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Abstract

Active galaxies have been in the forefront of astronomic research since their first discov-

ery, at least 50 years ago (e.g.Schmidt, 1963; Matthews & Sandage, 1963). The putative

supermassive black hole (SMBH) at their center characterizes their properties and regulates

the evolution of these objects. In this thesis, I study the ‘demographics’ and ‘ecology’ of

active galactic nuclei (AGN) in the context of their evolution and the interaction with their

environments (mainly their host galaxy).

The number density of AGN has been found to peak at1 < z < 3 (e.g.Ueda et al., 2003;

Hasinger et al., 2005; Richards et al., 2005; Aird et al., 2010), similar to the star formation

history (e.g.Silverman et al., 2008a; Aird et al., 2010). However, when taking into account

obscuration, faint AGN are found to peak at lower redshift (z ≤ 2) than that of bright AGN

(z ≈ 2 − 3; e.g.Hasinger et al., 2005; Hopkins et al., 2007; Xue et al., 2011). This qualita-

tive behaviour is also broadly seen in star-forming galaxies (e.g.Cowie et al., 1996) and is

often referred to as ‘cosmic downsizing’, although this term has developed a number of us-

ages with respect to galaxies (e.g.Bundy et al., 2006; Cimatti et al., 2006; Faber et al., 2007;

Fontanot et al., 2009). Though this behaviour is well established up toz ≈ 3, the nature of

how and when the initial seed of these AGNs were formed remains an open question.

For this study, I useChandrasurveys to study some of the most distant AGN in the Uni-

verse (z > 3). The combination of two different size and depthChandrasurveys (Chandra-

COSMOS and ChaMP) provides me with the largest to-datez > 3 AGN sample, over a wide

range of rest-frame 2-10 keV luminosities [log(LX/erg s−1) = 43.3−46.0] and obscuration

(NH = 1020 − 1023 cm−2). I find strong evidence about a strong decline in number density

of X-ray AGN abovez ≈ 3, and also the association of this decline with a luminosity-

dependent density evolution (LDDE; e.g.Gilli et al., 2007). Especially at high redshifts, the

different evolution models predict quite different numbers of AGNs. The large size and the

wide X-ray luminosity range of this sample reduces the uncertainties of previous studies at

similar redshifts making it possible to distinguish between the different models and suggest

that observations appear to favour the LDDE model.

The observed AGN downsizing behaviour seen via the measuredX-ray luminosity func-

tion (XLF) could arise due to changes in the mass of the typical active SMBH and/or changes

in the typical accretion rate. But how does the growth of SMBHs over cosmic time influence
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its environment? A powerful way to address this question is to compare the host galaxy

properties over a wide range of AGN and accretion rate types.

Radio-jets are one of the most prominent constituents of AGNas they can interact di-

rectly with the host galaxy. Although AGN with radio jets arerare (they make up to 10 per

cent of the total AGN population) radio galaxies make up over30 per cent of the massive

galaxy population and it is likely that all massive galaxiesgo through a radio-loud phase,

as the activity is expected to be cyclical (e.gBest et al., 2005). It is therefore, important to

investigate the impact of radio jets on the host galaxy and particularly the star formation. The

method I follow focuses on the comparison of the host galaxy properties between optically

selected quasar samples, with and without strong radio emission associated with powerful

radio-jets, matched in AGN luminosity.Herschelfar-infrared observations are used to trace

the star formation in the host galaxy, providing minimal AGNcontamination. In my first

approach, I have constructed a sample of radio-loud and radio-quiet quasars from the Faint

Images Radio Sky at Twenty-one centimetres (FIRST) and the Sloan Digital Sky Survey Data

Release 7 (SDSS DR7), over the H-ATLAS Phase 1 Area (9h, 12h and14.5h). The main re-

sult of this work is that RLQs at lower AGN luminosities tend to have on average higher

FIR and 250-µm luminosity with respect to RQQs matched in AGN luminosity and redshift.

However, evolution effects could be strong as the quasars inthis sample cover a wide range

of redshifts (0.4 < z < 5). Therefore, I follow a second approach with the advantage of a

QSO sample selection at a single redshift epoch, decomposing the evolution effects from the

AGN/star-formation study. The results indicate that radio-jets in powerful QSOs can both

suppress and enhance the star formation in their host galaxies. These fundings are consistent

with a galaxy mass and jet-power dependence model. Then we expect more massive galax-

ies to have more star-formation for a given jet-power because their star-formation is more

enhanced by the jet.

Although radio-jets are the best candidates for a direct AGNimpact to the host galaxy,

many models refer to an AGN feedback associated with energetic AGN winds and outflows

which are expected to suppress the star formation in powerful AGN when compared to the

overall galaxy population. My results do not suggest star formation is suppressed in the hosts

of optically selected QSOs atz ≈ 1, with more than 30 per cent of them being associated

with strong star formation rates (SFR ≈ 350 M⊙ yr−1). Although different interpretations

are possible, this result can be explained through periods of enhanced AGN activity and

star-forming bursts, possibly through major mergers.

However, optical QSOs comprise only a small fraction of the total AGN population.

Even if the ‘unified model’ predicts that the host galaxy properties should not be affected

by the viewing angle (type-1 vs. type-2 AGN), several studies have shown results support-

ing a scenario departing from the basic model. Investigating star formation in the hosts of

24 µm selected type-1&2 AGN, I found that the type-2 AGNs displayon average higher
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star-formation rate than type-1 AGNs. This result is in agreement with previous studies sug-

gesting an undergoing transition between a hidden growth phase and 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 I

rejoice in it all.

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

1
Introduction

Active Galactic Nuclei (AGN) belong amongst the most fascinating objects in the Universe.

Their study has been rapidly evolving with a seismic shift inour understanding of their role

in shaping the evolution of the Universe. The term AGN refersto the central region of a

galaxy, which outshines its host over the bigger part of the electromagnetic spectrum. In the

heart of these objects, large amounts of energy are releaseddue to the accretion of matter

onto a supermassive black hole (SMBH). An accretion disk of hot gas surrounds the SMBH,

but moving further out it is also surrounded by a donut-shaped torus of colder gas and dust.

Although classes of AGN can be very diverse, they exhibit at least some common features.

Despite the large amounts of energy they release, AGN are no longer considered as rela-

tively rare and exotic gravity-driven phenomena but they are though to play a dominant role

in the galaxy evolution and formation. The main evidence comes from:

1. the identification in nearby galaxies of the tight relationships between the black hole

(BH) mass and the various properties of the host galaxy (e.g.Kormendy & Richstone,

1995; Magorrian et al., 1998; Gebhardt et al., 2000a; Merloni, 2004; Beifiori et al.,

2012),

2. the requirement for several theoretical models and numerical simulations to implement

outflows driven by the AGN, such as jets and winds, to regulateor suppress star for-

mation in galaxies (‘AGN feedback’; e.g.Springel et al., 2005; Di Matteo et al., 2005;

Croton et al., 2006; Hopkins et al., 2006).

1
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Whilst a compelling picture has emerged, it is mainly constructed from indirect evidence

while direct observational evidences are still scarce particularly in the distant Universe where

the majority of the BH and galaxy growth has occurred. This section provides an overview of

the observed properties of AGN across the electromagnetic spectrum, their evolution across

cosmic time, the effects of their local environment and how all these parameters could affect

their connection with the star formation.

1.1 The Global Picture

Observations show that a number of galaxies posses a very high concentration of luminosity

in their nuclear regions. For this class of objects, the so called AGN, the luminosity of their

nuclei lie in the range of1040 − 1047 erg s−1 (e.gFabian, 1999). In the current paradigm,

the primary source of this energy is believed to be the gravitational 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 material in the disk loses angular momen-

tum and gravitational potential energy, it falls further into the disk and gives off substantial

amounts of electromagnetic radiation. The total radiationin an AGN can sometimes out-

shine the entire stellar component of its host galaxy and while their emission covers almost

the entire electromagnetic spectrum. Therefore, AGN can befound at the farthest reaches of

the universe.

One of the most important questions about AGN concerns the nature of their emitted

energy source. Despite the observed differences between the AGN types, the entire AGN

class has one common property: a large amount of energy is released within a small volume.

It became clear very early that the black hole paradigm explains best, in a natural way,

many of the observed properties and is thus commonly preferred (e.g.Hoyle & Fowler, 1963;

Salpeter, 1964; Rees, 1984). In this picture, the large amount of energy comes from the

release of gravitational energy from accretion onto the black hole. The surrounding matter,

driven by its gravitational pull, generates an accretion disc in which, matter spirals towards

the black hole whilst losing its angular momentum. The potential energy of the matter into

the accretion disk is converted in radiation by viscous forces. As a matter of fact, accretion

of matter in the strong gravitational field of these objects is the most efficient process. The

accretion luminosity is a function of the radiative efficiency ǫ given by:

Lacc = ǫṀc2 (1.1)

whereṀ is the accretion rate andc the speed of light. The radiative efficiency for accretion

of matter onto a black hole is, however, withǫ ∼ 0.1 much higher than for nuclear fusion.

Even though, there are studies suggesting the radiative efficiency might be higher, up to
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ǫ ∼ 0.4, for rapidly rotating black holes (e.g.Elvis et al., 2002; Wang et al., 2006).

As an example, in order to fuel a luminous AGN withL ∼ 1046 erg s−1, a mass accretion

rate of2 M⊙ yr−1 is required. It is clear that the luminosity of an AGN primarily depends

on the mass accretion rate, with in turn depends on the mass ofthe central black hole and

the efficiency for the conversion of gravitational energy into radiation. However, assuming

a standard accretion disc models with a geometrically thin disc, the luminosity emitted from

an object with massMBH has a physical upper limit, the Eddington limit

LEdd ≃ 1.3 × 1038(MBH/M⊙) erg s−1, (1.2)

at which the radiation pressure from accretion of the infalling matter balances the gravita-

tional force of the black hole. The ratio between the bolometric and Eddington luminosities

is referred as the Eddington ratio,λ = Lb/LEdd. Luminosities and accretion rates higher

than the Eddington limit in so-called super-Eddington accretion are possible in different disc

models (e.g.Shakura & Sunyaev, 1973; Dotan & Shaviv, 2011; Sa̧dowski et al., 2011).

1.2 Finding AGN

The exploration of how the BH growth can be triggered in time and space requires the

identification of AGN over a wide range of redshifts and cosmic environments. Exten-

sive optical surveys have provided the easiest way to identify AGN in the local Universe

(Kauffmann et al., 2003; Heckman et al., 2004; Ho, 2008). Since the AGN narrow emis-

sion line region (≈ 10 − 1000 pc) lies outside of the central dusty circumnuclear mate-

rial (see Section1.3.1), optical spectroscopic observations are able to identifyeven heavily

obscured AGNs (e.g. due to the putative obscuring torus;Antonucci, 1993), though they

may be affected by dust in the host galaxy. Multi-wavelengthradio, mid-IR and X-ray ob-

servations further extend our understanding of the role of AGNs within the formation and

evolution of galaxies with an almost complete census of AGN activity down to a given sen-

sitivity limit (i.e., lower-luminosity AGNs can still be unidentified), even in the presence of

star-forming dust in the host galaxy (e.g.Goulding & Alexander, 2009; Nardini et al., 2010).

However, if the obscuration level towards the central region is extremely high due to the pres-

ence of dust in the host galaxy (e.g. Arp 220;Clements et al., 2002; Iwasawa et al., 2005;

Downes & Eckart, 2007), even intrinsically luminous AGN might be completely obscured

and remain unidentified.

At high redshifts, although optical spectroscopy remains effective 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-line AGN diagnostics move out of
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the optical bands atz > 0.4. Recently, various techniques have been employed to over-

come these limitations extending the utility of optical spectroscopy for AGN identification

out to z ≈ 1 (e.g. Juneau et al., 2011; Trouille et al., 2011). Nevertheless, X-ray obser-

vations remain the most efficient and effective way to find a substantial fraction of the

most heavily obscured distant AGNs, almost unaffected by the presence of obscuration (e.g.

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.g.Nuclear Spectroscopic Telescope Array; NuSTAR,

Harrison et al., 2013) are relatively insensitive to extreme amounts of absorption (i.e., the

most Compton-thick AGNs withNH > 3 × 1024 cm−2). Fortunately, some of these ob-

jects, where absorption is so high that not even X-ray photons can escape, can be recog-

nized as AGNs by their infrared and radio emission (e.g.Lacy et al., 2004; Stern et al., 2005;

Hickox et al., 2007) since:

1. the intrinsic emission from the AGN heats the obscuring dust and is re-emitted at

infrared wavelengths and

2. any core or jet emission from the AGN produced at radio frequencies can easily pass

through the absorbing material.

However, infrared and radio emission due to both AGN and starformation activity often

co-exist, making it challenging to decompose the two components (e.g.Polletta et al., 2007;

Mullaney et al., 2011a). The bulk of a galaxy’s light is emitted at ultra-violent (UV) to

submillimetre wavelengths (≈ 0.1−1000 µm; e.g.Kennicutt & Evans, 2012) and is primarily

due to the radiation produced by stars and AGN activity, whenpresent. The intrinsic emission

from these stellar populations dominates in the UV - near-infrared (NIR) bands and can

be described by a black-body radiation model over a range of masses and ages (Kurucz,

1979). These models are typically sensitive to the presence of dust, particularly in dusty star-

forming regions, which are generally optically thick to short-wavelength UV-NIR radiation.

Consequently, observations at far-infrared (FIR) wavelengths are among the most useful

tools to efficiently measure the emission from young and forming stars since the emitted

starlight will heat the dust and then thermally re-radiatedas FIR emission (λ ≈ 30−300 µm;

typical temperatures ofT ≈ 10−100 K). Therefore, galaxies which are currently undergoing

an intense burst of star formation emit most of their light atFIR wavelengths, while quiescent

galaxy emission is produced at UV-NIR wavelengths.

Since the accretion disk is hotter than young stars, the dustis typically 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) wavelengths than that from star for-

mation (≈ 3 − 30 µm; e.g. Netzer et al., 2007; Mullaney et al., 2011a). Consequently, for

many AGN studies, the FIR emission is taken as a measurement of the star formation rate
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(SFR). However, in order to provide the most accurate SFR constraints it is necessary to

decompose the infrared emission into the AGN and star-formation components, which is es-

sential for reliable SFR measurements from intrinsically luminous AGNs (e.g.Netzer et al.,

2007; Mullaney et al., 2011a; Delvecchio et al., 2014). The following sections explore the

multi-wavelength process of AGN activity using observations at X-ray, optical, IR, and radio

wavelengths. I investigate the evolution of AGN with redshift, the connection between AGN

and radio-jet activity with star formation, and the role of environment.

1.3 AGN Phenomenology

AGN show a great variety of classes and definitions. In the following a brief excursion going

through most AGN classes is given. Although many propertiesof AGN distribute relatively

continuously, I will also consider the question to which extend these classes are really distinct

and different or if AGN can be variable or may even one class ofobject evolve into another

class on certain periods of their time life.

Seyfert galaxiesare a class of active galaxies characterized by a very brightand star-

like core, high nuclear surface brightness and strong emission lines in their optical spectrum

(Khachikian & Weedman, 1974). 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, i.e.they are either radio-undetected

or radio-quiet. The Seyfert galaxies are classified according to the presence of ‘broad lines’

in their optical spectrum. In type-1 Seyfert galaxies (Sy1s) broad emission lines are observed

due to gas with density of∼ 109 − 1012 atoms cm−3 and typical moving speed on the order

of a few thousandkm s−1. Additionally, narrow forbidden emission lines with velocities of

a few hundreds of kilometers per second can be also observed in their spectra. In the case

of type-2 Seyfert galaxies (Sy2s) only narrow emission lines are found. There are, however,

Seyferts with intermediate properties between the two types and even observed evolutionary

pictures in which Sy1s evolve into Sy2s, orvice versa, on scales of a few months (e.g. NGC

4151;Penston & Perez, 1984).

Low-Ionization Nuclear Emission Line Regiongalaxies (LINERs;Heckman, 1980)

are very similar to Sy2s. The difference in the optical spectra is that these galaxies show

weaker continuum emission of LINER nuclei and stronger narrow low-ionization emission

lines uncharacteristic of photoionization from normal stars (Heckman, 1980). LINERs are

very common as they are detected in at least one third of nearby galaxies (Ho et al., 1997)

and they may simply be very low-luminosity Seyferts or objects that include mechanisms

of starburst-driven winds or shock-heated gas and cooling flows that play a major role in

ionizing the gas (Heckman, 1980; Filippenko & Terlevich, 1992). As Heckman(1980) and

later Keel (1983) mentioned, these narrow-line regions are powered by the same type of

source as Seyferts and therefore LINERs may represent the missing link between powerful
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AGN and nearby ‘normal’ galaxies.

Radio Galaxiesare also strong radio AGN emitters. These sources show similar spec-

tral properties at optical wavelengths as the Seyferts and so they could be considered as their

radio-loud analogues. Based on their optical spectra, the radio galaxies can as well be sepa-

rated into Narrow Line Radio Galaxies (NLRGs) and Broad LineRadio Galaxies (BLRGs),

depending on the full width at half maximum (FWHM) of their optical emission lines. Con-

trary to Seyferts, they are usually associated with (giant)elliptical galaxies.

The radio emission arises in two morphologically and spatially distinct components: the

compact region and the extended region. Emission from both the compact and extended

region is most likely synchrotron radiation from a population of relativistic particles being

ejected from the central engine. Such collimated outflows are called jets. A further morpho-

logical classification is based on the morphology and the power of the jets. By comparing the

distance with the total extent of the radio-emitting region, Fanaroff & Riley(1974) defined

two subclasses of radio galaxies: radio galaxies with strong, symmetric jets and extended

radio lobes that become fainter as one moves to the outer extremities of the lobes are classi-

fied as Fanaroff & Riley Type I (FR I) sources. On the other hand, when the radio lobes are

collimated, ending in luminous hotspots that have steep radio spectra in the inner regions,

these are classified as Fanaroff & Riley Type II (FR II) sources. Fanaroff & Riley(1974)

suggested a separating luminosity at 178 MHz of2.5 × 1026 W Hz−1 sr−1, but the luminos-

ity boundary between them is not very sharp, and as shown byLedlow & Owen(1996) it

depends on the host galaxy optical luminosity. The host galaxies of FR II are similar to the

normal giant ellipticals, whereas FR I galaxies are usuallylarger, brighter and display flatter

surface brightness profiles than normal ellipticals (e.g.Owen & Laing, 1989) but this may

also depend on redshift (e.g.Herbert et al., 2011). FR II galaxies have more luminous optical

emission lines (e.g.Zirbel & Baum, 1995) and are found in less rich environments compared

to FR I galaxies depending on the redshift (e.g.Hill & Lilly , 1991; McLure & Dunlop, 2001;

Falder et al., 2010).

Quasarsare the most luminous AGN, which are typically very distant with their number

density having a peak at1 < z < 3 (e.g.Fan et al., 2001; Hasinger et al., 2005; Richards et al.,

2006a). At these distances the host galaxy is no longer detectable, either because the nucleus

outshines the host galaxy, or because its angular extensionis well below the telescope’s

angular resolution thus, quasars show a point-like appearance at optical wavelengths. The

so-called quasi-stellar objects (QSOs) were first detectedin the search for optical counter-

parts of unidentified radio sources (e.g.Schmidt, 1963; Matthews & Sandage, 1963). Even

though, the radio-loud quasars (RLQs) make only up to the 10 per cent of the total quasar

population (e.g.Ivezić et al., 2002). The radio luminosity of the radio-loud objects at 5 GHz

is about to 1 - 3 order of magnitude higher than their optical luminosity (Sanders et al., 1989).

Blazars constitute a subset of the AGN population with relativisticjets pointing in the

direction of the observer. The general characteristics of Blazars that distinguish them from
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the rest of the AGN are the smooth continuum at the IR/optical/UV regions from a stellar-

like nucleus, their high optical polarization, the fast optical variability on timescales as short

as hours and their strong and time-variable radio continuum. The special jet orientation

can explain these characteristics. They contain two subclasses: the BL Lac objects and the

optically violent variables (OVVs). BL Lac objects so no or weak emission lines thus, their

optical spectra are clearly dominated by continuum emission (Strittmatter 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 scheme suggesting that the different

types of AGN can be unified in a single theory. We could summarize the observed properties

of AGN in three wide groups: luminosity, radio-loudness andemission line widths. Fig.1.1

presents the current understanding of unification scheme inwhich the observed AGN type

depends on the observer’s viewing angle to the system. Radiojets are the only intrinsic

property responsible for the presence of radio-loud and radio quiet AGN sub-classes, while

most of the other AGN phenomenological differences arise simply from the different viewing

angles.

The key elements of this unification model are the componentsof the AGN. The central

engine is associated with a SMBH surrounded by an accretion disk which feeds the BH with

gas. Material orbiting around the BH reaches its highest orbital speed velocities as it comes

closer and closed to the BH. Due to the large velocity dispersion in the inner region of AGN,

the emission lines, which are produced by photo-ionizationby the continuum radiation from

the central source, are broad. Thus, this inner region wherefast-moving clouds orbit above

the accretion disk is called Broad Line Region (BLR).

The original unification scheme (Antonucci, 1993) included a torus of gas and dust, large

enough to completely obscure the central region in some directions (e.g. high inclination

angles) and block the direct optical and UV emission to the BLR, even though some contin-

uum and broad emission lines can be scattered into the line-of-sight by dust which is found

throughout the region. Even further away from the BH, the emission comes from a region

with much smaller velocity of clouds - the Narrow Line Region(NLR). Combined with the

low gas density at these distances, the formation of forbidden lines is allowed while their

profiles are narrower due to the smaller velocity spread. In some cases, the gravitational

energy extracted by BH and accretion disk processes is radiated away as highly energetic

photons or escapes in a jet. The direction of the relativistic jets is thought to align with the

symmetry axis, but no preferential orientation relative tothe rotation axis of the host galaxy

is seen (e.g.Lyutikov et al., 2005; Lindner & Fragile, 2007).

As mentioned above, most of the properties of the different AGN types can be explained

assuming a simple geometrical parameter associated with a ‘donut’-shaped obscuring AGN
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FIGURE 1.1: Schematic cross-section of the central engine and its close environment in the unified
scheme (not to scale). In the unification model the differentAGN classes are explained by different
viewing angles of the same AGN model. The labels indicate thecomponents of an AGN. Viewing
angles are labelled with the AGN type. The separation in radio-loud and radio-quiet along the orbital
plane is only used for illustration. The central super massive black hole is surrounded by an accretion
disk of orbiting dust and gas. Depending on the radio-loudness of the source, a jet (or two back-to-
back jets) of accelerated particles is present. Illustration afterUrry & Padovani, 1995.

torus and the relative position of the observer. For instance, the inclination of these systems

can explain why only a fraction of AGN show broad lines in their spectra. If the obscuring

torus is observed from the exact edge-on direction (inclination angleθ = 90o), it can prevent

the direct view of the inner AGN region and only the NLR can be seen while the BLR is

obscured. As we move away from the edge-on axis (inclinationangle decreases), the inner

region becomes more apparent. Thus, the two types of Seyfertgalaxies (type-1 and type-2)

could be explained using the orientation parameter.

In a similar manner, RLQs are believed to have the same morphology as FR II radio

galaxies. In the case of flat-spectrum radio-quasars (FSRQ), they are observed in small

angles close to the line-of-sight which is nearly aligned tothe axis of the jet. For the steep-

spectrum radio-quasars (SSRQ), the line-of-sight is oriented to higher angles (until45o; e.g.

Barthel, 1989; Padovani & Urry, 1992). The most extreme case are the blazars, where the

jet is pointed almost directly toward the observer. The relativistically boosted emission from



1.3 AGN PHENOMENOLOGY 9

the jet can dominate all the other sources of radiation, and explains the feature-less spectra,

as well as the short variability time scales. The BL Lac objects have been unified with FR I

radio galaxies (e.g.Schwartz & Ku, 1983).

However, the traditional ‘donut’-shaped structure of the obscuring torus might be a sim-

plified picture. The real distribution of the material couldbe associated with ways more

complex structures (clumpy torus model; e.g.Tristram et al., 2007; Nenkova et al., 2008) or

even depend on AGN luminosity (e.g.Elitzur & Shlosman, 2006; Lawrence & Elvis, 2010;

Elitzur, 2012). Elvis (2000) presented a more sophisticated model for the quasars’ structure

(see Fig.1.2) where an accelerating outflow (∼ 106 K) with a funnel-shaped thin shell ge-

ometry rises vertically from a narrow range of radii on a diskin the BLR. This structure can

explain the observed emission and absorption-line phenomena associated with both broad

absorption line region, high-ionization ultraviolet narrow absorption lines and X-ray warm

absorbers. The observed differences in high and low luminosity sources such as the UV and

X-ray Baldwin and the greater prevalence of obscuration in low-luminosity AGNs could be

explained by small luminosity-dependent changes in the outflow shape of the inner parts of

the model.

Having treated AGN in general, what follows is a more detailed description of particular

AGN sub-classes which are of direct relevance for this thesis. Special attention will be paid

to the apparent type-1&2 AGN unification and radio-loudnessdichotomy of quasars.

1.3.2 Seyfert unification scheme

The Seyfert unification scheme predicts that Sy1s and Sy2s galaxies are extracted from the

same parent population and the observed differences are solely due to the differing orien-

tations of the ‘donut’-shaped obscuring material around the nucleus (e.g.Rowan-Robinson,

1977; Lawrence & Elvis, 1982; Antonucci, 1993). Emission from the NLR is expected to

be unaffected by the viewing angle while, on the contrary, emission from the BLR can be

observed only if the line of sight does not intercept the torus. In type 2s, where the opening

of the torus is edge-on, the BLR has been detected in polarised light due to scattering by free

electrons and dust grains located above the torus opening. Spectropolarimetric observations

provide direct evidence for the presence of polarized broademission lines establishing that at

least some of the Seyfert 2s harbor a type 1 Seyfert whose inner region is obscured from view

(e.g.Miller et al., 1991; Heisler et al., 1997; Moran et al., 2000; Panessa & Bassani, 2002).

However, it is a matter of debate whether all Sy2s posses hidden type 1 nuclei.

Similarly toMoran et al.(2000), several other works have yielded results consistent with

the predictions of the Seyfert unification scheme, e.g. stronger continuum emission in the

case of Sy1s, with a systematic lack of ultraviolet and X-ray(soft and hard) emission in Sy2s

compared to Sy1s galaxies (Lawrence, 1987; Mas-Hesse et al., 1994), similar amount of

molecular gas for both types (Maiolino et al., 1997; Curran, 2000), (bi)conical morphology
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of the NLR perhaps due to an obscuring torus (Mulchaey et al., 1996; Muñoz Marı́n et al.,

2007), and no statistically significant difference in the nuclear radio properties of the two

Seyfert subtypes (Lal et al., 2011).

While this unified scheme is simple and attractive, inconsistencies with its predictions

remain, such as, the absence of hidden Seyfert 1 nuclei in a large fraction (∼ 50 per cent)

of Sy2s (e.g.Tran, 2001), the increase of the detected hidden broad-line regions (HBLRs)

fraction with the radio power of AGN (e.g.Tran, 2003), Sy2s tend to have, on average, later

Hubble types than Sy2s (e.g.Malkan et al., 1998), the lack or low X-ray absorption in some

Sy2s (e.g.Panessa & Bassani, 2002; Caccianiga et al., 2004; Corral et al., 2005).

Although clear evidence favour the obscuration of the nuclei region due to the pc-scale

torus presence, in agreement with the orientation-based unification model predictions, it is

still a matter of debate whether an additional ingredient, associated with larger scales, must

be considered (e.g.Maiolino & Rieke, 1995; Matt, 2000). Several recent studies have shown

results that would imply significant departure from the default unified model, e.g. enhanced

star formation in Sy1s (e.g.Page et al., 2004; Hatziminaoglou et al., 2010; Chen et al., 2015),

more disturbed host galaxy morphology of dust-obscured quasars when compared to unob-

scured quasars (e.g.Lacy et al., 2007) and stronger clustering in Sy2s (e.g.Hickox et al.,

2011; Donoso et al., 2014; DiPompeo et al., 2014). These results associate the high levels

of nuclear obscuration with dusty starburst events due to major merger. Due to the power-

ful AGN activity and AGN winds, the dust can be later expelledimplying an evolutionary

link between type-1 (unobscured) and type-2 (obscured) AGN(e.g.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 stellar masses and star-formation

rates of obscured and unobscured X-ray-selected AGNs hosts(e.g. Mainieri et al., 2011;

Rosario et al., 2012; Rovilos et al., 2012; Merloni et al., 2014).

Nonetheless, both AGN sample selection from flux limited surveys and measurements

of star formation properties for AGN host galaxies still suffer from selection effects that are

often different among various AGN populations. The test of the validation and limitation of

the current unification models of AGN still continues with more improved and well defined

samples.

1.3.3 Radio-loud – radio-quiet AGN unification

The radio-loudness dichotomy has been recognized for many years as constituting one of

the major questions of intrinsic versus orientation differences in QSOs. The degree of radio-

loudness is based on the radio emission generated by the coreemission, jets and lobes and its

correlation with the central engine. However, due to the large variety of definitions a unique

classification is sometimes difficult.

Generally, two main parameters are used to estimate the radio-loudness of a QSO, either
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the radio power at 5 GHzP5GHz or the radio-to-optical flux density ratioR. Kellermann et al.

(1989) originally defined the radio-loudness parameterR as the 5 GHz radio flux density to

B-band (4000̊A) flux ratio, R = S5GHz

S2500
. Based on this definition, QSOs are often separated

into two broad categories, the ‘radio-quiet’ (RQQs) and the‘radio-loud’ (RLQs) quasars.

The radio-loud sub-sample is usually categorized byR > 10 (e.g.Kellermann et al., 1989)

or P5GHz > 1024W Hz−1 sr−1 (e.g. Miller et al., 1990), or both (e.g.Falcke et al., 1996;

Wold et al., 2001), and makes only∼ 10 per cent of the total population.

The radio-loudness parameter,R, was found to be bimodal where a luminosity gap sep-

arates the two populations (Kellermann et al., 1989; Miller et al., 1990; Ivezić et al., 2002).

However, some studies found a class of radio-intermediate quasars which have radio lumi-

nosities that fill the gap (Miller et al., 1993). This group of sources was proposed to be

the relativistically beamed radio-quiet (or radio-weak) quasars (Falcke et al., 1996). In con-

trast,White et al.(2000) found no bimodality in theR parameter distribution using quasars

selected from the FIRST (Becker et al., 1995) survey (see alsoCirasuolo et al., 2003a,b;

Ivezić et al., 2004; Barvainis et al., 2005). However, it has been pointed out that theWhite et al.

(2000) sample was biased by objects near the flux limit, a fact that could lead to spurious

results. With their results,Ivezić et al.(2002), have suggested bimodality using FIRST and

the large and unbiased SDSS catalogue (York et al., 2000). However, the detection limits of

both surveys do not permit the detection of a significant number of RQQs and hence a sec-

ondary peak must exist due to the majority of undetected SDSSquasars in the FIRST survey

(∼ 90 per cent) and the weaker radio emission of typical RQQs compared to 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-counterparts showed evidence for a shallow min-

imum between the RL and RQ groups of the radio-loudness distribution. However, again,

optical selection effects at these flux levels may dominate the distribution.

Apart from the radio-loudness difference between the two QSO sub-samples, their spec-

tral energy distribution along the other wavelength bands is broadly similar. Possible cor-

relations of the radio-loud quasars fraction or radio luminosity with the optical luminosity

(e.g.Padovani, 1993; Hooper et al., 1995; Goldschmidt et al., 1999; Impey & Petry, 2001)

or lack of correlations (e.g.Stern et al., 2000; Ivezić et al., 2002; Cirasuolo et al., 2003a)

could indicate the physical differences of the two classes.The physical meaning of radio-

loudness could lead to different physical properties between the two populations, such as

different origin of radio emission (jet vs. corona; e.g.Laor & Behar, 2008), different BH

masses (e.g.McLure & Jarvis, 2004), accretion rates (e.g.Sikora 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.g.Hughes & Blandford, 2003; Lagos et al., 2009; Garofalo et al., 2010).

Several studies have reported a radio dichotomy dependenceon the 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 redshift RQQs are found in signifi-

cantly less rich environments. More recent studies at higher redshifts agree with the fact that

RLQs are found in overdense environments (e.g.McLure & Dunlop, 2001; Barr et al., 2003;

Falder et al., 2010) but for RQQs the there is as yet no clear consensus. While a number

of studies suggest that RQQs are found in underdense regions, or at least regions less dense

than RLQs (e.g.Ellingson et al., 1991; Smith et al., 2000; Hyvönen et al., 2007), other stud-

ies show that, at the very least, a significant fraction of RQQs is located in environments con-

sistent with that of their radio-loud counterparts (e.g.Wold et al., 2001; McLure & Dunlop,

2001). Thus, the environment alone cannot provide the mechanismtriggering radio activity.

An alternative handle on radio-loudness comes through studies of quasar host galaxies.

Studies of the host galaxy morphology dependence on radio division have a long and che-

quered history. (Smith et al., 1986) argued that RLQs are predominantly hosted by luminous

elliptical galaxies and RQQs are found in less bright spiralhosts. These early indications

have been superseded by a picture in which RLQs indeed residein luminous, massive ellip-

tical galaxies but the morphology of the RQQ hosts may depends on the quasar luminosity.

In that scene, although RQQ may reside in both early-type spirals and ellipticals at their

bright end of the luminosity function (LF) are exclusively hosted in elliptical galaxies (e.g.

Dunlop et al., 1993; McLure et al., 1999). At 1 < z < 2 redshifts, the hosts of RLQs ap-

pear1 − 1.5 magnitudes more luminous than RQQs hosts with the same AGN luminosity

(Kukula et al., 2001). At even higher redshifts the hosts have proved harder to detect making

the picture less clear. Fig.1.3 shows the results ofKukula et al.(2001) on the evolution of

host luminosities of RLQ and RQQ at three cosmological epochs. As expected from the

evolution of massive spheroids, RLQ host luminosity increases by a factor of 3 at redshift

z ∼ 2. In contrast to RLQ hosts and passive evolution, RQQ hosts appear to have the same

absolute magnitude at all redshifts. The fact that the drop in RQQ host mass is not displayed

by their radio-loud counterpart might be explained by a selection effect arising from the fact

that radio-loudness criterion ensures a higher BH mass threshold in the case of RLQs.

An interesting result originally reported by (Franceschini et al., 1998) and since then has

been the subject of many studies (Lacy et al., 2001; Nagar et al., 2002; Jarvis & McLure,

2002; McLure & Jarvis, 2004), is the correlation of BH mass and radio-loudness or radio

luminosity. Many of these works have concluded that on average the BH mass of RLQS is

more massive than that of RQQs by a factor of∼ 1.4. Fig. 1.4 shows the results of radio-

loudness and BH mass correlation for RLQs and RQQs populations drawn from SDSS and

NVSS/FIRST catalogues (McLure & Jarvis, 2004). The BH masses of RLQs were found to

be confined toMBH ≥ 108M⊙. However, for a given BH mass the radio luminosity has a

scatter of several orders of magnitude. On the other hand, several studies argue that RLQs

with 106M⊙ < MBH < 108M⊙ rule out any correlation between BH mass and radio power

giving evidence that radio dichotomy can not be explained just from BH mass parameter
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FIGURE 1.3: Mean absolute V-band magnitude versus mean redshift atthree epochs for the host
galaxies of RLQs (open circles) and RQQs (filled circles) fortwo different cosmologies. The dotted
lines show the luminosity evolution of present dayL∗, 2L∗ and4L∗ elliptical galaxies. Figure taken
from Kukula et al.(2001).

(Oshlack et al., 2002; Woo & Urry, 2002b,a; Ho, 2002; Urry, 2003). Despite the lack of cor-

relation, these studies also suggest the existence of a BH mass threshold which controls the

onset of radio-loudness (Laor, 2000; Magliocchetti et al., 2004; Metcalf & Magliocchetti,

2006).

FIGURE 1.4: Black hole mass plotted against the radio-loudness (left) and against the radio lumi-
nosity at 5 GHz (right) for a sample of RLQs (filled black circles) and RQQs (grey arrows). RLQs
with L5GHz < 1024 W Hz−1 sr−1 plotted as open black circles. Figure taken fromMcLure & Dunlop
(2004).

1.4 AGN demographics and evolution

Since the early identification of AGN in the ’60s (Schmidt & Olsen, 1968), their evolution

as a function of cosmic time has been studied intensively. Ever since, the identification
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of the relatively rare AGN systems was dominated by wide areaoptical and radio surveys.

Due to the availability of large optical quasars surveys, ithas become evident that the pop-

ulation of luminous quasars evolves strongly, being ordersof magnitude more common at

cosmic times corresponding to redshiftz = 1− 2 than locally (e.g.Schmidt & Green, 1983;

Boyle et al., 2000; Richards et al., 2006a). However, optical selection is heavily biased to-

wards unobscured AGNs that are bright enough to dominate thecombined spectrum over the

host galaxy. Therefore, a complete study of AGN requires a comprehensive census of AGN

including both unobscured and obscured AGNs down to a low luminosity level.

Currently, the most effective method to select distant AGNsis using X-ray observations

which provide an almost unbiased selection and, since star-formation activity is compara-

tively weak at X-ray energies, can identify even low-luminosity systems. Thanks to deep

X-ray observations at≤ 10 keV performed by theChandra X-ray Observatory(Chandra;

Weisskopf et al., 2000), and theX-ray Multi-Mirror Mission (XMM-Newton; Jansen et al.,

2001) a large fraction of obscured systems, that are significantly less luminous up to 2 order

of magnitude than typical quasars in wide-area surveys (e.g. SDSS;Ross et al., 2012), has

been identified. Though the completeness of the most heavilyobscured and high-redshift

(z > 5) AGN requires further improvements, the AGN samples are nowfairly complete over

a large redshift and luminosity range to allow fundamental questions about the evolution of

AGN activity across cosmic time to be addressed.

A key finding, firstly introduced by observational studies, has revealed an ‘anti-hierarchical’

luminosity dependent trend in AGN evolution: the number density of luminous AGN peaks

at higher redshifts than those of fainter AGN (e.g.Cowie et al., 2003; Hasinger et al., 2005;

La Franca et al., 2005; Silverman et al., 2008a; Aird et al., 2010; Ueda et al., 2014). These

findings are consistent with the downsizing behaviour observed also in optically and radio se-

lected AGN (e.g.Richards et al., 2005; Hopkins et al., 2007; Croom et al., 2009; Ross et al.,

2013), confirming the consistency of this phenomenon. While various signs of this downsiz-

ing phenomenon are now seen, precise measurements are stillneeded to efficiently reduce the

large uncertainties as to the exact form of the X-ray luminosity function (XLF) and its evo-

lution. Recent studies have proposed either luminosity-dependent density evolution (LDDE;

e.g. Gilli et 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 redshifts. In

LDDE scheme, the shape of the XLF changes with redshift, witha flattening of the faint-end

slope as redshift increases. This evolution is broadly characterized by a shift in the peak

of AGN space density towards lower redshifts for lower luminosity objects. In the latter

(LADE), the shape of the XLF is constant over the whole redshift range, unlike the case of

LDDE, but it undergoes strong luminosity evolution atz ≤ 1.0, and overall negative den-

sity evolution toward increasing redshiftAird et al., 2010. While both models reproduce the

down-sizing behavior, the number of AGN they predict, especially at high redshift (z > 3),

are quite different. Although the current X-ray data confirmthe exponential decrease in the
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AGN density abovez & 3 (e.g.Silverman et al., 2008a; Brusa et al., 2009; Civano et al.,

2011; 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. LADE vs. LDDE) at high-redshifts,

largely owing to the small samples and limited area coverage.

Unobscured AGNs (NH . 1022 cm−2) are found to trace the same evolution as obscured

AGNs, although there is evidence that the fraction of obscured AGNs in the total (Compton-

thin) AGNs increases toward higher redshift (e.g.Ballantyne et al., 2006; Treister & Urry,

2006; Hasinger, 2008). This trend would be consistent with a suggestion that distant AGNs

contain nuclear regions that are more gas rich than lower-redshift AGNs. Although, deep

X-ray surveys have provided the most effective method for the identification of complete

samples of AGN, a significant fraction of the heavily obscured (NH & 1023 cm−2), and

Compton-thick (NH & 1024 cm−2) AGN probably remains undetected (e.g.Alexander et al.,

2008; Georgantopoulos et al., 2009; Comastri et al., 2011). The number density of these

heavily obscured AGNs is estimated to be similar to the moderately obscured AGNs (e.g.

Gilli et al., 2007) in order to fit the 30 keV peak in the cosmic X-ray background (CXRB),

with ≈ 25 per cent at 6-8 keV and≈ 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 most successful methods have utilized

radio and infrared observations. Each method has strengthsin some areas and limitations in

others, such as completeness and reliability, thus they aremore efficient when used together

to AGN candidates identification.

Apart from the observational constraints, a variety of theoretical models and simula-

tions have been used to provide valuable insight into the physical nature of AGN evolu-

tion (e.g.Di Matteo et al., 2008; Hopkins et al., 2008; Fanidakis et al., 2012; Menci et al.,

2013). Although, at present, small-scale physical mechanisms related to the BH accretion

and formation are not sufficiently modeled due to the limitedspatial and mass resolution,

several state-of the-art cosmological models have successin demonstrating the observed

‘anti-hierarchical’ trend in AGN evolution and SMBH growthproviding a cosmological in-

terpretation of the ‘downsizing’ effect. On the one hand, the cause of this trend may results

from the exhaustion of the gas content in massive halos due tostarburst events and feedback

or from a drop of the rate of mergers, or even the combination of these physical mechanisms.

On the other hand, less-luminous AGN evolve smoother as the gas content in low-mass

galaxies evolves more mildly. Additionally, as luminous AGNs run out of fuel, their SMBHs

are no longer rapidly growing and their luminosity fades, result to a significant fraction of

the less-luminous sources that still appear as AGNs.

The integrated growth of SMBH is dominated by systems aroundthe knee of the AGN

luminosity function (e.g.Hopkins et al., 2007); AGNs with LX = 1044 − 1045 erg s−1

dominate SMBH power production at higher redshifts (z > 1.5), while those withLX =
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FIGURE 1.5: Top: Comoving number density of AGNs, selected from multiple X-ray surveys,
plotted against redshift in different luminosity bins (as labelled; in units oflog[erg s−1]). The curves
are the best-fit model, and the data points are calculated from either the soft or hard band sample.
Note that the number density of luminous AGN peaks at higher redshifts that lower-luminosity AGN
(i.e., AGN cosmic downsizing). Bottom: Comoving mass density of all SMBHs plotted against red
shift (uppermost solid curve, black). Note the shift of the peak for AGNs withLBol < 1045 erg s−1

(or LX < 1043 erg s−1). Taken fromUeda et al.(2014).
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1043 − 1044 erg s−1 dominate at lower redshifts. Fig.1.5 shows that the luminosity depen-

dence of AGN evolution results in a shift of the SMBH mass density peak fromz ∼ 2,

where AGNs withLBol = 1046 − 1047 erg s−1 (or LX = 1044 − 1045 erg s−1) make the

largest contribution, to lower redshifts (Ueda et al., 2014). Approximately, the integrated

fractions of SMBH growth atz < 1, z = 1 − 2, andz > 2 are35 − 50 per cent,25 − 40 per

cent, and15 − 25 per cent, respectively (e.g.Marconi et al., 2004; Silverman et al., 2008a;

Aird et al., 2010; Ueda et al., 2014). Two important AGN sub-populations for the growth

of BHs and galaxies are optically selected quasars which contribute 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 contribute< 10 per cent (e.g.

Cattaneo & Best, 2009) but appear to have played a significant role in the formationand

evolution of galaxies.

Although RLAGNs are a minority at all redshifts, the large amount of kinetic/mechani-

cal energy produced by the jets and lobes can be transferred to the host galaxy or large-scale

environment and prevent the gas cooling and star formation.Therefore, the radio luminosity

functions associated with AGN activity are used to observationally constraint the volume-

average heating rate from AGN (e.g.Croton et al., 2006; Lehmer et al., 2007; Smolčić et al.,

2009; La Franca et al., 2010). Obtaining an estimate of the mechanical radio power has

proven to be a difficult problem with a basic requirement of converting the synchrotron jet

luminosity into a kinetic energy (e.g.Best et al., 2006; Heinz et al., 2007; Cavagnolo et al.,

2010). On the basis of the current conversion factors, the kinetic energy density is pre-

dicted to be broadly flat overz ≈ 0 − 4, with power density being completely dominated

by low luminosity AGN at low redshifts, while the contribution from RLQs becomes sig-

nificant atz ∼ 2 (e.g.Merloni & Heinz, 2008; Cattaneo & Best, 2009). There is evidence

for a sharp (about a factor of five) decrease of the kinetic energy density atz < 0.5, which

would indicate a weakening role of AGN activity towardsz ≈ 0 (e.g.Körding et al., 2008;

La Franca et al., 2010).

1.5 The host galaxies of distant AGNs

In the past 20 years astronomers discovered that almost every massive galaxy hosts a cen-

tral galactic BH (MBH ≈ 105 − 1010 M⊙). The existence of SMBHs at the center of

massive nearby galaxies has been confirmed mostly from the dynamics of stars and gas

kinematics (e.g.Kormendy & Richstone, 1995). In the case of AGN, it has been possi-

ble to measure SMBH masses due to a technique known as reverberation mapping (e.g.

Blandford & McKee, 1982; Peterson, 1993) which provides indirect BH mass estimates and

kinematic studies which are known to provide the most reliable mass measurements (e.g.

Kaspi et al., 2000). These measurements have lead astronomers to establish well-defined

black hole mass scaling relations with host galaxy properties such as: stellar mass in the
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spheroidal component (e.g.Marconi & Hunt, 2003), luminosity (e.g.Magorrian et al., 1998),

velocity dispersion (e.g.Gebhardt et al., 2000b; Ferrarese & Merritt, 2000; McConnell & Ma,

2013) and mass of the dark matter halo (e.g.Ferrarese, 2002). The tightness of these relations

suggests there may be a link between black hole formation andgalaxy evolution.

Researchers, trying to understand the origin of this BH-spheroid mass link, have re-

vealed the need of the presence of powerful phenomena such asgas-rich major mergers (e.g.

Sanders & Mirabel, 1996; Hopkins et al., 2008), galaxy interactions, minor merger or other

secular processes such as galaxy bars, disk instabilities,and clumpy cloud accretion (e.g.

Silverman et al., 2011; Bournaud et al., 2012; Villforth et al., 2014). These processes may

be responsible for triggering both black hole feed via accretion of gas to the center of the

galaxy and star formation. However, we note that there is evidence that the most luminous

AGNs are preferentially triggered by major mergers, as alsofound for the most powerful

star-forming galaxies (e.g.Treister et al., 2012), which could indicate that to reach the high-

est AGN luminosities - where the most massive BHs accreted the bulk of their mass - major

mergers are required to drive sufficient quantities of gas into the central regions of galaxies.

Fig. 1.6shows a schematic example for theMBH − σ relation with three possible evolution-

ary tracks for merging galaxies overlaid (Medling et al., 2015).

Black holes release huge amounts of energy to their surrounding systems. Assuming

a sufficiently strong coupling between BH radiative/mechanical output and the surrounding

gas, the SMBHs can potentially regulate the growth of their host galaxies through AGN feed-

back (e.g.Springel et al., 2005; Hopkins et al., 2010). This assumption would be consistent

with the existence of a correlation between the mass of starsin the bulge and the masses of

the SMBHs. In particular, theory suggest that nuclear activity regulates host galaxy growth

either by high velocity AGN-driven outflows that remove the gas from the galaxy and sup-

press the star formation and future black hole growth (e.g.Hopkins et al., 2006; Menci et al.,

2006), or by heating it (e.g.Croton et al., 2006). The feedback process from a growing

SMBH can be split broadly into two types. Using the terminology of Croton et al.(2006),

there is ‘quasar-mode’ feedback, which comprises wide-angle, sub-relativistic out-flows due

to the efficient accretion of cold gas, and ‘radio-mode’ feedback, which are relativistic out-

flows driven by radiation that punch their way out of the host galaxy and into the surrounding

inter-galactic medium (IGM), often but not exclusively dueto the relatively inefficient ac-

cretion of hot gas (see Fig.1.7; 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 wind created by the luminous

accretion disk. The ignition of the nucleus in a star-forming galaxy heats-up and removes

the inter-stellar medium (ISM) gas from its host galaxy, thus reducing or even stopping star

formation (e.g.Granato et al., 2001; Croton et al., 2006; Hopkins et al., 2010; Page et al.,

2012). During this process, the flow of matter to the central SMBH can be reduced, low-

ering the accretion flow and eventually extinguishing the AGN. Once the gas cools down
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FIGURE 1.6: MBH − σ relation for isolated galaxies fromMcConnell & Ma(2013) (black) with
three possible evolutionary tracks for merging galaxies overlaid. If the black hole grows first or more
quickly than the galaxy bulge, mergers would lie above the relation (as shown by the gold arrows). If
the black hole growth lags the bulge growth and is responsible for curtailing evolution (e.g. quenching
through AGN feedback), mergers would lie below the relation(as shown by the purple arrows). If
instead the black hole and the bulge grow in lockstep, the mergers would remain on the relation (as
shown by the blue arrow). Taken fromMedling et al.(2015).

and starts to collapse into the nucleus again, a new AGN phasemay begin and the cy-

cle resumes. In recent years, much work has focused on observational evidence for AGN

wind mainly through the presence of highly blue-shifted absorption and emission lines (e.g.

Boroson, 2005; Davies et al., 2009; Gofford et al., 2011; Richards et al., 2011). All these

studies demonstrate that energetic winds are common in AGN.However, based on the ex-

ist data, it is not clear whether these winds have significanteffects on the scale of the host

galaxy since, many studies have shown that the winds are observed only along the line of

sight and there are no direct constraints on the spatial distribution 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 spectroscopy of individual sources provide

significant advantages over these challenges (e.g.Feruglio et al., 2010; Greene et al., 2011).

Observations reveal examples of powerful feedback in the form of AGN-driven outflows, but
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FIGURE 1.7: Schematic diagrams to illustrate the two main modes of AGN outflows: Quasar
(superwind) mode outflows such as those found in luminous AGNs and radio mode outflows such as
those found in low-excitation radio-loud AGNs. Figure taken from Alexander & Hickox(2012).

their overall prevalence and impact on the galaxy evolutionremains to be determined.

Unlike AGN winds, direct observations show that jets can influence gas many tens of

kpc from the centre of the parent host galaxy. Indeed, the brightest radio structures in AGN

are often observed on kpc scales and are produced by the coupling of the AGN outflow to

its environment. Although quasar-mode feedback might occurs in all AGN, it is likely to be

important only in powerful AGN, while lower AGN power radio sources are probably dom-

inated by the radio-mode feedback. For most of the radio-loud AGN, the radio-mechanical

power can exceed (by as much as∼ 1000 times) the nuclear radiation (e.g.Bı̂rzan et al.,

2008; Cavagnolo et al., 2010). Radio AGN energy output, in the form of heating, can pre-

vent hot gas from cooling and falling into a galaxy to form stars (e.g.Croton et al., 2006),

especially in the more massive galaxies and at much smaller accretion rates than that of the

quasar-mode feedback. The cooling of the hot gas onto the nuclei fuels sporadic AGN out-

bursts, which in turn heat the inflowing gas, perhaps stopping or reversing the inflow (e.g.

Best et al., 2005).

Although on the basis of these feedback models, we would expect a suppression in the
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star formation of the AGN, depending on how fast the star formation is suppressed, its signa-

tures could be comparatively subtle (e.g.Hopkins et al., 2006; Harrison et al., 2012). Sensi-

tive SFR measurements for individual AGN but also their association with AGN luminosity

and redshift are required to provide sufficient tests of the impact of AGN on star formation.

1.5.1 Where the distant AGNs live?

The general consensus is that the majority of distant X-ray AGNs are found to be hosted

by massive galaxies withM∗ ≈ (0.3 − 3) × 1011 M⊙ (e.g. Alonso-Herrero et al., 2008;

Brusa et al., 2009; Hickox et al., 2009). AGN host galaxies down to the≈ 109 − 1010 M⊙

stellar mass regime are also identified although they appearto comprise a small fraction

of the total X-ray AGN population (e.g.Shi et al., 2008; Xue et al., 2010). RLAGNs pre-

dominantly inhabit the most massive elliptical galaxies with M∗ ≈ 1011 − 1012 M⊙ (e.g.

Tasse et al., 2008; Floyd et al., 2010). Radio-quiet, optically selected quasars are generally

hosted by less-massive ellipticals and spirals, with a negligible disc component in most of

the cases (e.gDunlop et al., 2003; Tasse et al., 2008; Floyd et al., 2010).

Galaxy colours are related to the star formation, dust, and metal-enrichment history of

galaxies and thus provide information about their formation and evolution (e.g.Strateva et al.,

2001; Baldry et al., 2004). The colour-magnitude diagrams (CMD; plot of the rest-frame

optical colours vs. absolute magnitude), are a common diagnostic to explore the role of

AGNs in galaxy evolution. CMD analysis reveal a bimodality,i.e. a separation of galaxies

into the ‘red sequence’ and ‘blue cloud’. In contrast, no colour bimodality appears to exist

for X-ray AGN while it has been also found that they preferentially lie in the ‘green val-

ley’ (e.g.Nandra et al., 2007; Silverman et al., 2008c; Hickox et al., 2009). By comparison,

the radio AGNs are preferably found in the ‘red sequence’ of the CMD (e.g.Tasse et al.,

2008; Hickox et al., 2009), as expected for old massive galaxies, although it seems tode-

pend on radio power and triggered mechanisms (e.g.Hardcastle et al., 2006; Kewley et al.,

2006; Smolčić et al., 2009). IR-selected AGN inhabit slightly bluer, less luminous hosts than

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 AGN activity is the primary mechanism

responsible for quenching star formation and the galaxy migration from the blue to the red

sequence (e.g.Nandra et al., 2007). The large number of AGN found in the red sequence

implies that strong, ongoing star formation is not mandatory in an active phase, as BH accre-

tion persists even after the star-formation termination. However, it is possible that many of

these AGN would be found in the ‘red sequence’ due to dust obscuration (e.g.Donoso et al.,

2014).

Recent studies show that when the AGN and optical galaxy samples are matched in

mass, there is no clear difference between the AGN and non-AGN galaxies on the CMD

diagrams (e.g.Silverman et al., 2009; Xue et al., 2010; Rosario et al., 2013). The lack of a
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significant difference suggests that X-ray AGNs do not reside in ‘special’ host-galaxy en-

vironments (but see alsoKoss et al., 2011for z ≤ 0.05). They additionally found that the

AGN fraction is mostly independent of host-galaxy colour out to≈ 2 − 3 (e.g.Bundy et al.,

2008; Xue et al., 2010), providing an estimate of the BH-growth duty cycle in typical mas-

sive galaxies (Xue et al., 2010). The fraction of massive galaxies hosting X-ray AGNs varies

from ∼ 10 − 20 per cent for moderate-luminosity AGN (LX & 1042 erg s−1) to < 5 per

cent for AGNs withLX & 1043 erg s−1, with some evidence for an increase with red-

shift (e.g.Xue et al., 2010; Georgakakis & Nandra, 2011). The fraction of galaxies hosting

RLAGN out toz ∼ 1.3 is essentially the same or slightly higher than that in the local Uni-

verse, indicating a relatively constant duty cycle of RLAGNactivity (e.g.Tasse et al., 2008;

Smolčić et al., 2009).

X-ray AGN hosts show a broad range of morphologies out to at leastz ≈ 3 between

disk-dominated and bulge-dominated systems (e.g.Grogin et al., 2005; Gabor et al., 2009;

Georgakakis et al., 2009; Kocevski et al., 2012; Fan et al., 2014). Although, the first ev-

idence suggest a stronger association between AGN and bulge-dominated galaxies than

normal galaxies (e.g.Grogin et al., 2005), these differences mostly disappeared when the

samples were matched in mass (e.g.Kocevski et al., 2012; Fan et al., 2014; Villforth et al.,

2014). Recently,Rosario et al.(2013) using a systematic morphological analysis of AGNs

and galaxies mass-matched samples found evidence that X-ray selected AGN host galaxies

are similar to inactive galaxies out to atz = 3.

1.5.2 Probing the AGN/Star-Formation connection

There are numerous evidence that support a global evolutionary connection between the

star formation and AGN activity e.g. (1) the differential redshift evolution of the AGN

luminosity function, or ‘AGN downsizing’ is also found for the star-forming galaxy pop-

ulation (e.g.Hasinger et al., 2005; Hopkins & Beacom, 2006; Aird et al., 2010), (2) the red-

shift distribution of the most strongly star-forming galaxies follows that of powerful AGN

(e.g.Willott et al., 2001; Chapman et al., 2005; Wardlow et al., 2011; Miyaji et al., 2015),

(3) the star formation rate density as a function of redshiftis broadly similar with the black

hole accretion rate density (e.g.Boyle & Terlevich, 1998; Merloni, 2004; Silverman et al.,

2008a; Aird et al., 2010; Madau & Dickinson, 2014) and (4) the tight correlation of the BH

and stellar mass of the host galaxy bulge (e.g.Magorrian et al., 1998; McConnell & Ma,

2013; Graham & Scott, 2013; Kormendy & Bender, 2013) with both ongoing AGN and star-

formation activity. There are several examples of composite objects showing both AGN

and star formation activity, in the literature (e.g.Page et al., 2001, 2004; Alexander et al.,

2005), particularly atz ≈ 1, close to the peak of the AGN luminosity density in the Universe

(Barger et al., 2005; Hasinger et al., 2005). The AGN and star-formation histories show sim-

ilar evolution up toz ≈ 2, when the mass accretion history is scaled up by a factor≈ 5000
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(e.g.Silverman et al., 2008a; Aird et al., 2010). However, at higher redshifts there are sig-

nificant differences between the two evolution histories with the AGN slope being much

steeper. As an example, atz ≈ 6 the star formation per unit volume is found to be1 − 2

orders of magnitude higher than that of the the mass accretion.

The first studies on the identification of the star-formationand accretion activity had at-

tempted to determine the star-formation activity in AGN host galaxies using a broad variety

of indicators such as optical colours or spectroscopy, mid-IR data and submillimetre obser-

vations (e.g.Isaak et al., 2002; Stevens et al., 2005; Alexander et al., 2005; Mullaney et al.,

2010; Lutz et al., 2010; Kalfountzou et al., 2011). These results suggested that, globally, the

SFRs of AGNs of all classes are found to increase with redshift while the SFRs cover a wide

range, up to≈ 5 orders of magnitude for a fixed AGN luminosity (e.g.Mullaney et al., 2010,

2011a; Lutz et al., 2010; Seymour et al., 2011). The main drawbacks of these studies was the

significant uncertainties in the estimation of the SFRs due to potential contamination from

the AGN, underestimation of the SFR due to obscuration by dust and uncertain extrapolation

from the observed wavelength to the total SFR.

These issues are best addressed by FIR observations which are shown to be dominated

by emission from dust in the host galaxy, except in the most extreme cases (e.g.Netzer et al.,

2007; Mullaney et al., 2011a), and to be a proxy of its star formation activity that is largely

uncontaminated by the AGN (e.g.Hatziminaoglou et al., 2010). Consequently, the launch of

theHerschelSpace Observatory (Pilbratt et al., 2010), with its high FIR sensitivity and wave-

length coverage, offers a powerful way of measuring the instantaneous SFR with minimal

AGN contamination (e.g.Netzer et al., 2007; Hatziminaoglou et al., 2010; Mullaney et al.,

2011b; Bonfield et al., 2011; Hardcastle et al., 2013). Due to a large number of studies un-

dertaken usingHerschelobservations, we have concluded that the average SFRs of theAGN

host galaxies increase strongly with redshift fromz < 0.1 to z = 2− 3 (e.g.Mullaney et al.,

2011a; 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 galaxypopulation (≈ (1 + z)4; e.g.

Daddi et al., 2007; Pannella et al., 2009; Rodighiero et al., 2010; Elbaz et al., 2011). This

good agreement probably suggests that both star formation and AGN activity are driven by

the same fuel supplies.

Apart from the strong increase with redshift it is also foundthat, for both star-forming

galaxies and AGN, this increase is independent of galaxy mass. Specifically, the specific star

formation rate (sSFR) evolves strongly with redshift across all stellar masses, and is thought

to be driven by the availability of a cold-gas supply (i.e., the distant galaxies are more gas

rich than the nearby galaxies (Daddi et al., 2010; Genzel et al., 2010; Tacconi et al., 2013).

The relatively tight relation between the galaxy stellar mass and its SFR is often referred

to as the ‘main sequence’ of star formation, implying that galaxies spend most of their life

in this stage of growth. Fig.1.8 shows a comparison of sSFR between X-ray AGNs and

star-forming galaxies out toz ≈ 3.
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FIGURE 1.8: Top: Mean60µm (FIR) luminosity vs. AGN luminosity in 5 different redshift bins
(as labelled) overz ≈ 0 − 2.5, showing the observed relationship between AGN activity and star
formation. The solid curves are functional fits to the mean measurements, based on a two-component
model using a flat line (the constant value is determined by the mean SFR of low-luminosity AGN
hosts and is unrelated to accretion activity) and a straightline with a positive non-zero slope. The
dashed line is the correlation line shown by AGN-dominated systems inNetzer(2009), and the shaded
region corresponds to the estimated1σ range exhibited by empirical pure-AGN SEDs (see Section 3.1
of Rosario et al., 2012for details).LAGN corresponds to the bolometric AGN luminosity:LX = 1042

and1044 erg s−1 correspond toLAGN = 5.7 × 1042 and3.4 × 1045 erg s−1, respectively. Bottom:
Individually FIR-detected (left) and average (right) sSFRvs. redshift for X-ray AGNs withLX =
1042 − 1044 erg s−1 (as labelled) overz = 0.5 − 3. The AGNs are compared to FIR-detected star-
forming galaxies not hosting AGN activity (non AGNs) and thetracks trace the evolution in sSFR
found for star-forming galaxies with redshift, as defined byPannella et al.(2009) and Elbaz et al.
(2011). Overall, the X-ray AGNs broadly trace the evolution in SFRand sSFR found for the star-
forming galaxy population. However, the observed relationship between the AGN and star-formation
luminosity is complex and is probably, at least partially, driven by the different timescales of stability
between star formation and AGN activity. Adapted fromMullaney et al.(2012a) andRosario et al.
(2012).
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Although most studies agree on the strong increase of SFR with redshift, a broad range

of results have been found regarding the dependence on AGN luminosity with researchers

arguing that either the average SFR increases with both redshift and X-ray luminosity, in-

creases only with redshift (similarly to moderate-luminosity AGN), or decreases with X-ray

luminosity (e.g.Harrison et al., 2012; Page et al., 2012; Rosario et al., 2012; Rovilos et al.,

2012). Part of the disagreement between the different studies for high-luminosity AGNs pos-

sible arises from the facts that: (1) luminous AGNs are more rare than moderate-luminosity

AGNs, limiting the statistics especially in small to moderate area surveys and (2) AGN con-

tribution to the FIR wavelengths increases for luminous AGNreducing the reliability of the

SFR measurements. Indeed, studies performed in large-areafields with good source statis-

tics find that the average SFR of luminous AGNs is either constant with X-ray luminosity or

increases with X-ray luminosity. The transaction from a constant to a rising trend is found

to be a function of redshift (e.g.Harrison et al., 2012; Rosario et al., 2012, 2013; Fig. 1.8).

In distant galaxies, the AGN fraction has been found to be driven by the star-formation

rate. Recently,Rafferty et al.(2011) found that moderate-luminosity X-ray AGN (LX >

1043 erg s−1) are at least∼ 5 − 10 times more common in systems with high star-formation

(> 300 M⊙ yr−1; equivalent to LIRGs) than in systems with lower star-formation rate

(< 30 M⊙ yr−1). At the highest star-formation rates (∼ 1000 M⊙ yr−1; equivalent to

ULIRGs) the AGN fraction rises to≈ 30 per cent. These results are in agreement with

previous studies (Alexander et al., 2005; Symeonidis et al., 2010). The high AGN fraction

at the highest SFRs indicates an intimate connection between BH growth and star-formation

phases during periods of vigorous growth. However, the overall AGN fractions are generally

consistent with those for intense star-forming galaxies inthe local Universe (e.g., the fraction

of nearby ULIRGs hosting AGNs withLX > 1043 erg s−1 is≈ 40 per cent;Alexander et al.,

2008), implying a constant ‘duty cycle’ of BH growth in in star-forming galaxies over a wide

range of redshift (z ≈ 0 − 3).

Although these results imply a general connection between observed AGN luminosi-

ties and the properties of AGN hosts, the observed correlations AGN and star-formation

luminosity appear relatively weak or absent especially at lower and moderate-luminosity

AGNs where the average SFR is flat across at least 2 orders of magnitude in AGN lu-

minosity (Fig. 1.8). Several models (e.g.Gabor & Bournaud, 2013; Hickox et al., 2014;

Neistein & Netzer, 2014) have explored the possibility that the lack of correlationis caused

by significant AGN variability on timescales shorter (. Myrs) than those characteristic of

star formation which is is assumed to be relatively stable over long periods (of order≈ 100

Myr). For instance,Hickox et al.(2014) constructed a simple model which assumes that the

long-term growth rate of BHs is exactly proportional to the star formation rate in the host

galaxy but it allows the observed AGN luminosity to vary overa wide dynamic range on short

timescales on the basis of an assumed Eddington-ratio distribution. This model, and the other

models referenced above, reproduce the broad trends seen between AGN activity and SFR
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over galaxy evolution timescales and demonstrate how instantaneous luminosity of an AGN

is a weak indicator of the average BH accretion rate on the timescales of the galaxy evolution

processes that may be expected to drive the long-term growthof BHs (Hickox et al., 2014).

However, it is not yet clear which model provides the best physical description of the ob-

served trends and how additional parameters such as BH mass,AGN fueling and variability ,

Eddington limit would affect them. Further observational diagnostics and more sophisticated

versions required to account for the joint distribution of BH masses and SFRs and provide

greater diagnostic power.

1.6 Layout of PhD Thesis

This PhD thesis focuses on the parameters which would affectthe AGN and their host galaxy

evolution. As mentioned in Section 1.4, the evolution of AGNis well-determined out to

z ≈ 3. However, our knowledge at even higher redshifts is quite limited mainly due to

the small number statistics. InChapter 2, I present my results on the evolution of AGN

at z > 3 (up z ≈ 7) using the largest X-ray selected sample to date. Due to the large

size of the sample, we are able to study also the evolution of both obscured and unobscured

sub-populations, identifying for first time, the model thatdescribed best their evolutionary

path at these high-redshifts. In the following Chapters [3-5], I present my works on the star

formation of the host galaxies in particular AGN sub-classes. Specifically, as a follow-up

of my Kalfountzou et al.(2012) work on radio-loud and radio-quiet quasars, inChapter 3

I present the FIR properties of the two populations investigating the effects of the radio-jets

to the host galaxy and the star-formation. InChapter 4, I focus on a well-defined sample

at z ∼ 1 of optically selected quasars (radio-loud and radio-quiet), which span∼ 5 orders

of optical magnitude, and radio galaxies in order to decompose the evolution effects and

compare the SFRs of the three populations to the presence of radio jets, their radio power

and the AGN activity. InChapter 5, I present my work on the FIR emission of type-1 and

type-2 AGN associating my results to the AGN evolution and the unified model. Finally, in

Chapter 6 I focus on some of the key remaining questions which come out of my results

and some future projects can be used to address them.

A cosmological model withΩo = 0.3, λo = 0.7, and a Hubble constant of70 km s−1 Mpc−1

is used throughout the thesis (Spergel et al., 2003). I follow the conversion inKennicutt

(1998) (which assumes aSalpeter, 1955initial 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

2
The largest X-ray-selected sample ofz > 3

AGNs: C-COSMOS and ChaMP
This chapter is partly reproduced from the paper:The largest X-ray-selected sample ofz > 3

AGNs: C-COSMOS and ChaMP, Kalfountzou E.; Civano, F.; Elvis, M.; Trichas, M.; Green,

P., 2014, MNRAS, 445, 1430

Abstract
In this chapter I present results from an analysis of the largest high-redshift (z > 3) X-ray-

selected AGN sample to date, combining theChandraCosmological Evolution Survey andChan-

dra Multi-wavelength Project surveys and doubling the previous samples. The sample comprises

209 X-ray-detected AGNs, over a wide range of rest-frame 2-10 keV luminosities (LX = 1043.3 −
1046.0 erg s−1). X-ray hardness ratios show that∼ 39 per cent of the sources are highly obscured,

NH > 1022cm−2, in agreement with the∼ 37 per cent of type-2 AGNs 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 the1/Vmax method, I confirm that the comoving space density of all

luminosity ranges of AGNs decreases with redshift abovez > 3 and up toz ∼ 7. With a significant

sample ofz > 4 AGNs (N = 27), it is found that both source number counts in the 0.5-2 keV band

and comoving space density are consistent with the expectation of a luminosity-dependent density

evolution (LDDE) model at all redshifts, while they excludethe luminosity and density evolution

(LADE) model. The measured comoving space density of type-1and type-2 AGNs shows a constant

ratio between the two types atz > 3 as a function of redshift. Our results for both AGN types at these

redshifts are consistent with expectations of the LDDE model.

28
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2.1 Introduction

AGNs evolution at high redshifts, before their density peak, illuminates the role of AGN

in the formation and co-evolution of galaxies and their SMBHs during the time of rapid

SMBH growth. The so-called downsizing evolution has been revealed for both AGN (e.g.

Ueda et al., 2003; Hasinger et al., 2005; Aird et al., 2010) and galaxies (e.g.Cowie 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 higherredshifts than less luminous

ones (e.g.Ueda et al., 2003; Aird et al., 2010). This sort of cosmological co-evolution sce-

nario is inferred from the tight correlation that exists locally between SMBH mass and galac-

tic bulge properties (e.g.Magorrian et al., 1998; Ferrarese & Merritt, 2000; Gebhardt et al.,

2000b; McConnell & Ma, 2013).

To elucidate the co-evolution of SMBHs and galaxies, the accretion activity in the Uni-

verse has to be studied both at high redshifts and for low luminosities. This requires large

samples of AGNs spanning wide ranges of properties. While many optical surveys have in-

vestigated the space density of high-redshift AGNs (e.g.Richards et al., 2006a; Jiang et al.,

2009; Willott et al., 2010; Glikman et al., 2011; Ikeda et al., 2011; Ross et al., 2013), the

results are still controversial due to their inevitable incompleteness, especially at the faint

luminosity end due to the host contamination, and the bias against obscured sources. As

compared with optical surveys, X-ray observations are lesscontaminated by the host galaxy

emission and include AGN populations with a wide range of neutral hydrogen column den-

sity.

For the investigation of absorption evolution (e.g.Ueda et al., 2003; Hasinger, 2008;

Draper & Ballantyne, 2010), X-ray selected samples include all types of AGN (e.g. type-

1/unobscured and type-2/obscured) and provide reduced obscuration bias in comparison with

optically selected AGN. Although X-ray surveys have inferred the existence of an anticorre-

lation between the obscured AGN fraction and the luminosity, several of these studies have

suggested that this fraction increases toward higher redshift from z = 0 to z ∼ 2 with limited

samples atz > 3 (e.g.La Franca et al., 2005; Ballantyne et al., 2006; Treister & Urry, 2006;

Ballantyne, 2008; Hiroi et al., 2012).

However, the evolution of AGN is still rife with uncertainty. On the basis of hard X-ray

surveys, many studies agreed that the XLF of AGN is best described by a LDDE model (e.g.

Ueda et al., 2003; Gilli et al., 2007; Silverman et al., 2008b; Ueda et al., 2014). Aird et al.

(2010) preferred instead a LADE model. In LADE, the shift in the redshift peak of the AGN

space density versus X-ray luminosity is much weaker than inLDDE models, yet gives a

similarly good fit to their data. While thez < 2 downsizing behaviour is common to both

models, quite different numbers of AGNs are predicted at higher redshifts (z ≥ 3).

X-ray surveys (2-10 keV) are now sensitive enough to sample the bulk of thez > 3

AGN population. Limited studies have been performed on high-redshift AGN exploiting
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the deep X-ray surveys in the Cosmological Evolution Survey(COSMOS) field carried out

with XMMNewton(NAGN = 40; Brusa et al., 2009) andChandra(NAGN = 81; Civano et al.,

2011), limited to 2-10 keV luminositiesL2−10keV > 1044.2 erg s−1 and1043.5 erg s−1, respec-

tively. A more recent study based on the 4 MsChandraDeep Field South (CDF-S;Xue et al.,

2011) was able to investigate the evolution ofz > 3 AGN down toLX ∼ 1043 erg s−1

(NAGN = 34; Vito et al., 2013). These results are consistent with a decline of the AGN space

density atz > 3, but the shape of this decline remains highly uncertain atz > 4. To overcome

these limitations, in this work we combined the two largest samples ofz > 3 X-ray-selected

AGNs, both derived fromChandraX-ray Observatory (Weisskopf et al., 2002) surveys:

the wide but shallowChandraMulti-wavelength Project survey (ChaMP;Kim et al., 2007;

Green et al., 2009), and the deeper but narrowerChandra-COSMOS survey (C-COSMOS;

Elvis et al., 2009). This combination results in the largest X-ray selected AGN sample with

NAGN = 211 at z > 3 andNAGN = 27 at z > 4. At the same time, by combining two

surveys with different flux limits, we are able to determine the density evolution of both

low-luminosity (LX < 1044 erg s−1) and high-luminosity AGNs. Our sample includes both

obscured and unobscured AGNs, and their separate evolutionhas been determined.

The chapter is structured as follows. In Section2.2, I discuss the data sets used in this

work and the selection of the high-z sample. In Section2.3, I present the optical and X-ray

properties of the selected high-z AGN sample, and I explain the AGN type classification

using X-ray or optical data. In Sections2.4and2.5, the number counts and space density of

the sample are compared with model predictions. Section2.6summarizes the conclusions.

2.2 Sample selection

The high-redshift AGN sample used in this work has been selected from the C-COSMOS

X-ray catalogue, combining the spectroscopic and photometric information available from

the identification catalogue of X-ray C-COSMOS sources (Civano et al., 2011, 2012) and

the ChaMP X-ray catalogue using only the 323 ChaMP obsids overlapping with Sloan Dig-

ital Sky Survey (SDSS;Richards et al., 2006a) DR5 imaging. In Fig.2.1, I show the sky

coverage (the area of a survey that is sensitive to sources above a given X-ray flux) using the

observed soft band (0.5-2 keV) source detections for the twosurveys, and their sum. This

corresponds to 2-8 keV rest frame forz > 3. A schematic diagram of the sample selection

with the detailed number of sources for each step is presented in Fig.2.2.

2.2.1 The C-COSMOS sample

The C-COSMOS survey (Elvis et al., 2009; Civano et al., 2012) covers the central 0.9 deg2

of the COSMOS field up to a depth of 200 ks in the inner 0.5 deg2, with 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-COSMOS (blue solid line) and
ChaMP/SDSS (red solid line) samples and the total area (black dashed line). The vertical blue dashed
line indicates the flux corresponding to 10 per cent of the total C-COSMOS area (see Section2.4).
The vertical red dashed line indicates the ChaMP X-ray flux limit with > 75 per sent completeness
from SDSS/UKIDSS/WISE (see Section 2.2.2). The total area,after the applied cuts, used for this
work is represented by the shadowed grey area.

catalogue comprises 1761 point-like X-ray sources detected down to a maximum likeli-

hood threshold detml = 10.8 in at least one band. This likelihood threshold corresponds

to a probability of∼ 5 × 10−5 that a catalogue source is instead a background fluctuation

(Puccetti et al., 2009). Given this likelihood threshold, the flux limit reached inthe survey is

5.7× 10−16 erg cm−2 s−1 in the full band (0.5-10 keV),1.9× 10−16 erg cm−2 s−1 in the soft

band (0.5-2 keV) and7.3 × 10−16 erg cm−2 s−1 in the hard band (2-10 keV).

The z > 3 C-COSMOS sample, as presented byCivano et al.(2011), comprises 107

X-ray-detected sources with available spectroscopic (32)and photometric (45) redshifts plus

30 sources with a formalzphot < 3 but with a broad photometric redshift probability distri-

bution, such thatzphot + 1σphot > 3. All of the spectroscopic C-COSMOS sources have a

quality flag 3 (two sources) or 4 corresponding, respectively, to a secure redshift with two or

more emission or absorption lines and a secure redshift withtwo or more emission or absorp-

tion lines with a good-quality, high S/N spectrum (seeLilly et al., 2007, 2009for thorough

explanation of quality flags). Tuned photometric redshiftsfor the C-COSMOS sources have
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been computed and presented inSalvato et al.(2011). Due to the large number of photomet-

ric bands and the sizeable spectroscopic training sample spanning a large range in redshift

and luminosity the estimated photometric redshifts are expected to be quite robust atz > 2.5

even at the fainter magnitudes (iAB > 22.5). The COSMOS photometric redshifts for X-ray-

selected sources have an accuracy ofσ∆z/(1+zspec) = 0.015 with a small fraction of outliers

(< 6 per cent), considering the sample as a whole ati < 22.5. At fainter magnitudes, the dis-

persion increases toσ∆z/(1+zspec) = 0.035 with ∼ 15 per cent outliers, still remarkably good

for an AGN sample. For thez > 3 C-COSMOS sample, an accuracy ofσ∆z/(1+zspec) = 0.014

is achieved with only three catastrophic outliers (< 9 per cent). The SEDs of the sources with

photometric redshift larger than 3 have been visually inspected together with the photometric

fitting and the probability distribution of all the possiblesolutions.

There are 91 sources selected in the 0.5-2 keV band, 14 in the 2-10 keV, and 4 in the 0.5-

10 keV bands. There are 15 C-COSMOS sources without a counterpart in the optical bands,

but with aK-band and IRAC (7), only IRAC (6) or no infrared detection (2). Given the small

number of bands in which these objects are detected, no photometric redshift is available for

them. In X-ray-selected samples, non-detection in the optical band has been often assumed

to be a proxy for high redshift (e.g.Koekemoer et al., 2004), or for high obscuration, or a

combination of both. 4 of the 15 sources have no detection in the soft band suggesting high

obscuration, possibly combined with high redshift. More details about the sample selection

can be found inCivano et al.(2011) and are also presented in Fig.2.2.

2.2.2 The ChaMP sample

The ChaMP is a wide-area non-continuous X-ray survey based on archival X-ray images of

the high Galactic latitude (|b| > 20 deg) sky observed with ACIS onChandra. The flux levels

(in erg cm−2 s−1 units) reached in the survey are9.4×10−16−5.9×10−11 in the full (0.5−8

keV),3.7×10−16−2.5×10−11 (0.5−2 keV) in the soft and1.7×10−15−6.7×10−11 (2−8

keV) in the hard band, respectively. The ChaMP survey includes a total of 392 fields, omit-

ting pointings from dedicated serendipitous surveys like C-COSMOS, theChandraDeep

Fields, as well as fields with extended (> 3 arcmin) bright optical or X-ray sources. The list

of Chandrapointings avoids any overlapping observations by eliminating the observation

with the shorter exposure time. The survey has detected a total of > 19 000 X-ray sources

(Kim et al., 2007; Green et al., 2009) over33 deg2 with ∼ 15 350 X-ray sources positionally

matched to SDSS optical counterparts (Green et al., 2009).

The study of the X-ray-detected AGN properties requires accurate estimation of red-

shifts, luminosities and source classification thus, good quality spectra or, when not avail-

able, multiband photometry. Hence for our X-ray analysis wechose only the 323 fields

over-lapping with SDSS DR5 imaging for which the sensitivity curve is given byGreen et al.

(2009), to determine accurate number counts. Optical spectroscopy of ChaMP X-ray sources
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was described byTrichas et al.(2012), where redshifts and classifications for a total of 1569

Chandrasources are presented. Since the ChaMP is aChandraarchival survey, most ChaMP

fields contain targeted sources selected by the targets PI, and those targets are likely to be

biased towards special X-ray populations such as bright AGN. Of the targeted sources∼ 90

per cent have a secure spectroscopic redshift with 33 of themresiding atz > 3 and 29

at z > 4 (seeTrichas et al., 2012). The high rate of high-redshift-detected sources clearly

shows the strong selection biases that could affect our analysis if the targeted sources are

included. Therefore, I exclude all targeted sources (153) to reduce bias in sample properties

and source number counts.

For SDSS point sources withi < 21 and without available spectroscopy, efficient photo-

metric selection of quasars is possible using a nonparametric Bayesian classification based

on kernel density estimation as described inRichards et al.(2009). To select high-z candi-

dates without available spectroscopic or photometric redshift, SDSS detection is required in

at least thei andz bands, to detect Lyman dropouts (e.g.Steidel et al., 1996).

Searching the ChaMP catalogue for X-ray sources within 4 arcsec of the optical SDSS

quasar coordinate (95 per cent of the matched sample has an X-ray/optical position difference

of less than 3arcsec; seeGreen et al., 2009), yields 9727 unique matches (∼ 63 per cent of

the total ChaMP X-ray-selected sample). We additionally searched for cross-matches in the

Wide-field Infrared Survey Explorer(WISE; Wright et al., 2010) and UKIRT (UK Infrared

Telescope) Infrared Deep Sky Survey (UKIDSS;Warren et al., 2000; Hewett et al., 2006;

Maddox et al., 2008)1.

For a source to be included in theWISEAll Sky Source Catalog (Wright et al., 2010),

SNR> 5 detection was required for one of the four photometric bands, W1, W2, W3, W4,

with central wavelengths of roughly 3.4, 4.6, 12, and 22µm, and angular resolutions of 6.1,

6.4, 6.5, and 12.0 arcsec. Because of the different spatial resolutions, 6.0 arcsec (WISE;

W1) and 1-2 arcsec (SDSS), I use 6 arcsec as the matching radius for WISEcounterparts

(Wu et al., 2012).

Similarly, I searched the UKIDSS Large Area Survey (LAS;Lawrence et al., 2007) Data

Release 10 for NIR counterparts to ChaMP X-ray sources. The photometric system is de-

scribed inHewett et al.(2006), and the calibration is described inHodgkin et al.(2009). I

used the LAS YJHK source table, which contains only fields with coverage in every filter and

merges the data from multiple detections of the same object.The X-ray source catalogues

were then matched within 3 arcsec of the X-ray position separately to each UKIDSS band:

Y (0.97-1.07µm), J (1.17-1.33µm), H (1.49-1.78µm), andK (2.03-2.37µm) recovering

also the areas with coverage in a single UKIDSS band. The individual band lists were then

1The UKIDSS project is defined inLawrence et al.(2007). UKIDSS uses the UKIRT Wide Field Cam-
era (WFCAM;Casali et al., 2007) and a photometric system described inHewett et al.(2006). The pipeline
processing and science archive are described inHambly et al.(2008).
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FIGURE 2.3: Optical and/or infrared ChaMP survey completeness as afunction of 0.5-2 keV X-
ray flux. The red dotted line indicates the ChaMP X-ray flux cutwith > 75 per cent completeness
from SDSS/UKIDSS/WISE.

combined. For objects not detected in a UKIDSS band, I use the5σ detection limits pro-

vided inDye et al.(2006) of Y = 20.23, J = 19.52, H = 18.73, andK = 18.06. Matching

the ChaMP catalogue toWISEand UKIDSS, I find 1103 additionalWISEand/or UKIDSS

counterparts which do not have a SDSS counterpart (the detailed numbers are reported in

Fig. 2.2).

In summary,∼ 70 per cent of the total ChaMP X-ray sample have SDSS and UKIDSS/WISE

photometry (9727 SDSS and/orWISEand/or UKIDSS and 1103WISEand/or UKIDSS). The

limited fraction of optical matches shows how optical counterparts of faint X-ray sources are

fainter than the SDSS magnitude limit (i = 21.0). SDSS quasars were identified toi < 19.1

for spectroscopy by their UV-excess colours, with an extension for z > 3 quasars toi = 20.2

usingugri colour criteria (Richards et al., 2002).

Based on the X-ray limits, the identification completeness of ChaMP X-ray sources falls

rapidly for objects with fainter optical counterparts. Fig. 2.3shows the optical (SDSSi−band

counterparts) and infrared (WISEand UKIDSS counterparts) completeness of the X-ray-

selected sample as a function of the soft (0.5-2 keV) X-ray flux. This incompleteness can

severely bias determination of the number counts and space density, particularly at high

redshifts (e.g.Barger et al., 2005).

To address this issue, I set a relatively high X-ray flux limitin ChaMP, where spectro-

scopic completeness is higher, and photometric coverage allows good photometric redshifts.
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I use a soft flux limit for ChaMP atS0.5−2 keV > 3 × 10−15 erg s−1 cm−2 as at these brighter

fluxes the completeness is higher than 75 per cent (see Fig.2.3). The completeness fraction

as a function of flux has been taken into account for the estimation of the number counts

and comoving space density (see Sections2.4and2.5). For sources not detected in the soft

band, the 0.5-2 keV flux has been computed by converting the 2-10 keV flux usingΓ = 1.8

(see Section 2.3.2). One of the main advantages of our compilation is that we do not miss

the faint high-redshift population, since this is recovered by the C-COSMOS survey. In this

way, the ChaMP sample is used for the determination of the bright end of the luminosity

function at high redshifts.

Spectroscopic redshifts

Secure spectroscopic redshifts have been compiled for a total of 1547 sources. I have used

1056 sources (excluding target sources) from existing ChaMP spectroscopy (Trichas et al.,

2012) for the selected ChaMP fields. Additional spectroscopic redshifts are given in the

SDSS-III (N = 91; Noterdaeme et al., 2012) and SDSS-DR10 quasar catalogues (N = 145;

Pâris et al., 2014). I also searched the literature by cross-correlating optical positions with

the NASA Extragalactic Database (NED), using a 2 arcsec match radius where I found 255

more sources with spectroscopic redshift.

The high-redshift spectroscopic sample consists of 44 sources withz > 3. All of these

sources have a soft band X-ray detection, and only three sources lack a hard-band detection.

Among them, there are seven sources withz > 4 and one source withz = 6.016 ± 0.005

(Jiang et al., 2007). All but six of them have SDSS optical spectra with mean S/N> 4.5

(none of them has S/N< 2.0) with at least two broad emission lines (Lyα and CIV ) sig-

nificantly detected. For five of the remaining sources, redshifts have been obtained by

Trichas et al.(2012) while for the source with the highest spectroscopic redshift (z = 6.016)

I have used the estimate fromJiang et al.(2007). For 30 sources of the ChaMP spectroscopic

sample, there are available photometric redshifts derivedby Richards et al.(2009) with an

accuracy ofσ∆z/(1+zspec) = 0.013 and only one catastrophic outlier.

SDSS Photometric redshifts

For the sources without spectroscopic redshifts, I derivedphotometric redshifts. The criteria

used in SDSS DR6 have now been refined to include objects redder than(u−g) = 1.0 which

may well be high-z quasars. The resulting catalogue of∼ 1 million photometrically identi-

fied quasars and their photometric redshifts from SDSS Data Release 6 (DR6) is described

in Richards et al.(2009). Only point sources (type = 6) withi−band magnitudes between

14.5 and (de-reddened) 21.3 (psfmag i > 14.5 andpsfmag i − extinction i < 21.3; where

psfmag are the point-spread-function magnitudes). They estimate the overall efficiency of

the catalogue to be better than 72 per cent, with subsamples (e.g. X-ray-detected objects)
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being as efficient as 97 per cent. At the faint limit of the catalogue some additional galaxy

contamination is expected.

There are 1611 sources with SDSS high-quality photometric redshifts and no spectro-

scopic redshifts in ChaMP (i.e. those with good≥ 0.0, where good is the quality flag; 6 =

most robust;−6 = least robust;Richards et al., 2009). Among them there are 14 sources

with zphot > 3 and one withzphot > 4, above the adopted ChaMP flux limit. All of these

sources are detected in both soft and hard band. The SDSS photo-z code also gives a prob-

ability of an object being in a given redshift range. In this way, we have not only the most

likely redshift but also the probability that the redshift is between some minimum and max-

imum value, which is crucial for dealing with catastrophic failures. The redshift probability

distribution for each source is taken into account for the estimation of the number counts and

comoving space density (see Sections 2.4 and 2.5). As for C-COSMOS selection of high-z

sources, we also included 13 sources havingzphoto + 1σzphoto > 3 andzphoto < 3. This adds

another 10 objects to the main sample, all of them detected inboth soft and hard bands.

High-z candidate selection and photometric redshift estimation

For the remaining 7759 without a spectroscopic or photometric SDSS redshift, I selected the

high-redshift AGN candidates using their optical and/or their infrared colours. Most of these

sources (∼ 70 per cent), despite being included in SDSS DR6 catalogue, were rejected from

Richards et al.(2009) selection criteria. The remaining sources come from laterSDSS data

releases.

Following the same morphological criteria asRichards et al.(2009), a candidate is re-

quired to be unresolved in images taken through the two redder filters (e.g.g andr for z ∼ 3

selection). This minimizes contamination from low-z galaxies since even type-2 AGN at

z > 3 appear point like. However, I avoid using any faint flux cut inorder to ensure that

we do not miss faint high-z candidates since non-detection can imply high-z dropouts. I

reject sources with flags indicating that their photometry may be problematic (e.g. blending

of close pairs of objects, objects too close to the edge of theframe, objects affected by a

cosmic ray hit). Overall, I reject 5079 non-point like sources or with problematic photome-

try. This number (∼ 65 per cent) is in good agreement with the rejected number of sources

by Richards et al.(2009) using the same criteria which explain the lack of a photometric

redshift for these sources.

Photometric redshift criteria must strike a quantifiable balance between completeness and

efficiency, i.e. a probability can be assigned both to the classification and the redshift. Using

the SDSS, UKIDSS, and WISE2 photometric data can help us to select quasar candidates

more efficiently than using each survey individually (see Table2.1). The photometric redshift

reliability, defined byWu et al. (2012) as the fraction of the sources with the difference

2We use the colours related toWISEW3 and W4 magnitudes only for sources lacking SDSS and/or
UKIDSS detections becauseWISEuncertainties are substantially larger (Wu et al., 2004).
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TABLE 2.1: Photometric redshift reliability defined by (Wu et al., 2012) and number of sources
for ChaMP sources without spectroscopic or SDSS photometric redshifts.

Surveysa Reliability (%) Nobj
b Nobj−lim

c

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

aS=SDSS; W=WISE; U=UKIDSS
bNumber of point-like objects in each combination of surveys.
cNumber of point-like objects in each combination of surveyswith

S0.5−2 keV > 3 × 10−15 erg s−1 cm−2.

between the photometric and spectroscopic redshifts smaller than 0.2 is given in Table2.1.

The highest reliability can be reached only in the UKIDSS surveyed area, which is much

smaller (4000 deg2) than the sky coverage of both SDSS and WISE surveys.

Richards et al.(2002) used a 3D multicolour space to select high-redshift QSO candi-

dates in SDSS:griz (g − r, r − i, i − z) for candidates withz > 3.0. Following the SDSS

group, we search for high-z candidates in three redshift intervals (z ≃ 3.0−3.5, z ≃ 3.5−4.5,

z ≃ 4.5). The details of the selection criteria are given in the Appendix 2.A. Our selection

criteria require that the sources lie outside of a2σ region surrounding the stellar locus. We

still expect the sample to be contaminated by stars and low-z galaxies. For this reason, I

use some additional criteria described byRichards et al.(2002) to exclude objects in colour

regions containing predominantly white dwarfs, A stars andunresolved red-blue star pairs.

During the colour selection process, no specific line is drawn between optically selected

quasars (type-1 AGN) and type-2 AGN. Taking into account that both type-1 and type-2

AGNs are unresolved in optical images atz > 3 and type-2 AGNs should lie outside the

stellar locus due to their red optical colours, I expect thatthe above criteria efficiently select

both high-redshift AGN populations. I found 53 SDSS-detected high-z candidates.

To increase the reliability of the photometric estimation,I also combine the SDSS se-

lection with the redder baselines from UKIDSS andWISE, where the contamination of the

stellar locus and low-redshift galaxies is lower. I used thecombination of UKIDSS and SDSS

colours in theY − K versusg − z colour-colour diagram suggested byWu & Jia (2010) to

efficiently separate quasars with redshiftz < 4 from stars. Similarly,Wu et al.(2012) sug-

gested thatz−W1 andg− z colours could be used to separate stars from quasars. Based on

these criteria, I have rejected 10 sources associated with stars based on both SDSS-UKIDSS

and SDSS-WISEcolour-colour diagrams. For sources detected only by UKIDSS, I used the

i = 21.3 upper limit and aY − K versusi − Y colour-colour diagram to separate stars and
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low-z galaxies from high-z candidates. I found four high-z candidates. In the case of sources

detected only byWISE, there is no efficient way detailed in the literature to separate high-z

quasars from stars.

Photometric redshifts have been estimated for the high-z candidates by comparing the

observed colours with theoretical colour-redshift relations derived from samples with known

redshifts (Richards et al., 2002; Wu & Jia, 2010; Wu et al., 2012). A standardχ2 minimiza-

tion method is used to estimate the most probable photometric redshifts. Here, theχ2 is

defined as (seeWu et al., 2004)

χ2 =
∑

ij

[(mi,cz − mj,cz) − (mi,ob − mj,ob)]
2

σ2
mi,ob

+ σ2
mj,ob

, (2.1)

where the sum is obtained for all four SDSS colours and/or WISE and/or UKIDSS colours,

mi,cz−mj,cz is the colour in the colour-redshift relations,mi,ob−mj,ob is the observed colour

of a quasar, andσmi,ob
andσmj,ob

are the uncertainties of observed magnitudes in two bands.

The uncertainty in the measurement was obtained by mapping the ∆χ2 error. Since

the above studies are dominated by optically selected quasars, we would expect that the

photometric redshifts uncertainties in type-1 AGNs are smaller. However, since the Lyman

break enters theg band atz ∼ 3.5, theg − r colours quickly redden with redshift for both

populations.Alexandroff et al.(2013) found thatg− r colours are indistinguishable at an 84

per cent confidence level between type-1 and type-2 quasars at z > 2 suggesting that even

in the case of type-2 AGNs the photometric redshifts are reliably estimated. Overall, I found

eight sources withz > 3 at greater than1σ significance, four sources withz > 3 but lower

than1σ significance, and two sources withzphot + 1σphot > 3.

The ChaMP high-z sample

The totalz > 3 ChaMP sample includes 87 sources withz > 3. Among them there are 44

sources with secure spectroscopic redshift, 15 sources with SDSSzphot > 3 and 13 sources

with SDSSzphot + 1σphot > 3 available fromRichards et al.(2009), and 15 sources with

estimated photometric redshifts based on optical/infrared colour–redshift relations (13 with

zphot > 3 and 2 withzphot + 1σphot > 3).

2.3 The C-COSMOS & ChaMPz > 3 AGN Sample

In summary, I have assembled a sample of X-ray selected AGN atz > 3 in the C-COSMOS

and ChaMP on the basis of both spectroscopic and photometricredshifts. The total sample

includes 209 sources withz > 3. Of these, 45 are selected to be atz > 3 from their broad

P (z). There are also 15 C-COSMOS sources considered to be atz > 3 on the basis of their

optical non-detection these are included only in the derivation of the upper boundary of the
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log N − log S curve. The properties of the sample members are given in TableA (Appendix)

and the detailed numbers are given in Fig.2.2. Fig. 2.4shows the optical and near-infrared

(i, K, and 3.6µm) observed magnitude distributions for the total high-z population and

for sources with spectroscopic and photometric redshifts,separately. Sources selected as

i-dropouts are also presented.

The hard (2-10 keV rest frame) X-ray luminosity versus redshift plane is shown in

Fig. 2.5 together with the flux limit of the C-COSMOS and ChaMP surveys(dashed line)

and the applied flux cut for ChaMP (dotted line). Luminosities were computed in every case

by assuming an intrinsicΓ = 1.8.

The C-COSMOS & ChaMP high-z sample is a factor of 4-5 larger than all the previ-

ous individual X-ray selected samples atz > 3 (e.g.Brusa et al., 2009; Hiroi et al., 2012;

Vito et al., 2013). Most importantly, this is the first time that a significant sample of 29 X-

ray selected AGNs atz > 4 is assembled. At these redshifts previous studies had a maximum

of nine sources. Thez > 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 includes a significant number of both

broad-line and non-broad line AGNs.

To discuss the obscured AGN fraction requires each object inour sample to be classified

as obscured or unobscured. There are two commonly adopted methods for classification:

one is based on the optical emission line widths (“optical type”) or, if a spectrum is unavail-

able, by the type of template that best fits the optical-infrared SEDs of the sources. The

other is based on the column densities,NH, in the X-ray spectra (“X-ray type”) or, if an

X-ray spectrum is unavailable, by the hardness ratio (HR; e.g. Hasinger et al., 2001). X-ray

absorption should typically correlate with optical AGN type. In the unified scheme (e.g.

Lawrence & Elvis, 1982; Antonucci, 1993; Urry & Padovani, 1995) as the narrow emission

line AGNs are viewed through the dusty torus, and hence have higher absorption column den-

sities than broad emission line AGNs. In fact, evidence has been mounting over the years that

the optical- and X-ray-based classifications often give contrasting results (Lawrence & Elvis,

2010; Lanzuisi et al., 2013; Merloni et al., 2014).

2.3.1 Optical Types

The optical type of the sources is determined by the measuredfull width at half-maximum

(FWHM) of the permitted emission line. Those objects with emission lines having FWHM

> 1, 000 km s−1 (e.g.Stern & Laor, 2012) are classified as “optical broad-line” (BLAGN),

and all others as “optical non-broad-line” (non-BLAGN), i.e., they show narrow emission

lines or absorption lines only, followingCivano et al.(2011, 2012).

In the C-COSMOS spectroscopicz > 3 sample, 21 of 32 sources are classified as

BLAGN. These are mainly associated with the brighter optical sources (iAB ∼ 22 − 23)

of the spectroscopic sample. At fainter optical magnitudes(iAB > 23), equal numbers of
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FIGURE 2.4: Observed AB magnitude distribution of all thei-band,K-band, and 3.6µm band
(from top to bottom) high-z objects. Black solid, blue dot-dashed, red dashed and greensolid lines
represent the total, spectroscopic, photometric redshiftand i-dropout samples, respectively. Thei-
band dropouts are not included in thei-band histogram.
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FIGURE 2.5: The hard X-ray luminosity (computed withΓ = 1.8) redshift plane for the objects
in our sample. Blue squares = C-COSMOS sample. Red circles = ChaMP sample. Filled = spec-
troscopic redshift. Open = photometric redshift. The dashed lines represent the 2-10 keV luminosity
limit of the surveys computed from the 0.5-2 keV limiting flux. The dotted red line represents the
completeness flux cut we have adopted at3 × 10−15erg cm−2 s−1. The dotted black lines corre-
spond to the flux limits we imposed for the computation of the space density and their associated
areas, purple (43.4 < log(LX/ erg s−1) < 44.0), green (44.0 < log(LX/ erg s−1) < 44.7), orange
(log(LX/ erg s−1) > 44.7).

broad-line and non-broad-line AGNs are found. The classification for the 75 AGNs in C-

COSMOS with photometric redshifts is obtained by theSalvato et al.(2011) photometric

fitting method fitting, the SED viaχ2 minimization with code LEPHARE (Arnouts & Ilbert,

2011)3. More details on the fitting can be found inSalvato et al.(2011). Briefly, two li-

braries of templates were used, depending on morphology, optical variability, and X-ray flux

of the source. The first library (defined inSalvato et al., 2009, table 2) consists of AGN

templates, hybrid (host + AGN) templates, and a few normal galaxies and was used for all

the point-like optical sources and for the extended sourceswith an X-ray flux brighter than

8 × 10−15 erg cm−2 s−1. The second library (as defined inIlbert et al., 2009) includes only

normal galaxy templates and it was used for the remaining sources (i.e., extended and with

X-ray flux < 8 × 10−15 erg cm−2 s−1). The flowchart in fig. 6 ofSalvato et al.(2011) sum-

marizes the procedure.Civano et al.(2012), according to this fitting, divide the sources into

3http://www.cfht.hawaii.edu/ arnouts/LEPHARE/lephare.html



2.3 THE C-COSMOS & CHAMP z > 3 AGN SAMPLE 43

obscured AGN, galaxies and unobscured AGN. About 40 per cent(28 sources) of the pho-

tometric sample is best fitted with an unobscured quasar template, and 47 sources with an

obscured quasar template. For 29 AGN with spectroscopic identification, the photometric

and spectroscopic types match. Given the mismatch rate of∼ 9 per cent, I estimate that∼ 7

out of the 75 AGNs could have been assigned the wrong SED classification.

In the ChaMPz > 3 spectroscopic sample, as expected at these fluxes (e.g.Brusa et al.,

2009), and due to the predominantly SDSS spectroscopic target selection, only 2/44 sources

are non-BLAGN. The characterization of these sources basedon their 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 characterization of the 43 sources

without a spectroscopic classification. According to this fitting, 11 of 43 sources are best fit-

ted with an obscured quasar template (non-BLAGN). More details on 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 galaxies, absorption line galaxies and compos-

ite templates that are known to harbor both an AGN and a starburst. TheRuiz et al.(2010)

model has been adopted, which fits all SEDs using aχ2 minimization technique within the

fitting tool SHERPA (Freeman et al., 2001). The fitting allows for two additive components,

one associated with the AGN emission and the other associated with the starburst emission.

The fit with the lowest reducedχ2 has been chosen as the best-fit model.

A general problem of relying on the optical type is that the classification may depend

on the quality of the available optical spectra, since good signal-to-noise ratio is required

to detect less-luminous broad-emission lines above the stellar continuum emission of host

galaxies. Also, atz > 3, the Hα emission line moves into the infrared and so, until re-

cently, was difficult to observe. Intermediate AGN types (1.8, 1.9; Osterbrock & Koski,

1976) rapidly lose their broad Hβ emission, and without Hα these may be misclassified as

type-2. Nevertheless, such effects are not expected to be significant in our sample, as it con-

sists predominantly of luminous AGNs for which contamination from the host galaxies is

negligible.

2.3.2 X-ray Types

Most sources in our sample have a low number of detected counts (median∼ 25 in the 0.5-

8.0 keV full band). In this count regime, spectral fit resultsare not reliable, especially if more

than one free parameter is fit; even if the fit converges the uncertainties on the parameters

are large. For these reasons, we use the Bayesian Estimationof Hardness Ratios (BEHR)

method (Park et al., 2006) to derive X-ray spectral type. Hardness count ratios (HR),defined

asHR = (CHB − CSB)/(CHB + CSB), whereCSB andCHB are the counts in the soft band

and hard band, respectively.

BEHR is particularly powerful in the low-count Poisson regime, because it computes a
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realistic uncertainty for the HR, regardless of whether theX-ray source is detected in both

energy bands. Sources with unconstrained upper or lower limits due to non-detections (14

hard-only and 49 soft-only detections) have been computed by converting the3σ flux upper

limit in the undetected band into counts.

To estimate the column density, curves of constantNH as a function of redshift have been

derived for two spectral slope values,Γ = 1.4 andΓ = 1.8. The flatter spectral slope has

been chosen to be consistent with the assumptions adopted inproducing the original X-ray

catalogs (Kim et al., 2007; Puccetti et al., 2009). The steeper value is more representative of

the intrinsic value if the spectrum is not affected by obscuration (Nandra & Pounds, 1994).

The relationship between HR and redshift of our C-COSMOS andChaMP AGN samples is

shown in Fig.2.6. Curves ofNH = 1020, 1022, 5 × 1022 and1023 cm−2 are reported for

Γ = 1.8 (dashed lines) andΓ = 1.4 (solid lines). We observe that C-COSMOS sample

tend to be more obscured as expected due to the fainter X-ray sensitivity limit, than the

ChaMP sample (Lawrence & Elvis, 1982; Ueda et al., 2003; Hasinger, 2008; Brusa et al.,

2010; Burlon et al., 2011).

Though the two samples (C-COSMOS and ChaMP) ofz > 3 AGN show different trends

regarding their obscuration, the large HR errors and the similarity in this redshift range of

the curves with widely differentNH values for the same spectral slope, do not allow an

accurate estimate of the column density for each source to bemade. Using the CIAO4

spectral analysis package, SHERPA5, I have simulated X-ray spectra for AGN populations at

3 < z < 7 in order to quantify the evolution of X-ray spectral slopes due to thek-correction

of the observed AGN spectra toward high-z. Based on these simulations, I find that the

HR distribution for the ChaMP sample peaks atΓ ∼ 1.8 − 2.0 while the HR distribution

for C-COSMOS sample peaks atΓ ∼ 1.4 − 1.9. Hereafter, to better constrain the column

density and for the purpose of comparison with previous studies, we fixed the photon index

to Γ = 1.8 and converted all source fluxes.

In this work, I adoptNH = 1022 cm−2 as the dividing criterion; AGNs withNH <

1022 cm−2 and> 1022 cm−2 are classified as X-ray unobscured and obscured, respectively.

This criterion is adopted by many authors, and is known to be generally in good agreement

with the optical type (see e.g.Ueda 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 dependent quantity for obscured AGN, given

that the k-correction is negative in the optical band and positive for 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 havesimilar k-corrections in the

4http://cxc.harvard.edu/ciao/
5http://cxc.harvard.edu/sherpa/
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FIGURE 2.6: Hardness ratio versus redshift (in logarithmic scale). Blue squares = C-COSMOS
sample. Red circles = ChaMP sample. Filled = spectroscopic redshift. Open = photometric redshift.
Sources with no hard band or soft band detection are shown with arrows. Four curves of constantNH

(1020, 1022, 5 × 1022 and1023 cm−2) are reported forΓ = 1.8 (dashed lines) andΓ = 1.4 (solid
lines).

two bands, and the distribution in X/O is not correlated withthe redshift (Civano et al.,

2012). Usually, ther- or i-band flux is used (e.g.Brandt & Hasinger, 2005) while a soft

X-ray flux was originally used for this relation with the majority of luminous spectroscop-

ically identified AGNs in the Einstein and ASCA surveys characterized byX/O = 0 ± 1

(e.g.Schmidt et al., 1998; Stocke et al., 1991; Lehmann et al., 2001). The same relation has

been used also in the hard band, without really accounting for the X-ray band used or the

change in spectral slope (e.g.Alexander et al., 2001; Fiore et al., 2003; Brusa et al., 2003;

Civano et al., 2005; Laird et al., 2009; Xue et al., 2011).

Fig. 2.7 shows the distribution of X-ray soft (top) and hard (bottom)flux versus optical

magnitude to illustrate the parameter space spanned by the broad-line and non-broad-line

populations. The X/O ratio (Maccacaro et al., 1988) is defined as:

X/O = log10(fX/fopt) = log10(fX) + C + mopt/2.5 (2.2)

wherefX is the X-ray flux in a given energy range,mopt, is the magnitude at the chosen
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optical wavelength, andC is a constant which depends on the specific filter used in the

optical observations.

For both X-ray bands, theX/O = ±1 locus (grey area) has been defined using asC(i) =

5.91 (Civano et al., 2012), which was computed taking into account the width of thei-band

filters in Subaru, CFHT (Canada-France-Hawaii Telescope),or for bright sources SDSS.

In the hard band, the locus is plotted taking into account theband width and the spectral

slope used to compute the X-ray fluxes (Γ = 1.8). The majority of BLAGNs with a secure

spectroscopic redshift, follow the trend of−1 < log10(fX/fi) < 1. However, given the

variation inαOX with luminosity (e.g.Vignali et al., 2003; Young et al., 2010; Trichas et al.,

2013), there can be some shift in the locations of QSOs with luminosity within the so-called

BLAGN region. This shift is consistent with the X/O relationbeing originally calibrated on

soft-X-ray-selected sources, bright in the optical and also in the 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, there is also a signif-

icant population that lie atlog(fX/fi) > 1 suggesting obscured nuclei. The main char-

acteristics of this sample are: 1) lack of spectroscopic redshifts (open symbols), 2) non-

BLAGN optical classification (green symbols) and 3) low X-ray luminosities (1043 erg s−1 <

L2−10keV < 1044 erg s−1) with NH > 1022 cm−2 for ∼ 65 per cent of them, which is con-

sistent with previous studies finding that mild obscurationis common at these luminosities

(e.g.Silverman et al., 2010). Furthermore, nearly 75 per cent of all the sources with X/O> 1

are obscured, thus confirming that selections based on high X/O ratio 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 AGN type. In order to compare our

optical classification to the expected obscuration of BLAGNs and non-BLAGNs based on

the unified scheme we have separated our total sample into broad-line and non-broad-line

AGNs (as described in Section 2.3.1).

In the case of the BLAGN, the X-ray classification criterion (NH = 1022 cm−2) gives

28/124 X-ray obscured sources forΓ = 1.8. Half of these sources have a spectroscopic

redshift and all but 3 come from C-COSMOS sample. If we also take into account the HR

errors, then for the lower HR limits, 11 BLAGN are classified as X-ray obscured sources

and 41 are classified X-ray obscured sources for the upper HR limits. In the non-BLAGN

subset, the above criterion gives 49/71 X-ray obscured sources (detected in both soft and

hard bands) forΓ = 1.8. The 27 soft band sources in non-BLAGN sample with no detection

in the hard band (reported as downward arrows in Fig.2.6) have very high upper limits on the

HR, due to the conservative flux upper limit computed byPuccetti et al.(2009), but most of

them do not thereby satisfy theNH > 1022 cm−2 criterion. These numbers are summarized
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FIGURE 2.7: X-ray flux (soft-top, hard-bottom) vs. thei-band magnitude for all the X-ray sources
with ani-band counterpart. The grey shaded region represents the locus of AGNs along the correlation
X/O = 0 ± 1. Sources with secure spectroscopic redshifts are represented by filled symbols and
sources with a photometric redshift by open symbols. Orangecircles and black squares represent
non-BLAGN and BLAGN, respectively. Green upper limits representi-band dropouts and black left
pointing arrows represent soft and hard X-ray flux upper limits for undetected sources in each band.
The C-COSMOS sample is represented by the open big blue circles.
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TABLE 2.2: Comparison of optical and X-ray types. The upper and lower limits have been esti-
mated taking into account only the error ranges in HR.

Number Unobscured Obscured
of sources NH < 1022 cm−2 NH ≥ 1022 cm−2

BLAGN 96+16
−14 28+14

−16

non-BLAGN 22+13
−9 49+9

−13

in Table2.2.

For the total sample, we find agreement between the optical and X-ray 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 (e.g.Lanzuisi et al., 2013; Merloni et al., 2014). Pos-

sible explanation can be a misclassification of faint type-1with strong optical/IR contamina-

tion from host galaxy light.

To improve the statistics and gain information on the average properties of the two sub-

classes, I compared their mean HR values as a function of redshift (Fig. 2.8). Despite the

∼ 30 per cent misclassification for the individual sources, the mean properties of the BLAGN

and non-BLAGN seem to agree with theNH ∼ 1022 cm−2 division. These results do not

change even only sources with spectroscopic redshifts are used. The upper and lower limits

detected only in the soft or the hard band were used to computethe upper and lower boundary

of the shaded area. I discuss the results in Section2.5.

2.4 ThelogN-logS of thez > 3 AGN

I derived the soft band number counts of thez > 3 and z > 4 samples by folding the

observed flux distribution through the sky coverage area versus flux curve of the C-COSMOS

survey (Puccetti et al., 2009) and the ChaMP’s 323 fields (Green et al., 2009). The number

counts are corrected for ChaMP incompleteness in the spectroscopic/photometric coverage

as a function of X-ray flux (i.e. Fig.2.3).
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FIGURE 2.8: The mean hardness ratio as a function of redshift for BLAGN (black squares) and
non-BLAGN (orange circles)z > 3 AGN subsamples. The error bars represent the 68 per cent
dispersion. Only sources with both soft and hard band detections are taken into account for the
estimation of the mean HR in each bin. Undetected sources in one of these bands are included only
for estimation of the upper and lower limits (dashed areas).Thezphot = 6.88 source with an upper
limit HRup = 0.74 has been shifted down to HR=0.2 in order to be included in the figure.

To minimize the errors associated with the most uncertain part of the sensitivity curve,

I truncate the C-COSMOS sample at the flux corresponding to 10per cent of the total

area (blue dashed line in Fig.2.1). All the sources with a0.5 − 2 keV flux above3 ×
10−16 erg cm−2 s−1 have been considered (73 objects out of the 81 soft band detected). The

flux limit applied to the sample is consistent with the signal-to-noise ratio thresholds chosen

by Puccetti et al.(2009), on the basis of extensive simulations, to avoid the Eddington bias in

the computation of the number counts of the entire C-COSMOS sample. Thus, by applying a

flux limit cut, I also reduce the Eddington bias affecting oursample. For ChaMP this would

be atS0.5−2keV > 2 × 10−15 erg cm−2 s−1, below the flux limit already applied.

The binnedlog N − log S relations for two redshift ranges (z > 3; orange points and

z > 4; blue points, with associated errors) are plotted in Fig.2.9 (top panel). In integral
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form, the cumulative source distribution is represented by

N(> S) =

NS
∑

i=1

1

Ωi
(2.3)

whereN(> S) is the number of sources with a flux greater than S andΩi, is the limiting sky

coverage associated with theith source. The associated error is the variance:

σ2 =

NS
∑

i=1

(
1

Ωi

)2 (2.4)

The grey shaded area represents an estimate of the maximum and minimum number counts

relation atz > 3 obtained by considering three different effects:

(1) the1σ uncertainty in the sky coverage area for each source using the sky coverage as

a function of flux (see Fig.2.1) and the1σ uncertainty in the flux;

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

(3) the sources with photometric redshiftzphoto < 3 butzphoto + σzphoto > 3.

To compute the upper boundary of the shaded area, we includedall the sources in the

main sample plus the sources with no optical detection at their flux+1σ error. For the lower

boundary, we used the flux−1σ error only for the sources withzspec > 3. Under these

assumptions, the lower limit corresponds to the (very unlikely) hypothesis that all the pho-

tometric redshifts are overestimated, while the upper limit corresponds to the assumption

that non-detection in the optical band is a 100 per cent reliable proxy of high redshift in

X-ray-selected samples.

I have compared the number counts of this work with previous X-ray surveys that span

the range from deep, small area (CDF-S, at 464.5 arcmin2 with a soft band flux limit of

∼ 9.1 × 10−18 erg cm−2 s−1, Xue et al., 2011), to moderate area and moderate depth (C-

COSMOS at 0.9 deg2 with a 0.5-2 keV flux limit of∼ 1.9−16 erg cm−2 s−1, Elvis et al.,

2009) and finally to moderate area and shallower depth (XMM-COSMOS, at 2 deg2 and a

soft band flux limit of∼ 1.7 × 10−15 erg cm−2 s−1, Cappelluti et al., 2009). The binned

log N − log S relations are plotted in Fig.2.9(top panel), together with theXMM-COSMOS

(Brusa et al., 2009, open circles), C-COSMOS (Civano et al., 2011, open squares) and 4 Ms

CDF-S number counts (Vito et al., 2013, filled triangles).

Good agreement exists among the comparison surveys presented here. Atz > 3 and

fainter X-ray fluxes (S0.5−2keV < 2 × 10−15 erg cm−2 s−1) our points confirm the agreement

with the model predictions, previously found byBrusa et al.(2009); Civano et al.(2011);

Vito et al. (2013). At the same redshift range but brighter X-ray fluxes, whereonly the

XMM-COSMOS sample has available points (Brusa et al., 2009) based on 4 sources, we



2.4 THE logN-logS OF THE z > 3 AGN 51

1

10

100

N
 (

>
S

) 
de

g-2

z > 3

Civano+11
Vito+12

Brusa+09

z > 4

0.34

0.52

0.80

1.23

1.89

2.90

(N
 / 

N
ex

p)
 [>

S
]

LDDE+exp

LADE

CT AGNs
LDDE

10-16 10-15 10-14

S(0.5-2.0 keV) [erg cm-2 s-1]

1

(N
 / 

N
ex

p)
 [>

S
]

LDDE+exp

LADE CT AGNs

FIGURE 2.9: Top: The binnedlog N − log S relation of thez > 3 (orange circles) andz > 4 (blue
squares) QSOs population. The grey shaded area represents the maximum and minimum number
counts under the assumptions described in Section 2.4. The blue and orange curves correspond to
the prediction based on the LDDE+exp (thick solid), LDDE (dotted), LADE (dashed) and CT AGNs
(dash cross) models for each redshift range, respectively.The small open circles represents the num-
ber counts estimated byBrusa et al.(2009), the small open squares are fromCivano et al.(2011) and
small filled triangles fromVito 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 top panel). The thick solid line repre-
sents the LDDE+exp modelN/Nexp = 1, the dotted line represents the LDDE, the dashed lines the
LADE and the dash cross lines the CT AGNs model, all relative to the LDDE+exp model. Bottom:
The ratio of the observed number counts forz > 4 relative to the LDDE+exp model. Symbols are
similar to the middle panel. The ratio of the LDDE relative tothe LDDE+exp model isN/Nexp > 8.0
and is not presented.
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reduce the uncertainties by a factor of 4 using a sample of 66 sources with (S0.5−2keV >

2 × 10−15 erg cm−2 s−1). Notably, it is the first time that data points at the bright end at

z > 4 are included. At redshiftz > 4, where theXMM-COSMOS sample had only 4

sources, the 4 Ms CDF-S 9 sources and the C-COSMOS 14 sources,the C-COSMOS &

ChaMP sample has 27 sources (two to five times larger), makingit possible to compare the

slope of the counts with models. A comparison with the AGN number counts from three

different phenomenological model predictions is also presented in Fig.2.9with the different

types of curves (orange colour forz > 3 and blue colour forz > 4).

The thick solid lines correspond to the predictions of the XRB synthesis model ofGilli et al.

(2007), based on the X-ray luminosity function observed at low redshift (e.g.Hasinger et al.,

2005), parametrized with an LDDE and a high redshift exponentialdecline with the same

functional form adopted bySchmidt et al.(1995) (Φ(z) = Φ(z0) × 10−0.43(z−z0) andz0 =

2.7) to fit the optical luminosity function betweenz ∼ 2.5 and 6 (Fan et al., 2001), corre-

sponding to onee-folding per unit redshift (hereafter referred to as LDDE+exp).

The dotted curves correspond to the predictions of the LDDE model without the high-

z decline (Gilli et al., 2007), obtained extrapolating to high-z the best-fit parameters of

Hasinger et al.(2005).

The dashed line is the LADE model (Aird et al., 2010) which fits the hard X-ray lumi-

nosity function derived by (Aird et al., 2010) using the 2Ms Chandra Deep Fields and the

AEGIS-X (200 ks) survey to probe the faint end (LX < 1043 erg s−1) and the high-z (z ∼ 3)

range.

The dash-crossed lines correspond to theTreister et al.(2009) X-ray background popu-

lation synthesis predictions (CT AGNs).6

While atz > 3 the two model predictions are very close, atz > 4, where the models have

different slopes, the errors on the data of the previous studies do not allow a firm preference

of one of the two models, highlighting the advantage of our sample with respect to previous

surveys. In this work I find that the LDDE model without decline (Gilli et al., 2007) clearly

overestimates the observed counts even in the most optimistic scenario (upper boundary)

in both thez > 3 andz > 4 redshift ranges. The results for thez > 3 sample (orange

colour) are in good agreement with both LDDE+exp (thick solid line) and LADE (dashed

line) model predictions but only up to flux∼ 2 × 10−15 erg cm−2 s−1, 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 the LADE model. This is in contrast

to previous studies which could not distinguish between thetwo models due to their large

uncertainties.

At z > 4 (blue colour) the observations are in good agreement with LDDE+exp pre-

dictions. The LADE model can not be clearly excluded if we take into account the upper

6Model predictions from the work ofTreister et al.(2009) for a range of input values are publicly available
at http://agn.astroudec.cl/jagn/main.html
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and lower boundaries. However, I can point out for the first time that there is no sign of

the expected decline to higher fluxes. LDDE is fully ruled outat z > 4. While fainter

samples would be also useful for a better description of the model, considering only the

z > 4 subsample byVito et al. (2013) (4 Ms CDF-S, filled triangles), the data lie between

the LDDE+exp and LADE models prediction.Vito et al. (2013) have included the presence

of 3 sources at5 < z < 7.7, whose redshifts are determined on the basis of relatively uncer-

tain photometric information. If these sources were placedat 3 < z < 4, a good agreement

would be obtained with the LDDE+exp model (seeVito 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 AGN atz > 3 I calculate the comoving space

density from our sample utilizing the1/Vmax method (Schmidt & Olsen, 1968). This method

takes into account the fact that more luminous objects are detectable over a larger volume

and is readily adapted to the case in which the survey area depends on flux.

The maximum available volume, over which each source can be detected, was computed

by using the formula:

Vmax =

∫ zmax

zmin

Ω(f(LX , z, NH))
dV

dz
dz (2.5)

whereΩ(f(LX , z, NH)) is the sky coverage at the fluxf(LX, z) corresponding to a source

with absorption column densityNH and observed luminosityLX, andzmax is the maximum

redshift at which the source can be observed at the flux limit of the survey. Ifzmax > zup,bin,

wherezup,bin is the maximum redshift of the redshift bin, then thezmax is the upper boundary

of the redshift bin used for computingVmax. In the case of the ChaMP sample,zmax is

estimated using both the X-ray and optical survey limits andis selected to be the minimum of

the two estimates so the source can be observed at the flux limit of both surveys. I computed

the space density using the luminosities derived withΓ = 1.8. The contribution of sources

with photometric redshift to the space density is weighted for the fraction of theirP (z) at

z > 3.

After calculating theVmax for each source, we sum the reciprocal values in each redshift

bin:

φ =

zmin<z<zmax
∑

i=1

(
1

Vmax,i
) (2.6)
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FIGURE 2.10: The comoving space density in 3 different 2-10 keV X-ray luminosity ranges. The
solid lines corresponds to the X-ray selected AGN space density computed 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 ofAird et al. (2010). The colours respond to the shaded
areas in Fig.2.5and the shaded area represents the maximum and minimum spacedensity under the
assumptions described in the text. When only one source is included in the bin it has been plotted as
an upper limit (at3σ). The small black symbols and dotted lines correspond to thecomoving space
density data points and model derived fromUeda et al.(2014) for similar X-ray luminosity ranges.

whereφ is the comoving space density in the rangez = zmin − zmax, andi is the index of the

sample AGN falling into the redshift bin. The1σ uncertainty is estimated as

σφ =

√

√

√

√

zmin<z<zmax
∑

i=1

(
1

Vmax,i
)2. (2.7)

Including soft, hard and full band detected sources allows us to compute a space den-

sity which takes into account both unobscured sources, which emit more at softer energies,

and obscured sources, which emit more at harder energies, without having to introduce any

further correction or assumption.
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The resulting comoving space densities are shown in Fig.2.10. To reduce the effects

of incompleteness and to have a complete sample over a given redshift range, I divided the

sample into three luminosity intervals (see Fig.2.5, shaded areas):

(1) At low luminosities (purple shading), I computed the space density in three redshift

bins (z = 3 − 4.3) at43.3 < log(LX/erg s−1) ≤ 44.0;

(2) At intermediate luminosities (green shading), I computed the space density in 3 red-

shift bins (z = 3 − 5.4) at44.0 < log(LX/erg s−1) ≤ 44.7

(3) At high luminosities (orange shading), I computed the space density in 5 redshift bins

(z = 3 − 5.0) at log(LX/erg s−1) > 44.7.

I also estimated space density upper and lower boundaries bytaking into account the X-

ray flux errors. If a source has been excluded from the main sample because its flux is lower

than the flux limit applied, the same source could be includedin the upper boundary sample

if its flux+1σ error exceeds the flux limit. Likewise, if a source has been included in the

main sample because its flux is higher than the flux limit applied, the same source could be

excluded by the lower boundary sample if its flux−1σ error is lower than the flux limit. The

shaded areas include the above uncertainties affecting thecomputation of the space density,

i.e. the flux errors and thus errors on the maximum volume associated to each source.

As explained in Section 2.2.1, the 15 sources with no opticalband detection from C-

COSMOS survey have not been included in the space density boundaries. However, the

space density was computed assuming that all the 15 sources were at the redshift correspond-

ing to the first bin, then to the second bin and so on. The space density values computed in

this case, in the first three bins, are within the shaded areas.

The space density in the three luminosity ranges is comparedwith the predictions, at

the same luminosity threshold, from the same three models discussed in Section2.4. The

LDDE+exp model (Gilli et al., 2007) used for thelog N−log S (solid lines), including in the

model all the sources up to a column density of1025cm−2. I also compare with the LADE

model (Aird et al., 2010, dashed line). The LDDE model is fully ruled so it is not included in

the following comparisons. In agreement with the results obtained from the number counts,

the LDDE+exp model provides an excellent representation ofthe observed data, although

the LADE model cannot be rejected taking into account the upper and lower boundaries. I

confirm that the shape of the space density evolution of X-rayselected luminous AGN is

consistent with that derived from optical quasar surveys within current uncertainties.

The results from theUeda et al.(2014) for AGNs with the same X-ray luminosity ranges

are also plotted for comparison (small black symbols). As can be seen, our results are con-

sistent with those ofUeda et al.(2014) within the statistical errors, indicating a significant

decline in the AGN space density fromz = 3 to higher redshifts. To take into account the ob-

served decline in their LDDE model (Fig.2.10, black dotted lines),Ueda et al.(2014) intro-

duced another (luminosity-dependent) cutoff redshift above which the model declines. Their

model indicates an ‘up-sizing’ evolution instead of the global ‘downsizing’ evolution, where
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more luminous AGN have their number density peak at higher redshifts compared with less

luminous ones. In the cases of lower and intermediate X-ray luminosities theUeda et al.

(2014) LDDE model slightly overestimates our results but it is within the upper boundaries.

In the case of the higher X-ray luminosities, where our data significantly reduce the uncer-

tainties of theUeda et al.(2014) sample, their model underestimates our result while our

data may indicate a flatting up to redshiftz ∼ 4.

2.5.1 Type-1 vs Type-2 AGN

Comparing the high-z evolution of optical- and X-ray-selected AGN samples, the same de-

clining profile has been revealed. Considering that X-ray-selected samples provide reduced

obscuration bias in comparison with optically selected AGN, this similarity suggests no sig-

nificant cosmological evolution of the obscured AGN fraction at least at higher redshifts.

Supporting these result, previous studies have concluded that the obscured AGN fraction

increases with redshiftz = 1 to z = 2 (Ballantyne et al., 2006) but decreases at higher

redshifts (Hasinger, 2008). To investigate further the cosmological evolution of type-1 and

type-2 AGN and their fraction within the redshift range ofz = 3− 7, I calculate the comov-

ing space density for the two sub-classes of AGNs in our sample following the same method

as described in Section2.5.

The co-moving space density is shown in Fig.2.11. The upper and lower boundaries

are estimated similarly to Section2.5 taking into account the X-ray flux errors and the 15

C-COSMOS source with no optical band detection. Both optical (large symbols) and X-

ray (small symbols) AGN classifications have been used and they seem to be in a good

agreement. To estimate the upper and lower boundaries, we also take into account the∼ 29

per cent of mismatches into the optical and the X-ray classification of AGN types, in order

to estimate the upper and lower boundaries. Specifically, inthe case of optically classified

type-1 AGN, for the upper boundary I also include in each bin the sources classified as

unobscured (NH < 1022cm−2) even if they are defined as type-2 AGN based on their optical

classification. For the lower boundary, we exclude from eachbin the type-1 AGN which

haveNH > 1022cm−2. The same method is also applied for the type-2 AGN. So, the upper

and lower boundaries include also the uncertainties due to the misclassification of sources.

The space density in the three luminosity ranges is comparedwith the predictions, at the

same luminosity threshold, from the same LDDE+expGilli et al. (2007) model, including

in the model all the sources withNH ≤ 1022cm−2 for the case of type-1 AGN and all the

sources withNH = 1022 − 1024cm−2 for the case of type-2 AGN. In agreement with the

previous results, the LDDE+exp model provides an excellentrepresentation of both type-

1 and type-2 AGN. Since both type-1 and type-2 AGN follow the same decline profile it

suggests that there is no significant cosmological evolution for their fraction abovez > 3.

The same results are obtained even if I follow the X-ray classification of the AGN sample
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into obscured and unobscured sources (Fig.2.11, small black symbols).

The LDDE+exp model for these three luminosity ranges and theNH = 1022cm−2 divi-

sion predicts a fraction of objects classified as type-2 overthe type-1 AGN sources of 0.63,

0.5 and 0.48 at low luminosities43.3 < log(LX/erg s−1) ≤ 44.0, intermediate luminosities

44.0 < log(LX/erg s−1) ≤ 44.7 and high luminositieslog(LX/erg s−1) > 44.7 respectively.

For the same luminosity bins, I have calculated the mean co-moving space density ratio for

the two typesΦtype2/Φtype1 = 0.59 ± 0.02, 0.48 ± 0.04 and 0.31 ± 0.18 from low to high

luminosities. These are in good agreement with the LDDE+expmodel predictions.

Recently,Hiroi et al. (2012) estimated the X-ray type-2 AGN fraction, classified based

on theNH > 1022 cm−2 criterion, to be0.54+0.17
−0.19 atz = 3.0−5.0 and in the luminosity range

of log(LX/erg s−1) = 44.0−45.0 while for their optical selection of type-2 AGN they found

a fraction of0.59± 0.09. Their estimates are somewhat larger than our result of0.48± 0.04,

although they agree within the errors. This difference could be easily explained from the

fact that their sample is significantly smaller (30 sources)than ours and contains only four

sources withz > 4 from which the two classified as type-2 AGN have only photometric

redshifts.

2.6 Summary

I have presented the results of the largest X-ray selected sample of z > 3 AGN to date,

compiled from the C-COSMOS and ChaMP surveys. The large bodyof C-COSMOS and

ChaMP data and their combination allowed us to devise a robust method to build a sizable

sample of X-ray selected AGN and control the selection effects including both type-1 (unob-

scured) and type-2 (obscured) AGN, atz > 3. The sample consists of 209 detections in the

soft and/or hard and/or full band. I find:

(1) The average HR of the type-1 and type-2 AGN samples is consistent with theNH <

1022 cm−2 criterion for the classification of the X-ray unobscured AGNand theNH >

1022 cm−2 criterion for the classification of the X-ray obscured AGN, respectively.

(2) For the individual sources there is a mis-match of∼ 26 per cent between optical and

X-ray classification. The contribution from starburst emission in the soft band, or misclas-

sification of faint type-1 with strong optical/IR contamination from host galaxy light could

possibly explain the differences between the two classifications.

(3) The number counts derived in this work (Fig.2.9) are consistent with previous deter-

minations from the literature, yet significantly reduce theuncertainties especially at bright

fluxes and at high redshifts (z > 4). The number counts of the combined C-COSMOS/ChaMP

sources are consistent with the trend that the space densitysignificantly declines at higher

redshifts, similarly toXMM-COSMOS (Brusa et al., 2009) and C-COSMOS (Civano et al.,

2011) results at similar fluxes at least within their errors and CDF-S (Vito et al., 2013) at

fainter fluxes, and are better described by the LDDE+exp model (Gilli et al., 2007).
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FIGURE 2.11: The comoving space density in 3 different 2-10 keV X-ray luminosity ranges for
type-1 (top) and type-2 (bottom) AGN. The solid lines corresponds to the X-ray selected AGN
space density computed for the same luminosity limit from the Gilli et al. (2007) model and for
NH ≤ 1022 cm2 in the case of type-1 AGN andNH > 1022 cm2 for type-2 AGN. The colours
respond to the shaded areas in Fig.2.5 and the shaded area represents the maximum and minimum
space density under the assumptions described in Section 2.5. The small black symbols represent
the comoving space density in the three different 2-10 keV X-ray luminosity ranges for sources clas-
sified as unobscured (top) and obscured (bottom) AGN based onthe X-ray classification and the
NH = 1022 cm2 limit.
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In contrast to the previous studies, and due mainly to the large sample and wide flux

coverage, the results of this work exclude theAird et al.(2010) LADE model, at the brighter

fluxes. At fluxes2×10−16 ≤ (F0.5−2 keV/ erg cm−2 s−1) ≤ 2×10−15 the predictions of this

model are very similar to theGilli et al. (2007) LDDE+exp model, but at fainter and brighter

fluxes the two models deviate significantly. TheVito et al.(2013) results trace theGilli et al.

(2007) LDDE+exp model well at fainter fluxes, but only forz > 3, while my sample gives

the same results at the brighter fluxes where (due to the low expected counts) a large sample

is required.

(4) In agreement with the number counts, the space density iswell described with the

LDDE+exp model at all X-ray luminosity bins and redshifts, while the LADE model fails

to fit the data. These results confirm the declining space density as observed in the optical

wavelengths.

(5) Taking into account both optical and X-ray classifications, I derived the space density

for type-1 and type-2 (obscured and unobscured) AGN separately. In both cases, the results

are in agreement with the LDDE+exp model suggesting that thehigh-redshift evolution of

obscured AGNs is similar to that of unobscured AGN. For each luminosity bin, I derived the

type-2 AGN fraction among the total AGN sample to be0.59± 0.02, 0.48± 0.04 and0.31±
0.18 at z > 3 in the luminosity ranges ofLX = 1043.3−44.0, 1044.0−44.7, 1044.7−46.0 erg s−1.

The last result should have a significant impact on our understanding of the galaxy and

black hole co-evolution. Either or both line-of-sight orientation or evolutionary phase (e.g.

covering factor of high column obscuration) can affect the apparent obscuration (and there-

fore classification) of AGN. Given that orientation does notevolve preferentially towards us,

this work allows us to to say that the obscured and unobscuredevolutionary phases do evolve

similarly.



Who knows, perhaps God is simply the search for God.

[Saint Francis (1956)] - Nikos Kazantzakis

3
Herschel-ATLAS: Far-infrared properties of

radio-loud and radio-quiet quasars
This chapter is partly reproduced from the paperHerschel-ATLAS: Far-infrared properties of

radio-loud and radio-quiet quasarsby E. Kalfountzou, J. Stevens, M.J. Jarvis, M.J. Hard-

castle, D.J.B. Smith, N. Bourne, L. Dunne, E. Ibar, S. Eales,R. J. Ivison, S. Maddox, M.W.L.

Smith, E. Valiante, G. de Zotti, 2014, MNRAS, 442, 1181

Abstract
I have constructed a sample of radio-loud and radio-quiet quasars from the Faint Images Radio

Sky at Twenty-one centimetres (FIRST) and the Sloan DigitalSky Survey Data Release 7 (SDSS

DR7), over the H-ATLAS Phase 1 Area (9h, 12h and14.5h). Using a stacking analysis I find a signif-

icant correlation between the FIR luminosity and 1.4-GHz luminosity for RLQs. Partial correlation

analysis confirms the intrinsic correlation after removingthe redshift contribution while for RQQs no

partial correlation is found. Using a single-temperature grey-body model we find a general trend of

lower dust temperatures in the case of RLQs comparing to RQQs. Also, RLQs are found to have al-

most constant mean values of dust mass along redshift and optical luminosity bins. In addition, I find

that RLQs at lower optical luminosities tend to have on average higher FIR and 250-µm luminosity

with respect to RQQs with the same optical luminosites. Evenif a two-temperature grey-body model

is used to describe the FIR data, the FIR luminosity excess remains at lower optical luminosities.

These results suggest that powerful radio jets are associated with 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 activityis an important phase in the

evolution of every massive galaxy in the universe. Studyingthe optical spectra of powerful

high-redshifts QSOs in the previous chapter, we found direct evidences of the AGN outflows

impact to the host galaxy absorption line signatures. In thesame sense, there are a number of

pieces of evidence that support a global evolutionary connection between the star formation

and AGN activity e.g.:

1. the differential redshift evolution of the AGN luminosity function, or “AGN downsiz-

ing” is also found for the star-forming galaxy population (e.g. Hasinger et al., 2005;

Hopkins et al., 2006; Aird et al., 2010),

2. the redshift distribution of the most strongly star-forming galaxies traces that seen in

the optical quasar population (e.g.Chapman et al., 2005; Wardlow et al., 2011), and

3. the star formation rate density as a function of redshift is broadly similar with the black

hole accretion rate density (e.g.Boyle & Terlevich, 1998; Merloni, 2004; Aird et al.,

2010).

In the literature, there are several examples, particularly at z ≈ 1, close to the peak of

the AGN luminosity density in the Universe (e.g.Barger et al., 2005; Hasinger et al., 2005),

of “composite” objected where the AGN activity and star formation are associated (e.g.

Page et al., 2004; Alexander et al., 2005). However, the picture is still not clear, with inves-

tigations at different wavelengths producing many differences of opinion as to the amount of

radiation that is absorbed and reprocessed by dust, how thisis related to the host galaxy and

whether the triggering mechanism behind the AGN activity isalso responsible for massive

star-formation activity. Moreover, it is also unclear how these processes depend on luminos-

ity, radio-loudness and orientation.

As I have already described in more details in Chapter1, a large number of theoretical

models suggests that these possible correlations arise through feedback processes between

the galaxy and its accreting BH. Such regulation has been shown to be important in large cos-

mological simulations (e.g.Di Matteo et al., 2005; Springel et al., 2005; Croton et al., 2006).

In general, these can take two forms, AGN-winds (often referred to as quasar mode), which

comprise wide-angle, sub-relativistic outflows and tend tobe driven by the radiative output

of the AGN, and jets (often referred to as radio mode),which are relativistic outflows with

narrow opening angles that are launched directly from the accretion flow itself. In the case of

quasar mode, the objects are accreting rapidly, at near their Eddington rate and their radiation

can couple to the gas and dust in the interstellar medium, driving winds that may shut down
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further accretion on to the BH or even drive material out of the galaxy, thereby quenching star

formation (e.g.Di Matteo et al., 2005). Although there is no compelling evidence for AGN

feedback quenching star formation, there is mounting evidence for quasar-driven outflows

(e.g.Maiolino et al., 2012). However, recent surveys find little evidence that X-ray-luminous

AGN quench star formation (Harrison et al., 2012, cf. Page et al., 2012). Similarly, the radio

mode and the role of RLAGN and their jets in the evolution of galaxies have been stud-

ied intensively suggesting that jets can have positive as well as negative feedback on SFRs

with the observational consensus being mixed. Certainly, some studies advocate that radio

jets effectively suppress or even quench star formation (e.g. Best et al., 2005; Croton et al.,

2006; Best & Heckman, 2012; Chen et al., 2013; Karouzos et al., 2014) by warming-up and

ionizing the ISM which leads to less efficient star formation, or through direct expulsion

of the molecular gas from the galaxy, effectively removing the ingredient for stars to form

(e.g.Nesvadba et al., 2006, 2011). On the other hand, positive feedback can enhance star

formation which could be explained by shocks driven by the radio jets in the ISM that com-

press it and eventually lead to enhanced star-formation efficiency (e.g.Silk & Nusser, 2010a;

Best & Heckman, 2012; Gaibler et al., 2012; Kalfountzou et al., 2012).

It is therefore apparent, that although some form of feedback is needed to explain the

observational results supporting co-evolution of centralspheroids and their galaxies, much

still remains unclear. Radio-loud and radio-quiet quasarsprovide ideal candidates for the

study of star formation in powerful AGN under the presence ofjets or otherwise. Indeed,

optically selected RLQs are found to have enhanced star formation at lower luminosities

using optical spectral feature as a diagnostic (Kalfountzou et al., 2012). The latter result

raises the question of why such an effect is not seen at high radio power and/or AGN activity

which could be explained under the assumption of a dominant mechanical feedback at low

Eddington luminosities, in which case this would plausiblybe the major source of positive

feedback.

However, spectral diagnostics are not immune to AGN contamination and optical diag-

nostics, in particular, are susceptible to the effects of reddening. Indeed, the measurement of

the star-formation activity in the host galaxy is difficult,mainly due to contamination by the

AGN. Many studies have attempted to determine the star-formation activity in quasar host

galaxies using optical colours (e.g.Sánchez et al., 2004) or spectroscopy (e.g.Trichas et al.,

2010; Kalfountzou et al., 2011; Trichas et al., 2012) or X-ray selection (e.g.Comastri et al.,

2003; Treister et al., 2011). In addition, AGN emission can outshine both the UV and opti-

cal emission from young stars. By contrast, the FIR emissionis shown to be dominated by

emission from dust in the host galaxy, except in the most extreme cases (e.g.Netzer et al.,

2007; Mullaney et al., 2011b), and to be a proxy of its star formation activity that is largely

uncontaminated by the AGN (e.g.Haas et al., 2003; Hatziminaoglou et al., 2010).
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3.1.1 Radio-loud and radio-quiet quasars

A property of quasars is the existence of radio-loud and radio-quiet populations (see Section

1.3.3 for definition). Typically, optically selected RLQs are only a small fraction,∼10-20

per cent, of all quasars (e.g.Ivezić et al., 2002but see alsoRichards et al., 2006awith a

small radio-loud fraction of 3 per cent), with this fractionpossibly varying with both optical

luminosity and redshift (Jiang et al., 2007). In contrast, X-ray selected samples show lower

fractions of radio-loud AGN< 5 per cent (e.g.Donley et al., 2007; La Franca et al., 2010).

However, many low-power radio sources in these samples might be star formation-driven

(e.g.Massardi et al., 2010). X-ray selections overall probe much higher (or complete)por-

tions of the AGN populations than optical ones. This may affect the comparison of same

subsamples (i.e., radio-loud) selected with different methods. RLQs usually reside in very

massive galaxies and have typically a lower optical or X-rayoutput at given stellar mass

(i.e. lowerL/LEdd at givenLEdd, Sikora et al., 2007) compared to radio-quiet quasars. This

means that anLX-limited sample will have a lower RLQs fraction, compared toa mass-

limited sample. However, in the case of a strictly limited selection of X-ray-Type I AGN,

then possibly the subsamples of radio-loud AGN might end up being more comparable to

optical ones.

While a definitive physical explanation of this dichotomy remains elusive, a large number

of models have been put forward to explain it. Both types of quasars are likely powered by

similar physical mechanisms (e.g.Urry & Padovani, 1995; Shankar, 2010), but their radio

loudness has been shown to be anti-correlated with accretion rate onto their central SMBHs

(e.g.Fernandes et al., 2011). Additionally, it has been demonstrated that, relative toRQQs,

RLQs are likely to reside in more massive host galaxies (Kukula 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 nuclear luminositiesMV < −23.5, the hosts

of both radio-loud and radio-quiet AGN are virtually all massive ellipticals.

Along with the idea of different host galaxies it has been found that RLQs require more

massive central BHs than RQQs (e.g.Dunlop et al. 2003; McLure & Dunlop 2004; see also

Shankar, 2010, who finds this to be redshift dependent) and it has also been suggested that

RLQs host more rapidly spinning BHs holes than RQQs (e.g.Blandford & Znajek 1977;

Punsly & Coroniti 1990; Wilson & Colbert 1995; Sikora et al. 2007; Fernandes et al. 2011;

but see alsoGarofalo et al., 2010). The low radio-loud fraction also suggests a change in jet

occurrence rates among active super-massive black holes atlow luminosities. This could be

linked to changes in the Eddington fraction, evolutionary state of the black hole, or the host

galaxy mass, evolutionary state, or environment. Recently, Falder et al.(2010) showed that

radio-loud AGN appear to be found in denser environments than their radio-quiet counter-

parts atz ∼ 1, in contrast with previous studies at lower redshifts (e.g.McLure & Dunlop,
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2001). However the differences are not large and may be partly explained by an enhance-

ment in the radio emission due to the confinement of the radio jet in a dense environment

(e.g.Barthel & Arnaud, 1996).

If the radio-loudness is due to the physics of the central engine and how it is fuelled, and

the environment plays a relatively minor role, the quasar properties may be connected with

the star formation in their host galaxies (e.g.Herbert et al., 2010; Hardcastle et al., 2013). On

the one hand, AGN feedback could be stronger in the case of theRLQs due to their higher

BH masses and therefore potentially stronger radiation field, reducing the star-formation rate

compared to RQQs; on the other hand radio jets could increasethe star-formation activity by

compressing the intergalactic medium (e.g.Croft et al., 2006; Silk & Nusser, 2010b).

3.1.2 This work

With theHerschelSpace Observatory (Pilbratt et al., 2010) we are able to measure the FIR

emission of AGN host galaxies and hence the cool-dust emission. Herscheloffers an ideal

way of measuring the instantaneous SFR of AGN (e.g.Bonfield et al., 2011). Until Herschel,

hot dust emission has typically been determined from Spitzer data at near/mid-infrared wave-

lengths, but emission from the torus can also contribute at these bands, especially in the case

of quasars. WithHerschelwe are able to determine the level of cool dust emission in AGN,

providing a detailed picture of how the full SEDs of AGN change as a function of luminos-

ity, radio-loudness and redshift. Under these circumstances,Herschelprovides a good tool

to study the star formation and AGN activity in a special typeof AGN: quasars. We are also

able to study the star formation in different types of quasars (e.g. RLQs vs RQQs) and thus

to say how it might be affected by the presence of powerful radio jets.

The chapter is structured as follows. In Section3.2 I discuss the selection of the sample

and the observations I have used. In Section3.4 I describe the statistical methods and the

models I have used in order to estimate the FIR parameters (e.g. FIR luminosity, dust tem-

perature, dust mass) of our sample. Here I also present the results of the comparison of the

FIR parameters between the radio-loud and radio-quiet quasars. Finally, in Sections3.5and

3.6, I explore the general conclusions that can be drawn from ourresults.

3.2 Sample definition and measurements

3.2.1 The data

In this section I describe the data used throughout this chapter.

1. Radio source catalogues and images from the Faint Images of the Radio Sky at Twenty-

one centimetres (FIRST;Becker et al., 1995) survey and NRAO NLA Sky Survey

(NVSS; Condon et al., 1998). Both cover the entire H-ATLAS (Eales et al., 2010)
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Phase 1 area. To check the possibility of non-thermal contamination in theHerschel

bands, I also cross matched our sample with the Giant Metrewave Radio Telescope

(GMRT) catalogue ofMauch et al.(2013), who have imaged the majority of the Phase

1 area at 325 MHz, in order to estimate the radio spectral index for the radio-loud

sample.

2. Point spread function (PSF) convolved, background subtracted images of the H-ATLAS

Phase 1 fields at wavelengths of 100, 160, 250, 350 and 500µm, provided by the Pho-

todetector Array Camera & Spectrometer (PACS;Poglitsch et al., 2010) and the Spec-

tral and Photometric Imaging REceiver (SPIRE;Griffin et al., 2010) instruments on

theHerschel Space Observatory. The Phase 1 area consists of three equatorial strips

centred at9h, 12h and14.5h. Each field is approximately12o in RA by 3o in Dec

(6o by 3o for the12h field). The construction of these maps is described in detailby

Pascale et al.(2011) for SPIRE. From these maps, a catalogue of the FIR sources was

generated (Rigby et al., 2011)1, which includes any source detected at 5σ or better at

any SPIRE wavelength. PACS fluxes were derived using apertures placed on the maps

(Ibar et al., 2010) at the locations of the 250µm positions. The5σ point source flux

limits are 132, 121, 30.4, 36.9 and 40.8 mJy, with beam sizes ranging from 9 to 35

arcsec FWHM in the 100, 160, 250, 350 and 500µm bands, respectively.

3. Redshift and optical magnitudes from the Sloan Digital Sky Survey Data Release 7

(SDSS DR7) Quasar Catalogue (Schneider et al., 2010) which provides the most re-

liable classification and redshift of SDSS quasars with absolute i′−band magnitudes

brighter than -22.

I constructed a sample of radio-detected quasars in the FIRST field with optical magni-

tudes and redshifts from SDSS DR7. A matching radiusr ≤ 5 arcsec is used to identify

the compact radio sources while a larger radius of30 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 check that the radio maps from the

FIRST survey do not miss a significant fraction of extended emission around the quasars, I

also cross-correlate the optical positions with NVSS. I findno significant difference in the

R1.4GHz between FIRST and NVSS, with the distribution remaining statistically unchanged.

This suggests that the radio emission from the quasars is generally fairly compact.

For the undetected quasars in FIRST I used a stacking analysis to estimate their flux den-

sities followingWhite et al.(2007), where they quantified the systematic effects associated

with stacking FIRST images and examined the radio properties of quasars from the SDSS by

median-stacking radio maps centered on optical position ofthese quasars. The stacked flux

1The cited paper is for the SV data release, but the same processing techniques 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 stars) and radio-quiet (grey circles)
samples as a function of redshift. The red lines show the correspondingMi for i = 19.1 (z < 2.9)
andi = 20.2 (z > 2.9), respectively, and the black dashed line shows the equivalent for i = 15 (the
bright limit for SDSS quasar targets;Shen et al., 2011a). Right: Radio luminosity as a function of
redshift. The mean values and the errors for undetected quasars are represented by large grey circles.
The dashed line corresponds to the nominal5σ flux cut-off of FIRST, i.e.1.0 mJy.
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densities sorted by redshift andi−magnitude for each bin are presented in Fig.3.2 which

shows that the majority of the undetected quasars fall far below the FIRST catalogue detec-

tion threshold, but in every bin a clear detection is achieved.

I separated the quasar sample into RLQs and RQQs based on the radio-loudness,Ri,

parameter. The traditional radio-loud/quiet division is taken to be the radio-to-optical flux

ratio of 10. In this work, followingIvezić et al.(2002), I compute the radio-to-optical flux

ratio,Ri, using the radio flux density at 1.4 GHz and thei−band (λi = 7480 Å) flux density

from the SDSS.

A total of 1618 quasars (141 radio-loud and 1477 radio-quietquasars) are found in the H-

ATLAS Phase 1 field based on their optical positions. For thissample, we have investigated

how many quasars are significantly detected in the H-ATLAS catalogue at the 5σ level.

Cross-matching with the H-ATLAS Phase 1 Catalogue applyinga likelihood ratio technique

(Smith et al., 2011) yielded 146 (∼ 9 per cent) counterparts with a reliabilityR > 0.8.

Among the 146 counterparts 9 are RLQs (∼ 7 per cent of the radio-loud population). A

similar percentage was found byBonfield et al.(2011). Comparing the detected samples of

radio-loud and radio-quiet quasars by applying a Kolmogorov-Smirnov (K-S) test gives a

null hypothesis ofp = 0.07, p = 0.11, p = 0.08, p = 0.11 andp = 0.14 for 100, 160µm

PACS and 250, 350 and 500µm SPIRE bands.

Since the radio-loud sample includes sources with high radio flux density we also in-

vestigated the possibility of synchrotron contamination,which is not associated with star

formation, to the FIR flux densities. The method I am using to estimate the synchrotron con-

tamination is described in Section3.3. I have found that out of the 141 objects in our RLQs

sample, 21 RLQs have significant non-thermal contaminationin their FIR emission. These

objects have been removed from our sample. I have also found that 27 sources are possible

candidates for strong contamination using an upper limit for their radio spectral index. These

sources have been also removed from the sample.

I then compare the distribution inz andLopt of radio-loud and radio-quiet quasars and

force the two subsamples to have the sameLopt andz distribution by randomly removing

RLQs from our parent sample. Running a K-S test on these samples I find the distribution of

the two populations in the optical luminosity - redshift plane is similar. A K-S test applied

to the optical luminosity gives a result that corresponds toa probability,p = 0.69 under the

null hypothesis (i.e. they are statistically indistinguishable) while the K-S test to the redshift

givesp = 0.75. A 2-d K-S test on the redshift and optical luminosity for both samples returns

p = 0.58. I therefore assume the populations are matched in optical luminosity andz. This

process provides a radio-optical catalogue of quasars withspectroscopic redshift up toz ∼ 5.

Fig. 3.1 shows the optical luminosity - redshift and the radio luminosity - redshift plots for

the final sample of 93 RLQs and 1007 RQQs. I have randomly removed 470 radio-quiet

quasars from our original sample in order to match the two populations intoz andLopt.
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FIGURE 3.2: Left: The median radio flux density as a function of redshift. Right: The median
radio flux density as a function of the SDSSi−magnitude. The1σ associated errors are presented. A
bin size of about 100 quasars was used.
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The optical luminosity was measured using thei-band magnitude since redder passbands

measure flux from the part of the spectrum relatively insensitive to recent star formation and

also suffer less dust extinction. Since thei-band luminosity itself is expected to correlate with

the AGN luminosity and is less sensitive to recent star-formation activity we use the optical

luminosity as an AGN tracer. The rest-frame 1.4-GHz radio luminosities of the quasars were

calculated from the FIRST 1.4-GHz flux density and the spectroscopic redshift, assuming a

power law ofSν ∝ ν−α. The spectral index was measured using the FIRST and GMRT data.

For the sources undetected by GMRT either a spectral slope ofα = 0.71 was used or the

estimated spectral index using the nominal 5 mJy limit of theGMRT data (see Section3.3).

3.2.2 Herschel flux measurements and stacked fluxes

Due to the limited sample of SPIRE-detected quasars, especially the RLQs, I directly mea-

sure the FIR flux densities from the PSF-convolved images forall three H-ATLAS fields

rather than just use the5σ catalogues. For each of the quasars found inside the H-ATLAS

Phase 1 field I derive the FIR flux densities in the two PACS and the three SPIRE bands di-

rectly from the background-subtracted, PSF-convolved H-ATLAS images. We take the flux

density to be the value in the image at the pixel closest to theoptical position of our targets.

The errors are estimated from the centroid of the corresponding noise map including the con-

fusion noise. In addition, the current H-ATLAS catalogue recommends including calibration

errors of 10 per cent of the estimated flux for the PACS bands and 7 per cent for the SPIRE

bands. The flux densities are background subtracted using a mean background value for each

band. The mean background is estimated from100 000 randomly selected pixels within the

three H-ATLAS blank fields.

To establish whether sources in the bins were significantly detected, I compared the flux

measurements with the background flux distribution from100 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 distinguishable from those taken from randomly

chosen positions, as a K-S test is not influenced by the non-Gaussian nature of the noise

as a result of confusion. I found a distinguishable difference in all bands with K-S proba-

bility lower than10−5. The mean background flux densities are0.06 ± 0.01, 0.10 ± 0.02,

1.12±0.03, 2.91±0.04 and0.51±0.03 mJy at 100, 160, 250,350 and 500µm, respectively.

I have separated the samples in bins corresponding to redshift, radio luminosity and op-

tical luminosity to investigate whether the FIR fluxes vary with those parameters. Within

each bin I have estimated the weighted mean of the FIR background-subtracted flux densi-

ties in eachHerschelband. The mean values for each band are shown in Table3.1. The

errors have been determined by bootstrapping. The bootstrapped errors are determined by

randomly selecting galaxies from within each bin and determining the median for this sub-

sample. The K-S test results for the two populations and the Mann-Whitney (M-W) test
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TABLE 3.1: The radio-loud and radio-quiet quasars (RLQs and RQQs)FIR mean flux densities
in the 100, 160, 250, 350 and 500µm bandpasses. The two populations have been separated into
redshift, radio luminosity and optical luminosity bins. The number of objects within each stack is
also given.

Class z-range N per bin Mean flux density (mJy)
100µm 160µm 250µm 350µm 500µm

RLQs 0.2 − 1.0 24 7.9 ± 1.9 7.6 ± 1.7 18.5 ± 2.2 26.9 ± 4.4 20.1 ± 3.4
1.0 − 1.5 30 8.2 ± 1.8 16.7 ± 4.2 36.8 ± 2.1 40.4.0 ± 3.9 34.2 ± 3.2
1.5 − 2.0 21 4.1 ± 1.4 7.1 ± 1.3 17.3 ± 2.3 23.0 ± 2.2 18.5 ± 2.7
2.0 − 5.0 18 2.6 ± 1.4 5.6 ± 1.9 18.3 ± 2.3 23.5 ± 2.1 21.3 ± 2.8

RQQs 0.2 − 1.0 264 7.3 ± 0.5 9.9 ± 0.7 21.2 ± 1.0 20.0 ± 0.7 12.3 ± 0.6
1.0 − 1.5 355 5.1 ± 0.6 8.2 ± 1.0 20.3 ± 1.6 21.2 ± 1.0 13.7 ± 0.6
1.5 − 2.0 230 3.9 ± 0.4 9.5 ± 0.5 18.7 ± 0.8 21.2 ± 0.7 14.7 ± 0.7
2.0 − 5.0 158 4.4 ± 0.6 7.4 ± 1.2 17.59 ± 1.7 22.2 ± 1.2 16.7 ± 1.0

Class log10(L1.4/W Hz−1) N per bin Mean flux density (mJy)
100µm 160µm 250µm 350µm 500µm

RLQs 23.0 − 25.0 20 9.7 ± 1.7 9.2 ± 2.5 19.9 ± 3.3 27.4 ± 3.1 20.1 ± 2.7
25.0 − 26.0 35 3.1 ± 1.6 8.8 ± 1.4 23.6 ± 2.3 27.4 ± 2.2 18.2 ± 1.9
26.0 − 27.0 30 6.8 ± 1.3 12.8 ± 3.6 26.4 ± 5.3 33.5 ± 6.1 30.9 ± 8.3
27.0 − 28.5 8 7.5 ± 2.3 7.2 ± 3.4 28.1 ± 4.0 31.3 ± 4.2 36.9 ± 5.3

RQQs 21.0 − 23.0 228 7.4 ± 0.6 9.7 ± 0.7 20.9 ± 1.1 19.4 ± 0.7 11.8 ± 0.6
23.0 − 23.5 249 5.3 ± 0.8 8.6 ± 1.3 20.4 ± 2.1 21.1 ± 1.3 13.7 ± 0.8
23.5 − 24.0 378 4.3 ± 0.3 8.9 ± 0.4 18.8 ± 0.7 21.3 ± 0.6 14.5 ± 0.5
24.0 − 25.5 152 4.5 ± 0.7 7.6 ± 1.2 19.1 ± 1.8 22.5 ± 1.2 16.9 ± 1.1

Class log10(Lopt/W) N per bin Mean flux density (mJy)
100µm 160µm 250µm 350µm 500µm

RLQs 37.3 − 38.5 31 6.8 ± 1.7 12.2 ± 2.2 23.4 ± 3.0 28.2 ± 2.7 20.1 ± 2.3
38.5 − 39.0 32 7.2 ± 1.5 9.9 ± 3.7 19.5 ± 2.1 25.5 ± 1.8 18.0 ± 1.8
39.0 − 40.3 30 4.3 ± 1.4 8.0 ± 1.4 29.8 ± 4.8 35.8 ± 4.6 36.0 ± 5.6

RQQs 37.3 − 38.5 301 5.9 ± 0.5 9.0 ± 0.6 19.1 ± 0.9 19.6 ± 0.6 12.6 ± 0.6
38.5 − 39.0 400 5.1 ± 0.5 8.2 ± 0.8 18.7 ± 1.2 20.6 ± 0.8 13.5 ± 0.6
39.0 − 40.3 306 5.0 ± 0.4 9.5 ± 0.7 21.7 ± 1.1 22.9 ± 0.8 16.1 ± 0.7

results are also presented in Table3.2. I find that there is no statistical difference between

the FIR flux densities of radio-loud and radio-quiet quasarsas a whole. However, separating

the two populations into redshift and optical luminosity bins I find different results. With

this division, we can see that at lower redshifts and/or lower optical luminosities the mean

350µm and 500µm flux densities for the radio-loud objects are significantlyhigher than for

the radio-quiet ones at greater than the 3σ level.

3.2.3 Luminosity calculation

To convert between measured FIR flux density atHerschelwavelengths and total luminosity

in the FIR band and to derive the dust temperature, I have to adopt a model for the FIR SED.

I use a single temperature grey-body fitting function (Hildebrand, 1983) in which the thermal
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TABLE 3.2: The K-S (left column) and M-W (right column) probabilities of RLQs flux densities
being indistinguishable from RQQs in redshift and optical luminosity bins at 100, 160, 250, 350 and
500µm, respectively.

z-range K-S/M-W probability (%)
100µm 160µm 250µm 350µm 500µm

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

log10(Lopt/W) K-S/M-W probability (%)
100µm 160µm 250µm 350µm 500µm

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 by:Fν = ΩQνBν(T ), whereBν is the Planck function,Ω is

the solid angle,Qν = Q0(ν/ν0)
β is the dust emissivity (with 1≤ β ≤2) andT is the effec-

tive dust temperature. SinceT andβ are degenerate for sparsely sampled SEDs, following

Dye et al.(2010) I have fixed the dust emissivity index toβ = 2.0 and varied the temper-

ature over the range10 < T (K) < 60. The selection of theβ parameter has been made

based on theχ2 value. Using aβ = 2.0 instead of e.g. 1.5, the best-fitting model returns

lowerχ2 values for both of the populations. For each source we estimated the integrated FIR

luminosity (8 – 1000µm) using the grey-body fitting with the best fit temperature. The dust

temperature was obtained from the best fit model derived fromminimization of theχ2 val-

ues. The uncertainty in the measurement was obtained by mapping the∆χ2 error ellipse. In

addition to the integrated FIR luminosity we calculate the monochromatic FIR-luminosity at

250µm, where the temperature-luminosity relation affects onlythek-correction parameter,

which is far less sensitive than the integrated FIR to the dust temperature (e.g.Jarvis et al.,

2010; Hardcastle et al., 2013; Virdee et al., 2013).

3.3 Synchrotron contamination

The FIR luminosity is used as a measure of the radiation from dust, which may be heated

by star-formation and/or the central quasar nucleus. However, since the radio-loud sample

includes high radio flux density sources, it is possible thatthe FIR flux densities we measure

may be subject to contamination from synchrotron emission not associated with star forma-

tion. The spectra of powerful RLAGNs are in some cases entirely dominated by synchrotron

emission from the jets at all wavelengths. Radio spectra have been compiled for each radio-

loud source, with the aim of subtracting the radio contribution to the FIR emission.

All of the RLQs in the sample have a detected counterpart in FIRST within a search radius
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(a) Examples of the 9 sources where the extrapolation is massively overestimating the synchrotron con-
tamination. The 9 sources with spectral energy distribution similar to these examples have been rejected
from our sample.
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(b) Examples of the 10 sources found having strong synchrotron contamination. The 10 sources with
spectral energy distribution similar to these examples have been rejected from our sample.
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(c) Examples of the 52 sources found having weak or no synchrotron contamination. The sources with
spectral energy distribution similar to these examples have been included in our sample. Applying the
correction to these sources has no impact on the derived temperatures and luminosities.

FIGURE 3.3: Spectral energy distribution at radio and FIR wavelengths for a selected sample of
radio-loud quasars.Filled black stars: the FIR data,Circles: the radio data, green for FIRST and black
for GMRT, Black small stars: synchrotron contamination at SPIRE and PACS bands,Red asterisks:
the subtracted flux at SPIRE and PACS bands,Black dashed line: Linear fit to radio data,Black solid
line: grey-body fit,Red dashed line: grey-body fit after synchrotron subtraction.
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of 5 arcsec. In order to estimate their spectral index we alsocross-matched our sample to

the GMRT catalogue ofMauch et al.(2013), who have coverage of the H-ATLAS9h, 12h

and14.5h areas at 325 MHz, using a simple positional cross-matching with a maximum of

5 arcsec. Despite the incomplete sky coverage and variable sensitivity of the GMRT survey,

a total of 71/141 sources are found to have 325 MHz counterparts. For the matched objects,

we can measure their spectral index assuming a power law and then use their mean spectral

index for the rest of the population.

In Fig. 3.3 I present a sample of the SEDs of the RLQs using the available radio and

FIR fluxes. The data include theHerscheland the VLA (FIRST catalogue;Becker et al.,

1995) observations presented in Section3.2 and the 325 MHz radio fluxes taken from the

GMRT catalogue. Using the extrapolation of the radio fluxes (dashed black line) I attempt to

subtract the synchrotron contamination of the FIR fluxes. The subtracted FIR flux densities

are fitted with the grey-body model once again (red dashed line) to produce a new estimation

of the free parameters.

In the cases where the subtracted FIR fluxes do not fall close to the original FIR flux

densities (within the errors) for more than two FIR bands, the parameters of the new grey-

body fitting have changed significantly within the errors from the original ones. In these

cases I have found that synchrotron emission strongly affects the FIR flux densities and the

FIR luminosity and the sources are rejected from our sample.Specifically, we have divided

our sample into 3 categories a) sources where the extrapolation of the radio fluxes massively

overestimates the synchrotron contamination (Fig.3.3a, b) sources where the synchrotron

emission strongly affects the FIR flux densities (Fig.3.3b) and sources where the synchrotron

contamination is weak and the FIR flux densities are not affected at all (Fig.3.3c).

From our sample of the 71 RLQs with both FIRST and GMRT radio detections I found

9 sources belong to the (a) category. The examples of two of these sources are presented

in Fig. 3.3a. It is obvious that the straight-line extrapolation of thelow-frequency radio

emission massively overestimates the synchrotron contamination at the FIR bands; for these

sources radio data at higher frequencies would be required in order to describe accurate radio

spectra. Due to the lack of high-frequency radio data we had to reject these 10 sources from

our sample in order to ensure that the synchrotron emission does not affect the star formation

estimation in the radio-loud population. I should mention that only one of these sources has

FIR detections at the3σ level.

In the second (b) category I have classified the 10 sources with strong synchrotron con-

tamination. Examples of two of these sources are presented in Fig.3.3b and they show that

all the FIR flux densities appear to be seriously contaminated with non-thermal synchrotron.

Although we expect the radio spectra to appear curve at higher frequencies and have less

effect on the higher-frequency FIR bands (e.g. PACS bands) it seems that the 500-µm and

350-µm detections are likely to be seriously synchrotron contaminated. In order to classify

a source as seriously contaminated we compare the results ofthe grey-body fitting using the
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original FIR flux densities (black stars) and the FIR flux densities corrected for synchrotron

contamination (red stars). As the examples show in Fig.3.3b, the grey-body fitting after

correction for synchrotron contamination (red dashed line) is significantly different from

the original one (black solid line) implying that the parameters estimated using the original

grey-body fitting are strongly affected by the synchrotron emission. These 10 sources have

been rejected from our sample due to their probably serious contamination from non-thermal

synchrotron emission.

In the third (c) category I have classified the remaining 52 sources out of the 71 with both

FIRST and GMRT radio detections. The examples of two of thesesources are presented in

Fig. 3.3c. In this class are sources with weak (not significant) synchrotron contamination.

As the examples show in Fig.3.3c, the FIR flux densities after correction for synchrotron

contamination (red stars) are within the 1σ errors of the original FIR flux densities (black

stars) and as a result the estimated parameters from the grey-body fittings (black solid line

and red dashed line) using the corrected and the original FIRflux densities are within their

errors. All 52 sources with similar SEDs to the examples in Fig. 3.3c are retained in our

sample.

Overall, I have found 21 objects of the detected at 325 MHz sample where the syn-

chrotron contamination strongly affects the estimates of the grey-body fitting, indicating that

these objects have the potential for contamination by theirsynchrotron components. These

sources are rejected from further study. For the rest of the sources which are detected at

325 MHz, I subtract the synchrotron contamination and fit a new grey-body model using the

subtracted fluxes.

Among the rest 70/141 sources that are undetected in the GMRTdata, there are 8 sources

with available radio data in the literature which are used inorder 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 contamination and has been

removed from the sample. For the other 62 undetected in the GMRT data I conservatively

usedα = −0.4, the minimum value observed in the GMRT-detected sources, to estimate

the maximum possible synchrotron contamination. The main characteristic of the sample

undetected by GMRT is the faint radio emission at 1.4 GHz, compared to the rest of the

RLQs. The main bulk of these sources hasS1.4GHz < 10 mJy while, the mean value of this

sample is〈S1.4GHz〉 = 5.79 ± 0.81 mJy. Due to their faint radio emission, we do not expect

for most of them strong contamination. I found that 26 sources show possible synchrotron

contamination and they have been removed them from our sample. The final sample consists

of 93 RLQs.

An alternative method of investigating the synchrotron contamination level is to study

the level of core emission. A reasonable estimation of the level of compact emission can

be derived from the comparison of the NVSS and FIRST fluxes, investigating whether the

quasar radio fluxes are underestimated due to the FIRST survey resolving out extended flux.
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The cross-match with the NVSS catalogue gave us a total of 90 matches within a 5 arcsec

radius. Among these there are 58 sources with a GMRT detection. Comparing the NVSS

- FIRST fluxes I found a fraction of7.0 ± 1.7 per cent excess in their NVSS fluxes. No

significant differences were found even when we compared theNVSS - FIRST emission for

the sub-samples that are detected and undetected with GMRT.Such a small fraction shows

there is no evidence that either the FIRST fluxes or the estimated spectral indices of the

sources are underestimated. On the other hand, the low levelof extended emission shows

that the radio sources are fairly compact and a flatter radio spectrum would be expected.

However, a comparison of the spectral index with the NVSS shows no particular trend.

Overall, I have found that out of the 141 objects in the RLQ sample, 21 RLQs have sig-

nificant non-thermal contamination in their FIR emission while an additional sample of 27

sources possible has strong contamination using an upper limit for their radio spectral index.

These objects have been rejected from the sample. I emphasize that this is a conservative es-

timate, given that the steep-spectrum synchrotron component is likely to fall more quick than

the fitted power-law at higher frequencies due to spectral aging of the electron population.

Therefore, the fitting extrapolation is likely to provide anoverestimate of the synchrotron

contamination at FIR wavelengths in our sample, especiallyin the cases of power-law fit-

ting. Radio data at higher frequencies would give us a clearer view of the possibility of a flat,

core dominated spectrum in this frequency range, although our analysis 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 based on the isothermal grey-body

model, we use Levenberg-Marquardtχ2 minimization to find the best-fitting temperature and

normalization value for the grey-body model. The errors on the parameters were determined

by mapping the∆χ2 = 2.3 error ellipse, which corresponds to the 1σ error for 2 parameters

of freedom. For every source in our sample, I calculate the integrated FIR luminosity (8 −
1000 µm), the monochromatic luminosity at 250µm and the isothermal dust mass using the

250-µm luminosity. The mass derived on the assumption of a single temperature for the dust,

is given by:

Mdust =
1

1 + z

S250D
2
L

κB(ν, T )
(3.1)

whereS250 is the 250µm observed flux,DL is the luminosity distance,κ is the dust mass

absorption coefficient, whichDunne et al.(2011) take to be0.89 m2 kg−1 andB(ν, T ) is the

Planck function.K-corrections have been applied2.

2The K-correction is given by:

K =
(

νobs

νobs(1+z)

)3+β
e
(hνobs(1+z)/kTiso)

−1
e(hνobs/kTiso)−1

, whereνobs is the observe frequency at 250µm, νobs(1+z) is the rest-

frame frequency andTiso andβ are the temperature and emissivity index.
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3.4.1 Stacking

The majority of the sources are undetected at the 5σ limit of the Phase 1 catalogue so, in

order to calculate their properties I use two different stacking methods and I compare the

results. The first method is based on a weighted stacking analysis which follows the method

of Hardcastle et al.(2010). I determine the luminosity for each source from the background-

subtracted flux density, even if negative, on the grounds that this is the maximum-likelihood

estimator of the true luminosity, and take the weighted meanof the parameter I am interested

in within each bin. I use the same redshift and optical luminosity bins across the radio-loud

and radio-quiet samples in order to facilitate comparisons. The luminosity is weighted using

the errors calculated from∆χ2 = 2.3 and the errors on the stacked parameters are determined

using the bootstrap method. The advantage of bootstrappingis that no assumption is made

on the shape of the luminosity distribution. Tables3.3 and3.4 show the weighted mean

values of the estimated parameter within each bin for both populations and the K-S/M-W

test probabilities of the individual measurements comparing the radio-loud and radio-quiet

quasars in the same bins.

Using the weighted stacking analysis might bias our measurement to the brightest and

hottest objects. In order to ensure that the FIR parameters from the weighted stacking method

are reliable, I calculate, as an alternative, the mean temperatures for objects using the Maxi-

mum Likelihood Temperature method (e.g.Hardcastle et al., 2013). As in the previous sec-

tions, I split the radio-loud and radio-quiet quasars into bins defined by their redshift, optical

luminosity and radio luminosity. For each bin, I calculate the best fit temperature that gives

the bestχ2 fit to the observed fluxes of every quasar in the bin. In order todo this, we cycle

through temperatures between 5 - 60 K allowing each quasar tovary and have a free normal-

ization. For each temperature step, I calculate the totalχ2. This result is a distribution from

which we determine the temperature with the lowest totalχ2. Errors in this fitted temperature

are estimated by finding the range that gives∆χ2 = 1. Using the best-fitting temperature and

normalizations for all the galaxies, I estimate the FIR luminosity, the 250-µm luminosity and

the dust mass for each bin. The errors for each parameter are determined by bootstrapping.

The results of this method are shown in Table3.5. The advantages of this method are that all

the sources in a given bin are used in the temperature estimation and the luminosities of the

sources in bins are not automatically correlated. However,there are bins where the estimated

mean temperature is significantly different from the individual temperature of each source,

which could result in underestimation (or overestimation)of luminosities and dust masses.

In general terms, the two methods are in good agreement with some exceptions in the

case of “sensitive” parameters related to temperature. Specifically, it seems that we get larger

differences in bins where the objects span a greater range intemperature. In these cases, the
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TABLE 3.3: Estimated weighted-mean FIR properties using a single-component grey-body fitting
for RLQs and RQQs. The two populations have been separated into redshift, radio luminosity and
optical luminosity bins.

Class z Weighted mean values
range log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

RLQs 0.0 − 1.0 11.11 ± 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 − 4.0 12.38 ± 0.09 27.14 ± 1.43 7.77 ± 0.08 27.26 ± 0.26

RQQs 0.0 − 1.0 11.23 ± 0.17 22.48 ± 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 ± 0.11 26.35 ± 0.36 8.15 ± 0.02 27.28 ± 0.03
2.0 − 4.0 12.68 ± 0.04 30.29 ± 0.46 8.33 ± 0.03 28.15 ± 0.08

Class log10(L1.4GHz/W Hz−1) Weighted mean values
log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

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 27.18 ± 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 ± 0.04 31.91 ± 0.51 8.38 ± 0.03 28.21 ± 0.09

Class log10(Lopt/W) Weighted mean values
log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/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 using a single-component grey-
body fitting for the RLQs in redshift, radio luminosity and optical luminosity bins are drawn from the
same population as RQQs.

z-range K-S/M-W probability (%)
LFIR Tiso Mdust L250

0.0 − 1.0 11.9/9.5 25.0/29.8 93.3/29.8 21.8/38.7
1.0 − 1.5 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 27.7/6.7 6.0/1.0 7.6/1.1 21.2/4.8

log10(Lopt/W) K-S/M-W probability (%)
LFIR Tiso Mdust L250

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 1.0/1.0 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 estimated bythe Maximum Likelihood
(ML) stacking method. The bestχ2 for each bin is also presented.

Class z-range ML mean values χ2

log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)
RLQs 0.0 − 1.0 11.19 ± 0.08 18.01+1.01

−0.72 7.88 ± 0.07 25.81 ± 0.08 1.11
1.0 − 1.5 11.81 ± 0.07 21.72+1.61

−1.35 8.26 ± 0.09 26.70 ± 0.08 0.68
1.5 − 2.0 12.04 ± 0.05 25.76+1.32

−1.13 8.10 ± 0.08 27.00 ± 0.07 0.56
2.0 − 4.0 12.42 ± 0.08 27.22+1.54

−2.74 7.97 ± 0.08 27.19 ± 0.08 0.14

RQQs 0.0 − 1.0 11.11 ± 0.02 21.27+0.41
−0.38 7.78 ± 0.02 25.99 ± 0.03 0.69

1.0 − 1.5 11.86 ± 0.03 24.19+0.53
−0.42 8.09 ± 0.03 26.88 ± 0.03 0.50

1.5 − 2.0 12.21 ± 0.02 27.24+0.77
−0.43 8.21 ± 0.02 27.24 ± 0.02 0.46

2.0 − 4.0 12.56 ± 0.17 30.26+1.20
−0.84 8.27 ± 0.04 27.88 ± 0.04 0.67

Class log10(L1.4GHz/W Hz−1) ML mean values χ2

log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)
RLQs 23.0 − 25.0 11.19 ± 0.13 17.79+2.75

−0.46 7.81 ± 0.12 25.77 ± 0.16 1.06
25.0 − 26.0 11.93 ± 0.06 22.25+1.29

−1.50 8.05 ± 0.05 26.62 ± 0.05 0.60
26.0 − 27.0 12.09 ± 0.07 25.03+1.98

−1.64 8.10 ± 0.10 26.91 ± 0.07 0.47
27.0 − 28.5 12.55 ± 0.15 30.26+1.26

−3.16 8.15 ± 0.10 27.19 ± 0.08 0.23

RQQs 21.0 − 23.0 11.03 ± 0.03 19.75+0.43
−0.32 7.79 ± 0.02 25.84 ± 0.03 0.69

23.0 − 23.5 11.76 ± 0.04 22.58+1.75
−0.42 8.11 ± 0.04 26.61 ± 0.05 0.50

23.5 − 24.0 12.16 ± 0.01 27.55+0.58
−0.42 8.17 ± 0.02 27.19 ± 0.02 0.48

24.0 − 25.5 12.68 ± 0.16 30.57+1.37
−0.73 8.20 ± 0.04 27.82 ± 0.03 0.70

Class log10(Lopt/W) ML mean values χ2

log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)
RLQs 37.3 − 38.5 11.62 ± 0.10 17.25+3.12

−1.20 8.00 ± 0.09 25.95 ± 0.11 1.96
38.5 − 39.0 11.93 ± 0.06 21.25+1.28

−0.96 8.18 ± 0.06 26.50 ± 0.05 1.20
39.0 − 40.3 12.36 ± 0.07 26.52+2.16

−1.21 8.09 ± 0.08 27.12 ± 0.06 1.56

RQQs 37.3 − 38.5 11.22 ± 0.03 19.22+1.25
−0.75 7.84 ± 0.02 25.81 ± 0.03 0.71

38.5 − 39.0 11.92 ± 0.02 25.28+1.62
−0.35 8.07 ± 0.03 26.89 ± 0.02 0.44

39.0 − 40.3 12.36 ± 0.02 28.06+1.83
−1.72 8.20 ± 0.02 27.33 ± 0.03 0.45

weighted mean method is dominated by the hotter objects returning higher luminosities. De-

spite the differences in temperature between the methods, we see that the monochromatic lu-

minosities are broadly consistent in both methods implyingthat the temperature-luminosity

correlation does not have a significant effect on the inferred monochromatic luminosities. In

contrast, FIR luminosity and dust masses seem to be affectedwhen hot objects are present.

Despite the differences I get in some cases, both methods show that RLQs have systemat-

ically lower dust temperature than RQQs. Regarding their luminosities, and especially the

250-µm luminosity which seems to be a safer choice as it is less affected by temperature,

they tend to be comparable for most of the bins but not at loweroptical luminosities (and/or

redshifts) where an excess in the case of RLQs is found.

In order to study the FIR properties (e.g. FIR luminosity, dust temperature, dust mass) for

the two populations as a function of redshift and optical luminosity I present in Fig.3.4 the

mean dust temperature as a function of the mean FIR luminosity. The two populations have

been divided into redshift (top) and optical luminosity (bottom) bins which are represented

by a rainbow colour-code with purple colour for lower and redcolour for higher values. For

each bin the weighted mean and the ML mean values are presented.
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FIGURE 3.4: FIR luminosity versus dust temperature when the two populations are divided into
redshift (top) and optical luminosity (bottom) bins. The rainbow colour-code represents the red-
shift/optical lumimosity bin values, purple for lower and red for higher values respectively. The
RLQs are represented by stars while the RQQs are shown as circles. The large symbols show the
estimates based on the weighted mean method while the small symbols show the estimates based on
the maximum likelihood stacking. The black lines correspond to the dust mass estimates based on
the LFIR -Tdust relation (LFIR∝ κ0MdustT

4+β
dust ), assumingβ = 2.0, for dust masses of107, 108 and

109 M⊙.
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3.4.2 FIR luminosity

With respect to the redshift bins (see Fig.3.4 top), the two populations have the same mean

FIR luminosities within their errors for each bin. The largest difference between the mean

FIR luminosities of the two populations is observed at the highest redshift bin (z > 2.0; red

colour) with RQQ having the higher FIR luminosity. However,this difference could be an

effect of the calculation of the mean values as both methods do not return significant excess

for the radio-quiet population (small versus large red symbols). To summarize, the mean

FIR luminosities of the radio-loud and radio-quiet quasarsshow no significant differences

when the two population are split into redshift bins. In contrast, when I divide the two

populations into optical luminosity bins (see Fig.3.4bottom), there is a clear excess of FIR

luminosity in lower-luminosity bins for the case of RLQs (log10(Lopt/W) < 38.5; purple

colour). The fact that both methods show the same significantexcess indicates that the

observed differences between the two populations are not a result of the calculation methods.

At intermediate optical luminosities (38.5 < log10(Lopt/W) < 39.0; blue colour) both of the

populations have consistent mean FIR luminosity values. Atthe highest optical luminosity

bin (log10(Lopt/W) > 39.0; red colour) we have the same picture as at the highest redshift

bin; a possible FIR luminosity excess for the RQQs which, however, is not supported by both

of the methods.

3.4.3 Dust temperature and mass

The results reported in Fig.3.4 and Tables3.3, 3.5 show that there is a general trend that

the RLQs have lower dust temperature than RQQs, at least at lower redshift and optical

luminosity bins. This difference reaches∼ 5 K in some bins. At higher redshift and optical

luminosity bins both of the populations have the same mean dust temperatures within their

errors.

The mean values of the estimated dust mass based on both calculation methods show that

RLQs have almost a constant mean dust mass over the whole redshift and optical luminosity

range. In the case of RQQs, the mean dust masses decrease at lower redshift/optical lumi-

nosity bins. Comparing the results for the two populations,it seems that RLQs have higher

dust masses at lower luminosity bins while at higher luminosities both of the populations

have similar mean values. Dust masses must be interpreted with care as they could be biased

by the stacking analysis towards the brightest and hottest objects. The excess in dust mass,

in the case of RLQs which are the class with the lower dust temperature, could be required

in order to be detectable at a level that allows a temperatureto be fitted.
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3.4.4 250-µm luminosity

In this section I present the stacked monochromatic luminosity at 250µm for both stacking

methods and populations as a function of redshift, radio luminosity and optical luminosity

(Fig. 3.5). The luminosities calculated using the weighted stack method are shown by solid

error bars while the luminosities calculated via the Maximum Likelihood method are shown

by the dashed error bars. Both methods show a good level of agreement within their 1σ error.

The cases with the larger disagreement are those where strong outliers are found within the

bin (unusually hot or cold sources in comparison with the rest of the population). Based on

these plots, we see that the Maximum Likelihood Temperaturemethod is more sensitive to

outliers. I therefore argue that the weighted stacking method is sufficiently accurate to calcu-

late the stacked rest-frame monochromatic luminosity at 250 µm. For clarity, I do not show

the stacks generated by the Maximum Likelihood Temperaturemethod in the subsequent

sections, although consistency checks were performed throughout the analysis.

As we see in Fig.3.5, 250-µm luminosity is correlated with radio luminosity for both

populations. However, the question is whether radio activity induces star formation, leading

to FIR emission. Redshift will affect the correlation between the two luminosities so, as a

first way to measure the strength of correlation between FIR luminosity and radio luminosity

we use partial-correlation analysis (Akritas & Siebert, 1996), which allows us to determine

the correlation between the two parameters while accounting for the effects of redshift. For

this analysis, I avoid bias against FIR weak sources by adding undetected sources (‘cen-

sored’ sample) to the detected sample. For this reason, in order to measure the partial corre-

lations I use the FORTRAN program CENS-TAU, available from the Penn State Center for

Astrostatistics3, taking ‘censored’ data into account as upper limits using the methodology

presented inAkritas & Siebert(1996).

The partial-correlation shows that radio luminosity is significantly correlated with 250-

µm luminosity in the case of RLQs with a partial-correlation of τ = 0.17. The null hy-

pothesis of zero partial correlation is rejected at the3σ level. In the case of RQQs I found

that the correlation is not statistically significant withτ = 0.06 and a probability under the

null hypothesisp = 0.11. The results are almost the same even when I compare the inte-

grated FIR luminosity to the radio luminosity but even more significant for the case of RLQs

with the null hypothesis of no correlation rejected at higher than the4σ level. Despite the

results found for both the populations as a total, the different trends which I found for low

(log10(Lopt/W) ≤ 38.5) and high (log10(Lopt/W) > 38.5) optical luminosities lead us to

investigate the correlations also for these sub-samples. In the case of RLQs, the significant

correlation between radio luminosity and 250-µm luminosity remains only for the low optical

luminosity bin withτ = 0.12 (p < 0.001; the probability of no correlation) while for the high

3Available at
http://www.astrostatistics.psu.edu/statcodes/censtau.
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FIGURE 3.5: Correlation between infrared luminosity at 250µm and redshift (top), radio luminos-
ity (middle) and optical luminosity (bottom). Individual measurements for radio-loud (black stars)
and radio-quiet (grey circles) quasars detected at 250µm at the3σ level are also included. Dots
represent the entire samples. Error bars with solid lines illustrate the stacked luminosities calculated
using the weighted method. Luminosities calculated via theMaximum Likelihood method are dashed
line error bars. The errors have the same colour as the population that they represent.
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luminosity bin no significant correlation is found (τ = 0.04 andp ≃ 0.29). In contrast, for

RQQs no correlation is again found for either low (τ = 0.02 andp ≃ 0.26) or high (τ = 0.03

andp ≃ 0.36) optical luminosity bins. Similar trends are also obtainedwhen I compare the

FIR luminosity with the radio luminosity for the two populations at lower and higher optical

luminosities. In terms of RQQs, all sources withlog10(L250/W Hz−1) ≥ 27.0 are associated

with optical luminosities above the threshold at which the dichotomy is found. At this level

of 250-µm luminosity it seems that all correlations with optical luminosity, radio luminosity

and, possibly, also with redshift, tend to disappear. Regarding the correlation betweenL250

and radio luminosity, a significant number of RQQs withlog10(L250/W Hz−1) ≥ 27.0 have

radio-luminosity higher than1024 W Hz−1, 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 the measured temperature of the

grey-body model. Comparing our results with those ofDunne et al.(2011) for Herschel-

detectedz < 0.5 galaxies, we see that the measured isothermal dust temperatures span the

same range. Taking into account the fact that I use aβ = 2.0 emissivity index, the dust mass

measurements should increase by30−50 per cent from those ofDunne et al.(2011) with the

same temperature. Indeed, for a mean temperature of20 − 25 K the population of this work

is found to have∼ 108.0 M⊙ . One question is if the estimated isothermal dust mass can be

biased low, as the dust exists at a range of temperatures in galaxies, while the mass I have

estimated is that of the dust close to the source of heating (star-forming regions) which warm

it enough to emit at FIR wavelengths. Another important question is whether the presence

of a cold component could explain the differences I found forthe two populations regarding

their dust temperatures and dust masses.

To investigate this I use a model which requires two components of dust. The two

required components consist of cold dust withTc ∼ 10 − 25 K and warmer dust with

Tw ∼ 25 − 60 K. The cold component is associated with the old stellar population and

the warm one with the current star formation. The luminosityof the warm component is

primarily the indicator of the star-formation rate. Previous studies preferred to use two fixed

temperatures (a cold and a warm one) in order to fit the two-temperature model. However,

the correct choice of the fixed temperatures would be difficult as our single-temperature re-

sults show that the two populations (radio-loud and radio-quiet quasars) may have different

dust temperatures. In order to overcome this problem of the possible different temperatures

between the two populations, I fit a two-temperature model for several different temperature

pairs within±5 K of our initial chosen fixed temperatures,Tc = 15 K andTw = 35 K.

Using each possible pair of cold and warm component temperatures I estimate the FIR

luminosities and the dust mass for each component. For the two-component model the FIR
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luminosity is:

LFIR = NwνβBν
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(3.2)

whereNw andNc are the relative contribution due to the warm and cold dust components.

The dust mass is computed from the sum of the masses in the two temperature components

(Vlahakis et al., 2005):
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whereκ250 = 0.89 m2 kg−1 is the dust mass absorption coefficient andBν is the two-

temperature modified Planck function.

In the cases where the objects are well described by a single temperature for the warm

component that is significantly different fromTw = 35 K the two-temperature model with

fixed temperatures fit less well. However, I have found a good correlation between the FIR

luminosities of the two fitting models. In contrast, the estimated dust masses show less good

agreement with higher scatter. This suggests that, at leastfor this sample, the estimation of

the FIR luminosity is not strongly affected by the fitting model, while the dust mass must be

interpreted with a little more care. Comparing the contamination of the cold component to

the total FIR and250 µm luminosities I found that in both populations the warm component

dominated the overall luminosity at a higher level than 70 per cent. This result shows that

any differences found should not be a result of a strong cold component in any of the two

populations.

3.4.6 Star-formation rate

For the calculation of the SFR the FIR luminosity is required. As I discussed in Section3.4.1,

the FIR luminosity seems to be more sensitive to temperaturedispersion compared to the

250-µm luminosity. In this case, the SFR estimation could be strongly affected by the dust

temperature. On the other hand, the rest-frame monochromatic luminosity at 250µm min-

imises the dispersion in our calculations and small differences are found, within their errors,

between the two methods (weighted and maximum likelihood temperature). In addition, the

FIR luminosity, as described using the two-temperature model, could be affected by a strong

cold component. However, the results show that both FIR luminosity andL250 are domi-

nated by the warm component. For these reasons the warm dust component is used as a

tracer of the current star formation, whose mass and luminosity are primarily an indicator of

the star-formation rate (Dunne et al., 2011; Smith et al., 2012b).

In order to investigate how strongly and in which cases the warm-component FIR lumi-

nosity is affected by the temperature, I compare the warm-component 250-µm luminosity
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to the warm-component FIR luminosity as they were estimatedusing the two-temperature

model. For both of the populations I found the same linear correlation, within the er-

rors, between the warm 250-µm and integrated FIR luminosities. The linear regression

between the warm 250-µm luminosity and the warm FIR luminosity is found with the ordi-

nary least squares (OLS) bisector (Isobe et al., 1990) fit beingLFIRRL ∝ 100.66±0.01L250RL;

LFIRRQ ∝ 100.63±0.03L250RQ for radio-loud and radio-quiet quasars respectively. The same

trends for both of the populations show that as long as we investigate only the differences

of SFR between them, the selection of either theL250 or the integrated FIR luminosity as

indicators of star formation would not affect our results or, at least, the effect should be the

same for both populations.

The calculation of the SFR was performed using the equation by Kennicutt(1998):

SFR(M⊙ yr−1) = 4.5 × 10−44LFIR (erg s−1), (3.4)

which assumes a Salpeter IMF in the mass range0.1−100 M⊙, continuous starbursts of age

10 − 100 Myr, and requires the integrated IR luminosity over the range8 − 1000 µm.

Fig. 5.7 shows the weighted mean star-formation rates,〈SFR〉, derived from the warm-

component FIR luminosities, as a function of optical luminosity and redshift, for RLQs and

RQQs. I split the samples into 4 redshift and 3 optical luminosity bins trying to keep the

same number of objects within each bin for each population and determined the SFR as

described in Section3.4.5. The larger symbols represent the weighted mean SFR in each bin

based on theTc = 15 K andTw = 35 K temperature fittings. Additionally, a dashed area is

used to represent the mean values based on the different temperature pairs within±5 K of the

original temperatures. Taking into account the errors of the original mean values, it seems

that the selection of the temperatures would not strongly affect our results as in most of the

cases the errors are larger that the estimated differences between the different temperature

models. Comparing the〈SFR〉 for the two populations as a function of redshift, no difference

is found. Both RLQs and RQQs seem to have the same〈SFR〉 within their errors in each bin.

Even if we take into consideration any possible combinationof different temperature pairs,

we would not observe any particular differences. On the other hand, comparing the〈SFR〉
as a function of optical luminosity, a significant excess is found in the case of RLQs for

log10(Lopt/W) ≤ 38.5. This difference remains significant even if we assume that the two

populations have different dust temperatures. Forlog10(Lopt/W) > 38.5 both populations

tend to have the same SFR within their errors. Another interesting point is the presence of a

possible break atlog10(Lopt/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 SFRs,〈SFR〉, as a function of redshift (top) and optical luminosity
(bottom). The dots represent the entire sample. Small blackstars represent the RLQs detected at
250µm at the3σ level. Small grey cycles represent the RQQs detected at 250µm at the> 3σ level.
The same but larger symbols for each population represent the weighted mean values based on the
Tc = 15 K, Tw = 35 K two-temperature fitting model. The dashed regions (red forRLQs and blue
for RQQs) show the range of the weighted mean values based on the±5 K two-temperature fitting
model regarding to the initial (Tc = 15 K andTw = 35 K) choice of temperatures. In the top figure
the large grey circles have been slightly left-shifted for clarity.
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3.5 Discussion

The results of the previous sections show that RLQs tend to have different FIR properties

from a matched sample in redshift and optical luminosity of RQQs. These differences lead

to an excess of star-formation for the radio-loud population but are only significant in the

case of low optical luminosity radio-loud and radio-quiet quasars.

Studying the FIR properties of an AGN population is usually adifficult task as possible

contamination could affect the results. However, in chapter paper, I am mainly interested in

studying the differences between the two populations instead of examining the exact proper-

ties for each one. In the case of this sample there are two mainsources of contamination a) the

warm dusty torus emission and b) the synchrotron emission ofthe powerful jets and lobes in

the case of RLQs. In order to overcome these problems I followed two methods, one for each

case. I try to remove the problem of the warm dusty torus emission by matching our popu-

lations in redshift and optical luminosity. In this way, although I expect that FIR emission

is largely uncontaminated by the AGN (e.gHaas et al., 2003; Hatziminaoglou et al., 2010),

any possible contamination would be the same for both populations. Different evolutionary

models for the two populations could be also a possibility for different AGN contamination

in the case of more evolved AGN, in which the BH gets closer to its final mass. However,

this could not affect our results as optical luminosity is a good tracer of the median accre-

tion rate onto the central black hole and the Eddington ratiodistribution is expected to be

similar for the two populations at least at lower redshifts (z < 2.0) and/or optical luminosity

(e.g.Shankar, 2010) with both types of quasars being likely powered by similar physical

mechanisms.

For the case of synchotron contamination, I estimated an upper limit on the possible

contamination at FIR bands. Based on these estimations, I either rejected contaminated

objects from our sample or subtracted the synchrotron emission. Using these methods I

consider that the results are unaffected by possible synchrotron contamination effects.

3.5.1 Star-formation excess

Although the initial formation mechanisms of SMBHs remain largely unknown, the notion

of seed black holes that form primordially and grow into a distribution of BH masses has

been around for four decades (e.g.Carr & Hawking, 1974; Silk & Rees, 1998). The mass

distribution would necessarily be governed, at least partially, by the density of the surround-

ing gas; the most massive black holes would then form in regions of the highest gas density,

and it will be in these sites where we observe high-redshift radio galaxies and RLQs. The

highly relativistic, supersonic jets that power into the surrounding medium are able to trigger

star formation along cocoons surrounding the jets (e.g.Bicknell et al., 2000; Fragile et al.,
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2004). This model provides the means of orchestrating star formation over tens of kilopar-

secs on light crossing timescales. This process has been invoked to explain the radio-optical

alignment effect at high redshift (Rees, 1989). More recent,Drouart et al.(2014) suggested

that radio galaxies have higher mean sSFR than typical star-forming galaxies with the same

black hole mass at least at higher redshifts,z ≤ 2.5.

Here I explore the link between radio AGN emission and star formation. Assuming that

FIR luminosity is a good tracer of star formation, my resultsshow a strong positive correla-

tion between radio and FIR luminosity, independent of redshift, for RLQs (see Section3.4.4).

In contrast, no such correlation was found for RQQs. These results support the idea of a

strong alignment between dust and jets from SMBHs. Powerfulradio jets may increase the

star-formation activity by compressing the intergalacticmedium (e.g.Silk & Nusser, 2010b),

resulting in the observed star-formation excess I found forthe RLQs.

However, the results are not uniform over all the optical luminosity range of our sample.

RLQs seem to have higher star-formation rates (and FIR luminosities) than RQQs only at

lower optical luminosities. Specifically, I find that star-formation shows a possible break

around tolog10(Lopt/W) ≈ 38.5 in the case of RLQs. For lower optical luminosities, RLQs

have higher star-formation than RQQs, while for higher optical luminosities both populations

tend to have comparable〈SFR〉 within their errors. The same results were found no matter

which method we used to estimate the FIR luminosity. This difference between the two

populations could be an effect either of redshift or of AGN activity, as the optical luminosity

is affected by both of these parameters. However, both populations seem to have the same

FIR luminosity distribution over all redshifts within their errors. As the star-formation excess

is not observed in the case of redshift distribution I deducethat the AGN activity is the

main reason of this difference. Although I have found no strong evidence of star-formation

suppression due to the radio activity at any redshift there are some hints like the decrease of

the mean FIR flux densities at higher redshift in the case of RLQs (see Table3.1). A possible

suppression of the star-formation due to the radio-jet activity would be in agreement with a

model of short-lived episodes of radio-loud states in the life of all AGN. These events are

associated with the active nucleus and AGN feedback.

The physical mechanisms responsible for triggering the active AGN phase are still de-

bated. Indeed, it is still poorly understood whether the AGNactivity impacts star formation

or vice versa. Negative AGN feedback, where the AGN emissionis believed to be responsi-

ble for gas heating, is necessary in order to explain the strong suppression of star formation

especially in the most massive galaxies (e.g.Croton et al., 2006; Hopkins et al., 2010). The

feedback process becomes more complicated in the case of powerful radio sources where

there are results that suggest a positive feedback due to thejets inducing star formation in

the host galaxy (e.g.Elbaz et al., 2009). These two mechanisms could be the possible ex-

planation for the star-formation difference between the two populations and the minimum

observed in the case of RLQs.
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I found that the〈SFR〉 as a function of optical luminosity shows a bi-modality for

log10(Lopt/W) ≤ 38.5 with the RLQs covering the upper level. If this bi-modality could

be explained by the presence or absence of powerful radio jets, what could explain the same

level of star formation for both populations atlog10(Lopt/W) > 38.5? As we move to higher

optical luminosities, the AGN luminosity increases as a result the direct effect of the radi-

ation from the AGN on the host galaxy ISM. In this case, the feedback is predominantly

negative, though occasional positive feedback may occur inthe form of jet-induced star for-

mation. As the jets cannot now play the critical role they didat lower luminosities both of

the populations have the same star-formation trend. These results are in agreement with our

previous work in radio-loud and radio-quiet quasars (Kalfountzou et al., 2012).

3.5.2 Host galaxy and dust properties

Based on diverse studies of several samples, it can be said that RLQss are associated with

luminous elliptical galaxies while RQQs are usually found in both elliptical and spiral hosts,

depending on the optical luminosity threshold. Generally,it has been proposed that the

nuclear luminosity is related to the morphology of the host,but AGN more luminous than a

certain luminosity limit can only be hosted by massive spheroidals (e.g.McLure et al., 1999;

Dunlop et al., 2003). Based on this assumption, our results for different dust temperature

could have their origin in the different hosts of radio-loudand radio-quiet quasars.

In the case of the single-temperature model, I found that RLQs tend to have lower dust

temperatures, at least for lower redshifts and/or lower optical luminosities. Low temper-

atures are associated with the old stellar population of elliptical galaxies. This fact is in

agreement with the previously mentioned studies regardingthe hosts of radio-loud and radio-

quiet quasars. On the other hand, the low dust temperature could be associated with a

strong cold component described by the two-temperature grey-body model. Dust temper-

atures of 10-15 K would imply dust masses of up to1010 M⊙, quite unrealistic for the case

of elliptical hosts and generally for quasar hosts where theexpected range of dust mass is

107 − 109 M⊙. In this sample, despite the low temperatures just a few sources are found to

haveMdust > 109 M⊙, which is not unexpected as most of them have FIR fluxes even lower

than the2σ detection limit. Moreover, based on the single-temperature model, I found that

both the populations tend to have statistically indistinguishable dust masses.

An additional point which could play a significant role in theobserved differences would

be the gas supply in the host galaxies of RLQS and RQQs. The gascontent is the fundamental

ingredient driving star formation in galaxies. Additionally, AGNs are preferentially hosted

by gas rich galaxies (e.g.Silverman et al., 2009; Vito et al., 2014) which is not surprising

since gas accretion onto SMBH is the process at the origin of nuclear activity. Given the

dependency of both SFR and AGN on the gas content, the enhanced star formation in AGN

galaxies appears to be primarily the result of a larger gas content, with respect to the bulk
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of the galaxy population at similar stellar masses (e.g.Rosario et al., 2012; Santini et al.,

2012). Many semi-analytic models and direct observations suggest that the gas fractions in

galaxies grow at lower stellar masses and, at fixed mass, increase at earlier cosmic epochs.

In the local Universe, low mass galaxies are generally gas-rich and actively star-forming,

while the highest mass galaxies are almost always gas-poor and have very little ongoing

star formation. This is probably why optical AGN with the highest values ofL/LEdd tend to

occur in galaxies with the smallest bulges and black holes (Heckman et al., 2004). Assuming

Gaussian quasar Eddington ratio distributions at all epochs, then the optical luminosity which

is used as an AGN activity tracer would map into BH mass and thus on galaxy mass. In this

case, RLQs with lower optical luminosities should, on average, be associated with lower

mass and gas-rich galaxies (see Figure3.4, bottom panel) for which the effects of a jet-

driven star-formation rate may be more evident. On the otherhand, the fact that no SFR

difference is detected between the two populations at higher redshifts or at higher optical

luminosities, when gas fractions should grow, could imply that both populations evolve in

gas fractions at the same rate.

In order to explain these possible temperature differencesI have to take into account

that the integrated dust temperature depends also on the dust distribution throughout the

galaxy. Previous studies (e.g.Goudfrooij & de Jong, 1995; Leeuw et al., 2004) investigating

the origin of dust in elliptical galaxies proposed the presence of various components. Sim-

ilarly, I used a two-component model to describe the FIR properties of our sample, a warm

dust component (Tw = 35 K) and a cold one (Tc = 15 K). Goudfrooij & de Jong(1995)

proposed the presence of at least two sources of the observedinterstellar matter (ISM) in

elliptical galaxies, mass-losing giant stars within the galaxy and galaxy interactions. Minor

mergers and/or accretion of material from nearby companions could possible explain the

presence of the warm and cold components. Such an assumptionof an external origin for

the ISM in the early-type galaxies leads to a strong link withthe environment of quasars.

Falder et al.(2010) showed that RLAGNs appear to be found in denser environments than

their radio-quiet counterparts atz ∼ 1. These environments represent ideal candidates for

galaxy-galaxy interactions. In this case, the cold dust properties in RLQs could have an

external origin.

3.6 Conclusions

In this chapter I have studied the FIR properties and the star-formation of matched samples

of radio-loud and radio-quiet quasars. The main result of our study is that RLQs have higher

SFRs than RQQs at low optical luminosities. This result is inagreement with my previous

work (Kalfountzou et al., 2012) where the [OII ] emission was used as a tracer of the star-

formation.

Additionally, I have found a strong correlation between jetactivity and the star-formation,
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controlling the effect of redshift, in the case of RLQs and especially at low optical luminosi-

ties and redshifts. This correlation supports the idea of the jet-induced star-formation.

The possible differences I found between the two populations regarding the dust mass

and dust temperature could explain the differences in star-formation rate, but they also point

the way forwards further investigation of the evolution of their host galaxies and their envi-

ronment and their correlation with AGN activity.



With silent strides Odysseus then shot back the bolt, passedlightly

through the courtyard and sped down the street. Some saw him take

the graveyard’s zigzag mountain path, some saw him leap on rocks

that edged the savage shore, some visionaries saw him in the dead of

night swimming and talking secretly with the sea-demons, but only

a small boy saw him in a lonely dream sit crouched and weeping by

the dark sea’s foaming edge

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

4
The star formation rate ofz ∼ 1 AGN

This chapter is reproduced from the paper:The star formation rate ofz ∼ 1 AGN by E.

Kalfountzou, J. Stevens, M. J. Jarvis, D. Wilner, M. J. Hardcastle, M. Elvis, M. Trichas et

al. to be submitted for publication in MNRAS, 2015

Abstract
Several studies support the existence of a link between AGN activity and the star formation in

their host galaxy. In addition, radio jets have been argued to be an ideal mechanism for the direct

interaction between the AGN and the host galaxy. However, a drawback of previous surveys is that

they are fundamentally limited by the degeneracy between redshift and luminosity in flux-density

limited samples. To overcome this limitation, I present FIRHerschelobservations of 74 RLQs,

72 RQQs and 27 RGs, selected at a single cosmic epoch of0.9 < z < 1.1 which span over two

decades in optical luminosity. Submillimeter Array (SMA) observations at 1300µm for the RLQ

sample were obtained to estimate the level of the synchrotron contamination of the FIR bands. By

decoupling luminosity from evolutionary effects and usingthe FIR luminosity as a tracer of the SFR,

I investigate how the SFR depends on AGN luminosity, radio-loudness and orientation. I find that:

1) the SFR shows a weak correlation with the bolometric luminosity for all AGN sub-samples, 2)

the RLQs show a SFR excess of about300 M⊙ yr−1 (a factor of 1.4) compared to the RQQ sample,

matched in terms of black hole mass and bolometric luminosity, suggesting either positive radio-jet

feedback or radio AGN triggering being linked to the star formation triggering and 3) RGs have lower

SFRs by a factor of 2.5 than the RLQs sub-sample with the same BH mass and bolometric luminosity

but not jet power. I suggest that there is some jet power threshold at which radio-jet feedback switches

from enhancing star formation (by compressing gas) to suppressing it (by ejecting gas). I 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 offer the only opportunity to directly

investigate the evolution of the BH - galaxy relation has re-invigorated interest in studies

of AGN host-galaxy evolution. However, a drawback of previous works is that they are

fundamentally limited by the strong correlation between redshift and luminosity, i.e., only

the most powerful sources are observed at high redshifts and, due to the much smaller volume

probed, only the less luminous, more abundant populations are found at lower redshifts.

In Chapter3, I investigated the FIR properties of a large RLQ and RQQs sample, over

a wide range of optical, radio luminosity and redshift. My results of higher SFRs in RLQs

than RQQs particularly at low optical luminosities supports the idea of the jet-induced star

formation. Although it is apparent that some form of feedback is needed to explain these

results, we have to keep in mind that many parameters could cause the observed differences.

Specifically, evolution effects could be strong as low and high optical luminosity sources

have significantly different redshift,z ≈ 0.9 andz ≈ 2.5, respectively.

While fundamental questions about the relation between radio-loud and radio-quiet AGN,

and how they affect the host galaxy, are in principle solublewith multiwavelength surveys,

with already interesting results, most of them remain intractable until we have a compre-

hensive AGN sample in which influence of cosmological evolution have been decoupled

from the effects of luminosity, radio-loudness and orientation. The sheer size of the SDSS

QSO sample (Schneider et al., 2005) makes it possible to generate a homogeneous sam-

ple of quasars covering a large range in luminosity at a single epoch. The redshift range

0.9 < z < 1.1 is ideal for this study because this allows us to probe over two decades in op-

tical luminosity. Importantly, this redshift is the minimum at which we have a large enough

sample of high luminosity quasars with which to compare to the bright quasars found at

higher redshifts.

TheHerschel Space Observatory(Pilbratt et al., 2010), with its unprecedented FIR sen-

sitivity and wavelength coverage, offers the only way of measuring the instantaneous SFR

with the minimal AGN contamination (e.g.Netzer et al., 2007; Hatziminaoglou et al., 2010;

Mullaney et al., 2011b). To do this, we obtained five-bandHerschelphotometry for az 1

benchmark sample of 173 AGN using thePhotodetector Array Camera(PACS) at 70 and

160µm and theSpectral and Photometric Imaging Receiver(SPIRE) at 250, 350 and 500

µm on-board theHerschel Space Observatory. We have additionally obtained millimeter ob-

servations of the RLQs sub-sample using Submillimeter Array (SMA) radio interferometer

at 1300µm to investigate the radio-jets synchrotron contaminationto the FIR emission.

This chapter is structured as follows. In Section4.2 I describe the sample selection,

the Herscheland SMA observations carried out, and the steps used for measuring the flux

densities in the observed bands. BH and host galaxy properties and analysis are presented in

Section4.3. In Sections4.4-4.6I present our results about the star formation dependence on
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AGN luminosity, radio jets and orientation, respectively.In Section4.7I list and discuss the

conclusions of this work.

4.2 Data

The data presented in this chapter consist ofHerschel-PACS and SPIRE images of 173 AGN,

along with millimeter images taken at 1300µm with SMA for the RLQs. The sample is split

into three sub-samples, all at the single cosmic epoch of0.9 < z < 1.1: 74 RLQs, 72 RQQs

and 27 RGs. This redshift range is convenient because, as shown in Fig.4.1, the SDSS survey

allows us to probe over 5 magnitudes in quasar optical luminosity. This sample thus enables

us to decouple luminosity generated effects from evolutionary ones, something which has

plagued many other flux density limited studies in this area.

This redshift is the minimum at which we have a large enough sample of high luminosity

quasars (Mi < −25.0) which can be compared to the bright quasars found at higher redshifts.

Observing both unobscured (type-1) AGN, in the form of quasars, and obscured (type-2)

AGN, the RGs, allows us to test AGN unification schemes (e.g.Antonucci, 1993). Details

of the selection of the quasars are presented byFalder et al.(2010) while the RG selection is

described byFernandes et al.(2015). A list of the main properties of the sample objects is

given in Appendix B (TableA). In the next section I 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 the SDSS Quasar Survey (Schneider et al.,

2005). The sheer size of the SDSS Quasar Survey allowed us to select a large enough ini-

tial sample to define matched samples of RLQs and RQQs. The initial quasar sample was

then cross referenced with the NRAO VLA Sky Survey (NVSS;Condon et al., 1998), the

VLA FIRST survey (Becker et al., 1995) and the Westerbork Northern Sky Survey (WENSS;

Rengelink et al., 1997) to pick out the RLQs and RQQs. Regarding the RLQs in the sample,

the initial cross-match was done with the WENSS low-frequency survey (325 MHz). There-

fore, the RLQs are selected based on optically thin extendedemission, which means that the

sample selection should be largely orientation independent. The RGs were selected from the

low frequency, (178 or 151 MHz; orientation independent) radio samples 3CRR (Laing et al.,

1983), 6CE (Eales, 1985), 7CRS (Willott et al., 1998) and TOOT surveys (Hill & Rawlings,

2003). For the 6C objects the redshifts are taken fromBest et al.(1996), Rawlings et al.

(2001) andInskip et al.(2005), and for the 6C* and TOOT objects fromJarvis et al.(2001b)

andVardoulaki et al.(2010), respectively. Combining these surveys, 27 RGs are found in

the same0.9 < z < 1.1 redshift range as our quasars. The smaller RGs sample thus arises

from the limit of the known RG population atz ≈ 1 at the time the samples were defined.
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FIGURE 4.1: Left: Optical (SDSSi−band) absolute magnitude density map of the SDSS quasar
sample as a function of redshift. The orange dots are the RLQsand RQQs included in thez ≈ 1
sample. Selecting the sample atz ≈ 1 ensures that we have the maximum coverage in luminosity
while still probing enough volume to sample the bright end ofthe luminosity function, where most of
the quasars at higher redshift lie. Optical absolute magnitude (SDSSi−band) plotted against redshift
for the quasars of our sample. RLQs are shown with red circlesand RQQs with open blue squares.

RLQs were chosen to have a low frequency WENSS (325 MHz) flux density of greater

than 18 mJy, which is the5σ limit of the survey (see Fig.4.2). This selection ensures that

the vast majority of the RLQs included are characterized by steep radio spectrum, avoiding

flat radio spectrum quasars and blazars. Additionally, the low frequency radio flux selection

allows us to compare the RLQs to the RGs without a severe orientation bias.Falder et al.

(2010) also presents a classification of the quasar population into radio-loud and radio-quiet

based on the definition used byIvezić et al.(2002). With the exception of 4 objects all of

our RLQs haveRi > 1 whereRi = log10(Fradio/Fi) andFradio andFi are flux densities

measured at 1.4 GHz and in thei−band 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 survey at the5σ level. FIRST

was used for this definition because it provides a more sensitive flux density limit than

WENSS.Falder et al.(2010) performed a stacking experiment to reveal the average value

of the radio power at 1.4 GHz (e.g.White et al., 2007) for the RQQs in our sample. Using

this technique they found an average flux density for the RQQsat 1.4 GHz of0.10±0.02 mJy

(i.e. a 5-σ detection). We extrapolate this estimate to a 325 MHz flux density of 0.30± 0.06

mJy assuming a spectral index of 0.7. Atz = 1 this corresponds to a 325 MHz luminosity,

log10(L325MHz/W Hz−1 sr−1) = 23.82.

74 RLQs and 72 RQQs matched ini−band and spanning 5 optical magnitudes were

chosen forHerschelfollow-up observations. The distribution of optical magnitudes as a
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FIGURE 4.2: 325 MHz radio luminosity vs. redshift for our sample. RLQs are shown with red
circles and RGs with black asterisks. For the RQQs,5σ upper limits (extrapolated to rest-frame 325
MHz) from the FIRST survey are shown as blue upper limits. Thedashed line shows the average5σ
limit of the WENSS survey, converted to a luminosity atz ≈ 1 by assumingα = 0.7. The dotted line
shows the average5σ limit of the FIRST survey, extrapolated to 325 MHz. The RQQs were selected
to have a radio luminosity falling below this line. The assumed spectral 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 Fig.4.1. Fig. 4.2 shows the radio

luminosity distribution within the selected redshift range for RLQs and RGs. It is clear

that, on average, the RGs are more radio-luminous than the RLQs, albeit with a significant

overlap. The results of this selection are further discussed in Section4.6. For the RQQs I

have placed an upper limit on their radio luminosity (see Fig. 4.2). In comparison to these

limits, RLQs are at least one order of magnitude more radio-luminous than RQQs. The radio

luminosity gap between the RLQs and RQQs (Fig.4.2) is due to our selection rather than a

real radio power dichotomy, because of the different WENSS and FIRST 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 theHerschelproject ‘A benchmark study of

active galactic nuclei’ with 55.1 hours of observations allocated. SPIRE observations for 25

objects in our sample were obtained as part of other publicHerschelprojects (see TableA).

The raw data for these objects were retrieved from theHerschelScience Archive (HSA), and

the data reduction was performed as detailed below.

PACS

PACS (Poglitsch et al., 2010) photometric observations at 70µm (5 arcsec angular resolu-

tion) and 160µm (10 arcsec angular resolution) bands were carried out in the scan-map

observational mode. A concatenated pair of small maps of 4 arcmin length, each at two dif-

ferent orientations was obtained for each source with a total integration time per source of

426-860 secs. TheHerschel Interactive Processing Environment(HIPE, Ott, 2010, version

9.1.0) was used to perform the data reduction, following thestandard procedures for deep

field observations. The high-pass filtering method was applied to create the maps allowing

us to minimize the point-source flux loss (Popesso et al., 2012). A preliminary map was cre-

ated after combining the individually (for each scan orientation) processed scan maps. Using

results fromPopesso et al.(2012), I choose a masking strategy based on circular patches at

prior positions. This method avoids significant flux losses due to the high-pass filter while

leads to flux losses which are independent of the PACS flux densities (Popesso et al., 2012).

The final data reduction and mosaicing were then performed using the mask generated in the

previous step.

Due to the fact that none of the sources show extended FIR emission and almost∼ 50

per cent of the total sample is not detected at>3-σ level I do not carry aperture extraction

of the FIR fluxes in order to consider all sources equally, even the ones with non-detections,

rather than using their3σ upper limits. Instead, I directly measure the FIR flux densities

from the PSF-convolved images for both bands. I take the flux density to be the value in

the image at the pixel closest to the optical position of our targets. I compared the direct

flux density measurements to the aperture extraction for theFIR-detected sources and found

an insignificant< 5 per cent difference. The photometric uncertainties of eachmap were

estimated from a set of 500 randomly selected positions (e.g. Lutz et al., 2011; Popesso et al.,

2012). The only requirement was that the measured pixels should have a total integration

time at least 0.75 times the integration time of that of the source of interest in order to

exclude the noisy map edges (e.g.Leipski et al., 2013). The1σ photometric uncertainty of

the map is taken to be theσ value of the fitted Gaussian to the flux densities measured in

these 500 random positions.



4.2 DATA 98

SPIRE

SPIRE (Griffin et al., 2010) photometric observations at 250 (18.2 arcsec angular resolu-

tion), 350 (24.9 arcsec angular resolution) and 500µm (36.3 arcsec angular resolution) were

carried out in small scan-map observational mode. The totaltime per source was 487 secs.

Similarly to the PACS data, I used the HIPE standard pipelineto reduce SPIRE data. The

FIR flux densities in each band were directly measured from the PSF-convolved images at

the pixel closest to the optical position of our targets.

As demonstrated from deep extragalactic observations (e.g. Nguyen et al., 2010), SPIRE

maps are dominated by confusion noise at the level of 6-7 mJy beam−1. The method I have

adopted in order to determine the photometric uncertainties in the SPIRE maps is fully de-

scribed byElbaz et al.(2011) andPascale et al.(2011). I have measured the noise level at the

position of each source on the residual map produced by removing all individually-detected

sources above the detection threshold, and then is convolved with the PSF (Elbaz et al.,

2011). On this convolved residual I determined the dispersion ofpixel values in a boxm

around each target, whose size is 8 times the PSF full width athalf maximum (the PSF

FWHM for the SPIRE passbands is: 18.2 arcsec, 24.9 arcsec, and 36.3 arcsec at 250, 350,

and 500µm, respectively) (e.gElbaz et al., 2011; Leipski et al., 2013). The box size was

chosen as a compromise between appropriate sampling of the surroundings 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-thermal beamed core components which

could possibly enhance the emission all the way through to the thermal-infrared and possible

the optical waveband (e.g.Blandford & Rees, 1974). However, non-thermal components

such as lobes and hot spots could also contaminate FIR emission, despite the fact that their

flux falls toward higher frequencies.Archibald et al.(2001) proposed that high-frequency

radio observations are needed to measure the contribution from non-thermal emission to the

FIR waveband of radio sources (e.g. a straight-line extrapolation or a parabolic fit which

reflects a degree of the steepening). We expect that the RLQ sample should be dominated

by steep-radio-spectrum sources as they are selected on their optically thin lobe emission

by using low frequency WENSS (325 MHz) observation. However, given the lack of high-

frequency radio observations, the best estimate of the synchrotron contamination assumes a

spectral index based on the available radio data (WENSS and FIRST or NVSS). This could

be a conservative estimate, given that the steep-spectrum synchrotron component is likely

to fall more quickly than the fitted power law, or be a highly uncertain extrapolation to the

SPIRE bands. RGs are expected to have fainter flat-spectrum core components 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 I am interested in studying the heating mechanism of the warm/cool

dust sampled through the FIR, we have to be aware of how possible non-thermal, synchrotron

emission could bias our star-formation rate estimate. For aRLQ to be considered as a candi-

date for synchrotron contamination at the SPIRE bands, the power-law extrapolation of the

total (steep-spectrum-dominated) radio lobe/hot-spot flux must fall close to (within the3σ

error) or above the 500µm flux density (Herschel-SPIRE). I emphasize that this is a conser-

vative estimate, given that the steep-spectrum synchrotron component is likely to fall quicker

than the fitted power law at higher frequencies. Indeed, other authors (e.g.Archibald et al.,

2001; Jarvis et al., 2001b; Shi et al., 2005; Cleary et al., 2007) fit a parabola, or multiple

power-law fits, to the steep-spectrum components in order totake this high-frequency steep-

ening into consideration.

However, the power-law extrapolation does not take into account the potential contribu-

tion from a flatter spectrum core/jet component. Using the 1.4 GHz radio observations or

the additional data at higher frequencies from the literature as a reference point, and assum-

ing the core spectral shape to be flat, I deem non-thermal contamination to be possible for

those objects for which the highest available radio frequency flux falls close to (within the

3σ error) or above the 500µm flux density. Note again that this is fairly conservative crite-

rion in the sense that the shape of flat-spectrum radio core components may not remain flat

up to FIR bands as I have assumed. High-frequency SMA observations at 1300µm for the

RLQ sample allow us to measure the possible contribution of the non-thermal components to

the FIR emission accurately, and minimise the high uncertainties (1-2 orders of magnitudes)

caused due to the use of different types of extrapolations (steep-spectrum or flat-spectrum

components).

I initially used the existing radio data to assess the potential for synchrotron contamina-

tion. For each RLQ we have used an upper (flat-spectrum-dominated; red dashed line) and

a lower limit (steep-spectrum-dominated; black dashed line; Fig.4.3). I have found that 24

RLQs have potential contamination only when I assume a flat-spectrum core/jet component

(Fig. 4.3; left), and 20 RLQs have potential contamination to their thermal FIR emission

from either a steep-spectrum or a flat-spectrum component (Fig. 4.3; right). For each of

these sources, using the 500µm flux density as a reference and assuming the spectral shape

to be flat, I have estimated the minimum flux density at 1300µm in order to have a signifi-

cant level of non-thermal contamination (Fig.4.3; 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 wavelengths for a representative sample
of the 44 RLQs. Filled black stars: the FIR data (Herschel-SPIRE), Triangles: the radio data (FIRST,
NVSS, WENSS and literature), Arrow: the maximum required flux at 1300µm in order to not have
a significant synchrotron contamination in the FIR bands. Error bars illustrate the3σ errors. Black
dashed line: Linear fit to radio data; red dashed line: flat radio spectrum; black solid line: grey-body
fit; black dotted horizontal line: flat radio spectrum extrapolation at 1300µm.

The SMA observations

I used the SMA (Ho et al., 2004) to observe the 44 RLQ candidates at wavelengths near

1300µm (frequencies near 230 GHz) to assess the contribution fromsynchrotron emission to

fluxes measured in the FIR bands. The SMA observations were performed in the 2014-2015

summer and winter semesters, typically in snapshots with 20minutes on source bracketed

by 2 minutes on nearby calibrators to determine complex gains. Many of the observations

were executed in available short timeslots before or after other scheduled programmes and

shared receiver tunings, correlator setups, as well as flux and passband calibrators. The total

bandwidth available was 8 GHz, derived from two sidebands spanning±(4 − 8) GHz from

the local oscillator (LO) frequency. For each source, flux densities were measured by fitting
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a point source model to the visibilities using the taskuvfit in the Miriad software package.

Each source was also imaged in order to confirm the visibilityfit results. TableA lists the

dates of observation, the characteristic atmospheric opacity during the observations, and the

fitted flux densities. Variations in sensitivity are due to both weather conditions and the

number of array antennas operating at the time of the observations. Overall, 15 sources were

detected at the> 4σ level (a conservative threshold for these snapshot observations). The

absolute flux scale has an estimated systematic uncertaintyof ∼ 20 per cent.

Using the SMA observations I have classified the 44 sources identified as having possible

synchrotron contamination into two categories. In the firstcategory, I have identified 14

sources with significant synchrotron contamination. All ofthese sources have been rejected

from the sample and from further analysis. The vast majorityof them (10) were detected

at > 4σ with the SMA with some extreme cases reaching evenS1300µm ≈ 200 mJy. Some

representative examples of the SEDs from this group are presented in Fig.A.1. In this

category the SMA data exceed the linear extrapolation from the lower-frequency radio data

for 8 sources (three are upper limits), for three sources they follow the linear prediction,

while for the last three sources they indicate the need of a steeper radio component at the

higher frequencies. However, even in the last two cases, thecontamination to the FIR band

is significant and therefore these sources have also been excluded from this work.

In the second category I have classified 30 sources without significant synchrotron con-

tamination. For four cases there is a clear SMA detection at> 4σ while all the other obser-

vations indicate an upper limit. For this group of sources, the SMA data exceed the linear

extrapolation in seven cases (all of them are upper limits) while in 18 cases they indicate the

need of a steeper radio component at the higher frequencies.Examples of the SEDs from

this group are also presented in Fig.A.1.

Overall, I have rejected 17 RLQs from our sample, 14 based on their SMA observa-

tions, while three additional sources were classified as flat-spectrum RLQs or Blazars based

on literature radio observations ([HB89] 0906+015, SDSS J133749.63+550102.2, SDSS

J161603.76+463225.2) have been rejected. As I describe in Section4.3.2, there are no par-

ticular trends for the sources excluded from our sample and they do not affect the sample

matching between RLQs and RQQs.

From these results, it is clear that high-frequency radio observations for similar studies

are crucial as the linear extrapolation from lower frequencies seems 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 quicker athigher frequencies, I find that in

∼ 30 per cent (almost half of them are upper limits) a high-frequency core radio component

is required to describe the radio spectrum. This would also agree with recent findings (e.g.

Whittam et al., 2013, 2015). I note that almost half of these SMA observations are upper

limits. Radio core variability might be responsible for some of these strong high-frequency

components (e.gBarvainis et al., 2005).



4.3 THE BLACK HOLE AND HOST GALAXY PROPERTIES 102

4.3 The black hole and host galaxy properties

In this section I describe how the key parameters for the analysis of this work are derived,

namely BH and stellar masses, Eddington ratios, bolometricluminosities and FIR luminosi-

ties. I further explore the importance of AGN contaminationin the form of hot dust around

the putative torus at FIR wavelengths comparing their FIR colours against normal galaxies.

I finally study the correlation between the radio and FIR emission, examining at the same

time whether some of the radio emission could be the result ofstar formation, rather than

AGN activity.

4.3.1 Stellar mass and black hole mass

Early studies (e.g.Kormendy & Richstone, 1995; Magorrian et al., 1998) suggest a correla-

tion between galaxy bulge and its BH mass. The ratio of the so-calledMBH-Mbulge relation

(Magorrian et al., 1998) was estimated to be approximately 0.6 per cent. In the same con-

text, more recent studies using nearby galaxy samples (e.g.Häring & Rix, 2004) find that the

median BH mass is0.14 ± 0.04 per cent of the bulge mass.

For the quasars in this sample, the BH masses are computed using the virial estimator and

the MgII line at 2800Å using SDSS spectroscopy, a technique described byMcLure & Jarvis

(2002), and based on work ofMcLure & Dunlop(2004). As the Hβ line moves out of the

optical window, we have to rely on the MgII lines for AGNs atz > 0.7 (e.g.Wang et al.,

2009). BH masses for the quasars are given in TableA. We can use the BH mass of the

quasars in the sample, along with theMBH-Mbulge relation to estimate the stellar mass of the

galaxy. Despite the convenience of calibrating and using these virial estimators, one must

keep in mind that the estimates of these lines are uncertain,potentially by as much as 0.4

dex (e.g.Shen et al., 2011b), due to the systematics involved in the calibration and usage

(e.g.Jarvis & McLure, 2002, 2006; Marconi et al., 2008; Kelly et al., 2009). I assume that

there is no significant evolution of theMBH-Mbulge relation atz ≈ 1 from the local relation

and thus useMBH ∼ 0.0014Mbulge. Indeed, studies onz ≤ 1 RLAGN BH-bulge mass

relation found that the estimated ratio lies within the uncertainties of that found in the local

Universe (e.g.McLure et al., 2006). Although evolution in theMBH-Mbulge relation of about

0.2 dex atz ≈ 1 has been claimed in some papers (e.g.Merloni et al., 2010), that would not

significantly add to the uncertainties and would not affect the results 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 region is obscured, I do not have BH

mass estimates as I did for the quasars. For this reason, I usethe stellar mass of the galaxy,

Mgal, determined by the SED fitting ofFernandes et al.(2015) for the same radio galaxy

sample as used in this work.Fernandes et al.(2015) used the same BH-bulge mass relation

(Häring & Rix, 2004) in order to calculate the BH mass of the radio galaxy sample.Implied
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FIGURE 4.4: Distributions of BH mass,MBH, bolometric luminosity,Lbol and Eddington ratio,
λEdd, for RLQs (red filled), RQQs (blue filled) and radio galaxies (black line). The total RLQs
population, including the sources with significant synchrotron contamination is also presented with
dashed red lines. In the last panel, the Eddington ratio distribution obtained with both methods of
calculating for radio galaxies is presented (dotted black line considering only the accretion energy
and solid black line including also the jet mechanical energy). Note the significant increase of the
total accretion energy.

MBH are given in TableA. The radio galaxies of the sample have BH masses in the range

107.5 − 109.4 M⊙ (corresponding toMgal = 1010.3 − 1012.0 M⊙) while the quasars have

107.2 − 109.7 M⊙ (corresponding toMgal = 1010.1 − 1012.4 M⊙). These are consistent with

the range of values found in the literature for similar objects (e.g.McLure & Dunlop, 2004;

McLure et al., 2006; Seymour et al., 2007; Salviander et al., 2007).

To test whether the BH and stellar mass distributions differbetween the three populations

we conducted a Kolmogorov-Smirnov (K-S) test for each pair.The test suggested that the BH

masses for the RLQs and RQQs samples are not significantly different. The K-S test gives

a result that corresponds to a probability,p = 0.90 under the null hypothesis (i.e. they are

statistically indistinguishable). The mean BH masses are< log10(MBH/M⊙) >= 8.87±0.06

for the RLQs and< log10(MBH/M⊙) >= 8.81 ± 0.06 for the RQQs so the means of the

two samples are consistent and well within 1-σ of each other. I stress that this result does

not contradict previous works which suggest that RLQs have more massive BH than RQQs

(e.g.McLure & Jarvis, 2002) but rather, it indicates that our samples were initially matched

in absolute optical magnitude and colours.

In contrast, the RG sample could not be selected to match the quasar sample in absolute

optical magnitude. The RGs have nominally lower mean BH masses< log10(MBH/M⊙) >=

8.53±0.08, the K-S test to the quasar sample returns 0.01 probability under the null hypoth-

esis, a marginally significant result. Selection effects might also contribute to the observed

differences (e.g. RGs are selected from radio surveys without a pre-requisite to be optically

bright). I further discuss these effects in Section4.6. The distribution of BH masses is shown

for all samples in Fig.4.4.
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4.3.2 Accretion rate

In order to make an estimate of the AGN power for the radio galaxies an estimate of the bolo-

metric radiative power of an AGN,Lbol, is required. For the radio galaxy sample, I adopted

the values ofLbol calculated byFernandes et al.(2015) from the rest-frame 12µm luminos-

ity, using a bolometric correction of 8.5 (e.g.Richards et al., 2006b), Lbol = 8.5λL12µm. The

bolometric luminosity for the quasar sample has been computed from the 3000̊A luminosity

(L3000) using the SDSS spectral fits and a bolometric correction of 5.15 from the composite

SED inRichards et al.(2006b), Lbol = 5.15λL3000.

The bolometric luminosity is proportional to the accretionrate of the BH,Ṁ , and to

the fraction of accreted mass that is radiated, i.e. the radiative efficiency,ǫ, through the

expression:

Lbol = ǫṀc2. (4.1)

Assuming thatǫ takes the fiducial value of 0.1 (e.g.Marconi et al., 2004; Shankar et al.,

2004; Martı́nez-Sansigre & Taylor, 2009), I determine the accretion rate of our sources using

their estimated bolometric luminosity.

With both the BH mass and the accretion rate, I can estimate the Eddington ratio of the

sources in the sample. The Eddington luminosity,LEdd, corresponds to a maximum accretion

rate which a black hole can reach, without preventing further accretion onto it. This energy

is a function of the mass of the system and is given byLEdd = 1.3 × 1031(MBH

M⊙
) W. The

Eddington ratio,λ is therefore simply,

λ ≡ Lbol

LEdd
. (4.2)

Although for SMBHs accreting at a high fraction the Eddington ratio can be defined

as in equation4.2, for radio galaxies, especially those with SMBHs accretingat very low

rates (e.g. low-excitation galaxies; LEGs), the contribution of the jet mechanical energy in

the output of the accretion energy should be considered for the definition of the Eddington

ratio. In this case, the total energy from the black hole accretion should equal the sum

of the radiative luminosity and the jet mechanical luminosity (e.g.Hardcastle et al., 2007;

Best & Heckman, 2012). Including the contribution of the jet power,Qjet, the Eddington

ratio is given by

λrad+mec =
Lbol + Qjet

LEdd

, (4.3)

whereλrad+mec is the Eddington ratio accounting for both the radiative energy and the jet

mechanical energy. I estimate the jet power using the relation

Qjet ≃ 3 × 1038f 3/2(L151MHz/1028)6/7 W (4.4)

(Willott et al., 1999), where1 ≤ f ≤ 20 represents the combination of several uncertainty
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terms when estimatingQjet fromL151MHz. FollowingFernandes et al.(2015), I chosef = 10

as this is the expectation value of a flat prior in natural space. I note that theQjet con-

tributes significantly to the total power only in the radio galaxies of the sample, which is

derived from theL12µm, and not in the RLQs (< 10 per cent). The use of any derived radio-

luminosity – jet-power relation should be treated with caution, especially for the derivation

of the kinematic luminosity function, as they may depend sensitively on selection effects

(e.g.Shabala & Godfrey, 2013).

The distribution of bolometric luminosity and Eddington ratio are shown for all sam-

ples in Fig.4.4. The solid black line is forλ = (Lbol + Qjet)/LEdd and the dotted line for

λ = Lbol/LEdd. The Eddington ratio for radio galaxies is significantly higher in the first

case, whereλ = (Lbol + Qjet)/LEdd, and this trend is dominated by high-excitation galaxies

(HEGs; seeFernandes et al., 2015; Fig. 7). The red shaded histograms in Fig.4.4 represent

the RLQ sample after excluding the synchrotron contaminated sources. The total RLQ pop-

ulation is also overplotted (red dashed lines) to stress that no selection biases are introduced

in our sample after removing synchrotron contaminated RLQs. No particular trends are ob-

served in any of the distributions between the RLQs and the RQQs as 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 I derive the FIR flux densities in the two PACS and the

three SPIRE bands directly from the PSF-convolved images measuring the value at the image

pixel closest to the optical position of our targets. The errors are estimated as described in

Sections4.2.2and4.2.2. I 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 SPIRE detections. These detection

rates are translated to ULIRG-like star formation luminosities suggesting SFRs of hundreds

of solar masses per year.

I have separated the RLQ and RQQ samples in bolometric luminosity, BH mass and Ed-

dington ratio bins to examine whether the fluxes vary. Withineach bin I have estimated the

mean of the FIR flux densities in eachHerschelband. The estimation for each band and

bin are shown in Fig.4.5. Errors have been estimated by applying the bootstrap technique

using randomly selected galaxies from within each bin. The advantage of bootstrapping is

that no assumption is made on the shape of the flux distribution. Radio galaxies have signif-

icantly lower mean flux densities compared to RLQs and RQQs with a K-S test probability

of p < 0.05. The only exception is the 500µm band which might indicate contribution for

synchrotron contamination, or confusion bias, or a combination of them in the case of RGs.

Regarding the total quasar sample, the mean flux density appears to increase at highMBH,

LBol andλEdd. Comparing the RLQs to the RQQs we see that at lowMBH, LBol andλEdd

RLQs have higher flux densities in all SPIRE bands and all bins, these differences seem to
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FIGURE 4.5: The PACS and SPIRE mean flux densities for RLQS (red filledcircles), RQQs (blue
filled squares) and RGs (black stars) as a function of BH mass (left panel), bolometric luminosity
(middle panel) and Eddington ratio (right panel). For low BHmass and bolometric luminosity bins I
also present the mean flux density of the total RG population (dashed black line) in order to indicate
the contribution of the only four sources found at high bins.I compare the measurements to Chapter3
RLQs (red open circles) and RQQs (blue open squares) with similar bolometric luminosities but dif-
ferent redshift in the middle panels. Table3.1of Chapter3 provides the mean flux densities over their
total RLQ sample. Here, for comparison reasons, I present their mean flux densities after removing
the RLQs with potential synchrotron contamination.

become more significant at the highMBH, LBol andλEdd. As no obvious differences are

found for the RLQs and RQQs between bolometric luminosity, BH mass and Eddington ra-

tio bins, I give in Table4.1 the 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 Chapter3? For comparison, I have over-

plotted in Fig.4.5 the mean flux densities from Table3.1 (dashed lines) for low and high

optical luminosity RLQs (red circles) and RQQs (blue squares). I should note that there

are two main differences between these two works. Although in Chapter3 low bolometric

luminosity sample the mean redshift isz ≈ 0.9 and I do not expect the evolution effects

to significantly change the mean properties, almost all the quasars with high bolometric lu-

minosities havez > 1.0 up to z ≈ 3. Due to these difference, in order to make possible

the comparison, the Table3.1 mean fluxes have been converted to thez ≈ 1 rest-frame.

Additionally, due to the much larger sample of RQQs in Chapter 3 (> 10 times larger than
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TABLE 4.1: The RLQs, RQQs and RGs FIR mean flux densities in the 70, 160, 250, 350 and 500
µm bandpasses. The AGN populations have been separated into bolometric luminosity bins. The
number of objects within each stack is also given.

Class log Lbol N Mean flux density (mJy)
(erg s−1) per bin 70µm 160µm 250µm 350µm 500µm

RLQs < 46.3 27 6.55+0.44
−0.57 18.10+3.00

−2.72 24.04+4.15
−3.86 24.15+3.76

−3.53 16.59+1.97
−2.04

≥ 46.3 30 16.83+3.68
−4.22 27.55+4.85

−4.85 37.89+4.65
−4.82 31.72+3.41

−3.24 19.05+2.50
−2.51

RQQs < 46.3 32 4.53+0.31
−0.45 13.83+1.48

−1.43 18.17+2.06
−2.17 19.04+2.44

−2.60 10.48+1.64
−2.01

≥ 46.3 40 12.93+1.31
−1.42 23.58+2.20

−2.11 29.28+2.96
−3.02 23.42+2.17

−2.47 13.33+1.21
−1.30

RGs < 46.3 23 3.04+0.31
−0.32 7.78+0.98

−1.04 8.88+1.50
−1.52 11.60+1.72

−1.76 10.90+1.67
−1.49

≥ 46.3 4 20.32+4.50
−6.96 22.30+5.58

−8.75 11.39+0.83
−0.83 16.05+4.31

−4.31 4.73+8.63
−8.63

this work) the uncertainties of this sub-class are expectedto be higher in this work. Fig.4.5

suggests that at low bolometric luminosities, both resultsare in excellent agreement, at least

for the SPIRE bands. The disagreement between PACS flux densities used in Chapter3 is

not unexpected since H-ATLAS PACS observations are about 5 times less sensitive than our

observations (Ibar et al., 2010). Despite the similar trends, the differences between the RLQ

and RQQ populations were more significant in Chapter3 due to the smaller uncertainties for

the RQQs. On the other hand, for the high bolometric luminosity bin, both H-ATLAS/SDSS

RLQs and RQQs show significantly higher flux densities than the sample in this chapter,

especially at 350µm, with a characteristic shift of the the mean peak to the 350µm band,

with a characteristic shift of the the mean peak to the 350µm band, indicating colder dust

temperatures. These differences provide evidences about the evolution of the FIR emission

betweenz ≈ 2.0 andz ≈ 1.0 high bolometric luminosity quasars. That would be expected

if QSOs’ host galaxies are evolving with cosmic time in the same way to the general galaxy

population (e.g.Madau & Dickinson, 2014).

4.3.4 The FIR colours of RLQs, RQQs and RGs

I now investigate the FIR colours of our sample of AGN. A straightforward approach towards

exploring the effect of AGN light on FIR emission is to compare the FIR colours of AGNs

against a control sample consisting of galaxies not hostingAGNs. AGN radiation field can

heat the dust resulting to systematically warmer temperatures and causing the SED to flatten

out at long IR wavelengths which, in turn, leads to bluer FIR colour in galaxies with a

significant AGN contamination in the FIR.

In Fig. 4.6, I compare the FIR colours of the detected AGN sub-sample andthe stacked

values of the total sub-samples (large symbols) to the FIR colours of106 randomly gener-

ated black-body spectra models at a single dust temperatureTd, modified by a frequency-

dependent emissivity functionǫν ∝ νβ . In generating these models, I follow the method
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of Amblard et al.(2010) considering uniform ranges of dust temperature from 10 to 60 K,

emissivity parameter0 < β < 2 and redshift range similar to our sample (0.9 < z < 1.1).

In order to consider for flux uncertainties in the colour-colour diagram, we have broaden

the SED tracks by adding an extra Gaussian standard deviation of 10 per cent to the model

fluxes. Thus, the choice of emissivity parameter would make just a minor difference.

As shown in Fig.4.6(top), I find that in the SPIRE-only colour diagram the colours of the

sources are well within the limits defined by the models we have considered. This is the case

for all AGN sub-classes of the sample and also for the individually SPIRE-detected AGN

and the mean values. I find no significant dependence of SPIRE colours on any of the AGN

associated parameters (e.g. BH mass, bolometric luminosity, Eddington ratio) for each of the

AGN sub-classes, so I only present the mean colour-colour values for the total RLQ, RQQs

and RG populations. This result along with the similarity between the AGN SPIRE colours

and the model, indicates that SPIRE bands are not significantly affected by emission from the

torus (or hot dust surrounding the AGN). Although both quasars’ and radio galaxies’ mean

colours lie inside the model tracks, the mean colour of the RGs is shifted from the bulk of

the model galaxies and the quasars, indicating that it is possible that RGs are associated with

redder colours, and therefore cooler dust, or or be affectedby synchrotron contamination.

Similarly, Fig.4.6(middle) shows that the 160µm band does not suffer from torus emis-

sion contamination, as the quasars’ and RGs’S160/S250 colours are similar to that of the

models. I find that a few individually detected points lie outside the model set of tracks;

however, these outlier points are possibly caused by the fractionally larger flux errors of the

PACS band. By and large, most AGNs can safely be assumed to be dominated by cool dust

emission in the SPIRE and 160µm FIR bands. As in the top panel, the meanS250/S350

for the RGs indicates colder dust temperatures. Again, I findno significant dependence of

S160/S250 on any of the AGN associated parameters.

In contrast, when I examine the PACS 70µm colour, I find that most of the individually

FIR detected AGN and the stacked mean colours lie outside thesame set of tracks as used for

the SPIRE-only colour diagram, suggesting that the PACS 70µm band may be significantly

contaminated by AGN emission. In the Fig.4.6 (bottom) theS160/S70 - S250/S160 colour-

colour diagram for SPIRE 250µm and PACS bands of the sample are shown. Although the

fractionally larger PACS flux errors could explain some of these outliers, it is possible that

some of these sources require a second, warmer dust component (e.g.Dunne & Eales, 2001)

or a more complex SED model than a simple isothermal SED model. For the low and high

bolometric luminosity sub-samples there is a clear separation, despite the large error bars, in

theS160/S70 colours. This difference seems to arise from the AGN contamination at 70µm

(∼ 35 µm at the rest-frame). Indeed, at the redshifts of this sample, the PACS 70µm contains

the longer wavelengths of the torus emission (e.g.Mullaney et al., 2010; Xue et al., 2010). If

this is the case, then the strong correlation between the 70-µm emission and AGN emission

(e.g. X-ray luminosity) found for powerful AGN (e.g.Mullaney et al., 2012b; Harrison et al.,
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FIGURE 4.6: SPIRE and PACS colour-colour diagrams of the AGN in our sample. Small sym-
bols indicate the FIR detected AGN (RLQs = red circle, RQQs = blue squares, RGs = black stars).
Detected sources have been selected by imposing a3σ cut in each band but 70 and 500µm where
we use a2σ cut due to the low detection rates. Their typical1σ errors are also presented in each
panel. Stacked measurements for all AGN classes are shown aslarge symbols with their1σ errors.
The background density map indicates the colour-colour spaces of our106 randomly generated model
SEDs. The darker colours of the density map correspond to denser regions. In the bottom panel, the
mean values correspond to the low and high bolometric bins asindicated.
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2012) could be explained by the heavy torus contamination. For this reason, the 70µm

emission is not used for the FIR luminosity calculation (seeSection4.3.5). On the other

hand, theS250/S160 ratio seems to be unaffected by the AGN emission indicating that 160-

µm emission is largely generated by cold dust, heated by star formation.

4.3.5 SED fitting

As discussed in the previous section, I expect that the rest-frame FIR emission (160-500µm)

is mainly generated by cold dust heated by star formation in the AGN host galaxy. Therefore,

I interpret the FIR emission as being powered by star formation (e.g.Rowan-Robinson, 1995;

Schweitzer et al., 2006; Netzer et al., 2007), and I represent it with a black-body modified by

frequency-dependent emissivity component (Hildebrand, 1983), given by

Sν ∝ Bν(T )νβ , (4.5)

whereBν is the Planck function,T is the effective dust temperature andβ is the dust emissiv-

ity index. SinceT andβ are degenerate for sparsely sampled SEDs, I reduced the numbers

of free parameters by fixing the dust emissivity. Using a1.4 < β < 2.2 range (see e.g.

Dye et al., 2010; Hardcastle et al., 2010; Smith et al., 2013) I find that the best-fitting model

returns lowerχ2 values for a fixedβ = 1.6 dust emissivity for all AGN populations in the

sample. The selection ofβ = 1.6 is consistent with the work ofDye et al.(2010). The

remaining two free parameters are the cold dust temperature, which I have varied over the

range10 < T (K) < 60 and the flux normalization of the modified black-body component.

For each source I estimated the integrated FIR luminosity (8−1000 µm) using a modified

black-body fitting with the best fit temperature. The dust temperature was obtained from the

best fit model derived from minimization of theχ2 values. The uncertainty in the measure-

ment was obtained by mapping the∆χ2 error ellipse, allowing the individual photometric

measurements to vary within their1σ ranges of uncertainty. In addition to the integrated FIR

luminosity I calculate the mass of the FIR emitting dust component using

Mdust =
1

1 + z

S250D
2
L

κB(ν, T )
(4.6)

whereS250 is the 250µm observed flux,DL is the luminosity distance,κ is the dust mass

absorption coefficient, whichDunne et al.(2011) take to be0.89 m2 kg−1 andB(ν, T ) is the

Planck function.

In the case of RGs and RLQs, I also extend the modified black-body model to the radio

bands with either a power-law slopeSν ∝ ν−α, with α estimated from 325 MHz and 1.4 GHz

radio observations or, a broken power-law for the RLQs with available SMA observations at

1300µm. In the second case, the broken point is fixed at the 1.4 GHz. Examples of the SED

fits are presented in Fig.A.1. As the majority of the sources are undetected at the3σ limit
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in all Herschelbands, in addition to probing the properties of the individually FIR-detected

objects, I carry our a weighted stacking analysis on the FIR luminosities for the total sample

which follows the method ofHardcastle et al.(2010). For convenience, I refer to the former

objects as FIR-detected, and to the latter as non-detected.I determine the luminosity for each

source from theHerschelflux densities (excluding 70µm), even if negative, on the grounds

that this is the maximum-likelihood estimator of the true luminosity, and take the weighted

mean of the parameter we are interested in within each bin. I use the same bins across the

AGN sub-classes in order to facilitate comparisons. The luminosity is weighted using the

errors calculated from∆χ2 = 2.3 and the errors on the stacked parameters are determined

using the bootstrap method. The advantage of bootstrappingis that no assumption is made

on the shape of the luminosity distribution. In Chapter3 I also presented, as an alternative,

the mean temperature estimation using the Maximum Likelihood Temperature method (e.g.

Hardcastle et al., 2013). I found small but insignificant differences between the two methods,

so for convenience I present here only the results of the weighted mean method.

Fig.4.7shows the FIR luminosity and dust temperature (Td) plane divided into dust mass

(Md) regions based on theLFIR ∝ MdT
4+β
d , assumingβ = 1.6, for the FIR-detected AGN of

the sample (similar cuts to Fig.4.6top) and the weighted mean values for the total sample and

for each sub-class. The sources have been additionally divided into bolometric luminosity

bins as specified in Table3.1. Both types of quasar show high FIR luminosity with most of

the detected sources and the weighted mean values havingLFIR > 1012 L⊙, characterizing

them as ultra-luminous infrared galaxies (ULIRGs). The weighted mean FIR luminosity

of the RGs is significantly lower, even compared to the low bolometric luminosity quasars.

Similar differences are also found for low BH mass and Eddington ratio bins. Comparing

the FIR luminosity of the RLQs and RQQs it is notable that RLQshave higher mean FIR

luminosity than RQQs in both bolometric luminosity bins at> 1σ level with a significance

of p = 0.014. Similar trends are also found for BH masses and Eddington ratio.

As already indicated from the colour-colour plots, RGs showlower dust temperatures

than both RLQs and RQQs (by about 5K) at a significance level ofp = 0.036 andp < 0.001,

respectively, under a K-S test. For all AGN subclasses and bins, the weighted mean values

follow the108 M⊙ dust mass curve, with the exception of high bolometric luminosity RQQs

which have slightly lower weighted mean dust mass (and lowerdust temperature). Most

of the FIR detected RLQs lie between the108−9 M⊙ dust mass curves. This mass range is

comparable to that obtained for submillimetre galaxies (e.g. Santini et al., 2010) at similar

redshifts to our sample.

4.3.6 FIR-radio correlation

In this section I determine whether the radio emission couldbe the result of star formation,

rather than AGN activity, by comparing the observed radio flux with that predicted from the
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FIGURE 4.7: FIR luminosity versus dust temperature for individually FIR detected AGN and
weighted mean values when the RLQs and RQQs are divided into bolometric luminosity bins. For
RGs, I present the mean values for the total population as allthe sources but 4 belong to the low bolo-
metric luminosity bin. Black outline indicates the sourcesand the mean values for the low bolometric
luminosity bin. Colours and symbols are similar to Fig.4.6. The black lines correspond to the dust
mass estimates based on the LFIR -Td relationLFIR ∝ MdT

4+β
d , assumingβ = 1.6, for dust masses

of 107, 108 and109 M⊙.

FIR/radio correlation. As the high detection rates and the mean FIR flux densities in the RLQ

sample indicate, almost 50 per cent of the population is expected to have high star formation

activity. High star formation activity, at the level ofLFIR > 1011L⊙, could result in radio

emission up to1024 W Hz−1 at 1.4 GHz, which is the detection level of the RLQs in this

sample. I additionally investigate whether radio excess (i.e. radio emission associated with

radio jets) correlates with star formation as one would expect assuming a jet-induced star

formation (positive feedback) model.

I calculate the ratio between the IR and radio emission (q) using the definition given by

Helou et al.(1985)

q = log[fFIR/(3.75 × 1012 Hz)] − log[Sν(1.4 GHz)] (4.7)
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wherefFIR is in units ofW m−2, determined from theHerschelphotometry andSν(1.4 GHz)

is rest-frame 1.4 GHz radio flux density in units ofW m−2 Hz−1. I extrapolate the above

relation to 325 MHz using the power-law slopeSν ∝ ν−α, with α = 0.7, typical for star-

forming galaxies (e.g.Ibar et al., 2009, 2010; Condon et al., 2013).

In Fig. 4.8 I show the FIR and the radio 325 MHz luminosities for all of theRQQs

(blue upper limits), RLQs (red circles and upper limits for FIR-undetected sources) and RGs

(black point stars and upper limits for FIR-undetected sources) in the sample. The diag-

onal lines represent the meanq = 2.2 value typically obtained for star-forming/starburst

galaxies (e.g.Helou et al., 1985) and also typical radio-quiet AGN (e.g.Padovani et al.,

2011; Sargent et al., 2010) and the meanq = −0.38 for a sample of radio-loud AGN from

Evans et al.(2005). For the separation between ‘radio-normal’ and radio-excess sources I

have picked the meanq = 1.2 value that perfectly separates the RLQs and RQQs in our

sample. I note that this is a conservative value compared to previous works (e.g.q = 1.68;

Del Moro et al., 2013, qmax = 1.5; Hardcastle et al., 2010, qmax = 1.1; Jarvis et al., 2010)

indicating that above this limit we are predominantly detecting genuine radio-loud AGN.

The average upper limitq for the RQQs lies near to the ‘radio-normal’ diagonal line,

taking into account that the radio luminosities shown are the 5σ limits. All but one of the

RGs in our sample is found above the RLAGNq = −0.38 diagonal line (orange dotted line)

while about 70 percent of the RLQs lie in a region between those occupied by radio-galaxies

and RQQs. This is consistent with the selection of the RG and RLQ samples. It is clear

that the level of radio emission from star formation is insignificant for both RLQs and RGs.

All radio-sources are found above theq = −0.38 diagonal line suggesting that the radio

emission associated with star formation may contribute by amaximum of 10 per cent for the

least radio-luminous RLQs.

For each region, I have estimated the weighted mean FIR luminosity, represented by

the large stars; orange for the sources in the RLAGN region, purple for the sources in the

radio-excess region and black for the radio normal region. As expected based on Fig.4.7

the objects in the radio-excess region, which consists onlyof RLQs, show a higher FIR lu-

minosity. In contrast, the mean FIR luminosity at the RLAGN region is lower than that in

both the ‘radio-normal’ and radio-excess regions. Although the RLQs in this region are as-

sociated with higher FIR luminosities compared to the RGs, and have about a 50 per cent

detection rate, their individually measured FIR luminosities do not exceed the mean FIR

luminosity of the radio excess region. Weighted mean valuesof the total radio population,

including both RGs and RLQs, show an anti-correlation between FIR and radio luminos-

ity. Sources with higher radio luminosity show weaker star formation. We can investigate

the apparent anti-correlation further considering the individual sources, although the numer-

ous upper limits might affect the establishment of such a correlation. In order to consider

also the sources with FIR upper limits, I use Kendall’s Tau statistical test. For this, the

IRAF statistics package, which implements the Astronomical Survival Analysis programs
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FIGURE 4.8: FIR luminosity (LFIR) vs. radio 350 MHz luminosity (L325MHz); the orange dotted
line correspond toq = −0.38 (average for a sample of radio-loud AGN fromEvans et al., 2005); the
black solid line correspond toq = 2.2 (average for ‘radio-normal’ sources) and the purple dashed
line correspond toq = 1.68, our selection limit for radio-excess sources. The large stars are the mean
values of all sources in each region. Colours are associatedto the lines. For individually FIR detected
sources, colours and symbols are similar to Fig.4.6. FIR undetected sources are presented as upper
limits.

(seeFeigelson & Nelson, 1985; Lavalley et al., 1992), was used. This test examines the null

hypothesis that no correlation is present between the two variables being tested. For the to-

tal radio sample the generalized Kendall’s correlation coefficient is τ = −0.13 with a null

hypothesis probability ofp = 0.12, implying no significant correlation.

The fact that high radio luminosity RGs and RLQs (see orange star; Fig.4.8), are associ-

ated with lower FIR luminosity (M-W test;p ≈ 0.015) compared to lower radio luminosity

RLQs (purple star; Fig.4.8) may indicate two possible physical scenarios. In the first sce-

nario, we can assume that there is a radio-jet power limit above which radio jets suppress the

star formation in the host galaxy. That would be consistent with the negative radio-jet feed-

back scenario (e.g.Croton et al., 2006). In contrast, lower power radio-jets might enhance

the star formation (positive feedback) and that would explain the FIR excess between RQQs

and RLQs with intermediate radio luminosity, the ones foundin the radio-excess region.
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However, we should expect that these processes are controlled by the gas availability (i.e.

galaxy mass). Indeed, RLQs with the similar radio luminosities to the RGs have higher FIR

luminosities as they are hosted by galaxies with larger masses, assuming that the Maggo-

rian relation holds. Although this interpretation could explain the observed anti-correlation,

the effects of the radio jets cannot be so straightforwardlyunderstood unless we control for

galaxy mass. I discuss this scenario further in Section4.6. Another important parameter

is the environment of these sources, which can lead to a second possible scenario. Taking

into consideration that the RGs have been selected from radio surveys whereas the RLQs are

optically selected, we might have picked the two populations in either different evolutionary

stages or different environments (see the discussion in Section 4.6). This fact could drive the

apparent anti-correlation when we consider both RGs and RLQs.

4.4 The star formation dependence on AGN activity

Using measurements of FIR luminosity, I will now study the relationship between FIR emis-

sion and SMBH accretion. In Fig.4.9, FIR luminosity is plotted against bolometric lumi-

nosityLbol. The plotted points indicate both individual (small symbols) and weighted mean

FIR luminosities. The plottedLbol is the median value for the objects in each bin with their

associated1σ error bars. Different colours are used to represent the different AGN classes.

A crucial point of our results is that about 30 per cent of our QSOs are FIR-detected, indi-

cating high FIR luminosities at the level ofLFIR & 1012L⊙. The high FIR emission suggests

that starburst activity in 30 per cent of our QSOs has not beenquenched yet. These results

argue for a scenario in which powerful quasars, on average, have not suppressed the star for-

mation in the host galaxy (see e.g.Harrison et al., 2012; Mullaney et al., 2012bbut also e.g.

Page et al., 2012). The massive host galaxies and black holes of these sourcesmight have

been formed over a series of coeval episodes of strong star formation and BH activity.

To search for possible trends between bolometric and FIR luminosity I performed a cor-

relation analysis on each of the sub-samples. In order to take account of the sources with

FIR upper limits, I use Kendall’s Tau statistical test as described in Section4.3.6. This test

examines the null hypothesis that no correlation is presentbetween the two variables being

tested. The correlation analysis returnsτ = 0.34 (p = 0.02), τ = 0.28 (p = 0.02) and

τ = 0.15 (p = 0.32) for RLQs, RQQs and RGs, respectively, suggesting a moderately sig-

nificant correlation over more than 2 orders of magnitude inLbol for both RLQs and RQQs.

For RGs a no significant correlation is observed over. 2 orders of magnitude.

A correlation between AGN luminosity and host galaxy star formation rate has been re-

ported by several studies of high redshift AGNs and QSOs (e.gLutz et al., 2008; Shao et al.,

2010; Rosario et al., 2012; Rovilos et al., 2012). Netzer et al.(2007) found for luminous

PG QSOs that this relationship has a slope ofα ≈ 0.8 (see black dotted line in Fig.4.9).

Consistent slopes have also been suggested by other authorsfor mm-bright QSOs atz ∼ 2
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FIGURE 4.9: FIR luminosity (LFIR) vs. bolometric luminosity (Lbol) for each AGN class in 3
Lbol bins. For RLQs and RQQs each bin contains about 18 and 23 sources, respectively, while for
RGs about 9 sources. The large symbols (red circles, blue squares and black stars) are the mean
values of each bin for RLQs, RQQs and RGs, respectively. No significant differences are found
when the median values are used. For individual sources, colours and symbols are similar to Fig.4.6.
FIR undetected sources are presented as upper limits. The dashed black line is the correlation line
shown by AGN-dominated systems inNetzer(2009). The solid green line show the predictions of the
Hickox et al.(2014) fiducial model on BH variability and star formation-AGN connection.

(e.g.Lutz et al., 2008) and X-ray AGN (e.g.Rosario et al., 2012) at least for high AGN lu-

minosities. We note thatRosario et al.(2012) suggested a flatter or even zero slope at low

AGN luminosities (LAGN < 1044 erg s−1).As these works have selected their AGN sam-

ples without any use of radio information, we expect that they are dominated by radio-quiet

AGN. Radio-loud AGN are expected to make up to 10 per cent of uniformly selected AGN

samples, so they should not significantly affect the estimation of these works.

The RQQs of this sample are very similar to that ofNetzer et al.(2007), with a good

overlap on AGN luminosity up toLAGN ∼ 1046.5 erg s−1, while our sample extends to about

an order of magnitude higher in AGN luminosity. The correlation between the FIR and

AGN luminosity based on theNetzer et al.(2007) QSO sample is presented in Fig.4.9. One

important difference is the redshift range of the two samples, with the QSOs ofNetzer et al.
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(2007) havingz < 0.3. Notwithstanding this difference, the selection of our sample in a

narrow redshift range decouples the evolution effect and makes it perfect for comparison

to either lower or higher redshift samples. One can immediately notice from Fig.4.9 that

theLAGN-LFIR correlation is much weaker and flatter than the one proposed by Netzer et al.

(2007). The correlation slope for the RQQs of this work is found to be α ≈ 0.26 ± 0.06.

Specifically, the lowerLAGN sources in our sample show a weighted meanLFIR of one

order of magnitude higher than that implied by the correlation of Netzer et al.(2007) while

at higherLAGN they are in better agreement. Such an increase of the FIR luminosity at a

fixed AGN luminosity bin with redshift has been suggested by other authors (Rosario et al.,

2012; about 0.7 dex fromz ∼ 0.3 to z ∼ 1 AGN) and it would explain the FIR luminosity

difference between our and that ofNetzer et al.(2007) in fixed LAGN bins. On the other

hand, QSO selection at lower redshifts (e.g.z < 0.3) where the star formation density in

the universe is very low, might be affected by Malmquist bias. A similar trend for shallower

slope (α = 0.58 ± 0.18) at similarLAGN 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 this case, our data

suggest a much lower slope (α ≈ 0.26 ± 0.06) for the RQQs. Note that even if I include the

RLQs the estimated slope can reach a maximum of∼ 0.32.

We know that AGNs are variable over a large dynamic range in luminosity. Luminous,

high-redshift quasars typically yield lifetimes for luminous accretion of∼ 106 − 107 years

(e.g.Hopkins et al., 2005; Gonçalves et al., 2008; Shankar, 2010). On the other hand, star

formation on scales of the entire galaxy has a dynamical timeof around108 yr. In addition,

as FIR emission arises mostly from dust that can be heated by both young and old stars,

it can average over timescales of tens to hundreds of Myr, especially in galaxies with star

formation at a relatively steady rate over their lifetime. Thus, the weak observed correlation

between star formation and BH accretion might be attributedto the timescale difference

between the AGN accretion efficiency and star formation variability (e.g.Mullaney et al.,

2012b; Chen et al., 2013; Hickox et al., 2014).

From a theoretical point of view,Hickox et al.(2014) suggested a simple model in which

accretion and star formation are perfectly connected, but this connection is ‘hidden’ by short-

timescale AGN variability over a large dynamic range (see Fig.4.9green solid line). Despite

the fact that the model goes through our data points for the individual QSOs, the mean mea-

surements lie systematically off the expected trend. Although the model ofHickox et al.

(2014) describes well the lack of a strong correlation betweenLFIR andLAGN for moderate-

luminosity AGN and the shift to higherLFIR with redshift as suggested by observational

results, it suggests a strong correlation betweenLFIR andLAGN at high luminosities, in con-

trast to my results. However, the apparent disagreement could arise from limitations in the

simplistic AGN variability model (for a discussion seeHickox et al., 2014) or from the fact

that our sample contains exclusively powerful QSOs with high accretion rates. An alterna-

tive model, suggested byAird et al. (2013), assumes that the probability of a galaxy hosting
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an AGN is determined by a universal specific accretion rate distribution that is independent

of host stellar mass or star formation properties. This model would be consistent with the ob-

served weak AGN/star-formation correlation of this work even in the most luminous QSOs.

In Fig. 4.10I present the average FIR luminosity of each AGN population,as a function

of Mgal. I have to note that the galaxy masses are not actual stellar mass measurements for

our QSOs but they have been estimated based on the black hole measurements assuming

a Magorrian relation. This fact may introduce high uncertainties. As expected under the

assumption of a hidden AGN ‘main sequence’ due to the different timescales between star

formation and QSOs phase, we find no correlation for any AGN sub-class between FIR

luminosity and stellar mass, in contrast to the result ofMullaney et al.(2012b). The most

luminous AGN, like the ones in our sample, are generally missed from small field surveys.

However, at redshift0.9 < z < 1.1 they make up to 10 per cent (e.g.Aird et al., 2010) of

the total AGN population (LX > 1042 erg s−1). Despite their large FIR excess, an order of

magnitude in FIR luminosity, their rarity means that they might not significantly change the

results found byMullaney et al.(2012b).

Comparing the average SFRs of this sample to the observed relationship between SFR

and stellar mass of normal star forming galaxies, which is known as the ‘main sequence’ (e.g.

Elbaz et al., 2007, 2011; Schreiber et al., 2015; Johnston et al., 2015) I can examine whether

QSOs have SFRs that are consistent with being selected from the overall star forming galaxy

population. To make this comparison I use theSchreiber et al.(2015) definition of the ‘main

sequence’ atz ∼ 1 (see Eq. 9 ofSchreiber et al., 2015). They found evidence for a flattening

of the main sequence at high masses (log10(Mgal/M⊙) > 10.5), similar to the one observed

for the sources in our sample. Note that they use stellar masses up tolog10(Mgal/M⊙) ≈
11.5 to extract their model. Although the mean FIR luminosity of the RGs (large point

stars) is consistent with that of star forming galaxies of the same redshift and mass, the

weighted mean FIR luminosity for QSOs is systematically higher than the higher end of the

FIR luminosity region covered by ‘main sequence’ galaxies.Santini et al.(2012) have also

reported that, on average, X-ray AGN hosts show somewhat enhanced star-formation activity

respect to a control sample of inactive galaxies, although they found them to be consistent

with star forming galaxies. While different interpretations are possible, our findings are

consistent with a scenario whereby periods of enhanced AGN activity and star-forming bursts

are induced by major mergers (e.g.De Breuck et al., 2005; Elbaz et al., 2011; Sargent et al.,

2013).

4.5 The dependence of star formation on radio jets

In this section I will discuss the effect of the presence of radio jets in a QSO on star formation

activity. As is already clear from the previous section (seeFig. 4.9), RLQs are associated

with higher FIR luminosity than RQQs. This excess is almost constant and independent of
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FIGURE 4.10: FIR luminosity (LFIR) vs. galaxy mass (Mgal) for each AGN class in 3Lbol

bins. Colours and symbols are similar to Fig.4.9. The large symbols (red circles, blue squares and
black stars) are the mean values of each bin for RLQs, RQQs andRGs, respectively. Similar results
are obtained even when the median values are used for each bin. The solid orange line and orange
stars correspond to the average FIR luminosity and stellar mass forMullaney et al.(2012b) z ∼ 1
sample of star-forming galaxies. The black dashed line withthe associated scatter (dotted black lines)
corresponds to the expectedLFIR − Mgal relation forz ∼ 1 as defined bySchreiber et al.(2015).

AGN properties. Fig.4.11shows the SFR excess, defined as the SFR difference between

RLQs and RQQs, for the individual sources in eachLbol bin, taking into account the total

population (orange filled area) or only the FIR detected QSOs(purple shaded area). Apart

from the highest bolometric bin, where only a few sources arefound, the SFR excess is

almost constant with∆SFR ≈ 315 M⊙/yr for the total sample and∆SFR ≈ 380 M⊙/yr

for the FIR-detected QSOs. This excess corresponds to abouta factor of two. A similar

increase in SFR due to the onset of radio-jets has been suggested also by simulations of

massive gas-rich high-redshift galaxies (Silk & Nusser, 2010a; Gaibler et al., 2012).

SFR-enhancing phases in RLQs can be caused by the large enhancing amount of ther-

mal energy generated by the jet as it forces its way through the interstellar medium (ISM).

Jet create cocoons of turbulent gas surrounding the jet leading to a much more efficient

clumping of molecular hydrogen and thus accelerated star formation (e.g.van Breugel et al.,
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FIGURE 4.11: SFR excess between RLQs and RQQs as a function of bolometric luminosity for
the total QSO sample (orange) and the FIR detected QSO sample(blue). The solid and dashed lines
represent the mean SFR excess and the coloured areas the1σ error for the total QSO sample and the
FIR detected QSO sample, respectively.

2004; Gaibler et al., 2012; Wagner et al., 2012; Ishibashi & Fabian, 2012). Simulations have

shown that, although powerful jets would interact with clouds in a limited volume, the re-

sulting pressure can impact the galactic disk also at largerradii at the early stage and even-

tually all of the galaxy once the bow shock has moved beyond the galaxy’s radial extent

(seeGaibler et al., 2012). Although direct interaction of the jet beam with clouds can be

limited to a small volume, the resulting pressure may affecta fair fraction of the galactic

disc at the early stage and eventually all of the galaxy once the bow shock has moved be-

yond the galaxy’s radial extent (seeGaibler et al., 2012). Thermal or kinetic AGN feedback

is often thought to heat and expel most residual gas from the galaxy (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 effect,indicating the formation of an ad-

ditional population of stars, compared to the RQQs. The needfor additional enhancement

of star formation has been recently suggested byKhochfar & Silk (2011) for high-redshift

galaxies (z > 5) who introduced stochastic boosts in star formation in order to reproduce
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the observations. Such enhancement could indeed be triggered by jet activity in gas-rich

galaxies; however, there are very few radio galaxies atz > 5 (e.g.Jarvis & Rawlings, 2000;

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 conditions radio jets can efficiently boost

the host galaxy star formation. Near future synergies between optical spectroscopy (WHT

Enhanced Area Velocity Explorer, WEAVE;Dalton et al., 2012) and radio continuum (e.g.

Low Frequency Array, LOFAR;van Haarlem et al., 2013) surveys will provide much greater

sample sizes for radio AGN allowing more stringent constraints on the evolution of the radio

population, out to greater redshifts (e.g. WEAVE-LOFAR;Smith, 2015).

In the previous chapter I compared the SFR between RLQs and RQQs over a wide red-

shift range, up toz ∼ 3 with a couple of QSOs at even higher redshifts and I found an excess

of ≤ 100 M⊙/yr for RLQs with low bolometric luminosity and no difference athigh bolo-

metric luminosities. This excess corresponds to more than afactor of 2, but to much lower

SFRs than the ones found here. We note that the vast majority of low bolometric QSOs in

Chapter3 sample havez < 1.0 while the high bolometric luminosity QSOs are found in

much higher redshift. The differences between these two studies give some evidence regard-

ing the evolution of the jet-induced star-formation efficiency. As, in this chapter, I do not

find any effect of bolometric luminosity on SFR excess, I assume that the results of Chap-

ter 3 are associated with redshift evolution. In this case it would be possible that radio jets

positive feedback efficiency evolves with redshift, peaking at z ≈ 1.0 where we find the

maximum SFR excess. However, both RLQs and RQQs may have morestar formation at

higher redshifts due to the same process as in normal galaxies (e.g.Madau & Dickinson,

2014). Therefore, the ratio of SFR from radio jets to the normal SFR might be smaller

and harder to be detected at higher redshifts. The scenario of positive feedback having a

peak atz ≈ 1.0 is similar to the radio-AGN space density evolution from thelocal Uni-

verse to∼ 1.0 (with a radio luminosity dependence;Rigby et al., 2011) and the amount by

which the cosmic SFR density has increased over the same interval (e.g.Best et al., 2014;

Madau & Dickinson, 2014). Indeed, a consistent picture emerges whereby the availability

of a cold gas supply regulates both the radiative-mode AGN and star formation activity (e.g.

Hardcastle et al., 2007; Heckman & Best, 2014).

While this work is consistent with positive feedback, we should be aware of selection

effects and the conditions under which radio jets would enhance the star-formation. For

example, our sample consists of very massive QSOs with high SFR even in the case of

RQQs. The high SFRs would suggest that these QSOs might have gone through recent,

major gas-rich merger events indicating high gas supplies.Especially for RLQs, minor or

major merger events might be more common as they are often associated with high density

environments (e.g.Venemans et al., 2007; Falder et al., 2010; Kuiper et al., 2011). Under

these assumptions, radio jet feedback might depend on gas availability 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 the hosts of powerful radio-loud AGN

undergo episodes of vigorous star formation which increasewith redshift (e.g.Archibald et al.,

2001). UsingHerscheldata,Seymour et al.(2011) found a mean SFR range of 80 to 600

M⊙ yr−1 for 1.2 < z < 3.0 radio selected AGN. In the same context,Drouart et al.(2014)

estimated SFRs of a few hundred to a few thousand solar massesper year for1 < z < 5

radio galaxies. Recently,Podigachoski et al.(2015), comparing the SFR of 3C radio-loud

AGN and radio quasars atz > 1, found similar SFRs for the two classes and at the same

levels with the previous works. The idea that the hosts of high-z radio-loud AGN can form

stars at high rates is consistent with the jet-induced star formation model.

In this work, while I find that RLQs are associated with vigorous star formation activity,

the RGs of this sample have significantly lower SFRs of about afactor of 2.5 for the same

BH masses with only two FIR detected sources.Priddey et al.(2003a) found quite similar

differences (about a factor∼ 2) using submillimetre observations of1.5 < z < 3 RQQs and

RGs drawn from SCUBA surveys (Archibald et al., 2001). On the other hand,Isaak et al.

(2002) suggested that these differences are far less marked atz > 4.

The FIR-radio luminosity plane is presented in Fig.4.8. The RGs in our sample are

associated with higher radio luminosities than RLQs (see Fig. 4.2; almost all RGs have

log10(L325MHz/W Hz−1 sr−1) > 26.0). Assuming that both RGs and RLQs emanate from

the same parent population, I find that the FIR luminosities of the most radio luminous

sources in Fig.4.8 (see RLAGN region) are significantly lower (M-W testp ≈ 0.015) than

the radio sources with lower radio luminosities. However, no significant evidences found

regarding an anti-correlation between FIR and radio luminosity.

A possible interpretation of this result would be that star formation enhancement effi-

ciency depends on the radio power, with powerful radio jets associated with negative feed-

back reducing the star formation in the host galaxy. In fact,radio jet pressure can be suffi-

ciently large to expel significant quantities of gas from thegalaxies (Nesvadba et al., 2006),

thereby quenching the star formation (Croton et al., 2006). However, this interpretation

should also depend on galaxy mass. Indeed, the fraction of radio-loud AGN is a strong func-

tion of both stellar mass and redshift (e.g.Jiang et al., 2007; Donoso et al., 2009) suggesting

that radio jets feedback predominantly occur in massive halos. Thus, we might expect that its

influence will have a most clear signature in massive galaxies. Observational studies on this

issue return controversial results (e.g.Nesvadba et al., 2010; Papadopoulos et al., 2010) with

positive feedback being directly observed in a few local (e.g. Croft et al., 2006), intermedi-

ate (e.g.Inskip et al., 2008) and high redshift sources (e.g.Dey et al., 1997; Bicknell et al.,

2000). The observed differences could be explained by the fact that gas masses and velocity

dispersions vary strongly with redshift but also amongst radio galaxies at the same redshift

regime. In Fig.4.8I compare the SFR between RLQs and RGs with similar radio power (see
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RLAGN region) and it is clear that RLQs have higher FIR luminosity than RGs. That can

be explained as a consequence of the RLQs in the RLAGN region apparently having higher

galaxy masses than the RGs (e.g. see Fig.4.4where RLQs are associated with higher black

hole masses). This conclusion arises from the assumption that the Magorrian relation holds

both ways around.

The RG selection from radio surveys favours objects with thehighest values of radio

luminosity (i.e. jet power) explaining why the RGs in our sample are more radio luminous

than the RLQs. On the other hand, the RLQ selection from both optical and radio surveys

favours objects with both high jet power and bolometric luminosity (e.g. accretion rate).

However, in all likelihood the quasars are probably biased towards bigger black holes due to

the optical selection, as we are selecting on BH properties rather than host galaxy properties.

In order to explain the observed differences regarding the SFR in the two populations

taking into account both the galaxy mass and jet power, I suggest a ‘toy model’ in which

there is some jet power threshold at which radio-jet feedback switches from enhancing star

formation (by compressing gas) to suppressing it (by ejecting gas). Then that threshold will

be dependent on both galaxy mass and jet power. In this model,the SFR enhancement (i.e.

the level of SFR excess compared to a control sample of radio-quiet AGN with the same

bolometric luminosity and galaxy mass) starts from zero forAGN without radio jets, has

a mass-dependent peak as jet power increases, and then decreases gradually for higher jet

power. The first step in order to investigate how our observations fit in this ‘toy model’ was

to use the RQQs as a control sample. I have separated the RQQs into 4 bolometric luminosity

bins, with about the same number of sources (∼ 18), and for each bin I have estimated the

weighted mean sSFR.

From low to high bolometric luminosity bins I found1.472 ± 0.554, 0.314 ± 0.103,

0.388±0.089 and0.180±0.039 Gyr−1. Then, the sSFR of each RLQ and RG in our sample

was normalised by the weighted mean sSFR from the RQQ controlsample, depending on

the bolometric luminosity of each source, in order to estimate the sSFR enchantment fraction

associated with the radio jets. I prefer the use of sSFR instead of the SFR in order to control

the galaxy mass dependence as described in the ‘toy model’. Ihave excluded 6 RGs from

this analysis with bolometric luminosities lower than the lower RQQ bolometric luminosity

bin (LBol < 1045.3 erg s−1, see Fig.4.4middle panel). I note that 5 of these 6 RGs have been

classified as LERGs byFernandes et al.(2015).

In Fig. 4.12, I present the fraction of sSFR enhancement due to the radio jets as a func-

tion of jet power. As described above, I expect a mass-dependent peak therefore I normalize

the jet power to the Eddington luminosity (i.e. black hole orgalaxy mass) in order to con-

trol for this dependence. Higher-mass galaxies will be ableto hold on to their gas better

for a given jet power, so there will be some mass-dependent threshold in jet power beyond

which jets tend to have an increasingly suppressing effect on star formation. It seems that

our observations follow the suggested ‘toy model’ with sources at the low and intermediate
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FIGURE 4.12: Fraction of sSFR enhancement for RLQs and RGs as a function of Qjet/LEdd (jet
power over Eddington luminosity). The large black squares are the weighted mean values for the
threeQjet/LEdd bins taking into account both RLQs and RGs in each bin. For individual sources,
colours and symbols are similar to Fig.4.6. FIR undetected sources are presented as upper limits.

jet power found at the peak of the star-formation enhancement, while at the highest jet power

the radio sources have passed the jet power threshold at which radio-jet feedback switches

from enhancing star formation to suppressing it. Indeed, the estimated mean sSFR enchant-

ment fraction is< 1 suggesting that powerful jets for a given galaxy mass suppress the star

formation in the host galaxy compared to a radio-quiet source. Larger RG samples, cover-

ing a wide range of galaxy masses and radio luminosities, would provide us with additional

observational constraints for our model.

Although the suggested model seems to explain the observations, we have to keep in

mind that the star formation in the host galaxies of these RLQand RG systems might be con-

trolled by many additional parameters, like the environment and merger activity, which we

expect to be quite common especially for the quasars in our sample (e.g.Santini et al., 2010;

Kartaltepe et al., 2012; Ramos Almeida et al., 2012). For instance,Stevens et al.(2003) pre-

sented submillimetre imaging of seven high-redshift RGs, several 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.g.Hatch et al., 2008). This suggests that the brightest submillimetre com-

panions trace to the high-redshift RGs may trace a large-scale structure which would contain

the densest cross-sections of gas. In this case the very brightest radio sources in our sample,

dominated by RGs due to the method of the selection, might be physically associated with

over-dense regions. In this case, the high jet power sourcesof our sample might have formed

their stars at earlier epochs and we now observe them at a passive evolutionary stage.

4.7 Conclusions

I have presentedHerschelphotometry of RLQs, RQQs and RGs selected at a single epoch,

z ≈ 1. Combining theHerschelobservations with SMA observations I performed a full

radio-FIR SED analysis to investigate the non-thermal contamination to the FIR bands.

SDSS data for the QSOs and mid-IR data for the RGs in our samplewere used to esti-

mate the AGN luminosity of each source. The FIR observationswere used to estimate the

SFR for the individually FIR detected sources and the stacked SFR for a variety of AGN and

radio properties. I summarize the results below:

1. About 33 per cent (43/149) of the QSOs and 8 per cent (2/27) of the RGs have robust

PACS and SPIRE detections. These detection rates are translated to ULIRG-like star

formation luminosities suggesting SFRs of hundreds of solar masses per year.

2. SMA 1300µm observations lead us to reject 17 RLQs in which the 500µm flux may

suffer significant synchrotron contamination.

3. I find that about 40 per cent (22/57) of RLQs have robust FIR detections and 30 per

cent (21/72) of RQQs. The SFRs of the FIR detected QSOs are higher than a simulated

mass-matched, non-AGN galaxy sample supporting the scenario of a merger induced

star formation activity. Additionally, the high SFRs and detection rates suggest that

there is no clear evidence that the star formation has been quenched in the hosts of

these powerful QSOs compared to the non-AGN galaxies. Although radio-jets can

enhance the SFR in the RLQs compared to the RQQs, they are not the likely cause of

the star formation as RQQ systems as still found with significantly high star formation

activity.

4. The FIR luminosity does not show a strong correlation withthe AGN luminosity or

the stellar mass for any of the three sub-samples in contrastto what is expected for

AGN-dominated systems. The lack of dependence on AGN luminosity might suggest

that neither the QSO continuum is the cause of star formationactivity in any of the

AGN systems we studied in this work. A multi-wavelength SED for the measurement

of the bolometric luminosity would improve the uncertainties arise from theL12µm and
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L3000 use for theLbol calculation and their associated bolometric corrections,in order

to confirm our results.

5. The RLQs are found to have a SFR excess of about300 M⊙ yr−1 (a factor of 2.5) over

RQQs of the same bolometric luminosity, similar to the one suggested from simula-

tions in gas-rich radio-loud AGN (Gaibler et al., 2012).

6. Merger induced star formation activity is a possible mechanism leading to the SFRs

obtained for RQQs while radio-jet triggered star formationseems to be the likely cause

for the SFR excess in RLQs compare to the AGN luminosity matched RQQ sample.

It is expected that RGs’ low detection rates are associated with the radio selection of

the sample, suggesting the existence of a jet power threshold below which the radio

jets enhance the star formation and above which they suppress the star formation in

the host galaxy by ejecting gas.

Future observations with instruments with better sensitivity/resolution, such as ALMA,

and Integral Field Spectroscopy (IFS) will likely help us pinpoint the exact location of the

ongoing star formation in these AGN and determine how radio jets can regulate the gas

in the host galaxy. Photometric observations from X-ray to radio bands for the total QSO

sample will be used to construct a comprehensive library of spectral energy distributions.

In doing so, we will decouple luminosity effects from evolutionary effects and so determine

the amount of radiation that is absorbed and reprocessed by the torus, and how this depends

on the presence, or absence, of a radio jet. The SED library will represent a fundamental

resource to reconcile the conflicting results on AGN obscuration at different wavelengths,

determine robust star formation rates for AGN host galaxies, and 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 I have no

time, nor a place to dance in. I cannot wait. Then all at once the

rhythm of the earth becomes a vertigo, time disappears, the mo-

ment whirls, becomes eternity, and every point in space insect

or star or idea turns into dance.

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

5
HerMES: Far-Infrared properties of narrow

emission line galaxies

This chapter is partly reproduced from the paper:HerMES: Far-Infrared properties of nar-

row emission line galaxiesby E. Kalfountzou, M. Trichas, D. Rigopoulou, A. Ruiz, J. Bock,

D. Farrah, A. Feltre, E. A. González Solares, E. Hatziminaoglou, L. Marchetti, S. Oliver, N.

Seymour, M. Vaccari, to be submitted for publication in MNRAS, 2015

Abstract
In this chapter, I explored the FIR nature of a large (∼600 sources) 24µm-selected spectroscopic

sample of galaxies in the Lockman Hole, for whichHerschelMulti-tiered Extragalactic Survey (Her-

MES) FIR data are available. The sample were classified into type-1 active galactic nucleus (AGN),

type-2 AGN and non-AGN sources based on emission line diagnostics. I compiled extensive pho-

tometry from ultraviolet to FIR wavelengths to derive detailed SEDs for the extragalactic sources of

the sample. A variety of templates were fitted to determine bolometric luminosities, and constrain the

AGN and starburst components where both are present. The spectroscopic classification was com-

pared with the SEDs, and good agreement between the two methods was observed. Within our sample

we identified 452 sources having a HerMES counterpart (closeto the confusion limit at 250µm) and

20 per cent of this population was detected at a level of 5σ or greater at 250µm. The number of

5σ detected sources shows a sharp drop abovez ∼ 1.0. The 250µm emission shows no correla-

tion with the fractional contribution of AGN and/or starburst components (as estimated by the SED

fitting). However, the results indicate that at high infrared luminosities, a strong AGN component is

required (i.e. AGN luminosity) for the total SED fitting suggesting that powerful AGN are associated

with strong star-formation events. In agreement with previous studies, the type-2 AGN displays on

127
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average higher SFR than type-1 AGN.

5.1 Introduction

The ‘unification model’ of AGN ascribes obscuration of AGNs to different lines of sight

through a dusty ‘torus’ surrounding the SMBH (e.g.Urry & Padovani, 1995; Antonucci,

1993). This model predicts no difference in host galaxy properties between obscured and

unobscured AGNs. To date, it is still a matter of debate whether the obscuration in luminous

quasars can be explained solely by the orientation- based unification model or if it is also en-

hanced due to dust on larger scales throughout the host galaxy. Indeed, the results presented

in Chapter4 suggest that radio galaxies have different host galaxy properties RLQs suggest-

ing that the unified model of AGN cannot exclusively explain the observed differences.

As I have analytically presented in Chapter1, several studies have shown results support-

ing a scenario departing from the unification model, such as the enhanced SF activity (e.g.

Canalizo & Stockton, 2001; Page et al., 2004; Hiner et al., 2009) and the more disturbed

structure (e.g.Lacy et al., 2007) of the host galaxies of dust-obscured quasars when com-

pared to unobscured quasars.Hatziminaoglou et al.(2010) found that type-2 AGN detected

at 250µm show on average a higher SFR than type-1 AGN. That being said, a larger sample

is required in order to establish whether this trend indicates stronger star formation activity.

More recently,Chen et al.(2015) measured the star formation properties of mid-IR-selected,

optically unobscured and obscured quasars. They found thatobscured quasars have roughly

twice the FIR detection fractions, fluxes and star formationrate luminosities than a matched

sample of unobscured quasars.

Based on the above, it is apparent that a detailed study of theAGN and the star formation

connection is needed to reach a full understanding of galaxyformation and evolution. To

understand the star formation process, it is essential to investigate the optical/infrared SEDs.

Also, optical spectroscopy and emission lines provide valuable insight for such a study. The

SED modeling (e.g.Trichas et al., 2012) and the Baldwin - Phillips - Terlevich (BPT) dia-

grams (Baldwin et al., 1981) can provide more information about the type of the dominating

energy source in order to distinguish between different type of AGN and star-forming galax-

ies.

With the advent ofHerschel Space Observatory(Pilbratt et al., 2010), it is possible to in-

vestigate the FIR properties of different types of galaxiesand link their observed differences

to the various viewing angle. Based on the dusty torus unifiedscheme (e.g.Urry & Padovani,

1995), broad and narrow emission line AGN are intrinsically identical sources - dust around

the accretion disk exclusively covers certain lines of sight, leaving the broad emission lines

and the optical and ultraviolet continuum undetectable. However, in the case of a galaxy rich

in gas and dust, the dust distributed within the host galaxy can also 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 formation activity into different types of

AGN.

The work presented here intends to compare the FIR and optical properties of a large

sample of 24µm selected galaxies spectroscopically observed by the 6.5mMultiple Mirror

Telescope (MMT). The FIR results are based on theHerschelMulti-tiered Extragalactic Sur-

vey (HerMES;Oliver et al., 2012) data taken as part of the Herschel Science Demonstration

Phase (Oliver et al., 2010). The chapter is organized as follows; Section5.2 describes the

observations, the optical spectroscopy, and the multi-wavelength data. In Section5.3I sum-

marize the template fitting method used to model SEDs. Section 5.4discusses emission-line

diagnostics and their combination with SEDs and FIR data. InSection5.5I present the FIR

emission for the different classes of sources in our sample.Finally, Section5.6summarizes

the results.

5.2 Sample & Observations

5.2.1 The 24µm flux-limited sample

The sample used in this paper comes from a 24µm flux-limited sample in the∼22 deg2

Lockman Hole - Spitzer Wide-area InfraRed Extragalactic Survey (SWIRE;Lonsdale et al.,

2003). The SDSS imaging also covers the Lockman Hole - SWIRE (LHS)region tor =

22.2 at 95 per cent detection repeatability, but can go as deep asr = 23. A 24 µm flux

limit of S24µm > 0.4mJy (≈ 8σ) was firstly applied. The completeness at this limit for

SWIRE-MIPS catalogue is∼ 90 per cent (Shupe et al., 2008). The sample was then matched

to the SDSS DR7 catalogue. Adopting a matching radius of 2.5 arcsec it is found that

87 per cent of the 24µm sources satisfyr < 22.5. This r limit allows follow-up optical

spectroscopic observations with the MMT. More details about the 24µm sample and the

optical observations can be found inDai et al.(2014).

The spectroscopic data of this study were carried out in 2009(PI: Huang) using the

Hectospec spectrograph (Fabricant et al., 2005) on the 6.5m MMT with a total area coverage

of ∼ 12 deg2 (50 per cent of LHS field). Hectospec is a 300 fiber spectrograph which covers

a 1deg diameter field of view at the f/5 focus of the telescope. Each fiber aperture is 1.5

arcsec in diameter while the spectral coverage is 3500–9000Å with a spectral resolution of

1.21Å.

In brief, fiber configurations for five different fields were generated, targeting sources

from the parent sample of 3000 targets. The∼600 spectroscopic targets were selected from

the MIPS andr-band flux limited catalog described above. We required thatthe Hectospec

place fibers on 4-7 spectrophotometric F-type stars selected from SDSS, and 30 fibers were

placed on blank-sky locations to measure the sky brightness. The remaining fibers (typically
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>250) were placed on sources from the parent sample.The observations were executed dur-

ing July of 2004 using an exposure time of 45 minutes split into three 15 minute exposures.

Seeing was typically subarcsecond. The optical spectroscopic completeness S24µm > 0.4mJy

objects is∼ 30 per cent.

The MMT Hectospec data were reduced using the HSRED pipeline(Cool et al., 2008,

http://mmto.org/ rcool/hsred/index.html), which is based on the SDSS pipeline. HSRED

extracts one dimensional (1d) spectra, subtracts the sky and then flux-calibrates the spec-

tra. The flux-calibration is done using spectra of 6-10 SDSS selected F-type stars that are

observed simultaneously with the main galaxy and quasar sample. The flux calibration cor-

rection is obtained combining the extinction-corrected SDSS photometry of these stars with

Kurucz (1993) model fits (Cool et al., 2008). The redshifts measured by HSRED also use

code adapted from SDSS and use the same templates as SDSS. Allspectra were visually

inspected for validation. The confidence level of these redshifts is typically> 95 per cent.

The original LHS sample was cross-matched with the HerMES catalogues as described

in Section5.2.3. The spectroscopic (sub-)sample used throughout this paper consists of a

total of 567 spectroscopically confirmed, 24µm 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 FIR properties of our sample. In

the case of narrow-line emission galaxies, the optical classification 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 emission linessuch as Hα, Hβ, [OIII ]λ5007,

[N II ]λ6584. Apart from the necessary emission lines for the BPT diagrams, we have also

taken measurements for the most common emission lines in each spectrum.

In order to perform the optical spectral fitting, I developeda code in IDL (Interactive

Data Language) which makes use of the IDL - based MPFITEXPR algorithm1 developed

by Markwardt(2009) to perform the Levenberg-Marquardt least-squares fit. Thesame code

was also used for theKalfountzou et al.(2012) work. The algorithm is used to obtain the

best-fit parameters - the central wavelength, the width of the Gaussian (σ = FWHM/2.35),

and the integrated flux for each emission line. The first step is to fit the continuum part of the

spectrum. Due to the differing nature of the sources, fittingall the sources by a single power

law proved to be challenging. For this reason, we estimated the local power-law of each

emission line from space surrounding it that was free of other emission/absorption lines.

The emission lines were predominantly fitted with one Gaussian. However, the strong

emission lines (e.g. Lyα, MgII , Hβ, Hα), were fitted with the additional combined profile

of two or three Gaussian components, to which no physical meaning is imbued, but they fit

1http://www.purl.com/net/mpfit



5.2 SAMPLE & OBSERVATIONS 131

the observed line as well. In these cases, the best fit was determined from a minimization of

theχ2. As a first stage, the FWHM and peak amplitude of the Gaussianswere determined

based on the expected wavelength position of the emission line, as it was calculated from

redshift. Then the position of the line is free and modelled together with the FWHM and

peak amplitude. Finally, the above parameter was used to refit the Gaussians. The errors on

the fit results were derived from the formal errors on theχ2 minimization. Fig.5.1 shows

various examples of the emission line fittings.

Based on these measurements our sample consists of 385 narrow emission line (NL)

galaxies (FWHM ≤ 1000 km/s) and 182 broad emission line (BL) galaxies (> 1000 km/s).

Out of the 385 NL galaxies, 166 have all four BPT emission lines available. As we describe

later, the spectroscopic classification is in good agreement with the SED fitting results.

5.2.3 FIR Sample selection

The Spectral and Imaging Receiver (SPIRE;Griffin et al., 2010) observations of the Lockman-

SWIRE (LS) field were carried out in October 2009 by theHerschel Space Observatory

(Pilbratt et al., 2010) as part of the HerMES program (Oliver et al., 2012). Maps and source

catalogues at wavelengths of 250, 350 and 500µm were constructed (Smith et al., 2012a).

Source extraction was performed via the method described by(Roseboom et al., 2010, 2012,

hereafter XID catalogue) which uses a 24µm sources as priors, provides more accurate flux

densities, and recovers a larger fraction of faint SPIRE sources, as close as possible to the

confusion limit, than a more values of 5.8, 6.3 and 6.8mJy beam−1 at 250, 350 and 500

µm, straightforward source extraction/catalogue cross-identification approach. Confusion

noise respectively, are reported inNguyen et al.(2010). The 24µm positions were matched

against IRAC positions using a 3.0 arcsec search radius, andUV/Optical/NIR positions were

then matched against IRAC positions using a 1.5 arcsec search radius.

We found that∼ 80 per cent of our sources (457 sources) have aHerschelcounterpart

in the 24µm prior source catalogues (XID). It is worth noting that 140 of these objects,

almost 30 per cent, have a 250µm detection at the 5σ level or better. The number of sources

detected at a signal-to-noise ratio greater than 3 (S250µm > 18 mJy) is almost double (256

sources) reaching the∼55 per cent of the total population.

Fig. 5.2(top) shows the redshift distribution of the 457 extragalactic sources which have

been divided into broad emission line (N = 149; black solid line) and narrow emission line

objects (N = 308; black dashed histogram). Also presented is the redshift distribution of

the 140 sources with> 5σ detections at 250µm (red filled histogram). The> 5σ 250µm

detected sources span over0.11 < z ≤ 3.48 with only 4 sources havingz > 1.0. The highest

redshift source with a 250µm 5σ detection is found atz = 3.48. We found that∼80 per

cent (62) of the sources with> 5σ detections at 250µm are narrow emission line objects

while 19 sources have broad emission lines. Even at the 3σ detection limit the percentage
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FIGURE 5.1: A sample of rest frame spectra drawn from our sample withtheir strongest emission
lines. The first row shows the spectra of two objects with their detected emission lines. The rest
of the figures show the single Gaussian fitting and the continuum level (blue line) in different type
of emission lines (broad lines, narrow lines, blended lines). The multiple-Gaussian fitting is also
presented (black bot line). With red is represented the partof the spectrum which is used for the
fitting.
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of detected narrow emission line and broad emission line sources remains the same. Only

4 sources (∼ 10 per cent) of thez > 1.0 sample had> 5σ detections at 250µm, while 7

sources (∼ 30 per cent) had> 3σ detections.

Fig. 5.2(bottom) shows the distribution of the 24µm luminosity as a function of redshift

for type-1 (broad emission line) sources and type-2 AGN. Theclassification of the narrow

emission line sample into type-2 AGN is based on BPT diagramsand SEDs; this is described

in Sections5.3and5.4. In order to ensure that the two AGN subsets have similar evolution

and AGN properties, and that any following comparison is notaffected by redshift and dif-

ferent AGN contribution, we compare the distribution inz andL24 of type-1 and type-2

AGN. The observed 24µm radiation is expected to be dominated by AGN light reprocessed

by dust in the circumnuclear region of the AGN. Thus, theL24 should be a tracer of the

intrinsic AGN emission. It is obvious that at lower redshifts (z < 0.18), the AGN population

is massively dominated by type-2 sources while at higher redshifts (z > 0.18) only type-1

AGN are found. For these reasons, the redshift range for thiscomparison was chosen to be

0.18 < z < 1.1. Furthermore, the two subsamples were forced to have the same L24 at the

selected redshift range by randomly removing type-2 AGN from our parent sample. In this

procedure, 11 type-2 AGN were randomly removed. The Kolmogorov-Smirnov (KS) test

results ared = 0.12, p = 0.50 in the case of redshift andd = 0.12, p = 0.54 in the case

of L24 where small values of probability (p) imply that the null hypothesis that the samples

are drawn from the same parent population can be rejected. Onthis way, we have matched

the type-1 and type-2 AGN subsamples into redshift and AGN equivalent power (24µm

luminosity).

5.3 Spectral Energy Distributions

To characterize the SEDs of extragalactic objects, estimate bolometric luminosities and in-

vestigate for the presence of starburst and/or AGN activityin our sample, we combinedHer-

schel/SPIRE data with the Spitzer Data Fusion2, which compilesGalaxy Evolution Explorer

Deep Imaging(GALEX DIS GR6 Plus 7;Morrissey et al., 2007), Sloan Digital Sky Sur-

vey Data Release 10 (SDSS-DR10;Ahn et al., 2014), Isaac Newton Telescope Wide Field

Camera (INT-WFS;González-Solares et al., 2011), Two Micron All Sky Survey (2MASS;

Skrutskie et al., 2006), UKIRT Infrared Deep Sky Deep Extragalactic Survey Data Release

10 (UKIDSS DXS DR10;Lawrence et al., 2007), Spitzer-SWIRE data for a Spitzer/IRAC-

selected sample covering our field. The 24 micron positions,which were used forHer-

schel/SPIRE flux measurements, were matched against IRAC positions using a 3.0 arcsec

search radius, and UV/Optical/NIR positions were then matched against IRAC positions us-

ing a 1.5 arcsec search radius.

2http://www.mattiavaccari.net/df



5.3 SPECTRAL ENERGY DISTRIBUTIONS 134

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Redshift

0

20

40

60

80

100

N
um

be
r 

of
 s

ou
rc

es

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Redshift

0

20

40

60

80

100

N
um

be
r 

of
 s

ou
rc

es

Total
BLAGN
250µm

2 3 4 5 6 7
z

0
1
2
3
4
5
6

N

2 3 4 5 6 7
z

0
1
2
3
4
5
6

N

5.02.01.00.50.20.1
Redshift

22

23

24

25

26

lo
g 1

0(
L

24
 / 

W
 H

z-1
)

FIGURE 5.2: Top: Redshift distribution of all 567 spectroscopically identified extragalactic
sources. The black line histogram represents the total sample, the grey filled histogram represents
the sources detected at 250µm at the 5σ level and the blue dashed-line histogram the broad emission
line sources. Bottom: 24µm luminosity versus logarithmic redshift for type-2 AGN (circles) and
type-1 AGN (squares). Detections (5σ level) at 250µm are over-plotted as red circles for the type-2
AGN and blue squares for the type-1 AGN. The dashed box definesthe parameter space in which the
samples are matched in both 24µm luminosity and redshift.
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Of the 452 sources with aHerschel-SPIRE counterpart,∼73 per cent have full UV-to-

FIR coverage while∼13 per cent have a> 5σ detection level at theHerschel-SPIRE bands,

∼17 per cent have full optical-to-FIR coverage, while the remaining∼10 per cent is detected

in a combination of bands.

The fitting procedure is a two-step process analogous to thatapplied in the SWIRE pho-

tometric redshift catalogue (Rowan-Robinson et al., 2008), but implemented with python,

Sherpa (Freeman et al., 2001) and Astropy using the model described inRuiz et al.(2010)

and Trichas et al.(2012). In both steps we used aχ2 minimization technique. In a first

pass the optical/NIR region of the SED (wavelengths shortward of 3.2µm) is fitted using

a set of nine templates, including the extinction componentAV as a free parameter (using

the Calzetti et al., 2000extinction law). The set of optical templates includes galaxy tem-

plates (E, Sab, Sbc, Scd, Sdmand starburst) and three QSO whose main difference is the

presence/lack of Lyα and CIV emission, as well as the amount of flux longward of 1µm

(seeRowan-Robinson et al., 2008for a complete description of these templates).

In the second pass, the IR region is fitted with a combination of four templates. The

best-fit template found for the optical part is also included(with the normalization fixed) in

order to take into account the stellar contribution. We employed the set of IR templates from

Rowan-Robinson et al.(2008). It includes a cirrus template (IR emission from a quiescent

galaxy), an AGN dust torus and two SB templates (M82 and Arp 220). Our IR model is a

combination of three components: cirrus + SB + AGN. We testedthis model with each SB

template, and selected as best-fit the one with the lowestχ2. Finally, the optical and IR best-

fit models were added to obtain a complete model of the SED covering the entire wavelength

range.

The above can be combined to derive the total (bolometric) luminosity, the AGN fractional

contribution and the IR luminosity due to star-formation:

LSED;tot = LSED;opt + LSED;IR

AGNcont = LAGN ;MIR/LSED;MIR

LSF = LM82 + LArp220 + Lcirrus (5.1)

Several physical components contribute to the emission that comprises the broadband SED of

these objects, including stellar emission and star-formation heated dust from the host galaxy,

emission from the AGN torus, and nuclear emission from the accretion disk. In particular,

the IR emission is a result of both the AGN (primarily in the near and mid-IR) and the host

galaxy (FIR being dominated by dust heated by massive young stars). As a result, the SED

fitting of such objects presents a complicated task and oftenrequires multi-component fits

(e.g.Hatziminaoglou et al., 2008, 2009, 2010; Barthel et al., 2012; Feltre et al., 2013). The
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optical to near-IR emission is mostly dominated by either a strong old stellar component,

or an optical AGN, while the mid-IR to FIR emission is mostly dominated by either a torus

or a star-formation component. Although emission from either component extends within

the other half of the SED, these processes are physically distinct and can be studied quasi-

separately. As a result we are able to effectively separate the AGN and the galaxy component

contributions for each object.

The mid-IR colors have been extensively used for the AGN selection against star-forming

galaxies (e.g.Stern et al., 2005). Additionally, the need of an AGN dust torus template to

describe the photometric observations of each source can distinguish between type-1 and

type-2 AGN. Therefore, we use the fractional contribution of each component at the 4.5µm

to separate the sources into AGN or starburst dominated.

Of the 126 broad emission line objects with aHerschelcounterpart, 105 (∼ 85 per cent)

are classified as AGN-dominated systems, with half of them also requiring starburst contri-

bution. All of them have been fitted with one of the QSO opticaltemplates. AGN-dominated

systems are defined as those whose SED fit gives an AGN component bolometric luminosity

fractional contribution higher than 50 per cent. The remaining 21 broad line objects have an

AGN contribution between 1 per cent and 50 per cent and are classified as AGN-composite.

Although the lower limit for AGN-composite systems of 1 per cent appears low, for very

luminous objects even 1 per cent contribution to the bolometric luminosity results to consid-

erable AGN luminosity.

Out of the 331 narrow emission line objects with aHerschelcounterpart, 42 are fitted

with one of the optical non-AGN templates (i.e. elliptical,spiral, SB), 176 are fitted with the

IR AGN template, while 46 sources do not require any AGN contribution for their SED fits.

There are 57 sources for which both an optical and IR AGN template is used for their SED

fit. We classify as type-2 AGN the 166 sources that are fitted with the IR AGN template and

the AGN contribution dominates to the mid-IR emission. These results indicate an excellent

agreement between the SED fitting AGN/SB contamination and optical spectroscopic clas-

sification in the case of broad and narrow emission line objects. Fig.5.3shows examples of

SED best-fitting and their best-fit models.

Fig. 5.4 shows the average fractional contribution of AGN and/or starburst components

(as was estimated by the SED best-fitting) to the 250µm flux density of the objects with 5σ

detections. We have estimated the average 250µm flux and AGN/SB contribution into five

log10(F250) bins with the same number of objects. The objects with intermediate AGN and

starburst components (composite objects) are those with the lower average 250µm emission.

The SB contribution appears to peak at intermediate 250µm fluxes while at higher fluxes the

AGN contribution slightly increases. However, taking intoaccount the errors at the average

estimations no correlation is obvious between the AGN/SB contribution and the 250µm flux

density. The lack of correlation is in contrast to the findings of Page et al.(2012) where

more powerful AGN are not associated with 250µm emission. These differences could be a
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FIGURE 5.3: Examples of best-fit SEDs. The different components used in the fit are shown:
optical component (dashed purple), cirrus template (dashed orange), starburst component (dotted
green), and AGN dusty torus component (dot-dashed red). Thetotal SED is shown with the solid
blue line.The error bars are associated with 10% errors.

result of the different sample selection (mid-IR selected AGN in our work) and the different

redshift ranges between the two works sincePage 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 varietyof mechanisms. The spectra

classification of emission line objects at low redshift is now routinely done with high quality

calibrations. Using a set of four strong emission lines ([OIII ]λ5007, NIIλ6584, Hα, and Hβ),

Baldwin et al.(1981) distinguished star-forming galaxies, Seyfert - 2 galaxies, Low Ioniza-

tion Nuclear Emission Region (LINER), and composite galaxies with both star-forming re-

gions and an AGN.

The emission line measurements of 121 narrow emission line galaxies were used with a
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FIGURE 5.4: Fractional contribution of AGN (blue dots) and starburst components (red squares) to
the total bolometric emission as a function of 250µm emission. Points represent the fractional AGN
and/or starburst contributions for all objects with 5σ detection at 250µm. Dotted red line represents
the average value of starburst fractional contribution perlog10(F250/µm) bin. Dashed blue line
represents the average value of AGN fractional contribution perlog10(F250/µm) bin. The1σ error
bars are also plotted for each bin.

redshift range of0.1 < z < 0.4 since the NIIλ6584 and Hα emission lines used in the BPT

diagram are redshifted beyond the optical band atz > 0.4 (Fig. 5.5). We selected emission-

line galaxies with the following criterion: the signal-to-noise ratio in the equivalent width of

the emission lines used in the BPT diagrams must be greater than 3 and their FWHM must

be lower than1000 km s−1. Even so, the limit of S/N>3 could bias our results against AGN

population. The AGN-to-SF number ratio depends on the adopted cut-off for the emission-

line detection significance. This could result in a low ratiobecause many AGN are very

weak-lined LINERs (Heckman et al., 2004), an effect which increases in the case of noise

spectra. For this reason, we extended our sample to also takeinto account objects with at

least two out to four significant detected emission lines.

Recently,Juneau et al.(2014) suggested that the use of detection limits to the emission

line ratios (rather than to the individual lines) would leadto more complete samples because

the BPT diagram deals with line ratios. The emission line ratios are required to haveS/N >

2.12(= 3/
√

2), where the lower limit is equivalent to each line being detected at exactly

3σ. Furthermore, this cut includes the combination of a poorly-detected line (< 3σ) with a

strongly-detected line, provided that the overall ratio isconstrained to greater thanS/N =
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2.12. The additional 34 sources selected based on their emissionline ratios are presented in

Fig. 5.5with open symbols.

5.4.1 Adding SED information on the BPT diagrams

In this section I attempt to add an extra dimension to the BPT diagrams, based on SED fits,

to investigate how the location of a sample galaxy may changeon the BPT diagram when

the SED classification is taken into account (see Section5.3). Based on the [NII ]λ6582/Hα

versus [OIII ]λ5007/Hβ BPT diagnostic diagram (see Fig.5.5), we found 10 (13) Seyferts,

94 (106) star-forming galaxies, 47 (63) composites and 15 (18) LINERs. The numbers in the

parenthesis represent the total number of sources based on both selection criteria (emission

line limits and emission line ratio limits; filled and open circles in Fig.5.5-top), while the

original numbers consist only for the selected sources based on the emission line limits (filled

circles). Based on these numbers, the percentage of sourceswhich lie onto the extreme star-

forming region (dashed black line;Kewley et al., 2001) is ∼ 57 per cent. If the sources

from the pure star-forming regions (solid black line;Kauffmann et al., 2003) are added, the

percentage increase to approximately 85 per cent. This detection rate is in agreement with

the 250µm detections (which arises from cold dust in the star-forming regions) for the 93

per cent of our BPT diagram sample. These rates are unaffected by the BPT selection criteria

I have used.

In the same figure, I used a colour diagnostic based on the AGN contribution of the

objects as it arises from SED fits. Galaxies with AGN contribution (AGNcon) higher than 75

per cent occupy the AGN/LINER region while these with AGN contribution lower than 25

per cent are found in the star-forming region. Objects with intermediate AGN contribution

mainly cover the pure star-forming/composite region. Specifically, 40 per cent of the objects

with AGNcon > 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. There areonly 3 outliers which are

located in the extreme star-forming region. For these objects, both SED fitting and emission

line measurements seem to be quite significant. Regarding the objects withAGNcon < 25

per cent, the SED classification of the vast majority (∼94 per cent) is in agreement with

the BPT classification, which also takes into account the sources in the pure star-forming

region. Five of the outliers are classified as LINERs and the only one that is classified as an

AGN based on the BPT diagrams could fall into the composite region due to their emission

line uncertainties. Fig.5.5 (bottom) shows the perpendicular distance above and below the

maximum starburst line against the AGN contribution to the SED fitting. I find a strong

Pearson correlation ofr = 0.6 andp = 0.02.

Relative to the more traditional approach, if I include the sources selected based on their

emission line ratio rather than the individual line detection limits (Fig.5.5; open symbols),
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we increase the sample by∼ 23 per cent (38 additional sources). This includes more numer-

ous, massive, metal-rich star-forming galaxies, as well asLINERs and passive galaxies, all

of which tend to have comparatively faint [OIII ]λ5007 lines. That being said, even if the less

traditional approach is used (Juneau et al., 2014), the objects that are added in the BPT (open

circles) are once more well classified by SED fitting, so the overall classification’s ‘success

rate’ does not change.

The high ‘success rate’ between photometric (SEDs) and spectroscopic (BPT diagrams)

classification provides a useful result. While spectroscopic classification is usually more

secure, it can only be used objects with good quality available spectra and redshift range up

to z ∼ 0.4, which reduces our sample to less than the 1/3. The good agreement of the SEDs

and the BPT diagrams permits us to use, whenever necessary, the SED classification.

5.5 Far-Infrared properties

5.5.1 250µm emission in type-1 & 2 AGN

One of the major aims of the present study is to investigate the origin of the FIR emission

in the different types AGN. In this section, I use the classification of our sources based

on the BPT diagram and their spectroscopic features where they are available, while when

unavailable I use the SED classification.

In Fig. 5.6, I present the 250µm flux distribution for the matched in redshift (z < 1.1)

andL24 type-1 and type-2 AGN with aHerschelcounterpart (as described in Section5.2.3).

While both populations display similar distribution at lower 250-µm fluxes (< 18mJy asso-

ciated to< 3σ detection level), type-2 AGN distribution is skewed towards higher values.

Specifically, the K-S test for the total distribution returns d = 0.24, p = 0.005 showing that

the 250-µm flux density distributions are different at the> 95 per cent level, while the mean

250 µm flux densities are24.12 ± 1.74 mJy (type-2 AGN) and18.76 ± 1.56 mJy (type-1

AGN).

5.5.2 Star-formation rate

Based on the results stated above, it seems important to study the occurrence of star formation

in the different types of AGN. The calculation of the SFR was performed using the equation

by Kennicutt(1998) (see eq.3.4).

Although the actual fraction is still under debate, it is known that the AGN can signifi-

cantly contribute to both the mid-IR and, to a lesser degree,to the FIR luminosity of a source.

For this reason it is crucial to distinguish between the star-formation and the AGN compo-

nents in the SEDs. Therefore, in order to calculate the SFR for these sources, I derive the

infrared luminosities of the sources as the integral over the 8 - 1000µm range of the M82,
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FIGURE 5.5: Top: The [NII ]λ6582/Hα versus [OIII ]λ5007/Hβ diagnostic emission line diagram
for the 121 narrow emission line sources with available lines. The black dashed line represents the
extreme star-forming line (Kewley 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 lines (Ho et al., 1997).
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Arp220 and cirrus templates used for the SED fit of each source. As described in Section5.3,

in addition to these starburst templates, an AGN torus and a galaxy template were used. The

AGN torus luminosity is not considered in the calculation ofthe SFR.

The observed SEDs were derived for all sources regardless their FIR detection level.

Due to the large sample of sources which are not detected at a significant level (> 5σ) by

Herschel, I used two methods to investigate the SFR trends. In the firstcase, a weight mean

technique for the total population of sources was used to estimate their SFR. The SEDsχ2 fit-

ting value is used as a weight for each source. With this method, the less significant detected

sources are also taken into consideration but their effect to the mean values will be smaller

due to their larger errors. This ensures that the results arenot biased towards the brighter

FIR objects. As previously mentioned, in most of the cases ofspectroscopically confirmed

AGN, a significant contamination of a starburst component isrequired to reproduce the ob-

served SPIRE data points. Despite the low significance of some of the 350µm and 500µm

data points (specifically in sources with detections below the3σ level), the starburst template

fitting returns lowχ2 values. This indicated that they do not have a strong effect on the fit

due to their large photometric errors. In the second case, I used only the detected sample at

> 5σ 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-AGN galaxies are shown with
red stars, type-1 AGN with black squares and type-2 AGN with grey circles. The error bars represent
the 1σ errors.

Fig. 5.7shows the weighted mean SFR versus redshift for type-1, type-2 AGN and non-

AGN sources. The luminosity is weighted using the errors calculated from∆χ2 and the er-

rors on the stacked parameters are determined using the bootstrap method. The bootstrapped

errors are determined by randomly selecting galaxies from within each bin and determine the

median for this subsample. These averages are independent of the SPIRE 250µm detections

because they are obtained from a stack of all sources with a SPIRE counterpart within a given

redshift range. For redshiftz < 1.1, we use a bin size of∆z = 0.35 while for z > 1.1 where

only type-1 AGN are found the bin size is∆z = 1.0. We use the same redshift bins across

the type-1 and type-2 AGN in order to facilitate comparisons. Comparing the mean SFR for

type-1 and type-2 AGN atz < 1.1 we observe that type-2 AGN tend to have higher SFR

than type-1 AGN within their1σ errors. A similar case of excess of star-formation when

comparing type-2 AGN to type-1 AGN is also found byHatziminaoglou et al.(2010) for a

smaller sample of objects and more recently byChen et al.(2015) for mid-IR selected and

classified type-1 and type-2 AGN at0.7 < 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 250µm detected at> 3σ and> 5σ (filled

histograms) level type-1 and type-2 AGN alone. The redshiftdistribution of the two popu-

lations should not affect these results as both are matched on theL24 vs z parameter space
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FIGURE 5.8: Histograms showing the FIR luminosity (and SFR) distribution for the type-1 (black
solid line) and type-2 (black dashed line) AGN with3σ detections at 250µm. The red and blue filled
histograms represent the type-1 and type-2 AGN with5σ detections at 250µm, respectively.

with z < 1.1. While the distributions of the two populations show no significant differ-

ence with a K-S test probability ofp = 0.23 andp = 0.08 for 3σ and5σ detection levels

respectively, type-2 AGN are associated with higher SFR while no type-1 AGN was found

with LFIR > 1012 L⊙. In addition, type-2 AGN tend to have on average higher SFR with

〈SFR〉 = 114.8±22.4 M⊙/yr at> 5σ detection level while, for type-1 AGN it is found to be

〈SFR〉 = 49.6±9.6 M⊙/yr. In the case of3σ detection level, the difference between the two

populations is smaller with〈SFR〉 = 80.4 ± 12.1 M⊙/yr and〈SFR〉 = 49.2 ± 6.2 M⊙/yr

for type-2 and type-1 AGN, respectively. The above results indicate that while both samples

show similar SFR at lower 250µm (<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 luminosity fractional contribution be-

haves as a function of FIR luminosity. The results are shown in Fig. 5.9 (top) where the

average fractional contribution of AGN and/or starburst components to the FIR luminosity
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are presented. The galaxies have been divided into 5 bins with meanlog10(LFIR/L⊙) =

10.58, 11.16, 11.51, 11.79 and 12.32 so that each bin contains the same number of galaxies.

Based on the average values, the AGN contribution increaseswith theLFIR. However, the

narrow emission line and broad emission line objects with high AGN fractional contribu-

tion in our sample tend to lie at higher redshift objects. As aresult, the FIR emission could

be biased by the different redshift distribution between the starburst and AGN populations.

For this reason in Fig.5.9 (bottom) I present the average fractional contribution of AGN

and/or starburst components to the FIR luminosity normalized by the bolometric luminosity.

This value gives the fraction of theLFIR in the bolometric luminosity. When comparing the

two figures, it is apparent that objects with significant contribution from both AGN and SB

components tend to have higher FIR emission.

5.6 Conclusions

Spectroscopic analysis and multi-wavelength photometry have been combined with HerMES

FIR observations in the Lockman Hole field to study the FIR properties of different type of

AGN and non-AGN sources. The spectroscopic observations have been obtained using the

Hectrospec spectrograph on the Multiple Mirror Telescope.The spectroscopic classification

of the sources into AGN and non-AGN have been confirmed by the SED fitting where ex-

cellent agreement was found. The SED fitting returns the fractions of AGN, starburst and

galaxy contributions. The results show that most of the AGN sources require a significant

starburst contribution to describe the SPIRE data points, yet no significant correlation is

found between the AGN contamination and the 250µm emission.

Comparison of the FIR properties of the type-1 & 2 matched AGNsamples shows that

the type-2s have higher 250µm emission and higher star-formation rate than the type-1s.

This result is in agreement with previous studies where type-2 AGN found to have on av-

erage higher SFR than type-1s (e.g.Hatziminaoglou et al., 2010; Chen et al., 2015) or be-

ing associated with stronger starburst components in orderto describe their SED fitting

(e.g.Trichas et al., 2010; Kalfountzou et al., 2011). Since FIR emission mainly arises from

cool dust which is heated by star formation, the differencesbetween the two types of AGN

should be linked to an excess of star formation in type-2 AGN.This excess raising the pos-

sibility that type-2 AGN are observed during a different epoch compared to type-1 AGN

when star-formation activity is enhanced which could be linked to the growth phase of the

galaxy spheroid. Similar scenarios have been discussed in the literature (e.g.Page et al.,

2004; Stevens et al., 2005; Hopkins et al., 2006; Coppin et al., 2008) suggesting an undergo-

ing transition between a hidden growth phase and an unobscured AGN phase.
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FIGURE 5.9: Fractional contribution of AGN (blue dots) and starburst components (red dots) to
FIR luminosity (top) and normalizedLFIR by the bolometric luminosity (bottom). Points represent
the fractional AGN and/or starburst contributions for all objects available estimation of theirLFIR

based on the SED fitting. Solid red line represents the average value of starburst fractional contribu-
tion perlog10(LFIR/L⊙) (top) andlog10(LFIR/Lbol) (bottom) bin. Dashed blue line represents the
average value of AGN fractional contribution. Error bars are 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

6
Conclusions and Future prospects

In this thesis I have highlighted how cosmic X-ray, optical and FIR surveys of distant AGNs

have provided key insight into the demographics, physics and the connection of growing

SMBHs to their host galaxies. Due to X-ray facilities such asChandra(but also XMM-

Newton and Nustar) we now have a dramatically improved picture of how SMBHs grew

through cosmic time, their accretion and obscuration physics, and the connection between

SMBHs, their host galaxies and the larger scale environment. On the other hand, wide

field optical surveys (e.g. SDSS) have provided as with largesamples of powerful but rare

QSO population which are usually missed from the small field X-ray surveys. Herschel

FIR observations have provided a unique tool for the study ofthe FIR emission in the host

galaxies of powerful AGN with the minimal AGN contaminationup to date.

In Chapter2 Chandraspace telescope X-ray data are utilised to create the largest high-

redshift (z > 3) X-ray-selected AGN sample. For this purpose, I have combined theChandra

Cosmological Evolution Survey andChandraMulti-wavelength Project surveys, doubling

previous samples. The sample comprises 209 X-ray-detectedAGNs, over a wide range of

rest-frame 2-10 keV luminosities log(LX/erg s−1) = 43.3 − 46.0 and column densities

NH = 1020 − 1023cm−2. Utilizing the 1/Vmax method, I confirm that the comoving space

density of all luminosity ranges of AGNs strongly declines with redshift abovez > 3 and up

to z ∼ 7. Due to the large size and the wide X-ray luminosity range of this sample, I was

able, for first time, to distinguish between competing evolution models (e.g. LDDE, LADE,

CT AGNs) and suggest that observations appear to favor the LDDE model (e.g.Gilli et al.,

2007) indicating a luminosity dependence of AGN evolution. The measured comoving space
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density of type-1 and type-2 AGNs shows a constant ratio between the two types at z> 3.

Our results for both AGN types at these redshifts are consistent with 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 main result of this work is that

RLQs at lower AGN luminosities tend to have on average higherFIR and 250-µm luminosity

with respect to RQQs matched in AGN luminosites and redshift. These results suggest that

powerful radio jets are associated with star formation especially at lower accretion rates and

are in agreement with my previous work on RLQs and RQQs using optical emission lines to

trace the SFR in the host galaxies of these quasars (Kalfountzou et al., 2014a).

However, a drawback of this work is that the sample was fundamentally limited by the

degeneracy between redshift and luminosity in flux-densitylimited samples. To overcome

this limitation, in Chapter4 I extend the previous work using a quasar sample at a single

cosmic epoch0.9 < z < 1.1 in order to decompose the evolution effects from the AGN/star-

formation study. I present FIRHerschelobservations of 74 RLQs, 72 RQQs and 27 RGs,

which span over two decades in optical luminosity and I investigate how the SFR depends

on AGN luminosity, radio-loudness and orientation. I find that: 1) the SFR shows a weak

correlation with the bolometric luminosity for all AGN sub-samples, 2) the RLQs show

a SFR excess of about300 M⊙ yr−1 compared to the RQQ sample, matched in terms of

black hole mass and bolometric luminosity, suggesting either positive radio-jet feedback, in

agreement with our previous work or radio AGN triggering being linked to the star formation

triggering and 3) the RGs have lower SFRs than the RLQs sub-sample with the same black

hole mass and bolometric luminosity by a factor of 2.5. The main conclusion of this chapter

is that there is some threshold at which radio-jet feedback switches from enhancing star-

formation (by compressing gas) to suppressing it (by ejecting gas). Such a results seems

to dependent on both galaxy mass and jet-power. Then we expect more massive galaxies to

have more star-formation for a given jet-power because their star-formation is more enhanced

by the jet.

In Chapter5, I explore the FIR emission associated with the star-formation in the host

galaxies of BLAGNs and NLAGNs. For with work I use a large 24µm flux-limited spectro-

scopic sample (∼600 sources) selected in the Lockman Hole. The SFRs are studied using the

FIR data from Herschel Multi-tiered Extragalactic Survey (HerMES) in the selected field. I

used the optical spectra and emission line diagnostics to classify the sources into BLAGNs,

NLAGNs and non-AGNs. Our predictions have been compared with our Spectral Energy

Distribution template fitting methods and mid/FIR selection methods where an excellent

agreement between the spectroscopic and the photometric methods was found. The main

conclusions of this chapter are that at high infrared luminosities, a strong AGN component

is required (i.e. AGN luminosity) for the total SED fitting suggesting that powerful AGN are

associated with strong star-formation events. Also, in agreement with previous studies, the
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type-2 AGN are found to display, on average, higher SFRs thanBLAGNs.

However, many fundamental questions about AGN and their host galaxy evolution re-

main unanswered. In the next sections, I focus on some of the key remaining questions

which arise from my results and discuss how current and future projects can be used to

address them over the next years.

6.1 The AGN/host galaxy interplay at the early Universe

Our results in Chapter4 and previous work (e.gRosario et al., 2012) suggests an evolution

of the AGN/star-formation connection with redshift. This evolution refers not only to the

increase of the SFR from the local Universe toz ∼ 2.5 but also to a change of the slope

of the correlation. However, fast AGN variability very likely plays a role in shaping this

correlation (Hickox et al., 2014), but different mechanisms deserve further scrutiny.

Given the different conditions between the local, distant (z = 1 − 3) and early Universe

(z > 3), an important question is how does this evolve with cosmic time? To-date the

AGN/star-formation constraints atz > 3 are relatively poor (particularly atz > 4) as they

mainly focus on either target observations or optically selected samples which are strongly

affected by obscuration biases. Our high-redshift AGN sample presented in Chapter2 is

the best constrainedz > 3 X-ray selected AGN sample to-date to provide the first detailed

knowledge of the role AGN/star-formation connection when the Universe was< 1.2 Gyr

old. It includes 209z > 3, 0.5-2 keV selected AGN (122 C-COSMOS & 87 ChaMP),

4 times larger than the previous X-ray selected samples atz > 3 (e.g.Brusa et al., 2009;

Vito et al., 2013). Most importantly, this is the first time that a significant sample of 29 X-

ray AGNs atz > 4 has been assembled (<9 sources in previous works). The sample covers

∼3 orders ofL2−10 keV and includes a significant number of both unobscured (N = 118;

NH < 1022 cm−2) and obscured (N = 77) AGN up to∼ 1.5 × 1024 cm−2. In this context,

the large body of our sample allows to study the submillimetre emission 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 submillimetre observations with SCUBA-

2 (and/or ALMA) of this complete X-ray selected AGN sample and push the constraints at

high-z providing the first detailed knowledge of the role of AGN in the first galaxies. All the

data necessary to perform this study from X-ray to radio, except from the requested SCUBA-

2 submillimetre data for ChaMP, are already available. The submillimetre observations are

crucial for the success of this project since no informationabout the cold dust properties of

the ChaMP sample (e.g.Herscheldata) are available. COSMOS SCUBA-2 submillimetre

data are already available.ChandraX-ray observations and optical spectroscopy along with

SDSS ugriz, WISE, UKIDSS,Spitzer, Herschel(only for COSMOS) photometry are also

available. Radio data will also be used to define the origin ofthe submillimetre emission.

The submillimiter observations of the high-redshift X-rayAGN sample will be used in
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conjunction with the available data to address the following issues:

The AGN/star-formation connection: The most efficient way for the identification of

a connection between the star-formation and accretion rateis to isolate the characteris-

tic emission bands of both processes, namely the hard X-ray emission from AGN and the

submm emission from cold dust. Previous studies have shown hints of a correlation, which

is more prominent in AGNs with higher luminosities and redshifts (e.g.Lutz et al., 2010;

Rosario et al., 2012). QSO-mode models predict that there is a residual level (∼ 20 per

cent) of star-formation while the AGN is at its peak. Recently, the lack of detections at

FIR wavelengths of the brightest X-ray AGN was reported, interpreting the suppression of

star-formation in their hosts (Page et al., 2012). While consistent with the QSO feedback,

the nature of the suppression of the obscured star-formation is still very open, especially at

high-z. ChaMP is able to find these rare QSOs with ongoing star-formation while, using

the total sample I will compare the submillimetre emission in the moderate- and high-LX .

Although submillimetre detections would be direct evidence of triggered star-formation in

these powerful systems, the absence of enhanced star-formation events will also provide use-

ful information suggesting a possible suppression of star-formation 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 over awide range in redshift (e.g.

z < 1: Isaak et al., 2002; z = 2: Priddey et al., 2003b; z > 4: Priddey et al., 2003c). Al-

though they suggest that a significant fraction of optically-bright quasars are also FIR bright,

they found no significant difference between thez = 2 andz > 4. However, we expect

that optical selection might suffer from obscuration biases and also misses the moderate-LX

AGN. Mullaney et al.(2012a) confirmed that the SFR of AGN hosts increases by a factor of

∼43 fromz < 0.1 to z = 2 − 3 for AGN with the same range ofLX (see alsoRosario et al.,

2012). The wide range inLX makes our sample ideal for comparison with AGN at different

redshifts, since it can be matched with nearly any lower-z sample.

AGN obscuration: It is still a matter of debate whether AGN obscuration can be explained

solely by the orientation-based unification model or if it isalso enhanced due to dust on larger

scales throughout the host galaxy. The results presented inChapter5 along with several

studies at moderate redshifts support a scenario departingfrom the unification model (e.g.

Stevens et al., 2005; Chen et al., 2015) suggesting that obscured AGN appear to show high

submillimetre fluxes (e.g.Coppin et al., 2008). Submillimetre observations will provide the

component of SEDs at longer wavelength, the only way to test whether 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 the target source to study the

submillimetre galaxy (SMGs) density in the environments ofhigh-z AGN. Several groups

have searched for proto-clusters forming around high-z radio galaxies (e.g.Stevens et al.,
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FIGURE 6.1: i−band magnitude vs. 850µm flux density for C-COSMOS sample. The dotted line
represents the optical limit of ChaMP sample (iAB = 23.4), the solid line the C-COSMOS results
extrapolation and the dashed lines the1σ errors. Black symbols: type-2 AGN, blue squares: type-1
AGN, black squares: 850µm detected AGN at the> 3-sigma level, orange star: mean estimation for
the faint sample with1σ associated errors, green star: mean estimation for the bright sample with1σ
associated errors, red circles: ChaMP targets observed by SCUBA-2.

2003; Venemans et al., 2007) and QSOs (e.g.Stevens et al., 2004, 2010; Priddey et al., 2008).

Most of these studies have concentrated on extreme objects,those with the highest luminosi-

ties and redshift, and all have found overdensities of star-forming galaxies in the fields of

the AGN. Using SCUBA-2 observations, I will extend these works at even higher-z to inves-

tigate the environments of moderate- and high-LX , obscured and unobscured X-ray AGN.

Following Stevens et al.(2010), I will compare the results for the AGN fields to these from

submm blank-field surveys (e.g.Coppin et al., 2006).

6.1.1 Predictions and first results

In order to propose for submillimetre observations of the ChaMP sample, I have used the

available SCUBA-2 observations in the COSMOS field from SCUBA2 Cosmology Legacy

Survey (S2CLS; Geach, private communication). As I have presented in Chapter2 (see

Fig. 2.4), C-COSMOS sample is fainter than ChaMP by a factor of 2. Measuring the 850µm

flux densities directly from the SCUBA-2 PSF-convolved image, I get a statistical detection

of the whole sample at the>5-sigma level, with an average flux of0.90 ± 0.012 mJy. For
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FIGURE 6.2: 850µm image for the four targets observed by SCUBA-2 during Semester 15A as
part of our m15ai106 proposal for the summer bright targets of ChaMPz > 3 sample. From left to
right: SDSS 130147-000644, SDSS 131252+422818, SDSS 152046+525923, SDSS 171304+612249
QSOs with 18.32, 17.73, 19.50 and 19.13i−band magnitude, respectively. Their X-ray positions are
marked by open green circles. The measured flux densities are7.23 ± 2.35, 10.12 ± 2.82, 3σ < 6.2
and8.43 ± 3.87 mJy, respectively.

comparison reasons, I split C-COSMOS into optically brightand faint sources using as a

limit the fainteri−band magnitude in ChaMP sample (iAB = 23.4). As the ChaMP sample

is dominated by type-1 AGN (85/87), I use the type-1 AGN sources in C-COSMOS (blue

squares; Figure6.1) to estimate the mean 850µm fluxes. Comparing thei−band magni-

tude to the 850µm flux densities for C-COSMOS type-1 AGN, I find a strong correlation.

Extrapolating these results to the total ChaMP sample (Fig.6.1; solid line), I expect an av-

erage flux of 4.5 mJy at the>5-sigma level (Figure6.1; large black star). In comparison,

Isaak et al.(2002) for a similar sample of 38 SDSS QSOs1 (z > 4) found an average flux of

5.0 ± 1.0 mJy including 8 sources detected at the> 3σ level (S850 > 10 mJy).

The first SCUBA-2 observations from the successful SCUBA-2 proposal (ID:m15ai106,

PI:Kalfountzou) for the bright summer sources during Semester 15A are presented in Fig.6.2

and are in perfect agreement with our predictions. Their estimated fluxes are found within

the range of our prediction (see Fig.6.1) with three of them havingS850 > 7 mJy while for

the fourth we can only estimate an upper limit. Observationsof the total sample will help us

to reveal whether AGN activity is correlated to the submillimetre emission.

6.2 The evolution from binary QSOs to QSOs

My results, especial in Chapter4, suggest that QSOs are associated with powerful star-

forming events. Simulations which include AGN feedback andpostulate that AGN form

during galaxy mergers (e.g.Hopkins et al., 2007) have received much attention because of

their success in reproducing a range of observed propertiesof both AGN and galaxies. In this

scenario, galaxy interactions trigger the AGN and also produce nuclear starbursts that both

feed and obscure the central engine for much of its active lifetime. AGN-driven outflows

eventually develop, which at later stages become strong enough to rapidly quench the star-

formation, allowing the AGN to shine unobscured for a short period (∼ 108 yr), leaving

1The ChaMP sample includes 44 SDSS QSOs associated with the optically brighter sources.
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FIGURE 6.3: Optical images and spectra and X-ray images of the two components of
SDSSJ1254+0846. Redshift, continuum and broad-line shapes are remarkably similar. X-rays re-
veal the two bright QSO nuclei while the optical images clearly shows the tidal arms of a host galaxy
merger. Figures fromGreen et al.(2010).

behind a red, passive remnant.

A clear prediction of these facts suggests not only that binary SMBHs should be com-

monplace, but also that merging galaxies with binary quasars should be common. However,

examples of binary quasars are rather isolated in the literature. Most major mergers may

have occurred at high-z (e.g.Silverman et al., 2005). Active mergers may be heavily ob-

scured and as a result detectable only as ULIRGsCui et al. (2001) or, the lifetime of the

interacting phase may be extremely shortMortlock et al.(1999). A handful of new close

(sub-kpc) binary AGN have been found recently (e.g.Liu & Shapiro, 2010), however these

intriguing lower-luminosity objects are not homogeneously selected. It takes sensitive, wide-

area searches to find binary quasars. In the wake of wide, deepSDSS photometry, the number

of known binary quasars has mushroomed, thanks to the statistical surveys ofHennawi et al.

(2006) andMyers et al.(2008). In particular, the latter survey targets quasars separated by

<40kpc over0.4 < z < 2.5, from which the first, luminous, spatially resolved binary QSO

in a disturbed host galaxy merger showing obvious tidal tails was observed (Green et al.,

2010; Fig. 6.3).

A major problem is explaining the observed excess of binary quasars with separations

<200 kpc. It has been proposed that this excess is evidence fornuclear triggering in galaxies

during dissipative mergers (e.g.Myers et al., 2007). According toHopkins et al.(2007), the

excess measured clustering (Myers et al., 2007, 2008), represents compelling evidence for

the merger-driven origin of QSOs. However, they also suggested that attaching all QSOs to

moderately rich dark matter environments in which mergers are likely to occur is sufficient

to explain the observed excess of quasars with small (<200 kpc) separations. That is, they

just happen to be neighbors where the observed∆z could represent∼Mpc separations rather

than dynamical velocities and their properties should be statistically indistinguishable from

those of single QSOs. As a result, the discovery of binary QSOs whose hosts are clearly
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interacting with evidence of enhanced star-formation, presents rare opportunities to study

the merging/triggering mechanisms. Submillimetre photometry can help us test these ideas

by revealing the presence of triggered ongoing star-formation. The aim is to obtain sub-

millimetre observations of a complete sample of spectroscopically confirmed binary QSOs

from SDSS and compare its submillimetre properties to the nearly ideal comparison sample

of single QSOs observed by HerMES (Hatziminaoglou et al., 2010).

The suggested sample is drawn from the complete sample of binary quasars discussed in

Myers et al.(2008) andGreen et al.(2011), restricted to velocity differences−500 < ∆V <

500 km s−1 and proper separationsRP < 200 kpc, resulting in a total of 28 pairs. The

separation criterion selects hosts likely to be interacting on their first or second pass while

the velocity criterion removes most chance projections butstill allows for hosts in a vari-

ety of environments from isolated pairs to massive clusters. Binary quasars were selected

as havingg < 20.85 and either the UVX and/or low-redshift quasar Bayesian classifica-

tion of Richards et al.(2009). These cuts ensure a high efficiency of quasar pairs in the

targets and a reasonably homogeneous sample from0.4 < z < 2.4. Pairs of quasar can-

didates were then followed up spectroscopically and with X-rays confirming their binary

QSO nature. The parent sample thus reflects typical SDSS optical QSO selection and as a

result is therefore directly comparable to the sample of 156SDSS spectroscopically identi-

fied Type-1 AGNHatziminaoglou et al.(2010), observed byHerschelas part of the shallow

HerMES-Lockman Science Demonstration Phase field. For all 28 pairs in our sample we

have available deepu, g, r, i, z photometry and spectroscopy, archival SDDS and 2MASS

photometry plus X-rays either from ChaMP orChandraarchival. With this project I will try

to address the following issues:

Test the merger hypothesis:Submillimetre detections will provide the first direct evidence

for the presence of cool dust in these systems, a tracer of ongoing star-formation. Star-

formation rates can be estimated by combining broad-band SEDs and available spectroscopy

using the methods described inBuat et al.(2010) andRowan-Robinson et al.(2010). These

rates will then be compared with the rates estimated in theHatziminaoglou et al.(2010)

sample of single QSOs. A substantial difference in the SFR among our targets and sin-

gle quasars would be direct evidence of triggered star-formation. The absence of enhanced

star-formation events will suggest that the link between AGN and galaxy formation is more

complex than current merger models assume and might be evidence for a time-lag between

the peak of the star-formation and the black hole accretion.In addition, the SFR and mass

of the cool dust present in these systems will provide a better constraint on the properties of

the host galaxies used for the merger simulations we presentin Fig. 6.4, enabling us to check

whether these systems are consistent with a merger-triggered scenario 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 (e.g.Fabian et al., 1998). Indeed, many

observations point to a starburst-AGN connection, which can be most easily understood if
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FIGURE 6.4: Numerical simulation of a merger like SDSSJ1254+0846,a pair typical of the sources
in our sample (Green et al., 2010). Left, middle and right panels show the gas distribution, the stars
in the xy and xz planes and the model star-formation rates, nuclear black hole masses and accre-
tion rates for the two components respectively. Red diamonds mark the nuclear separation, position
and extent of tidal features, black hole masses and accretion rates at 2.3 Gyr, similar to those of
SDSSJ1254+0846.

both forms of activity have a common origin, such as in a merger. A major problem in assess-

ing the level of star-formation in AGN is the difficulty in decomposing the star-forming from

the AGN emission, especially in the case of dust enshrouded systems. Combining X-ray

data with longer submillimetre wavelengths can provide a handle on this issue. The X-rays

provide the most efficient way of identifying active BHs, least biased by obscuration, while

the submillimetre band is considered a clean star-formation diagnostic. Galaxies undergoing

a burst of star formation should show an excess in the long wavelength data, from which the

star formation rate can be estimated (e.g.Rowan-Robinson et al., 2010). I can examine the

starburst-AGN connection by seeing if the SFRs in the binarysources are typically enhanced

with respect to single QSOs. I can also perform a qualitativetest of the starburst obscuration

hypothesis comparing the SFR with obscuration measures from the X-ray, or from optical

SED/NIR SED fitting.

Spectral Energy Distributions: From the X-ray to submillimetre broad-band SEDs and

LBol, I will be able to calculate the probability that the merger scenario is viable, i.e., that

these quasars show evidence for triggered, highL/LEdd accretion. I will also correlate the

SEDs andLBol with binary characteristics likeRP and∆V and test whether smaller separa-

tions and/or lower velocities result in luminous, high column systems. The broad emission

lines from the spectra, can help us estimateMBH (e.g.Vestergaard & Peterson, 2006). From
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the SEDs andMBH, I can measure the Eddington ratio (Warner et al., 2004), to constrain

whether these quasars are in especially high mass accretionphases (analog to spectroscopic

binary stars;White et al., 1983).

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

I will pursue and expand my results on optically selected QSOs presented in Chapters3 and4

studying the effects of radio feedback on the host galaxies of RLAGN in order to address key

science questions about:

1. the impact of radio-jets to the AGN/star-formation connection,

2. the star-formation in the host galaxies of radio-loud/quiet AGN,

3. the dependence on obscuration and

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

Existing observations withChandraandHerschelin conjunction with a large program of

radio (e.g., JVLA) observations will significantly furtherour understanding of these issues.

Combining theChandraandHerschelMultitiered Extragalactic Survey (HerMES) surveys

I will have obtained the largest ever X-ray/far-IR AGN database (∼ 10 500). I will take

advantage of the large number of sources to identity rare populations like RLAGN (∼ 5−10

per cent; e.g.,Hao et al., 2014). The current X-ray/far-IR database will be extended including

the ‘COSMOS Legacy’ survey (PI: Civano), which is expected to increase the number of

RLAGN by ∼25 per cent. Dedicated follow-up observations will be part of my research in

order to study the morphology of the host galaxies and the effects of radio feedback to the

host galaxy’s gas.

In the results presented in this thesis, I have demonstratedthat radio-jets enhance star-

formation in optically (broad emission lines) selected QSOs. However, optically selected

RLQs cover only a fraction of the RLAGN population excludinglow luminosity and ob-

scured AGN. The next step in understanding the process and the sequence in which radio-jets

affect star-formation requires extension of the opticallyselected samples to X-ray selected

AGN. Large X-ray surveys are appropriate since they includeboth the rare high-luminosity

quasars and the more typical-low luminosity AGN.

X-rays can pierce though large amounts of dust and gas (NH < 1024 cm−2). Also, normal

star-formation processes rarely exceedLX > 1044 erg s−1 (e.g.Brandt & Hasinger, 2005),

whereas AGN luminosities extend to∼ 1046 erg s−1, making X-ray selection an efficient

high contrast way for locating both obscured and unobscuredAGN at all redshifts.Chan-

dra can give a fundamental contribution to this topic identifingthousands of AGN, locating

efficiently both obscured and unobscured sources. On the other hand, FIR observations are
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uniquely sensitive to star-formation. Combining X-ray with FIR wavelengths provide a han-

dle on the issue of star-formation properties of AGN hosts. Although some progress has been

made by exploiting the submillimetre from the ground (e.gPage et al., 2001) and the long

wavelength channels ofSpitzer/MIPS (e.g.Kalfountzou et al., 2011), it is Herscheland its

capability to make large sensitive surveys in the FIR, whichoffers a clean diagnostic even in

the most powerful AGN (e.gHatziminaoglou et al., 2010).

Chandra/HerMES fields are covered by wide-angle (e.g., NVSS, FIRST)and deep radio

surveys (e.g., JVLA COSMOS) which will be used to identify the RLAGN (Fig.6.5 top).

Observations at higher frequencies (e.g., SMA, JCMT, IRAM)will give a full picture of the

radio spectra and the synchrotron contamination to the FIR bands.

With this project I will address the key questions by usingChandraalong with FIR

data from HerMES and radio data to construct the largest library of X-ray RLAGN and a

comparison RQAGN sample both covering∼ 3 dex inLX. Fig.6.5(bottom) shows how the

LX − z distribution for theChandra/Hermes fields spans the plane relatively uniformly up

to z ∼ 3 andLX ∼ 1045 erg s−1. The total catalogue contains∼ 10500 AGN (Gilli et al.,

2007model) with> 3000 FIR detected AGN at> 3σ. Deep radio observations increase the

fraction of radio detected AGN with> 500 RLAGN expected to be found.

The SFR in RLAGN: I will estimate the RLAGN fraction associated with FIR detected

AGN and compare their SFR to the RQAGN. Stacking of X-ray sources at FIR wavelengths

will also be carried out to estimate their mean SFR and explore, with the largest sample

possible, the role of jets. For each population, the SFR willbe compared with various

AGN parameters obtained by X-ray observations and optical data. This sample will pro-

vide the statistics over a wide range of AGN and radio luminosities in order to address the

key question of the radio-jets impact to the AGN/star-formation connection and whether

star-formation is different in the RLAGN and RQAGN hosts.

Decoupling the evolution effect:Although theChandra/HerMES fields provide the largest

X-ray/FIR sample, this selection is limited by the strongLX−z correlation. I will use the ad-

vantage of the large sample and the approach described in Chapter4 to decouple luminosity

effects from evolutionary effects and investigate the radio feedback in low/high luminosity

AGN. I will generate a homogeneous sample of AGN covering a large range inLX at a sin-

gle epoch (shaded boxes in Fig.6.5 bottom). A key aspect of this study is the construction

of matched RLAGN and RQAGN in order to compare the effects of the presence or not

of radio-jets. The size of theChandra/HerMES catalog allows me to compile a sample of

RLAGN (40-60 sources/bin) selected in the same way as the RQAGN, i.e. optical colors,

stellar masses.

The selected epochs are associated with the peak of AGN and star-formation density

(1 < z < 3; e.g.,Hasinger et al., 2005) and the ‘feedback’ energetic output of radio-AGN

(z ∼ 0.5; e.g.,Best et al., 2005). With this sample I will associate AGN luminosity and
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each cosmic epoch with the radio-jet impact to the host galaxies and test my previous re-

sults where positive radio-jet feedback is only found in RLQs with low optical luminosity

(Kalfountzou et al., 2012, 2014b). The redshift0.9 < z < 1.1 sample is expected to play

the most important role for this research and the follow-up observations (see Chapter4).

Specifically, this allows us to probe over three decades of X-ray luminosity. Importantly, this

redshift is the minimum at which we have a large enough sampleof high luminosity quasars

with which to compare to the bright quasars found at higher redshifts. Moreover, I ensure

that the AGN within this sample have the optimum redshifts for follow-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 theChandra/HerMES AGN are identified using spectroscopic

or photometric redshift. Despite the high optical/IR completeness level, a detailed study

requires secure redshift estimations for sources coveringthe wholeLX range over each red-

shift bin. For this purpose, dedicated spectroscopic follow-up observations will be proposed

at the selected redshifts. In addition, IFU observations (e.g. GEMINI, VIMOS, SINFONI)

will provide a key insight into the coupling between the jet and the gas.

I will particularly focus on ALMA follow-up observations, in order to understand how ra-

dio feedback affects the molecular gas properties and how this mechanism regulates cooling

and in turn governs star formation and the power output of theAGN. ALMA high-resolution

imaging of CO will allow us to probe the dynamics of the cool gas and will significantly

further our understanding the effects or jets to the AGN/star-formation connection. HST

archival and new observations will be used to study the host galaxy morphology of selected

RLAGN at z ∼ 0.5 as a function of SFR andLX. In this way, I will test if and how the radio

activity is associated with the galaxy morphology of RLAGN.
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FIGURE 6.5: Top: Lower (5σ) radio flux 1.4 GHz limits vs. X-ray 2-10 keV flux limits for each
Chandra/HerMES field. Dashed lines show the loci with radio-loudness ratios as shown by the labels.
Bottom: X-ray luminosity vs. redshift for the AGN spectroscopic sample. RLAGN are represented
by red color.



A
Appendix

Appendix A

QSO candidates at redshift≃ 3.0 − 3.5 satisfied the following cuts:

σr < 0.13 AND

u > 20.6 AND

u − g > 1.5 AND

g − r < 1.2 AND

r − i < 0.3 AND

i − z > N AND

g − r < 0.44(u − g) − 0.76.

(A.1)

For the redshift range≃ 3.5 − 4.5 this selection becomes

A) σr < 0.2

B) u − g > 1.5 OR u > 20.6

C) g − r > 0.7

D) g − r > 2.8 OR r − i < 0.44(g − r) − 0.558

E) i − z < 0.25 AND i − z > −1.0,

(A.2)

160



161

in the combination A AND B AND C AND D AND E. For the redshifts above≃ 4.5 we use

u > 21.5 AND

g > 21.0 AND

r − i > 0.6 AND

i − z > N AND

i − z < 0.52(r − i) − 0.762.

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

Survey1 R.A. Dec. zspec zphot zphot
2 zphot

3 Optical X-ray Ssoft
4 logLX

5 HR6 HR HR NH
7

(deg) (deg) lower upper Type8 Type9 low10 up11

1 1.682 -0.200 3.109 ... ... ... 1 1 0.071 44.65 -0.50 -0.77 -0.12 0.1
1 5.826 -1.048 ... 4.5 4.3 4.7 1 1 0.094 45.13 ... ... -0.38< 1.0
1 18.192 -1.2188 3.592 3.545 3.35 4.37 1 1 0.090 44.90 -0.84 -0.98 -0.57 < 0.1
1 29.814 0.4529 ... 3.675 3.51 4.05 1 1 0.039 44.56 -0.92 ... -0.84 < 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 -0.85 -0.56 < 0.1
1 38.906 -0.722 ... 4.15 3.72 4.58 2 1 0.203 45.39 -0.58 -0.76 -0.41 < 0.1
1 116.862 27.6253 3.152 2.905 2.58 3.25 1 1 0.072 44.67 -0.42 -0.70 -0.09 0.1
1 119.194 41.1201 3.734 3.135 2.88 4.29 1 1 0.130 45.09 -0.41 -0.66 -0.14 0.1
1 119.218 45.044 3.185 ... ... ... 1 1 0.105 44.85 -0.85 -0.98 -0.62 < 0.1
1 120.287 36.1514 ... 3.675 3.59 4.06 1 1 0.156 45.16 -0.64 -0.69 -0.56 < 0.1
1 125.411 12.2922 3.112 ... ... ... 1 1 0.053 44.53 -0.64 -0.76-0.47 < 0.1
1 125.412 12.2917 3.114 2.995 2.78 3.23 1 1 0.443 45.45 -0.48 -0.51 -0.42 < 0.1
1 127.837 19.151 .... 4.6 4.2 5.0 2 1 0.065 44.99 -0.57 -0.73 -0.42 < 0.1
1 130.260 13.2202 ... 2.945 2.76 3.29 1 1 0.078 44.66 -0.54 -0.66 -0.44 < 0.1
1 132.169 44.959 3.093 ... ... ... 1 1 0.030 44.28 -0.31 -0.41 -0.22 4.0

11=ChaMP; 2=C-COSMOS
2Photometric redshift lower limit
3Photometric redshift upper limit
4The 0.5-2 keV flux in units of10−13erg cm−2 s−1 converted toΓ = 1.8. For sources undetected in soft band a negative symbol is given and the flux estimated by the hard

or full band detection.
5The 2-10 keV luminosity in units oferg s−1.
6Hardness ratio defined as HR = (H + S)/(H - S), S: 0.5-2.0 keV count rate and H: 2.0-10 keV count rate.
7The absorption column density in units of1022cm−2

81: optical type-1 AGNs, and 2: optical type-2 AGNs
91: unobscured AGNs, and 2: obscured AGNs; based onNH = 1022 cm−2 limit.

10Hardness ratio lower limit
11Hardness ratio upper limit
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1 133.446 57.987 .... 4.1 3.4 4.8 2 1 0.043 44.70 -0.36 -0.55 -0.19 4.0
1 134.413 9.0255 3.130 3.065 2.76 3.39 1 1 0.076 44.69 -0.57 -0.89 -0.05 0.1
1 137.686 17.7420 4.098 4.105 3.35 4.47 1 1 0.044 44.71 -0.50 -0.67 -0.35 0.1
1 137.786 54.298 3.234 ... ... ... 2 1 0.036 44.40 -0.44 -0.55 -0.35 0.1
1 138.042 5.7952 3.246 3.345 3.09 3.63 1 1 0.065 44.64 -0.50 -0.70 -0.29 0.1
1 139.086 29.522 3.098 ... ... ... 1 1 0.054 44.53 -0.40 -0.57 -0.19 0.1
1 141.052 31.2774 ... 2.795 2.21 3.03 1 1 0.367 45.34 -0.65 -0.79 -0.48 < 0.1
1 143.364 55.4032 ... 3.045 2.78 3.33 1 1 0.086 44.72 -0.31 -0.43 -0.20 4.0
1 149.425 33.251 3.001 ... ... ... 1 1 0.128 44.87 -0.77 -0.93 -0.49 < 0.1
1 149.594 7.7968 3.220 3.145 2.8 3.47 1 1 0.086 44.77 ... ... -0.88 < 0.1
1 150.700 32.7668 ... 3.405 3.11 4.37 1 1 0.085 44.82 -0.45 -0.61 -0.34 0.1
1 155.452 13.1647 3.055 2.905 2.55 3.26 1 1 0.075 44.66 -0.47 -0.67 -0.21 0.1
1 156.595 47.3187 4.941 4.895 4.77 5.1 1 1 0.102 45.25 -0.44 -0.90 -0.24 0.1
1 162.590 58.625 ... 3.65 3.47 3.83 2 1 0.077 44.84 -0.56 -0.82-0.22 0.1
1 162.938 57.468 3.409 ... ... ... 1 1 0.051 44.60 -0.99 N -0.73< 0.1
1 163.275 57.5735 ... 2.755 2.52 3.1 1 1 0.045 44.44 -0.75 -0.87 -0.59 < 0.1
1 168.550 40.5661 3.597 3.495 3.09 4.35 1 1 0.053 44.67 -0.44 -0.6 -0.32 0.1
1 168.733 40.6372 4.913 1.305 0.9 1.52 2 1 0.253 45.64 -0.69 -0.73 -0.64 < 0.1
1 169.480 48.0722 ... 2.905 2.54 3.23 1 1 0.101 44.84 -0.68 -0.77 -0.57 < 0.1
1 169.607 7.7262 ... 3.75 3.45 4.05 1 2 0.035 44.53 -0.24 -0.41-0.09 13.0
1 170.087 43.4292 3.552 3.665 2.92 4.12 1 1 0.073 44.79 -0.46 -0.61 -0.32 0.1
1 170.541 24.2938 3.336 3.045 2.73 3.39 1 1 0.054 44.61 -0.51 -0.66 -0.38 0.1
1 171.748 56.772 ... 3.6 3.5 3.7 1 1 0.033 44.46 -0.77 -0.96 -0.53 < 0.1
1 175.151 66.221 3.337 ... ... ... 1 1 0.065 44.68 -0.67 -0.74 -0.61 < 0.1
1 178.881 -1.770 3.202 3.495 3.16 4.21 1 1 0.055 44.57 -0.35 -0.47 -0.21 2.0
1 182.037 0.129 ... 3.5 2.4 4.6 2 2 0.056 44.66 -0.17 -0.44 0.0817.0
1 183.273 2.8584 ... 3.145 2.76 3.83 1 1 0.165 45.11 -0.64 -0.71 -0.53 < 0.1
1 183.366 2.960 ... 3.5 2.4 4.6 1 1 0.090 44.87 -0.46 -0.65 -0.24 0.1
1 188.125 47.6153 3.041 3.205 2.88 3.83 1 1 0.175 45.02 -0.99 -0.99 -0.76 < 0.1
1 190.459 9.6307 ... 3.045 2.66 3.37 2 2 0.057 44.54 -0.18 -0.44 0.04 13.0
1 192.551 33.855 3.6 ... ... ... 1 1 0.074 44.81 -0.54 -0.83 -0.35 0.1
1 192.929 0.1240 ... 2.905 2.69 3.23 1 1 0.220 45.38 -0.5 -0.68-0.27 0.1
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1 195.008 1.3067 4.612 4.485 3.88 4.69 1 1 0.454 45.84 -0.37 -0.73 -0.02 4.0
1 195.445 -0.112 3.7 ... ... ... 1 2 0.160 45.17 -0.16 -0.41 0.09 20.0
1 196.534 3.940 6.016 ... ... ... 1 1 0.031 44.93 -0.69 -0.75 -0.61 < 0.1
1 196.652 46.4961 ... 3.065 2.76 3.23 2 1 0.055 44.53 -0.26 -0.53 0.06 8.0
1 197.434 57.6389 ... 2.905 2.67 3.25 1 1 0.068 44.69 ... ... -0.64 < 0.1
1 198.217 42.4716 3.181 2.945 2.75 3.3 1 1 0.072 44.81 -0.66 -0.82 -0.52 < 0.1
1 199.322 1.1538 ... 3.4 3.275 3.525 1 1 0.090 44.84 -0.59 -0.94 -0.20 0.1
1 201.424 11.477 ... 4.6 4.3 4.9 2 2 0.071 45.03 0.01 -0.33 0.4 50.0
1 201.828 29.1482 ... 3.675 3.6 4.08 1 1 0.030 44.45 -0.97 -0.99 -0.53 < 0.1
1 202.916 11.2840 ... 2.755 2.21 3.03 1 1 0.057 44.53 -0.56 -0.68 -0.40 < 0.1
1 203.593 -1.4221 3.827 3.775 3.01 4.33 1 1 0.032 44.51 -0.51 -0.90 -0.34 0.1
1 203.612 -1.4816 ... 2.905 2.57 3.26 1 1 0.074 44.69 -0.66 -0.94 -0.54 < 0.1
1 206.078 -0.511 3.070 ... ... ... 1 1 0.060 44.57 -0.64 -0.84 -0.51 < 0.1
1 207.739 60.1377 ... 3.285 3.05 3.95 1 1 0.110 44.89 -0.68 -0.75 -0.63 < 0.11
1 208.211 33.4822 ... 2.755 2.32 3.07 1 1 0.056 44.54 -0.462 -0.57 -0.30 0.1
1 212.767 52.2988 ... 2.815 2.66 3.13 1 1 0.097 44.99 -0.42 -0.48 -0.36 0.1
1 214.224 44.6294 ... 2.795 2.52 3.12 1 1 0.134 44.94 -0.54 -0.66 -0.43 < 0.1
1 214.424 53.0886 ... 3.495 3.15 4.37 1 1 0.037 44.49 -0.75 -0.85 -0.61 < 0.1
1 214.852 53.5323 ... 3.535 3.41 3.9 1 1 0.185 45.20 -0.74 -0.95 -0.47 < 0.1
1 215.150 47.2415 3.237 2.905 2.71 3.26 1 1 0.300 45.32 -0.75 -0.90 -0.58 < 0.1
1 215.771 24.0856 4.112 4.165 3.36 4.54 1 2 0.032 44.58 -0.26 -0.54 0.01 14.0
1 216.071 22.8406 ... 3.675 3.58 4.06 1 1 0.734 45.83 -0.60 -0.64 -0.56 < 0.1
1 216.447 35.455 3.53 ... ... ... 1 1 0.053 44.65 -0.56 -0.66 -0.41 < 0.1
1 218.114 -1.160 ... 3.3 3.0 3.6 2 1 0.079 44.76 -0.41 -0.56 -0.28 0.1
1 219.502 3.6388 3.306 3.285 2.92 4.08 1 1 0.058 44.62 -0.58 -0.68 -0.48 < 0.1
1 219.633 3.641 ... 3.275 3.05 3.5 1 1 0.070 44.70 -0.81 -0.89 -0.72 < 0.1
1 219.665 3.6288 3.194 3.205 2.88 3.94 1 1 0.040 44.44 -0.68 -0.77 -0.56 < 0.1
1 220.857 58.8995 ... 2.905 2.68 3.22 1 1 0.030 44.32 -0.84 -0.96 -0.35 0.1
1 221.308 -0.4237 3.142 3.065 2.68 3.36 1 1 0.058 44.58 -0.24 -0.54 N 10.0
1 225.083 22.7196 3.268 3.475 3.18 4.21 1 1 0.051 44.56 -0.79 -0.97 -0.41 < 0.1
1 230.194 52.9896 3.385 3.495 3.15 4.35 1 1 0.060 44.66 -0.63 -0.83 -0.34 < 0.1
1 230.897 28.6609 ... 2.715 2.44 3.02 1 1 0.062 44.56 -0.61 -0.72 -0.48 < 0.1
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1 240.652 42.5518 3.889 4.125 3.27 4.46 1 1 0.045 44.72 -0.82 N-0.71 < 0.1
1 244.028 47.2661 ... 3.205 2.92 3.97 1 1 0.058 44.60 -0.58 -0.95 0.01 0.1
1 258.269 61.3793 3.150 3.005 2.76 3.33 1 1 0.126 44.91 ... ...-0.89 < 0.1
1 258.956 63.246 ... 3.6 3.5 3.7 1 1 0.139 45.09 -0.61 -0.86 -0.27 < 0.1
1 260.072 26.5628 3.057 3.145 2.77 3.5 1 1 0.053 44.51 -0.85 -0.95 -0.71 < 0.1
1 340.945 -9.6855 ... 4.125 3.36 4.56 1 1 0.078 44.97 -0.71 -0.88 -0.48 < 0.1
1 359.354 0.6643 ... 3.285 2.98 4.19 1 1 0.039 44.45 ... ... -0.75 < 0.1
2 149.543 1.9537 ... 2.951 2.91 3.01 2 2 0.024 44.28 0.49 0.32 0.79 80.0
2 149.624 1.8854 ... 2.264 2.1 3.86 1 1 0.007 43.98 ... ... -0.34 < 3.0
2 149.690 2.2641 ... ... >3.0 ... ... 2 0.031 45.46 0.22 -0.17 0.53 50.0
2 149.669 2.1677 3.089 3.094 2.75 3.21 2 2 0.018 44.21 -0.04 -0.18 0.10 22.0
2 149.736 2.1799 4.255 4.245 4.23 4.26 1 1 0.014 44.40 -0.41 -0.59 -0.23 0.1
2 149.742 2.5354 ... 2.942 2.9 3.01 2 2 -0.015 44.30 ... 0.31 ... ≥55.0
2 149.761 2.4358 ... 3.647 3.64 3.66 1 2 0.023 44.46 -0.16 -0.39 -0.11 22.0
2 149.771 2.3658 ... 3.447 3.35 3.53 2 2 0.002 43.38 ... ... 0.73 < 1000.0
2 149.782 2.4713 ... 3.246 3.23 3.26 1 2 -0.014 44.334 ... -0.05 ... ≥25.0
2 149.783 2.4521 5.07 1.939 1.9 1.98 2 2 0.007 44.31 ... ... 0.11 < 75.0
2 149.797 2.2897 ... ... >3.0 ... ... 2 -0.002 44.33 ... 0.69 ... < 1000.0
2 149.803 2.1417 ... 2.838 2.24 3.09 1 2 0.009 43.87 -0.37 -0.58 -0.12 1.5
2 149.804 2.1189 ... 3.791 1.59 4.58 2 2 0.004 43.68 ... ... 0.60 < 300.0
2 149.807 1.8105 ... 2.382 2.33 3.260 1 2 0.006 43.79 -0.22 -0.65 0.20 11.0
2 149.808 2.3148 ... 3.471 3.41 3.79 2 1 0.025 44.44 -0.34 -0.46 -0.23 4.0
2 149.812 2.2830 ... 3.297 3.24 3.35 1 1 0.009 43.95 ... ... -0.69 0.1
2 149.814 2.7348 ... ... >3.0 ... ... 2 0.021 45.29 ... ... 0.51 < 85
2 149.823 2.5398 ... ... >3.0 ... ... 2 -0.010 44.97 ... 0.52 ... > 85
2 149.845 2.4817 ... 3.375 3.36 3.39 1 1 0.007 43.87 ... ... -0.498 < 0.1
2 149.851 2.2764 3.371 3.317 3.3 3.33 1 1 0.012 44.09 -0.53 -0.70 -0.35 0.1
2 149.851 2.4269 ... 3.35 3.16 3.58 2 2 0.004 43.69 0.33 0.15 0.52 68.0
2 149.858 2.4093 ... 4.108 3.68 4.29 2 2 0.049 44.91 -0.27 -0.34 -0.21 11.0
2 149.860 2.3876 ... 2.949 2.33 3.97 1 2 0.002 43.51 0.22 -0.130.57 65.0
2 149.869 2.2941 3.345 3.4 3.39 3.41 1 2 0.024 44.42 0.06 -0.020.15 37.0
2 149.874 2.3615 ... 6.88 6.88 7.0 2 2 0.002 44.10 ... ... 0.74< 1000.0
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2 149.879 2.2258 3.65 3.647 3.64 3.66 1 1 0.018 44.35 -0.41 -0.54 -0.28 0.1
2 149.882 2.5051 ... 3.1 3.02 3.19 2 2 0.046 44.60 -0.22 -0.29 -0.16 10.0
2 149.886 2.2759 3.335 3.277 3.26 3.3 2 2 -0.004 43.83 ... 0.29... > 65.0
2 149.889 1.9662 ... 3.053 2.2 3.12 2 1 0.004 43.47 ... ... -0.32 < 5.0
2 149.894 2.4330 3.382 3.393 3.38 3.41 1 2 0.003 43.43 -0.19 -0.70 0.31 14.0
2 149.897 2.3244 ... 2.998 2.9 3.16 2 2 0.006 43.72 ... ... 0.45< 75.0
2 149.908 2.5723 ... ... >3.0 ... ... 2 0.004 43.64 ... ... 0.88 < 1000.0
2 149.909 2.6199 ... 2.569 2.13 4.23 1 1 0.006 44.02 ... ... -0.29 < 6.0
2 149.910 1.8996 ... 3.063 2.585 3.194 2 2 0.002 43.24 ... ... 0.62 < 200.0
2 149.911 1.8427 ... 3.295 2.81 3.45 2 ... -0.003 43.50 ... ... ... ...
2 149.913 2.2465 ... ... >3.0 ... ... 2 0.010 44.02 0.46 0.23 0.52 71.0
2 149.919 2.3454 3.021 3.043 3.03 3.05 1 1 0.009 43.85 ... ... -0.69 < 0.1
2 149.924 1.8441 ... 2.936 1.79 3.05 2 2 0.004 43.55 ... ... -0.21 < 13.0
2 149.931 2.3519 ... ... >3.0 ... ... 2 0.004 43.62 ... 0.87 ... 1000.0
2 149.944 1.7404 ... 2.044 2.0 3.66 1 1 0.006 43.88 ... ... -0.28 < 6.0
2 149.952 2.6514 3.08 3.083 3.07 3.09 2 2 -0.011 44.16 ... 0.411 ... > 70.0
2 149.966 2.4325 ... 2.893 2.23 3.3 2 2 -0.013 44.33 ... 0.753 ... > 1000.0
2 149.969 2.3048 3.155 3.099 3.076 3.13 1 2 0.014 44.12 0.06 -0.07 0.19 32.0
2 149.972 1.9415 ... 2.843 2.63 3.06 2 1 0.013 44.02 -0.26 -0.41 -0.12 7.0
2 149.981 2.3150 ... 3.003 2.97 3.03 2 2 0.023 44.28 -0.06 -0.15 0.04 22.0
2 149.990 2.2973 3.026 2.97 2.93 3.05 2 1 0.009 43.87 ... ... -0.72 < 0.1
2 149.998 1.9745 ... 2.911 2.88 3.01 2 1 0.013 44.02 ... ... -0.78 < 0.1
2 150.004 2.0389 3.515 3.5 3.49 3.51 1 1 0.018 44.31 -0.41 -0.54 -0.28 0.1
2 150.007 1.9180 ... ... >3.0 ... ... 2 0.006 43.76 0.60 0.33 0.78 150.0
2 150.007 2.1489 ... 2.851 2.77 3.43 1 2 0.005 43.78 0.17 -0.030.37 48.0
2 150.009 1.8526 ... 4.032 4.02 4.05 2 1 0.008 44.11 ... ... -0.63 < 0.1
2 150.017 2.4979 ... 2.914 2.5 3.26 2 1 0.009 43.95 ... ... -0.71 < 0.1
2 150.025 2.0038 ... 3.124 2.67 3.17 2 2 -0.006 43.93 ... 0.48 ... ≥1000.0
2 150.042 1.8722 3.371 3.338 3.32 3.35 1 2 0.008 43.94 -0.32 -0.58 -0.06 5.0
2 150.046 2.3674 ... 2.313 1.94 3.1 2 1 0.004 43.50 ... ... -0.39 0.1
2 150.048 2.4816 ... ... >3.0 ... ... 2 0.004 43.64 ... ... 0.86 1000.0
2 150.062 1.7226 ... 3.033 2.91 3.41 2 2 0.008 43.84 0.06 -0.210.33 32.0
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2 150.063 2.4219 ... 3.087 3.02 3.25 2 2 -0.006 43.93 ... 0.48 ... > 80.0
2 150.063 1.7774 ... 3.426 1.21 3.84 2 2 -0.009 44.17 ... 0.32 ... > 50.0
2 150.064 2.1910 ... 2.887 1.53 3.06 1 2 0.025 44.35 0.11 0.03 0.19 35.0
2 150.067 2.0843 ... 3.01 2.99 3.03 1 1 0.006 43.66 ... ... -0.57 < 0.1
2 150.086 2.139 ... 5.045 4.73 5.14 1 2 0.003 43.99 0.25 0.01 0.49 100.0
2 150.091 1.9292 ... 2.864 2.84 3.23 1 2 -0.007 44.04 ... 0.54 ... > 90.0
2 150.096 2.0215 3.546 3.362 3.33 3.39 2 1 0.006 43.81 ... ... -0.59 < 0.1
2 150.099 2.1527 ... 2.844 2.6 3.06 2 1 0.008 43.81 ... ... -0.67 < 0.1
2 150.101 2.4194 4.66 4.545 4.53 4.56 1 2 0.009 44.33 -0.27 -0.49 -0.05 14.0
2 150.107 1.7592 4.16 3.949 3.93 3.96 1 2 0.006 44.01 0.01 -0.28 0.3 43.0
2 150.133 2.4574 3.189 3.111 3.08 3.15 2 1 0.006 43.71 ... ... -0.494 < 0.1
2 150.152 2.3079 3.175 3.163 3.08 3.24 2 2 0.003 43.55 0.42 0.24 0.60 75.0
2 150.164 2.1793 ... 2.82 2.75 3.15 1 2 -0.004 43.57 ... 0.407 ... 27.0
2 150.176 2.5697 ... 3.144 3.09 3.24 2 2 0.005 43.61 ... ... 0.65 < 5000.0
2 150.180 2.0760 3.01 3.015 3.0 3.03 1 1 0.011 43.94 ... ... -0.77 < 0.1
2 150.192 2.2199 3.09 3.077 3.07 3.09 1 2 0.007 43.76 -0.15 -0.39 0.1 15.0
2 150.199 1.7312 ... 2.821 2.66 3.45 2 2 0.004 43.68 0.18 -0.100.47 50.0
2 150.205 1.7360 ... 2.929 2.4 4.19 1 2 0.006 44.02 0.04 -0.22 0.30 48.0
2 150.205 2.5029 ... 3.072 3.06 3.09 1 2 0.014 44.07 -0.08 -0.28 0.12 20.0
2 150.208 2.4819 3.333 3.378 3.37 3.39 1 1 0.024 44.37 -0.49 -0.62 -0.35 0.1
2 150.209 2.4385 3.715 3.563 3.55 3.57 1 1 0.010 44.09 ... ... -0.717 < 0.1
2 150.210 2.3915 3.095 3.085 3.07 3.1 1 2 0.009 43.88 -0.17 -0.35 0.02 13.0
2 150.214 2.4750 ... 3.075 3.06 3.09 1 2 0.020 44.24 -0.07 -0.17 0.03 20.0
2 150.214 2.5827 5.3 5.201 5.15 5.28 2 2 0.009 44.42 ... ... 0.36 < 500.0
2 150.225 1.7999 ... 3.264 3.12 3.46 1 2 0.004 43.63 0.36 0.16 0.55 68.0
2 150.247 2.4422 3.029 2.992 2.97 3.02 1 2 0.023 44.31 0.10 0.02 0.18 35.0
2 150.259 2.3761 3.717 2.673 2.66 2.68 1 1 0.008 44.03 ... ... -0.68 < 0.1
2 150.260 2.1180 ... ... >3.0 ... ... ... -0.009 43.97 ... ... ... ...
2 150.261 1.7316 ... 3.126 3.08 3.55 2 2 -0.005 43.67 ... ... 0.51 > 65.0
2 150.267 1.7009 ... 3.412 3.33 3.46 1 1 0.014 44.17 ... ... -0.45 < 0.1
2 150.268 1.7891 ... ... >3.0 ... ... 2 0.010 44.02 0.72 0.48 0.87 1000.0
2 150.271 1.6139 ... 3.466 3.44 3.5 2 2 0.011 44.14 0.24 N 0.49 60.0
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2 150.284 1.8183 ... ... >3.0 ... ... 2 0.011 44.06 -0.033 -0.18 0.25 12.0
2 150.285 2.309 ... 2.897 2.42 3.0 2 1 0.011 43.94 -0.38 -0.56 -0.20 1.2
2 150.288 1.6511 ... 3.871 3.13 3.95 1 1 0.018 44.40 ... ... -0.48 < 0.1
2 150.297 2.1489 3.328 3.459 3.45 3.47 1 2 0.005 43.74 -0.11 -0.42 0.20 20.0
2 150.299 1.6878 ... 2.976 2.67 3.14 1 1 0.008 43.83 ... ... -0.24 < 9.0
2 150.300 2.3007 3.498 3.434 3.41 3.46 2 2 0.003 43.55 ... ... 0.70 < 1000.0
2 150.304 1.8242 ... 2.949 2.49 3.35 1 1 0.006 43.79 ... ... -0.47 < 0.1
2 150.306 1.7616 ... 3.265 3.24 3.29 2 2 0.003 43.46 ... ... 0.77 < 1000.0
2 150.310 2.5045 ... ... >3.0 ... ... 2 0.005 43.75 0.33 0.09 0.48 68.0
2 150.315 2.3369 ... 4.216 3.85 4.44 2 2 0.002 43.47 ... ... 0.76 < 1000.0
2 150.317 2.0050 ... 3.428 3.38 3.49 2 2 0.007 43.86 ... ... 0.03 < 30.0
2 150.318 2.2477 ... ... >3.0 ... ... 2 0.008 43.88 0.06 -0.13 0.18 11.0
2 150.333 2.4415 ... 2.481 2.12 3.07 2 1 0.015 44.09 -0.54 -0.76 -0.33 0.1
2 150.334 1.7882 ... 2.683 2.34 3.02 1 1 0.005 43.60 ... ... -0.24 < 8.0
2 150.344 1.6361 ... 3.805 3.74 3.85 2 2 0.019 44.41 ... ... -0.08 < 30.0
2 150.345 1.9579 ... 3.065 2.98 3.17 2 2 0.010 43.93 0.18 -0.070.25 45.0
2 150.356 2.2242 ... 2.701 2.51 3.09 2 2 -0.008 44.02 ... 0.56 ... > 75.0
2 150.359 2.0737 4.917 1.991 1.96 2.01 2 2 0.008 44.30 ... ... 0.27 < 70.0
2 150.364 2.1438 3.328 3.361 3.35 3.37 1 1 0.025 44.40 -0.26 -0.38 -0.14 8.0
2 150.379 1.8761 ... 3.33 3.02 3.44 2 2 0.009 43.96 -0.18 -0.440.06 14.0
2 150.380 2.0995 ... 4.498 4.43 4.56 2 2 -0.008 44.39 ... 0.514... > 200.0
2 150.383 2.0748 ... 3.852 3.83 3.88 2 2 0.003 43.62 0.40 0.13 0.68 90.0
2 150.398 2.2709 ... ... >3.0 ... ... 2 0.005 43.72 0.46 0.24 0.61 200.0
2 150.415 1.9342 ... 3.681 1.28 3.75 1 1 0.011 44.15 ... ... -0.54 < 0.1
2 150.415 2.3648 ... 2.423 2.24 3.29 1 1 0.003 43.47 ... ... -0.29 < 6.0
2 150.425 2.3120 ... 3.092 2.98 3.29 2 2 0.003 43.42 0.21 -0.050.48 48.0
2 150.455 1.9674 3.485 3.493 3.46 3.52 1 1 0.007 43.89 ... ... -0.46 < 0.1
2 150.467 2.5315 ... 4.45 4.43 4.47 2 1 0.014 44.46 ... ... -0.563 < 0.1
2 150.485 2.4135 ... 2.949 2.57 3.51 2 2 -0.006 44.04 ... 0.14 ... > 25.0
2 150.486 2.4281 ... 3.464 2.95 3.61 2 2 -0.005 43.77 ... 0.07 ... 32.0
2 150.546 2.2243 ... 3.506 3.35 3.66 2 2 0.029 44.53 -0.08 -0.21 0.03 25.0
2 150.551 2.1400 ... 3.028 2.97 3.07 2 2 -0.024 44.50 ... 0.67 ... ≥1000.0
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2 150.647 2.4182 ... 3.034 2.6 3.32 1 2 -0.052 44.84 ... 0.69 ... ≥1000.0
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Appendix B

B1. Properties of thez ≈ 1 AGN sample (Chapter 4).

RA DEC type z LBol
12 Lrad

13 cont.14 MBH
15 LFIR

16

219.686 62.199 RLQ 1.094 46.20±0.01 27.168 N 9.28±0.14 45.44±0.77
127.792 37.703 RLQ 0.919 46.02±0.01 27.320 Y 8.90±0.07 45.55±0.05
247.324 44.581 RLQ 1.033 46.23±0.01 25.744 N 8.85±0.05 45.64±0.39
116.073 37.888 RLQ 1.067 46.69±0.01 27.561 N 9.57±0.06 45.40±0.07
205.555 60.362 RLQ 0.965 46.51±0.01 27.337 N 9.00±0.24 45.80±0.03
207.394 53.688 RLQ 0.979 46.67±0.01 26.936 Y 9.29±0.06 45.97±0.03
197.763 55.232 RLQ 0.924 46.43±0.01 26.186 Y 9.33±0.66 46.00±0.01
248.512 39.000 RLQ 1.085 46.46±0.01 27.013 Y 8.39±0.10 45.81±0.05
257.455 30.550 RLQ 1.043 46.00±0.01 25.522 N 8.42±0.09 45.52±0.06
241.317 31.606 RLQ 1.028 45.99±0.01 25.939 N 8.74±0.31 45.55±0.36
127.151 50.807 RLQ 0.929 46.17±0.01 25.710 Y 8.68±0.11 45.63±0.02
127.255 37.302 RLQ 0.934 45.78±0.01 25.372 N 7.52±0.36 46.17±0.01
170.097 54.074 RLQ 0.923 45.86±0.01 26.353 Y 8.88±0.04 44.91±0.01
177.835 54.626 RLQ 0.975 47.37±0.01 25.673 N 9.48±0.06 46.53±0.02
248.259 39.408 RLQ 1.024 47.08±0.01 25.930 N 9.25±0.04 45.93±0.19
204.457 55.017 RLQ 1.099 46.54±0.01 26.545 Y 8.81±0.10 45.91±0.02
152.431 5.498 RLQ 0.942 46.78±0.01 25.917 N 9.62±0.02 46.00±0.01
146.686 41.718 RLQ 1.018 46.34±0.01 25.706 N 8.11±0.05 45.45±0.23
148.113 50.814 RLQ 1.091 46.66±0.01 25.742 Y 9.09±0.05 45.69±0.12
186.041 50.032 RLQ 1.066 46.77±0.04 25.443 N 8.87±0.12 46.15±0.04
212.617 46.139 RLQ 1.016 45.93±0.01 26.497 N 9.05±0.06 45.54±0.07
250.226 31.725 RLQ 0.958 45.89±0.01 25.670 N 8.95±0.08 45.46±0.07
225.391 61.626 RLQ 0.910 45.53±0.02 25.490 N 7.92±0.09 45.32±0.06
254.930 37.906 RLQ 1.038 46.07±0.01 25.701 N 8.94±0.13 45.56±0.34
181.484 10.715 RLQ 1.088 47.03±0.01 26.764 N 9.59±0.05 46.18±0.05
231.484 59.283 RLQ 0.955 46.33±0.01 26.292 N 9.54±0.05 45.60±0.02
146.916 51.916 RLQ 1.063 46.00±0.01 26.382 N 9.14±0.39 45.22±0.20
242.305 53.908 RLQ 0.992 46.45±0.01 25.698 N 9.30±0.12 45.01±0.18
222.156 50.247 RLQ 1.074 46.03±0.01 27.002 N 7.86±0.13 45.85±0.03
161.426 52.853 RLQ 1.058 46.40±0.01 26.626 N 9.15±0.22 45.73±0.04
123.836 27.605 RLQ 0.908 47.04±0.01 24.643 N 9.20±0.05 45.82±0.03
135.427 42.942 RLQ 1.014 46.17±0.01 25.166 N 9.09±0.03 45.50±0.04
137.051 51.784 RLQ 1.002 46.41±0.01 25.918 N 9.05±0.02 45.49±0.21
236.316 43.498 RLQ 0.903 46.53±0.01 24.852 N 9.32±0.09 45.94±0.14
221.364 39.355 RLQ 0.965 45.48±0.02 25.329 Y 8.20±0.11 45.67±0.38
249.104 36.249 RLQ 0.909 45.75±0.03 24.817 N 8.45±0.15 45.75±0.04
119.868 30.175 RLQ 1.002 46.63±0.01 26.119 N 8.97±0.08 45.72±0.05
202.288 48.019 RLQ 0.928 46.99±0.01 25.726 N 9.71±0.37 45.55±0.05
256.700 32.240 RLQ 1.070 47.14±0.01 26.329 N 9.59±0.18 45.62±0.09
254.833 37.726 RLQ 1.025 45.99±0.01 25.671 N 8.48±0.25 45.17±0.21
219.444 44.550 RLQ 0.944 46.42±0.01 25.048 N 8.86±0.10 45.47±0.06
226.996 2.015 RLQ 1.083 47.18±0.01 25.721 N 9.36±0.03 46.55±0.015
152.419 46.924 RLQ 1.013 45.71±0.01 26.013 Y 8.55±0.06 45.49±0.46
246.472 43.787 RLQ 1.048 46.37±0.01 25.440 N 8.18±0.07 46.28±0.01

12The logarithmic bolometric luminosity in units oferg s−1 with the associated1σ errors.
13The logarithmic 325 MHz radio luminosity in units ofW Hz−1 sr−1 with the associated1σ errors.
14Synchrotron contamination at the FIR bands
15The logarithmic black hole mass in units ofM⊙ with the associated1σ errors.
16The logarithmic FIR luminosity in units oferg s−1 with the associated1σ errors.
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135.158 55.055 RLQ 0.947 46.11±0.01 24.816 N 8.52±0.06 45.87±0.04
137.292 1.360 RLQ 1.024 46.79±0.01 26.957 Y 9.15±0.06 46.66±0.01
137.546 46.605 RLQ 1.020 46.88±0.01 26.076 N 8.84±0.04 45.75±0.07
130.118 32.542 RLQ 1.099 46.30±0.01 25.533 N 9.03±0.08 45.63±0.06
244.526 42.426 RLQ 0.934 46.40±0.01 25.189 Y 8.16±0.09 45.07±0.28
238.521 46.186 RLQ 1.004 45.50±0.04 25.610 Y 8.58±0.12 45.30±0.19
128.202 42.417 RLQ 1.051 46.30±0.01 26.687 Y 8.56±0.11 45.40±0.23
125.053 43.233 RLQ 1.073 46.60±0.01 25.213 Y 8.98±0.05 45.52±0.10
185.914 46.189 RLQ 1.013 46.60±0.01 26.243 N 8.54±0.17 45.57±0.03
192.913 54.466 RLQ 1.066 46.13±0.01 26.012 N 9.14±0.05 45.41±0.08
128.109 34.571 RLQ 1.005 45.93±0.01 25.742 N 8.75±0.10 45.49±0.06
205.990 57.912 RLQ 0.933 46.12±0.01 25.862 N 8.82±0.15 45.55±0.03
180.364 9.011 RLQ 1.016 46.98±0.01 25.294 N 9.77±0.20 45.80±0.05
214.512 41.826 RLQ 1.042 46.00±0.01 25.207 N 9.05±0.11 46.31±0.01
139.840 50.815 RLQ 0.921 46.43±0.01 25.683 N 9.32±0.04 45.94±0.04
225.132 48.613 RLQ 1.028 47.06±0.01 25.348 N 9.46±0.06 45.96±0.04
238.569 51.539 RLQ 0.907 46.32±0.01 25.094 N 9.02±0.38 45.35±0.06
117.064 22.017 RLQ 1.059 47.31±0.01 24.960 N 9.41±0.05 45.55±0.18
143.386 41.829 RLQ 0.933 45.73±0.01 25.441 N 7.98±0.10 45.35±0.55
128.531 35.787 RLQ 1.087 45.78±0.01 25.535 N 8.09±0.12 45.72±0.07
232.457 39.753 RLQ 1.081 46.24±0.01 26.375 N 8.25±0.22 45.69±0.21
244.016 46.540 RLQ 0.950 45.87±0.01 25.403 Y 8.41±0.15 45.44±0.06
122.316 32.178 RLQ 0.915 45.63±0.01 24.885 N 8.15±0.08 45.30±0.07
128.313 35.113 RLQ 1.098 46.04±0.01 25.483 Y 9.01±0.16 45.55±0.46
217.125 44.664 RLQ 1.050 46.21±0.01 25.534 N 9.10±0.09 45.39±0.12
188.249 51.568 RLQ 0.986 45.95±0.01 25.035 N 8.67±0.14 45.23±0.15
218.224 46.062 RLQ 1.077 46.88±0.01 24.840 N 9.38±0.09 45.53±0.11
239.375 33.080 RLQ 0.953 46.37±0.01 26.098 N 8.62±0.04 45.74±0.01
160.486 59.603 RLQ 1.100 45.72±0.01 24.500 N 8.27±0.31 45.52±0.11
183.873 53.599 RLQ 1.069 46.45±0.01 27.584 N 9.28±0.20 45.36±0.17
114.510 38.521 RQQ 1.023 46.97±0.01 23.819 N 8.92±0.07 46.23±0.02
257.523 64.812 RQQ 1.008 46.52±0.01 23.803 N 9.13±0.06 46.20±0.02
239.210 39.762 RQQ 0.942 46.54±0.01 23.730 N 9.15±0.08 46.09±0.04
151.877 5.162 RQQ 0.920 45.54±0.01 23.706 N 7.23±1.07 46.00±0.04
176.751 62.002 RQQ 1.041 46.87±0.01 23.838 N 8.97±0.12 46.10±0.05
194.250 4.460 RQQ 1.025 47.26±0.01 23.822 N 9.54±0.05 46.13±0.05
144.497 54.408 RQQ 1.067 45.76±0.01 23.864 N 8.18±0.16 46.05±0.03
127.816 42.555 RQQ 0.931 46.41±0.01 23.718 N 9.04±0.07 45.94±0.05
228.836 0.794 RQQ 0.951 46.30±0.01 23.741 N 8.68±0.10 45.88±0.05
259.270 28.234 RQQ 1.078 47.33±0.01 23.876 N 9.39±0.12 46.07±0.04
155.956 52.364 RQQ 0.955 46.89±0.01 23.746 N 9.07±0.04 45.73±0.07
258.376 64.715 RQQ 1.051 46.62±0.01 23.848 N 9.00±0.05 45.96±0.08
223.764 1.703 RQQ 1.053 45.83±0.01 23.850 N 7.75±0.18 45.88±0.05
163.537 4.447 RQQ 1.085 46.80±0.01 23.882 N 9.15±0.07 45.98±0.07
253.130 35.604 RQQ 0.928 45.92±0.01 23.715 N 8.47±0.57 45.63±0.09
140.741 44.781 RQQ 1.077 46.53±0.01 23.875 N 8.35±0.09 45.89±0.08
159.624 58.868 RQQ 0.935 45.76±0.01 23.723 N 8.40±0.11 45.58±0.09
215.353 42.501 RQQ 1.000 46.50±0.01 23.795 N 8.20±0.07 45.72±0.08
158.447 9.678 RQQ 1.028 46.95±0.01 23.825 N 9.40±0.03 45.73±0.08
260.793 59.852 RQQ 0.990 46.09±0.01 23.784 N 8.40±0.09 45.70±0.09
259.387 59.796 RQQ 1.060 46.25±0.01 23.857 N 8.84±0.18 45.71±0.10
135.473 6.988 RQQ 1.082 47.00±0.01 23.879 N 9.38±0.06 45.73±0.08
204.389 59.106 RQQ 1.087 46.99±0.01 23.885 N 9.36±0.02 45.69±0.12
238.651 32.069 RQQ 1.058 46.80±0.01 23.855 N 9.14±0.04 45.61±0.12
158.854 58.060 RQQ 0.964 46.01±0.01 23.756 N 8.43±0.11 45.44±0.14
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206.646 41.942 RQQ 0.902 46.02±0.01 23.685 N 8.87±0.20 45.63±0.08
143.264 46.078 RQQ 1.090 46.50±0.01 23.887 N 9.07±0.06 45.69±0.12
142.597 40.520 RQQ 1.097 46.38±0.01 23.894 N 8.92±0.07 45.74±0.15
152.276 2.599 RQQ 1.100 47.00±0.01 23.897 N 9.08±0.02 45.43±0.14
202.488 54.085 RQQ 0.949 46.96±0.01 23.739 N 9.39±0.07 45.62±0.24
161.407 48.821 RQQ 0.942 45.28±0.05 23.731 N 8.54±0.29 45.51±0.11
248.275 40.296 RQQ 0.974 45.76±0.01 23.767 N 8.46±0.07 45.46±0.10
223.775 56.493 RQQ 1.038 46.73±0.01 23.836 N 9.22±0.03 45.73±0.13
251.572 36.753 RQQ 0.958 45.59±0.02 23.749 N 8.11±0.32 45.43±0.11
155.025 3.552 RQQ 0.936 46.94±0.01 23.724 N 9.43±0.03 45.62±0.52
187.749 10.274 RQQ 1.056 46.13±0.01 23.854 N 9.33±0.28 45.35±0.19
170.823 5.301 RQQ 1.000 46.99±0.01 23.795 N 9.25±0.05 45.59±0.23
131.848 1.170 RQQ 1.081 46.40±0.01 23.879 N 9.31±0.08 45.59±0.16
177.613 66.980 RQQ 1.035 46.96±0.01 23.832 N 9.40±0.02 45.43±0.16
340.498 14.349 RQQ 0.954 46.52±0.01 23.744 N 8.57±0.04 45.33±0.16
160.981 59.515 RQQ 0.909 45.49±0.03 23.692 N 8.12±0.22 45.47±0.17
328.924 12.472 RQQ 1.064 46.92±0.01 23.862 N 9.12±0.05 45.68±0.33
260.379 58.735 RQQ 1.000 46.36±0.01 23.795 N 9.03±0.20 45.65±0.16
162.399 55.831 RQQ 1.056 46.41±0.01 23.853 N 9.39±0.10 45.46±0.10
147.049 55.291 RQQ 1.034 45.69±0.02 23.831 N 8.58±0.39 45.35±0.20
159.730 57.971 RQQ 0.956 46.19±0.01 23.747 N 8.90±0.12 45.35±0.19
160.665 58.542 RQQ 0.998 46.11±0.01 23.793 N 8.23±0.09 45.35±0.23
249.878 41.004 RQQ 1.052 46.39±0.01 23.849 N 9.03±0.13 45.40±0.24
162.249 56.947 RQQ 1.014 46.33±0.01 23.810 N 8.61±0.05 45.52±0.14
141.973 5.610 RQQ 1.062 46.49±0.01 23.860 N 9.31±0.05 45.73±0.23
248.107 41.314 RQQ 0.909 46.26±0.01 23.692 N 8.71±0.14 45.28±0.19
152.149 51.658 RQQ 1.085 46.36±0.01 23.882 N 8.78±0.25 45.52±0.24
248.536 33.212 RQQ 1.007 46.33±0.01 23.802 N 9.13±0.11 45.22±0.28
138.070 42.054 RQQ 1.077 45.56±0.02 23.875 N 8.17±0.16 45.53±0.18
155.298 61.238 RQQ 0.931 45.55±0.01 23.719 N 8.14±0.13 45.06±0.47
160.309 59.039 RQQ 1.094 45.91±0.01 23.891 N 8.49±1.00 45.29±0.41
162.377 59.342 RQQ 1.011 46.12±0.01 23.807 N 8.34±0.09 45.45±0.29
118.095 27.640 RQQ 1.057 46.98±0.01 23.854 N 9.34±0.06 45.77±0.66
7.942 13.775 RQQ 1.007 45.89±0.01 23.803 N 8.38±0.10 45.25±0.37

257.940 60.222 RQQ 0.980 46.28±0.01 23.774 N 8.82±0.20 45.13±0.14
217.072 50.454 RQQ 1.013 46.85±0.01 23.809 N 9.22±0.02 45.31±0.29
204.304 61.130 RQQ 0.926 45.62±0.01 23.713 N 8.79±0.20 45.04±0.48
38.920 0.178 RQQ 0.948 45.69±0.01 23.738 N 8.27±0.15 45.31±1.02
209.600 2.229 RQQ 0.957 47.41±0.01 23.748 N 9.46±0.05 45.31±0.68
187.137 60.626 RQQ 1.040 45.55±0.02 23.837 N 8.63±0.16 45.15±0.39
118.416 25.027 RQQ 0.943 45.92±0.01 23.732 N 9.56±0.42 45.25±0.26
161.747 57.516 RQQ 1.026 46.21±0.01 23.823 N 8.94±0.06 45.07±0.16
117.743 42.271 RQQ 0.938 45.73±0.01 23.726 N 8.39±1.21 45.07±0.06
229.841 53.978 RQQ 1.026 45.61±0.02 23.823 N 8.04±0.85 45.18±1.34
125.624 44.452 RQQ 1.057 46.84±0.01 23.854 N 9.25±0.04 45.33±1.53
116.871 43.769 RQQ 1.086 45.73±0.01 23.884 N 7.91±0.08 45.20±0.48
142.124 50.810 RQQ 1.034 46.33±0.01 23.831 N 9.04±0.05 45.39±0.94
2.128 36.364 LERG 0.911 44.78±0.29 25.993 N 8.92 44.85±0.89
3.451 34.949 LERG 0.926 45.14±0.13 25.526 N 8.44 45.11±0.20
3.879 36.205 HERG 0.968 45.74±0.05 26.034 N 9.08 45.29±0.04
12.734 51.201 HERG 0.936 46.81±0.01 27.470 ? 9.37 -45.26±0.75
22.873 39.716 HERG 0.929 44.80±0.33 26.661 ? 8.25 45.15±0.10
24.169 48.873 LERG 1.029 44.69±0.70 26.520 N 7.85 45.41±0.62
32.570 32.826 HERG 1.073 45.68±0.07 26.618 N 8.91 45.02±0.10
108.520 14.606 HERG 0.920 45.58±0.09 27.371 ? 8.73 45.38±0.85
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114.851 70.386 HERG 0.994 45.61±0.11 27.571 ? 8.97 45.58±0.11
123.247 26.863 HERG 0.936 45.81±0.06 26.219 N 7.93 44.53±0.10
123.411 29.275 HERG 1.098 45.64±0.12 26.456 N 8.20 44.88±0.04
124.445 29.364 LERG 0.918 45.28±0.17 26.096 N 8.98 45.07±0.30
126.428 24.673 HERG 0.992 46.04±0.04 26.094 N 8.41 45.87±0.16
146.578 39.738 LERG 1.035 46.08±0.03 26.729 N 8.31 45.13±0.30
153.554 36.288 HERG 1.042 45.91±0.05 26.739 N 8.28 45.39±0.05
155.167 36.951 HERG 1.053 45.86±0.05 26.862 N 8.21 44.89±0.13
155.730 39.147 LERG 0.923 45.18±0.26 26.760 N 8.35 45.18±0.01
173.148 36.905 HERG 1.060 45.74±0.06 26.870 N 8.31 45.64±0.05
180.100 73.012 HERG 0.970 45.69±0.06 27.78 ? 7.48 45.01±0.08
183.736 37.814 LERG 0.950 45.10±0.16 26.713 N 8.35 45.25±0.51
185.041 36.485 HERG 1.088 45.33±0.15 26.856 N 8.45 45.65±0.03
194.241 47.339 HERG 0.996 46.71±0.01 27.819 ? 8.35 45.33±0.18
194.775 36.533 HERG 1.070 46.01±0.04 26.937 N 9.04 45.67±0.05
194.875 36.284 HERG 1.004 45.68±0.06 26.639 N 8.72 45.11±0.18
206.363 49.775 HERG 0.967 46.27±0.02 27.501 ? 9.10 45.35±0.13
248.641 62.760 HERG 0.988 46.59±0.01 27.733 ? 8.78 -45.30±0.56
261.079 50.961 HERG 1.079 46.44±0.02 27.534 N 8.75 45.210±0.08
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B2. SMA observations of the 44 RLQs cantidates for synchrotron

contamination (Chapter 4).

name Atmosheric Dates Observed Number of S1300µm

opacity (τ ) frequency antennas (mJy)
(GHz)

SDSS075928.3+301028.3 0.05 150130 225.436 3 < 4 × 3.8
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 5.13 ± 3.4
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 37.9 ± 3.3
SDSS082901.3+371806.1 0.06 150209 219.178 5 6.90 ± 3.40
SDSS083226.1+343414.3 0.10 150216 226.143 5 3.40 ± 2.4
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 × 2.6
SDSS090142.4+425631.0 0.12 150219 225.435 6 2.87 ± 3.10
SDSS091011.0+463617.8 0.12 150219 225.435 6 < 4 × 2.3
SDSS091921.6+504855.4 0.12 150219 225.435 6 2.49 ± 2.30
SDSS094740.0+515456.8 0.12 150219 225.435 6 < 4 × 2.3
SDSS100940.5+465525.0 0.12 150219 225.435 6 4.9 ± 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 5.02 ± 1.50
SDSS122339.3+461118.7 0.12 150225 225.476 5 23.43 ± 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 < 4 × 2.8
SDSS131103.2+551354.4 0.05 150208 235.509 5 63.1 ± 2.5

0.12 150219 225.435 6 77.5 ± 2.5
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 ± 2.4

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 × 2.50
SDSS134934.6+534117.0 0.05 150208 235.509 5 205.7 ± 2.7
SDSS141028.2+460821.0 0.10 140524 7 5.3 ± 1.5
SDSS142829.9+443949.8 0.10 140524 7 < 4 × 1.8
SDSS143844.8+621154.5 0.10 140524 7 8.8 ± 3.1
SDSS144527.4+392117.0 0.12 150219 225.435 6 11.54 ± 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 < 4 × 1.3
SDSS155405.0+461107.5 0.05-0.1 140530 7 5.4 ± 1.1
SDSS155416.5+513218.9 0.05-0.1 140530 7 < 4 × 1.3
SDSS155729.9+330446.9 0.12 150219 225.435 6 18.95 ± 2.40
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FIGURE A.1: Radio to FIR spectral energy distribution (SEDs, solidblack) for representative
RLQs observed with SMA. Open squares show the 325 (WENSS) and1400 MHz (FIRST) radio
photometry, open stars the 1300µm SMA photometry (arrow indicated the4σ upper limit) and open
circles the SPIRE and 160µm PACS photometry. The 70µm PACS photometry is shown with a
smaller circle and is not used for the SED fitting. Error bars correspond to1σ photometric uncer-
tainties. The radio photometry has been fitted with a broken power-law from 325 to 1400 MHz and
from 1400 MHz to 230 GHz (or 1300µm; green dashed line) and the FIR photometry with an op-
tically thin modified blackbody component (red dashed line). The dotted black line shows the radio
spectrum based on WENSS and FIRST radio observations only. The dotted red lines show the1σ
blackbody fitting uncertainty. The inner plot show the blackbody fittingχ2 value as a function of dust
temperature. The SED plot are arrange in terms of non-thermal contamination at 1300µm, from top
to bottom. The top panel show RLQs that have been rejected from our sample, the middle and bottom
panels RLQs without significant synchrotron contaminationat the FIR band while the bottom panel
RLQs that the 1300µm emission is dominated by the thermal component.
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González-Solares E. A. et al., 2011, MNRAS, 416, 927

Goudfrooij P., de Jong T., 1995, A&A, 298, 784

Goulding A. D., Alexander D. M., 2009, MNRAS, 398, 1165

Graham A. W., Scott N., 2013, ApJ, 764, 151

Granato G. L., Silva L., Monaco P., Panuzzo P., Salucci P., DeZotti G., Danese L., 2001,
MNRAS, 324, 757

Green P. J. et al., 2009, ApJ, 690, 644

Green P. J., Myers A. D., Barkhouse W. A., Aldcroft T. L., Trichas M., Richards G. T., Ruiz
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Hopkins P. F., Richards G. T., Hernquist L., 2007, ApJ, 654, 731

Hopkins P. F., Younger J. D., Hayward C. C., Narayanan D., Hernquist L., 2010, MNRAS,
402, 1693

Hoyle F., Fowler W. A., 1963, MNRAS, 125, 169

Hughes S. A., Blandford R. D., 2003, ApJ, 585, L101

Hyvönen T., Kotilainen J. K.,̈Orndahl E., Falomo R., Uslenghi M., 2007, A&A, 462, 525

Ibar E., Ivison R. J., Biggs A. D., Lal D. V., Best P. N., Green D. A., 2009, MNRAS, 397,
281

Ibar E. et al., 2010, MNRAS, 409, 38

Ikeda H. et al., 2011, ApJ, 728, L25

Ilbert O. et al., 2009, ApJ, 690, 1236

Impey C., Petry C., 2001, ApJ, 547, 117

Inskip K. J., Best P. N., Longair M. S., Röttgering H. J. A., 2005, MNRAS, 359, 1393
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Ivezić Z. et al., 2004, in Astronomical Society of the Pacific Conference Series, Vol. 311,
AGN Physics with the Sloan Digital Sky Survey, Richards G. T., Hall P. B., eds., p. 347

Iwasawa K., Sanders D. B., Evans A. S., Trentham N., MiniuttiG., Spoon H. W. W., 2005,
MNRAS, 357, 565

Jansen F. et al., 2001, A&A, 365, L1

Jarvis M. J., McLure R. J., 2002, MNRAS, 336, L38

Jarvis M. J., McLure R. J., 2006, MNRAS, 369, 182

Jarvis M. J., Rawlings S., 2000, MNRAS, 319, 121

Jarvis M. J., Rawlings S., Eales S., Blundell K. M., Bunker A.J., Croft S., McLure R. J.,
Willott C. J., 2001a, MNRAS, 326, 1585



BIBLIOGRAPHY 186

Jarvis M. J., Rawlings S., Willott C. J., Blundell K. M., Eales S., Lacy M., 2001b, MNRAS,
327, 907

Jarvis M. J. et al., 2010, MNRAS, 409, 92

Jiang L. et al., 2009, AJ, 138, 305
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Pâris I. et al., 2014, A&A, 563, A54

Park T., Kashyap V. L., Siemiginowska A., van Dyk D. A., ZezasA., Heinke C., Wargelin
B. J., 2006, ApJ, 652, 610

Pascale E. et al., 2011, MNRAS, 415, 911

Penston M. V., Perez E., 1984, MNRAS, 211, 33P

Peterson B. M., 1993, PASP, 105, 247

Pilbratt G. L. et al., 2010, A&A, 518, L1



BIBLIOGRAPHY 192

Podigachoski P. et al., 2015, A&A, 575, A80

Poglitsch A. et al., 2010, A&A, 518, L2

Polletta M. et al., 2007, ApJ, 663, 81

Popesso P. et al., 2012, ArXiv e-prints

Priddey R. S., Isaak K. G., McMahon R. G., Omont A., 2003a, MNRAS, 339, 1183

Priddey R. S., Isaak K. G., McMahon R. G., Omont A., 2003b, MNRAS, 339, 1183

Priddey R. S., Isaak K. G., McMahon R. G., Robson E. I., Pearson C. P., 2003c, MNRAS,
344, L74

Priddey R. S., Ivison R. J., Isaak K. G., 2008, MNRAS, 383, 289

Puccetti S. et al., 2009, ApJS, 185, 586

Punsly B., Coroniti F. V., 1990, ApJ, 354, 583

Rafferty D. A., Brandt W. N., Alexander D. M., Xue Y. Q., BauerF. E., Lehmer B. D., Luo
B., Papovich C., 2011, ApJ, 742, 3

Ramos Almeida C. et al., 2012, MNRAS, 419, 687

Rawlings S., Eales S., Lacy M., 2001, MNRAS, 322, 523

Rees M. J., 1984, ARA&A, 22, 471

Rees M. J., 1989, MNRAS, 239, 1P

Rengelink R. B., Tang Y., de Bruyn A. G., Miley G. K., Bremer M.N., Roettgering H. J. A.,
Bremer M. A. R., 1997, A&AS, 124, 259

Richards G. T. et al., 2005, MNRAS, 360, 839

Richards G. T. et al., 2002, AJ, 123, 2945

Richards G. T. et al., 2011, AJ, 141, 167

Richards G. T. et al., 2009, ApJS, 180, 67

Richards G. T. et al., 2006a, AJ, 131, 2766

Richards G. T. et al., 2006b, AJ, 131, 2766

Rigby E. E., Argyle J., Best P. N., Rosario D., Röttgering H.J. A., 2015, A&A, 581, A96
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