 and10?* cm~?) are reported fol’ = 1.8 (dashed lines) anfl = 1.4 (solid
lines).

two bands, and the distribution in X/O is not correlated wiitle redshift Civano et al,
2012. Usually, ther- or :-band flux is used (e.@randt & Hasinger2005 while a soft
X-ray flux was originally used for this relation with the mejg of luminous spectroscop-
ically identified AGNs in the Einstein and ASCA surveys cludesized byX/O = 0+ 1
(e.g.Schmidt et al.1998 Stocke et al.1991;, Lehmann et a).2001). The same relation has
been used also in the hard band, without really accountinghi® X-ray band used or the
change in spectral slope (eAlexander et al.200%; Fiore et al, 2003 Brusa et al. 2003
Civano et al.2005 Laird et al, 2009 Xue et al, 2017).

Fig. 2.7 shows the distribution of X-ray soft (top) and hard (bottdtak versus optical
magnitude to illustrate the parameter space spanned byrtiaeltine and non-broad-line
populations. The X/O ratiolaccacaro et al1988§ is defined as:

X/O = logi(fx/ fopt) = 10g19(fx) + C + Miopt /2.5 (2.2)

where fx is the X-ray flux in a given energy rangei.., is the magnitude at the chosen
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optical wavelength, and’ is a constant which depends on the specific filter used in the
optical observations.

For both X-ray bands, th€ /O = 41 locus (grey area) has been defined using'és =
5.91 (Civano et al. 2012, which was computed taking into account the width of #end
filters in Subaru, CFHT (Canada-France-Hawaii Telescopejfpr bright sources SDSS.
In the hard band, the locus is plotted taking into accountbidwed width and the spectral
slope used to compute the X-ray fluxés< 1.8). The majority of BLAGNSs with a secure
spectroscopic redshift, follow the trend efl < log,,(fx/fi) < 1. However, given the
variation inapx with luminosity (e.g.Vignali et al, 2003 Young et al, 201Q Trichas et al.
2013, there can be some shift in the locations of QSOs with lusiigavithin the so-called
BLAGN region. This shift is consistent with the X/O relatibeing originally calibrated on
soft-X-ray-selected sources, bright in the optical and aighe X-rays. This might explain
the mild shift between the ChaMP and C-COSMOS BLAGN.

Apart from the AGN population found in the BLAGN region, tkeis also a signif-
icant population that lie albog(fx/f;) > 1 suggesting obscured nuclei. The main char-
acteristics of this sample are: 1) lack of spectroscopishiéts (open symbols), 2) non-
BLAGN optical classification (green symbols) and 3) low X+haminosities {0*3 erg s <
Lo 1okev < 10* erg s71) with Ny > 10?2 em~2 for ~ 65 per cent of them, which is con-
sistent with previous studies finding that mild obscurat®nommon at these luminosities
(e.g.Silverman et al.2010. Furthermore, nearly 75 per cent of all the sources with X/O
are obscured, thus confirming that selections based on Hi@hraio are efficient in finding
samples of obscured AGN.

2.3.4 Comparison of optical and X-ray types

X-ray absorption is an alternative good indicator of AGNaypln order to compare our
optical classification to the expected obscuration of BLAGNd non-BLAGNSs based on
the unified scheme we have separated our total sample in&althree and non-broad-line
AGNSs (as described in Section 2.3.1).

In the case of the BLAGN, the X-ray classification criterio¥iy( = 10*? cm~2) gives
28/124 X-ray obscured sources for= 1.8. Half of these sources have a spectroscopic
redshift and all but 3 come from C-COSMOS sample. If we al&e fato account the HR
errors, then for the lower HR limits, 11 BLAGN are classifiesiXray obscured sources
and 41 are classified X-ray obscured sources for the uppelirhiis| In the non-BLAGN
subset, the above criterion gives 49/71 X-ray obscuredcssufdetected in both soft and
hard bands) fol" = 1.8. The 27 soft band sources in non-BLAGN sample with no degacti
in the hard band (reported as downward arrows in Ei§).have very high upper limits on the
HR, due to the conservative flux upper limit computedduccetti et al(2009, but most of
them do not thereby satisfy thé; > 10*> cm =2 criterion. These numbers are summarized
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FIGURE 2.7: X-ray flux (soft-top, hard-bottom) vs. thidand magnitude for all the X-ray sources
with ani-band counterpart. The grey shaded region representsdiiedd AGNs along the correlation
X/O = 0 £ 1. Sources with secure spectroscopic redshifts are regeesény filled symbols and
sources with a photometric redshift by open symbols. Oramgtes and black squares represent
non-BLAGN and BLAGN, respectively. Green upper limits reggnti-band dropouts and black left
pointing arrows represent soft and hard X-ray flux uppert8rfor undetected sources in each band.
The C-COSMOS sample is represented by the open big bluegircl
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TABLE 2.2: Comparison of optical and X-ray types. The upper ancttdimits have been esti-
mated taking into account only the error ranges in HR.
Number Unobscured Obscured
of sources | Ny < 102 cm™2 Ny > 10?2 cm ™2

BLAGN 96715 28775

non-BLAGN 22133 497,

in Table2.2

For the total sample, we find agreement between the opticeKaray classification for
~ 74 per cent:~ 77 per cent for the BLAGN and- 69 per cent for the non-BLAGN. These
rates are consistent with recent studies (eagzuisi et al.2013 Merloni et al, 2014). Pos-
sible explanation can be a misclassification of faint typeith strong optical/IR contamina-
tion from host galaxy light.

To improve the statistics and gain information on the avemm@perties of the two sub-
classes, | compared their mean HR values as a function ofiifedSig. 2.8). Despite the
~ 30 per cent misclassification for the individual sources, tleamproperties of the BLAGN
and non-BLAGN seem to agree with thé; ~ 10?2 cm~2 division. These results do not
change even only sources with spectroscopic redshiftssa@. a'he upper and lower limits
detected only in the soft or the hard band were used to contipeitgoper and lower boundary
of the shaded area. | discuss the results in Se&itn

2.4 ThelogN-logS of thez > 3 AGN

| derived the soft band number counts of the> 3 andz > 4 samples by folding the
observed flux distribution through the sky coverage aresugditux curve of the C-COSMOS
survey Puccetti et al.2009 and the ChaMP’s 323 field&een et al.2009. The number
counts are corrected for ChaMP incompleteness in the gsecipic/photometric coverage
as a function of X-ray flux (i.e. Fig2.3).
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Hardness Ratio

Redshift

FIGURE 2.8: The mean hardness ratio as a function of redshift for BNAblack squares) and
non-BLAGN (orange circlesy > 3 AGN subsamples. The error bars represent the 68 per cent
dispersion. Only sources with both soft and hard band detectare taken into account for the
estimation of the mean HR in each bin. Undetected sourcesdrobthese bands are included only
for estimation of the upper and lower limits (dashed are@bg z,1,« = 6.88 source with an upper
limit HR,,, = 0.74 has been shifted down to HR=0.2 in order to be included in thedi

To minimize the errors associated with the most uncertarhgdahe sensitivity curve,
| truncate the C-COSMOS sample at the flux corresponding t@ekOcent of the total
area (blue dashed line in Fig.1). All the sources with &.5 — 2 keV flux above3 x
107 erg cm~2 s~! have been considered (73 objects out of the 81 soft bandtddjed@he
flux limit applied to the sample is consistent with the sigttahoise ratio thresholds chosen
by Puccetti et al(2009, on the basis of extensive simulations, to avoid the Eddimgias in
the computation of the number counts of the entire C-COSM&dS¢e. Thus, by applying a
flux limit cut, | also reduce the Eddington bias affecting sample. For ChaMP this would
be atSys_oev > 2 x 107 erg cm~2 571, below the flux limit already applied.

The binnedog N — log S relations for two redshift ranges (> 3; orange points and
z > 4; blue points, with associated errors) are plotted in Bi§.(top panel). In integral



2.4 THE logN-logS OF THEz > 3 AGN 50

form, the cumulative source distribution is represented by

Ng

N(>8) = Z Qi (2.3)

whereN (> S) is the number of sources with a flux greater than S@nds the limiting sky
coverage associated with tfte source. The associated error is the variance:

2 _ i 2
o _Z(Qi) (2.4)

The grey shaded area represents an estimate of the maxintumiaimum number counts
relation atz > 3 obtained by considering three different effects:

(1) thelo uncertainty in the sky coverage area for each source usagkincoverage as
a function of flux (see Fig2.1) and thelos uncertainty in the flux;

(2) the 14 sources from C-COSMOS with no-optical detectgaef in the soft band);

(3) the sources with photometric redshiff...o < 3 but z,net0 + Tphoto > 3.

To compute the upper boundary of the shaded area, we inclitiéte sources in the
main sample plus the sources with no optical detection atfila&+1c error. For the lower
boundary, we used the fluxio error only for the sources with,,.. > 3. Under these
assumptions, the lower limit corresponds to the (very @hikhypothesis that all the pho-
tometric redshifts are overestimated, while the uppertlooiresponds to the assumption
that non-detection in the optical band is a 100 per centhigligroxy of high redshift in
X-ray-selected samples.

| have compared the number counts of this work with previotrayXsurveys that span
the range from deep, small area (CDF-S, at 464.5 arcwith a soft band flux limit of
~ 9.1 x 107*® ergcm™2 57!, Xue et al, 2011), to moderate area and moderate depth (C-
COSMOS at 0.9 degwith a 0.5-2 keV flux limit of~ 1.9716 erg cm=2 57!, Elvis et al,
2009 and finally to moderate area and shallower deptiil-COSMOS, at 2 degand a
soft band flux limit of~ 1.7 x 107'° erg cm~2 s~ !, Cappelluti et al.2009. The binned
log N — log S relations are plotted in Fi@.9 (top panel), together with théMM-COSMOS
(Brusa et al.2009 open circles), C-COSMOS&{vano et al.2011, open squares) and 4 Ms
CDF-S number countd/to et al, 2013 filled triangles).

Good agreement exists among the comparison surveys pedseate. Atz > 3 and
fainter X-ray fluxes £o.5_sev < 2 X 1071 erg cm=2 s~1) our points confirm the agreement
with the model predictions, previously found Byusa et al.(2009; Civano et al.(2011);
Vito et al. (2013. At the same redshift range but brighter X-ray fluxes, whaeméy the
XMM-COSMOS sample has available poinBrysa et al. 2009 based on 4 sources, we
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FIGURE 2.9: Top: The binnetbg N —log S relation of thez > 3 (orange circles) and > 4 (blue
squares) QSOs population. The grey shaded area repreBentsakimum and minimum number
counts under the assumptions described in Section 2.4. [likealnd orange curves correspond to
the prediction based on the LDDE+exp (thick solid), LDDEt{dd), LADE (dashed) and CT AGNs
(dash cross) models for each redshift range, respectiValy.small open circles represents the num-
ber counts estimated tBrusa et al(2009, the small open squares are fr@ivano et al(2011) and
small filled triangles fronVito et al. (2013. Middle: The ratio of the observed number counts for
z > 3 relative to the LDDE+exp model (thick solid line at the toppB. The thick solid line repre-
sents the LDDE+exp modeéV/N.y, = 1, the dotted line represents the LDDE, the dashed lines the
LADE and the dash cross lines the CT AGNs model, all relativéhe LDDE+exp model. Bottom:
The ratio of the observed number counts for- 4 relative to the LDDE+exp model. Symbols are
similar to the middle panel. The ratio of the LDDE relativetie LDDE+exp model isV/Ney, > 8.0
and is not presented.
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reduce the uncertainties by a factor of 4 using a sample ofbGéces with Oy 5_oev >

2 x 107 erg cm~2s71). Notably, it is the first time that data points at the brightieat
z > 4 are included. At redshift > 4, where theXMM-COSMOS sample had only 4
sources, the 4 Ms CDF-S 9 sources and the C-COSMOS 14 sotinee§S;COSMOS &
ChaMP sample has 27 sources (two to five times larger), makpuagsible to compare the
slope of the counts with models. A comparison with the AGN bamcounts from three
different phenomenological model predictions is also @nésd in Fig2.9with the different
types of curves (orange colour fer> 3 and blue colour for > 4).

The thick solid lines correspond to the predictions of theB&@gnthesis model d&illi et al.
(2007, based on the X-ray luminosity function observed at lovsheft (e.g.Hasinger et aJ.
2005, parametrized with an LDDE and a high redshift exponemtedline with the same
functional form adopted bfchmidt et al (1995 (®(z) = ®(z) x 107%43"%) andz, =
2.7) to fit the optical luminosity function between~ 2.5 and 6 Ean et al. 2001), corre-
sponding to one-folding per unit redshift (hereafter referred to as LDDkpe

The dotted curves correspond to the predictions of the LDRiehwithout the high-
z decline Gillietal., 2007, obtained extrapolating to high-the best-fit parameters of
Hasinger et al(2005.

The dashed line is the LADE modeAi¢d et al, 2010 which fits the hard X-ray lumi-
nosity function derived byAird et al, 2010 using the 2Ms Chandra Deep Fields and the
AEGIS-X (200 ks) survey to probe the faint endy( < 10%® erg s~!) and the highz (z ~ 3)
range.

The dash-crossed lines correspond toThaster et al(2009 X-ray background popu-
lation synthesis predictions (CT AGNS).

While atz > 3 the two model predictions are very closezat 4, where the models have
different slopes, the errors on the data of the previoudesutb not allow a firm preference
of one of the two models, highlighting the advantage of oonn®a with respect to previous
surveys. In this work | find that the LDDE model without de€li@illi et al., 2007) clearly
overestimates the observed counts even in the most ogtirsistnario (upper boundary)
in both thez > 3 andz > 4 redshift ranges. The results for the> 3 sample (orange
colour) are in good agreement with both LDDE+exp (thick&dilne) and LADE (dashed
line) model predictions but only up to flux 2 x 107 erg cm~2 s~!, where the difference
of the two models is< 20 per cent. However, the main advantage of this sample becomes
clear at brighter fluxes; the results strongly exclude théEAmModel. This is in contrast
to previous studies which could not distinguish betweentte models due to their large
uncertainties.

At z > 4 (blue colour) the observations are in good agreement witbE®exp pre-
dictions. The LADE model can not be clearly excluded if weet@thto account the upper

5Model predictions from the work dfreister et al(2009 for a range of input values are publicly available
at http://agn.astroudec.cHgn/main.html
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and lower boundaries. However, | can point out for the finsietithat there is no sign of
the expected decline to higher fluxes. LDDE is fully ruled aut > 4. While fainter
samples would be also useful for a better description of theéeh considering only the
z > 4 subsample byito et al. (2013 (4 Ms CDF-S, filled triangles), the data lie between
the LDDE+exp and LADE models predictiokito et al. (2013 have included the presence
of 3 sources aib < z < 7.7, whose redshifts are determined on the basis of relativeteu
tain photometric information. If these sources were plaaell< » < 4, a good agreement
would be obtained with the LDDE+exp model (Sé& et al,, 2013 fig. 9). In this case, the
Vito et al,, 2013z > 4 sample would be consisted only by two sources.

2.5 2-10 keV Comoving space density

To investigate the cosmological evolution of AGNzat- 3 | calculate the comoving space
density from our sample utilizing thie'V},,.x method Echmidt & Olsen1968. This method
takes into account the fact that more luminous objects aectible over a larger volume
and is readily adapted to the case in which the survey areandspn flux.

The maximum available volume, over which each source caretextéd, was computed
by using the formula:

Zmawx dV
Vmax == / Q(f(Lx,Z, NH))EdZ (25)

Zmin

whereQ(f(Lx, z, Nu)) is the sky coverage at the flui Lx, z) corresponding to a source
with absorption column densityy; and observed luminositlx, andz,,.. IS the maximum
redshift at which the source can be observed at the flux liftft@survey. Ifz,,.x > 2up bins
wherez,;, vin IS the maximum redshift of the redshift bin, then thg, is the upper boundary
of the redshift bin used for computing,... In the case of the ChaMP samplg,., is
estimated using both the X-ray and optical survey limitsiarsgtlected to be the minimum of
the two estimates so the source can be observed at the flwofibwth surveys. | computed
the space density using the luminosities derived Witk 1.8. The contribution of sources
with photometric redshift to the space density is weightadtiie fraction of theirP(z) at
z > 3.

After calculating thé/,,.. for each source, we sum the reciprocal values in each redshif
bin:

Zmin <2<Zmaz 1

o= > (77—

i=1

) (2.6)
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FIGURE 2.10: The comoving space density in 3 different 2-10 keV ¥itaminosity ranges. The
solid lines corresponds to the X-ray selected AGN spaceitgermmputed for the same luminosity
limit from the Gilli et al. (2007) LDDE+exp model. The dashed curve corresponds to the space
density derived from the LADE model diird et al. (2010. The colours respond to the shaded
areas in Fig2.5and the shaded area represents the maximum and minimumdsasity under the
assumptions described in the text. When only one sourcelisded in the bin it has been plotted as
an upper limit (aBo). The small black symbols and dotted lines correspond t@dineoving space
density data points and model derived frarada et al(2014) for similar X-ray luminosity ranges.

whereg is the comoving space density in the range z,in — zmax, andi is the index of the
sample AGN falling into the redshift bin. THer uncertainty is estimated as

Zmin <Z<Zmaz 1

o=\ D GNP 2.7

i=1

Including soft, hard and full band detected sources allogvsoucompute a space den-
sity which takes into account both unobscured sources,wdmait more at softer energies,
and obscured sources, which emit more at harder energiggwihaving to introduce any
further correction or assumption.
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The resulting comoving space densities are shown in Ei) To reduce the effects
of incompleteness and to have a complete sample over a gidshift range, | divided the
sample into three luminosity intervals (see Fidg, shaded areas):

(1) At low luminosities (purple shading), | computed the gpdensity in three redshift
bins ¢ = 3 — 4.3) at43.3 < log(Lx/erg s™1) < 44.0;

(2) At intermediate luminosities (green shading), | congpluihe space density in 3 red-
shift bins ¢ = 3 — 5.4) at44.0 < log(Lx /ergs™') < 44.7

(3) At high luminosities (orange shading), | computed thacgpdensity in 5 redshift bins
(z =3 —5.0) atlog(Lx/erg s7') > 44.7.

| also estimated space density upper and lower boundariggking into account the X-
ray flux errors. If a source has been excluded from the maimpkabecause its flux is lower
than the flux limit applied, the same source could be includede upper boundary sample
if its flux+1o0 error exceeds the flux limit. Likewise, if a source has beatuited in the
main sample because its flux is higher than the flux limit a&aplthe same source could be
excluded by the lower boundary sample if its fiubo error is lower than the flux limit. The
shaded areas include the above uncertainties affectingpth@utation of the space density,
I.e. the flux errors and thus errors on the maximum volumecsaisal to each source.

As explained in Section 2.2.1, the 15 sources with no opbeald detection from C-
COSMOS survey have not been included in the space densitydaoes. However, the
space density was computed assuming that all the 15 soueresatthe redshift correspond-
ing to the first bin, then to the second bin and so on. The spaesity values computed in
this case, in the first three bins, are within the shaded areas

The space density in the three luminosity ranges is compaittdthe predictions, at
the same luminosity threshold, from the same three modstugsed in SectioR.4 The
LDDE+exp model Gilli et al., 2007 used for théog N —log S (solid lines), including in the
model all the sources up to a column densityl0¥cm 2. | also compare with the LADE
model @ird et al,, 201Q dashed line). The LDDE model is fully ruled so it is not indéd in
the following comparisons. In agreement with the resultsioled from the number counts,
the LDDE+exp model provides an excellent representatioth@fobserved data, although
the LADE model cannot be rejected taking into account theeuppd lower boundaries. |
confirm that the shape of the space density evolution of Xselgcted luminous AGN is
consistent with that derived from optical quasar surveyhiwicurrent uncertainties.

The results from th&eda et al(2014) for AGNs with the same X-ray luminosity ranges
are also plotted for comparison (small black symbols). Asleaseen, our results are con-
sistent with those obeda et al(2014) within the statistical errors, indicating a significant
decline in the AGN space density from= 3 to higher redshifts. To take into account the ob-
served decline in their LDDE model (Fig.1Q black dotted lines),Jeda et al(2014) intro-
duced another (luminosity-dependent) cutoff redshifvebehich the model declines. Their
model indicates an ‘up-sizing’ evolution instead of thelgb'downsizing’ evolution, where
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more luminous AGN have their number density peak at highishiéts compared with less
luminous ones. In the cases of lower and intermediate X-uayiriosities theJeda et al.
(2014 LDDE model slightly overestimates our results but it isntthe upper boundaries.

In the case of the higher X-ray luminosities, where our dagaicantly reduce the uncer-
tainties of theUeda et al.(2014 sample, their model underestimates our result while our
data may indicate a flatting up to redshift- 4.

2.5.1 Type-1vs Type-2 AGN

Comparing the high-evolution of optical- and X-ray-selected AGN samples, thees de-
clining profile has been revealed. Considering that X-r@gcted samples provide reduced
obscuration bias in comparison with optically selected A@fik similarity suggests no sig-
nificant cosmological evolution of the obscured AGN fraotiat least at higher redshifts.
Supporting these result, previous studies have concluakgdtihe obscured AGN fraction
increases with redshift = 1 to = = 2 (Ballantyne et aJ.2006 but decreases at higher
redshifts Hasingey 2009. To investigate further the cosmological evolution ofayp and
type-2 AGN and their fraction within the redshift rangezof 3 — 7, | calculate the comov-
ing space density for the two sub-classes of AGNs in our safofibwing the same method
as described in Sectidh5.

The co-moving space density is shown in F2gll The upper and lower boundaries
are estimated similarly to Sectigh5 taking into account the X-ray flux errors and the 15
C-COSMOS source with no optical band detection. Both optieage symbols) and X-
ray (small symbols) AGN classifications have been used aeg skem to be in a good
agreement. To estimate the upper and lower boundaries so¢ake into account the 29
per cent of mismatches into the optical and the X-ray clasdibn of AGN types, in order
to estimate the upper and lower boundaries. Specificallfherncase of optically classified
type-1 AGN, for the upper boundary | also include in each lbi@ $ources classified as
unobscuredy < 10*22cm~2) even if they are defined as type-2 AGN based on their optical
classification. For the lower boundary, we exclude from daichthe type-1 AGN which
haveNy > 1022cm 2. The same method is also applied for the type-2 AGN. So, tipeup
and lower boundaries include also the uncertainties dugetonisclassification of sources.

The space density in the three luminosity ranges is compaitedhe predictions, at the
same luminosity threshold, from the same LDDE+é&&fi et al. (2007 model, including
in the model all the sources with; < 10?2cm~2 for the case of type-1 AGN and all the
sources withVyg = 10* — 10**cm~2 for the case of type-2 AGN. In agreement with the
previous results, the LDDE+exp model provides an excelleptesentation of both type-
1 and type-2 AGN. Since both type-1 and type-2 AGN follow thene decline profile it
suggests that there is no significant cosmological evaiuto their fraction above > 3.
The same results are obtained even if | follow the X-ray digssion of the AGN sample
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into obscured and unobscured sources (Eifyl, small black symbols).

The LDDE+exp model for these three luminosity ranges and\the= 10*2cm—2 divi-
sion predicts a fraction of objects classified as type-2 twveitype-1 AGN sources of 0.63,
0.5 and 0.48 at low luminosities.3 < log(Lx/erg s~!) < 44.0, intermediate luminosities
44.0 < log(Lx /erg s7') < 44.7 and high luminositiekg(Lx /erg s™') > 44.7 respectively.
For the same luminosity bins, | have calculated the mean @aing space density ratio for
the two typesdy,,co/ Pryper = 0.59 £ 0.02,0.48 4 0.04 and 0.31 £ 0.18 from low to high
luminosities. These are in good agreement with the LDDE+a&del predictions.

Recently,Hiroi et al. (2012 estimated the X-ray type-2 AGN fraction, classified based
ontheNy > 10?2 cm~2 criterion, to bed.547017 atz = 3.0— 5.0 and in the luminosity range
of log(Lx /erg s~') = 44.0 — 45.0 while for their optical selection of type-2 AGN they found
a fraction 0f0.59 + 0.09. Their estimates are somewhat larger than our resolusf+ 0.04,
although they agree within the errors. This difference ddag easily explained from the
fact that their sample is significantly smaller (30 sourd¢bah ours and contains only four
sources withz > 4 from which the two classified as type-2 AGN have only photaioet
redshifts.

2.6 Summary

| have presented the results of the largest X-ray selectegblsaof = > 3 AGN to date,
compiled from the C-COSMOS and ChaMP surveys. The large bbd+COSMOS and
ChaMP data and their combination allowed us to devise a tabathod to build a sizable
sample of X-ray selected AGN and control the selection &feluding both type-1 (unob-
scured) and type-2 (obscured) AGN,zat- 3. The sample consists of 209 detections in the
soft and/or hard and/or full band. | find:

(1) The average HR of the type-1 and type-2 AGN samples isistams with theNy <
10?2 cm~2 criterion for the classification of the X-ray unobscured AGNd the Ny >
10%2 em~2 criterion for the classification of the X-ray obscured AGBispectively.

(2) For the individual sources there is a mis-match-at6 per cent between optical and
X-ray classification. The contribution from starburst esiog in the soft band, or misclas-
sification of faint type-1 with strong optical/IR contamiiman from host galaxy light could
possibly explain the differences between the two classifioa.

(3) The number counts derived in this work (F&J9) are consistent with previous deter-
minations from the literature, yet significantly reduce timeertainties especially at bright
fluxes and at high redshifts ¢~ 4). The number counts of the combined C-COSMOS/ChaMP
sources are consistent with the trend that the space desgitificantly declines at higher
redshifts, similarly taXMM-COSMOS Brusa et al.2009 and C-COSMOS(ivano et al,
2017 results at similar fluxes at least within their errors andF=® (Vito et al,, 2013 at
fainter fluxes, and are better described by the LDDE+exp ir(@siéi et al., 2007).
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FIGURE 2.11: The comoving space density in 3 different 2-10 keV ¥dtaminosity ranges for
type-1 (top) and type-2 (bottom) AGN. The solid lines copa®ds to the X-ray selected AGN
space density computed for the same luminosity limit from @illi et al. (2007) model and for
Nu < 10?2 cm? in the case of type-1 AGN and/y > 10%? cm? for type-2 AGN. The colours
respond to the shaded areas in Eidh and the shaded area represents the maximum and minimum
space density under the assumptions described in SecBonThe small black symbols represent
the comoving space density in the three different 2-10 kekaytuminosity ranges for sources clas-
sified as unobscured (top) and obscured (bottom) AGN basedtieoiX-ray classification and the
Ny = 10?2 ¢cm? limit.
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In contrast to the previous studies, and due mainly to thgelasample and wide flux
coverage, the results of this work exclude &ied et al. (2010 LADE model, at the brighter
fluxes. At fluxe2 x 10716 < (Fy5_9 xev/ erg ecm2 s71) < 2 x 1071° the predictions of this
model are very similar to th@&illi et al. (2007) LDDE+exp model, but at fainter and brighter
fluxes the two models deviate significantly. TWi&o et al. (2013 results trace thé&illi et al.
(2007 LDDE+exp model well at fainter fluxes, but only fer> 3, while my sample gives
the same results at the brighter fluxes where (due to the lpeat&d counts) a large sample
is required.

(4) In agreement with the number counts, the space densitglisdescribed with the
LDDE+exp model at all X-ray luminosity bins and redshiftd)ile the LADE model fails
to fit the data. These results confirm the declining spaceityess observed in the optical
wavelengths.

(5) Taking into account both optical and X-ray classificatiol derived the space density
for type-1 and type-2 (obscured and unobscured) AGN seggrédm both cases, the results
are in agreement with the LDDE+exp model suggesting thahite-redshift evolution of
obscured AGNs is similar to that of unobscured AGN. For eaafithosity bin, | derived the
type-2 AGN fraction among the total AGN sample tob&) + 0.02, 0.48 £ 0.04 and0.31 +
0.18 atz > 3 in the luminosity ranges afx = 10%3-3-440 1(44.0-44.7 14472460 oy g1

The last result should have a significant impact on our unaedsng of the galaxy and
black hole co-evolution. Either or both line-of-sight ariation or evolutionary phase (e.qg.
covering factor of high column obscuration) can affect thpaaent obscuration (and there-
fore classification) of AGN. Given that orientation does eatlve preferentially towards us,
this work allows us to to say that the obscured and unobs@&w@dtionary phases do evolve
similarly.



Who knows, perhaps God is simply the search for God.
[Saint Francis (1956)] - Nikos Kazantzakis

HerschelATLAS: Far-infrared properties of
radio-loud and radio-quiet quasars

This chapter is partly reproduced from the palderschel-ATLAS: Far-infrared properties of
radio-loud and radio-quiet quasatsy E. Kalfountzou, J. Stevens, M.J. Jarvis, M.J. Hard-
castle, D.J.B. Smith, N. Bourne, L. Dunne, E. Ibar, S. Ed&ked, Ivison, S. Maddox, M.W.L.
Smith, E. Valiante, G. de Zotti, 2014, MNRAS, 442, 1181

Abstract

| have constructed a sample of radio-loud and radio-quiasaks from the Faint Images Radio
Sky at Twenty-one centimetres (FIRST) and the Sloan Di@tgt Survey Data Release 7 (SDSS
DRY7), over the H-ATLAS Phase 1 Are@({, 12" and14.5"). Using a stacking analysis | find a signif-
icant correlation between the FIR luminosity and 1.4-GHnihosity for RLQs. Partial correlation
analysis confirms the intrinsic correlation after remowing redshift contribution while for RQQs no
partial correlation is found. Using a single-temperatureygbody model we find a general trend of
lower dust temperatures in the case of RLQs comparing to R@3se, RLQs are found to have al-
most constant mean values of dust mass along redshift amidptminosity bins. In addition, | find
that RLQs at lower optical luminosities tend to have on ayeraigher FIR and 25@m luminosity
with respect to RQQs with the same optical luminosites. Elvanwo-temperature grey-body model
is used to describe the FIR data, the FIR luminosity excassires at lower optical luminosities.
These results suggest that powerful radio jets are assdardth star formation especially at lower
accretion rates.
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3.1 Unveiling the role of jets to the AGN/star-formation
connection

In recent years it has been widely believed that AGN actiigtgn important phase in the
evolution of every massive galaxy in the universe. Studyiregoptical spectra of powerful
high-redshifts QSOs in the previous chapter, we found tieeidences of the AGN outflows
impact to the host galaxy absorption line signatures. Irs#imee sense, there are a number of
pieces of evidence that support a global evolutionary cctiore between the star formation
and AGN activity e.g.:

1. the differential redshift evolution of the AGN lumingsiunction, or “AGN downsiz-
ing” is also found for the star-forming galaxy populationgiéHasinger et aJ.2005
Hopkins et al. 2006 Aird et al,, 2010,

2. the redshift distribution of the most strongly star-famgngalaxies traces that seen in
the optical quasar population (e@hapman et al2005 Wardlow et al, 2017), and

3. the star formation rate density as a function of redssifroadly similar with the black
hole accretion rate density (e§oyle & Terlevichh 1998 Merloni, 2004 Aird et al.,,
2010.

In the literature, there are several examples, partigultrt ~ 1, close to the peak of
the AGN luminosity density in the Universe (eBgarger et al.2005 Hasinger et a).2005,
of “composite” objected where the AGN activity and star fation are associated (e.g.
Page et a).2004 Alexander et al.2005. However, the picture is still not clear, with inves-
tigations at different wavelengths producing many differs of opinion as to the amount of
radiation that is absorbed and reprocessed by dust, hovstigkated to the host galaxy and
whether the triggering mechanism behind the AGN activitglgo responsible for massive
star-formation activity. Moreover, it is also unclear hdvwese processes depend on luminos-
ity, radio-loudness and orientation.

As | have already described in more details in Chafitex large number of theoretical
models suggests that these possible correlations arisedgihfeedback processes between
the galaxy and its accreting BH. Such regulation has beenrstmbe important in large cos-
mological simulations (e.dPi Matteo et al, 2005 Springel et al.2005 Croton et al.2008.

In general, these can take two forms, AGN-winds (often refeto as quasar mode), which
comprise wide-angle, sub-relativistic outflows and tenteéalriven by the radiative output
of the AGN, and jets (often referred to as radio mode),whiehralativistic outflows with
narrow opening angles that are launched directly from thestion flow itself. In the case of
guasar mode, the objects are accreting rapidly, at neaiEtdington rate and their radiation
can couple to the gas and dust in the interstellar mediumipgrivinds that may shut down
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further accretion on to the BH or even drive material out efghalaxy, thereby quenching star
formation (e.gDi Matteo et al, 2005. Although there is no compelling evidence for AGN
feedback quenching star formation, there is mounting emeddor quasar-driven outflows
(e.g.Maiolino et al, 2012. However, recent surveys find little evidence that X-ragrinous
AGN quench star formatiorHarrison et al.2012 cf. Page et aJ.2012. Similarly, the radio
mode and the role of RLAGN and their jets in the evolution ofagees have been stud-
ied intensively suggesting that jets can have positive dsagenegative feedback on SFRs
with the observational consensus being mixed. Certaioiyesstudies advocate that radio
jets effectively suppress or even quench star formatian Best et al. 2005 Croton et al,
2006 Best & Heckman2012 Chen et al.2013 Karouzos et a).2014) by warming-up and
ionizing the ISM which leads to less efficient star formation through direct expulsion
of the molecular gas from the galaxy, effectively removihg ingredient for stars to form
(e.g.Nesvadba et gl2006 2011). On the other hand, positive feedback can enhance star
formation which could be explained by shocks driven by tltkagets in the ISM that com-
press it and eventually lead to enhanced star-formatiariesitty (e.gSilk & Nusser 2010a
Best & Heckman2012 Gaibler et al, 2012 Kalfountzou et al.2012.

It is therefore apparent, that although some form of feeklimoeeded to explain the
observational results supporting co-evolution of cergpieroids and their galaxies, much
still remains unclear. Radio-loud and radio-quiet quapaoside ideal candidates for the
study of star formation in powerful AGN under the presencgets or otherwise. Indeed,
optically selected RLQs are found to have enhanced starafitom at lower luminosities
using optical spectral feature as a diagnostial{ountzou et al. 2012. The latter result
raises the question of why such an effect is not seen at hdjb ppwer and/or AGN activity
which could be explained under the assumption of a dominachiamical feedback at low
Eddington luminosities, in which case this would plausib&/the major source of positive
feedback.

However, spectral diagnostics are not immune to AGN contation and optical diag-
nostics, in particular, are susceptible to the effects dfleming. Indeed, the measurement of
the star-formation activity in the host galaxy is difficuttainly due to contamination by the
AGN. Many studies have attempted to determine the stardtiam activity in quasar host
galaxies using optical colours (e ganchez et gl2004 or spectroscopy (e.drichas et al.
201Q Kalfountzou et al.201% Trichas et al.2012 or X-ray selection (e.gComastri et al.
2003 Treister et al.201]). In addition, AGN emission can outshine both the UV and-opti
cal emission from young stars. By contrast, the FIR emissi@mown to be dominated by
emission from dust in the host galaxy, except in the moskeextr cases (e.@Netzer et al.
2007 Mullaney et al, 20111, and to be a proxy of its star formation activity that is kelsg
uncontaminated by the AGN (e.gaas et a].2003 Hatziminaoglou et al2010.
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3.1.1 Radio-loud and radio-quiet quasars

A property of quasars is the existence of radio-loud ancbrgdiet populations (see Section
1.3.3 for definition). Typically, optically selected RLQgreaonly a small fractions~10-20
per cent, of all quasars (e.dvezic et al, 2002 but see alsdrichards et a).2006awith a
small radio-loud fraction of 3 per cent), with this fractipassibly varying with both optical
luminosity and redshiftJiang et al.2007). In contrast, X-ray selected samples show lower
fractions of radio-loud AGN< 5 per cent (e.gDonley et al, 2007 La Franca et a].2010.
However, many low-power radio sources in these samplestrbigistar formation-driven
(e.g.Massardi et a).2010. X-ray selections overall probe much higher (or complet&)
tions of the AGN populations than optical ones. This mayaftae comparison of same
subsamples (i.e., radio-loud) selected with differenthods. RLQs usually reside in very
massive galaxies and have typically a lower optical or X-oayput at given stellar mass
(i.e. lowerL/Lgqq at givenLgqq, Sikora et al, 2007 compared to radio-quiet quasars. This
means that arLx-limited sample will have a lower RLQs fraction, comparedatonass-
limited sample. However, in the case of a strictly limiteteséon of X-ray-Type | AGN,
then possibly the subsamples of radio-loud AGN might end @eipdomore comparable to
optical ones.

While a definitive physical explanation of this dichotomynans elusive, a large number
of models have been put forward to explain it. Both types @fsguis are likely powered by
similar physical mechanisms (e.drry & Padovanj 1995 Shankay 2010, but their radio
loudness has been shown to be anti-correlated with aconette onto their central SMBHs
(e.g.Fernandes et al2011). Additionally, it has been demonstrated that, relativ&@Qs,
RLQs are likely to reside in more massive host galaxi@sk(la et al, 2001, Sikora et al,
2007. However,Dunlop et al.(2003 found that spheroidal hosts become more prevalent
with increasing nuclear luminosity such that, for nuclesninositiesVly, < —23.5, the hosts
of both radio-loud and radio-quiet AGN are virtually all rsa ellipticals.

Along with the idea of different host galaxies it has beemfibthat RLQs require more
massive central BHs than RQQs (el@unlop et al. 2003McLure & Dunlop 2004 see also
Shankay201Q who finds this to be redshift dependent) and it has also beggested that
RLQs host more rapidly spinning BHs holes than RQQs (&mndford & Znajek 1977
Punsly & Coroniti 1990Wilson & Colbert 1995 Sikora et al. 200;7/Fernandes et al. 2011
but see als@arofalo et al.2010. The low radio-loud fraction also suggests a change in jet
occurrence rates among active super-massive black hdis atminosities. This could be
linked to changes in the Eddington fraction, evolutiondatesof the black hole, or the host
galaxy mass, evolutionary state, or environment. Recerdligler et al(2010 showed that
radio-loud AGN appear to be found in denser environments their radio-quiet counter-
parts atz ~ 1, in contrast with previous studies at lower redshifts (&/gLure & Dunlop



3.2 SAMPLE DEFINITION AND MEASUREMENTS 64

2007). However the differences are not large and may be partljaggx by an enhance-
ment in the radio emission due to the confinement of the radiomja dense environment
(e.g.Barthel & Arnaud 1996.

If the radio-loudness is due to the physics of the centrairengnd how it is fuelled, and
the environment plays a relatively minor role, the quasaperties may be connected with
the star formation in their host galaxies (é-grbert et al.201Q Hardcastle et 4/12013. On
the one hand, AGN feedback could be stronger in the case &ltk¥s due to their higher
BH masses and therefore potentially stronger radiatiod, freducing the star-formation rate
compared to RQQs; on the other hand radio jets could incteasstar-formation activity by
compressing the intergalactic medium (eCgoft et al, 200§ Silk & Nusser 20100.

3.1.2 This work

With the HerschelSpace Observatory(lbratt et al, 2010 we are able to measure the FIR
emission of AGN host galaxies and hence the cool-dust eomsslerscheloffers an ideal
way of measuring the instantaneous SFR of AGN (Banfield et al, 2011). Until Hersche)

hot dust emission has typically been determined from Spiata at near/mid-infrared wave-
lengths, but emission from the torus can also contributkeeste bands, especially in the case
of quasars. WittHerschelwe are able to determine the level of cool dust emission in AGN
providing a detailed picture of how the full SEDs of AGN chargg a function of luminos-
ity, radio-loudness and redshift. Under these circumss/iterschelprovides a good tool
to study the star formation and AGN activity in a special tgp&AGN: quasars. We are also
able to study the star formation in different types of quagarg. RLQs vs RQQs) and thus
to say how it might be affected by the presence of powerfubrgals.

The chapter is structured as follows. In Sect®Bl discuss the selection of the sample
and the observations | have used. In Sec8ichl describe the statistical methods and the
models | have used in order to estimate the FIR parametgrsK&R luminosity, dust tem-
perature, dust mass) of our sample. Here | also presentshé#s®f the comparison of the
FIR parameters between the radio-loud and radio-quietagsakinally, in Section8.5and
3.6, | explore the general conclusions that can be drawn fromregurits.

3.2 Sample definition and measurements
3.2.1 The data
In this section | describe the data used throughout thistehap

1. Radio source catalogues and images from the Faint ImagesRadio Sky at Twenty-
one centimetres (FIRSBecker et al. 1995 survey and NRAO NLA Sky Survey
(NVSS; Condon et al. 1998. Both cover the entire H-ATLASHales et al.2010



3.2 SAMPLE DEFINITION AND MEASUREMENTS 65

Phase 1 area. To check the possibility of non-thermal contaion in theHerschel
bands, | also cross matched our sample with the Giant MeteRadio Telescope
(GMRT) catalogue oMauch et al(2013, who have imaged the majority of the Phase
1 area at 325 MHz, in order to estimate the radio spectralxifidethe radio-loud
sample.

2. Point spread function (PSF) convolved, background auats#d images of the H-ATLAS
Phase 1 fields at wavelengths of 100, 160, 250, 350 ang:s0@rovided by the Pho-
todetector Array Camera & Spectrometer (PA@8glitsch et al.2010 and the Spec-
tral and Photometric Imaging REceiver (SPIRE;ffin et al, 2010 instruments on
theHerschel Space Observatoryhe Phase 1 area consists of three equatorial strips
centred a©”, 12" and14.5". Each field is approximately2° in RA by 3° in Dec
(6° by 3° for the 12" field). The construction of these maps is described in dbtail
Pascale et a(2017]) for SPIRE. From these maps, a catalogue of the FIR sources wa
generatedRigby et al, 2011, which includes any source detected atdy better at
any SPIRE wavelength. PACS fluxes were derived using agsrplaced on the maps
(Ibar et al, 2010 at the locations of the 250m positions. The&o point source flux
limits are 132, 121, 30.4, 36.9 and 40.8 mJy, with beam siaeging from 9 to 35
arcsec FWHM in the 100, 160, 250, 350 and %00 bands, respectively.

3. Redshift and optical magnitudes from the Sloan Digitaf Skirvey Data Release 7
(SDSS DRY7) Quasar Catalogugchneider et al.2010 which provides the most re-
liable classification and redshift of SDSS quasars with kits@ —band magnitudes
brighter than -22.

| constructed a sample of radio-detected quasars in theT-fiR&l with optical magni-
tudes and redshifts from SDSS DR7. A matching radius 5 arcsec is used to identify
the compact radio sources while a larger radiug®arcsec is used for extended sources
(Kalfountzou et al.2012. With this method we found 144 quasars with matching radius
less than 5 arcsec and 3 extended quasars. In order to cletakéhradio maps from the
FIRST survey do not miss a significant fraction of extendedssion around the quasars, |
also cross-correlate the optical positions with NVSS. | fimdsignificant difference in the
R 4cu, between FIRST and NVSS, with the distribution remainingistiaally unchanged.
This suggests that the radio emission from the quasars eralgnfairly compact.

For the undetected quasars in FIRST | used a stacking asabysstimate their flux den-
sities followingWhite et al.(2007), where they quantified the systematic effects associated
with stacking FIRST images and examined the radio proeofiguasars from the SDSS by
median-stacking radio maps centered on optical positidhede quasars. The stacked flux

The cited paper is for the SV data release, but the same inge®chniques were used to create the
catalogue for the Phase 1 area.
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FIGURE 3.1: Left: Optical luminosity of the radio-loud (black stqand radio-quiet (grey circles)
samples as a function of redshift. The red lines show theespandingMl; for i = 19.1 (z < 2.9)
andi = 20.2 (z > 2.9), respectively, and the black dashed line shows the equitébri = 15 (the
bright limit for SDSS quasar targetShen et al.20119. Right: Radio luminosity as a function of
redshift. The mean values and the errors for undetectedarpiage represented by large grey circles.
The dashed line corresponds to the nominaflux cut-off of FIRST, i.e.1.0 mJy.
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densities sorted by redshift arnd magnitude for each bin are presented in B@ which
shows that the majority of the undetected quasars fall flavbthe FIRST catalogue detec-
tion threshold, but in every bin a clear detection is actdeve

| separated the quasar sample into RLQs and RQQs based oadibdoudnessp;,
parameter. The traditional radio-loud/quiet divisionagen to be the radio-to-optical flux
ratio of 10. In this work, followingvezic et al.(2002, | compute the radio-to-optical flux
ratio, RR;, using the radio flux density at 1.4 GHz and théband ; = 7480 ,&) flux density
from the SDSS.

Atotal of 1618 quasars (141 radio-loud and 1477 radio-guiesars) are found in the H-
ATLAS Phase 1 field based on their optical positions. Forshisple, we have investigated
how many quasars are significantly detected in the H-ATLA®logue at the & level.
Cross-matching with the H-ATLAS Phase 1 Catalogue applgitigelihood ratio technique
(Smith et al, 2017) yielded 146 £ 9 per cent) counterparts with a reliability > 0.8.
Among the 146 counterparts 9 are RLQs [ per cent of the radio-loud population). A
similar percentage was found Bpnfield et al.(2011). Comparing the detected samples of
radio-loud and radio-quiet quasars by applying a Kolmogeémirnov (K-S) test gives a
null hypothesis op = 0.07, p = 0.11, p = 0.08, p = 0.11 andp = 0.14 for 100, 160xm
PACS and 250, 350 and 5Q6n SPIRE bands.

Since the radio-loud sample includes sources with highoréldk density we also in-
vestigated the possibility of synchrotron contaminatishjch is not associated with star
formation, to the FIR flux densities. The method | am usingstineate the synchrotron con-
tamination is described in Secti@3. | have found that out of the 141 objects in our RLQs
sample, 21 RLQs have significant non-thermal contaminatigheir FIR emission. These
objects have been removed from our sample. | have also fdwai®¥ sources are possible
candidates for strong contamination using an upper limittfeir radio spectral index. These
sources have been also removed from the sample.

| then compare the distribution inand L, of radio-loud and radio-quiet quasars and
force the two subsamples to have the salpg andz distribution by randomly removing
RLQs from our parent sample. Running a K-S test on these ssmhphd the distribution of
the two populations in the optical luminosity - redshift pdais similar. A K-S test applied
to the optical luminosity gives a result that corresponda pwobability,p = 0.69 under the
null hypothesis (i.e. they are statistically indistinduable) while the K-S test to the redshift
givesp = 0.75. A 2-d K-S test on the redshift and optical luminosity fortbeamples returns
p = 0.58. | therefore assume the populations are matched in optioahlosity andz. This
process provides a radio-optical catalogue of quasarsspéhtroscopic redshift up to~ 5.
Fig. 3.1 shows the optical luminosity - redshift and the radio lunsity- redshift plots for
the final sample of 93 RLQs and 1007 RQQs. | have randomly reohdv0 radio-quiet
quasars from our original sample in order to match the twaifagjons intoz and L.
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FIGURE 3.2: Left: The median radio flux density as a function of réfisiRight: The median
radio flux density as a function of the SD&Smagnitude. Thédo associated errors are presented. A
bin size of about 100 quasars was used.
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The optical luminosity was measured using tH®End magnitude since redder passbands
measure flux from the part of the spectrum relatively indemsio recent star formation and
also suffer less dust extinction. Since tHgand luminosity itself is expected to correlate with
the AGN luminosity and is less sensitive to recent star-fdram activity we use the optical
luminosity as an AGN tracer. The rest-frame 1.4-GHz radiihosities of the quasars were
calculated from the FIRST 1.4-GHz flux density and the spscwpic redshift, assuming a
power law ofS,, o« v~. The spectral index was measured using the FIRST and GMRIT dat
For the sources undetected by GMRT either a spectral slope-6f0.71 was used or the
estimated spectral index using the nominal 5 mJy limit of@\&RT data (see Sectiah3).

3.2.2 Herschd flux measurements and stacked fluxes

Due to the limited sample of SPIRE-detected quasars, edpettie RLQs, | directly mea-
sure the FIR flux densities from the PSF-convolved imagesliothree H-ATLAS fields
rather than just use thier catalogues. For each of the quasars found inside the H-ATLAS
Phase 1 field | derive the FIR flux densities in the two PACS aedliree SPIRE bands di-
rectly from the background-subtracted, PSF-convolvedTHAS images. We take the flux
density to be the value in the image at the pixel closest toftieal position of our targets.
The errors are estimated from the centroid of the correspgmbise map including the con-
fusion noise. In addition, the current H-ATLAS catalogueaimmends including calibration
errors of 10 per cent of the estimated flux for the PACS bands/guer cent for the SPIRE
bands. The flux densities are background subtracted usirgga background value for each
band. The mean background is estimated fi® 000 randomly selected pixels within the
three H-ATLAS blank fields.

To establish whether sources in the bins were significamilgated, | compared the flux
measurements with the background flux distribution frodfh 000 randomly selected po-
sition in the fields, followingHardcastle et al(2010. Using a K-S test, we can examine
whether the flux densities are statistically distinguidbdiom those taken from randomly
chosen positions, as a K-S test is not influenced by the nars€kan nature of the noise
as a result of confusion. | found a distinguishable diffeeem all bands with K-S proba-
bility lower than10~°. The mean background flux densities aré6 + 0.01, 0.10 & 0.02,
1.1240.03,2.91+0.04 and0.51 + 0.03 mJy at 100, 160, 250,350 and 5060, respectively.

| have separated the samples in bins corresponding to fedskiio luminosity and op-
tical luminosity to investigate whether the FIR fluxes varighwthose parameters. Within
each bin | have estimated the weighted mean of the FIR backgrsubtracted flux densi-
ties in eachHerschelband. The mean values for each band are shown in TallleThe
errors have been determined by bootstrapping. The bopp&idaerrors are determined by
randomly selecting galaxies from within each bin and deteimg the median for this sub-
sample. The K-S test results for the two populations and th@rvwVhitney (M-W) test
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TABLE 3.1: The radio-loud and radio-quiet quasars (RLQs and RE@®)mean flux densities
in the 100, 160, 250, 350 and 5@@n bandpasses. The two populations have been separated into
redshift, radio luminosity and optical luminosity bins. &humber of objects within each stack is
also given.

Class z-range N per bin Mean flux density (mJy)
100pum 160pm 250pum 350um 500um
RLQs 02—-1.0 24 7T9+19 76+1.7 185+2.2 269+44 20.1+34
1.0—-1.5 30 82+18 16.7+42 36.8+21 4040439 342+3.2
1.5—-2.0 21 41414 71+£13 17.3+£23 23.0+£2.2 185£2.7
2.0-5.0 18 26+14 56+19 183+23 23.54+21 21.34+28
RQQs 02—-1.0 264 73+05 99407 21.2+1.0 20.04+£0.7 12.34+0.6
1.0-1.5 355 51+06 82+10 203+£16 21.2+1.0 13.74+0.6
1.5-2.0 230 39+04 95405 187+0.8 212407 14.74+0.7
2.0—-5.0 158 44406 74+£12 1759+1.7 222412 16.7+1.0
Class log,o(L14/W Hz™') N per bin Mean flux density (mJy)
1004m 160um 250pum 350um 500um
RLQs 23.0 — 25.0 20 9.7+1.7 92425 199+33 274431 201427
25.0 — 26.0 35 31+£16 88+14 236+23 274+22 1824+1.9
26.0 — 27.0 30 6.8+£1.3 128436 264+53 335£6.1 309+£83
27.0 — 28.5 8 75+23 72434 281+4.0 31.34+4.2 36.9+5.3
RQQs 21.0 — 23.0 228 74406 9.74+07 209+£1.1 194+0.7 11.8+£0.6
23.0 — 23.5 249 53+08 86+1.3 204+2.1 211413 13.74+0.8
23.5—24.0 378 43+£03 894+04 188+£0.7 21.3£06 145£0.5
24.0 —25.5 152 45407 76+£12 191+£18 225412 169+1.1
Class logyo(Lopt/W) N per bin Mean flux density (mJy)
100um 160um 250um 350um 500um
RLQs 37.3 — 38.5 31 6.8+1.7 122422 234+3.0 282427 20.14+23
38.5 —39.0 32 724+15 99437 195+21 25.504+1.8 18.0+1.8
39.0 — 40.3 30 43+£14 80+14 29.8+£48 358£46 36.0%56
RQQs 37.3 —38.5 301 59+05 90+£06 19.1+09 19.6£0.6 12.6+£0.6
38.5 —39.0 400 51+05 82£08 187+12 20.6+0.8 13.5£0.6
39.0 — 40.3 306 5.0+04 95£07 21.7+1.1 229+08 16.1+0.7

results are also presented in TaBl& | find that there is no statistical difference between
the FIR flux densities of radio-loud and radio-quiet quasara whole. However, separating
the two populations into redshift and optical luminosityil find different results. With
this division, we can see that at lower redshifts and/or fopyical luminosities the mean
350um and 50Q:m flux densities for the radio-loud objects are significahityher than for
the radio-quiet ones at greater than thd@vel.

3.2.3 Luminosity calculation

To convert between measured FIR flux densitidatschelwavelengths and total luminosity
in the FIR band and to derive the dust temperature, | havedptadmodel for the FIR SED.
| use a single temperature grey-body fitting functibiidebrand 1983 in which the thermal
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TABLE 3.2: The K-S (left column) and M-W (right column) probabés of RLQs flux densities
being indistinguishable from RQQs in redshift and opticahinosity bins at 100, 160, 250, 350 and
500 um, respectively.

z-range K-S/M-W probability (%)
100pgm  160pm  250pm  350pum  500um
0.0-1.0 41.0/22.3 10.5/6.7 82.2/15.0 0.9/4.2 0.1/0.3
1.0-1.5 44.8/38.8 67.0/39.4 54.6/31.7 3.5/4.8 3.6/4.9
1.5—-2.0 88.9/30.8 56.0/35.2 96.4/29.2 57.5/36.4 39.9/7.6
2.0-4.0 80.5/39.4 14.4/4.1 18.7/3.3 64.6/15.8 67.9/26.7
logo(Lopt/ W) K-S/M-W probability (%)
100pgm  160pum  250pm  350pm  500pm
37.3—38.5 55.7/37.1 80.6/40.9 36.9/27.7 3.8/2.9 0.7/0.4
38.5 —39.0 51.6/9.5 16.6/7.6 93.2/42.0 20.8/8.8 12.4/3.0
39.0 —40.3 99.7/46.9 17.9/6.7 32.6/4.1 70.9/13.4 71.2/37.4

dust spectrum is approximated b¥, = QQ, B, (T), whereB, is the Planck functior is
the solid angleQ, = Qq(v/vy)” is the dust emissivity (with4 3 <2) andT is the effec-
tive dust temperature. Sin@éandg are degenerate for sparsely sampled SEDs, following
Dye et al.(2010 | have fixed the dust emissivity index tb= 2.0 and varied the temper-
ature over the rangé0 < 7'(K) < 60. The selection of the parameter has been made
based on the? value. Using a3 = 2.0 instead of e.g. 1.5, the best-fitting model returns
lower 2 values for both of the populations. For each source we estihthe integrated FIR
luminosity (8 — 100Q:m) using the grey-body fitting with the best fit temperaturke Qust
temperature was obtained from the best fit model derived fronimization of they? val-
ues. The uncertainty in the measurement was obtained byintahie Ax? error ellipse. In
addition to the integrated FIR luminosity we calculate tr@mchromatic FIR-luminosity at
250 zm, where the temperature-luminosity relation affects dhe/k-correction parameter,
which is far less sensitive than the integrated FIR to the tsperature (e.glarvis et al.
201Q Hardcastle et 812013 Virdee et al, 2013.

3.3 Synchrotron contamination

The FIR luminosity is used as a measure of the radiation frast,dvhich may be heated
by star-formation and/or the central quasar nucleus. Hewaince the radio-loud sample
includes high radio flux density sources, it is possible that~IR flux densities we measure
may be subject to contamination from synchrotron emissairagsociated with star forma-
tion. The spectra of powerful RLAGNSs are in some cases anti@ninated by synchrotron

emission from the jets at all wavelengths. Radio spectra baen compiled for each radio-
loud source, with the aim of subtracting the radio contidiuto the FIR emission.

All of the RLQs in the sample have a detected counterpartRBHIwithin a search radius
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(a) Examples of the 9 sources where the extrapolation isineg®verestimating the synchrotron con-
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(c) Examples of the 52 sources found having weak or no sytchr@ontamination. The sources with
spectral energy distribution similar to these examplesHhzeen included in our sample. Applying the
correction to these sources has no impact on the derivecei@types and luminosities.

FIGURE 3.3: Spectral energy distribution at radio and FIR wavelesidor a selected sample of
radio-loud quasard-illed black stars the FIR dataCircles the radio data, green for FIRST and black
for GMRT, Black small stars synchrotron contamination at SPIRE and PACS baRes] asterisks
the subtracted flux at SPIRE and PACS bamlack dashed lineLinear fit to radio dataBlack solid
line: grey-body fit,Red dashed linggrey-body fit after synchrotron subtraction.
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of 5 arcsec. In order to estimate their spectral index we @less-matched our sample to
the GMRT catalogue oflauch et al.(2013, who have coverage of the H-ATLAS, 12"
and14.5" areas at 325 MHz, using a simple positional cross-matchitig avmaximum of

5 arcsec. Despite the incomplete sky coverage and variab&twity of the GMRT survey,
a total of 71/141 sources are found to have 325 MHz countexpaor the matched objects,
we can measure their spectral index assuming a power lanhanduse their mean spectral
index for the rest of the population.

In Fig. 3.3 1 present a sample of the SEDs of the RLQs using the availal® rand
FIR fluxes. The data include theerscheland the VLA (FIRST catalogueBecker et al.
1995 observations presented in Secti®2 and the 325 MHz radio fluxes taken from the
GMRT catalogue. Using the extrapolation of the radio fluxizstied black line) | attempt to
subtract the synchrotron contamination of the FIR fluxese Siibtracted FIR flux densities
are fitted with the grey-body model once again (red dasheglioproduce a new estimation
of the free parameters.

In the cases where the subtracted FIR fluxes do not fall closket original FIR flux
densities (within the errors) for more than two FIR bands, ghrameters of the new grey-
body fitting have changed significantly within the errorsnfrthe original ones. In these
cases | have found that synchrotron emission strongly tsfteée FIR flux densities and the
FIR luminosity and the sources are rejected from our sangpecifically, we have divided
our sample into 3 categories a) sources where the extrapotatthe radio fluxes massively
overestimates the synchrotron contamination (Bi@a, b) sources where the synchrotron
emission strongly affects the FIR flux densities (Rdb) and sources where the synchrotron
contamination is weak and the FIR flux densities are not tdteat all (Fig.3.3c).

From our sample of the 71 RLQs with both FIRST and GMRT radiect&ns | found
9 sources belong to the (a) category. The examples of twoesktlsources are presented
in Fig. 3.3a. It is obvious that the straight-line extrapolation of tbe-frequency radio
emission massively overestimates the synchrotron conttion at the FIR bands; for these
sources radio data at higher frequencies would be requiredier to describe accurate radio
spectra. Due to the lack of high-frequency radio data we badjéct these 10 sources from
our sample in order to ensure that the synchrotron emissies dot affect the star formation
estimation in the radio-loud population. | should mentibattonly one of these sources has
FIR detections at thgo level.

In the second (b) category | have classified the 10 sourcéssivibng synchrotron con-
tamination. Examples of two of these sources are presenteéii3.3 and they show that
all the FIR flux densities appear to be seriously contamihaiéh non-thermal synchrotron.
Although we expect the radio spectra to appear curve at higbguencies and have less
effect on the higher-frequency FIR bands (e.g. PACS band®&eims that the 500m and
350-um detections are likely to be seriously synchrotron conteat@d. In order to classify
a source as seriously contaminated we compare the restitts gfey-body fitting using the
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original FIR flux densities (black stars) and the FIR flux dees corrected for synchrotron
contamination (red stars). As the examples show in Big, the grey-body fitting after
correction for synchrotron contamination (red dashed)lisesignificantly different from
the original one (black solid line) implying that the parders estimated using the original
grey-body fitting are strongly affected by the synchrotrarission. These 10 sources have
been rejected from our sample due to their probably seriooamination from non-thermal
synchrotron emission.

In the third (c) category | have classified the remaining G#ees out of the 71 with both
FIRST and GMRT radio detections. The examples of two of tlsesgces are presented in
Fig. 3.3c. In this class are sources with weak (not significant) skotchn contamination.
As the examples show in Fi@.3c, the FIR flux densities after correction for synchrotron
contamination (red stars) are within the &rrors of the original FIR flux densities (black
stars) and as a result the estimated parameters from théogdsyfittings (black solid line
and red dashed line) using the corrected and the originaflE¥Rdensities are within their
errors. All 52 sources with similar SEDs to the examples m. Bi3c are retained in our
sample.

Overall, | have found 21 objects of the detected at 325 MHzpdamhere the syn-
chrotron contamination strongly affects the estimatesetirey-body fitting, indicating that
these objects have the potential for contamination by thgichrotron components. These
sources are rejected from further study. For the rest of theces which are detected at
325 MHz, | subtract the synchrotron contamination and fitva geey-body model using the
subtracted fluxes.

Among the rest 70/141 sources that are undetected in the GME there are 8 sources
with available radio data in the literature which are usedrnder to estimate the spectral
indiced Griffith et al, 1995 Douglas et al. 1996 Cohen et al.2007 Healey et al. 2007
Mason et al.2009. One of them shows significant synchrotron contaminatiahteas been
removed from the sample. For the other 62 undetected in th&Gdata | conservatively
useda = —0.4, the minimum value observed in the GMRT-detected sourcesstimate
the maximum possible synchrotron contamination. The mharacteristic of the sample
undetected by GMRT is the faint radio emission at 1.4 GHz, gan@d to the rest of the
RLQs. The main bulk of these sources Basqy, < 10 mJy while, the mean value of this
sample is(S1 4gn,) = 5.79 £ 0.81 mJy. Due to their faint radio emission, we do not expect
for most of them strong contamination. | found that 26 sosisigow possible synchrotron
contamination and they have been removed them from our safmpé final sample consists
of 93 RLQs.

An alternative method of investigating the synchrotrontaarination level is to study
the level of core emission. A reasonable estimation of thiellef compact emission can
be derived from the comparison of the NVSS and FIRST fluxegsitigating whether the
quasar radio fluxes are underestimated due to the FIRSTystgselving out extended flux.
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The cross-match with the NVSS catalogue gave us a total of &@has within a 5 arcsec
radius. Among these there are 58 sources with a GMRT detecG@omparing the NVSS
- FIRST fluxes | found a fraction of.0 + 1.7 per cent excess in their NVSS fluxes. No
significant differences were found even when we compare8l¥f&S - FIRST emission for
the sub-samples that are detected and undetected with GBART. a small fraction shows
there is no evidence that either the FIRST fluxes or the etguinspectral indices of the
sources are underestimated. On the other hand, the lowdéestended emission shows
that the radio sources are fairly compact and a flatter rgoeztsum would be expected.
However, a comparison of the spectral index with the NVSSvshwo particular trend.

Overall, I have found that out of the 141 objects in the RLQ glan21 RLQs have sig-
nificant non-thermal contamination in their FIR emissionle/lan additional sample of 27
sources possible has strong contamination using an uppiefdrr their radio spectral index.
These objects have been rejected from the sample. | emphhsizhis is a conservative es-
timate, given that the steep-spectrum synchrotron compasékely to fall more quick than
the fitted power-law at higher frequencies due to spectraigagf the electron population.
Therefore, the fitting extrapolation is likely to provide averestimate of the synchrotron
contamination at FIR wavelengths in our sample, especialthe cases of power-law fit-
ting. Radio data at higher frequencies would give us a cteaees of the possibility of a flat,
core dominated spectrum in this frequency range, althoughmalysis does not support the
presence of a flat spectrum at shorter wavelengths.

3.4 Far-infrared properties

In order to estimate the FIR properties of our samples basdti@isothermal grey-body
model, we use Levenberg-Marquagdtminimization to find the best-fitting temperature and
normalization value for the grey-body model. The errorshengarameters were determined
by mapping the\y? = 2.3 error ellipse, which corresponds to the érror for 2 parameters
of freedom. For every source in our sample, | calculate ttegiated FIR luminosity§ —
1000 pm), the monochromatic luminosity at 2%0n and the isothermal dust mass using the
250-um luminosity. The mass derived on the assumption of a sieghpéerature for the dust,
is given by:

1 Sys0D2
1+ zkB(v,T)
where Sy is the 250um observed flux Dy, is the luminosity distances is the dust mass
absorption coefficient, whicbunne et al(2011) take to be).89 m? kg~! andB(v, T) is the
Planck function K -corrections have been appliéd

Mdust -

(3.1)

2The K-correction is given by:

Vobs 3+6 e(MVobs(1+42) /*Tiso) _ . .
K= (%bs(m) T 1 Wherevgs is the observe frequency at 280, vops (144 IS the rest-

frame frequency and;;, andg are the temperature and emissivity index.

1




3.4 FAR-INFRARED PROPERTIES 76

3.4.1 Stacking

The majority of the sources are undetected at theirhit of the Phase 1 catalogue so, in
order to calculate their properties | use two different lsitag methods and | compare the
results. The first method is based on a weighted stackingsisavhich follows the method
of Hardcastle et a[2010. | determine the luminosity for each source from the baclkgd-
subtracted flux density, even if negative, on the groundsttiigis the maximum-likelihood
estimator of the true luminosity, and take the weighted noddime parameter | am interested
in within each bin. | use the same redshift and optical lursitydins across the radio-loud
and radio-quiet samples in order to facilitate comparisdihe luminosity is weighted using
the errors calculated frofyy? = 2.3 and the errors on the stacked parameters are determined
using the bootstrap method. The advantage of bootstrappthgt no assumption is made
on the shape of the luminosity distribution. TabES8 and 3.4 show the weighted mean
values of the estimated parameter within each bin for boffufations and the K-S/M-W
test probabilities of the individual measurements commgathe radio-loud and radio-quiet
guasars in the same bins.

Using the weighted stacking analysis might bias our measemé to the brightest and
hottest objects. In order to ensure that the FIR parametarsthe weighted stacking method
are reliable, | calculate, as an alternative, the mean teatyoes for objects using the Maxi-
mum Likelihood Temperature method (etdardcastle et al2013. As in the previous sec-
tions, | split the radio-loud and radio-quiet quasars intslaefined by their redshift, optical
luminosity and radio luminosity. For each bin, | calculdte best fit temperature that gives
the besty? fit to the observed fluxes of every quasar in the bin. In ordeiotthis, we cycle
through temperatures between 5 - 60 K allowing each quasarycand have a free normal-
ization. For each temperature step, | calculate the tgtallhis result is a distribution from
which we determine the temperature with the lowest tgtaErrors in this fitted temperature
are estimated by finding the range that giveg = 1. Using the best-fitting temperature and
normalizations for all the galaxies, | estimate the FIR lnasity, the 250zm luminosity and
the dust mass for each bin. The errors for each parameteetgardned by bootstrapping.
The results of this method are shown in TaBlg The advantages of this method are that all
the sources in a given bin are used in the temperature egimraatd the luminosities of the
sources in bins are not automatically correlated. Howekiere are bins where the estimated
mean temperature is significantly different from the indual temperature of each source,
which could result in underestimation (or overestimatioiuminosities and dust masses.

In general terms, the two methods are in good agreement witle £xceptions in the
case of “sensitive” parameters related to temperaturecifsgaly, it seems that we get larger
differences in bins where the objects span a greater rangeiperature. In these cases, the
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TABLE 3.3: Estimated weighted-mean FIR properties using a sicgeponent grey-body fitting
for RLQs and RQQs. The two populations have been separatiedeidshift, radio luminosity and
optical luminosity bins.

Class z Weighted mean values
range log,o(LFIR/Lg) Tiso (K) logo(Maust/Me)  logyo(Laso/W Hz™1)
RLQs 0.0—-1.0 11.11 4+ 0.07 18.42 + 1.30 7.79 +0.08 25.80 £+ 0.08
1.0—-1.5 11.90 £ 0.06 19.41 +1.26 8.00 £ 0.11 26.68 £0.12
1.5-2.0 12.17 + 0.06 25.79 +£1.49 8.06 + 0.09 27.07£0.10
2.0-40 12.38 £ 0.09 27.14 £1.43 7.77+£0.08 27.26 £ 0.26
RQQs 0.0—-1.0 11.234+0.17 2248 £0.35 7.91£0.02 25.96 £+ 0.04
1.0—-1.5 11.97 +0.12 26.28 £ 0.40 8.08 +0.02 27.01 £0.05
1.5—-2.0 12.22 4+ 0.11 26.35 £+ 0.36 8.15+0.02 27.28 +£0.03
2.0-40 12.68 + 0.04 30.29 £+ 0.46 8.33 £ 0.03 28.15 £ 0.08
Class logyo(L1.acu,/W Hz™t) Weighted mean values
logp(LFIR/Lo)  To (K)  logig(Maust/Mo) 1ogio(Laso/W Hz ™)
RLQs 23.0 —25.0 11.52 +0.20 19.95+1.54 7.83+0.10 25.85 £ 0.38
25.0 — 26.0 11.95 + 0.06 24.25 +£1.01 7.94 + 0.05 26.70 £ 0.14
26.0 — 27.0 12.06 £ 0.09 25.82 £ 1.18 7.99 +£0.13 26.79 +£0.37
27.0 — 28.5 12.33 +0.19 2718 £1.17 8.10 + 0.09 27.08 £0.23
RQQs 21.0 —23.0 11.17 + 0.16 22.09 £+ 0.39 7.59 +0.03 25.87 £ 0.05
23.0 — 23.5 11.89 +0.17 25.91 £0.45 8.05 +0.03 26.86 £ 0.09
23.5—24.0 12.16 + 0.10 26.56 £ 0.33 8.10 £ 0.02 27.21+£0.03
24.0 — 25.5 12.74 4+ 0.04 31.91 £0.51 8.38 £0.03 28.21 £ 0.09
Class logo(Lopt /W) Weighted mean values
log,o(LFIR/Lg) Tiso (K) logo(Maust/Me)  logyo(Laso/W Hz™1)
RLQs 37.3—38.5 11.74+0.08  18.89+1.29 7.90 +0.02 26.57 +0.25
38.5—39.0 11.94+0.07  19.98 +1.18 8.10 +0.03 26.89 + 0.11
39.0 —40.3 12.32 +0.10 27.05 £ 1.06 8.15+0.02 27.31 £0.26
RQQs 37.3 — 38.5 11.36 + 0.02 21.43 £0.33 7.67+0.02 26.22 + 0.07
38.5 —39.0 12.00 + 0.08 25.94 +£0.33 8.01 +0.03 27.04 £ 0.05
39.0 —40.3 12.53 +0.02 29.16 £ 0.34 8.31 +0.02 27.92 £ 0.08

TABLE 3.4: The K-S and M-W probabilities that FIR estimations gsinsingle-component grey-
body fitting for the RLQs in redshift, radio luminosity andtimal luminosity bins are drawn from the
same population as RQQs.

z-range K-S/M-W probability (%)

LFIR Tiso Mayst Losg
0.0—-1.0 11.9/9.5 25.0/29.8 93.3/29.8 21.8/38.7
1.0-15 95.7/39.5 60.6/24.8 25.8/26.2 38.2/33.1
1.5—-2.0 15.0/4.2 74.4/22.4 79.1/17.6 11.9/8.1
2.0-4.0 27.716.7 6.0/1.0 7.6/1.1 21.2/4.8

log,o(Lopt/ W) K-S/M-W probability (%)

LFIR Tiso Maust Loso

37.3 —38.5 4.1/0.6 9.1/21.6 32.9/12.8 2.1/4.6
38.5 —39.0 18.6/2.6  1.0/2.0 35.6/6.3 1.44/0.5
39.0—40.3 36.4/10.9 4.0/3.0 53.6/13.1 2.0/0.9
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TABLE 3.5: Mean FIR parameters for each bin as they are estimattteldylaximum Likelihood
(ML) stacking method. The besf for each bin is also presented.

Class z-range ML mean values 2
log,o(LFIR/Lg)  Tio (K)  logo(Maust/Mo)  logyo(Laso/W Hz 1)
RLQs 0.0-1.0 11.194+0.08  18.017;% 7.88 +0.07 25.81+0.08 1.11
1.0—-1.5 11.81+£0.07  21.72%}5 8.26 & 0.09 26.70 +0.08 0.68
1.5-2.0 12.04£0.05  25.767}%3 8.10 + 0.08 27.00 £ 0.07 0.56
2.0 —4.0 12.4240.08  27.22723] 7.97 4 0.08 27.19+£0.08 0.14
RQQs 0.0—1.0 11.1140.02  21.27794 7.78 £ 0.02 25.99 4+ 0.03 0.69
1.0-15 11.86+0.03  24.197033 8.09 +0.03 26.88 £ 0.03 0.50
1.5—2.0 12.214£0.02  27.247077  8.2140.02 27.24 4 0.02 0.46
2.0 — 4.0 12.56 £0.17  30.267 520 8.27 £ 0.04 27.88 +0.04 0.67
Class logo(L1.4qn,/W Hz™ 1) ML mean values 2
logo(LFIR/Le) ~ Tiso (K)  logyo(Maust/Me) 10gyg(Laso/W Hz ™)
RLQs 23.0 — 25.0 11.19+£0.13  17.7977% 7.81 £0.12 25.77 +£0.16 1.06
25.0 — 26.0 11.9340.06  22.25712 8.05 + 0.05 26.62 £ 0.05 0.60
26.0 — 27.0 12.09 £0.07  25.03%}9% 8.10 4 0.10 26.91 +0.07 0.47
27.0 — 28.5 12.55+£0.15  30.26733¢ 8.15+0.10 27.1940.08 0.23
RQQs 21.0 — 23.0 11.03£0.03  19.7570% 7.79 £ 0.02 25.84 +0.03 0.69
23.0 — 23.5 11.76 £0.04 22587375 8.11 4 0.04 26.61 £ 0.05 0.50
23.5 — 24.0 12.16 £0.01  27.55%0%  8.1740.02 27.1940.02 0.48
24.0 — 25.5 12.68£0.16 3057737  8.2040.04 27.8240.03 0.70
Class logo(Lopt/W) ML mean values X
logo(LFIR/Lo) ~ Tiso (K)  logyo(Maust/Ma) 10gyg(Laso/W Hz ™)
RLQs 37.3— 385 11.62+£0.10  17.257727 8.00 £ 0.09 25.95 +0.11 1.96
38.5 —39.0 11.934+0.06  21.25%55¢  8.184+0.06 26.50 £ 0.05 1.20
39.0 — 40.3 12.36 £0.07  26.52+21¢ 8.09 £ 0.08 27.12 4 0.06 1.56
RQQs 37.3 —38.5 11.22+£0.03  19.22732 7.84 £ 0.02 25.81 +0.03 0.71
38.5 — 39.0 11.9240.02 25287352 8.07 +0.03 26.89 £ 0.02 0.44
39.0 — 40.3 12.36 £0.02  28.067}% 8.20 £ 0.02 27.33+£0.03 0.45

weighted mean method is dominated by the hotter objectevietyhigher luminosities. De-
spite the differences in temperature between the methagsee/that the monochromatic lu-
minosities are broadly consistent in both methods implyivad the temperature-luminosity
correlation does not have a significant effect on the intern@nochromatic luminosities. In
contrast, FIR luminosity and dust masses seem to be affedted hot objects are present.
Despite the differences | get in some cases, both methods ttad RLQs have systemat-
ically lower dust temperature than RQQs. Regarding themhosities, and especially the
250-um luminosity which seems to be a safer choice as it is lesstafeby temperature,
they tend to be comparable for most of the bins but not at lmpécal luminosities (and/or
redshifts) where an excess in the case of RLQs is found.

In order to study the FIR properties (e.g. FIR luminositystdtemperature, dust mass) for
the two populations as a function of redshift and opticalihosity | present in Fig3.4the
mean dust temperature as a function of the mean FIR lumindsie two populations have
been divided into redshift (top) and optical luminosity filoon) bins which are represented
by a rainbow colour-code with purple colour for lower and cetbur for higher values. For
each bin the weighted mean and the ML mean values are prdsente
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FIGURE 3.4: FIR luminosity versus dust temperature when the twaifajpns are divided into
redshift (top) and optical luminosity (bottom) bins. Thénkeow colour-code represents the red-
shift/optical lumimosity bin values, purple for lower anedrfor higher values respectively. The
RLQs are represented by stars while the RQQs are shown #sscirthe large symbols show the
estimates based on the weighted mean method while the syadlods show the estimates based on
the maximum likelihood stacking. The black lines corresptmthe dust mass estimates based on
the LFIR - Ty, relation (LFIRx monustT(ﬁsf), assumings = 2.0, for dust masses d?, 10® and
107 M.
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3.4.2 FIR luminosity

With respect to the redshift bins (see Fig4 top), the two populations have the same mean
FIR luminosities within their errors for each bin. The lasgdifference between the mean
FIR luminosities of the two populations is observed at thghbst redshift bin{ > 2.0; red
colour) with RQQ having the higher FIR luminosity. Howevenis difference could be an
effect of the calculation of the mean values as both methodstireturn significant excess
for the radio-quiet population (small versus large red sgislb To summarize, the mean
FIR luminosities of the radio-loud and radio-quiet quasdrsw no significant differences
when the two population are split into redshift bins. In cast, when | divide the two
populations into optical luminosity bins (see F&4 bottom), there is a clear excess of FIR
luminosity in lower-luminosity bins for the case of RLQ®d,(Lot/W) < 38.5; purple
colour). The fact that both methods show the same signifieacéss indicates that the
observed differences between the two populations are mesiut of the calculation methods.
At intermediate optical luminositie8§.5 < log,,(Lopt/ W) < 39.0; blue colour) both of the
populations have consistent mean FIR luminosity valuegh@tighest optical luminosity
bin (log,(Lept /W) > 39.0; red colour) we have the same picture as at the highest fedshi
bin; a possible FIR luminosity excess for the RQQs which, &, is not supported by both
of the methods.

3.4.3 Dust temperature and mass

The results reported in Fig.4 and Tables3.3, 3.5 show that there is a general trend that
the RLQs have lower dust temperature than RQQs, at leastvar leedshift and optical
luminosity bins. This difference reaches5 K in some bins. At higher redshift and optical
luminosity bins both of the populations have the same meahtdmperatures within their
errors.

The mean values of the estimated dust mass based on botlataltmethods show that
RLQs have almost a constant mean dust mass over the whohefteahsl optical luminosity
range. In the case of RQQs, the mean dust masses decreaaeratddshift/optical lumi-
nosity bins. Comparing the results for the two populatidnsgems that RLQs have higher
dust masses at lower luminosity bins while at higher lumites both of the populations
have similar mean values. Dust masses must be interpretied¢ave as they could be biased
by the stacking analysis towards the brightest and hottgstts. The excess in dust mass,
in the case of RLQs which are the class with the lower dust &satpre, could be required
in order to be detectable at a level that allows a temperabuse fitted.
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3.4.4 250tm luminosity

In this section | present the stacked monochromatic luniiypas 250 :m for both stacking
methods and populations as a function of redshift, radianosity and optical luminosity
(Fig. 3.5. The luminosities calculated using the weighted stackeare shown by solid
error bars while the luminosities calculated via the Maximiukelihood method are shown
by the dashed error bars. Both methods show a good level eéagnt within their & error.
The cases with the larger disagreement are those whergsitiers are found within the
bin (unusually hot or cold sources in comparison with thé oéshe population). Based on
these plots, we see that the Maximum Likelihood Temperangthod is more sensitive to
outliers. | therefore argue that the weighted stacking oekth sufficiently accurate to calcu-
late the stacked rest-frame monochromatic luminosity 8t;28. For clarity, | do not show
the stacks generated by the Maximum Likelihood Temperatugthod in the subsequent
sections, although consistency checks were performedghiaut the analysis.

As we see in Fig3.5 250m luminosity is correlated with radio luminosity for both
populations. However, the question is whether radio agtimduces star formation, leading
to FIR emission. Redshift will affect the correlation beamethe two luminosities so, as a
first way to measure the strength of correlation between &hiriosity and radio luminosity
we use partial-correlation analysislritas & Sieberf 1996, which allows us to determine
the correlation between the two parameters while accogitinthe effects of redshift. For
this analysis, | avoid bias against FIR weak sources by addimdetected sources (‘cen-
sored’ sample) to the detected sample. For this reasonder t@ measure the partial corre-
lations | use the FORTRAN program CENS-TAU, available frdra Penn State Center for
Astrostatisticd taking ‘censored’ data into account as upper limits ushegrhethodology
presented iM\kritas & Siebert(1996.

The patrtial-correlation shows that radio luminosity isrsfigantly correlated with 250-
pm luminosity in the case of RLQs with a partial-correlatidnro= 0.17. The null hy-
pothesis of zero partial correlation is rejected atihdevel. In the case of RQQs | found
that the correlation is not statistically significant with= 0.06 and a probability under the
null hypothesig = 0.11. The results are almost the same even when | compare the inte-
grated FIR luminosity to the radio luminosity but even mdgngicant for the case of RLQs
with the null hypothesis of no correlation rejected at higtian the4o level. Despite the
results found for both the populations as a total, the diffetrends which | found for low
(logyo(Lopt /W) < 38.5) and high {og,,(Lop:/W) > 38.5) optical luminosities lead us to
investigate the correlations also for these sub-samptethel case of RLQs, the significant
correlation between radio luminosity and 2pft luminosity remains only for the low optical
luminosity bin with7 = 0.12 (p < 0.001; the probability of no correlation) while for the high

3Available at
http://www.astrostatistics.psu.edu/statcodes/censta
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FIGURE 3.5: Correlation between infrared luminosity at 28 and redshift (top), radio luminos-
ity (middle) and optical luminosity (bottom). Individuale@asurements for radio-loud (black stars)
and radio-quiet (grey circles) quasars detected at/2%0at the3o level are also included. Dots
represent the entire samples. Error bars with solid linestiate the stacked luminosities calculated
using the weighted method. Luminosities calculated vidMlagimum Likelihood method are dashed
line error bars. The errors have the same colour as the gaputhat they represent.
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luminosity bin no significant correlation is found & 0.04 andp ~ 0.29). In contrast, for
RQQs no correlation is again found for either low=€ 0.02 andp ~ 0.26) or high ¢ = 0.03
andp ~ 0.36) optical luminosity bins. Similar trends are also obtaimédten | compare the
FIR luminosity with the radio luminosity for the two populans at lower and higher optical
luminosities. In terms of RQQs, all sources withy;,(Loso/W Hz~1) > 27.0 are associated
with optical luminosities above the threshold at which tiehdtomy is found. At this level
of 250-um luminosity it seems that all correlations with optical imasity, radio luminosity
and, possibly, also with redshift, tend to disappear. Réiggrthe correlation betweehys,
and radio luminosity, a significant number of RQQs Wit ,(L2so/W Hz™!) > 27.0 have
radio-luminosity higher than0?* W Hz~!, a limit often used for the distinction between
radio-loud and radio-quiet population.

3.4.5 Two-Temperature model

The estimation of the dust mass has been made based on theretetsmperature of the
grey-body model. Comparing our results with thoseDoinne et al.(2011) for Herschel
detected: < 0.5 galaxies, we see that the measured isothermal dust temapapan the
same range. Taking into account the fact that | use-a2.0 emissivity index, the dust mass
measurements should increase3by- 50 per cent from those ddunne et al(2011) with the
same temperature. Indeed, for a mean temperati@ of25 K the population of this work
is found to havev 10%° M, . One question is if the estimated isothermal dust mass can be
biased low, as the dust exists at a range of temperaturedarigs while the mass | have
estimated is that of the dust close to the source of heatiagf@ming regions) which warm
it enough to emit at FIR wavelengths. Another important ¢joass whether the presence
of a cold component could explain the differences | foundfiertwo populations regarding
their dust temperatures and dust masses.

To investigate this | use a model which requires two comptmeh dust. The two
required components consist of cold dust with ~ 10 — 25 K and warmer dust with
T, ~ 25 — 60 K. The cold component is associated with the old stellar pgmn and
the warm one with the current star formation. The luminosityhe warm component is
primarily the indicator of the star-formation rate. Prawscstudies preferred to use two fixed
temperatures (a cold and a warm one) in order to fit the twgé&sature model. However,
the correct choice of the fixed temperatures would be diff@silour single-temperature re-
sults show that the two populations (radio-loud and radieiquasars) may have different
dust temperatures. In order to overcome this problem of dissiple different temperatures
between the two populations, I fit a two-temperature modetéweral different temperature
pairs within4+5 K of our initial chosen fixed temperatures, = 15 K andT,, = 35 K.

Using each possible pair of cold and warm component temprexat estimate the FIR
luminosities and the dust mass for each component. For thedmponent model the FIR
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luminosity is:
LFIR = No*B, [ ——, T, | + N*B, [ ——,T. (3.2)
142 14z

whereN,, and NV, are the relative contribution due to the warm and cold dustpmnents.
The dust mass is computed from the sum of the masses in thetmmetature components
(Vlahakis et al.2005:

Ny n N,
T.,) B, (

1
Ny + N,

L250
My =
47'('/'1250

(3.3)

B, ( T.)

v v
142 1427

where ks = 0.89 m? kg~! is the dust mass absorption coefficient aBd is the two-
temperature modified Planck function.

In the cases where the objects are well described by a siewglpdrature for the warm
component that is significantly different froit), = 35 K the two-temperature model with
fixed temperatures fit less well. However, | have found a gawdetation between the FIR
luminosities of the two fitting models. In contrast, the estied dust masses show less good
agreement with higher scatter. This suggests that, atfi@agtis sample, the estimation of
the FIR luminosity is not strongly affected by the fitting nebdvhile the dust mass must be
interpreted with a little more care. Comparing the contaation of the cold component to
the total FIR an®50 pm luminosities | found that in both populations the warm comgnt
dominated the overall luminosity at a higher level than 70qant. This result shows that
any differences found should not be a result of a strong coidponent in any of the two
populations.

3.4.6 Star-formation rate

For the calculation of the SFR the FIR luminosity is requirdd | discussed in Sectidh4.1,
the FIR luminosity seems to be more sensitive to temperahsgersion compared to the
250-um luminosity. In this case, the SFR estimation could be sfioaffected by the dust
temperature. On the other hand, the rest-frame monochiofuatinosity at 250um min-
imises the dispersion in our calculations and small diffees are found, within their errors,
between the two methods (weighted and maximum likelihootperature). In addition, the
FIR luminosity, as described using the two-temperaturegh@duld be affected by a strong
cold component. However, the results show that both FIR hasity andZ.5, are domi-
nated by the warm component. For these reasons the warm @lugtooent is used as a
tracer of the current star formation, whose mass and luritinae primarily an indicator of
the star-formation ratedunne et al.2011;, Smith et al, 20120h.

In order to investigate how strongly and in which cases thenweomponent FIR lumi-
nosity is affected by the temperature, | compare the warmpmment 250:m luminosity
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to the warm-component FIR luminosity as they were estimagsdg the two-temperature
model. For both of the populations | found the same linearetation, within the er-
rors, between the warm 250m and integrated FIR luminosities. The linear regression
between the warm 250m luminosity and the warm FIR luminosity is found with the ierd
nary least squares (OLS) bisecttsabe et al.1990 fit being LFIR gy, oc 10266001 1o py -
LFIRRq o 10083093 ,.0rq for radio-loud and radio-quiet quasars respectively. Tarees
trends for both of the populations show that as long as westigate only the differences
of SFR between them, the selection of either ihg, or the integrated FIR luminosity as
indicators of star formation would not affect our resultsairleast, the effect should be the
same for both populations.

The calculation of the SFR was performed using the equatidfennicutt(1999:

SFR(Mg yr™!) = 4.5 x 107* Lgg (ergs™), (3.4)

which assumes a Salpeter IMF in the mass range- 100 M, continuous starbursts of age
10 — 100 Myr, and requires the integrated IR luminosity over the efig- 1000 pzm.

Fig. 5.7 shows the weighted mean star-formation rat8$,R), derived from the warm-
component FIR luminosities, as a function of optical lunsitypand redshift, for RLQs and
RQQs. | split the samples into 4 redshift and 3 optical lumsityobins trying to keep the
same number of objects within each bin for each populatiahdatermined the SFR as
described in SectioB.4.5 The larger symbols represent the weighted mean SFR in éach b
based on th&,. = 15 K andT,, = 35 K temperature fittings. Additionally, a dashed area is
used to represent the mean values based on the differergtatage pairs withia:5 K of the
original temperatures. Taking into account the errors efdhginal mean values, it seems
that the selection of the temperatures would not strondgcabur results as in most of the
cases the errors are larger that the estimated differeretegeén the different temperature
models. Comparing thgFR) for the two populations as a function of redshift, no diffese
is found. Both RLQs and RQQs seem to have the s@fi®) within their errors in each bin.
Even if we take into consideration any possible combinatibdifferent temperature pairs,
we would not observe any particular differences. On therdthed, comparing théSFR)
as a function of optical luminosity, a significant excessasrd in the case of RLQs for
logo(Lopt /W) < 38.5. This difference remains significant even if we assume thatwo
populations have different dust temperatures. 16@f,(Lop./W) > 38.5 both populations
tend to have the same SFR within their errors. Another isterg point is the presence of a
possible break dbg,,(L.pt/W) ~ 38.5 in the case of RLQs while RQQs data points could
be easily described by a linear function.
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FIGURE 3.6: Weighted mean SFR&FR), as a function of redshift (top) and optical luminosity
(bottom). The dots represent the entire sample. Small itanls represent the RLQs detected at
250 um at the3o level. Small grey cycles represent the RQQs detected at2bat the> 3o level.
The same but larger symbols for each population represenivéiighted mean values based on the
T. = 15 K, T, = 35 K two-temperature fitting model. The dashed regions (redRioQs and blue
for RQQs) show the range of the weighted mean values basduean5tK two-temperature fitting
model regarding to the initiall. = 15 K andT,, = 35 K) choice of temperatures. In the top figure
the large grey circles have been slightly left-shifted flairity.
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3.5 Discussion

The results of the previous sections show that RLQs tend e Hdferent FIR properties
from a matched sample in redshift and optical luminosity Qf@s. These differences lead
to an excess of star-formation for the radio-loud poputabat are only significant in the
case of low optical luminosity radio-loud and radio-quiatgars.

Studying the FIR properties of an AGN population is usualtyificult task as possible
contamination could affect the results. However, in chapéger, | am mainly interested in
studying the differences between the two populations &usté examining the exact proper-
ties for each one. In the case of this sample there are twosoanees of contamination a) the
warm dusty torus emission and b) the synchrotron emissigmegbowerful jets and lobes in
the case of RLQs. In order to overcome these problems | feltbtwo methods, one for each
case. | try to remove the problem of the warm dusty torus earidsy matching our popu-
lations in redshift and optical luminosity. In this way,taugh | expect that FIR emission
is largely uncontaminated by the AGN (é-gas et al.2003 Hatziminaoglou et a].2010,
any possible contamination would be the same for both ptipnk Different evolutionary
models for the two populations could be also a possibilitydifferent AGN contamination
in the case of more evolved AGN, in which the BH gets closetddinal mass. However,
this could not affect our results as optical luminosity isad tracer of the median accre-
tion rate onto the central black hole and the Eddington mistribution is expected to be
similar for the two populations at least at lower redshifts{(2.0) and/or optical luminosity
(e.g. Shankay 2010 with both types of quasars being likely powered by similaygcal
mechanisms.

For the case of synchotron contamination, | estimated armlpit on the possible
contamination at FIR bands. Based on these estimationshdreiejected contaminated
objects from our sample or subtracted the synchrotron éonissUsing these methods |
consider that the results are unaffected by possible sgiromrcontamination effects.

3.5.1 Star-formation excess

Although the initial formation mechanisms of SMBHs remaargkely unknown, the notion
of seed black holes that form primordially and grow into arihsition of BH masses has
been around for four decades (eCGarr & Hawking 1974 Silk & Rees 1999. The mass
distribution would necessarily be governed, at least gliytiby the density of the surround-
ing gas; the most massive black holes would then form in regad the highest gas density,
and it will be in these sites where we observe high-redsadta galaxies and RLQs. The
highly relativistic, supersonic jets that power into thereunding medium are able to trigger
star formation along cocoons surrounding the jets (Bigknell et al, 200Q Fragile et al,



3.5 DISCUSSION 88

2004). This model provides the means of orchestrating star foamaver tens of kilopar-
secs on light crossing timescales. This process has beekeidto explain the radio-optical
alignment effect at high redshifRges 1989. More recentDrouart et al (2014 suggested
that radio galaxies have higher mean sSFR than typicafataning galaxies with the same
black hole mass at least at higher redshifts; 2.5.

Here | explore the link between radio AGN emission and stamé&dion. Assuming that
FIR luminosity is a good tracer of star formation, my resshsw a strong positive correla-
tion between radio and FIR luminosity, independent of rétsbr RLQs (see Sectiof.4.4).

In contrast, no such correlation was found for RQQs. Theseltsesupport the idea of a
strong alignment between dust and jets from SMBHs. Poweatfiib jets may increase the
star-formation activity by compressing the intergalactedium (e.gSilk & Nusser 20108,
resulting in the observed star-formation excess | foundHeRLQs.

However, the results are not uniform over all the opticalilwsity range of our sample.
RLQs seem to have higher star-formation rates (and FIR losities) than RQQs only at
lower optical luminosities. Specifically, | find that stammnation shows a possible break
around tdlog,,(Lept /W) ~ 38.5 in the case of RLQs. For lower optical luminosities, RLQs
have higher star-formation than RQQs, while for higheragtiuminosities both populations
tend to have comparabl8FR) within their errors. The same results were found no matter
which method we used to estimate the FIR luminosity. Thigedeéhce between the two
populations could be an effect either of redshift or of AGNhaty, as the optical luminosity
is affected by both of these parameters. However, both ptipus seem to have the same
FIR luminosity distribution over all redshifts within threrrors. As the star-formation excess
is not observed in the case of redshift distribution | dedinzg the AGN activity is the
main reason of this difference. Although | have found norgjrevidence of star-formation
suppression due to the radio activity at any redshift thezesame hints like the decrease of
the mean FIR flux densities at higher redshift in the case @&(see Tabl8.1). A possible
suppression of the star-formation due to the radio-jetagtwould be in agreement with a
model of short-lived episodes of radio-loud states in tfeedif all AGN. These events are
associated with the active nucleus and AGN feedback.

The physical mechanisms responsible for triggering thvy@a&GN phase are still de-
bated. Indeed, it is still poorly understood whether the A&iHvity impacts star formation
or vice versa. Negative AGN feedback, where the AGN emissitnelieved to be responsi-
ble for gas heating, is necessary in order to explain thegtsoppression of star formation
especially in the most massive galaxies (€gpton et al. 2006 Hopkins et al. 2010. The
feedback process becomes more complicated in the case efrfobwadio sources where
there are results that suggest a positive feedback due fetthanducing star formation in
the host galaxy (e.¢zlbaz et al. 2009. These two mechanisms could be the possible ex-
planation for the star-formation difference between the pgpulations and the minimum
observed in the case of RLQs.
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| found that the(SFR) as a function of optical luminosity shows a bi-modality for
logo(Lopt /W) < 38.5 with the RLQs covering the upper level. If this bi-modalityutd
be explained by the presence or absence of powerful radgioyiat could explain the same
level of star formation for both populationslag;,,(L.p./W) > 38.5? As we move to higher
optical luminosities, the AGN luminosity increases as ailtethe direct effect of the radi-
ation from the AGN on the host galaxy ISM. In this case, thelbeek is predominantly
negative, though occasional positive feedback may occtirariorm of jet-induced star for-
mation. As the jets cannot now play the critical role they aidower luminosities both of
the populations have the same star-formation trend. Tlessgts are in agreement with our
previous work in radio-loud and radio-quiet quasafal{ountzou et al.2012).

3.5.2 Host galaxy and dust properties

Based on diverse studies of several samples, it can be si®RLQss are associated with
luminous elliptical galaxies while RQQs are usually foundboth elliptical and spiral hosts,
depending on the optical luminosity threshold. Generalljyas been proposed that the
nuclear luminosity is related to the morphology of the hbat, AGN more luminous than a
certain luminosity limit can only be hosted by massive spluais (e.gMcLure et al, 1999
Dunlop et al, 2003. Based on this assumption, our results for different destperature
could have their origin in the different hosts of radio-lcamt radio-quiet quasars.

In the case of the single-temperature model, | found that Rte@d to have lower dust
temperatures, at least for lower redshifts and/or lowercaptuminosities. Low temper-
atures are associated with the old stellar population gbtedél galaxies. This fact is in
agreement with the previously mentioned studies regattimfosts of radio-loud and radio-
quiet quasars. On the other hand, the low dust temperatwiel @ associated with a
strong cold component described by the two-temperatunelgvdy model. Dust temper-
atures of 10-15 K would imply dust masses of up@° M., quite unrealistic for the case
of elliptical hosts and generally for quasar hosts whereettpgected range of dust mass is
107" — 10° M. In this sample, despite the low temperatures just a fewcesuare found to
haveM 4, > 10° M, which is not unexpected as most of them have FIR fluxes evegrlo
than the2o detection limit. Moreover, based on the single-tempegatnodel, | found that
both the populations tend to have statistically indistisgable dust masses.

An additional point which could play a significant role in thieserved differences would
be the gas supply in the host galaxies of RLQS and RQQs. Theogéent is the fundamental
ingredient driving star formation in galaxies. AdditiolyalAGNs are preferentially hosted
by gas rich galaxies (e.¢ilverman et al.2009 Vito et al., 2014 which is not surprising
since gas accretion onto SMBH is the process at the origiruolear activity. Given the
dependency of both SFR and AGN on the gas content, the erthatareformation in AGN
galaxies appears to be primarily the result of a larger gaseon, with respect to the bulk
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of the galaxy population at similar stellar masses (Rgsario et al.2012 Santini et al.
2012. Many semi-analytic models and direct observations ssigipat the gas fractions in
galaxies grow at lower stellar masses and, at fixed masgaserat earlier cosmic epochs.
In the local Universe, low mass galaxies are generally gdisand actively star-forming,
while the highest mass galaxies are almost always gas-pabhave very little ongoing
star formation. This is probably why optical AGN with the hé&sgt values of./ L g4, tend to
occur in galaxies with the smallest bulges and black holeskman et aJ2004). Assuming
Gaussian quasar Eddington ratio distributions at all epatien the optical luminosity which
is used as an AGN activity tracer would map into BH mass and timugalaxy mass. In this
case, RLQs with lower optical luminosities should, on agerabe associated with lower
mass and gas-rich galaxies (see Fig8r bottom panel) for which the effects of a jet-
driven star-formation rate may be more evident. On the dtiaexd, the fact that no SFR
difference is detected between the two populations at higkashifts or at higher optical
luminosities, when gas fractions should grow, could impigttboth populations evolve in
gas fractions at the same rate.

In order to explain these possible temperature differehdes/e to take into account
that the integrated dust temperature depends also on theaidtrsbution throughout the
galaxy. Previous studies (e @oudfrooij & de Jong1995 Leeuw et al.2004) investigating
the origin of dust in elliptical galaxies proposed the preseof various components. Sim-
ilarly, 1 used a two-component model to describe the FIR pridps of our sample, a warm
dust componentl{, = 35 K) and a cold one’{.. = 15 K). Goudfrooij & de Jong(1999
proposed the presence of at least two sources of the obseeestellar matter (ISM) in
elliptical galaxies, mass-losing giant stars within théagg and galaxy interactions. Minor
mergers and/or accretion of material from nearby companemuld possible explain the
presence of the warm and cold components. Such an assunopi@onexternal origin for
the ISM in the early-type galaxies leads to a strong link wvfit environment of quasars.
Falder et al(2010 showed that RLAGNs appear to be found in denser envirorsrteéan
their radio-quiet counterparts at~ 1. These environments represent ideal candidates for
galaxy-galaxy interactions. In this case, the cold dusperties in RLQs could have an
external origin.

3.6 Conclusions

In this chapter | have studied the FIR properties and thefgtaration of matched samples
of radio-loud and radio-quiet quasars. The main result ostudy is that RLQs have higher
SFRs than RQQs at low optical luminosities. This result iagneement with my previous
work (Kalfountzou et al.2012 where the [Q1] emission was used as a tracer of the star-
formation.

Additionally, I have found a strong correlation betweeragtivity and the star-formation,
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controlling the effect of redshift, in the case of RLQs anpezsally at low optical luminosi-
ties and redshifts. This correlation supports the idea®fehrinduced star-formation.

The possible differences | found between the two populatiegarding the dust mass
and dust temperature could explain the differences infetamation rate, but they also point
the way forwards further investigation of the evolution loéir host galaxies and their envi-
ronment and their correlation with AGN activity.



With silent strides Odysseus then shot back the bolt, pdigety
through the courtyard and sped down the street. Some savahkén t
the graveyard's zigzag mountain path, some saw him leap aksro
that edged the savage shore, some visionaries saw him ieasod
night swimming and talking secretly with the sea-demonspbly

a small boy saw him in a lonely dream sit crouched and weeping b
the dark sea’s foaming edge

[The Odyssey: A Modern Sequel (1938)] - Nikos Kazantzakis

The star formation rate af ~ 1 AGN

This chapter is reproduced from the pap&he star formation rate of ~ 1 AGN by E.
Kalfountzou, J. Stevens, M. J. Jarvis, D. Wilner, M. J. Hardcastle, Mi&IM. Trichas et
al. to be submitted for publication in MNRAS, 2015

Abstract

Several studies support the existence of a link between AGNityg and the star formation in
their host galaxy. In addition, radio jets have been argoedetan ideal mechanism for the direct
interaction between the AGN and the host galaxy. Howeverawaohck of previous surveys is that
they are fundamentally limited by the degeneracy betwedshiét and luminosity in flux-density
limited samples. To overcome this limitation, | present FHRrschelobservations of 74 RLQs,
72 RQQs and 27 RGs, selected at a single cosmic epobtbof z < 1.1 which span over two
decades in optical luminosity. Submillimeter Array (SMA)servations at 130@m for the RLQ
sample were obtained to estimate the level of the synchratomtamination of the FIR bands. By
decoupling luminosity from evolutionary effects and usihg FIR luminosity as a tracer of the SFR,
| investigate how the SFR depends on AGN luminosity, radisdhess and orientation. | find that:
1) the SFR shows a weak correlation with the bolometric lwwiity for all AGN sub-samples, 2)
the RLQs show a SFR excess of abddd M, yr—! (a factor of 1.4) compared to the RQQ sample,
matched in terms of black hole mass and bolometric lumipositggesting either positive radio-jet
feedback or radio AGN triggering being linked to the stanfation triggering and 3) RGs have lower
SFRs by a factor of 2.5 than the RLQs sub-sample with the saf@&ss and bolometric luminosity
but not jet power. | suggest that there is some jet power tlotdsat which radio-jet feedback switches
from enhancing star formation (by compressing gas) to sgsjimg it (by ejecting gas). | expect that
this threshold depends on both galaxy mass and jet power.
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4.1 Decoupling the evolution effects

Observationally, the fact that at high redshift AGN offee tbnly opportunity to directly

investigate the evolution of the BH - galaxy relation hasmeagorated interest in studies
of AGN host-galaxy evolution. However, a drawback of pressavorks is that they are
fundamentally limited by the strong correlation betweedsteft and luminosity, i.e., only

the most powerful sources are observed at high redshiftdaredo the much smaller volume
probed, only the less luminous, more abundant populatiefand at lower redshifts.

In Chapter3, | investigated the FIR properties of a large RLQ and RQQspsanover
a wide range of optical, radio luminosity and redshift. Mguklts of higher SFRs in RLQs
than RQQs particularly at low optical luminosities suppdtte idea of the jet-induced star
formation. Although it is apparent that some form of feedbmcneeded to explain these
results, we have to keep in mind that many parameters coukkdhe observed differences.
Specifically, evolution effects could be strong as low anghhoptical luminosity sources
have significantly different redshift,~ 0.9 andz ~ 2.5, respectively.

While fundamental questions about the relation between+ladd and radio-quiet AGN,
and how they affect the host galaxy, are in principle soluaté multiwavelength surveys,
with already interesting results, most of them remain ctable until we have a compre-
hensive AGN sample in which influence of cosmological evoluthave been decoupled
from the effects of luminosity, radio-loudness and oriéinota The sheer size of the SDSS
QSO sample chneider et a1.2005 makes it possible to generate a homogeneous sam-
ple of quasars covering a large range in luminosity at a siegloch. The redshift range
0.9 < z < 1.1 is ideal for this study because this allows us to probe overdecades in op-
tical luminosity. Importantly, this redshift is the minimuat which we have a large enough
sample of high luminosity quasars with which to compare ® bhght quasars found at
higher redshifts.

The Herschel Space Observatoffyilbratt et al, 2010, with its unprecedented FIR sen-
sitivity and wavelength coverage, offers the only way of mweag the instantaneous SFR
with the minimal AGN contamination (e.§letzer et al.2007 Hatziminaoglou et al201Q
Mullaney et al, 2011H. To do this, we obtained five-bartderschelphotometry for a 1
benchmark sample of 173 AGN using tRéotodetector Array Camer@PACS) at 70 and
160 m and theSpectral and Photometric Imaging Recei¢&PIRE) at 250, 350 and 500
pm on-board théderschel Space Observatoiy/e have additionally obtained millimeter ob-
servations of the RLQs sub-sample using SubmillimeteryA(&MA) radio interferometer
at 1300um to investigate the radio-jets synchrotron contaminatooihe FIR emission.

This chapter is structured as follows. In Sectb2 | describe the sample selection,
the Herscheland SMA observations carried out, and the steps used foruriegghe flux
densities in the observed bands. BH and host galaxy prepextid analysis are presented in
Section4.3. In Sectionst.4-4.6 present our results about the star formation dependence on
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AGN luminosity, radio jets and orientation, respectivéfySectiord.71 list and discuss the
conclusions of this work.

4.2 Data

The data presented in this chapter consist@fschelPACS and SPIRE images of 173 AGN,
along with millimeter images taken at 13pé with SMA for the RLQs. The sample is split
into three sub-samples, all at the single cosmic epo¢hdot z < 1.1: 74 RLQs, 72 RQQs
and 27 RGs. This redshift range is convenient because, asmshéig.4.1, the SDSS survey
allows us to probe over 5 magnitudes in quasar optical lusiinor his sample thus enables
us to decouple luminosity generated effects from evolatigrones, something which has
plagued many other flux density limited studies in this area.

This redshift is the minimum at which we have a large enoughpda of high luminosity
quasars{/; < —25.0) which can be compared to the bright quasars found at highehifts.
Observing both unobscured (type-1) AGN, in the form of qugsand obscured (type-2)
AGN, the RGs, allows us to test AGN unification schemes (&rgonuccj 1993. Details
of the selection of the quasars are presentelldigter et al(2010 while the RG selection is
described byFernandes et a(2019. A list of the main properties of the sample objects is
given in Appendix B (Tabl&\). In the next section | give a brief description of the sample
criteria as they affect this chapter.

4.2.1 Sample selection

The quasars were selected by their optical colours in theSSQ&asar Surveyschneider et al.
2005. The sheer size of the SDSS Quasar Survey allowed us ta selege enough ini-
tial sample to define matched samples of RLQs and RQQs. Ttial ipuasar sample was
then cross referenced with the NRAO VLA Sky Survey (NV&€®ndon et a].1998, the
VLA FIRST survey Becker et al.1995 and the Westerbork Northern Sky Survey (WENSS,;
Rengelink et a].1997) to pick out the RLQs and RQQs. Regarding the RLQs in the sampl
the initial cross-match was done with the WENSS low-freqyesurvey (325 MHz). There-
fore, the RLQs are selected based on optically thin exteadession, which means that the
sample selection should be largely orientation independdre RGs were selected from the
low frequency, (178 or 151 MHz; orientation independerd)joaamples 3CRR.@ing et al,
1983, 6CE Eales 1985, 7CRS Willott et al., 1998 and TOOT surveysHill & Rawlings,
2003. For the 6C objects the redshifts are taken frBest et al.(1996, Rawlings et al.
(2001 andInskip et al.(2005, and for the 6C* and TOOT objects frodarvis et al(2001H
and Vardoulaki et al.(2010, respectively. Combining these surveys, 27 RGs are fonnd i
the samé).9 < 2z < 1.1 redshift range as our quasars. The smaller RGs sample tises ar
from the limit of the known RG population atx 1 at the time the samples were defined.
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FIGURE 4.1: Left: Optical (SDSS—band) absolute magnitude density map of the SDSS quasar
sample as a function of redshift. The orange dots are the RI@sRQQs included in the ~ 1
sample. Selecting the samplezate 1 ensures that we have the maximum coverage in luminosity
while still probing enough volume to sample the bright enthefluminosity function, where most of
the quasars at higher redshift lie. Optical absolute magei{SDSS—band) plotted against redshift
for the quasars of our sample. RLQs are shown with red cienlesRQQs with open blue squares.

RLQs were chosen to have a low frequency WENSS (325 MHz) flusithe of greater
than 18 mJy, which is théo limit of the survey (see Figd.2). This selection ensures that
the vast majority of the RLQs included are characterizedtbgsradio spectrum, avoiding
flat radio spectrum quasars and blazars. Additionally,dkeftequency radio flux selection
allows us to compare the RLQs to the RGs without a severetatien bias. Falder et al.
(2010 also presents a classification of the quasar populatioradio-loud and radio-quiet
based on the definition used byezic et al.(2009. With the exception of 4 objects all of
our RLQs haveR; > 1 whereR; = log,o(Fraaio/F;) and F..qi, and F; are flux densities
measured at 1.4 GHz and in tiieband respectively, so that the RLQ class we use here
maps well onto traditional radio-loud/quiet definitions.

The RQQs were defined as being undetected by the FIRST surtresfa level. FIRST
was used for this definition because it provides a more seadltux density limit than
WENSS.Falder et al (2010 performed a stacking experiment to reveal the averagesvalu
of the radio power at 1.4 GHz (e.gvhite et al, 2007 for the RQQs in our sample. Using
this technique they found an average flux density for the RQQs4 GHz 00.10+0.02 mJy
(i.e. a 5o detection). We extrapolate this estimate to a 325 MHz fluxsdgiof 0.30 + 0.06
mJy assuming a spectral index of 0.7. A& 1 this corresponds to a 325 MHz luminosity,
log,o( Lagsmm, /W Hz ™! sr™!) = 23.82.

74 RLQs and 72 RQQs matched irband and spanning 5 optical magnitudes were
chosen forHerschelfollow-up observations. The distribution of optical maimities as a
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FIGURE 4.2: 325 MHz radio luminosity vs. redshift for our sample. ®t.are shown with red
circles and RGs with black asterisks. For the RQ&supper limits (extrapolated to rest-frame 325
MHz) from the FIRST survey are shown as blue upper limits. @ashed line shows the average
limit of the WENSS survey, converted to a luminosityzat: 1 by assumingy = 0.7. The dotted line
shows the averager limit of the FIRST survey, extrapolated to 325 MHz. The RQQ@sevselected
to have a radio luminosity falling below this line. The assahspectral indices for some conversions
explains why some objects fall between the lines on this plot

function of redshift of the selected sources is shown in Eid. Fig. 4.2 shows the radio
luminosity distribution within the selected redshift rentpr RLQs and RGs. It is clear
that, on average, the RGs are more radio-luminous than tiigsRalbeit with a significant
overlap. The results of this selection are further disadigseSection4.6. For the RQQs |
have placed an upper limit on their radio luminosity (see Eig). In comparison to these
limits, RLQs are at least one order of magnitude more ragioihous than RQQs. The radio
luminosity gap between the RLQs and RQQs (Big) is due to our selection rather than a
real radio power dichotomy, because of the different WENSSFRIRST survey depths from
which the RLQs are selected.
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4.2.2 Herschel photometry

The data for this work were obtained as part of lHerschelproject ‘A benchmark study of
active galactic nuclei’ with 55.1 hours of observationgedited. SPIRE observations for 25
objects in our sample were obtained as part of other pit#ischelprojects (see Tabla).
The raw data for these objects were retrieved fronHbeschelScience Archive (HSA), and
the data reduction was performed as detailed below.

PACS

PACS @oglitsch et al.2010 photometric observations at 70n (5 arcsec angular resolu-
tion) and 160um (10 arcsec angular resolution) bands were carried outdrstian-map
observational mode. A concatenated pair of small maps of@iarlength, each at two dif-
ferent orientations was obtained for each source with a ittiegration time per source of
426-860 secs. Therschel Interactive Processing Environmé@HAtPE, Ott, 201Q version
9.1.0) was used to perform the data reduction, followingdtamdard procedures for deep
field observations. The high-pass filtering method was adb create the maps allowing
us to minimize the point-source flux lof8dpesso et gl2012). A preliminary map was cre-
ated after combining the individually (for each scan oion) processed scan maps. Using
results fromPopesso et a(2012, | choose a masking strategy based on circular patches at
prior positions. This method avoids significant flux lossae tb the high-pass filter while
leads to flux losses which are independent of the PACS fluxitiien§opesso et gl2012).
The final data reduction and mosaicing were then performied) tise mask generated in the
previous step.

Due to the fact that none of the sources show extended FIRsemiand almost- 50
per cent of the total sample is not detected-8to level | do not carry aperture extraction
of the FIR fluxes in order to consider all sources equallyndtie ones with non-detections,
rather than using the3o upper limits. Instead, | directly measure the FIR flux deesit
from the PSF-convolved images for both bands. | take the fensdy to be the value in
the image at the pixel closest to the optical position of @ugets. | compared the direct
flux density measurements to the aperture extraction foFtiRedetected sources and found
an insignificant< 5 per cent difference. The photometric uncertainties of eaap were
estimated from a set of 500 randomly selected positionsl(atg et al, 2011, Popesso et al.
2012. The only requirement was that the measured pixels shaad h total integration
time at least 0.75 times the integration time of that of therse of interest in order to
exclude the noisy map edges (eLgipski et al, 2013. The 1o photometric uncertainty of
the map is taken to be thevalue of the fitted Gaussian to the flux densities measured in
these 500 random positions.
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SPIRE

SPIRE (Griffin et al, 2010 photometric observations at 250 (18.2 arcsec angulatueso
tion), 350 (24.9 arcsec angular resolution) and pA0(36.3 arcsec angular resolution) were
carried out in small scan-map observational mode. The tiot& per source was 487 secs.
Similarly to the PACS data, | used the HIPE standard pipedineeduce SPIRE data. The
FIR flux densities in each band were directly measured froaeP8F-convolved images at
the pixel closest to the optical position of our targets.

As demonstrated from deep extragalactic observationsNeuwyen et al.2010, SPIRE
maps are dominated by confusion noise at the level of 6-7 radynb. The method | have
adopted in order to determine the photometric uncertamtiehe SPIRE maps is fully de-
scribed byElbaz et al(2011) andPascale et a(201]). | have measured the noise level at the
position of each source on the residual map produced by rega¥l individually-detected
sources above the detection threshold, and then is corvolith the PSF Elbaz et al,
2017). On this convolved residual | determined the dispersiopigél values in a boxm
around each target, whose size is 8 times the PSF full widtraitmaximum (the PSF
FWHM for the SPIRE passbands is: 18.2 arcsec, 24.9 arcsd@3@&B8 arcsec at 250, 350,
and 500u:m, respectively) (e.delbaz et al. 2011, Leipski et al, 2013. The box size was
chosen as a compromise between appropriate sampling outheuadings of the target
source and avoiding the noisy areas at the edges of the map.

4.2.3 SMA photometry
Synchrotron Contamination

Radio-loud quasars are known to have strong non-thermah&éga&ore components which
could possibly enhance the emission all the way throughadhtrmal-infrared and possible
the optical waveband (e.@landford & Rees1974. However, non-thermal components
such as lobes and hot spots could also contaminate FIR emjskspite the fact that their
flux falls toward higher frequenciesArchibald et al.(2001) proposed that high-frequency
radio observations are needed to measure the contribugonrfon-thermal emission to the
FIR waveband of radio sources (e.g. a straight-line extedjom or a parabolic fit which
reflects a degree of the steepening). We expect that the Rixplsashould be dominated
by steep-radio-spectrum sources as they are selected ioropiieally thin lobe emission
by using low frequency WENSS (325 MHz) observation. Howggefen the lack of high-
frequency radio observations, the best estimate of thehsgtron contamination assumes a
spectral index based on the available radio data (WENSS E&TFor NVSS). This could
be a conservative estimate, given that the steep-specyoam®tron component is likely
to fall more quickly than the fitted power law, or be a highlycartain extrapolation to the
SPIRE bands. RGs are expected to have fainter flat-spectitarcomponents as a result of
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their larger angle to the direction of the observer.

The SMA sample

Given that in this work | am interested in studying the heatimechanism of the warm/cool
dust sampled through the FIR, we have to be aware of how gessh-thermal, synchrotron
emission could bias our star-formation rate estimate. RRit@ to be considered as a candi-
date for synchrotron contamination at the SPIRE bands, ¢laeeplaw extrapolation of the
total (steep-spectrum-dominated) radio lobe/hot-spat riwist fall close to (within th&o
error) or above the 500m flux density HerschelSPIRE). | emphasize that this is a conser-
vative estimate, given that the steep-spectrum synchraomponent is likely to fall quicker
than the fitted power law at higher frequencies. Indeed,ra@hthors (e.gArchibald et al,
2001, Jarvis et al. 2001h Shi et al, 2005 Cleary et al. 2007 fit a parabola, or multiple
power-law fits, to the steep-spectrum components in ordekthis high-frequency steep-
ening into consideration.

However, the power-law extrapolation does not take int@antthe potential contribu-
tion from a flatter spectrum core/jet component. Using tle@Hz radio observations or
the additional data at higher frequencies from the litesatis a reference point, and assum-
ing the core spectral shape to be flat, | deem non-thermahgonation to be possible for
those objects for which the highest available radio fregydiux falls close to (within the
3o error) or above the 500m flux density. Note again that this is fairly conservativieecr
rion in the sense that the shape of flat-spectrum radio cargponents may not remain flat
up to FIR bands as | have assumed. High-frequency SMA olsemgaat 1300:m for the
RLQ sample allow us to measure the possible contributiohehbn-thermal components to
the FIR emission accurately, and minimise the high unasies (1-2 orders of magnitudes)
caused due to the use of different types of extrapolaticiegjisspectrum or flat-spectrum
components).

I initially used the existing radio data to assess the p@kfur synchrotron contamina-
tion. For each RLQ we have used an upper (flat-spectrum-ddsdnred dashed line) and
a lower limit (steep-spectrum-dominated; black dasheg! liig.4.3). | have found that 24
RLQs have potential contamination only when | assume a flattsum core/jet component
(Fig. 4.3, left), and 20 RLQs have potential contamination to thearihal FIR emission
from either a steep-spectrum or a flat-spectrum componegt 453, right). For each of
these sources, using the 506 flux density as a reference and assuming the spectral shape
to be flat, | have estimated the minimum flux density at 1360in order to have a signifi-
cant level of non-thermal contamination (Fig3;, upper limit). For the vast majority of the
sources this level is at 7 — 10 mJy.
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FIGURE 4.3: Spectral energy distribution at radio and FIR wavelesifpr a representative sample
of the 44 RLQs. Filled black stars: the FIR daktéefschelSPIRE), Triangles: the radio data (FIRST,
NVSS, WENSS and literature), Arrow: the maximum requirea #it1 1300m in order to not have
a significant synchrotron contamination in the FIR bandsorars illustrate th&c errors. Black
dashed line: Linear fit to radio data; red dashed line: flabragectrum; black solid line: grey-body
fit; black dotted horizontal line: flat radio spectrum extgtion at 130Qum.

The SMA observations

| used the SMA Ko et al, 2009 to observe the 44 RLQ candidates at wavelengths near
1300um (frequencies near 230 GHz) to assess the contributiongyarchrotron emission to
fluxes measured in the FIR bands. The SMA observations weferped in the 2014-2015
summer and winter semesters, typically in snapshots witm2ites on source bracketed
by 2 minutes on nearby calibrators to determine complexsydifany of the observations
were executed in available short timeslots before or afteeroscheduled programmes and
shared receiver tunings, correlator setups, as well as fidypassband calibrators. The total
bandwidth available was 8 GHz, derived from two sidebandsisimg+(4 — 8) GHz from

the local oscillator (LO) frequency. For each source, flunsiiies were measured by fitting
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a point source model to the visibilities using the tas i t in the Miriad software package.
Each source was also imaged in order to confirm the visilfilityesults. TableA lists the
dates of observation, the characteristic atmosphericitypduring the observations, and the
fitted flux densities. Variations in sensitivity are due tdtbweather conditions and the
number of array antennas operating at the time of the obsanga Overall, 15 sources were
detected at the- 40 level (a conservative threshold for these snapshot obsengd. The
absolute flux scale has an estimated systematic uncertdinty20 per cent.

Using the SMA observations | have classified the 44 sour@sdiiied as having possible
synchrotron contamination into two categories. In the fuaegory, | have identified 14
sources with significant synchrotron contamination. Altleése sources have been rejected
from the sample and from further analysis. The vast majaitthem (10) were detected
at > 40 with the SMA with some extreme cases reaching e¥gg,., ~ 200 mJy. Some
representative examples of the SEDs from this group areepted in Fig.A.1. In this
category the SMA data exceed the linear extrapolation ftoerdwer-frequency radio data
for 8 sources (three are upper limits), for three sourceg tbkow the linear prediction,
while for the last three sources they indicate the need oéepstr radio component at the
higher frequencies. However, even in the last two casessdh@amination to the FIR band
is significant and therefore these sources have also be&rderdrom this work.

In the second category | have classified 30 sources withgaif&iant synchrotron con-
tamination. For four cases there is a clear SMA detection & while all the other obser-
vations indicate an upper limit. For this group of sourchs, $MA data exceed the linear
extrapolation in seven cases (all of them are upper limitslean 18 cases they indicate the
need of a steeper radio component at the higher frequenEiemnples of the SEDs from
this group are also presented in Fgl.

Overall, | have rejected 17 RLQs from our sample, 14 basechem SMA observa-
tions, while three additional sources were classified asflattrum RLQs or Blazars based
on literature radio observations ([HB89] 0906+015, SDSS83J#9.63+550102.2, SDSS
J161603.76+463225.2) have been rejected. As | describedtio4.3.2 there are no par-
ticular trends for the sources excluded from our sample hag tlo not affect the sample
matching between RLQs and RQQs.

From these results, it is clear that high-frequency radigeolmations for similar studies
are crucial as the linear extrapolation from lower frequemnseems to work only for a small
fraction of our sources~( 20 per cent). Although most of the cases indicate that the steep
spectrum synchrotron component is likely to fall quickehigther frequencies, | find that in
~ 30 per cent (almost half of them are upper limits) a high-freguyecore radio component
Is required to describe the radio spectrum. This would adgeewith recent findings (e.g.
Whittam et al, 2013 2015. | note that almost half of these SMA observations are upper
limits. Radio core variability might be responsible for soof these strong high-frequency
components (e.Barvainis et al.2009.
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4.3 The black hole and host galaxy properties

In this section | describe how the key parameters for theyaisbf this work are derived,
namely BH and stellar masses, Eddington ratios, bolomietminosities and FIR luminosi-
ties. | further explore the importance of AGN contaminatiothe form of hot dust around
the putative torus at FIR wavelengths comparing their FIRwWs against normal galaxies.
| finally study the correlation between the radio and FIR &iois, examining at the same
time whether some of the radio emission could be the resudtasfformation, rather than
AGN activity.

4.3.1 Stellar mass and black hole mass

Early studies (e.gkormendy & Richstongl995 Magorrian et al. 1998 suggest a correla-
tion between galaxy bulge and its BH mass. The ratio of theadled M/py- Mg relation
(Magorrian et al. 1998 was estimated to be approximately 0.6 per cent. In the same c
text, more recent studies using nearby galaxy samples{argig & Rix, 2004 find that the
median BH mass i8.14 + 0.04 per cent of the bulge mass.

For the quasars in this sample, the BH masses are computepthsivirial estimator and
the Mgl line at 28004 using SDSS spectroscopy, a technique describéddiyure & Jarvis
(2002, and based on work d¥icLure & Dunlop (2004). As the H3 line moves out of the
optical window, we have to rely on the Mdines for AGNs atz > 0.7 (e.g.Wang et al.
2009. BH masses for the quasars are given in TakleWe can use the BH mass of the
quasars in the sample, along with thi;- My, relation to estimate the stellar mass of the
galaxy. Despite the convenience of calibrating and usiegétvirial estimators, one must
keep in mind that the estimates of these lines are uncepatentially by as much as 0.4
dex (e.g.Shen et al.2011h, due to the systematics involved in the calibration andyasa
(e.g.Jarvis & McLure 2002 2006 Marconi et al, 2008 Kelly et al,, 2009. | assume that
there is no significant evolution of the/gy-Myuee relation atz ~ 1 from the local relation
and thus usé/gy ~ 0.0014My,ye. Indeed, studies on < 1 RLAGN BH-bulge mass
relation found that the estimated ratio lies within the utaiaties of that found in the local
Universe (e.gMcLure et al, 2009. Although evolution in thé\/gy-My,,e relation of about
0.2 dex atz ~ 1 has been claimed in some papers (&lgrloni et al, 2010, that would not
significantly add to the uncertainties and would not affeet tresults of this work, as all of
the AGN are selected in a very small redshift range.

For the RGs of the sample, because the broad-line regiorssuodéd, | do not have BH
mass estimates as | did for the quasars. For this reasonthestellar mass of the galaxy,
M., determined by the SED fitting dfernandes et a(2019 for the same radio galaxy
sample as used in this workernandes et a(2015 used the same BH-bulge mass relation
(Haring & Rix, 2004 in order to calculate the BH mass of the radio galaxy samipiglied
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FIGURE 4.4: Distributions of BH mass)/gy, bolometric luminosity,L;,,, and Eddington ratio,
Aedd, for RLQs (red filled), RQQs (blue filled) and radio galaxiéga¢k line). The total RLQs
population, including the sources with significant synttmo contamination is also presented with
dashed red lines. In the last panel, the Eddington ratigilolision obtained with both methods of
calculating for radio galaxies is presented (dotted blawk tonsidering only the accretion energy
and solid black line including also the jet mechanical eperdNote the significant increase of the
total accretion energy.

Mgy are given in TabléA. The radio galaxies of the sample have BH masses in the range
10™% — 10%* M, (corresponding taV/,,; = 10'%* — 10'2% M) while the quasars have
1072 — 10%7 M, (corresponding td/,, = 10'%! — 102+ M,). These are consistent with
the range of values found in the literature for similar otgde.g.McLure & Dunlop 2004
McLure et al, 2006 Seymour et a).2007 Salviander et aJ2007).

To test whether the BH and stellar mass distributions difégween the three populations
we conducted a Kolmogorov-Smirnov (K-S) test for each piie test suggested that the BH
masses for the RLQs and RQQs samples are not significantéyeht. The K-S test gives
a result that corresponds to a probabiljiy= 0.90 under the null hypothesis (i.e. they are
statistically indistinguishable). The mean BH massesatez,,( Mpn/My) >= 8.87+0.06
for the RLQs andk log,o(Mpu/My) >= 8.81 £+ 0.06 for the RQQs so the means of the
two samples are consistent and well withimr bf each other. | stress that this result does
not contradict previous works which suggest that RLQs hassemrmassive BH than RQQs
(e.g.McLure & Jarvis 2002 but rather, it indicates that our samples were initiallychad
in absolute optical magnitude and colours.

In contrast, the RG sample could not be selected to matchuigag sample in absolute
optical magnitude. The RGs have nominally lower mean BH e&sdog,,( Mgy /Ms) >=
8.53 +0.08, the K-S test to the quasar sample returns 0.01 probabiidguthe null hypoth-
esis, a marginally significant result. Selection effectghhalso contribute to the observed
differences (e.g. RGs are selected from radio surveys with@re-requisite to be optically
bright). | further discuss these effects in Sectio@ The distribution of BH masses is shown
for all samples in Fig4.4.
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4.3.2 Accretion rate

In order to make an estimate of the AGN power for the radioxgetsan estimate of the bolo-
metric radiative power of an AGN,,,., is required. For the radio galaxy sample, | adopted
the values of/;,, calculated byFernandes et a(2015 from the rest-frame 12m luminos-
ity, using a bolometric correction of 8.5 (eRichards et a).20068), Ly, = 8.5AL12,m. The
bolometric luminosity for the quasar sample has been coeafavm the 300 luminosity
(Lso00) Using the SDSS spectral fits and a bolometric correction1d &om the composite
SED inRichards et al(20068), Lo = 5.15\ L.

The bolometric luminosity is proportional to the accreti@e of the BH,AZ, and to
the fraction of accreted mass that is radiated, i.e. theatadi efficiency,e, through the
expression:

Lo = eMc?, (4.1)

Assuming thate takes the fiducial value of 0.1 (e.§ylarconi et al, 2004 Shankar et aJ.
2004 Martinez-Sansigre & TayloR009, | determine the accretion rate of our sources using
their estimated bolometric luminosity.

With both the BH mass and the accretion rate, | can estimat&dtilington ratio of the
sources in the sample. The Eddington luminodity,q, corresponds to a maximum accretion
rate which a black hole can reach, without preventing furgtoeretion onto it. This energy
is a function of the mass of the system and is givenhy; = 1.3 x 1031(%—‘351) W. The
Eddington ratio\ is therefore simply,

Lbol

A= .
Lgaa

(4.2)

Although for SMBHs accreting at a high fraction the Eddingtatio can be defined
as in equatiortt.2, for radio galaxies, especially those with SMBHs accretngery low
rates (e.g. low-excitation galaxies; LEGSs), the contidoubf the jet mechanical energy in
the output of the accretion energy should be considerechéodefinition of the Eddington
ratio. In this case, the total energy from the black hole etean should equal the sum
of the radiative luminosity and the jet mechanical lumitp$e.g. Hardcastle et g/.2007
Best & Heckman2012). Including the contribution of the jet poweR;.;, the Eddington

ratio is given by
L o je
)\raderec = %ngtu (43)
Edd
where\.q1mee 1S the Eddington ratio accounting for both the radiativergpeand the jet

mechanical energy. | estimate the jet power using the oglati
Qier =~ 3 x 10% f32(Ly510m, /10%8)%T W (4.4)

(Willott et al., 1999, wherel < f < 20 represents the combination of several uncertainty
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terms when estimating;.; from Li5;nm,. FollowingFernandes et 82019, | chosef = 10

as this is the expectation value of a flat prior in natural spakcnote that the);.; con-
tributes significantly to the total power only in the radidagaes of the sample, which is
derived from thel,,,,,,, and not in the RLQs< 10 per cent). The use of any derived radio-
luminosity — jet-power relation should be treated with aantespecially for the derivation
of the kinematic luminosity function, as they may dependsgemly on selection effects
(e.g.Shabala & Godfrey2013.

The distribution of bolometric luminosity and Eddingtortioaare shown for all sam-
ples in Fig.4.4. The solid black line is folh = (Lyo + Qjet)/Lraa @and the dotted line for
A = Lyo/Lgaa- The Eddington ratio for radio galaxies is significantly g in the first
case, where\ = (Ly, + Qjet)/Lraq, and this trend is dominated by high-excitation galaxies
(HEGs; sed-ernandes et al2015 Fig. 7). The red shaded histograms in Fg} represent
the RLQ sample after excluding the synchrotron contamdhsateirces. The total RLQ pop-
ulation is also overplotted (red dashed lines) to stresdsihaelection biases are introduced
in our sample after removing synchrotron contaminated RUN@sparticular trends are ob-
served in any of the distributions between the RLQs and th@&8&¥ a result of the original
matching in absolute optical magnitude and colours.

4.3.3 FIR emission in RLQs, RQQs and RGs

For each of the quasars in the sample | derive the FIR flux legsn the two PACS and the
three SPIRE bands directly from the PSF-convolved imagesuareng the value at the image
pixel closest to the optical position of our targets. Th@eyiare estimated as described in
Sections4.2.2and4.2.2 1 find that about 33 per cent (43/149) of the QSOs and 8 per cent
(2/27) of the RGs in the sample have robust PACS and SPIREtdete. These detection
rates are translated to ULIRG-like star formation lumitiesisuggesting SFRs of hundreds
of solar masses per year.

| have separated the RLQ and RQQ samples in bolometric lsityin®@H mass and Ed-
dington ratio bins to examine whether the fluxes vary. Wigmagh bin | have estimated the
mean of the FIR flux densities in eatterschelband. The estimation for each band and
bin are shown in Fig4.5. Errors have been estimated by applying the bootstrap igetn
using randomly selected galaxies from within each bin. Tdnaatage of bootstrapping is
that no assumption is made on the shape of the flux distribuRadio galaxies have signif-
icantly lower mean flux densities compared to RLQs and RQ@s avK-S test probability
of p < 0.05. The only exception is the 500m band which might indicate contribution for
synchrotron contamination, or confusion bias, or a contimnaof them in the case of RGs.
Regarding the total quasar sample, the mean flux densityaapp®increase at highlgy,
Lg, and \gqq. Comparing the RLQs to the RQQs we see that at My, L, and Agqq
RLQs have higher flux densities in all SPIRE bands and all, tivese differences seem to
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FIGURE 4.5: The PACS and SPIRE mean flux densities for RLQS (red filledes), RQQs (blue
filled squares) and RGs (black stars) as a function of BH nlafisp@nel), bolometric luminosity
(middle panel) and Eddington ratio (right panel). For low Btdss and bolometric luminosity bins |
also present the mean flux density of the total RG populatdast{ed black line) in order to indicate
the contribution of the only four sources found at high birmompare the measurements to Chapter
RLQs (red open circles) and RQQs (blue open squares) wititasibblometric luminosities but dif-
ferent redshift in the middle panels. Tal3ld of Chapter3 provides the mean flux densities over their
total RLQ sample. Here, for comparison reasons, | preseit hean flux densities after removing
the RLQs with potential synchrotron contamination.

become more significant at the higlfgy, Ly, and Agqq. AS no obvious differences are
found for the RLQs and RQQs between bolometric luminosity,/Bass and Eddington ra-
tio bins, | give in Table4.1the mean flux estimations from each band and population only
for high and low bolometric luminosity bins.

How do these results fit with the results in Chap@@r For comparison, | have over-
plotted in Fig.4.5 the mean flux densities from TabB1 (dashed lines) for low and high
optical luminosity RLQs (red circles) and RQQs (blue sqspard should note that there
are two main differences between these two works. AlthoagBhapter3 low bolometric
luminosity sample the mean redshiftis~ 0.9 and | do not expect the evolution effects
to significantly change the mean properties, almost all tresgrs with high bolometric lu-
minosities have: > 1.0 up toz ~ 3. Due to these difference, in order to make possible
the comparison, the Tabl@1 mean fluxes have been converted to the: 1 rest-frame.
Additionally, due to the much larger sample of RQQs in Chapte> 10 times larger than



4.3 THE BLACK HOLE AND HOST GALAXY PROPERTIES 107

TABLE 4.1: The RLQs, RQQs and RGs FIR mean flux densities in the 1,280, 350 and 500
pm bandpasses. The AGN populations have been separatedoiotodiric luminosity bins. The
number of objects within each stack is also given.

Class log Lya N Mean flux density (mJy)
(ergs™!) perbin  70um 160um 250um 350um 500um
RLQs <463 27 6557040 1810739 24.04751% 24157370 16.597L0
>46.3 30  16.83735 27557080 37.8971% 31.72733 19.057220
RQQs <463 32 4537031 138378 1817720 19.0472% 10.487L%
>46.3 40  12.937]3) 23.5873%0 2998725 93427217 13.33712
RGs <463 23  3.047030  77870% R8I0 11.60F172 10.907LC
> 46.3 4 2032150 22307325 1139708 16.057131  4.73758

this work) the uncertainties of this sub-class are expettté@ higher in this work. Figl.5
suggests that at low bolometric luminosities, both resarésin excellent agreement, at least
for the SPIRE bands. The disagreement between PACS fluxt@snssed in Chaptes is
not unexpected since H-ATLAS PACS observations are abauotéstless sensitive than our
observationslbar et al, 2010. Despite the similar trends, the differences between @ R
and RQQ populations were more significant in Chafteue to the smaller uncertainties for
the RQQs. On the other hand, for the high bolometric lumiydsn, both H-ATLAS/SDSS
RLQs and RQQs show significantly higher flux densities thangample in this chapter,
especially at 35:m, with a characteristic shift of the the mean peak to the @®0band,
with a characteristic shift of the the mean peak to the @80band, indicating colder dust
temperatures. These differences provide evidences ab@@vblution of the FIR emission
between: ~ 2.0 andz ~ 1.0 high bolometric luminosity quasars. That would be expected
if QSOs’ host galaxies are evolving with cosmic time in themsavay to the general galaxy
population (e.gMadau & Dickinson2014).

4.3.4 The FIR colours of RLQs, RQQs and RGs

I now investigate the FIR colours of our sample of AGN. A gjhdforward approach towards
exploring the effect of AGN light on FIR emission is to com@dine FIR colours of AGNs
against a control sample consisting of galaxies not hogtadls. AGN radiation field can
heat the dust resulting to systematically warmer tempezatand causing the SED to flatten
out at long IR wavelengths which, in turn, leads to bluer Fi&oar in galaxies with a
significant AGN contamination in the FIR.

In Fig. 4.6, | compare the FIR colours of the detected AGN sub-sampldlandtacked
values of the total sub-samples (large symbols) to the FIBucs of 10° randomly gener-
ated black-body spectra models at a single dust temperajumaodified by a frequency-
dependent emissivity function, o« »”. In generating these models, | follow the method
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of Amblard et al.(2010 considering uniform ranges of dust temperature from 100tk 6
emissivity parameted < 3 < 2 and redshift range similar to our sampleY < z < 1.1).

In order to consider for flux uncertainties in the colourezol diagram, we have broaden
the SED tracks by adding an extra Gaussian standard deviaitibO per cent to the model
fluxes. Thus, the choice of emissivity parameter would makeg minor difference.

As shown in Fig4.6(top), | find that in the SPIRE-only colour diagram the cokafthe
sources are well within the limits defined by the models weelwnsidered. This is the case
for all AGN sub-classes of the sample and also for the indiaily SPIRE-detected AGN
and the mean values. | find no significant dependence of SPdRIErS on any of the AGN
associated parameters (e.g. BH mass, bolometric lumyn&sitington ratio) for each of the
AGN sub-classes, so | only present the mean colour-colduesdor the total RLQ, RQQs
and RG populations. This result along with the similarityveen the AGN SPIRE colours
and the model, indicates that SPIRE bands are not signiljcaifected by emission from the
torus (or hot dust surrounding the AGN). Although both qusisand radio galaxies’ mean
colours lie inside the model tracks, the mean colour of thes RGhifted from the bulk of
the model galaxies and the quasars, indicating that it isiplesthat RGs are associated with
redder colours, and therefore cooler dust, or or be affdayesynchrotron contamination.

Similarly, Fig.4.6 (middle) shows that the 160m band does not suffer from torus emis-
sion contamination, as the quasars’ and RSgy/ S50 colours are similar to that of the
models. | find that a few individually detected points lie ©idé the model set of tracks;
however, these outlier points are possibly caused by tloéidraally larger flux errors of the
PACS band. By and large, most AGNs can safely be assumed torbmalted by cool dust
emission in the SPIRE and 160n FIR bands. As in the top panel, the me&s,/Ss50
for the RGs indicates colder dust temperatures. Again, ldimg@ignificant dependence of
S160/Sa250 on any of the AGN associated parameters.

In contrast, when | examine the PACS ;Zth colour, | find that most of the individually
FIR detected AGN and the stacked mean colours lie outsidesime set of tracks as used for
the SPIRE-only colour diagram, suggesting that the PACgmand may be significantly
contaminated by AGN emission. In the Figy6 (bottom) theS 40/ S0 - Sas0/S160 COlOUr-
colour diagram for SPIRE 250m and PACS bands of the sample are shown. Although the
fractionally larger PACS flux errors could explain some adgé outliers, it is possible that
some of these sources require a second, warmer dust conmgerigeDunne & Eales2007)
or a more complex SED model than a simple isothermal SED maéaelthe low and high
bolometric luminosity sub-samples there is a clear sejperadespite the large error bars, in
the Si60/S70 colours. This difference seems to arise from the AGN contation at 70um
(~ 35 um at the rest-frame). Indeed, at the redshifts of this sajtigePACS 7Q:m contains
the longer wavelengths of the torus emission (Blgllaney et al, 201Q Xue et al, 2010. If
this is the case, then the strong correlation between thenT@mission and AGN emission
(e.g. X-ray luminosity) found for powerful AGN (e.ylullaney et al, 2012k Harrison et al.
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FIGURE 4.6: SPIRE and PACS colour-colour diagrams of the AGN in @amgle. Small sym-
bols indicate the FIR detected AGN (RLQs = red circle, RQQ3ue lsquares, RGs = black stars).
Detected sources have been selected by imposBwg @it in each band but 70 and 5@®n where
we use &o cut due to the low detection rates. Their typidal errors are also presented in each
panel. Stacked measurements for all AGN classes are sholargassymbols with theito errors.
The background density map indicates the colour-coloutespaf ourl0° randomly generated model
SEDs. The darker colours of the density map correspond tsedeagions. In the bottom panel, the
mean values correspond to the low and high bolometric bimnsdisated.
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2012 could be explained by the heavy torus contamination. Fisrdason, the 7(m

emission is not used for the FIR luminosity calculation (Seetion4.3.5. On the other
hand, theSs5,/S160 ratio seems to be unaffected by the AGN emission indicatiag 160-
wm emission is largely generated by cold dust, heated by ataration.

4.3.5 SED fitting

As discussed in the previous section, | expect that thefraste FIR emission (160-5Qam)

is mainly generated by cold dust heated by star formationa™MGN host galaxy. Therefore,
| interpret the FIR emission as being powered by star forong.g.Rowan-Robinsojil995
Schweitzer et a]2006 Netzer et al.2007), and | represent it with a black-body modified by
frequency-dependent emissivity componetitdebrand 1983, given by

S, o< B,(T)v”, (4.5)

whereB, is the Planck functiori” is the effective dust temperature aid the dust emissiv-
ity index. Sincel’ andj are degenerate for sparsely sampled SEDs, | reduced thesnsimb
of free parameters by fixing the dust emissivity. Using.4 < § < 2.2 range (see e.g.
Dye et al, 201Q Hardcastle et al201Q Smith et al, 2013 I find that the best-fitting model
returns lowery? values for a fixed? = 1.6 dust emissivity for all AGN populations in the
sample. The selection gf = 1.6 is consistent with the work obye et al.(2010. The
remaining two free parameters are the cold dust temperaidmieh | have varied over the
rangel0 < T'(K) < 60 and the flux normalization of the modified black-body compune

For each source | estimated the integrated FIR luminoSityl(000 xm) using a modified
black-body fitting with the best fit temperature. The dustgemature was obtained from the
best fit model derived from minimization of thg values. The uncertainty in the measure-
ment was obtained by mapping the? error ellipse, allowing the individual photometric
measurements to vary within théis ranges of uncertainty. In addition to the integrated FIR
luminosity | calculate the mass of the FIR emitting dust comgnt using

1 SQ50D%
14+ zxB(v,T)

dust = (4.6)
where Sy is the 250um observed flux Dy, is the luminosity distances is the dust mass
absorption coefficient, whicBunne et al(2011) take to be).89 m? kg~! andB(v, T') is the
Planck function.

In the case of RGs and RLQs, | also extend the modified bladk-bwodel to the radio
bands with either a power-law slopg o« »~%, with o estimated from 325 MHz and 1.4 GHz
radio observations or, a broken power-law for the RLQs wiidilable SMA observations at
1300um. In the second case, the broken point is fixed at the 1.4 Gkiamiales of the SED
fits are presented in Fig\.1. As the majority of the sources are undetected aBthémit
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in all Herschelbands, in addition to probing the properties of the indiaidiuFIR-detected
objects, | carry our a weighted stacking analysis on the BiRihosities for the total sample
which follows the method aflardcastle et a[2010. For convenience, | refer to the former
objects as FIR-detected, and to the latter as non-detdaletermine the luminosity for each
source from thederschelflux densities (excluding 7pm), even if negative, on the grounds
that this is the maximume-likelihood estimator of the truenloosity, and take the weighted
mean of the parameter we are interested in within each bise lthie same bins across the
AGN sub-classes in order to facilitate comparisons. Thenosity is weighted using the
errors calculated from\y? = 2.3 and the errors on the stacked parameters are determined
using the bootstrap method. The advantage of bootstrappthgt no assumption is made
on the shape of the luminosity distribution. In Chafdralso presented, as an alternative,
the mean temperature estimation using the Maximum LikelihGemperature method (e.qg.
Hardcastle et a12013. | found small but insignificant differences between the methods,
so for convenience | present here only the results of thelwedgmean method.

Fig. 4.7 shows the FIR luminosity and dust temperatuiig fplane divided into dust mass
(My) regions based on thg: g o MdeJ“ﬁ, assuming? = 1.6, for the FIR-detected AGN of
the sample (similar cuts to Fig.6top) and the weighted mean values for the total sample and
for each sub-class. The sources have been additionallgetivinto bolometric luminosity
bins as specified in Table 1 Both types of quasar show high FIR luminosity with most of
the detected sources and the weighted mean values hayipg> 10'? L, characterizing
them as ultra-luminous infrared galaxies (ULIRGs). Thegh&d mean FIR luminosity
of the RGs is significantly lower, even compared to the lowobwétric luminosity quasars.
Similar differences are also found for low BH mass and Edaingatio bins. Comparing
the FIR luminosity of the RLQs and RQQs it is notable that RlI@se higher mean FIR
luminosity than RQQs in both bolometric luminosity bins=atlo level with a significance
of p = 0.014. Similar trends are also found for BH masses and Eddingtom ra

As already indicated from the colour-colour plots, RGs shower dust temperatures
than both RLQs and RQQs (by about 5K) at a significance leveke.036 andp < 0.001,
respectively, under a K-S test. For all AGN subclasses ansgl the weighted mean values
follow the 10® M., dust mass curve, with the exception of high bolometric luosity RQQs
which have slightly lower weighted mean dust mass (and lajust temperature). Most
of the FIR detected RLQs lie between th&—° M., dust mass curves. This mass range is
comparable to that obtained for submillimetre galaxieg.(®antini et al. 2010 at similar
redshifts to our sample.

4.3.6 FIR-radio correlation

In this section | determine whether the radio emission cteldhe result of star formation,
rather than AGN activity, by comparing the observed radig With that predicted from the
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FIGURE 4.7: FIR luminosity versus dust temperature for individiudtiR detected AGN and
weighted mean values when the RLQs and RQQs are divided attonietric luminosity bins. For
RGs, | present the mean values for the total population @seaiources but 4 belong to the low bolo-
metric luminosity bin. Black outline indicates the soureesl the mean values for the low bolometric
luminosity bin. Colours and symbols are similar to Fg6. The black lines correspond to the dust
mass estimates based on the LFIR;relation Lgg Mdeﬁ, assumings = 1.6, for dust masses
of 107, 10® and10° M.

FIR/radio correlation. As the high detection rates and tbamFIR flux densities in the RLQ
sample indicate, almost 50 per cent of the population is &epleo have high star formation
activity. High star formation activity, at the level IR > 10''L., could result in radio
emission up tal0?* W Hz! at 1.4 GHz, which is the detection level of the RLQs in this
sample. | additionally investigate whether radio excess (adio emission associated with
radio jets) correlates with star formation as one would ekpesuming a jet-induced star
formation (positive feedback) model.

| calculate the ratio between the IR and radio emissigruging the definition given by
Helou et al (1985

q = log[frr/(3.75 x 10" Hz)] — log[S, (1.4 GHz)) (4.7)
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wherefry is in units of W m~—2, determined from thelerschephotometry and, (1.4 GHz)

is rest-frame 1.4 GHz radio flux density in units Wfm—2 Hz~!. | extrapolate the above
relation to 325 MHz using the power-law slope « =<, with a« = 0.7, typical for star-
forming galaxies (e.gbar et al, 2009 201Q Condon et a].2013.

In Fig. 4.8 1 show the FIR and the radio 325 MHz luminosities for all of tR®Qs
(blue upper limits), RLQs (red circles and upper limits féRFundetected sources) and RGs
(black point stars and upper limits for FIR-undetected ses) in the sample. The diag-
onal lines represent the mean= 2.2 value typically obtained for star-forming/starburst
galaxies (e.gHelou et al, 1985 and also typical radio-quiet AGN (e.gpadovani et a/.
2011 Sargent et al.2010 and the meag = —0.38 for a sample of radio-loud AGN from
Evans et al(2005. For the separation between ‘radio-normal’ and radicesgcsources |
have picked the meapn = 1.2 value that perfectly separates the RLQs and RQQs in our
sample. | note that this is a conservative value comparedetaqus works (e.gqg = 1.68;
Del Moro et al, 2013 ¢..x = 1.5; Hardcastle et 8l.201Q ¢,,., = 1.1; Jarvis et al.2010
indicating that above this limit we are predominantly datergenuine radio-loud AGN.

The average upper limif for the RQQs lies near to the ‘radio-normal’ diagonal line,
taking into account that the radio luminosities shown age5th limits. All but one of the
RGs in our sample is found above the RLAGN= —0.38 diagonal line (orange dotted line)
while about 70 percent of the RLQs lie in a region betweendloasupied by radio-galaxies
and RQQs. This is consistent with the selection of the RG an@ Bamples. It is clear
that the level of radio emission from star formation is imsigant for both RLQs and RGs.
All radio-sources are found above the= —0.38 diagonal line suggesting that the radio
emission associated with star formation may contribute tmaaimum of 10 per cent for the
least radio-luminous RLQs.

For each region, | have estimated the weighted mean FIR hsitin represented by
the large stars; orange for the sources in the RLAGN regiamle for the sources in the
radio-excess region and black for the radio normal regios.e®pected based on Fig.7
the objects in the radio-excess region, which consists ohRBLQs, show a higher FIR lu-
minosity. In contrast, the mean FIR luminosity at the RLAGgion is lower than that in
both the ‘radio-normal’ and radio-excess regions. AltHotlte RLQs in this region are as-
sociated with higher FIR luminosities compared to the R@sl, lsave about a 50 per cent
detection rate, their individually measured FIR luminesitdo not exceed the mean FIR
luminosity of the radio excess region. Weighted mean vatidke total radio population,
including both RGs and RLQs, show an anti-correlation betwEIR and radio luminos-
ity. Sources with higher radio luminosity show weaker stanfation. We can investigate
the apparent anti-correlation further considering theviddal sources, although the numer-
ous upper limits might affect the establishment of such aetation. In order to consider
also the sources with FIR upper limits, | use Kendall's Taatistical test. For this, the
IRAF statistics package, which implements the Astronohfiavival Analysis programs
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FIGURE 4.8: FIR luminosity {rir) vs. radio 350 MHz luminosity i325Mm12); the orange dotted
line correspond tq = —0.38 (average for a sample of radio-loud AGN frdavans et al.2005); the
black solid line correspond t¢ = 2.2 (average for ‘radio-normal’ sources) and the purple dashed
line correspond tq = 1.68, our selection limit for radio-excess sources. The largessdre the mean
values of all sources in each region. Colours are assodiatbeé lines. For individually FIR detected
sources, colours and symbols are similar to Big. FIR undetected sources are presented as upper
limits.

(seeFeigelson & Nelson1985 Lavalley et al, 1992, was used. This test examines the null
hypothesis that no correlation is present between the twiahlas being tested. For the to-
tal radio sample the generalized Kendall's correlatiorffadent is 7 = —0.13 with a null
hypothesis probability o = 0.12, implying no significant correlation.

The fact that high radio luminosity RGs and RLQs (see orataye Big.4.8), are associ-
ated with lower FIR luminosity (M-W tesp ~ 0.015) compared to lower radio luminosity
RLQs (purple star; Fig4.8 may indicate two possible physical scenarios. In the fest s
nario, we can assume that there is a radio-jet power limi@ldich radio jets suppress the
star formation in the host galaxy. That would be consistatit the negative radio-jet feed-
back scenario (e.gcroton et al. 2009. In contrast, lower power radio-jets might enhance
the star formation (positive feedback) and that would explze FIR excess between RQQs
and RLQs with intermediate radio luminosity, the ones foimdhe radio-excess region.
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However, we should expect that these processes are centin)l the gas availability (i.e.
galaxy mass). Indeed, RLQs with the similar radio luminiesito the RGs have higher FIR
luminosities as they are hosted by galaxies with larger esassssuming that the Maggo-
rian relation holds. Although this interpretation coulgp&in the observed anti-correlation,
the effects of the radio jets cannot be so straightforwandigerstood unless we control for
galaxy mass. | discuss this scenario further in Sedligh Another important parameter
Is the environment of these sources, which can lead to a dgoossible scenario. Taking
into consideration that the RGs have been selected froro saniveys whereas the RLQs are
optically selected, we might have picked the two populatioreither different evolutionary
stages or different environments (see the discussion imddet6). This fact could drive the
apparent anti-correlation when we consider both RGs andsRLQ

4.4 The star formation dependence on AGN activity

Using measurements of FIR luminosity, | will now study thiatenship between FIR emis-
sion and SMBH accretion. In Figt.9, FIR luminosity is plotted against bolometric lumi-
nosity Ly,,;. The plotted points indicate both individual (small syng)and weighted mean
FIR luminosities. The plotted,,,, is the median value for the objects in each bin with their
associated o error bars. Different colours are used to represent thereifit AGN classes.
A crucial point of our results is that about 30 per cent of 0@Q3 are FIR-detected, indi-
cating high FIR luminosities at the level 6fz > 10'2L.. The high FIR emission suggests
that starburst activity in 30 per cent of our QSOs has not lgeemched yet. These results
argue for a scenario in which powerful quasars, on averaaye hot suppressed the star for-
mation in the host galaxy (see elgarrison et al.2012 Mullaney et al, 2012bbut also e.g.
Page et a).2012. The massive host galaxies and black holes of these sonmiggd have
been formed over a series of coeval episodes of strong staafmn and BH activity.

To search for possible trends between bolometric and FIRnosity | performed a cor-
relation analysis on each of the sub-samples. In order ® agkount of the sources with
FIR upper limits, | use Kendall's Tau statistical test asotiégd in Sectiort.3.6 This test
examines the null hypothesis that no correlation is preisetvwween the two variables being
tested. The correlation analysis returns= 0.34 (p = 0.02), 7 = 0.28 (p = 0.02) and
7 = 0.15 (p = 0.32) for RLQs, RQQs and RGs, respectively, suggesting a maelgrsig-
nificant correlation over more than 2 orders of magnitudgyg for both RLQs and RQQs.
For RGs a no significant correlation is observed gvexr orders of magnitude.

A correlation between AGN luminosity and host galaxy stanfation rate has been re-
ported by several studies of high redshift AGNs and QSOsl(gtget al, 2008 Shao et al.
201Q Rosario et al.2012 Rovilos et al, 2012. Netzer et al. (2007 found for luminous
PG QSOs that this relationship has a slopevof 0.8 (see black dotted line in Figt.9).
Consistent slopes have also been suggested by other atdhams-bright QSOs at ~ 2
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FIGURE 4.9: FIR luminosity {rr) VS. bolometric luminosity £,,;) for each AGN class in 3
Ly, bins. For RLQs and RQQs each bin contains about 18 and 23exurspectively, while for
RGs about 9 sources. The large symbols (red circles, bluarssjiand black stars) are the mean
values of each bin for RLQs, RQQs and RGs, respectively. Noifgant differences are found
when the median values are used. For individual sourcesyiohnd symbols are similar to Fig}6.
FIR undetected sources are presented as upper limits. Hheddlack line is the correlation line
shown by AGN-dominated systemshietzer(2009. The solid green line show the predictions of the
Hickox et al.(2014) fiducial model on BH variability and star formation-AGN gwattion.

(e.g.Lutz et al, 2008 and X-ray AGN (e.gRosario et al.2012 at least for high AGN lu-
minosities. We note thaosario et al(2012 suggested a flatter or even zero slope at low
AGN luminosities {aan < 10* erg s—1).As these works have selected their AGN sam-
ples without any use of radio information, we expect thay thie dominated by radio-quiet
AGN. Radio-loud AGN are expected to make up to 10 per cent dbunly selected AGN
samples, so they should not significantly affect the estonaif these works.

The RQQs of this sample are very similar to thatN#tzer et al(2007), with a good
overlap on AGN luminosity up td ,qx ~ 10%6° erg s1, while our sample extends to about
an order of magnitude higher in AGN luminosity. The cornelatbetween the FIR and
AGN luminosity based on thidetzer et al(2007) QSO sample is presented in Fi§9. One
important difference is the redshift range of the two samphath the QSOs olNetzer et al.
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(2007 havingz < 0.3. Notwithstanding this difference, the selection of our p#arin a
narrow redshift range decouples the evolution effect anlesd perfect for comparison
to either lower or higher redshift samples. One can immedbjiatotice from Fig.4.9 that
the Lagn-Lrr correlation is much weaker and flatter than the one propogétklrer et al.
(2007. The correlation slope for the RQQs of this work is found &b~ 0.26 + 0.06.
Specifically, the lowerL,gn sources in our sample show a weighted méag; of one
order of magnitude higher than that implied by the corretatf Netzer et al(2007) while

at higherL g they are in better agreement. Such an increase of the FIRhasity at a
fixed AGN luminosity bin with redshift has been suggested thyepauthorsRosario et al.
2012 about 0.7 dex from ~ 0.3 to z ~ 1 AGN) and it would explain the FIR luminosity
difference between our and that Nktzer et al(2007) in fixed Lygn bins. On the other
hand, QSO selection at lower redshifts (ezg< 0.3) where the star formation density in
the universe is very low, might be affected by Malmquist biasimilar trend for shallower
slope (v = 0.58 4+ 0.18) at similarLygn and redshift but for X-ray AGN was suggested by
Rosario et al(2012 although the quality of the fit is rather poor. Even in thisegour data
suggest a much lower slope & 0.26 4+ 0.06) for the RQQs. Note that even if | include the
RLQs the estimated slope can reach a maximum 0f32.

We know that AGNs are variable over a large dynamic rangenmidosity. Luminous,
high-redshift quasars typically yield lifetimes for lunoims accretion of- 105 — 107 years
(e.g.Hopkins et al, 2005 Goncalves et al2008 Shankay2010. On the other hand, star
formation on scales of the entire galaxy has a dynamical tife@ound10® yr. In addition,
as FIR emission arises mostly from dust that can be heatedthyymung and old stars,
it can average over timescales of tens to hundreds of Myeasiy in galaxies with star
formation at a relatively steady rate over their lifetimé&us, the weak observed correlation
between star formation and BH accretion might be attributethe timescale difference
between the AGN accretion efficiency and star formationalality (e.g. Mullaney et al,
2012h Chen et al.2013 Hickox et al, 2014).

From a theoretical point of viewickox et al.(2014 suggested a simple model in which
accretion and star formation are perfectly connected Hisitbnnection is ‘hidden’ by short-
timescale AGN variability over a large dynamic range (seg 409 green solid line). Despite
the fact that the model goes through our data points for ttieistlual QSOs, the mean mea-
surements lie systematically off the expected trend. Algiothe model oHickox et al.
(20149 describes well the lack of a strong correlation betweei and L gy for moderate-
luminosity AGN and the shift to highekgr with redshift as suggested by observational
results, it suggests a strong correlation betwegfR and L ygn at high luminosities, in con-
trast to my results. However, the apparent disagreemetd emise from limitations in the
simplistic AGN variability model (for a discussion sekckox et al, 2014 or from the fact
that our sample contains exclusively powerful QSOs witthkagcretion rates. An alterna-
tive model, suggested bird et al. (2013, assumes that the probability of a galaxy hosting



4.5 THE DEPENDENCE OF STAR FORMATION ON RADIO JETS 118

an AGN is determined by a universal specific accretion raggidution that is independent
of host stellar mass or star formation properties. This hwdald be consistent with the ob-
served weak AGN/star-formation correlation of this workeewn the most luminous QSOs.

In Fig. 4.101 present the average FIR luminosity of each AGN populatsma function
of M. | have to note that the galaxy masses are not actual stediss measurements for
our QSOs but they have been estimated based on the black lealgunements assuming
a Magorrian relation. This fact may introduce high uncetias. As expected under the
assumption of a hidden AGN ‘main sequence’ due to the diffetienescales between star
formation and QSOs phase, we find no correlation for any AGbtdass between FIR
luminosity and stellar mass, in contrast to the resulvodlaney et al.(20120). The most
luminous AGN, like the ones in our sample, are generally eddsom small field surveys.
However, at redshift.9 < z < 1.1 they make up to 10 per cent (eAird et al,, 2010 of
the total AGN populationf{x > 10%? erg s—!). Despite their large FIR excess, an order of
magnitude in FIR luminosity, their rarity means that theyghtinot significantly change the
results found byMullaney et al.(20128.

Comparing the average SFRs of this sample to the obsenatibredhip between SFR
and stellar mass of normal star forming galaxies, which akmas the ‘main sequence’ (e.g.
Elbaz et al.2007 2011, Schreiber et al2015 Johnston et 8l2019 | can examine whether
QSOs have SFRs that are consistent with being selected f@overall star forming galaxy
population. To make this comparison | use 8whreiber et a2015 definition of the ‘main
sequence’ at ~ 1 (see Eq. 9 oEchreiber et al2019. They found evidence for a flattening
of the main sequence at high masses(, (M. /Ms) > 10.5), similar to the one observed
for the sources in our sample. Note that they use stellar @sags tolog, (Mg /Me) ~
11.5 to extract their model. Although the mean FIR luminosity loé tRGs (large point
stars) is consistent with that of star forming galaxies & #ame redshift and mass, the
weighted mean FIR luminosity for QSOs is systematicalljnhkigthan the higher end of the
FIR luminosity region covered by ‘main sequence’ galaxigsntini et al (2012 have also
reported that, on average, X-ray AGN hosts show somewhaireeia star-formation activity
respect to a control sample of inactive galaxies, althobely found them to be consistent
with star forming galaxies. While different interpretatgare possible, our findings are
consistent with a scenario whereby periods of enhanced AsENtg and star-forming bursts
are induced by major mergers (el2e Breuck et al.2005 Elbaz et al.2011;, Sargent et a/.
2013.

4.5 The dependence of star formation on radio jets

In this section I will discuss the effect of the presence dfogets in a QSO on star formation
activity. As is already clear from the previous section (5eg 4.9), RLQs are associated
with higher FIR luminosity than RQQs. This excess is almaststant and independent of
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FIGURE 4.10: FIR luminosity {rr) vS. galaxy massN/.) for each AGN class in 3,
bins. Colours and symbols are similar to Hg9. The large symbols (red circles, blue squares and
black stars) are the mean values of each bin for RLQs, RQQ&&%] respectively. Similar results
are obtained even when the median values are used for eacfiltignsolid orange line and orange
stars correspond to the average FIR luminosity and stelissnfiorMullaney et al.(20128 z ~ 1
sample of star-forming galaxies. The black dashed line thitrassociated scatter (dotted black lines)
corresponds to the expectégr — Mg, relation forz ~ 1 as defined byschreiber et al2015.

AGN properties. Fig4.11shows the SFR excess, defined as the SFR difference between
RLQs and RQQs, for the individual sources in edgly bin, taking into account the total
population (orange filled area) or only the FIR detected Q&Dsple shaded area). Apart
from the highest bolometric bin, where only a few sourcesfammd, the SFR excess is
almost constant witdASFR ~ 315 M, /yr for the total sample andhASFR ~ 380 M, /yr
for the FIR-detected QSOs. This excess corresponds to abfadtor of two. A similar
increase in SFR due to the onset of radio-jets has been gedgaso by simulations of
massive gas-rich high-redshift galaxi&slk & Nusser 2010a Gaibler et al.2012.
SFR-enhancing phases in RLQs can be caused by the largecamdhamount of ther-
mal energy generated by the jet as it forces its way throughrterstellar medium (ISM).
Jet create cocoons of turbulent gas surrounding the jetrigad a much more efficient
clumping of molecular hydrogen and thus accelerated stardtion (e.gvan Breugel et a/.
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FIGURE 4.11: SFR excess between RLQs and RQQs as a function of bimlonueninosity for
the total QSO sample (orange) and the FIR detected QSO s&bhpd). The solid and dashed lines
represent the mean SFR excess and the coloured arebs ¢neor for the total QSO sample and the
FIR detected QSO sample, respectively.

2004 Gaibler et al.2012 Wagner et a].2012 Ishibashi & Fabiap2012. Simulations have
shown that, although powerful jets would interact with deun a limited volume, the re-
sulting pressure can impact the galactic disk also at lamyr at the early stage and even-
tually all of the galaxy once the bow shock has moved beyoedgtiaxy’s radial extent
(seeGaibler et al. 2012. Although direct interaction of the jet beam with clouds dze
limited to a small volume, the resulting pressure may aféeir fraction of the galactic
disc at the early stage and eventually all of the galaxy oheeébbw shock has moved be-
yond the galaxy’s radial extent (s&aibler et al.2012. Thermal or kinetic AGN feedback
is often thought to heat and expel most residual gas from #hexg (e.g.Springel et al.
2005 Croton et al.2006 Bower et al, 2008 Dubois et al.2012, reducing the SFR. On the
contrary, our results suggest an entirely opposite effadicating the formation of an ad-
ditional population of stars, compared to the RQQs. The rieeddditional enhancement
of star formation has been recently suggestedhbgchfar & Silk (2011) for high-redshift
galaxies £ > 5) who introduced stochastic boosts in star formation in otdeeproduce
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the observations. Such enhancement could indeed be teddpsrjet activity in gas-rich
galaxies; however, there are very few radio galaxies:atb (e.g.Jarvis & Rawlings200Q
Jarvis et al.2001a Wall et al, 2005 Rigby et al, 2011, 2015. Therefore, it is important
to understand at which epochs and under which conditionis jats can efficiently boost
the host galaxy star formation. Near future synergies betvaptical spectroscopy (WHT
Enhanced Area Velocity Explorer, WEAVBRalton et al, 2012 and radio continuum (e.qg.
Low Frequency Array, LOFARyan Haarlem et al2013 surveys will provide much greater
sample sizes for radio AGN allowing more stringent constsadn the evolution of the radio
population, out to greater redshifts (e.g. WEAVE-LOFARnith 2015.

In the previous chapter | compared the SFR between RLQs arigsR@er a wide red-
shift range, up ta ~ 3 with a couple of QSOs at even higher redshifts and | found apsx
of < 100 Mg, /yr for RLQs with low bolometric luminosity and no differencetagh bolo-
metric luminosities. This excess corresponds to more tHawatar of 2, but to much lower
SFRs than the ones found here. We note that the vast majdiibyvdoolometric QSOs in
Chapter3 sample have < 1.0 while the high bolometric luminosity QSOs are found in
much higher redshift. The differences between these twahedigive some evidence regard-
ing the evolution of the jet-induced star-formation effiig. As, in this chapter, | do not
find any effect of bolometric luminosity on SFR excess, | assuhat the results of Chap-
ter 3 are associated with redshift evolution. In this case it wWdag possible that radio jets
positive feedback efficiency evolves with redshift, pegkat z ~ 1.0 where we find the
maximum SFR excess. However, both RLQs and RQQs may havestasréormation at
higher redshifts due to the same process as in normal galéxig.Madau & Dickinson
2014). Therefore, the ratio of SFR from radio jets to the normaRSRight be smaller
and harder to be detected at higher redshifts. The scenfpositive feedback having a
peak atz ~ 1.0 is similar to the radio-AGN space density evolution from tbeal Uni-
verse to~ 1.0 (with a radio luminosity dependencijgby et al, 2011 and the amount by
which the cosmic SFR density has increased over the sameah{e.g.Best et al, 2014
Madau & Dickinson 2014). Indeed, a consistent picture emerges whereby the ailayab
of a cold gas supply regulates both the radiative-mode AGiNstéar formation activity (e.g.
Hardcastle et 812007 Heckman & Best2014).

While this work is consistent with positive feedback, we @wddbe aware of selection
effects and the conditions under which radio jets would aenbahe star-formation. For
example, our sample consists of very massive QSOs with higfR &/en in the case of
RQQs. The high SFRs would suggest that these QSOs might lwaeetgrough recent,
major gas-rich merger events indicating high gas supphlssgecially for RLQs, minor or
major merger events might be more common as they are ofteciatsd with high density
environments (e.gvenemans et g§l2007 Falder et al. 201Q Kuiper et al, 2011). Under
these assumptions, radio jet feedback might depend on gdallity associated with the
environment and cold gas supplies.
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4.6 Star formation in RGs and RLQs

It has been suspected from submillimetre studies that thtslod powerful radio-loud AGN
undergo episodes of vigorous star formation which increaseredshift (e.gArchibald et al,
200]). UsingHerscheldata,Seymour et al(2011) found a mean SFR range of 80 to 600
Mg yr~t for 1.2 < z < 3.0 radio selected AGN. In the same conteRtpuart et al (2019
estimated SFRs of a few hundred to a few thousand solar mpesg®ar forl < z < 5
radio galaxies. Recentljpodigachoski et al2015, comparing the SFR of 3C radio-loud
AGN and radio quasars at > 1, found similar SFRs for the two classes and at the same
levels with the previous works. The idea that the hosts dfihigadio-loud AGN can form
stars at high rates is consistent with the jet-induced standtion model.

In this work, while | find that RLQs are associated with vigasastar formation activity,
the RGs of this sample have significantly lower SFRs of abdattor of 2.5 for the same
BH masses with only two FIR detected sourcBsiddey et al(20033 found quite similar
differences (about a facter 2) using submillimetre observations bH < 2z < 3 RQQs and
RGs drawn from SCUBA surveyg\(chibald et al, 2001). On the other handsaak et al.
(2002 suggested that these differences are far less marked at

The FIR-radio luminosity plane is presented in FMg8. The RGs in our sample are
associated with higher radio luminosities than RLQs (se&e 42, almost all RGs have
logo( Laosnm, /W Hz 71 st=1) > 26.0). Assuming that both RGs and RLQs emanate from
the same parent population, | find that the FIR luminositiethe most radio luminous
sources in Fig4.8 (see RLAGN region) are significantly lower (M-W testz 0.015) than
the radio sources with lower radio luminosities. However,significant evidences found
regarding an anti-correlation between FIR and radio lumsiiyo

A possible interpretation of this result would be that stanfation enhancement effi-
ciency depends on the radio power, with powerful radio jesoaiated with negative feed-
back reducing the star formation in the host galaxy. In feadjo jet pressure can be suffi-
ciently large to expel significant quantities of gas from gadaxies Nesvadba et g|2006,
thereby quenching the star formatio@rfton et al. 200§. However, this interpretation
should also depend on galaxy mass. Indeed, the fractiommf-taud AGN is a strong func-
tion of both stellar mass and redshift (eJgang et al.2007% Donoso et al.2009 suggesting
that radio jets feedback predominantly occur in massivethalhus, we might expect that its
influence will have a most clear signature in massive gataxXdservational studies on this
issue return controversial results (eNgpsvadba et gl201Q Papadopoulos et aR010 with
positive feedback being directly observed in a few local.(Eroft et al, 2006, intermedi-
ate (e.glnskip et al, 2008 and high redshift sources (e Qey et al, 1997 Bicknell et al,
2000. The observed differences could be explained by the fatighs masses and velocity
dispersions vary strongly with redshift but also amongdia@alaxies at the same redshift
regime. In Fig4.81 compare the SFR between RLQs and RGs with similar radio p(see
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RLAGN region) and it is clear that RLQs have higher FIR lunsitpthan RGs. That can
be explained as a consequence of the RLQs in the RLAGN regiparantly having higher
galaxy masses than the RGs (e.g. see&£iwhere RLQs are associated with higher black
hole masses). This conclusion arises from the assumptaditite Magorrian relation holds
both ways around.

The RG selection from radio surveys favours objects withhighest values of radio
luminosity (i.e. jet power) explaining why the RGs in our gdenare more radio luminous
than the RLQs. On the other hand, the RLQ selection from bptical and radio surveys
favours objects with both high jet power and bolometric lnasity (e.g. accretion rate).
However, in all likelihood the quasars are probably biaseghtds bigger black holes due to
the optical selection, as we are selecting on BH properdigner than host galaxy properties.

In order to explain the observed differences regarding thie 8 the two populations
taking into account both the galaxy mass and jet power, | astgg ‘toy model’ in which
there is some jet power threshold at which radio-jet feekilsagtches from enhancing star
formation (by compressing gas) to suppressing it (by ejgagias). Then that threshold will
be dependent on both galaxy mass and jet power. In this mib@ge§FR enhancement (i.e.
the level of SFR excess compared to a control sample of iguliet- AGN with the same
bolometric luminosity and galaxy mass) starts from zeroAGN without radio jets, has
a mass-dependent peak as jet power increases, and theasgescgradually for higher jet
power. The first step in order to investigate how our obsermatfit in this ‘toy model’ was
to use the RQQs as a control sample. | have separated the R@@diolometric luminosity
bins, with about the same number of sourceslg), and for each bin | have estimated the
weighted mean sSFR.

From low to high bolometric luminosity bins | fountd472 + 0.554, 0.314 £ 0.103,
0.388 £0.089 and0.180 & 0.039 Gyr~!. Then, the sSFR of each RLQ and RG in our sample
was normalised by the weighted mean sSFR from the RQQ cosdrople, depending on
the bolometric luminosity of each source, in order to estatlae SSFR enchantment fraction
associated with the radio jets. | prefer the use of sSFRadstéthe SFR in order to control
the galaxy mass dependence as described in the ‘toy modaedivd excluded 6 RGs from
this analysis with bolometric luminosities lower than tberer RQQ bolometric luminosity
bin (Lp, < 10%3 erg s!, see Fig4.4middle panel). | note that 5 of these 6 RGs have been
classified as LERGs biyernandes et a{2019.

In Fig. 4.12 | present the fraction of SSFR enhancement due to the rati@ag a func-
tion of jet power. As described above, | expect a mass-deganbak therefore | normalize
the jet power to the Eddington luminosity (i.e. black holegataxy mass) in order to con-
trol for this dependence. Higher-mass galaxies will be ablkeold on to their gas better
for a given jet power, so there will be some mass-dependesshibld in jet power beyond
which jets tend to have an increasingly suppressing effedtar formation. It seems that
our observations follow the suggested ‘toy model’ with smgrat the low and intermediate
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FIGURE 4.12: Fraction of sSSFR enhancement for RLQs and RGs as adoratQ;c:/Lraa (jet
power over Eddington luminosity). The large black squamesthe weighted mean values for the
threeQjet/ Lraa bins taking into account both RLQs and RGs in each bin. Faviteal sources,
colours and symbols are similar to Figg6. FIR undetected sources are presented as upper limits.

jet power found at the peak of the star-formation enhancgémanile at the highest jet power
the radio sources have passed the jet power threshold alh \ndmlio-jet feedback switches
from enhancing star formation to suppressing it. Indeesleftimated mean sSFR enchant-
ment fraction is< 1 suggesting that powerful jets for a given galaxy mass sigspitee star
formation in the host galaxy compared to a radio-quiet saut@arger RG samples, cover-
ing a wide range of galaxy masses and radio luminosities|dyanovide us with additional
observational constraints for our model.

Although the suggested model seems to explain the obsengative have to keep in
mind that the star formation in the host galaxies of these Rh@RG systems might be con-
trolled by many additional parameters, like the environtreard merger activity, which we
expect to be quite common especially for the quasars in anplkea(e.g.Santini et al.201Q
Kartaltepe et aJ.2012 Ramos Almeida et §l2012. For instanceStevens et al2003 pre-
sented submillimetre imaging of seven high-redshift R@segal of which appear to contain
extended dust emission-(30 — 150 kpc), co-spatial in same cases with similarly extended
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UV emission (e.gHatch et al. 2009. This suggests that the brightest submillimetre com-
panions trace to the high-redshift RGs may trace a largle-staicture which would contain
the densest cross-sections of gas. In this case the vehtésitgadio sources in our sample,
dominated by RGs due to the method of the selection, mightlgsigally associated with
over-dense regions. In this case, the high jet power soofaas sample might have formed
their stars at earlier epochs and we now observe them at g@asslutionary stage.

4.7 Conclusions

| have presentetierschelphotometry of RLQs, RQQs and RGs selected at a single epoch,
z ~ 1. Combining theHerschelobservations with SMA observations | performed a full
radio-FIR SED analysis to investigate the non-thermal amation to the FIR bands.
SDSS data for the QSOs and mid-IR data for the RGs in our samg@ie used to esti-
mate the AGN luminosity of each source. The FIR observatwe® used to estimate the
SFR for the individually FIR detected sources and the sth&eR for a variety of AGN and
radio properties. | summarize the results below:

1. About 33 per cent (43/149) of the QSOs and 8 per cent (22hedRGs have robust
PACS and SPIRE detections. These detection rates arediea$sd ULIRG-like star
formation luminosities suggesting SFRs of hundreds ofrsoksses per year.

2. SMA 1300um observations lead us to reject 17 RLQs in which the B@0flux may
suffer significant synchrotron contamination.

3. I find that about 40 per cent (22/57) of RLQs have robust FéRections and 30 per
cent (21/72) of RQQs. The SFRs of the FIR detected QSOs anelhigan a simulated
mass-matched, non-AGN galaxy sample supporting the sScenfaa merger induced
star formation activity. Additionally, the high SFRs andelgion rates suggest that
there is no clear evidence that the star formation has beenctped in the hosts of
these powerful QSOs compared to the non-AGN galaxies. Aghaadio-jets can
enhance the SFR in the RLQs compared to the RQQs, they areenlikely cause of
the star formation as RQQ systems as still found with sigauifily high star formation
activity.

4. The FIR luminosity does not show a strong correlation il AGN luminosity or
the stellar mass for any of the three sub-samples in cortvaghat is expected for
AGN-dominated systems. The lack of dependence on AGN lusitiynmight suggest
that neither the QSO continuum is the cause of star formaadivity in any of the
AGN systems we studied in this work. A multi-wavelength SEDthe measurement
of the bolometric luminosity would improve the uncertagstarise from thé,,,,.,, and
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Lsgoo use for thel,,; calculation and their associated bolometric correctionerder
to confirm our results.

5. The RLQs are found to have a SFR excess of ap@uM., yr—! (a factor of 2.5) over
RQQs of the same bolometric luminosity, similar to the onggasted from simula-
tions in gas-rich radio-loud AGNGQaibler et al, 2012).

6. Merger induced star formation activity is a possible naaiém leading to the SFRs
obtained for RQQs while radio-jet triggered star formaseems to be the likely cause
for the SFR excess in RLQs compare to the AGN luminosity meatdRQQ sample.
It is expected that RGs’ low detection rates are associateédtiae radio selection of
the sample, suggesting the existence of a jet power thrésiebw which the radio
jets enhance the star formation and above which they supphesstar formation in
the host galaxy by ejecting gas.

Future observations with instruments with better sengiiesolution, such as ALMA,
and Integral Field Spectroscopy (IFS) will likely help uspoint the exact location of the
ongoing star formation in these AGN and determine how raeli® ¢an regulate the gas
in the host galaxy. Photometric observations from X-rayadio bands for the total QSO
sample will be used to construct a comprehensive librarypetsal energy distributions.
In doing so, we will decouple luminosity effects from evatuiary effects and so determine
the amount of radiation that is absorbed and reprocessdielptus, and how this depends
on the presence, or absence, of a radio jet. The SED librdtyepresent a fundamental
resource to reconcile the conflicting results on AGN obdoomaat different wavelengths,
determine robust star formation rates for AGN host galax@ed for future investigations of
the accretion history of massive black holes.



Time is most short and space most narrow between these two
pyres, the rhythm of this life is most sluggish, and | have no
time, nor a place to dance in. | cannot wait. Then all at onee th
rhythm of the earth becomes a vertigo, time disappears, the m
ment whirls, becomes eternity, and every point in spacecinse
or star or idea turns into dance.

[The Saviors of God (1923)] - Nikos Kazantzakis

HerMES: Far-Infrared properties of narrow
emission line galaxies

This chapter is partly reproduced from the papgderMES: Far-Infrared properties of nar-
row emission line galaxidsy E. Kalfountzou, M. Trichas, D. Rigopoulou, A. Ruiz, J. Bock,
D. Farrah, A. Feltre, E. A. Gonzélez Solares, E. Hatzimitaw, L. Marchetti, S. Oliver, N.

Seymour, M. Vaccari, to be submitted for publication in MN&A015

Abstract

In this chapter, | explored the FIR nature of a largéQ0 sources) 24m-selected spectroscopic
sample of galaxies in the Lockman Hole, for whiderschelMulti-tiered Extragalactic Survey (Her-
MES) FIR data are available. The sample were classified ype-1 active galactic nucleus (AGN),
type-2 AGN and non-AGN sources based on emission line d&@gso | compiled extensive pho-
tometry from ultraviolet to FIR wavelengths to derive ditdiSEDs for the extragalactic sources of
the sample. A variety of templates were fitted to determirerbetric luminosities, and constrain the
AGN and starburst components where both are present. Tltrageppic classification was com-
pared with the SEDs, and good agreement between the two dsatras observed. Within our sample
we identified 452 sources having a HerMES counterpart (¢mfee confusion limit at 25@m) and
20 per cent of this population was detected at a leveloobbgreater at 25@:m. The number of
50 detected sources shows a sharp drop akowe 1.0. The 250m emission shows no correla-
tion with the fractional contribution of AGN and/or starBucomponents (as estimated by the SED
fitting). However, the results indicate that at high infdifeminosities, a strong AGN component is
required (i.e. AGN luminosity) for the total SED fitting suggding that powerful AGN are associated
with strong star-formation events. In agreement with presistudies, the type-2 AGN displays on
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average higher SFR than type-1 AGN.

5.1 Introduction

The ‘unification model’ of AGN ascribes obscuration of AGNsdifferent lines of sight
through a dusty ‘torus’ surrounding the SMBH (eldrry & Padovanj 1995 Antonuccj
1993. This model predicts no difference in host galaxy progsrtietween obscured and
unobscured AGNs. To date, it is still a matter of debate wéretine obscuration in luminous
quasars can be explained solely by the orientation- basédation model or if it is also en-
hanced due to dust on larger scales throughout the hostygdtabeed, the results presented
in Chapter4 suggest that radio galaxies have different host galaxygtms RLQS suggest-
ing that the unified model of AGN cannot exclusively expldia bbserved differences.

As | have analytically presented in Chapieseveral studies have shown results support-
ing a scenario departing from the unification model, suchhashhanced SF activity (e.qg.
Canalizo & Stockton2001;, Page et aJ.2004 Hiner et al, 2009 and the more disturbed
structure (e.gLacy et al, 2007 of the host galaxies of dust-obscured quasars when com-
pared to unobscured quasarkatziminaoglou et al(2010 found that type-2 AGN detected
at 250um show on average a higher SFR than type-1 AGN. That beingaadger sample
is required in order to establish whether this trend inéisatronger star formation activity.
More recentlyChen et al(2015 measured the star formation properties of mid-IR-setkcte
optically unobscured and obscured quasars. They founabsatured quasars have roughly
twice the FIR detection fractions, fluxes and star formataie luminosities than a matched
sample of unobscured quasars.

Based on the above, itis apparent that a detailed study é&@Neand the star formation
connection is needed to reach a full understanding of gdiamxyation and evolution. To
understand the star formation process, it is essentiaVastigate the optical/infrared SEDs.
Also, optical spectroscopy and emission lines providealalielinsight for such a study. The
SED modeling (e.gTrichas et al.2012 and the Baldwin - Phillips - Terlevich (BPT) dia-
grams Baldwin et al, 1981) can provide more information about the type of the domnmati
energy source in order to distinguish between different tyfpAGN and star-forming galax-
ies.

With the advent oHerschel Space Observatqifyilbratt et al, 2010, it is possible to in-
vestigate the FIR properties of different types of gala=ieg link their observed differences
to the various viewing angle. Based on the dusty torus ursitb@éme (e.dJrry & Padovanj
1995, broad and narrow emission line AGN are intrinsically idea sources - dust around
the accretion disk exclusively covers certain lines of sitgaving the broad emission lines
and the optical and ultraviolet continuum undetectablewéieer, in the case of a galaxy rich
in gas and dust, the dust distributed within the host galaxyalso cause obscuration (e.g.
Lawrence & Elvis 1982 Fabian 1999. The FIR emission, almost uncontaminated by the
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AGN, gives us also the opportunity to study the star fornmasictivity into different types of
AGN.

The work presented here intends to compare the FIR and bpticperties of a large
sample of 24um selected galaxies spectroscopically observed by the BlGliple Mirror
Telescope (MMT). The FIR results are based orHeeschelMulti-tiered Extragalactic Sur-
vey (HerMES;Oliver et al, 2012 data taken as part of the Herschel Science Demonstration
Phase Qliver et al, 2010. The chapter is organized as follows; Secttof describes the
observations, the optical spectroscopy, and the multieleangth data. In Sectiof.31 sum-
marize the template fitting method used to model SEDs. Sebtibdiscusses emission-line
diagnostics and their combination with SEDs and FIR dat&dction5.51 present the FIR
emission for the different classes of sources in our saniplally, Sections.6 summarizes
the results.

5.2 Sample & Observations

5.2.1 The 24.m flux-limited sample

The sample used in this paper comes from gu@# flux-limited sample in the-22 ded
Lockman Hole - Spitzer Wide-area InfraRed Extragalactio/8y (SWIRE;Lonsdale et a.
2003. The SDSS imaging also covers the Lockman Hole - SWIRE (Li§)on tor =
22.2 at 95 per cent detection repeatability, but can go as deep-a23. A 24 um flux
limit of So4,,, > 0.4mJy (& 80) was firstly applied. The completeness at this limit for
SWIRE-MIPS catalogue is 90 per cent Shupe et a)2008. The sample was then matched
to the SDSS DR7 catalogue. Adopting a matching radius of &5ea it is found that
87 per cent of the 24m sources satisfy < 22.5. Thisr limit allows follow-up optical
spectroscopic observations with the MMT. More details aliba 24 m sample and the
optical observations can be foundDmai et al.(2014).

The spectroscopic data of this study were carried out in 2609Huang) using the
Hectospec spectrographabricant et a).2009 on the 6.5m MMT with a total area coverage
of ~ 12 ded (50 per cent of LHS field). Hectospec is a 300 fiber spectrdyvagich covers
a 1deg diameter field of view at the/b focus of the telescope. Each fiber aperture is 1.5
arcsec in diameter while the spectral coverage is 3500-D06M a spectral resolution of
1.21A.

In brief, fiber configurations for five different fields werengeated, targeting sources
from the parent sample of 3000 targets. F@00 spectroscopic targets were selected from
the MIPS and--band flux limited catalog described above. We requiredttietHectospec
place fibers on 4-7 spectrophotometric F-type stars seldcien SDSS, and 30 fibers were
placed on blank-sky locations to measure the sky brightridssremaining fibers (typically
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>250) were placed on sources from the parent sample. Thewvaltiesrs were executed dur-
ing July of 2004 using an exposure time of 45 minutes spld thtee 15 minute exposures.
Seeing was typically subarcsecond. The optical spectppiscompleteness,g,,,, > 0.4mJy
objects is~ 30 per cent.

The MMT Hectospec data were reduced using the HSRED pip€Ginel et al, 2008
http://mmto.org/ rcool/hsred/index.html), which is bdsen the SDSS pipeline. HSRED
extracts one dimensional (1d) spectra, subtracts the skythaan flux-calibrates the spec-
tra. The flux-calibration is done using spectra of 6-10 SD&88csed F-type stars that are
observed simultaneously with the main galaxy and quasaplganhe flux calibration cor-
rection is obtained combining the extinction-correctedSSphotometry of these stars with
Kurucz (1993 model fits Cool et al, 200§. The redshifts measured by HSRED also use
code adapted from SDSS and use the same templates as SDSgeétla were visually
inspected for validation. The confidence level of theseh#itdsis typically > 95 per cent.

The original LHS sample was cross-matched with the HerME&l@gues as described
in Section5.2.3 The spectroscopic (sub-)sample used throughout thisr mamsists of a
total of 567 spectroscopically confirmed, 2t selected sources in the Lockman-SWIRE
(LS) field.

5.2.2 Optical Spectral Modeling: The Emission Lines

The focus of this work is to investigate the optical and FIRparties of our sample. In
the case of narrow-line emission galaxies, the opticalsdiaation is based on the BPT
diagrams Baldwin et al, 1981). In order to place the sample galaxies on the BPT diagrams,
we have to estimate the strength of a number of emissionduesas K, Hg, [O111]A5007,
[N11]A6584. Apart from the necessary emission lines for the BP@rdias, we have also
taken measurements for the most common emission lines imsgactrum.

In order to perform the optical spectral fitting, | develogedode in IDL (Interactive
Data Language) which makes use of the IDL - based MPFITEXRRBrizhm' developed
by Markwardt(2009 to perform the Levenberg-Marquardt least-squares fit. SEime code
was also used for thkalfountzou et al (2012 work. The algorithm is used to obtain the
best-fit parameters - the central wavelength, the width®Ghussiand = FWHM /2.35),
and the integrated flux for each emission line. The first E¢pfit the continuum part of the
spectrum. Due to the differing nature of the sources, fitth¢he sources by a single power
law proved to be challenging. For this reason, we estimdteddcal power-law of each
emission line from space surrounding it that was free ofroghgission/absorption lines.

The emission lines were predominantly fitted with one GaussHowever, the strong
emission lines (e.g. Ly, Mgil, H3, Ha), were fitted with the additional combined profile
of two or three Gaussian components, to which no physicahingas imbued, but they fit

http://www.purl.com/net/mpfit
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the observed line as well. In these cases, the best fit waswdeezl from a minimization of
the x2. As a first stage, the FWHM and peak amplitude of the Gaussians determined
based on the expected wavelength position of the emissien dis it was calculated from
redshift. Then the position of the line is free and modellegether with the FWHM and
peak amplitude. Finally, the above parameter was used tdahefGaussians. The errors on
the fit results were derived from the formal errors on {Heminimization. Fig.5.1 shows
various examples of the emission line fittings.

Based on these measurements our sample consists of 38%vreamnigsion line (NL)
galaxiesFWHM < 1000 km/s) and 182 broad emission line (BL) galaxies (000 km/s).
Out of the 385 NL galaxies, 166 have all four BPT emissiondiaeailable. As we describe
later, the spectroscopic classification is in good agre¢émith the SED fitting results.

5.2.3 FIR Sample selection

The Spectral and Imaging Receiver (SPIREiffin et al, 2010 observations of the Lockman-
SWIRE (LS) field were carried out in October 2009 by tHerschel Space Observatory
(Pilbratt et al, 2010 as part of the HerMES program®(jver et al, 2012. Maps and source
catalogues at wavelengths of 250, 350 and pO0were constructedSimith et al, 20123.
Source extraction was performed via the method describéBayeboom et gl201Q 2012
hereafter XID catalogue) which uses g4 sources as priors, provides more accurate flux
densities, and recovers a larger fraction of faint SPIREs) as close as possible to the
confusion limit, than a more values of 5.8, 6.3 and 6.8y beam ! at 250, 350 and 500
pm, straightforward source extraction/catalogue crosstification approach. Confusion
noise respectively, are reportediiguyen et al(2010. The 24um positions were matched
against IRAC positions using a 3.0 arcsec search radiudJa@ptical/NIR positions were
then matched against IRAC positions using a 1.5 arcseclseaaws.

We found that~ 80 per cent of our sources (457 sources) hawéesschelcounterpart
in the 24 um prior source catalogues (XID). It is worth noting that 14Qtwese objects,
almost 30 per cent, have a 2t detection at thedblevel or better. The number of sources
detected at a signal-to-noise ratio greater thaf,3(,, > 18 mJy) is almost double (256
sources) reaching theb5 per cent of the total population.

Fig. 5.2 (top) shows the redshift distribution of the 457 extragitagources which have
been divided into broad emission lin& (= 149; black solid line) and narrow emission line
objects (V = 308; black dashed histogram). Also presented is the redsksftibution of
the 140 sources witk 50 detections at 25@m (red filled histogram). The- 50 250 um
detected sources span overl < z < 3.48 with only 4 sources having > 1.0. The highest
redshift source with a 250m 5¢ detection is found at = 3.48. We found that~80 per
cent (62) of the sources with 50 detections at 25@m are narrow emission line objects
while 19 sources have broad emission lines. Even at thdeection limit the percentage
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FIGURE 5.1: A sample of rest frame spectra drawn from our sample théh strongest emission

lines. The first row shows the spectra of two objects withrtheitected emission lines. The rest

of the figures show the single Gaussian fitting and the coatiievel (blue line) in different type

of emission lines (broad lines, narrow lines, blended lin€Bhe multiple-Gaussian fitting is also
presented (black bot line). With red is represented the qfaithe spectrum which is used for the

fitting.
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of detected narrow emission line and broad emission linecesuremains the same. Only
4 sources+{ 10 per cent) of the: > 1.0 sample had> 50 detections at 25@m, while 7
sources+{ 30 per cent) had> 30 detections.

Fig. 5.2 (bottom) shows the distribution of the 24n luminosity as a function of redshift
for type-1 (broad emission line) sources and type-2 AGN. dlassification of the narrow
emission line sample into type-2 AGN is based on BPT diagramisSEDs; this is described
in Sections.3and5.4. In order to ensure that the two AGN subsets have similaugioni
and AGN properties, and that any following comparison isaftécted by redshift and dif-
ferent AGN contribution, we compare the distributionzrand L., of type-1 and type-2
AGN. The observed 24m radiation is expected to be dominated by AGN light repreeds
by dust in the circumnuclear region of the AGN. Thus, fhe should be a tracer of the
intrinsic AGN emission. It is obvious that at lower redssift < 0.18), the AGN population
Is massively dominated by type-2 sources while at higheshiés (- > 0.18) only type-1
AGN are found. For these reasons, the redshift range forctngarison was chosen to be
0.18 < z < 1.1. Furthermore, the two subsamples were forced to have the sanat the
selected redshift range by randomly removing type-2 AGMhfiaur parent sample. In this
procedure, 11 type-2 AGN were randomly removed. The Kolmag&mirnov (KS) test
results arel = 0.12, p = 0.50 in the case of redshift and = 0.12, p = 0.54 in the case
of Lo, where small values of probabilitp) imply that the null hypothesis that the samples
are drawn from the same parent population can be rejectedhi®way, we have matched
the type-1 and type-2 AGN subsamples into redshift and AGMvedent power (24um
luminosity).

5.3 Spectral Energy Distributions

To characterize the SEDs of extragalactic objects, estifnalometric luminosities and in-
vestigate for the presence of starburst and/or AGN actimiur sample, we combindder-
schelSPIRE data with the Spitzer Data Fusipwhich compilesGalaxy Evolution Explorer
Deep ImaginglGALEXDIS GR6 Plus 7;Morrissey et al. 2007), Sloan Digital Sky Sur-
vey Data Release 10 (SDSS-DRMnhn et al, 2014, Isaac Newton Telescope Wide Field
Camera (INT-WFSGonzalez-Solares et ak011), Two Micron All Sky Survey (2MASS,;
Skrutskie et a].2006, UKIRT Infrared Deep Sky Deep Extragalactic Survey DatéeRse
10 (UKIDSS DXS DR10Lawrence et al.2007), Spitzer-SWIRE data for a Spitzer/IRAC-
selected sample covering our field. The 24 micron positisrtsch were used foHer-
schelSPIRE flux measurements, were matched against IRAC positising a 3.0 arcsec
search radius, and UV/Optical/NIR positions were then medcagainst IRAC positions us-
ing a 1.5 arcsec search radius.

2http://www.mattiavaccari.net/df
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FIGURE 5.2: Top: Redshift distribution of all 567 spectroscofdigallentified extragalactic
sources. The black line histogram represents the total Isarthy@ grey filled histogram represents
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Of the 452 sources with HerschelSPIRE counterpart-73 per cent have full UV-to-
FIR coverage while-13 per cent have & 50 detection level at thelerschelSPIRE bands,
~17 per cent have full optical-to-FIR coverage, while theaermg~10 per cent is detected
in a combination of bands.

The fitting procedure is a two-step process analogous tafiydied in the SWIRE pho-
tometric redshift catalogueRpwan-Robinson et al2008, but implemented with python,
Sherpa Freeman et a/2001) and Astropy using the model describedRuiz et al.(2010
and Trichas et al.(2019. In both steps we used @ minimization technique. In a first
pass the optical/NIR region of the SED (wavelengths shodwed 3.2 um) is fitted using
a set of nine templates, including the extinction componepias a free parameter (using
the Calzetti et al. 2000 extinction law). The set of optical templates includes ggaleem-
plates (E, Sab, Sbc, Scd, Sdmand starburst) and three QS&ewhain difference is the
presence/lack of Ly and CIV emission, as well as the amount of flux longward ¢fm
(seeRowan-Robinson et al2008for a complete description of these templates).

In the second pass, the IR region is fitted with a combinatiofoar templates. The
best-fit template found for the optical part is also includedh the normalization fixed) in
order to take into account the stellar contribution. We aeyetl the set of IR templates from
Rowan-Robinson et a(2008. It includes a cirrus template (IR emission from a quiescen
galaxy), an AGN dust torus and two SB templates (M82 and Ap) 2Pur IR model is a
combination of three components: cirrus + SB + AGN. We tegiteximodel with each SB
template, and selected as best-fit the one with the loyediinally, the optical and IR best-
fit models were added to obtain a complete model of the SEDrzaythe entire wavelength
range.

The above can be combined to derive the total (bolometrmojrosity, the AGN fractional
contribution and the IR luminosity due to star-formation:

Lsepitot = Lsep.opt + Lsepiir
AGNeowt = Laen:mir/Lsepmir
LSF = L]MSQ + LArpQQO + Lcirrus (51)

Several physical components contribute to the emissidrctdmprises the broadband SED of
these objects, including stellar emission and star-faondteated dust from the host galaxy,
emission from the AGN torus, and nuclear emission from tlweedion disk. In particular,
the IR emission is a result of both the AGN (primarily in theanand mid-IR) and the host
galaxy (FIR being dominated by dust heated by massive yotang)s As a result, the SED
fitting of such objects presents a complicated task and eéiquires multi-component fits
(e.g.Hatziminaoglou et a.2008 2009 201Q Barthel et al, 2012 Feltre et al. 2013. The
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optical to near-IR emission is mostly dominated by eithetrang old stellar component,
or an optical AGN, while the mid-IR to FIR emission is mostlyminated by either a torus
or a star-formation component. Although emission fromegittomponent extends within
the other half of the SED, these processes are physicalinclignd can be studied quasi-
separately. As a result we are able to effectively sepanatGN and the galaxy component
contributions for each object.

The mid-IR colors have been extensively used for the AGNcsiele against star-forming
galaxies (e.gStern et al.2005. Additionally, the need of an AGN dust torus template to
describe the photometric observations of each source ctimgliish between type-1 and
type-2 AGN. Therefore, we use the fractional contributibeach component at the 4.
to separate the sources into AGN or starburst dominated.

Of the 126 broad emission line objects witkarschelcounterpart, 105+ 85 per cent)
are classified as AGN-dominated systems, with half of theso edquiring starburst contri-
bution. All of them have been fitted with one of the QSO optieatplates. AGN-dominated
systems are defined as those whose SED fit gives an AGN conidmsiemetric luminosity
fractional contribution higher than 50 per cent. The renmgjr21 broad line objects have an
AGN contribution between 1 per cent and 50 per cent and assifiled as AGN-composite.
Although the lower limit for AGN-composite systems of 1 p@&nt appears low, for very
luminous objects even 1 per cent contribution to the boloimkiminosity results to consid-
erable AGN luminosity.

Out of the 331 narrow emission line objects witlHarschelcounterpart, 42 are fitted
with one of the optical non-AGN templates (i.e. ellipticgpjral, SB), 176 are fitted with the
IR AGN template, while 46 sources do not require any AGN dbation for their SED fits.
There are 57 sources for which both an optical and IR AGN tatept used for their SED
fit. We classify as type-2 AGN the 166 sources that are fittet thie IR AGN template and
the AGN contribution dominates to the mid-IR emission. Ehessults indicate an excellent
agreement between the SED fitting AGN/SB contamination gotita spectroscopic clas-
sification in the case of broad and narrow emission line abjd€ig.5.3 shows examples of
SED best-fitting and their best-fit models.

Fig. 5.4 shows the average fractional contribution of AGN and/ortstest components
(as was estimated by the SED best-fitting) to the 260flux density of the objects withd
detections. We have estimated the average;@B0lux and AGN/SB contribution into five
log,,(F250) bins with the same number of objects. The objects with inéeliate AGN and
starburst components (composite objects) are those vétloter average 250m emission.
The SB contribution appears to peak at intermediatei@b@uxes while at higher fluxes the
AGN contribution slightly increases. However, taking iatccount the errors at the average
estimations no correlation is obvious between the AGN/Strdaution and the 25@m flux
density. The lack of correlation is in contrast to the findirgg Page et al(2012 where
more powerful AGN are not associated with 24 emission. These differences could be a
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FIGURE 5.3: Examples of best-fit SEDs. The different componentsl usehe fit are shown:
optical component (dashed purple), cirrus template (adhsitange), starburst component (dotted
green), and AGN dusty torus component (dot-dashed red).tdtaeSED is shown with the solid
blue line.The error bars are associated with 10% errors.

result of the different sample selection (mid-IR select&NANn our work) and the different
redshift ranges between the two works sif@ge et al(2012 used an AGN sample with
1<z<3.

5.4 Emission line Diagnostic Diagrams

Emission lines in galaxy spectra can be produced by a vasietyechanisms. The spectra
classification of emission line objects at low redshift isumoutinely done with high quality
calibrations. Using a set of four strong emission linesi[A@5007, N1 A\6584, Hy, and H7),
Baldwin et al.(198]) distinguished star-forming galaxies, Seyfert - 2 galaxleow loniza-
tion Nuclear Emission Region (LINER), and composite gadaxvith both star-forming re-
gions and an AGN.

The emission line measurements of 121 narrow emission Afexges were used with a
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FIGURE 5.4: Fractional contribution of AGN (blue dots) and stadtumomponents (red squares) to
the total bolometric emission as a function of 246 emission. Points represent the fractional AGN
and/or starburst contributions for all objects witth 8etection at 25:m. Dotted red line represents
the average value of starburst fractional contribution Ipeg,(F250/um) bin. Dashed blue line
represents the average value of AGN fractional contrilbbugierlog;,(F250/um) bin. Thelo error
bars are also plotted for each bin.

redshift range 06.1 < z < 0.4 since the NA6584 and k. emission lines used in the BPT
diagram are redshifted beyond the optical band at0.4 (Fig. 5.5. We selected emission-
line galaxies with the following criterion: the signal-twise ratio in the equivalent width of
the emission lines used in the BPT diagrams must be greaer3and their FWHM must
be lower than 000 km s~*. Even so, the limit of S/IN3 could bias our results against AGN
population. The AGN-to-SF number ratio depends on the adbgut-off for the emission-
line detection significance. This could result in a low ratecause many AGN are very
weak-lined LINERs lHeckman et a).2004), an effect which increases in the case of noise
spectra. For this reason, we extended our sample to alsantakaccount objects with at
least two out to four significant detected emission lines.

Recently,Juneau et al2014) suggested that the use of detection limits to the emission
line ratios (rather than to the individual lines) would ldadnore complete samples because
the BPT diagram deals with line ratios. The emission linesatre required to have/N >
2.12(= 3/+/2), where the lower limit is equivalent to each line being destécat exactly
3o. Furthermore, this cut includes the combination of a peddiected line{ 30) with a
strongly-detected line, provided that the overall raticasstrained to greater th&an/N =
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2.12. The additional 34 sources selected based on their emilis@ratios are presented in
Fig. 5.5with open symbols.

5.4.1 Adding SED information on the BPT diagrams

In this section | attempt to add an extra dimension to the BR@rdms, based on SED fits,
to investigate how the location of a sample galaxy may chamgthe BPT diagram when
the SED classification is taken into account (see Se&idn Based on the [N]\6582/Hx
versus [DI1]A\5007/H3 BPT diagnostic diagram (see Fig.5), we found 10 (13) Seyferts,
94 (106) star-forming galaxies, 47 (63) composites and 8pI(INERs. The numbers in the
parenthesis represent the total number of sources basestlosddection criteria (emission
line limits and emission line ratio limits; filled and opendes in Fig.5.5top), while the
original numbers consist only for the selected sourcesdhaséhe emission line limits (filled
circles). Based on these numbers, the percentage of soumnegls lie onto the extreme star-
forming region (dashed black linésewley et al, 2001) is ~ 57 per cent. If the sources
from the pure star-forming regions (solid black lincguffmann et al.2003 are added, the
percentage increase to approximately 85 per cent. Thigtitaterate is in agreement with
the 250um detections (which arises from cold dust in the star-fogmiegions) for the 93
per cent of our BPT diagram sample. These rates are unaffegtite BPT selection criteria
| have used.

In the same figure, | used a colour diagnostic based on the AGitribution of the
objects as it arises from SED fits. Galaxies with AGN contlitiu(AGN..,,) higher than 75
per cent occupy the AGN/LINER region while these with AGN tdoution lower than 25
per cent are found in the star-forming region. Objects witkrimediate AGN contribution
mainly cover the pure star-forming/composite region. Smadly, 40 per cent of the objects
with AGN.,, > 75 per cent are found in the AGN region. If we also add the sources
into the LINER region, the rate rises to 70 per cent. Thereoatg 3 outliers which are
located in the extreme star-forming region. For these adjdoth SED fitting and emission
line measurements seem to be quite significant. Regardenglifects withAGN,,, < 25
per cent, the SED classification of the vast majority4 per cent) is in agreement with
the BPT classification, which also takes into account thecgsuin the pure star-forming
region. Five of the outliers are classified as LINERs and tilg one that is classified as an
AGN based on the BPT diagrams could fall into the composgeredue to their emission
line uncertainties. Figh.5 (bottom) shows the perpendicular distance above and bélew t
maximum starburst line against the AGN contribution to tfeDSitting. | find a strong
Pearson correlation of= 0.6 andp = 0.02.

Relative to the more traditional approach, if I include tberges selected based on their
emission line ratio rather than the individual line detectiimits (Fig.5.5, open symbols),
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we increase the sample by23 per cent (38 additional sources). This includes more numer-
ous, massive, metal-rich star-forming galaxies, as welllal&ERs and passive galaxies, all
of which tend to have comparatively faint [ A5007 lines. That being said, even if the less
traditional approach is usedyneau et al2014), the objects that are added in the BPT (open
circles) are once more well classified by SED fitting, so theral classification’s ‘success
rate’ does not change.

The high ‘success rate’ between photometric (SEDs) andrgseopic (BPT diagrams)
classification provides a useful result. While spectrogrofassification is usually more
secure, it can only be used objects with good quality aviglapectra and redshift range up
to z ~ 0.4, which reduces our sample to less than the 1/3. The goodragreef the SEDs
and the BPT diagrams permits us to use, whenever necessafED classification.

5.5 Far-Infrared properties

5.5.1 250um emission in type-1 & 2 AGN

One of the major aims of the present study is to investigaetigin of the FIR emission

in the different types AGN. In this section, | use the clasaifion of our sources based
on the BPT diagram and their spectroscopic features whegeate available, while when
unavailable | use the SED classification.

In Fig. 5.6, | present the 25@m flux distribution for the matched in redshift & 1.1)
and L, type-1 and type-2 AGN with &lerschelcounterpart (as described in Sectma.3.
While both populations display similar distribution at lem250+:m fluxes & 18mJy asso-
ciated to< 3o detection level), type-2 AGN distribution is skewed towsatdgher values.
Specifically, the K-S test for the total distribution retarh= 0.24, p = 0.005 showing that
the 250xm flux density distributions are different at the95 per cent level, while the mean
250 um flux densities ar@4.12 + 1.74 mJy (type-2 AGN) and8.76 + 1.56 mJy (type-1
AGN).

5.5.2 Star-formation rate

Based on the results stated above, it seems important tptsteidccurrence of star formation
in the different types of AGN. The calculation of the SFR wasfprmed using the equation
by Kennicutt(1998 (see eq3.4).

Although the actual fraction is still under debate, it is Wwmothat the AGN can signifi-
cantly contribute to both the mid-IR and, to a lesser dedcethe FIR luminosity of a source.
For this reason it is crucial to distinguish between the-&iamation and the AGN compo-
nents in the SEDs. Therefore, in order to calculate the SFRhése sources, | derive the
infrared luminosities of the sources as the integral over@h 1000um range of the M82,
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FIGURE 5.5: Top: The [NIJA6582/Hx versus [Q11]A5007/H3 diagnostic emission line diagram

for the 121 narrow emission line sources with availabledin€he black dashed line represents the
extreme star-forming lineKewley et al, 2001) while the black solid line is the pure star-forming

line (Kauffmann et al.2003. The red-dashed lines are the Seyfert/LINER linds €t al, 1997).

The colour code is based on the AGN contribution of the objestit arises from their SEDs. The
open circles represent the selected sample based on tre@aniise ratio limits suggested by Juneau
et al. 2014. We indicate an average error bar for each clastorB: The perpendicular distance

above (positive values) and below the maximum starburst(lfack thick line) in the BPT diagram
against the AGN contribution. The dashed line represemtdiiear best fit for all the sources, with

the associated errors (shaded area).
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FIGURE 5.6: 250xm flux density distribution for type-1 and type-2 AGN. Thedil histogram
represents type-2 AGN and the black solid-line histograentybe-1 AGNSs.

Arp220 and cirrus templates used for the SED fit of each sodseéescribed in Sectidn 3,
in addition to these starburst templates, an AGN torus aradaxg template were used. The
AGN torus luminosity is not considered in the calculatiorited SFR.

The observed SEDs were derived for all sources regardlessRHR detection level.
Due to the large sample of sources which are not detectedighificant level ¢ 50) by
Hersche] | used two methods to investigate the SFR trends. In thectist, a weight mean
technique for the total population of sources was used tmata their SFR. The SEDg fit-
ting value is used as a weight for each source. With this niktihe less significant detected
sources are also taken into consideration but their efettite mean values will be smaller
due to their larger errors. This ensures that the result®i@réiased towards the brighter
FIR objects. As previously mentioned, in most of the casespettroscopically confirmed
AGN, a significant contamination of a starburst componentdgliired to reproduce the ob-
served SPIRE data points. Despite the low significance oksoithe 350:m and 500um
data points (specifically in sources with detections belmgt level), the starburst template
fitting returns lowy? values. This indicated that they do not have a strong effec¢he fit
due to their large photometric errors. In the second cassed only the detected sample at
> bo level where the estimates of SFR are more robust.
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FIGURE 5.7: Weighted mean SFRs as a function of redshift. Non-AGlsges are shown with
red stars, type-1 AGN with black squares and type-2 AGN widygircles. The error bars represent
the 1s errors.

Fig. 5.7 shows the weighted mean SFR versus redshift for type-1;2y8&N and non-
AGN sources. The luminosity is weighted using the errorsudated fromA 2 and the er-
rors on the stacked parameters are determined using thettagomethod. The bootstrapped
errors are determined by randomly selecting galaxies fraimmeach bin and determine the
median for this subsample. These averages are indeperfdeatPIRE 250:m detections
because they are obtained from a stack of all sources withRESEbunterpart within a given
redshift range. For redshift< 1.1, we use a bin size ak > = 0.35 while for z > 1.1 where
only type-1 AGN are found the bin size sz = 1.0. We use the same redshift bins across
the type-1 and type-2 AGN in order to facilitate comparisd@emparing the mean SFR for
type-1 and type-2 AGN at < 1.1 we observe that type-2 AGN tend to have higher SFR
than type-1 AGN within theirlo errors. A similar case of excess of star-formation when
comparing type-2 AGN to type-1 AGN is also found biatziminaoglou et al(2010 for a
smaller sample of objects and more recentlyGhen et al(2015 for mid-IR selected and
classified type-1 and type-2 AGN @t7 < z < 1.8 with only 32 (~9 per cent) of the type-2
AGN havingspec — z measurements.

Fig. 5.8 shows the SFR distribution of the 2%0n detected at- 30 and > 50 (filled
histograms) level type-1 and type-2 AGN alone. The redshsftribution of the two popu-
lations should not affect these results as both are matchélded.», vs z parameter space
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with z < 1.1. While the distributions of the two populations show no #igant differ-
ence with a K-S test probability of = 0.23 andp = 0.08 for 30 and5c detection levels
respectively, type-2 AGN are associated with higher SFRentd type-1 AGN was found
with Lyg > 10'2 L. In addition, type-2 AGN tend to have on average higher SFR wi
(SFR) = 114.84+22.4 M, /yr at> 50 detection level while, for type-1 AGN itis found to be
(SFR) = 49.64+9.6 My /yr. In the case o8o detection level, the difference between the two
populations is smaller witiSFR) = 80.4 + 12.1 My /yr and(SFR) = 49.2 + 6.2 M /yr

for type-2 and type-1 AGN, respectively. The above resualtisciate that while both samples
show similar SFR at lower 250m (<30 mJy) emission, type-2 AGN skew towards higher
SFRs implying a wider range of FIR emission and SFR.

5.5.3 AGN contribution and FIR luminosity

Using the SED fitting results, it is evident that AGN lumingdractional contribution be-
haves as a function of FIR luminosity. The results are shawhig. 5.9 (top) where the
average fractional contribution of AGN and/or starburshponents to the FIR luminosity
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are presented. The galaxies have been divided into 5 bitsméanlog,,(Lrir/Le) =
10.58, 11.16, 11.51, 11.79 and 12.32 so that each bin cartaérsame number of galaxies.
Based on the average values, the AGN contribution increagbghe Lyr. However, the
narrow emission line and broad emission line objects witthtAGN fractional contribu-
tion in our sample tend to lie at higher redshift objects. Assult, the FIR emission could
be biased by the different redshift distribution betweemndtarburst and AGN populations.
For this reason in Fig5.9 (bottom) | present the average fractional contribution &M
and/or starburst components to the FIR luminosity norredlizy the bolometric luminosity.
This value gives the fraction of thir in the bolometric luminosity. When comparing the
two figures, it is apparent that objects with significant citmtion from both AGN and SB
components tend to have higher FIR emission.

5.6 Conclusions

Spectroscopic analysis and multi-wavelength photometvg lbeen combined with HerMES
FIR observations in the Lockman Hole field to study the FIRperties of different type of
AGN and non-AGN sources. The spectroscopic observatioves Ib@en obtained using the
Hectrospec spectrograph on the Multiple Mirror Telescdpee spectroscopic classification
of the sources into AGN and non-AGN have been confirmed by Eie fgting where ex-
cellent agreement was found. The SED fitting returns theifmas of AGN, starburst and
galaxy contributions. The results show that most of the AGNrees require a significant
starburst contribution to describe the SPIRE data poirgs,ng significant correlation is
found between the AGN contamination and the 259emission.

Comparison of the FIR properties of the type-1 & 2 matched Agalples shows that
the type-2s have higher 25dm emission and higher star-formation rate than the type-1s.
This result is in agreement with previous studies where-8/p&N found to have on av-
erage higher SFR than type-1s (etatziminaoglou et a).201Q Chen et al. 2015 or be-
ing associated with stronger starburst components in dalelescribe their SED fitting
(e.g.Trichas et al.201Q Kalfountzou et al.2011). Since FIR emission mainly arises from
cool dust which is heated by star formation, the differermetsveen the two types of AGN
should be linked to an excess of star formation in type-2 AGINs excess raising the pos-
sibility that type-2 AGN are observed during a different ep@ompared to type-1 AGN
when star-formation activity is enhanced which could b&dohto the growth phase of the
galaxy spheroid. Similar scenarios have been discussdukiliterature (e.gPage et al.
2004 Stevens et al2005 Hopkins et al.2006 Coppin et al,2008 suggesting an undergo-
ing transition between a hidden growth phase and an unai$&EN phase.
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FIGURE 5.9: Fractional contribution of AGN (blue dots) and stagtwwomponents (red dots) to
FIR luminosity (top) and normalizeflgir by the bolometric luminosity (bottom). Points represent
the fractional AGN and/or starburst contributions for dijerts available estimation of thelrpir
based on the SED fitting. Solid red line represents the ageralgie of starburst fractional contribu-
tion perlog,o(Lrr/Le) (top) andlog,,(Lrir/Lner) (bottom) bin. Dashed blue line represents the
average value of AGN fractional contribution. Error bars also plotted for each bin.



All those who actually live the mysteries of life
haven't the time to write, and all those who have the
time don't live them! D’you see?

[Zorba the Greek (1946)] - Nikos Kazantzakis

Conclusions and Future prospects

In this thesis | have highlighted how cosmic X-ray, opticadi&IR surveys of distant AGNs
have provided key insight into the demographics, physiastae connection of growing
SMBHs to their host galaxies. Due to X-ray facilities suchGisandra(but also XMM-
Newton and Nustar) we now have a dramatically improved pectf how SMBHSs grew
through cosmic time, their accretion and obscuration msysind the connection between
SMBHSs, their host galaxies and the larger scale environm@n the other hand, wide
field optical surveys (e.g. SDSS) have provided as with Isegaples of powerful but rare
QSO population which are usually missed from the small fielda¥X surveys. Herschel
FIR observations have provided a unique tool for the studyefFIR emission in the host
galaxies of powerful AGN with the minimal AGN contaminatiap to date.

In Chapter2 Chandraspace telescope X-ray data are utilised to create the tanggs
redshift ¢ > 3) X-ray-selected AGN sample. For this purpose, | have coetbtheChandra
Cosmological Evolution Survey ardhandraMulti-wavelength Project surveys, doubling
previous samples. The sample comprises 209 X-ray-deté¢dds, over a wide range of
rest-frame 2-10 keV luminosities Idd x /erg s™') = 43.3 — 46.0 and column densities
Ny = 10%° — 10%cm~2. Utilizing the 1/V,,,.. method, | confirm that the comoving space
density of all luminosity ranges of AGNs strongly declinashwedshift above > 3 and up
to z ~ 7. Due to the large size and the wide X-ray luminosity rangenef sample, | was
able, for first time, to distinguish between competing etiolumodels (e.g. LDDE, LADE,
CT AGNSs) and suggest that observations appear to favor tHeH Bodel (e.gGilli et al.,
2007 indicating a luminosity dependence of AGN evolution. Theasured comoving space
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density of type-1 and type-2 AGNs shows a constant ratio éetvthe two types at 2 3.
Our results for both AGN types at these redshifts are caisvith expectations of the
LDDE model.

In Chapter3 FIR Herscheldata from the H-ATLAS Phase 1 Area survey are used to
look at SDSS RLQs and RQQs host galaxy properties. The maitref this work is that
RLQs at lower AGN luminosities tend to have on average higiierand 250=m luminosity
with respect to RQQs matched in AGN luminosites and redshtese results suggest that
powerful radio jets are associated with star formation eisftlg at lower accretion rates and
are in agreement with my previous work on RLQs and RQQs ugaigad emission lines to
trace the SFR in the host galaxies of these quagai$quntzou et al.20143.

However, a drawback of this work is that the sample was furegddaily limited by the
degeneracy between redshift and luminosity in flux-derisijted samples. To overcome
this limitation, in Chapte# | extend the previous work using a quasar sample at a single
cosmic epoclh.9 < z < 1.1 in order to decompose the evolution effects from the AGM/sta
formation study. | present FIRlerschelobservations of 74 RLQs, 72 RQQs and 27 RGs,
which span over two decades in optical luminosity and | itigase how the SFR depends
on AGN luminosity, radio-loudness and orientation. | findtthl) the SFR shows a weak
correlation with the bolometric luminosity for all AGN sugamples, 2) the RLQs show
a SFR excess of abodb0 M, yr~! compared to the RQQ sample, matched in terms of
black hole mass and bolometric luminosity, suggestingeeitiositive radio-jet feedback, in
agreement with our previous work or radio AGN triggeringigginked to the star formation
triggering and 3) the RGs have lower SFRs than the RLQs suiplsawith the same black
hole mass and bolometric luminosity by a factor of 2.5. Thémanclusion of this chapter
is that there is some threshold at which radio-jet feedbadgkckes from enhancing star-
formation (by compressing gas) to suppressing it (by ejgcgias). Such a results seems
to dependent on both galaxy mass and jet-power. Then we exjpge massive galaxies to
have more star-formation for a given jet-power because stei-formation is more enhanced
by the jet.

In Chapterb, | explore the FIR emission associated with the star-foionain the host
galaxies of BLAGNs and NLAGNSs. For with work | use a large 2% flux-limited spectro-
scopic sample+{600 sources) selected in the Lockman Hole. The SFRs aresstuding the
FIR data from Herschel Multi-tiered Extragalactic Survele(MES) in the selected field. |
used the optical spectra and emission line diagnosticassity the sources into BLAGNS,
NLAGNs and non-AGNs. Our predictions have been compared wit Spectral Energy
Distribution template fitting methods and mid/FIR selectimethods where an excellent
agreement between the spectroscopic and the photometiimdsewas found. The main
conclusions of this chapter are that at high infrared lumsities, a strong AGN component
is required (i.e. AGN luminosity) for the total SED fittingggesting that powerful AGN are
associated with strong star-formation events. Also, irragrent with previous studies, the
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type-2 AGN are found to display, on average, higher SFRs BiakGNs.

However, many fundamental questions about AGN and their disxy evolution re-
main unanswered. In the next sections, | focus on some of égerdmaining questions
which arise from my results and discuss how current and éupuojects can be used to
address them over the next years.

6.1 The AGN/host galaxy interplay at the early Universe

Our results in Chaptet and previous work (e.&osario et al.2012 suggests an evolution
of the AGN/star-formation connection with redshift. Thiotition refers not only to the
increase of the SFR from the local Universezte- 2.5 but also to a change of the slope
of the correlation. However, fast AGN variability very likeplays a role in shaping this
correlation Hickox et al, 2014), but different mechanisms deserve further scrutiny.

Given the different conditions between the local, distant(1 — 3) and early Universe
(z > 3), an important question is how does this evolve with cosnme? To-date the
AGN/star-formation constraints at> 3 are relatively poor (particularly at > 4) as they
mainly focus on either target observations or opticallystdd samples which are strongly
affected by obscuration biases. Our high-redshift AGN darppesented in Chapté& is
the best constrained > 3 X-ray selected AGN sample to-date to provide the first dedhil
knowledge of the role AGN/star-formation connection whiee Universe was< 1.2 Gyr
old. It includes 209: > 3, 0.5-2 keV selected AGN (122 C-COSMOS & 87 ChaMP),
4 times larger than the previous X-ray selected samples:at3 (e.g.Brusa et al. 2009
Vito et al,, 2013. Most importantly, this is the first time that a significaahsple of 29 X-
ray AGNs atz > 4 has been assembled9q sources in previous works). The sample covers
~3 orders ofL,_1g ey @nd includes a significant number of both unobscurgd={ 118;
Nu < 10*2 cm~?) and obscured = 77) AGN up to~ 1.5 x 10?* cm~2. In this context,
the large body of our sample allows to study the submilliememission in a sizable sample
of X-ray AGN and associate it with the AGN obscuration.

The aim is to extend this work with follow-up submillimetrbservations with SCUBA-
2 (and/or ALMA) of this complete X-ray selected AGN sampl@ gush the constraints at
high-z providing the first detailed knowledge of the role of AGN irtlirst galaxies. All the
data necessary to perform this study from X-ray to radiogpkfrom the requested SCUBA-
2 submillimetre data for ChaMP, are already available. Thmrsllimetre observations are
crucial for the success of this project since no informatibout the cold dust properties of
the ChaMP sample (e.dderscheldata) are available. COSMOS SCUBA-2 submillimetre
data are already availabl€handraX-ray observations and optical spectroscopy along with
SDSS ugriz, WISE, UKIDSSSpitzer Herschel(only for COSMOS) photometry are also
available. Radio data will also be used to define the origithefsubmillimetre emission.

The submillimiter observations of the high-redshift X-ra¢N sample will be used in
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conjunction with the available data to address the follgngsues:

The AGN/star-formation connection: The most efficient way for the identification of
a connection between the star-formation and accretionisate isolate the characteris-
tic emission bands of both processes, namely the hard X+magseon from AGN and the
submm emission from cold dust. Previous studies have shavis &f a correlation, which

is more prominent in AGNs with higher luminosities and raftsi{e.g. Lutz et al, 201Q
Rosario et al.2012. QSO-mode models predict that there is a residual leveR( per
cent) of star-formation while the AGN is at its peak. Recgnthe lack of detections at
FIR wavelengths of the brightest X-ray AGN was reportecgnpteting the suppression of
star-formation in their hostdP@ge et a).2012. While consistent with the QSO feedback,
the nature of the suppression of the obscured star-forméatistill very open, especially at
high-z. ChaMP is able to find these rare QSOs with ongoing star-foomavhile, using
the total sample | will compare the submillimetre emissiornhie moderate- and highx.
Although submillimetre detections would be direct evidewg triggered star-formation in
these powerful systems, the absence of enhanced startionmeaents will also provide use-
ful information suggesting a possible suppression offetamation or a time-lag between the
peak of the star-formation and the black hole accretion.

The AGN/star-formation evolution: Many studies have tried to establish the fiduciary
properties of cold dust emission from optical quasars ovetide range in redshift (e.g.

z < 1: Isaak et al.2002 z = 2: Priddey et al.2003h =z > 4: Priddey et al.20039. Al-
though they suggest that a significant fraction of optichlight quasars are also FIR bright,
they found no significant difference between the- 2 andz > 4. However, we expect
that optical selection might suffer from obscuration bgaged also misses the moderate-
AGN. Mullaney et al (20123 confirmed that the SFR of AGN hosts increases by a factor of
~43 fromz < 0.1to z = 2 — 3 for AGN with the same range dfx (see alsdrosario et al.
2012. The wide range irl.y makes our sample ideal for comparison with AGN at different
redshifts, since it can be matched with nearly any lowsample.

AGN obscuration: It is still a matter of debate whether AGN obscuration canydaned
solely by the orientation-based unification model or if &iso enhanced due to dust on larger
scales throughout the host galaxy. The results present&thapter5 along with several
studies at moderate redshifts support a scenario depdrtingthe unification model (e.qg.
Stevens et al2005 Chen et al.2015 suggesting that obscured AGN appear to show high
submillimetre fluxes (e.gCoppin et al.2008. Submillimetre observations will provide the
component of SEDs at longer wavelength, the only way to testker objects with absorbed
X-ray spectra show a submillimetre excess.

Clustering in z > 3 AGN fields: SCUBA-2 is the only submillimetre bolometer, which pro-
vides a large enough field of view (CV DAISY mode) around thrgeasource to study the
submillimetre galaxy (SMGs) density in the environmentdigih-- AGN. Several groups
have searched for proto-clusters forming around highdio galaxies (e.gStevens et al.
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FIGURE 6.1: i—band magnitude vs. 8nn flux density for C-COSMOS sample. The dotted line
represents the optical limit of ChaMP samplg £ = 23.4), the solid line the C-COSMOS results
extrapolation and the dashed lines tleeerrors. Black symbols: type-2 AGN, blue squares: type-1
AGN, black squares: 8%0n detected AGN at the- 3-sigma level, orange star: mean estimation for
the faint sample with o associated errors, green star: mean estimation for thietle@mnple withlo
associated errors, red circles: ChaMP targets observeCb\B3-2.

2003 Venemans et gl2007) and QSOs (e.gstevens et al2004 201Q Priddey et al.2008.
Most of these studies have concentrated on extreme objlect® with the highest luminosi-
ties and redshift, and all have found overdensities of feianing galaxies in the fields of
the AGN. Using SCUBA-2 observations, | will extend these kgoat even highet-to inves-
tigate the environments of moderate- and high- obscured and unobscured X-ray AGN.
Following Stevens et al2010, | will compare the results for the AGN fields to these from
submm blank-field surveys (e.Goppin et al.2006.

6.1.1 Predictions and first results

In order to propose for submillimetre observations of thal@R sample, | have used the
available SCUBA-2 observations in the COSMOS field from S@2E osmology Legacy
Survey (S2CLS; Geach, private communication). As | havegmted in Chapte? (see
Fig. 2.4), C-COSMOS sample is fainter than ChaMP by a factor of 2. Meag the 85@m
flux densities directly from the SCUBA-2 PSF-convolved ireabget a statistical detection
of the whole sample at the5-sigma level, with an average flux 6§90 + 0.012 mJy. For
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FIGURE 6.2: 850um image for the four targets observed by SCUBA-2 during Séend$A as
part of our m15ai106 proposal for the summer bright targéShaMP =z > 3 sample. From left to
right: SDSS 130147-000644, SDSS 131252+422818, SDSS #5308923, SDSS 171304+612249
QSOs with 18.32, 17.73, 19.50 and 19i1dand magnitude, respectively. Their X-ray positions are
marked by open green circles. The measured flux densities2et 2.35, 10.12 £+ 2.82, 30 < 6.2
and8.43 + 3.87 mJy, respectively.

comparison reasons, | split C-COSMOS into optically brightl faint sources using as a
limit the fainteri—band magnitude in ChaMP sampig £ = 23.4). As the ChaMP sample
is dominated by type-1 AGN (85/87), | use the type-1 AGN sesrinn C-COSMOS (blue
squares; Figuré.1) to estimate the mean 85dn fluxes. Comparing thé—band magni-
tude to the 850m flux densities for C-COSMOS type-1 AGN, | find a strong catien.
Extrapolating these results to the total ChaMP sample @=iij.solid line), | expect an av-
erage flux of 4.5 mJy at the5-sigma level (Figuré.1; large black star). In comparison,
Isaak et al(2002 for a similar sample of 38 SDSS QSHE: > 4) found an average flux of
5.0 £ 1.0 mJy including 8 sources detected at th&c level (Sg50 > 10 mJy).

The first SCUBA-2 observations from the successful SCUBAebpsal (ID:m15ail06,
Pl:Kalfountzou) for the bright summer sources during Seerd$A are presented in Fi§.2
and are in perfect agreement with our predictions. Theimeded fluxes are found within
the range of our prediction (see F§1) with three of them havingss;, > 7 mJy while for
the fourth we can only estimate an upper limit. Observatadribe total sample will help us
to reveal whether AGN activity is correlated to the submibitre emission.

6.2 The evolution from binary QSOs to QSOs

My results, especial in Chaptér, suggest that QSOs are associated with powerful star-
forming events. Simulations which include AGN feedback aodtulate that AGN form
during galaxy mergers (e.¢lopkins et al. 2007 have received much attention because of
their success in reproducing a range of observed propeiftesth AGN and galaxies. In this
scenario, galaxy interactions trigger the AGN and also pecedchuclear starbursts that both
feed and obscure the central engine for much of its actiegidife. AGN-driven outflows
eventually develop, which at later stages become stronggimtw rapidly quench the star-
formation, allowing the AGN to shine unobscured for a shatigd (~ 10® yr), leaving

1The ChaMP sample includes 44 SDSS QSOs associated with ticallypbrighter sources.
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FIGURE 6.3: Optical images and spectra and X-ray images of the twmpooments of
SDSSJ1254+0846. Redshift, continuum and broad-line shaperemarkably similar. X-rays re-
veal the two bright QSO nuclei while the optical images dleahows the tidal arms of a host galaxy
merger. Figures fronsreen et al(2010.

behind a red, passive remnant.

A clear prediction of these facts suggests not only thatrgi®@iBHs should be com-
monplace, but also that merging galaxies with binary queasiaould be common. However,
examples of binary quasars are rather isolated in the tite¥ra Most major mergers may
have occurred at high-(e.g. Silverman et al.2009. Active mergers may be heavily ob-
scured and as a result detectable only as ULIRX@set al. (2007 or, the lifetime of the
interacting phase may be extremely shidirtlock et al.(1999. A handful of new close
(sub-kpc) binary AGN have been found recently (&.ig. & Shapirg, 2010, however these
intriguing lower-luminosity objects are not homogenegslected. It takes sensitive, wide-
area searches to find binary quasars. In the wake of wide QI28% photometry, the number
of known binary quasars has mushroomed, thanks to thetstaltsurveys oHennawi et al.
(2009 andMyers et al.(2008. In particular, the latter survey targets quasars sepaiay
<40kpc over).4 < z < 2.5, from which the first, luminous, spatially resolved binarQ
in a disturbed host galaxy merger showing obvious tidat taihs observed3reen et al.
201Q Fig. 6.3).

A major problem is explaining the observed excess of binaigsgrs with separations
<200 kpc. It has been proposed that this excess is evidenoadtear triggering in galaxies
during dissipative mergers (e llyers et al, 2007). According toHopkins et al(2007), the
excess measured clusteringyers et al, 2007, 2009, represents compelling evidence for
the merger-driven origin of QSOs. However, they also suggethat attaching all QSOs to
moderately rich dark matter environments in which mergesdikely to occur is sufficient
to explain the observed excess of quasars with sre@DQ kpc) separations. That is, they
just happen to be neighbors where the obsetvedould representMpc separations rather
than dynamical velocities and their properties should bastically indistinguishable from
those of single QSOs. As a result, the discovery of binary Q®Bose hosts are clearly
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interacting with evidence of enhanced star-formations@nés rare opportunities to study
the merging/triggering mechanisms. Submillimetre phatgncan help us test these ideas
by revealing the presence of triggered ongoing star-faonatThe aim is to obtain sub-
millimetre observations of a complete sample of spectnisedly confirmed binary QSOs
from SDSS and compare its submillimetre properties to tlelpedeal comparison sample
of single QSOs observed by HerMES4dtziminaoglou et aj2010.

The suggested sample is drawn from the complete sample afjbguasars discussed in
Myers et al (2008 andGreen et al(2011), restricted to velocity differences500 < AV <
500 km s~! and proper separatiods, < 200 kpc, resulting in a total of 28 pairs. The
separation criterion selects hosts likely to be intergctn their first or second pass while
the velocity criterion removes most chance projectionsstilltallows for hosts in a vari-
ety of environments from isolated pairs to massive clustBisary quasars were selected
as havingg < 20.85 and either the UVX and/or low-redshift quasar Bayesiansii@s.-
tion of Richards et al(2009. These cuts ensure a high efficiency of quasar pairs in the
targets and a reasonably homogeneous sample (réor =z < 2.4. Pairs of quasar can-
didates were then followed up spectroscopically and withays confirming their binary
QSO nature. The parent sample thus reflects typical SDS8ab@ISO selection and as a
result is therefore directly comparable to the sample of 3B&S spectroscopically identi-
fied Type-1 AGNHatziminaoglou et al(2010, observed byHerschelas part of the shallow
HerMES-Lockman Science Demonstration Phase field. For8pdlrs in our sample we
have available deep, g, r, i, z photometry and spectroscopy, archival SDDS and 2MASS
photometry plus X-rays either from ChaMP ©handraarchival. With this project | will try
to address the following issues:

Test the merger hypothesis:Submillimetre detections will provide the first direct esitte
for the presence of cool dust in these systems, a tracer ajimggtar-formation. Star-
formation rates can be estimated by combining broad-bambSEd available spectroscopy
using the methods describedBuat et al.(2010 andRowan-Robinson et a(2010. These
rates will then be compared with the rates estimated inHh&ziminaoglou et al(2010
sample of single QSOs. A substantial difference in the SFRr@our targets and sin-
gle quasars would be direct evidence of triggered stardtion. The absence of enhanced
star-formation events will suggest that the link betweerNA&hd galaxy formation is more
complex than current merger models assume and might bereader a time-lag between
the peak of the star-formation and the black hole accretiomaddition, the SFR and mass
of the cool dust present in these systems will provide a bettestraint on the properties of
the host galaxies used for the merger simulations we pr@s€id. 6.4, enabling us to check
whether these systems are consistent with a merger-tadgaenario for QSO formation.
The starburst-AGN connection: It has been suggested that obscuration in AGN may often
not be from star forming regions in the host galaxy (Eapbian et al.1998. Indeed, many
observations point to a starburst-AGN connection, whiah loa most easily understood if
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FIGURE 6.4: Numerical simulation of a merger like SDSSJ1254+0848ir typical of the sources
in our sample Green et al.2010. Left, middle and right panels show the gas distributidre $tars
in the xy and xz planes and the model star-formation ratesleau black hole masses and accre-
tion rates for the two components respectively. Red diaraondrk the nuclear separation, position
and extent of tidal features, black hole masses and aceredies at 2.3 Gyr, similar to those of
SDSSJ1254+0846.

both forms of activity have a common origin, such as in a me@enajor problem in assess-
ing the level of star-formation in AGN is the difficulty in de@mposing the star-forming from
the AGN emission, especially in the case of dust enshrougstms. Combining X-ray
data with longer submillimetre wavelengths can provide redieon this issue. The X-rays
provide the most efficient way of identifying active BHs,deaiased by obscuration, while
the submillimetre band is considered a clean star-formatiagnostic. Galaxies undergoing
a burst of star formation should show an excess in the long@lagth data, from which the
star formation rate can be estimated (&kgwan-Robinson et al2010. | can examine the
starburst-AGN connection by seeing if the SFRs in the bisaryces are typically enhanced
with respect to single QSOs. | can also perform a qualitaéiseof the starburst obscuration
hypothesis comparing the SFR with obscuration measures tine X-ray, or from optical
SED/NIR SED fitting.

Spectral Energy Distributions: From the X-ray to submillimetre broad-band SEDs and
Lgo, | will be able to calculate the probability that the mergeersario is viable, i.e., that
these quasars show evidence for triggered, Righz,, accretion. | will also correlate the
SEDs and_g,, with binary characteristics likB.» andAV and test whether smaller separa-
tions and/or lower velocities result in luminous, high colusystems. The broad emission
lines from the spectra, can help us estimatg; (e.g.Vestergaard & Petersp8006. From
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the SEDs and\/gy, | can measure the Eddington ratid/drner et al. 2004, to constrain
whether these quasars are in especially high mass accpdtases (analog to spectroscopic
binary stars\White et al, 1983.

6.3 Whatisthe role of radio-jets in the hosts of X-ray AGN?

I will pursue and expand my results on optically selected @px@sented in Chapte3and4
studying the effects of radio feedback on the host galaXiBd AGN in order to address key
science questions about:

1. the impact of radio-jets to the AGN/star-formation coctran,
2. the star-formation in the host galaxies of radio-loutdgAGN,
3. the dependence on obscuration and

4. the dependence on the quasar feedback and/or AGN activity

Existing observations wit€handraandHerschelin conjunction with a large program of
radio (e.g., JVLA) observations will significantly furtheur understanding of these issues.
Combining theChandraandHerschelMultitiered Extragalactic Survey (HerMES) surveys
| will have obtained the largest ever X-ray/far-IR AGN daab ¢ 10 500). | will take
advantage of the large number of sources to identity raralptpns like RLAGN ¢ 5 — 10
per cent; e.gHao et al,2014). The current X-ray/far-IR database will be extended idoig
the ‘COSMOS Legacy’ survey (PI: Civano), which is expectednicrease the number of
RLAGN by ~25 per cent. Dedicated follow-up observations will be p&rng research in
order to study the morphology of the host galaxies and thextsffof radio feedback to the
host galaxy’s gas.

In the results presented in this thesis, | have demonstth&#dadio-jets enhance star-
formation in optically (broad emission lines) selected @S®lowever, optically selected
RLQs cover only a fraction of the RLAGN population excludilogv luminosity and ob-
scured AGN. The next step in understanding the process arsgtfuence in which radio-jets
affect star-formation requires extension of the opticalyected samples to X-ray selected
AGN. Large X-ray surveys are appropriate since they incluté the rare high-luminosity
quasars and the more typical-low luminosity AGN.

X-rays can pierce though large amounts of dust and §as< 10%* cm~2). Also, normal
star-formation processes rarely excdad > 10* erg s~! (e.g.Brandt & Hasinger2005,
whereas AGN luminosities extend to 10%¢ erg s—!, making X-ray selection an efficient
high contrast way for locating both obscured and unobscAfN at all redshifts.Chan-
dra can give a fundamental contribution to this topic identifihgusands of AGN, locating
efficiently both obscured and unobscured sources. On tleg bind, FIR observations are
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uniquely sensitive to star-formation. Combining X-raywiIR wavelengths provide a han-
dle on the issue of star-formation properties of AGN hostthdugh some progress has been
made by exploiting the submillimetre from the ground (Bape et a).2001) and the long
wavelength channels @pitzefMIPS (e.g.Kalfountzou et al.2011), it is Herscheland its
capability to make large sensitive surveys in the FIR, whiffars a clean diagnostic even in
the most powerful AGN (e.glatziminaoglou et a|2010.

ChandrdHerMES fields are covered by wide-angle (e.g., NVSS, FIRSi0) deep radio
surveys (e.g., JVLA COSMOS) which will be used to identife tRLAGN (Fig. 6.5 top).
Observations at higher frequencies (e.g., SMA, JCMT, IRAW) give a full picture of the
radio spectra and the synchrotron contamination to the &iRi$.

With this project | will address the key questions by usfdigandraalong with FIR
data from HerMES and radio data to construct the largesarybof X-ray RLAGN and a
comparison RQAGN sample both covering3 dex in Lx. Fig. 6.5 (bottom) shows how the
Lx — z distribution for theChandradHermes fields spans the plane relatively uniformly up
toz ~ 3andLx ~ 10% erg s—!. The total catalogue contains 10500 AGN (Gilli et al.,
2007model) with> 3000 FIR detected AGN at- 30. Deep radio observations increase the
fraction of radio detected AGN witly 500 RLAGN expected to be found.

The SFR in RLAGN: | will estimate the RLAGN fraction associated with FIR detst
AGN and compare their SFR to the RQAGN. Stacking of X-ray sesiat FIR wavelengths
will also be carried out to estimate their mean SFR and egplarth the largest sample
possible, the role of jets. For each population, the SFR béllcompared with various
AGN parameters obtained by X-ray observations and optiatd.dThis sample will pro-
vide the statistics over a wide range of AGN and radio lumitnesin order to address the
key question of the radio-jets impact to the AGN/star-fatiora connection and whether
star-formation is different in the RLAGN and RQAGN hosts.

Decoupling the evolution effect:Although theChandradHerMES fields provide the largest
X-ray/FIR sample, this selection is limited by the strang— = correlation. | will use the ad-
vantage of the large sample and the approach described pt&€ldo decouple luminosity
effects from evolutionary effects and investigate thegddedback in low/high luminosity
AGN. | will generate a homogeneous sample of AGN coveringgel@aange inx at a sin-
gle epoch (shaded boxes in F&5 bottom). A key aspect of this study is the construction
of matched RLAGN and RQAGN in order to compare the effectshef presence or not
of radio-jets. The size of th€handrdHerMES catalog allows me to compile a sample of
RLAGN (40-60 sources/bin) selected in the same way as the ®QA.e. optical colors,
stellar masses.

The selected epochs are associated with the peak of AGN andbstnation density
(1 < z < 3; e.g.,Hasinger et a).2005 and the ‘feedback’ energetic output of radio-AGN
(z ~ 0.5; e.g.,Best et al. 2005. With this sample | will associate AGN luminosity and
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each cosmic epoch with the radio-jet impact to the host gedaand test my previous re-
sults where positive radio-jet feedback is only found in RL@th low optical luminosity
(Kalfountzou et al.2012 20140. The redshift).9 < z < 1.1 sample is expected to play
the most important role for this research and the follow-bpevvations (see Chaptéy.
Specifically, this allows us to probe over three decades yduminosity. Importantly, this
redshift is the minimum at which we have a large enough saofgiggh luminosity quasars
with which to compare to the bright quasars found at highdshéts. Moreover, | ensure
that the AGN within this sample have the optimum redshifts§étlow-up CO surveys with
ALMA and IRAM. The 0.4 < z < 0.6 sample will be used for HST observations.

Almost >90 per cent of th&€€handrdHerMES AGN are identified using spectroscopic
or photometric redshift. Despite the high optical/IR coatphess level, a detailed study
requires secure redshift estimations for sources covéhnagvholeLx range over each red-
shift bin. For this purpose, dedicated spectroscopic ¥l observations will be proposed
at the selected redshifts. In addition, IFU observationg. (EEMINI, VIMOS, SINFONI)
will provide a key insight into the coupling between the jetidhe gas.

I will particularly focus on ALMA follow-up observationshiorder to understand how ra-
dio feedback affects the molecular gas properties and hewtachanism regulates cooling
and in turn governs star formation and the power output oAtBBl. ALMA high-resolution
imaging of CO will allow us to probe the dynamics of the coot gand will significantly
further our understanding the effects or jets to the AGM/&tamation connection. HST
archival and new observations will be used to study the halsixy morphology of selected
RLAGN atz ~ 0.5 as a function of SFR anflx. In this way, | will test if and how the radio
activity is associated with the galaxy morphology of RLAGN.



6.3 WHAT IS THE ROLE OF RADIO-JETS IN THE HOSTS ORX-RAY AGN? 159

Chandra/HerMES . Loupb |
1.00- //fLﬁ_,» Bootes
E \Er E
~ - \O° - mELAIS N1&2 I
E L 2
3 010 AEGIS E
- CDF-N ]
0 S - ] ]
LL_' L~ |
3 C-COSMOS :
r 5
0.01- ECDFS - T
u N ]
o o i
’ .~ COSMOS Legacy . |

10—16 10—15 10—14

Fy (2-10 keV) [erg scnT

I B ]
=~ s ] 7 . 7
X . g B
S SR :
N N ]
= -
S Survey limit ]
(@)) Bootes (9 sq. deg) -
O ELAIS-N1 (1.5 sq. deg) ]
- C-COSMOS (0.9 sq. deg) ]
AEGIS (0.67 sq. deg) E
CDFN (0.12 sg. deg) *;
T S S S T S S S .

w
D
ol

FIGURE 6.5: Top: Lower o) radio flux 1.4 GHz limits vs. X-ray 2-10 keV flux limits for eac
ChandradHerMES field. Dashed lines show the loci with radio-loudnestios as shown by the labels.
Bottom: X-ray luminosity vs. redshift for the AGN spectropic sample. RLAGN are represented
by red color.



Appendix

Appendix A

QSO candidates at redshift 3.0 — 3.5 satisfied the following cuts:

o < 0.13 AND
u > 20.6 AND
u—g > 1.5 AND
g—1r < 1.2 AND (A.1)
r—i < 0.3 AND
i—z > N AND
g—r < 044(u—g)—0.76.

For the redshift range: 3.5 — 4.5 this selection becomes

A) o < 02

B) u—¢g > 15 OR u > 206

C) g—r > 07 (A.2)
D) g—r > 28 OR r—i < 044(g—r)—0.558

E) i—z < 025 AND i—2z > -1.0,

160
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in the combination A AND B AND C AND D AND E. For the redshiftsabe~ 4.5 we use

u > 215 AND

g > 210 AND
r—t > 0.6 AND (A.3)
t—z > N AND
i—z < 0.52(r—1)—0.762.



TABLE A.1: Properties of the > 3 AGN sample (Chapter 2).

Survey R.A. DeC.  zgpec  Zphot  Zphot® Zphoto  Optical X-ray S,n® logLx®> HR®  HR HR Ny’
(deg) (deg) lower upper TyPe Type low® up't
1 1.682 -0.200 3.109 1 1 0.071 44.65 -050 -0.77120. 0.1
1 5.826 -1.048 45 4.3 4.7 1 1 0.094 45.13 -0.38< 1.0
1 18.192 -1.2188 3.592 3545 3.35 4.37 1 1 0.090 4490 -0.8498-0-0.57 < 0.1
1 29.814 0.4529 3.675 351 4.05 1 1 0.039 4456 -0.92 .. .84-0 <0.1
1 29.886 0.482 4.6 4.3 4.9 2 1 0.037 44.75 -0.70 -0.53 0.1
1 32.680 -0.3051 4.733 4.565 4.05 4.98 1 1 0.277 45.65 -0.67.85-0-0.56 < 0.1
1 38.906 -0.722 415 3.72 4.58 2 1 0.203 45.39 -0.58 -0.78.41- <0.1
1 116.862 27.6253 3.152 2.905 258 3.25 1 1 0.072 44.67 -0.4270- -0.09 0.1
1 119.194 41.1201 3.734 3.135 2.88 4.29 1 1 0.130 45.09 -0.466- -0.14 0.1
1 119.218 45.044 3.185 1 1 0.105 4485 -0.85 -0.968.62- < 0.1
1 120.287 36.1514 3.675 359 4.06 1 1 0.156 45.16 -0.6469-0.-0.56 < 0.1
1 125.411 12.2922 3.112 1 1 0.053 4453 -0.64 -0.76.47 < 0.1
1 125.412 12.2917 3.114 2995 2.78 3.23 1 1 0.443 45.45 -0.4851- -0.42 < 0.1
1 127.837 19.151 4.6 4.2 5.0 2 1 0.065 4499 -057 -0.7342-0 <0.1
1 130.260 13.2202 2945 276 3.29 1 1 0.078 44.66 -0.5466-0.-0.44 < 0.1
1 132.169 44959 3.093 1 1 0.030 44.28 -0.31 -0.40.22- 4.0

11=ChaMP; 2=C-COSMOS

2Photometric redshift lower limit

3Photometric redshift upper limit

4The 0.5-2 keV flux in units of 0~ "¥erg cm~2 s~! converted td" = 1.8. For sources undetected in soft band a negative symbolésngiad the flux estimated by the hard
or full band detection.

5The 2-10 keV luminosity in units afrg s~*.

SHardness ratio defined as HR = (H + S)/(H - S), S: 0.5-2.0 ke\ntmate and H: 2.0-10 keV count rate.

"The absorption column density in units df?2cm 2

81: optical type-1 AGNs, and 2: optical type-2 AGNs

91: unobscured AGNs, and 2: obscured AGNs; basetVgr= 1022 cm~2 limit.

OHardness ratio lower limit

Hardness ratio upper limit

[AS))
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133.446
134.413
137.686
137.786
138.042
139.086
141.052
143.364
149.425
149.594
150.700
155.452
156.595
162.590
162.938
163.275
168.550
168.733
169.480
169.607
170.087
170.541
171.748
175.151
178.881
182.037
183.273
183.366
188.125
190.459
192.551
192.929

57.987
9.0255
17.7420
54.298
5.7952
29.522
31.2774
55.4032
33.251
7.7968
32.7668
13.1647
47.3187
58.625
57.468
57.5735
40.5661
40.6372
48.0722
7.7262
43.4292
24.2938
56.772
66.221
-1.770
0.129
2.8584
2.960
47.6153
9.6307
33.855
0.1240

3.130
4.098
3.234
3.246
3.098

3.001
3.220
3.055
4.941
3.409
3.597
4.913
3.552
3.336
3.337
3.202
3.041

3.6

4.1
3.065
4.105

3.345
2.795
3.045
3.145
3.405
2.905
4.895
3.65
2.755
3.495
1.305
2.905
3.75
3.665
3.045
3.6
3.495
3.5
3.145
3.5

3.205
3.045

2.905

3.4
2.76
3.35
3.09
2.21
2.78
2.8
3.11
2.55
4.77
3.47
2.52
3.09
0.9
2.54
3.45
2.92
2.73
3.5
3.16
2.4
2.76
2.4
2.88
2.66

2.69

48

3.39
4.47
3.63
3.03
3.33
3.47
4.37
3.26

5.1
3.83

3.1
4.35
1.52
3.23
4.05
412
3.39
3.7
4.21
4.6
3.83
4.6
3.83
3.37

3.23

BN
R R TN T L RIS JPIRYENE

LN

( BN
N - - HHHHHNHHHHHHHHHHHHI—‘HHHHHH

1

0.043
0.076
0.044

0.036
0.065

0.054
0.367
0.086

0.128
0.086
0.085
0.075
0.102

0.077

0.051
0.045
0.053
0.253
0.101

0.035
0.073
0.054

0.033

0.065
0.055

0.056
0.165

0.090
0.175
0.057

0.074
0.220

44.70
44.69
44.71

44.40
44.64

44.53
45.34
44.72

44.87
44.77
44.82
44.66
45.25

44.84

44.60
44.44
44.67
45.64
44.84

44.53
44.79
44.61

44.46

44.68
44.57

44.66
45.11

44.87
45.02
44.54

44.81
45.38

-0.36 -0.5519-0 4.0
-0.5789-0-0.05 0.1
-0.8D67 - -0.35 0.1

-0.44  -0.58.35- 0.1
-0.5070-0-0.29 0.1

-0.40 -0.50.19- 0.1
-0.6579-0.-0.48 < 0.1
-0.3143-0.-0.20 4.0

-0.77 -0.968.49- <0.1

.. .88-0 < 0.1

-0.4561-0.-0.34 0.1
-0.4¥67 - -0.21 0.1
-0.4490-0-0.24 0.1
-0.56 -0.8222 0.1

-0.99 N -0.73< 0.1
-0.75 7-0.8.59 < 0.1
-0.48.6 - -0.32 0.1
-0.6973-0-0.64 < 0.1
-0.6877-0.-0.57 < 0.1
-0.24 -0.41.09 13.0
-0.4661 - -0.32 0.1
-0.3166 - -0.38 0.1

-0.77 -0.9653-0. < 0.1

-0.67 -0.78.61- <O0.1
-0.3547-0-0.21 2.0

-0.17 -0.44 0.0817.0
-0.64 1-0.0.53 < 0.1

-0.46 -0.65 4-0.2 0.1
-0.9899- -0.76 < 0.1
-0.18 4-0.9.04 13.0

-0.54 -0.83350. 0.1
-0.5 -0.6827 0.1
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195.008
195.445
196.534
196.652
197.434
198.217
199.322
201.424
201.828
202.916
203.593
203.612
206.078
207.739
208.211
212.767
214.224
214.424
214.852
215.150
215.771
216.071
216.447
218.114
219.502
219.633
219.665
220.857
221.308
225.083
230.194
230.897

1.3067
-0.112
3.940
46.4961
57.6389
42.4716
1.1538
11.477
29.1482
11.2840
-1.4221
-1.4816
-0.511
60.1377
33.4822
52.2988
44.6294
53.0886
53.5323
47.2415
24.0856
22.8406
35.455
-1.160
3.6388
3.641
3.6288
58.8995
-0.4237
22.7196
52.9896
28.6609

4.612
3.7
6.016

3.181

3.827

3.070

3.237
4.112
3.53

3.306
3.194
3.142
3.268
3.385

4.485

3.065
2.905
2.945
3.4
4.6
3.675
2.755
3.775
2.905
3.285
2.755
2.815
2.795
3.495
3.535
2.905
4.165
3.675
3.3
3.285
3.275
3.205
2.905
3.065
3.475
3.495
2.715

3.88

2.76
2.67
2.75
3.275
4.3
3.6
2.21
3.01
2.57
3.05
2.32
2.66
2.52
3.15
3.41
2.71
3.36
3.58
3.0
2.92
3.05
2.88
2.68
2.68
3.18
3.15
2.44

4.69

3.23
3.25
3.3
3.525
4.9
4.08
3.03
4.33
3.26
3.95
3.07
3.13
3.12
4.37
3.9
3.26
4.54
4.06
3.6
4.08
3.5
3.94
3.22
3.36
4.21
4.35
3.02

=
=

PprpRrPrprPpPP e ik prrrrrlrrkr N

1

=N

PerprRPrpPpPFP e krRrPrRrRrRr RPN R LR

0.454
0.160
0.031

0.055

0.068

0.072

0.090
0.071
0.030
0.057
0.032
0.074
0.060

0.110

0.056

0.097

0.134

0.037

0.185

0.300

0.032

0.734
0.053
0.079

0.058

0.070

0.040

0.030

0.058

0.051

0.060

0.062

45.84
45.17
44.93

44.53

44.69

44.81

44.84
45.03
44.45
44.53
44.51
44.69
44.57

44.89

44.54

44.99

44.94

44.49

45.20

45.32

44.58

45.83
44.65
44.76

44.62

44.70

44.44

44.32

44.58

44.56

44.66

44.56

-0.3773-0-0.02

4.0

-0.16 -0.41 90.0 20.0
-0.69 -0.75.61-0 < 0.1

-0.2653-0.0.06 8.0
.. .64-0 <0.1
-0.6682-0-0.52 < 0.1
-0.59 4-0.9.20 0.1
001 -033 04 005
-0.97 9-0.90.583 < 0.1
-0.5668-0.-0.40 < 0.1
-0.5190- -0.34 0.1
-0.6694-0.-0.54 < 0.1
-0.64 -0.88.51- <0.1
-0.6875-0.-0.63 < 0.11
-0.46257 -0 -0.30 0.1
-0.4248-0.-0.36 0.1
-0.5466-0.-0.43 < 0.1
-0.7585-0.-0.61 < 0.1
-0.74 5-0.90.47 <0.1
-0.90- -0.58 < 0.1
-0.2B54- 0.01 14.0
-0.6064-0.-0.56 < 0.1

-0.56 -0.66.41-0 < 0.1
-0.41 -0.5628-0. 0.1

-0.5868 -0 -0.48

-0.81 -0.80.72-

-0.6877 -0 -0.56
-0.8496-0.-0.35
-0.2454- N

-0.®97 - -0.41
-0.6883 - -0.34
-0.6172-0.-0.48

< 0.1
< 0.1
< 0.1
0.1
10.0
< 0.1
< 0.1
< 0.1
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NDNNPNDNPNNPNPNDNNNNDNNNNNDNNNNNNDNNNNNNRPRPRPRPRPRRRE

240.652
244.028
258.269
258.956
260.072
340.945
359.354
149.543
149.624
149.690
149.669
149.736
149.742
149.761
149.771
149.782
149.783
149.797
149.803
149.804
149.807
149.808
149.812
149.814
149.823
149.845
149.851
149.851
149.858
149.860
149.869
149.874

42.5518
47.2661
61.3793
63.246
26.5628
-9.6855
0.6643
1.9537
1.8854
2.2641
2.1677
2.1799
2.5354
2.4358
2.3658
2.4713
2.4521
2.2897
2.1417
2.1189
1.8105
2.3148
2.2830
2.7348
2.5398
2.4817
2.2764
2.4269
2.4093
2.3876
2.2941
2.3615

3.889 4.125
3.205 2.92
3.150 3.005 2.76
3.6 3.5
3.057 3.145 2.77
4,125 3.36
3.285 2.98
2951 291
2264 2.1
... >3.0
3.094 2.75
4.245 4.23
2942 29
3.647 3.64
3.447 3.35
3.246 3.23
1.939 1.9
... >3.0
2.838 2.24
3.791 1.59
2.382 2.33
3471 341
3.297 3.24

>3.0
... >3.0
3.375 3.36
3.317 3.3
3.35 3.16
4.108 3.68
2.949 2.33
3.345 34 3.39

6.88 6.88

3.27

3.089
4.255

5.07

3.371

4.46
3.97
3.33
3.7
3.5
4.56
4.19
3.01
3.86

321

4.26
3.01
3.66
3.53
3.26
1.98

3.09

4.58
3.260
3.79
3.35

3.39

3.33
3.58
4.29
3.97
3.41
7.0

PRNRPNE NRPNEDN LN

NR, R NN RR

PNPRPRPRpP LR,

NN

1

1
1

P NP P

2
1
2
2
2
2
2

RPEFEPNDNDN

NPONNN R R

0.045
0.058
0.126
0.139
0.053
0.078
0.039
0.024
0.007
0.031
0.018
0.014
-0.015
0.023
0.002
-0.014
0.007
-0.002
0.009
0.004
0.006
0.025
0.009
0.021
-0.010
0.007
0.012
0.004
0.049
0.002
0.024
0.002

44.72
44.60
44.91
45.09
44.51
44.97
44.45
44.28
43.98
45.46
44.21
44.40
44.30
44.46
43.38
44.334
44.31
44.33
43.87
43.68
43.79
44.44
43.95
45.29
44.97
43.87
44.09
43.69
4491
43.51
44.42
44.10

.0.61

022 -017

-0.82 NO.71 < 0.1
-0.5895-0.0.01 0.1
.70.89 <0.1
-0.8627-0. < 0.1
-0.8595-0-0.71 < 0.1
-0.7188-0.-0.48 < 0.1
.. (5-0. <0.1
0.3279 0 80.0
4-0.3< 3.0
0.53 50.0
-0.0418-0 0.10 22.0
-0.4159-0-0.23 0.1
031. .. >55.0
-0.16 9-0.80.11 22.0
3 0.4 1000.0
5-0.0... >25.0
1 0.1<75.0
. < 1000.0

0.49

069

037 8-08.12 15

0 0.6< 300.0
-0.2265-0.0.20 11.0
-0.34 6-0.40.23 4.0

69-0. 0.1
051 <85

e >83

.. 498. < 0.1
-0.5370-0.-0.35 0.1

0.52

0.33 0.1552 0. 68.0
-0.27 4-0.80.21 11.0
0.22 -0.0%7 65.0
0.06 -0.025 37.0
0.4 1000.0
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149.879
149.882
149.886
149.889
149.894
149.897
149.908
149.909
149.910
149.911
149.913
149.919
149.924
149.931
149.944
149.952
149.966
149.969
149.972
149.981
149.990
149.998
150.004
150.007
150.007
150.009
150.017
150.025
150.042
150.046
150.048
150.062

2.2258
2.5051
2.2759
1.9662
2.4330
2.3244
2.5723
2.6199
1.8996
1.8427
2.2465
2.3454
1.8441
2.3519
1.7404
2.6514
2.4325
2.3048
1.9415
2.3150
2.2973
1.9745
2.0389
1.9180
2.1489
1.8526
2.4979
2.0038
1.8722
2.3674
2.4816
1.7226

3.65
3.335

3.382

3.021

3.08

3.155

3.026

3.515

3.371

3.647 3.64
3.1 3.02
3.277 3.26
3.0563 2.2
3.393 3.38
2998 2.9
... >3.0
2.569 2.13
3.063 2.585
3.295 2381
... >3.0
3.043 3.03
2936 1.79
... >3.0
2.044 2.0
3.083 3.07
2.893 2.23
3.099 3.076
2.843 2.63
3.003 2.97
297 2.93
2911 2.88
3.5 3.49
... >3.0
2.851 2.77
4,032 4.02
2914 25
3.124 2.67
3.338 3.32
2.313 1.94
... >3.0
3.033 291

3.66
3.19
3.3
3.12
3.41
3.16

423

3.194
3.45

3.05

3.05

3.66

3.09
3.3
3.13
3.06
3.03
3.05
3.01
3.51

343

4.05
3.26
3.17
3.35
3.1

."3.41

PNRONN LN R

N NNN R

NN PR

N

N

1
2

2
1

2
2

N =

PNoONEPEEDN

N

0.004

0.010

0.004

0.006

0.004

0.018 44.35
0.046 44.60
-0.004 43.83
0.004 43.47
0.003 43.43
0.006 43.72
43.64
0.006  44.02
0.002 43.24
-0.003 43.50
44.02
0.009 43.85
0.004 43.55
43.62
0.006 43.88
-0.011 44.16
-0.013 44.33
0.014 44.12
0.013 44.02
0.023 44.28
0.009 43.87
0.013 44.02
0.018 44.31
43.76
0.005 43.78
0.008 44.11
0.009 43.95
-0.006  43.93
0.008 43.94
0.004 43.50
43.64
0.008 43.84

0.46

0.60

" 0.06

-0.4154-0.-0.28
-0.22 -0.20.16
0.29..

0.1
- 10.0
> 65.0

2-0.3<5.0

-0.1970-0 0.31

14.0
0.4% 75.0

0.88 < 1000.0
29-0. < 6.0

.. .62
0.23
...0.69

0.52

0 < 200.0

."71.0
- <01

21-0. < 13.0

0.87

1000.0

8-0.2 < 6.0

10.41...
0.753.
0.0607 -0 0.19

-0.26 1-0.40.12
-0.06 5-0.D.04
e 2

> 70.0
.> 1000.0
32.0
7.0
22.0
-0 <0.1

78-0. < 0.1

0.41 4-0.9.28
0.33

0.17 -0.0337

0.78

0.1
150.0
48.0

63-0. < 0.1
1-0.7< 0.1

.. 0.48.
-0.3258-0 -0.06

.>1000.0
5.0

9-0.3 0.1

0.86

.0.2133

1000.0
32.0
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150.063
150.063
150.064
150.067
150.086
150.091
150.096
150.099
150.101
150.107
150.133
150.152
150.164
150.176
150.180
150.192
150.199
150.205
150.205
150.208
150.209
150.210
150.214
150.214
150.225
150.247
150.259
150.260
150.261
150.267
150.268
150.271

2.4219
1.7774
2.1910
2.0843
2.139
1.9292
2.0215
2.1527
2.4194
1.7592
2.4574
2.3079
2.1793
2.5697
2.0760
2.2199
1.7312
1.7360
2.5029
2.4819
2.4385
2.3915
2.4750
2.5827
1.7999
2.4422
2.3761
2.1180
1.7316
1.7009
1.7891
1.6139

3.546
4.66
4.16

3.189
3.175

3.01
3.09
3.333
3.715
3.095
5.3
3.029
3.717

3.087
3.426
2.887
3.01
5.045
2.864
3.362
2.844
4.545
3.949
3.111
3.163
2.82
3.144
3.015
3.077
2.821
2.929
3.072
3.378
3.563
3.085
3.075
5.201
3.264
2.992
2.673

3.02
1.21
1.53
2.99
4.73
2.84
3.33
2.6
4.53
3.93
3.08
3.08
2.75
3.09
3.0
3.07
2.66
2.4
3.06
3.37
3.55
3.07
3.06
5.15
3.12
2.97
2.66

>3.0

3.126
3.412

3.08
3.33

.. >3.0
3.466 3.44

3.25
3.84
3.06
3.03
5.14
3.23
3.39
3.06
4.56
3.96
3.15
3.24
3.15
3.24
3.03
3.09
3.45
4.19
3.09
3.39
3.57
3.1
3.09
5.28
3.46
3.02
2.68

355

3.46

3.5

PRPNRPRRprRpRPPNRrRNRPOORRN VR RPRRRNN

=N

RNONNNNNRRNNNNNNDNNOORNNOORNMNNDPRNNENDNDDN

N

-0.006
-0.009
0.025
0.006
0.003
-0.007
0.006
0.008
0.009
0.006
0.006
0.003
-0.004
0.005
0.011
0.007
0.004
0.006
0.014
0.024
0.010
0.009
0.020
0.009
0.004

43.93
4417
44.35
43.66
43.99
44.04
43.81
43.81
44.33
44.01
43.71
43.55
43.57
43.61
43.94
43.76
43.68
44.02
44.07
44.37
44.09
43.88
44.24
44.42
43.63
0.023 4431
0.008 44.03
-0.009 43.97
-0.005 43.67
0.014 44.17
0.010 44.02
0.011 44.14

0.48.. . >280.0
0.32.. . >50.0
0.11 0.0319 0 35.0
.. (-0.5<0.1
0.25 0.0149 0. 100.0
0.54.. . >90.0
.0.59- <01
.. 1-0.6<0.1
-0.2749-0.-0.05 14.0
0.01 8-0.0.3 43.0
0494 < 0.1
0.42 4 0.2.60 75.0
0.407. . 27.0
5 0.6 5000.0
.. (7-0. <0.1
-0.1539-0. 0.1 15.0
0.18 -0.047 50.0
0.04 -0.2230 O 48.0
-0.08 8-0.D2.12 20.0
-0.4962-0-0.35 0.1
L0717 < 0.1
-0.1735-0.0.02 13.0
-0.07 7-0.D.03 20.0
... 6 0.3<500.0
0.36 0.1655 0 68.0
0.10 2 0.@.18 35.0
..0.68- < 0.1
. 51 0. >65.0
.. 45-0. <0.1
0.72 0.48 0.87 1000.0
0.24 N 0.49 0.0 6
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150.284
150.285
150.288
150.297
150.299
150.300
150.304
150.306
150.310
150.315
150.317
150.318
150.333
150.334
150.344
150.345
150.356
150.359
150.364
150.379
150.380
150.383
150.398
150.415
150.415
150.425
150.455
150.467
150.485
150.486
150.546
150.551

1.8183
2.309
1.6511
2.1489
1.6878
2.3007
1.8242
1.7616
2.5045
2.3369
2.0050
2.2477
2.4415
1.7882
1.6361
1.9579
2.2242
2.0737
2.1438
1.8761
2.0995
2.0748
2.2709
1.9342
2.3648
2.3120
1.9674
2.5315
2.4135
2.4281
2.2243
2.1400

3.328

3.498

4.917
3.328

3.485

2.897
3.871
3.459
2.976
3.434
2.949
3.265
4.216
3.428
2.481
2.683
3.805
3.065
2.701
1.991
3.361
3.33
4.498
3.852
3.681
2.423
3.092
3.493
4.45
2.949
3.464

3.506
3.028

>3.0
2.42
3.13
3.45
2.67
3.41
2.49
3.24
>3.0
3.85
3.38
>3.0
2.12
2.34
3.74
2.98
2.51
1.96
3.35
3.02
4.43
3.83
>3.0
1.28
2.24
2.98
3.46
4.43
2.57
2.95
3.35
2.97

3.0

3.95
3.47
3.14
3.46
3.35
3.29

444

3.49

1307

3.02
3.85
3.17
3.09
2.01
3.37
3.44
4.56
3.88

375

3.29
3.29
3.52
4.47
3.51
3.61
3.66
3.07

NP R RPN

NN LS ONNNEN

NNONNONNON LN R R

NN

2

NFRPoRPOPRPE

NN

NN L OONNN R R

NNONNNRE LN R R

0.011
0.011
0.018

0.005
0.008
0.003
0.006
0.003

0.005
0.002
0.007

0.008
0.015
0.005
0.019
0.010
-0.008

0.008
0.025
0.009
-0.008
0.003

0.005
0.011
0.003
0.003

0.007
0.014
-0.006
-0.005
0.029
-0.024

44.06
43.94
44.40

43.74
43.83
43.55
43.79
43.46

43.75
43.47
43.86

43.88
44.09
43.60
44.41
43.93
44.02

44.30
44.40
43.96
44.39
43.62

43.72
44.15
43.47
43.42

43.89
44.46
44.04
43.77
44.53
44.50

-0.033 -0.18 0.25 12.0

-0.38 -0.98.20- 1.2
.. 48-0. <0.1
-0.1142-0 0.20 20.0
.. 24-0. <9.0
... .70 0 < 1000.0
47-0. <0.1
.. 7 0.%€1000.0
0.33 0.09 0.48 68.0
6 0.4 1000.0
.. 30.0<30.0
0.06 -0.13 0.18 11.0
-0.54 6-0.70.33 0.1
24-0. <8.0
08-0. < 30.0
0.18 -0.0725 45.0
0.56.. . >75.0
...27 0 <700
-0.2638-0-0.14 8.0
-0.18 -0.4406 14.0
0.514. > 200.0

0.40 0.1368 0 90.0
046 0.24 0.61 200.0

54-0. <0.1

29-0. <6.0

021 -0.0548
.0.46-

48.0
< 0.1

630.5 < 0.1

0.14..

0.07..
-0.08 1-0.2.03

0.67..

. >25.0
32.0
25.0

.>1000.0

89T



2

150.647 2.4182

3.034

2.6

3.32

2

-0.052

44.84

0.69 .

..=>1000.0

69T
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Appendix B

B1. Properties of the ~ 1 AGN sample (Chapter 4).

RA DEC type 2 Lpo™? Liaa™ cont?®  Mpp™ Ly

219.686 62.199 RLQ 1.094 4620.01 27.168 9.280.14 45.440.77
127.792 37.703 RLQ 0919 4686.01 27.320 8.980.07 45.55-0.05
247.324 44581 RLQ 1.033 4628.01 25.744 8.880.05 45.64:0.39
116.073 37.888 RLQ 1.067 4669.01 27.561 9.5#0.06 45.46-0.07
205.555 60.362 RLQ 0.965 46.40.01 27.337 9.080.24 45.8@-0.03
207.394 53.688 RLQ 0.979 46.46D.01 26.936 9.280.06 45.9%0.03
197.763 55.232 RLQ 0924 4648.01 26.186 9.330.66 46.06-0.01
248.512 39.000 RLQ 1.085 4646.01 27.013 8.320.10 45.810.05
257.455 30.550 RLQ 1.043 46.80.01 25.522 8.420.09 45.520.06
241.317 31.606 RLQ 1.028 4599.01 25.939 8.740.31 45.55%0.36
127.151 50.807 RLQ 0.929 4610.01 25.710 8.680.11 45.630.02
127.255 37.302 RLQ 0.934 45#8.01 25.372 7.520.36 46.1240.01
170.097 54.074 RLQ 0.923 4586.01 26.353 8.880.04 44.910.01
177.835 54626 RLQ 0975 4730.01 25.673 9.480.06 46.530.02
248.259 39.408 RLQ 1.024 47.48.01 25.930 9.250.04 45.930.19
204.457 55.017 RLQ 1.099 46.458.01 26.545 8.810.10 45.910.02
152,431 5.498 RLQ 0.942 46.#8.01 25.917 9.620.02 46.06:0.01
146.686 41.718 RLQ 1.018 46384.01 25.706 8.110.05 45.4%0.23
148.113 50.814 RLQ 1.091 4666.01 25.742 9.020.05 45.620.12
186.041 50.032 RLQ 1.066 46FD.04 25.443 8.8%0.12 46.1%0.04
212.617 46.139 RLQ 1.016 4598.01 26.497 9.080.06 45.54-0.07
250.226 31.725 RLQ 0.958 4549.01 25.670 8.980.08 45.46:0.07
225391 61.626 RLQ 0.910 45458.02 25.490 7.920.09 45.320.06
254930 37.906 RLQ 1.038 46.40.01 25.701 8.940.13 45.560.34
181.484 10.715 RLQ 1.088 478B.01 26.764 9.580.05 46.180.05
231.484 59.283 RLQ 0.955 46:88.01 26.292 9.540.05 45.6&0.02
146.916 51916 RLQ 1.063 4680.01 26.382 9.140.39 45.220.20
242.305 53.908 RLQ 0.992 4649.01 25.698 9.380.12 45.0%0.18
222156 50.247 RLQ 1.074 46468.01 27.002 7.860.13 45.850.03
161.426 52.853 RLQ 1.058 4640.01 26.626 9.150.22 45.730.04
123.836 27.605 RLQ 0.908 47.84.01 24.643 9.280.05 45.820.03
135.427 42942 RLQ 1.014 464D.01 25.166 9.0820.03 45.5&:0.04
137.051 51.784 RLQ 1.002 4640D.01 25.918 9.080.02 45.490.21
236.316 43.498 RLQ 0.903 46.58.01 24.852 9.320.09 45.940.14
221.364 39.355 RLQ 0.965 4548.02 25.329 8.260.11 45.640.38
249.104 36.249 RLQ 0.909 45#9.03 24.817 8.480.15 45.7%0.04
119.868 30.175 RLQ 1.002 4668.01 26.119 8.9%0.08 45.720.05
202.288 48.019 RLQ 0.928 46.29.01 25.726 9.740.37 45.550.05
256.700 32.240 RLQ 1.070 4748.01 26.329 9.580.18 45.620.09
254.833 37.726 RLQ 1.025 45.29.01 25.671 8.480.25 45.140.21
219.444 44550 RLQ 0.944 464R.01 25.048 8.860.10 45.4£40.06
226.996 2.015 RLQ 1.083 47.18.01 25.721 9.360.03 46.55%0.015
152.419 46.924 RLQ 1.013 45#0.01 26.013 8.530.06 45.49-0.46
246.472 43.787 RLQ 1.048 46380D.01 25.440 8.180.07 46.280.01

22222222 <KZ2Z22Z22Z2Z2Z2222Z2Z222<2Z2<X2Z2<KZ2<K2Z2Z2<K<X<Kxz2z22<ZZ2

12The logarithmic bolometric luminosity in units efg s—! with the associatetls errors.

B3The logarithmic 325 MHz radio luminosity in units 8 Hz~! sr—! with the associatetio errors.
14synchrotron contamination at the FIR bands

15The logarithmic black hole mass in units bf., with the associatetlo errors.

6The logarithmic FIR luminosity in units afrg s~! with the associatetis errors.
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135.158
137.292
137.546
130.118
244.526
238.521
128.202
125.053
185.914
192.913
128.109
205.990
180.364
214.512
139.840
225.132
238.569
117.064
143.386
128.531
232.457
244.016
122.316
128.313
217.125
188.249
218.224
239.375
160.486
183.873
114.510
257.523
239.210
151.877
176.751
194.250
144.497
127.816
228.836
259.270
155.956
258.376
223.764
163.537
253.130
140.741
159.624
215.353
158.447
260.793
259.387
135.473
204.389
238.651
158.854

55.055
1.360
46.605
32.542
42.426
46.186
42.417
43.233
46.189
54.466
34.571
57.912
9.011
41.826
50.815
48.613
51.539
22.017
41.829
35.787
39.753
46.540
32.178
35.113
44.664
51.568
46.062
33.080
59.603
53.599
38.521
64.812
39.762
5.162
62.002
4.460
54.408
42.555
0.794
28.234
52.364
64.715
1.703
4.447
35.604
44.781
58.868
42.501
9.678
59.852
59.796
6.988
59.106
32.069
58.060

RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RLQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ

0.947
1.024
1.020
1.099
0.934
1.004
1.051
1.073
1.013
1.066
1.005
0.933
1.016
1.042
0.921
1.028
0.907
1.059
0.933
1.087
1.081
0.950
0.915
1.098
1.050
0.986
1.077
0.953
1.100
1.069
1.023
1.008
0.942
0.920
1.041
1.025
1.067
0.931
0.951
1.078
0.955
1.051
1.053
1.085
0.928
1.077
0.935
1.000
1.028
0.990
1.060
1.082
1.087
1.058
0.964

4610.01
46.79.01
4688.01
46:30.01
4640.01
45:50.04
46:30.01
46.60.01
46 60.01
4618.01
45498.01
461DP.01
46.98.01
46.460.01
46 48.01
47 £6.01
463P.01
47 30.01
45+¥8.01
45+18.01
46.24.01
4580.01
45 468.01
46 64.01
46.20.01
45499.01
46 88.01
4630.01
45+1P.01
46 45.01
46:90.01
46:60.01
46:50.01
4550.01
4680.01
4726.01
45#6.01
4640.01
46:80.01
47:86.01
46:80.01
46:60.01
45488.01
4680.01
45:00.01
46:506.01
45¥6.01
46:50.01
46:88.01
46:60.01
4626.01
47460.01
46:00.01
46:80.01
46:00.01

24.816
26.957
26.076
25.533
25.189
25.610
26.687
25.213
26.243
26.012
25.742
25.862
25.294
25.207
25.683
25.348
25.094
24.960
25.441
25.535
26.375
25.403
24.885
25.483
25.534
25.035
24.840
26.098
24.500
27.584
23.819
23.803
23.730
23.706
23.838
23.822
23.864
23.718
23.741
23.876
23.746
23.848
23.850
23.882
23.715
23.875
23.723
23.795
23.825
23.784
23.857
23.879
23.885
23.855
23.756

2222222222222 Z2Z2Z2Z2Z2Z2Z2Z2Z2Z2Z22222Z22222<2<XX222Z2Z22222Z2222<X<<X<X<<<Z22<2

8.520.06
9.130.06
8.840.04
9.080.08
8.160.09
8.580.12
8.560.11
8.980.05
8.540.17
9.140.05
8.780.10
8.820.15
9.7%0.20
9.080.11
9.320.04
9.460.06
9.020.38
9.4%0.05
7.980.10
8.080.12
8.250.22
8.410.15
8.150.08
9.0%0.16
9.180.09
8.6%0.14
9.380.09
8.620.04
8.2%0.31
9.280.20
8.920.07
9.180.06
9.1%0.08
7.281.07
8.9%0.12
9.540.05
8.180.16
9.040.07
8.680.10
9.380.12
9.0%0.04
9.080.05
7.750.18
9.1%0.07
8.4%0.57
8.380.09
8.460.11
8.280.07
9.480.03
8.480.09
8.840.18
9.380.06
9.360.02
9.140.04
8.430.11

45.840.04
46.66:0.01
45.730.07
45.630.06
45.040.28
45.3&0.19
45.4@0.23
45.52-0.10
45.5%0.03
45.410.08
45.49-0.06
45.53-0.03
45.8&0.05
46.310.01
45.94-0.04
45.96:0.04
45.33:0.06
45.53-0.18
45.33:0.55
45.720.07
45.6%0.21
45.44-0.06
45.3&0.07
45.53-0.46
45.3%0.12
45.230.15
45.530.11
45.74-0.01
45.520.11
45.36:0.17
46.230.02
46.260.02
46.09:0.04
46.06:0.04
46.16-0.05
46.130.05
46.03:0.03
45.94-0.05
45.88:0.05
46.040.04
45.7%0.07
45.96:0.08
45.88:0.05
45.98:0.07
45.630.09
45.8%0.08
45.580.09
45.720.08
45.730.08
45.7&0.09
45.7%0.10
45.730.08
45.6%0.12
45.610.12
45.44-0.14
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206.646
143.264
142.597
152.276
202.488
161.407
248.275
223.775
251.572
155.025
187.749
170.823
131.848
177.613
340.498
160.981
328.924
260.379
162.399
147.049
159.730
160.665
249.878
162.249
141.973
248.107
152.149
248.536
138.070
155.298
160.309
162.377
118.095
7.942
257.940
217.072
204.304
38.920
209.600
187.137
118.416
161.747
117.743
229.841
125.624
116.871
142.124
2.128
3.451
3.879
12.734
22.873
24.169
32.570
108.520

41.942
46.078
40.520
2.599
54.085
48.821
40.296
56.493
36.753
3.552
10.274
5.301
1.170
66.980
14.349
59.515
12.472
58.735
55.831
55.291
57.971
58.542
41.004
56.947
5.610
41.314
51.658
33.212
42.054
61.238
59.039
59.342
27.640
13.775
60.222
50.454
61.130
0.178
2.229
60.626
25.027
57.516
42.271
53.978
44.452
43.769
50.810
36.364
34.949
36.205
51.201
39.716
48.873
32.826
14.606

RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
RQQ
LERG
LERG
HERG
HERG
HERG
LERG
HERG
HERG

0.902
1.090
1.097
1.100
0.949
0.942
0.974
1.038
0.958
0.936
1.056
1.000
1.081
1.035
0.954
0.909
1.064
1.000
1.056
1.034
0.956
0.998
1.052
1.014
1.062
0.909
1.085
1.007
1.077
0.931
1.094
1.011
1.057
1.007
0.980
1.013
0.926
0.948
0.957
1.040
0.943
1.026
0.938
1.026
1.057
1.086
1.034
0.911
0.926
0.968
0.936
0.929
1.029
1.073
0.920

46:00.01
46:50.01
46:86.01
47480.01
46:96.01
45:268.05
45#6.01
46¥6.01
45:50.02
46:90.01
46406.01
4699.01
4640.01
4696.01
46:50.01
45#40.03
46:90.01
46:86.01
46#40.01
45:60.02
46460.01
4640.01
46:80.01
46:806.01
4649.01
4626.01
46:86.01
46:806.01
45:56.02
45:586.01
45:90.01
4640.01
4698.01
4589.01
4626.01
4686.01
45:60.01
45.469.01
4740.01
45:586.02
45:00.01
46:20.01
45¥6.01
45:60.02
46:80.01
45¥6.01
46:86.01
44 19.29
45.30.13
45 F48.05
4680.01
4480.33
44 69.70
4568.07
45:568.09

23.685
23.887
23.894
23.897
23.739
23.731
23.767
23.836
23.749
23.724
23.854
23.795
23.879
23.832
23.744
23.692
23.862
23.795
23.853
23.831
23.747
23.793
23.849
23.810
23.860
23.692
23.882
23.802
23.875
23.719
23.891
23.807
23.854
23.803
23.774
23.809
23.713
23.738
23.748
23.837
23.732
23.823
23.726
23.823
23.854
23.884
23.831
25.993
25.526
26.034
27.470
26.661
26.520
26.618
27.371

NZZVVZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ2ZZ2ZZZZ2ZZ2Z2Z2Z2Z2Z2Z2ZZ2Z2ZZ2ZZ2222Z2

8.8%0.20
9.0%0.06
8.920.07
9.080.02
9.320.07
8.540.29
8.460.07
9.220.03
8.110.32
9.480.03
9.380.28
9.250.05
9.3%0.08
9.4860.02
8.5%0.04
8.120.22
9.120.05
9.080.20
9.320.10
8.580.39
8.980.12
8.230.09
9.080.13
8.6%0.05
9.3%0.05
8.710.14
8.710.25
9.130.11
8.1#0.16
8.140.13
8.481.00
8.340.09
9.340.06
8.380.10
8.820.20
9.220.02
8.720.20
8.2%0.15
9.460.05
8.680.16
9.560.42
8.940.06
8.381.21
8.040.85
9.250.04
7.9£0.08
9.040.05
8.92
8.44
9.08
9.37
8.25
7.85
8.91
8.73

45.630.08
45.6%0.12
45.74-0.15
45.430.14
45.62-0.24
45.510.11
45.46:-0.10
45.7%0.13
45.430.11
45.620.52
45.3%:0.19
45.59-0.23
45.5%0.16
45.430.16
45.330.16
45.4%0.17
45.68&0.33
45.63:0.16
45.46-0.10
45.33:0.20
45.3%:0.19
45.3%:0.23
45.4@-0.24
45.520.14
45.730.23
45.280.19
45.520.24
45.220.28
45.530.18
45.06:0.47
45.2%-0.41
45.43-0.29
45.7%0.66
45.23:0.37
45.130.14
45.310.29
45.04:-0.48
45.311.02
45.310.68
45.13:0.39
45.23:0.26
45.040.16
45.0%0.06
45.181.34
45.3%1.53
45.2@0.48
45.3%0.94

44.850.89

45.110.20

45.280.04

-45.20.75

45.133.10

45.410.62

45.820.10

45.38).85
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114.851
123.247
123.411
124.445
126.428
146.578
153.554
155.167
155.730
173.148
180.100
183.736
185.041
194.241
194.775
194.875
206.363
248.641
261.079

70.386
26.863
29.275
29.364
24.673
39.738
36.288
36.951
39.147
36.905
73.012
37.814
36.485
47.339
36.533
36.284
49.775
62.760
50.961

HERG
HERG
HERG
LERG
HERG
LERG
HERG
HERG
LERG
HERG
HERG
LERG
HERG
HERG
HERG
HERG
HERG
HERG
HERG

0.994
0.936
1.098
0.918
0.992
1.035
1.042
1.053
0.923
1.060
0.970
0.950
1.088
0.996
1.070
1.004
0.967
0.988
1.079

45:60.11
45:80.06
45:60.12
4528.17
46:00.04
4688.03
45:90.05
45:86.05
45148.26
4518.06
45:60.06
45140.16
453806.15
46F%0.01
46-060.04
45:68.06
4620.02
46:50.01
4640.02

27.571
26.219
26.456
26.096
26.094
26.729
26.739
26.862
26.760
26.870
27.78
26.713
26.856
27.819
26.937
26.639
27.501
27.733
27.534

ZVVZZV0ZZNZ2ZZ2ZZZZZ2Z2Z2Z29

8.97
7.93
8.20
8.98
8.41
8.31
8.28
8.21
8.35
8.31
7.48
8.35
8.45
8.35
9.04
8.72
9.10
8.78
8.75

45.58).11
44.53.10
44.880.04
45.640.30
45.870.16
45.130.30
45.390.05
44.890.13
45.180.01
45.640.05
45.@10.08
45.290.51
45.630.03
45.33.18
45.650.05
45.110.18
45.39.13
-45.3M.56
45.21#1D.08
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B2. SMA observations of the 44 RLQs cantidates for synchrotr

contamination (Chapter 4).

name Atmosheric Dates  Observed Number of Si300um
opacity () frequency antennas (mJy)
(GH2)
SDSS075928.3+301028.3 0.05 150130 225.436 3 <4x3.8
0.12 150219 225.435 6 6.94 + 2.90
0.20 150220 219.137 6 6.01 £+ 1.80
SDSS080915.9+321041.6 0.05 150130 225.436 3 513+34
0.12 150219 225.435 6 7.13 £ 3.00
0.20 150220 219.137 6 3.79 + 1.80
SDSS081520.6+273617.0 0.05 150130 225.436 3 10.08 +4.90
0.12 150219 225.435 6 6.20 + 2.20
0.20 150220 219.137 6 6.40 + 1.80
SDSS082012.6+431358.5 0.06 150209 219.178 5 6.21+3.30
SDSS082836.4+504826.5 0.06 150209 219.178 5 379433
SDSS082901.3+371806.1 0.06 150209 219.178 5 6.90+3.40
SDSS083226.1+343414.3 0.10 150216  226.143 5 340+24
SDSS083248.4+422459.5 0.10 150216  226.143 5 10.64 +2.40
SDSS083315.1+350647.3 0.10 150216  226.143 5 3.50+2.20
SDSS083407.6+354712.0 0.10 150216  226.143 5 <4 x2.6
SDSS090142.4+425631.0 0.12 150219 225.435 6 2.87+3.10
SDSS091011.0+463617.8 0.12 150219 225.435 6 <4x23
SDSS091921.6+504855.4 0.12 150219 225.435 6 249+2.30
SDSS094740.0+515456.8 0.12 150219 225.435 6 <4x23
SDSS100940.5+465525.0 0.12 150219 225.435 6 49+3.3
SDSS104542.2+525112.6 0.09 150201 226.133 6 6.5+ 1.6
SDSS112023.2+540427.1 0.15 150202 225.215 6 42.16 +3.40
SDSS120556.1+104253.9 0.09 150201 226.133 6 5.024+1.50
SDSS122339.3+461118.7 0.12 150225 225.476 5 23.43+4+2.70
SDSS123259.8+513404.5 0.12 150225 225.476 5 3.83+2.80
SDSS125139.1+542758.1 0.12 150225 225.476 5 <4x28
SDSS131103.2+551354.4 0.05 150208 235.509 5 631425
0.12 150219 225.435 6 77.5+25
SDSS132909.3+480109.7 0.05 150208 235.509 5 3.95+2.40
0.12 150219 225.435 6 4.56 + 2.40
SDSS133749.6+550102.2 0.05 150208 235.509 5 97.0+24
0.12 150219 225.435 6 114.5 +2.5
SDSS134213.3+602142.8 0.05 150208 235.509 5 2.23+2.50
0.12 150219 225.435 6 < 3.52 x 2.50
SDSS134934.6+534117.0 0.05 150208 235.509 5 205.7+2.7
SDSS141028.2+460821.0 0.10 140524 7 53+ 1.5
SDSS142829.9+443949.8 0.10 140524 7 <4x1.8
SDSS143844.8+621154.5 0.10 140524 7 8.8+3.1
SDSS144527.4+392117.0 0.12 150219 225.435 6 11.544+2.50
SDSS144837.5+501448.9 0.10 140524 7 12.5 £2.8
SDSS150133.9+613733.8 0.05-0.1 140530 7 2.7+1.3
SDSS152556.2+591659.5 0.05-0.1 140530 7 <4x1.3
SDSS155405.0+461107.5 0.05-0.1 140530 7 544+1.1
SDSS155416.5+513218.9 0.05-0.1 140530 7 <4x1.3
SDSS155729.9+330446.9 0.12 150219 225.435 6 18.95+4+2.40
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FIGURE A.1: Radio to FIR spectral energy distribution (SEDs, sdildck) for representative
RLQs observed with SMA. Open squares show the 325 (WENSSY1468 MHz (FIRST) radio
photometry, open stars the 130t SMA photometry (arrow indicated thier upper limit) and open
circles the SPIRE and 160m PACS photometry. The 70m PACS photometry is shown with a
smaller circle and is not used for the SED fitting. Error baygespond tolo photometric uncer-
tainties. The radio photometry has been fitted with a brolemep-law from 325 to 1400 MHz and
from 1400 MHz to 230 GHz (or 130pm; green dashed line) and the FIR photometry with an op-
tically thin modified blackbody component (red dashed ling)e dotted black line shows the radio
spectrum based on WENSS and FIRST radio observations ohlg.ddtted red lines show ther
blackbody fitting uncertainty. The inner plot show the blamtty fitting x? value as a function of dust
temperature. The SED plot are arrange in terms of non-tHexomiamination at 130@m, from top
to bottom. The top panel show RLQs that have been rejecteddto sample, the middle and bottom
panels RLQs without significant synchrotron contaminatidthe FIR band while the bottom panel
RLQs that the 130@m emission is dominated by the thermal component.
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