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Preface

As Active Galactic Nuclei (AGN) began to be discovered less than a century ago, it was
clear that they would play an important role in many aspects of modern astrophysics. In
the past decade, studies of the local Universe have established the presence of Supermas-
sive Black Holes (SMBHs) in the nuclei of virtually all galaxies with a bulge/spheroidal
component (Kormendy and Richstone, 1995), and one of the first queries people raised
up was whether and how the SMBH and its host galaxy could be interconnected. The
comparison between the shape of the Stellar Mass Function, and the Halo Mass Function
and the discovery that they do not follow the same behavior at the lowest and at the
highest mass regimes, gave birth to the idea that some mechanisms are necessary to
explain the different efficiency of the dark matter halos in turning gas into stars (see e.g.,
Behroozi et al., 2013). At low masses the most accepted scenarios deal with either the
action of feedback from Supernovae (which regulates the formation of stars into galaxies
by heating the inter-galactic medium) or the so-called gas starvation or strangulation
(recently proposed by Peng et al., 2015, and which assumes that for some reasons the
gas inflow into the SMBH is halted, so the star formation can continue for a limited
period of time depending on the gas reservoirs still present within the galaxy). On the
contrary, at the high mass end there is the need for more disruptive phenomena, able to
quench the star formation and not simply to slow it down. Since feedback from AGN has
been proposed as the major channel for the BH-galaxy interplay, efforts have been made
to understand where and how it works. There is now a direct evidence for AGN-driven
outflows being able to remove large amounts of gas from the galaxy central region, and
so for being regarded as a viable feedback mechanism. Nevertheless, both observations
and theory suggest that the mass outflows’ rate is proportional to the AGN luminosity;
therefore, the best places where to hunt for feedback mechanisms are the sources which

lie at the high extreme of the AGN Luminosity Function (LF).



The characterization of the AGN evolution through the study of the AGN LF is manda-
tory if we want to constrain the theories of galaxy and SMBH formation and growth. It
is therefore obvious that the luminosity emitted from the AGN begins a key parameter
not only to describe the single source itself, but within a wider context of galaxy-BH
evolution. Even the famous argument by Soltan (1982), who predicted that the cosmo-
logical growth of SMBHs is mostly because of the accretion of matter during their active
phases, is based on some assumptions on the AGN luminosity and accretion efficiency.
The same goes for several theories which have been developed to describe physical pro-
cesses possibly responsible of a common formation scenario for galaxies and their central
black hole (Volonteri et al., 2003; Springel et al., 2005; Vittorini et al., 2005). However,
the bolometric luminosity (i.e., the luminosity integrated over the whole electromagnetic
spectrum) is not the simplest observable to measure, because it requires a complete and
reliable knowledge of the AGN spectral energy distribution (SED), and a good treatment
of the contamination by the galaxy. Hence the need to calibrate affordable methods to
estimate the AGN luminosity when only a narrow region of their spectrum is available.
There is a further point which raises problems in our current knowledge of the SMBH-
galaxy connection paradigm: all the scaling relations between the SMBH mass and some
properties of the galaxy (i.e., mass and luminosity of the bulge, stellar velocity disper-
sion) have been found using local quiescent galaxies. Shankar et al. (2016) showed that
using Monte Carlo simulations, resolution-related selection effects have the potential to
increase the normalization of the Mpy - o relation by a factor of a few, and the Mpjr -
M, by at least an order of magnitude. The presence of these biases is confirmed when
the scaling relations are measured using type 1 AGN where the BLR structure and dy-
namics have been modelled directly (Pancoast et al., 2014; Grier et al., 2017; Williams
et al., 2018). Even more: what about the role of type 2 sources in these scaling relations?
Due to the difficulty in measuring their BH mass, we have no strict constraints on the
way they move on the local scaling relations. Being however the most predominant frac-

tion of the AGN population, they are fundamental to puzzle the co-evolutionary scenario.

The work performed in this thesis is inserted in this scientific framework. We have stud-
ied two main AGN samples showing complementary properties. The first one belongs to
a wide project which consists in the broad-band analysis of an infrared-selected (WISSH,
standing for WISE-SDSS Selected Hyper-luminous) sample of the ~ 90 type 1 most
luminous AGN known in the redshift range 2<z<4. Given their extreme luminosities
(Lor > 2 x 10%7 erg/s), they represent the perfect place to look for feedback mecha-
nisms in place. Thanks to the multi-wavelength coverage available, studies focused in
different bands of their SED have been performed, leading to the characterization of their
X-ray properties (Martocchia et al., 2017) and to the discovery of very powerful outflows



(Bischetti et al., 2017; Vietri et al., 2018). For this specific work we analyzed the 16
WISSH sources with Herschel data available in the three SPIRE bands (250, 350 and
500 pm), deriving their main physical properties (i.e., bolometric and monochromatic
luminosities, star formation rate and dust masses). We focused on their infrared proper-
ties, finding extreme (up to thousands of solar masses per year) values of star formation
rate (SFR) even properly accounting for the not negligible AGN contribution to the FIR
fluxes, estimated to be about the 50%. Their unusual properties make them as witnesses
of a very precise phase in the galaxy life cycle, in between the hot dust-obscured galaxies
(hot DOGs) and the optically luminous sources. Within this framework we have car-
ried out the analysis of a Compton thick hyper-luminous AGN at z ~ 2 observed by
NuSTAR, and whose X-ray emission and SED-derived physical properties confirm the
dust-enshrouded transitional phase which eventually leads to an optically bright AGN.
The second sample of type 1 and type 2 sources, extracted from the SWIFT/BAT 70-
month catalog, shows complementary properties both in redshift (being local, at z < 0.1)
and luminosity (Lpor ~ 10* — 10* erg/s) if compared with the WISSH one. For a
sub-sample of 15 type 2 sources, estimates of the BH mass are available via deep NIR
spectroscopy (Omori et al., 2017b). Together with the derivation of the physical prop-
erties via SED-fitting, the knowledge of the BH masses allowed us to characterize the
Mpp — M, plane adding the information about the type 2 population, which was not
investigated so far.

The combination of the high luminosity WISSH sample and of the low luminosity
SWIFT/BAT sample, results in a collection of type 1 and type 2 AGN sources which
spans a wide range of AGN luminosity (from 10%! erg/s to 10%® erg/s). We were therefore
able to build up a new bolometric correction relation, statistically representative for the

whole AGN population, and valid over the most extended luminosity range (~ 7 decades)

ever sampled.

A general overview of our theoretical understanding (or lack thereof) of the AGN phe-
nomenon, their physical and observational features and their classification in the unified
model framework are summarized in Chapter 1, while Chapter 2 is focused on our current
knowledge about the AGN-galaxy co-evolution. In Chapter 3 we describe the SED-fitting
method we used to disentangle the different emission components. Chapter 4 is devoted
to the analysis of the high-luminosity WISSH AGN sample, the characterization of their
SED, the derivation of the main physical properties of both AGN and galaxy and the
focus on the BH accretion-star formation activity relation. In Chapter 5 we analyze the
particular case of the hyper-luminous hot DOG source W1835+44355, describing the data
reduction process and the optical-to-IR, SED modelling with the derivation of both its
bolometric luminosity and SFR. In Chapter 6 the low-luminosity SWIFT /BAT sample



is described, with a focus on the SED-fitting procedure adopted to gain the best from
the X-ray data, and the main physical properties we were able to derive. Moreover,
we present a new bolometric correction in the hard X-ray regime, obtained by using the
WISSH AGN with X-ray data available and the SWIFT /BAT sample, and which allowed
to extend the range of luminosities at the high and at the low tails of the Kpor, — Lpor

relation.

The work described in this Thesis was undertaken between January 2016 and October
2018, while I was a PhD student under the supervision of Prof. Fabio La Franca at
Universita degli studi Roma Tre, and in collaboration with Dr. Angela Bongiorno of the
astronomical observatory of Rome in Monte Porzio Catone. I have been also visiting
student (3 May - 3 August 2018) at Kavli IPMU (Kashiwanoha, Tokyo, Japan) where I

worked in collaboration with John Silverman.

Portions of this Thesis have appeared in the following papers:

Chapter 4:

F. Duras, A. Bongiorno, E. Piconcelli, S. Bianchi, C. Pappalardo, R. Valiante, M. Bis-
chetti, C. Feruglio, S. Martocchia, R. Schneider, G. Vietri, C. Vignali, L. Zappacosta, F.
La Franca, F. Fiore. 2017A&A...604A..67D, The WISSH quasars project. II. Giant

star nurseries in hyper-luminous quasars;

M.Bischetti, E.Piconcelli, C.Feruglio, F. Duras, A.Bongiorno, S.Carniani, A.Marconi,

C.Pappalardo, R.Schneider, A.Travascio, R.Valiante, G.Vietri, L.Zappacosta, and F.Fiore.

2018A&A...617A..82B The WISSH quasars project. V. ALMA reveals the assembly
of a giant galaxy around a z = 4.4 hyper-luminous QSO.

Chapter 5:
L. Zappacosta, E.Piconcelli, F. Duras, C.Vignali, R.Valiante, S.Bianchi, A.Bongiorno,

F.Fiore, C.Feruglio, G.Lanzuisi, R.Maiolino, S.Mathur, G.Miniutti, C.Ricci. 2018A&A...

The hyperluminous Compton-thick z ~ 2 quasar nucleus of the hot DOG W1835+4355
observed by NuSTAR.

Moreover, the WISSH program in which I have been involved in during my PhD has led

to the publication of other refereed papers:

e G. Vietri, E. Piconcelli, M. Bischetti, F. Duras, S. Martocchia, A. Bongiorno, A.
Marconi, L. Zappacosta, S. Bisogni, G. Bruni, M. Brusa, A. Comastri, G. Cresci,

.618A..28Z



C. Feruglio, E. Giallongo, F. La Franca, V. Mainieri, F. Mannucci, F. Ricci, E.
Sani, V. Testa, F. Tombesi, C. Vignali, and F. Fiore. 2018A&A...617A..81V
The WISSH Quasars Project IV. BLR versus kpc-scale winds

e S. Martocchia, E. Piconcelli, L. Zappacosta, F. Duras, G. Vietri, C. Vignali,
S. Bianchi, M. Bischetti, A. Bongiorno, M. Brusa, G. Lanzuisi, A. Marconi, S.
Mathur, G. Miniutti, F. Nicastro, G. Bruni, F. Fiore. 2017A&A...608A..51M,
The WISSH Quasars Project III. X-ray properties of hyper-luminous quasars

e M. Bischetti, E. Piconcelli, G. Vietri, A. Bongiorno, F. Fiore, E. Sani, A. Marconi,
F. Duras, L. Zappacosta, M. Brusa, A. Comastri, G. Cresci, C. Feruglio, E.
Giallongo, F. La Franca, V. Mainieri, F. Mannucci, S. Martocchia, F.Ricci, R.
Schneider, V. Testa, C. Vignali. 2017A&A...598A.122B, The WISSH quasars

project. 1. Powerful ionised outflows in hyper-luminous quasars

Moreover, I also gave my contribution to the following refereed papers:

e M. Brusa, G. Cresci, E. Daddi, R. Paladino, M. Perna, A. Bongiorno, E. Lusso,
M.T.Sargent, V. Casasola, C. Feruglio, F. Fraternali, I. Georgiev, V. Mainieri, S.
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wind scaling relations and the co-evolution of black holes and galaxies

The work I have carried out during my PhD has been presented by myself as a speaker

in the following international conferences:

e October 8-12 2018, at Milano (MI): Conference “AGN13. Beauty and the beast:
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Talk: “Probing the AGN /galaxy coevolution in the widest dynamical
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SED fitting.”
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CHAPTER 1

Active Galactic Nuclei

This chapter aims at providing a brief introduction on the physics of Active Galactic
Nuclei (AGN).

1.1 Basic concepts

With the name Active Galactic Nuclei, or AGN, one refers to energetic astrophysical
sources powered by accretion onto supermassive black holes (SMBHs) in galaxies, which
present unique observational signatures that cover the full electromagnetic spectrum
over more than twenty orders of magnitude in frequency (Padovani et al., 2017). They
are stronger emitters than the nuclei of normal galaxies, and this “adjoint” component
cannot be attributed directly to stars. Active Galactic Nuclei have been known since
1943, when Seyfert (1943) discovered six spiral nebulae with bright nuclei whose spectra
showed broad permitted emission lines, produced by atoms in a wide range of ionization
states. Carl Seyfert was the first to notice that these emission lines were emitted from
point-like sources at the center of the galaxies, which contributed to a huge fraction of
the total light of the entire system. These objects are today known as "Seyfert galaxies".
With the advances in radio astronomy in the 1950s, a lot of energetic phenomena were
discovered, leading to the observation of the first quasars. The distinction between the
two subclasses of AGN (Seyfert and quasars) is to some degree a matter of semantics.

The fundamental difference relies in the amount of radiation emitted by the compact
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central source; in the case of a typical Seyfert galaxy, the total energy emitted by the
nuclear source at visible wavelengths is comparable to the energy emitted by all the stars
in the galaxy (i.e. ~ 10! L), but in a typical quasar the nuclear source is brighter than
the stars by a factor of 100 or more.

Historically, the early failure to realize that Seyferts and quasars are probably related has
probably to do with the different methods by which these two types of objects were first
isolated, which left a large gap in luminosity between them. The appearance of quasars
did not initially suggest identification with galaxies, which is a consequence of the basic
fact that high-luminosity objects, like bright quasars, are rare. One is likely to find rare
objects only at great distances, which is of course what happens with quasars. At very
large distances, only the star-like nuclear source is seen in a quasar, and the light from
the surrounding galaxy, because of its small angular size and relative faintness, is lost in

the glare of the nucleus. Hence, the source looks “quasi-stellar".

However, the main peculiar features that one can ascribe to an AGN source, although

not necessary present at the same time, are :

e small/unresolved angular size
e broad-band emission from the nucleus

e strong nuclear emission lines (mainly in the UV /optical and IR part of the spec-

trum)
e variability both in the continuum and emission lines and especially in the X-rays

e higher degree of polarization (0.5-2%) with respect to normal galaxies

1.2 AGN Taxonomy

From an observational point of view the classification of AGN can be rather complex
and confusing, and the past years have seen a proliferation of AGN classes. However, the
reality is simpler, as differences in the various classes of AGN can be ascribed to small
changes in a few number of parameters (the orientation, the accretion rate, the presence
of jets, and so on). A simple taxonomy of the main types of AGN (see e.g., Peterson,

1997) is the following:

e Seyfert galaxies: originally classified by Seyfert (1943). They are composed of
AGN with moderate bolometric luminosity (Lpy ~ 10*! — 10 erg s71). These
are radio-quiet object and have high central surface brightness, although the host
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galaxy is still clearly detectable; they tend to be spirals, with massive galactic
bulges and the presence of an interstellar medium. Since their original discovery,
the classification has evolved such that they are also spectroscopically identificable
by the presence of high-ionization emission lines. Seyfert galaxies are, themselves,
divided into two groups: Seyfert 1 and Seyfert 2 sources (Syls and Sy2s), as was
first realized by Khachikian and Weedman (1974).

— Type-1 Seyfert galaxies: are those with highly ionized, broad permitted lines,
together with narrow forbidden lines. The narrow lines come from low-density,
low-ionization gas, in the so-called Narrow-Line Region (NLR, see Section
1.3.3), and have full width at half maximum (FWHM) of a few hundred km s~!
(i.e. still broader than those lines observed in non-active galaxies). Because
the density in the NLR is low, transitions are not collisionally de-excited, and
so the radiative transitions (and, hence, the forbidden lines) are observed. The
broad lines have widths Doppler-broadened up to 10* km s~*. The Broad Line
Region (BLR, see Section 1.3.3) is located closer in to the black hole, shown
by both the increased width of the lines, and the higher ionization state; since
only permitted lines are seen, the BLR is thought to be the densest between

3. compared to ~ 103 — 10%cm™3 for the

the two regions, with n, > 10%cm™
NLR. There are certain objects, known as Narrow Line Seyfert 1 galaxies,
which do show the broad lines (c.f. type-2 galaxies; see below), but they are
narrower than in the typical broad-line Seyfert 1s. NLS1s are thought to have
high accretion rates and, very probably, small black hole masses (see, e.g.,

Bian and Zhao, 2003). This will be discussed below.

— Type-2 Seyfert galaxies: differ from the type-1 objects by showing only the
narrow lines. They have an [OIII] A5007 to Hg ratio of < 3 (Shuder and
Osterbrock, 1981); Seyfert 2s also tend to show weaker |Fell| (or higher ion-
ization iron) emission lines than their Seyfert 1 counterparts. The difference
between Seyfert 1 and 2 type galaxies, as discussed in Section 1.5, it is likely

to be mainly due to an orientation effect.

e Quasars: or QSOs (Schmidt 1963) are the most luminous of the AGN family with

a bolometric luminosity Lyy ~ 10%* — 10%7 erg s~1.

Their spectra are similar to
those of Seyferts. However they are usually found at higher redshift (z > 0.1) and
the host galaxy is hardly, if not at all, resolved. They can have a significant radio
emission, in which case this radiation can be related to relativistic jets or extended

emission lobes.

e Radio Galaxies: are moderate or bright AGN (Lyy ~ 10*2 — 10*6 erg s=!) and

their peculiarity is their powerful emission in the radio-mm band. Although radio
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galaxies are considered, in some senses, to be radio-loud Seyferts, they typically
occur in elliptical galaxies, rather than spirals. The radio lobes in these galaxies
are powered by a jet of particles and emit non-thermal, synchrotron radiation (e.g.,
Blandford, 1974). They can be classified as Broad Line radio Galaxies (BLRGs)
or Narrow Line radio Galaxies (NLRGs) depending on the presence of broad or

narrow emission lines in their optical-UV spectra.

e OVV & Blazars: the Optically Violent Variables (OVV) show the highest vari-
ability among all the AGN, from the radio up to the X-ray bans. Their optically
emission is also strongly polarized.

Blazars or BL Lacs (named after the first object in the class, identified in the di-
rection of the constellation of Lacerta, the lizard) do not have visible radio lobes
and do not show emission/absorption lines. Blazar spectra are purely power-law

continua, with no thermal component.

e LINERs: Low Ionisation Nuclear Emission-Line Region galaxies are the least
luminous of the classifications. They were first identified by Heckman (1980) and
are, in fact, very common, possibly existing in nearly half of all spiral galaxies (Ho
et al., 1994). LINERS show only weak nuclear activity, with most of their emission
coming from starlight. The emission line spectra indicate the existence of a non-
stellar continuum, although this has yet to be observed directly (Netzer and Maoz,
1990). The observational difference, in the optical region, between LINERS and
Seyfert 2 type galaxies lies in the relative strength of certain low-ionization lines,
with Heckman’s definitions being that the [OII] A\ 3727, 3729 lines are stronger
than the [OIII] A5007 line, [OI] A 6300/[OIII]A5007 < 0.33 and [NII| A 6584 /H, 2
0.6.

As a final note to this section, Starburst galaxies should be mentioned. These are galaxies
in which the star-formation rate is much higher than average. They contain many young
stars and are more energetic than normal galaxies, although not as luminous as AGN.
They show strong IR emission, due to the heating of dust by UV emission from the young
stellar population. Starbursts may be formed through the merger of galaxies. Although
there are not AGN as such, much work has been done on the connection between the

groups.

1.3 AGN structure

It is widely accepted that the central engine of AGN consists of a supermassive black

hole surrounded by an accretion disc where the material in gravitational infall dissipates
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its kinetic energy. This accretion disc is heated to high temperatures and it is thus

responsible of most of the observed radiation.

1.3.1 The central engine

The nature of the central engine is in turn related to the conversion of the mass into

radiant energy, which can be defined as:
E =nMc? (1.1)

Here, n is the mass-energy efficiency conversion.

The rate at which the energy is emitted is simply:
L=— =nMc (1.2)

where M = dM/dt is the mass accretion rate and c is the speed of light.
Using observations of the variability time-scale At (of the order of hours) together with
the assumption of the casuality principle, the size of the central emitting source is rec-

ognized to be (as an upper limit) R < cAt ~ 10~ 4pc.

One of the most important astronomical discoveries of the last 10-20 years is the finding
that massive galaxies in the local Universe host a central massive black hole (Mpy ~
10° — 10'°M,)) with a mass proportional to that of the galaxy spheroid (e.g., Magorrian
et al., 1998; Tremaine et al., 2002). The tightness of this BH-spheroid mass relationship
suggests a symbiotic connection between the formation and growth of galaxy spheroids
and BHs, which might be expected since both processes are predominantly driven by a
cold-gas supply, provided by the host galaxy or the larger-scale extragalactic environ-
ment. The big difference in physical size between the BH and the galaxy spheroid (~
9 orders of magnitude) means that the gas has to be driven down to ~ 10 pc before it
will come under the gravitational influence of the BH. The gas has to lose ~ 99.9% of
its angular momentum to go from a stable orbit at r = 10kpc to r = 10pc (e.g., Jorge,
2006).

The potential energy of a mass m at a distance r from a central source of mass M is:

_ GMm
o

Q

(1.3)

with G Gravitational constant.

The rate at which the potential energy of the infalling material is converted to radiation
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FIGURE 1.1: Schematic diagrams from Alexander and Hickox (2012a) to illustrate the

large-scale processes that are thought to be responsible for triggering AGN activity:

major mergers of gas-rich galaxies, secular evolution (which includes both internal sec-

ular evolution and external secular evolution, the latter of which is driven by galaxy

interactions), and hot halo accretion, which is presumed to be the dominate BH growth
mode for low-excitation radio-loud AGNs.

is:

dQ GMdM GMM

L~ —=—— = 14
dt rodt r (14)
The comparison between the equations gives the accretion efficiency:
GM  Rg
Nacer ™~ 2 = 277" (15)

Rg is the Schwarzschild radius : Rg = 2GM/c?.

The efficiency for a Schwarzschild black hole is typically estimated to be ~ 0.057 (e.g.,
Marconi et al., 2004; Merloni, 2004) while considering a maximally rotating Kerr SMBH
it can reach values of ~ 0.42. Large-scale gravitational instabilities such as those pro-
duced by galaxy bars, mergers and interactions between galaxies, are expected to remove
significant amounts of angular momentum and to drive the gas into the central regions
of galaxies, as shown in Figure 1.1.

However, the gravitational torques exerted on the gas by these large-scale processes have
a limited effect on sub-Kpc scales, and smaller-scale processes are predicted to drive the

gas down to ~ 10-100 pc.

The accretion onto a SMBH is limited by the effects of the radiation pressure experienced

by the infalling matter. As first pointed by Arthur Eddington in the 1920s, this limit
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depends on the mass of the central source and by the opacity of the infalling material.
A SMBH accreting at the critical mass accretion rate emits at the so called Eddington
luminosity: this critical value is obtained by imposing the balance between radiation
pressure acting on electrons (neglecting radiation pressure on protons) and the gravita-
tional force acting on protons (neglecting that acting on electrons), being electrons and
protons coupled by the electromagnetic interaction. The outward radiation force acting

on a single electron at a distance r from a source of luminosity L is given by:

L

Frpg = ——— -
rad = 4rr2e

or (1.6)

where the first term is the outward momentum flux and the second the Thomson scat-

1

tering section *. The modulus of the gravitational force experienced by a proton with

mass m, at a distance r due to the central mass M is given by:

GMm
Forav = ——5— (1.7)
r
Equating the two relations one gets the Eddington luminosity:
4G M
Lpag = —22C 126103 2 erg/s (1.8)
orT M@

Luminosities and accretion rates higher than the Eddington limit in so-called Super-
Eddington accretion are possible: if the luminosity exceeds the Eddington luminosity,
the gas is expelled. The ratio of the observed accretion luminosity over the Eddington
luminosity is called the Eddington ratio (Ag4gq = Lace/LEdq) and it is a useful quantity

to compare BH accretion rates over a wide range of BH masses.

1.3.2 The Accretion Disc

The power house behind AGN activity is mass accretion onto the BH on < 1pc scales.
The basic theory of the accretion disc (the so-called « disc) has been around for almost
40 years (e.g., Shakura and Sunyaev, 1973). In the case of optically thick accretion,
viscosity causes the gas to lose angular momentum and fall towards the BH, transporting
the angular momentum outwards. The optically thick accretion disc is geometrically thin
and the energy spectrum is comprised of multi-temperature components which reach their
peak temperature at the centre. According to the virial theorem, half of the potential

gravitational energy released heats the gas, while the other half is radiated away:

GMM
2r

= 27r?oT? (1.9)

lor = %(m‘iz Y2 =6.65- 10" cm?.
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where 0T is the energy emitted per unit area and time by a black body with temperature
T and 2772 is the disk area.

The temperature at a distance r is then:
T o (MM)Y4p=3/4 (1.10)

which can be rewritten in terms of the Eddington accretion rate Mpgq = Lpgq/nc® as

follows:

M M r
T(r) = 6.3-10°(——\1/4 S VYIRS LAY '8 1.11
(7) <MEdd> <108M®> <TS> (1.11)

Thermal emission from an AGN accretion disk is expected to be prominent in the large

UV spectrum with a temperature peak T ~ 10° K.

Depending on the accretion disc viscosity and the mass accretion rate, the accretion
disc is predicted to change between an optically thick and an optically thin state. The
transition from optically thin to optically thick is likely to correspond to an Eddington
ratio of 1072 —1072 (e.g., Esin et al., 1997; Gallo et al., 2003). The alternative solution to
the accretion-disc equations is therefore the optically thin accretion disc, a state achieved
at low mass accretion rates and generically referred to as Radiatively Inefficient Accretion
Flows (RIAFs; e.g., Narayan and Yi, 1994; Blandford and Begelman, 1999). The optically
thin accretion disc is unable to cool efficiently (the cooling time exceeds the accretion
time) and the energy is lost through non-radiative processes such as convective transport
of energy and angular momentum to large radii or an outflowing wind. Magnetic fields
are likely to dominate viscosity and the transport of angular momentum in accretion

discs.

1.3.3 Narrow and Broad-Line regions

One of the most important observational features of AGN is the presence of redshifted,
time variable emission lines with Doppler widths of order of 10% to a few 10* km s~!. The
most prominent of these lines are the hydrogen Balmer lines Ha A6563, HB A\4861, H~
4340 and Lya A1216. Moreover, also forbidden or semi-forbidden lines as Mgl A2798,
[CIII] A1909 and CIV A1549. The narrower widths (a few hundred km s~!) and the lack
of variability led to the conclusion that these lines originate from a region that was much
larger and kinematically distinguished from that of the broad lines. The Broad Line
Region (BLR) has a size of 10-100 light days in Seyfert 1 galaxies, and up to a few light
years in bright quasars. The electron density in this region is at least 103¢m ™2 and the
gas velocity 3000-10000 km s~'. On the contrary, in the Narrow Line Region the density
is about 103 — 105 cm™3 with a velocity of the gas of 300-1000 km s~!. It is resolved by

ground-based observations in several nearby Seyfert galaxies, showing dimension of 100
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- 300 pc. Low density hot (T ~100-1500 K) gas in this extended region is ionized by
high energy photons from the inner AGN regions.

1.3.4 The dusty torus

The dusty molecular torus surrounding the central engine of AGN is expected to consist
of molecular gas of warm and hot dust (T ~100-1500 K). The simplest torus is made
of a smooth distribution, while observations prefer more elaborated structures, made
of clumps and inter-clump material. The inner radius of the torus is set by the dust

sublimation temperature.

1.4 Spectral Energy Distribution

Active Galactic Nuclei show a detectable emission covering the whole electromagnetic
spectrum: this means that they are being discovered in all spectral bands and, most
importantly, that the different wavelength regimes open different windows on the physics
of AGN. They emit roughly equal amounts of energy throughout the major part of the
electromagnetic spectrum, extending from > 100um in the FIR to > 10 keV in the hard
X-ray. The 10% also emit strongly at radio wavelengths and a significant fraction of
these are strong gamma-ray sources. Their emission can be described by means of the
Spectral Energy Distribution (SED), generally a log(vF,) vs logv or log(AF)) vs log\
plot showing the energy emitted per decade of frequency (or wavelength).

Thus, to obtain a complete picture of these powerful sources, observations must be made
at all wavelengths. In many parts of the spectrum these objects are sufficiently faint to
push the limits of current technology. Given that many of them are variable on fairly
short timescales, obtaining a single snapshot of a AGN SED is a daunting task and one
that has not been completed for many AGN to date. The number of compiled AGN SEDs
in the literature has increased rapidly in the past decade, including many for individual
objects and larger compilations at both low and high redshift.

While many of these incorporate data observed over many years and often by many
different groups in order to produce an SED, the majority are partially contemporaneous
and provide a reasonable approximation to an instantaneous SED for relatively non-
variable objects in at least the near-IR-optical range. When multiple epochs are available,
it is also possible to estimate the level of variability and thus the uncertainty in the final

SED.

The notable features in quasar SEDs are labelled in Figure 1.2. Both radio-loud (RLQs)
and radio-quiet quasars (RQQs) typically show bumps in the optical-UV and in the



Chapter 1. Active Galactic Nuclet 10

10 em 1 em 1 mm 100 g 10 u 1 1000 A 1 keV 10 keV
F T I I | I | [ | I
—~ 48 —
T Poo% sue? e
E‘_P 44 L uv Haré/)( -
() B Bump Gap component ]
B ®
Faz P .
= L
5 L
S 40 - 4C 34.47 (radio loud) -
I T SR N B N
I+ & F 0 & +t I+ & t—5 t & & § & -
46 - mm-break
) r ?g_mq@ BE@"’.. &
a4 - —— _|
3 r _ Xuv
ot E lP Inflection eXcess
“Fa2 -
o L ]
5 E
S 40 JE g7 Mkn 588 (radio quiet) -
[ e 1 I T S VR, B S R T | ]

12 — 14 16 18 .
log(v) (Hz)

—_
[=]

FIGURE 1.2: Rest-frame radio-X-ray spectral energy distributions (SEDs) from Elvis
et al. (1994), for low-redshift radio-loud (upper panel) and radio-quiet (lower panel)
QSOs.

IR with an inflection point at ~ 1 pum between the two. This inflection point, which
represents a minimum in the energy output of the quasar, lines up with the peak in the
starlight contribution from the host galaxy. In the lower luminosity Seyfert galaxies the
host galaxy contribution becomes comparable to the emission from the active nucleus,
flattening the optical-IR, SED and resulting in an apparent decrease in the strength of
the optical and IR bumps.

1.4.0.1 Infrared and Radio

The near-IR bump generally peaks at ~ 25 - 60 um, and the emission is due to cold
dust heated by star formation in the host galaxy. Temperature ranges from 10 to 1800
K (Phinney, 1989). The spectrum is broad, decreasing slowly to wavelengths > 100um.
For RQQs, those objects with sub-mm or mm data are those which are brightest in the
FIR and are mostly at low redshift. Typically very sharp cut-offs are seen between 100
pm and 1 mm (Chini et al., 1989; Barvainis et al., 1992; Hughes et al., 1993).

RLQs fall into two distinct groups generally believed to be distinguished by the orienta-
tion of the source to our line-of-sight. Core-dominated (CD) RLQs are those in which
relativistically beamed, synchrotron emission is pointed directly at us and so is boosted.
In these sources, the radio-IR SED tends to be smooth, suggesting that the IR is a

higher-energy extension of the synchrotron emission in the radio. The SED extrapolates
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smoothly from the radio into the IR and it is argued to be probably due to non-thermal
emission. In the near-IR, ~ 3um, there is a narrow peak of emission which does not vary
in the same way and is believed to originate in hot dust (Courvoisier, 1989). Even in
this well-established, non-thermal source, dust emission is an important contributor.
Lobe-dominated (LD) RLQs are dominated by extended emission on either side of the
central AGN, powered by the relativistic jets which, in these sources, are not close to
our line-of-sight. Studies of the radio-FIR SEDs of the core emission have revealed a
discontinuity in the mm region which implies that emission in the FIR is unrelated to
the non-thermal radio emission (Antonucci et al., 1990) and so favors a thermal origin
for the FIR.

The typical steepness of the FIR cut-off, aprg ~ 3.75 + 0.48 (Hughes et al., 1993) in
RQQs, provides a convincing argument for thermal emission from cool dust to dominate
the FIR SEDs. Detailed modelling of the dust reverberation deduces that the clouds
are ~ 0.3 - 1.3 light years from the central source with dust sublimation temperatures
1300-2000 K (Barvainis et al., 1992). In addition the first large compilations of AGN
SEDs demonstrated the universal presence of the inflection mentioned above. In a dust
scenario, the corresponding decrease in the NIR emission coincides with the sublimation
temperature. This mounting evidence for thermal dust emission led to the development
of pure dust models to explain the IR continuum of AGN. These models generally include
some combination of cool dust from the host galaxy, warm dust in star formation regions
and hot dust, for example in a dusty torus, heated by the central ionizing continuum.
The remaining emission at 1 um is assumed to originate in starlight from the host galaxy
and perhaps a nuclear starburst in the higher luminosity objects. Problems with these
models include: the lack of observed silicate features in the NIR spectra of AGN which
results in the need to minimize their strength in models (Roche et al., 1984), the fine
tuning required to explain the strong IR-X-ray correlation, and the similarity of the IR

continua in RLQs and RQQs which, in this scenario, originate in different mechanisms.

1.4.0.2 Optical and ultra-violet

There is a second "bump" in typical quasar SEDs, the big blue bump (BBB), which
dominates the optical-UV emission and often their total energy output. Since the X-
ray emission is generally below an extrapolation of this BBB, it is generally thought to
peak in the EUV region. The detection of a peak is a major step forward as it allows
constraints to be placed on the EUV emission, which is the source of most of the ionizing
photons, and on the relation between the UV and soft X-ray emission. At high redshift
a similar measurement is difficult due to the affects of intervening absorption on the

continuum shortward of the Ly - o emission line. The origin of the BBB in AGN has
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been the subject of some debate in the literature over the past decade or so. Thermal
emission from an optically thick, geometrically thin accretion disk (AD) is favored by
many. When combined with a corona, it is able to explain the ultra-soft X-ray excess
as well. Theoretically, since AGN are generally believed to be powered by a central
massive black hole, an AD is very likely to be present in an AGN core and to be a
substantial contributor to its energy output. However problems with this model occur
when detailed predictions are compared with the observations. In particular, AD models
generally predict that the emission is polarized and has Lyman edge absorption due to
the large optical depths. Neither of these properties is universally present in AGN SEDs
and there is an on-going debate concerning the importance of these discrepancies.

The main alternative model for the BBB is free-free emission. This model can produce an
OUV continuum with roughly the correct shape, but it is unable to explain the observed
range of slopes. It is also inconsistent with the lack of observed, strong X-ray emission

lines.

In conclusion, despite the continuing debate, the AD plus corona model remains the most
viable model for the OUV-soft-X-ray BBB in AGN SEDs.

1.4.0.3 X - ray and 7 - ray

There are several components to the X-ray emission from AGN and their relative con-
tributions differ depending on the type of object and energy range.

In RQQs and Syl galaxies, the mid-X-ray region ~ 1 - 5 keV) is dominated by a power
law with a slope ax ~ 1 (F), x v~*x, (Wilkes and Elvis, 1987; Reeves et al., 1997). The
simplest, non-thermal models include a power-law distribution of electrons which Thom-
son scatter off soft seed photons. These models match the observed spectral slope but
do not produce the observed ~ 200 keV, high-energy cut-off. Currently the best models
include repeated Compton scattering, either combined with a non-thermal plasma hav-
ing power law electron distribution or thermal Comptonization of soft seed photons.

In the same spectral region, CDRLQs tend to have stronger emission (Zamorani 1981)
and flatter slopes, ax ~ 0.5; this is thought to be due to a radio-linked, synchrotron
self-Compton (SSC) component. LDRLQs are intermediate between the two classes.

At harder X-ray energies, > 5 keV, the spectrum flattens, particularly in low-luminosity
objects. This flattening is generally weak or absent in higher luminosity quasars. The
flattening is widely accepted to originate in Compton reflection of the primary X-ray
continuum in cool (~ 10* K) optically thick material at the surface of the AD. Reflection
from neutral and ionized material, probably located in the molecular torus and /or the AD
has been observed in a large number of Syl galaxies and dominates the X-ray spectrum

up to ~ 300 keV, where the material becomes optically thick to Compton scattering. A



Chapter 1. Active Galactic Nucle: 13

fluorescent, Fe Ka emission line is commonly observed, again tending to be stronger in
low luminosity sources. This line is often broad, and sometimes double-peaked, consis-
tent with its origin in an accretion disk.

At soft energies, < 1 keV, the X-ray spectra of ~ 50% of both radio-loud and radio-
quiet AGN steepens significantly to form the soft excess (Masnou et al., 1992). This
component generally dominates their spectra leading to systematically steeper slopes at
these energies (Fiore et al., 1994; Buehler et al., 1995). The soft excess can be extremely
steep and is often called the ultra-soft excess. Given the general increase of both the
BBB on the low energy and the ultra-soft excess on the high energy side of the EUV
region, it is tempting to identify both as part of the same, BBB component. There is
little direct evidence to this effect, for example observations of coordinated variability,
but circumstantial evidence includes the anti-correlation of optical and soft X-ray slopes
(Puchnarewicz et al., 1996) and the extrapolation of the soft X-ray into the UV region
(Laor et al., 1997).

Another key component of X-ray spectra of quasars and Sy galaxies is absorption by cold
and/or warm material. Syl galaxies and quasars typically show low absorption column
densities (Ng ~ 1020 - 21 cm™2) often including ionized absorption edges indicating the
presence of warm material originating in the same material as that responsible for the

narrow associated UV absorption lines common in many types of AGN.

There is a well-established correlation between X-ray and optical emission in AGN, such
that higher luminosity sources have relatively weak X-ray emission. Similar evidence is
found when comparing low and high luminosity quasar SEDs. The relation as determined
by Just et al. (2007) and investigated by several authors later on (e.g., Lusso et al., 2010;
Martocchia et al., 2017), is:

_ log(f2kev/f2500/&)
log(Vakev /Vaso0A

aox = 0.3838 lOg(kaeV/f%ooA) (1.12)

where apx is the effective optical-to-X-ray slope.
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FIGURE 1.3: A schematic representation of an AGN SED (Padovani et al., 2017), based
on the observed SED of radio-quiet AGN (Elvis et al., 1994; Richards et al., 2006). As
comparison, the grey curve shows an example of radio-UV SED of the starburst galaxy

MB82 (Silva et al., 1998).
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1.5 Unified Model

In the last twenty years a lot of unification schemes have been proposed to explain the
wide range of spectral properties of AGN. They try to explain the most important dif-
ferences between type 1 and type 2 AGN, making very few assumptions. The simplest
hypothesis to explain much of AGN phenomenology is that the differences among various
types of AGN arise from orientation dependence; the so called "unification model" tries
to unify various AGN types in terms of a single basic source structure whose appearance
to the observer depends strongly on the viewing angle. In such unification schemes it is
therefore postulated that the different appearance of one class compared with a second
is the result of viewing the same type of object at a different angle. Properties that
may depend on the viewing angle and may so contribute to intrinsic anisotropy in these
sources include absorption by dust or optically thick gas in any non-spherically sym-
metric distribution and relativistic motion, leading to Doppler boosting of the emission
which peaks in the direction of this motion.

The current AGN paradigm is built around an axisymmetric central engine that con-
sists of an accretion disk surrounding (up to a distance R < 0.01 pc) a Supermassive
(> 10Mg) black hole (SMBH). The UV-optical continuum emission is supposed to
arise primarily in the accretion disk. Bi-directional relativistic jets emerge from this
system along the disk axis, emitting Doppler-boosted radiation via synchrotron and in-
verse Compton mechanism. Both the jets and the accretion disk structure are thought
to contribute to the X-ray emission. The broad emission lines that are so prominent in
the UV - optical spectra of AGN are produced in the relatively dense (n, ~ 10'* cm™3)
gas clouds at distances of R ~ 0.01 — 0.1 pc, with a covering factor 2 around 1 — 3%.
On parsec scales, this entire system is embedded in a dusty torus that is opaque over
most of the electromagnetic spectrum; this torus plays a key role in AGN unification
models, since it shields both the accretion disk, the BLR and inner jet structure from
the direct view of external observers in the torus plane. The torus absorbs radiation
from the central source and re-emits this energy in the infrared.

Probably the best known unification scheme is that between the two types of Seyfert
galaxies. Seyfert galaxies are AGN whose luminosity ranges from 0.1 to 10 times that of
the host galaxy, while QSOs have luminosity 10-10° times greater than the galaxy lumi-
nosity. In the mid-1970s, Khachikian and Weedman (1974) found that Seyfert galaxies
fell into two spectroscopic classes, those with both narrow and broad emission lines (Sy1)
and those with narrow lines only (Sy2). The narrow-line spectra of types 1 and 2 are
statistically indistinguishable from one another, so Sy2s seem to be Syls without the

broad lines. Moreover, Sy2s are typically less luminous than Syls by about 1 magnitude

2The covering factor indicates the fraction of photons occulted by the absorbing clouds.
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in the optical part of the spectrum. This led to unification hypotheses in which Sy2s are
intrinsically Syls whose continuum and broad-line emission is attenuated in the direction
of the observer. In the early 1980s Antonucci et al. (1990) found that the polarization
spectra of some Sy2 galaxies contained broad emission lines like those seen in Syl spectra.
At least some Sy2 galaxies contain broad emission lines, but with their strength greatly
reduced such that they are dominated by the continuum and narrow lines except when
viewed in polarized light. Since the most common cause of polarization is scattering of
light by either dust or electrons, this observation led to an interpretation of Sy2 galaxies
as edge-on Syl galaxies where optically thick material in a flattened, disk-like geometry
obscures our direct view of the broad emission-line region. The broad lines are visible in
polarized light when they are scattered into our line of sight by dust or electrons above
and /or below this material. If the line of sight is along the system axis or under a small
offset angle the observer sees a greater luminosity coming from a small angular region
because he intercepts the direction of the jets. In this case the observed object is a QSO
or a quasar.

Although the Unified Model has allowed to explain much of the complex AGN phe-
nomenology, it appears to be in conflict with recent set of observations (Bianchi et al.,
2012), requiring additional effects to explain the difference between type 1 and type 2
AGN (e.g., the discovery of type 2 sources without broad optical lines in the polarized

spectrum).

The radio unification scheme combines the torus with a relativistic jet observed in ap-
proximately 10% of all high-ionization AGNs, aligned with the symmetry axis of the
system. Radio unification can be used to make specific predictions about the observed

properties of compact and extended radio-loud AGNs.
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CHAPTER 2

Evolution of Active Galactic Nuclei and AGN-galaxy co-evolution

Over the last few years there has been a lot of interest in the cosmic “co-evolution” of
Supermassive black holes and the stellar populations of the galaxies that they reside in.
Beginning at about the turn of the 21st century, black hole astrophysicists have acknowl-
edged the relevance of their subject of study for a broader community of cosmologists
and extragalactic astronomers, thanks to the multiple lines of evidence pointing towards
a fundamental role played by black holes in galaxy evolution.

It is now understood that SMBH black hole growth is due mainly to radiatively efficient
accretion over cosmological times, taking place during their active phases. This, together
with the understanding of a near universal presence of black holes in galactic centers has
led to the suggestion that most, if not all, galaxies went through a phase of nuclear ac-
tivity in the past, during which a strong physical coupling (generally termed “feedback”)
might have established a long-lasting link between host and black hole properties.

2.1 Evolution of AGN

From the point of view of AGN, the most basic description of the evolving population
lies in the luminosity function (i.e. AGN Luminosity Function, LF) ¢(L, z), defined as

the number of sources per unit volume and luminosity in the range between L and L+dL.

AN
®(L) = GviL
19

(2.1)
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Let us assume that the local universe is Euclidean and filled with sources with LF ®(L).
Sources with luminosity L can be observed out to a distance 7 = (L/47S)'/2, being S
the limiting flux of the observations. The number counts of sources over the solid angle

) are then:

N(>9) = /LOO %QT%(L)CJL =

min

1 Q
3 (47)3/2

S3/2 / L3?®(L)dL (2.2)
Lmin

where Ly, (r) is the faintest luminosity that can be observed over a flux limit S out to a
distance ry,q,. Therefore, the slope of the cumulative number counts of a (non-evolving)
class of objects in an Euclidean universe is fixed to —3/2.

In a more general case, the correct relativistic expression for number counts differs from
Equation 2.2, due to cosmological effects. Radiation emitted at frequency ¢/ is observed
at a redshifted frequency v = v//(1+ z), and therefore the observed flux density depends
on the shape of the spectrum of the source. Moreover, curvature effects modify the
volume element per unit redshift, making it smaller at increasing z.

The simplest general approach to describe the evolution of a LF is by defining two
functions fg(z) and f;(z) that take into account the evolution of the number density and

luminosity, respectively:

B(L,2) = fa()® (fzfz)z - 0) . (2.3)
In the pure luminosity evolution (PLE, Mathez, 1976) scenario, the comoving number
density of sources is constant (so f; = cost), but luminosity varies with cosmic time. In
the pure density evolution (PDE, Schmidt, 1968) case the shape of the LF and the source
luminosity are fixed (f; = cost), while the comoving density of sources of any luminosity
varies (Merloni and Heinz, 2013).

Both the PLE and PDE should be basically considered as mathematical descriptions of
the evolution of the LF. There is no clear reason why the LF should behave only in one of
these two simple pictures, and indeed as wider and deeper surveys has been completed,
larger samples have been collected and hence more complex models have been developed

throughout the years.

Probably the most accurate description of the overall evolution of the LF comes from
deep X-ray surveys. Thanks to the advent of deep surveys in the optical and in the X-ray
bands, the LF of both optically and X-ray selected AGN are nowadays usually described
by the luminosity dependent density evolution (LDDE) model (for the X-rays see e.g.
Ueda et al. (2003), Hasinger et al. (2005) and see Bongiorno et al. (2007) for the first
optical LF which has been successfully modelled with the LDDE).
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As in the PDE model, the redshift evolution of the LF is described as

d®(Lx,z) d®(L;,z=0)
dlog(Lx) ~ dlogLx

e(Lx,z), (2.4)

where the local LF is usually represented with a power-law with two different indexes,

for low and high luminosities:

db(Lx,z=0) [ AL} LY Lx <L, (2.5)
dLx | AL Ly > L, ‘
and the evolution factor e(z) is defined as:
1 yat < . L
e(z) = (1+2) ? < ze(lx) (2.6)
e(ze)[(1+2)/(1 4 z.(Lx))P? Z > 2.

The z. parameter represents the redshift at which the evolution stops. The parameters
p1 and po characterize the rate of the evolution and the rate of counterevolution for
z > z. respectively.

The LDDE model is obtained by introducing a luminosity dependence of z., assumed to

be a power-law (La Franca et al., 2005):

* Lx > 1L,
w(Ly) =4 *= (2.7)
25(Lx/La)*  Lx < Lg.

In the last decade, hard X-ray surveys have allowed to select almost complete AGN sam-
ples (including both type-1 and type-2 objects). Thanks to these studies, the evolution of
the whole AGN population has been derived up to z ~ 5 by many authors, all achieving
fairly consistent results (Ueda et al., 2003; La Franca et al., 2005; Brusa et al., 2009;
Civano et al., 2011; Ueda et al., 2014; Kalfountzou et al., 2014; Vito et al., 2014; Aird
et al., 2015b,a). It has been shown that (a) the peak of the AGN space density moves to
smaller redshift with decreasing luminosity, and (b) the rate of evolution from the local
Universe to the peak redshift is slower for less luminous AGN. It appears that SMBH
generally grow in an anti-hierarchical fashion, i.e. while more massive SMBH (107-5—
10° M) in rare, luminous AGN could grow efficiently at z = 1 — 3, smaller SMBH in
more common, less luminous AGN had to wait longer to grow (z < 1.5). The differen-
tial evolution of bright and faint AGN with redshift has been described as downsizing
(Barger and Cowie, 2005; Hasinger et al., 2005), see Figure 2.1. This implies that AGN

activity in the low-z universe is dominated by either high-mass BHs accreting at low rates



Chapter 2. Evolution of Active Galactic Nuclei and AGN-galaxy co-evolution 22

or low-mass BHs growing rapidly. Hopkins et al. (2005) proposed that the faint end of
the LF is composed of high mass BHs experiencing quiescent accretion. The bright end,
on the other hand, in this picture corresponds to BHs accreting near their Eddington
limit. In this model, QSO activity is short-lived and it is assumed to be driven by galaxy

mergers.

There is also strong evidence on the redshift and luminosity dependence of the fraction of
obscured (Ny > 10?2 em~2) AGN, indeed it has been shown that this fraction increases
with decreasing luminosity (Lawrence and Elvis, 1982; La Franca et al., 2005; Treister
et al., 2005; Ueda et al., 2014; Aird et al., 2015b, see also Sazonov et al. 2015 for a
discussion of selection biases), and increasing redshift (La Franca et al., 2005; Treister
and Urry, 2006; Hasinger, 2008; Ueda et al., 2014; Vito et al., 2014, but see also Gilli
et al. 2010).

Attempts to constrain models for galaxy formation and evolution from the optical and
X-ray luminosity functions were made in the last decade by several authors (see e.g.
Granato et al., 2001, 2004; Di Matteo et al., 2005; Menci et al., 2005). The predictions
of these models are in good agreement with some of the observations, like the downsizing
trend; however, they overestimate by a factor of ~ 2 the space density of low-luminosity
Seyfert-like AGN at z = 1.5 — 2.5.
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FIGURE 2.1: Total number density of QSOs in different luminosity intervals (colors)

reported in log(Lpand/erg s~1) as a function of redshift, from the data best-fit double

power law model; in bolometric luminosity, B band, soft X-rays (0.5 - 2 keV) and hard
X - rays (2 - 10 keV). Figure from Hopkins et al. (2007).
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2.2 X-ray surveys and the X-ray background

AGN are powerful X-ray emitters. The discovery of the cosmic X-ray background
(CXRB, Giacconi et al., 1962) opened up a privileged window for the study of the
energetic phenomena associated with accretion onto black holes.

The X-ray sky is almost dominated by the AGN population, due to the relative weak-
ness of the other X-ray emitters (mostly X-ray binaries, but also magnetically active
stars and cataclysmic variables), at least down to the faintest fluxes probed by current
X-ray telescopes. The goal of reaching a complete census of evolving AGN has therefore
been intertwined with that of fully resolving the CXRB into individual sources.

In the last decade, the launch of modern X-ray telescopes like Chandra (NASA) and
XMM-Newton (ESA) has enabled strong observational progress. Sensitive imaging spec-
troscopy in the 0.5—10 keV band with up to 50—250 times the sensitivity of previous
missions, as well as high quality positional accuracies (up to ~ 0.3—1” for Chandra) were
made available for X-ray astronomy studies. Deep extra-galactic surveys have probed

L'em=2 in the

the X-ray sky down to extremely faint fluxes (as low as ~ 1077 erg s~
0.5—2 keV band and ~ 10716 erg s=! cm™2 in the 2—8 keV band), thus making available
large source samples for statistical X-ray source population studies.

With these deeper and larger X-ray surveys that have been performed, a new generation
of synthesis model for the CXRB has been developed (see Gilli et al., 2007; Treister
et al., 2009). These new models have progressively reduced the uncertainties in the
Npg absorption distribution, providing an almost complete census of the unobscured and
moderately obscured AGN populations. These sources dominate the X-ray counts in the
lower energy band, where almost all the CXRB radiation has been resolved into individ-
ual sources.

However, at the peak energy of the CXRB (around ~ 30 keV), only a small fraction
(~ 5%) of the emission has been resolved into individual sources (Merloni and Heinz,
2013). CXRB synthesis models ascribe a substantial fraction of this unresolved emission
to Compton-thick AGN. Gilli et al. (2007) model requires a population of Compton-thick
AGN as large as that of Compton thin AGN to fit the residual background emission.
Still, the redshift and luminosity distribution of these sources is essentially unknown, due
to their faintness even at hard X-ray energies. The quest for the physical characterization
of this missing AGN population represents one of the last current frontiers of the study

of AGN evolution.
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FIGURE 2.2: Observed spectrum of the extra-galactic CXRB from several X-ray satel-

lites data. The solid magenta line shows the prediction of the Gilli et al. (2007) model

for AGN and galaxy clusters; red and blue solid lines represent the contribution from

unobscured and Compton-thin AGN respectively. These contributions, shown in the

left panel, are not enough to fully describe the data. In the right panel, the black line

marks the Compton-thick AGN contribution required to match the CXRB intensity
above 30 keV. Adopted from Gilli et al. (2007).

2.3 BH evolution

In the early 1990s, deep optical surveys of star-forming galaxies began to probe the cos-
mological evolution of the rate at which stars are formed within galaxies, thus providing
robust constraints for models of galaxy formation and evolution (see Madau et al., 1996).
It was soon clear that the QSO (optical) luminosity density and the Star Formation Rate
(SFR) density evolved in a similar fashion, being much higher in the past, with a broad
peak around z~2 (Boyle and Terlevich, 1998).

Therefore, studying the mass function of SMBHs and its evolution with redshift is of
great significance not only for understanding their cosmological evolution of mass and
spin but also for addressing many issues in galaxy formation (e.g., Di Matteo et al., 2005;
Shankar et al., 2009).

The most usual approach to investigate the SMBH mass function stems from the pio-
neering work of Soltan (1982) and it is based on the argument that black hole growth
is mainly driven by mass accretion and assumes two parameters: the radiative efficiency
for energy conversion of accretion and the Eddington ratio of AGN. With an appropriate
mass-to-energy conversion efficiency is then possible account for the the mass of black
holes in local AGN by integrating the overall energy density released by AGN themselves.
A much larger amount of information can be found in the differential mass and luminos-
ity functions. Assuming that a continuity equation governs the SMBH mass evolution,
the mass function at any given time can be used to predict the mass function at any

other time, if the distribution of accretion rates as a function of black hole mass is known.



Chapter 2. Evolution of Active Galactic Nuclei and AGN-galaxy co-evolution 26

The continuity equation can be written in the form:

3¢(M7 t) 9 ’

DT 2 () < Mpp(u,t) >) =0 2.8
where yu = log(Mpyr) , ¥(j, t) is the SMBH mass function at a time t, and < Mpg (p,t) >
is the avarage accretion rate of SMBH of mass Mpy and can be defined through a fueling
function F'(fi, p,t) describing the distribution of accretion rates for objects with mass

Mppy at a time t:
< M (1.0) >= [ VP o )i (2.9)

The last function can be derived by inverting the integral that relates the luminosity

function of the population with the relative mass function:
00.) = [ P~ )0l )y (2.10)

with [ = log(Lpor) and € = log(€,qqc?), being €,44 the radiation efficiency, assumed to
be constant.

The continuity equation can then be integrated backwards from z = 0 where both the
luminosity function and the mass function are known.

This computation has been performed either using the CXRB as a "bolometer" to derive
the total energy density released by the accretion process (Fabian and Iwasawa, 1999),
or by considering evolving AGN luminosity functions (Yu and Tremaine, 2002; Marconi
et al., 2004; Merloni and Heinz, 2008). This approach represents a major success of
the standard paradigm of accreting black holes as AGN power-sources, as the radiative
efficiencies requested in order to explain the local relic population are within the range
e= 0.06—0.20, predicted by standard relativistic accretion disc theory. These evidences
suggest that a tight link should exist between SMBH growth and host galaxy evolution.

The specific instantaneous ratio of black hole mass to accretion rate as a function of
SMBH mass defines a timescale, the so-called growth time, or mass doubling time (see
Figure 2.3a and 2.3b). The redshift evolution of the growth time distribution can be
used to identify the epochs when black holes of different sizes grew the largest fraction
of their mass: black holes with growth times longer than the age of the universe are
not experiencing a major growth phase, which must have necessarily happened at earlier

times (see Merloni and Heinz, 2013).
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FIGURE 2.3: In Figure 2.3a the average Growth time of SMBH (in years) as a function

of redshift for different black hole mass ranges. The dashed line marks the age of the

universe; only black holes with instantaneous growth time smaller than the age of the

universe at any particular redshift can be said to be effectively growing. In Figure 2.3b

the fraction of the final black hole mass accumulated as a function of redshift and final
mass is plotted as contours. Figure from Merloni and Heinz (2013).
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FIGURE 2.4: g-i color versus i-band absolute magnitude relation of all galaxies in the

Coma cluster from Gavazzi et al. (2010). Early-type galaxies are shown in red, disk

galaxies are shown in blue and bulge galaxies in green. The continuum line g — ¢ =

0.0585-(M;+16)+0.78 represents the empirical separation between the red-sequence and

the remaining galaxies. The dashed line illustrates the effect of the limiting magnitude

r=17.77 of the spectroscopic SDSS database, combined with the color of the faintest E
galaxies g — r ~ 0.70 mag.

2.4 AGN - Galaxy co-evolution

In the local Universe the observed galaxy population presents a bimodality between:
Blue galaxies (Hubble late - type): galaxies characterized by recent or on-going star
formation and low stellar surface density.

Red galaxies (Hubble early - type): galaxies characterized by little or absent star
formation, large stellar mass and high surface density.

In Figure 2.4 the g-i color versus the absolute magnitude in the i-band relation for galaxies
in the Coma cluster (Gavazzi et al., 2010). Early-type galaxies are on a red sequence
(RS) while late-type galaxies show a greater dispersion and form a blue cloud (BC). An
intermediate population of bulge galaxies in the so called green valley places between the
RS and the BC.
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FIGURE 2.5: u-r color galaxies distribution in bins of absolute magnitude in the r-band

and projected environmental density from Baldry et al. (2004). The projected two

dimensional density is &5 = 5/772 in units of Mpc™2, where r is the projected distance
to the fifth-nearest-spectroscopically confirmed neighbor with M,. < —20.

The most luminous galaxies (with M; < —22) are on the red sequence, while both
sequences become redder with increasing luminosity: it means that the most massive
galaxies are red and passive.

There is another factor which can influence the color distribution: the environmental
density. Fitting the distribution of galaxies in color after dividing the sample into mag-
nitude and environmental density bins one obtains the Figure 2.5 from Baldry et al.
(2004). It confirms that galaxies become redder at higher luminosity and, in addition to
that, the fraction of galaxies in the red sequence appears to rise with increasing environ-
mental density. It is also evident that masses and environmental conditions of galaxies
influence their star formation rate and dust content: the reddening of galaxy colors can
in fact be related to a decreasing star formation and to an aging of the stellar population,

or due to an increase in dust content.
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Studies of the evolution of the galaxy color distribution up to z ~ 1 (Bell et al., 2004)
revealed that colors tend to become bluer and that the luminosity function shifts to higher
luminosities for both RC and BC. The number density of blue galaxies has remained
almost constant from z ~ 1 to the present day, while the number of red galaxies has
increased.

The bimodality seems to be a characteristic of the galaxy population at least up to z > 2
(Whitaker, 2013), so it is possible to consider this kind of distribution in an evolutionary
context in which AGN seems to be the main responsible of the transition from blu galaxie
to red ones.

Classical semi-analytic models not taking into account AGN activity, succeed in matching
the global behavior of galaxy evolution, but fail in reproducing the bi-modality shown
in the color-magnitude diagram, especially the observed ratio between massive red and
blue galaxies.

In order to understand how the Active Galactic Nuclei can influence the host galaxy it
is useful to compare the energy released by the accretion of matter onto a SMBH and
the binding energy of the gas into the host galaxy. The binding energy can be simply
expressed as:

Ebing = ]\4g0LlU2 (211)

Mygq and o are the mass and the velocity dispersion of the host galaxy, respectively.
Usually the SMBH mass is about a thousandth of the galaxy mass and the velocity dis-
persions are lesser than a few hundred km s™!, so the ratio Egy / Epina can exceed 80.
The majority of the mass accretion onto black holes occurred at z > 1 (Merloni and
Heinz, 2008; Delvecchio et al., 2014), with a rise from z = 0 to z = 1 and a maximum at
z ~ 2 - 3 followed by a steep decline. A similar trend has been found for star formation
(Hopkins and Beacom, 2006).

The evolution at low redshift is probably due to a decrease in the cold gas, used as fuel
for both processes, in the central regions of galaxies, but the amount of cold gas required
to fuel these processes is different. For the accretion process only a small fraction of the
gas needed for star formation is required, thus producing a time delay between the shut
down of star formation and AGN activity of about 0.1 Gyr (Hopkins et al., 2012), and
also between the peak of star formation activity and the maximum of accretion onto the
SMBH of about 0.5 Gyr (Schawinski, 2009).

The typical size of a SMBH is in the range from 0.001 to 100 AU, while the host galaxy
can extend over a few kpc up to a few ten kpc; the connection is thus not obvious. As
discussed in the previous chapter, it is necessary that mechanism as galaxy interactions,
galaxy bars, major mergers remove the gas angular momentum and allow it to inflow.
Nowadays, the most evolutionary scenario from blue cloud galaxies to red sequence galax-

ies can be summarized in three main phases:
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e The growth and interaction between galaxies
e The galaxies coalescence and their nuclear activity

e The passive evolution towards red elliptical / spheroidal galaxies.

Looking at Figure 2.6, the first phase (a-c) is characterized by young gas-rich and star
forming galaxies, growing and assembling in groups. Minor and major mergers and
galaxies encounters are expected to drive nuclear inflows of gas, enhancing star formation
(starburst activity) and leading to an obscured black hole growth: this is the phase
associated to heavily obscured QSOs.

The second phase (d-f) begins with the coalescence of galaxies. At the beginning of this
phase the starburst luminosity dominates and black holes accreted in buried AGN; the
accretion rate increase and QSOs expell gas from the host galaxies by means of strong
winds originated by the accretion energy release into the ISM. Gas is also consumed by
AGN triggered starburst activity and dispersed by supernovae explosions.

When no substantial amount of gas remains, galaxies enter the last phase (g-h) in which
both star formation and nuclear activity rapidly fades out. Mergers become inefficient to
drive gas toward the galaxy center, and galaxies evolve into dead elliptical or spheroidal

ones.

2.4.1 Scaling relation for SMBH

The connection between SMBH and bulge properties has been evident since the first
attempts to measure the masses of the black holes (Kormendy and Richstone, 1995),
while a correlation seems to lack between SMBH and disk properties. The launch of the
Hubble Space Telescope nearly twenty years ago made easier the search for local QSO
relics and the study of their dynamical influence on the surrounding stars and gas. The
discovery of correlations between local SMBH and galaxy bulges have changed the way
we conceive the physical link between galaxy and AGN evolution. If one thinks that
the SMBH growth is now known to be due mainly to radiatively efficient accretion over
cosmological times, this suggests that most, if not all, galaxies went through a phase of
nuclear activity in the past, during which a strong physical coupling (which is generally
assigned the term "feedback") must have established a long-lasting link between host’s
and black hole’s properties.

Both semi-analytic models and hydrodynamical simulations have tried to assess the role
of AGN in galaxy evolution, using the local relations to constrain the model parameters.

Concerning the observational point of view, the current situation is far from being clear.
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FIGURE 2.6: Schematic outline of the phases of growth in a galaxy undergoing a gas-
rich major merger from Hopkins et al. 2005.

The earliest BH demographic result was the correlation between Mpg and the luminosity
of the bulge component of the host galaxy (see Figure 2.7). Dressler (1989) was the first
to propose such a correlation, basing just on five objects. Further elaboration of the
Mpr — Lyyige relation were made in the last decades, (see e.g., Kormendy and Ho, 2013).

This correlation implicitly include a correlation with the bulge mass.

The first attempts to explicitate the relation in terms of the bulge masses were done by
deriving the masses both from dynamical modelling (Magorrian et al., 1998) and using
the virial theorem (Marconi and Hunt, 2003). Many studies are consistent with a linear
relation, but others have found hints (Héaring and Rix, 2004) of a steeper relationship,
Mpy x Mblﬁglfo'm. In most cases, comparing these studies is far from simple, because
some include BH masses from AGN emission-line widths (Laor, 2001) and others do not.

Probably the most famous relation is the one between the BH mass and the velocity
dispersion of the bulge (see Figure 2.8), announced at the Spring 2000 meeting of the

American Astronomical Society. Many papers have then expanded on this result with



Chapter 2. Evolution of Active Galactic Nuclei and AGN-galaxy co-evolution 33

1010 F T LI L T T T T T T T T T L L 3
- % Stellar Kinematics .
C O Gas Kinematics ]
B [ Excluded (‘ w ]
- us A IC1459 : _
@ Elliptical Y .
L SO
N7
10° L S 3 Nj =
i NsBAs N3sES ]
o
s 10°
=

IIIIIII|
llllllll

g

10

Illllll

1

1

10 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
9.0 95 10.0 10.5 11.0
log(Ly /Lg )

FIGURE 2.7: Mpg — Lpuige plot from Gultekin (2009). The best fit relation for the
sample in which upper limits BH masses have been excluded is log(M/Mg) = (8.95 +
0.11) + (1.11 % 0.18) - log(Ly /10" Ly ).

bigger samples and have explored its applicability to AGNs, other kinds of objects and
to the distant Universe (see e.g., Gultekin, 2009; Graham et al., 2011; McConnell and
Ma, 2013). It is worth noticing that the Mpy — ¢ and the Mpy — Mpy4e relation (as
pointed out by Kormendy and Ho (2013)) have the same intrinsic scatter, ~ 0.3dex.

A key question is if these scaling relations are dependent or not dependent on redshift
because BH masses estimation techniques are limited to galaxies in the local Universe.
Testing their dependence on redshift is quite challenging, because the high-z SMBH is
biased towards higher masses and reverbaration mapping, which is the main technique
for BH mass measurements at high-z, is calibrated on the local My — o relation.

In AGN the central emission can dominate the emission of galaxy, so measurements of
velocity dispersion and luminosity in the host may be not reliable values.

All the empirical correlations described point toward a global physical link between the
SMBH and the properties of the hosting galactic bulge and indicate that AGN play a

significant role in the evolution of galaxies.
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FIGURE 2.8: Mgy — o plot from Gultekin (2009) for galaxies with direct dynami-

cal measurements from different estimation methods as indicate by symbols. Arrows

indicate upper limits to BH mass, colors refer to the Hubble type of the host galaxy

and squares indicate galaxies excluded from the fit. Data have been fitted using the

relation log(M /M) = a+ Blog(a/200kms~1); best fit parameters are: o = 8.1240.08

and S = 4.24 + 0.41. The measured cosmic scatter evaluated as r.m.s. deviation in
log(M/Mg) is €g = 0.44 £ 0.06.

2.4.2 The role of feedback

The discovery of SMBH in local bulges, the need for a mechanism able to deplete galaxies
of their gas content to explain the bi-modality of the population, the observed correlations
between the SMBH masses and the bulge properties, they all suggest that nuclear activity
might have a prominent role in galaxies evolution.

Active Galactic Nuclei seem to exert a feedback mechanism on the host galaxy (and in
particular on its star formation activity), which in principle can be a positive or negative
feedback (see e.g., Harrison, 2017; Cresci and Maiolino, 2018). In the case of a negative
feedback, AGN might be able to heat, ionize and eventually expel cold gas from the
central regions of the host galaxy. An AGN can be thus responsible of the creation of
the local red massive galaxies observed.

All the theoretical works which have investigated the impact of AGN feedback on galaxy

formation agree in assuming that black holes seeds, initially residing in the nucleus of each
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galactic halo, grow both by merging with other black holes and through gas accretion
episodes, triggered by galaxy interactions.

It is possible to distinguish between two feedback modes:

e Quasar mode : it is associated with accretion at high rates onto SMBH triggered
by mergers and galaxy encounters. The typical time scale of this transient phase
is ~ 107 years and during it powerful winds evacuate cold gas quenching star
formation in the host galaxy. The same gas feeding the AGN can obscure the
central source, so the best candidates for quasar mode feedback are bright obscured

QSOs at redshift around z~2 (Menci et al., 2008).

e Radio mode : it is a quiescent feedback mode associated with the accretion of hot
gas onto an already formed SMBH from a surrounding hot halo at low accretion
rate. This process depends only on the hot gas and SMBH masses, being more
efficient at lower redshift and for massive objects in rich environments. Mechanical

energy is pushed into the ISM through radio jets traversing the galaxy.

As it is shown in Figure 2.9, during the quasar-mode phase wide angle, sub-relativistic
outflows are produced, driven by the radiative output of the AGN. During the radio-
mode phase, radio jets consisting of relativistic electrons with narrow opening angle are

launched from the nuclear region.

Radio jets have been copiously observed in local massive radio galaxies, while direct ob-
servations of the quasar-mode feedback have become available just in the last years.

AGN outflows trace in fact the action of winds on nuclear scale, but they are not able
to prove that the influence can reach kiloparsec scales. Feruglio et al. (2010) and Rupke
and Veilleux (2011) provided the first direct observations of massive molecular outflows

on galactic scales, which is the signature of the quasar-mode feedback on the host galaxy.

2.4.3 Two-Phase expansion mechanism

A theoretical model of quasar-mode feedback from accreting SMBH has been developed
by Andrew King, in order to explain the detection by Pounds et al. (2003) of a highly
ionized intrinsic outflow in the source PG 12114143, characterized by a high column
density and velocity (Ng ~ 5-10% cm™2 and v ~ 0.08 ¢ respectively).

The model consists of a simple theory of optically thick winds driven by the continuum
radiation pressure from an highly accreting SMBH (King and Pounds, 2003).1t is con-

sidered a radial wind propagating in a double cone of a solid angle d) = 4wb, with b
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FIGURE 2.9: Schematic diagrams of the two main modes of AGN outflows: quasar-
mode and radio-mode. Adapted from Alexander and Hickox (2012b).

covering factor of the outflow, assumed to be ~ 1. The mass conservation at distance r
from the SMBH is given by:
d 4 .
a<§ﬂ'b7'3p> = Mout (2.12)
where Mout = dMyyt/dt is the outflowing mass rate.

The wind density p is thus:

Mout
= 2.13
P= 4rbor? (2.13)
where v is the wind velocity assumed to be constant at large distances r.
The optical depth of the flow from electron scattering is:
o kMout
= kpdr = 2.14
T /R PO = 4robR (2.14)

k = or/m,, is the electron scattering opacity.
The mass accretion rate necessary to produce the Eddington luminosity Lgpp is the

Eddington accretion rate:

M _ dMEdd _ LEdd _ 47rGMmp _ 4rGM (2 15)
Edd dt nc? orne nkc '

Substituting Eq. 2.15 in Eq. 2.14 and defining the photospheric radius as the distance
from the SMBH at which the electron scattering optical depth through the flow is unitary,
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Ry, = R(1 = 1), gives:
Rph _ 1 E Mout
Rs  2nbvv Mpgy

(2.16)

where the accretion efficiency 7 is assumed to be ~ 0.1 and Rg is the Schwarzschild radius.
From Eq. 2.16 it is evident that for a covering factor around 1 and an accretion rate
close to the Eddington rate the wind is optically thick at larger radii than Schwarzschild
radius. In this optically thick flow photons have scattered and on average transferred
their momentum to the flow.

At larger radii than R, matter and photons decouple with resulting no more acceleration
so the previous assumption of v ~ const is justified.

The flow can reach the escape velocity from the photosphere if R, lies close to the

c

escape radius deined as Resc = (5)2R5. Imposing R,, = Rgs one obtains the relation:

v anMEdd . 2bLEdd

- - (2.17)
¢ Mout Moyic?
The momentum flux of the wind is given by:
) . L
Py = Myyw ~ =24 (2.18)
while the kinetic energy flux:
1. 1 Lgdd
Ey = 5 Mouv® ~ v=—"— = €aaN Lpua (2.19)

where the AGN driven wind with velocity v ~ 0.1c has an efficiency of about esgn ~
0.05.

The momentum flux of these thick winds arising from supercritical accretion onto the
SMBH is thus comparable to the momentum flux of an Eddington limited radiation field;
the energy is a few percent lower than the energy of an Eddington limited radiation field.
Zubovas and King (2012) proposed a two phase mechanism in which the wind, colliding
with the galactic gas, is firstly slowed in an inner strong shock; the shocked gas is cooled
by inverse Compton effect from the QSO radiation field and then compressed in a radial
extent. The thin cooled gas shell exerts the pre-shock ram pressure (Prqpm = pvQ) on the
galactic ISM and sweeps it into a dense shell of increasing mass.

Its velocity depends on whether the shocked gas is able to cool down or not: in the first
case the wind gives rise to a momentum driven outflow, valid out to a radius R¢ at which
the Compton cooling time becomes comparable with the expansion time of the ouflow,

otherwise to an energy driven outflow.

In the MD case the cooled shocked wind gas is compressed to high density and radiates



Chapter 2. Fvolution of Active Galactic Nuclei and AGN-galaxy co-evolution 38

wind shock

shocked wind i

FIGURE 2.10: Zubovas & King two-phase model.

away almost all of its original kinetic energy, retaining only its pressure. For a SMBH
accreting close to the Eddington rate the momentum flow rate is comparable with the

radiative momentum output:
. L
P, ~ 2Edd (2.20)
c

In an energy driven outflow the shocked regions are much wider and do not cool: they ex-
pand adiabatically communicating most of the kinetic energy of the wind to the outflow,
with:

Pout ~ 2005 311/6LETdd (2.21)

where o990 is the velocity dispersion in unit of 200 km s™! and | = L/Lgqgq is the
Eddington ratio, i.e. the ratio between the observed luminosity of the AGN and the
corresponding Eddington luminosity.

It is possible to note from the equations given above that in both energy-driven and
momentum-driven outflows, the strength increases proportionally with the bolometric
luminosity of the AGN; however, in MD case the momentum flow rate is expected to be
a few ten greater than in ED one.

Recent observations from Cicone et al. (2014) support both the AGN energy-drive nature
of the outflows and the AGN feedback two-phase mechanism model, in which a fast and
highly ionized wind, arising from the nuclear regions of the AGN, creates a shock wave
that propagates into the ISM of the galaxy.

In Figure 2.11 it is visible the momentum boost, which represents the ratio of Pout

(M 11,0 in Figure 2.11) and the AGN radiative momentum output ranges from 10 - 50 in
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FI1GURE 2.11: Outflow momentum boost with respect to the AGN radiative momentum

output as a function of the outflow velocity for a sample of AGN. Colors refer to different

AGN luminosities respect to the total AGN-galaxy bolometric emission (Cicone et al.,
2014).

galaxies where the AGN contributes more than 10% to the total AGN-galaxy bolometric

luminosity.






CHAPTER 3

Modeling multi-wavelength Data

Multi-band datasets from large surveys provide a lot of information on the complex
physics of galaxy SEDs and are the primary source of our knowledge of galaxies them-
selves. Accurate modelling and analysis should be, in principle, able to provide robust
measurements of the fundamental properties of galaxies, such as stellar mass (M, ), Star
Formation Rate (SFR), gas and dust content. Indeed, all the emission processes com-
ing into play leave characteristic imprints at different wavelengths on the global SED of
extragalactic sources. The analysis of the spectral energy distribution of galaxies allows
the investigation of the different physical processes taking place during their life-time.

When considering multi-wavelength data, more than one emission component needs to
be taken into account to get a complete view of the physical mechanisms taking place in

active galaxies and their hosts.

This chapter is dedicated to the description of the different physical emission mechanisms

that need to be considered when modelling the AGN + galaxy SEDs.

3.1 AGN emission

The contribution of the AGN to the total emission over the whole electromagnetic spec-
trum cannot be neglected. In type 1 AGN the accretion disc contributes to most of
the emission at X-ray, optical and UV wavelengths, often overwhelming that of the host

galaxy. Moreover, the hot dust emission attributed to the AGN torus emits in the IR.

41
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The bulk of its energy interests MIR wavelengths, where silicate features at 9.7 and 18

pm, related to the presence of silicate dust grains, are also observed.

3.2 Galaxy emission

Stars populating the galaxy emit stellar emission mostly in the optical/UV regime. This
same radiation is reprocessed by the gas and dust composing the Inter Stellar Medium.
This re-radiation is observed in emission/absorption lines due to gas photoionization/ex-
citation at various wavelengths as well as in the continuum emission and PAH features

in the IR regime.

3.3 The interstellar medium around stars

To reproduce the entire SED of a galaxy the stellar spectra is not sufficient because
the radiation from stars is absorbed and processed by the gas and dust that lie between
them, in turn the ISM. This reprocessed radiation contributes to the observed continuum
emission and special absorption and emission features, e.g. emission and absorptions lines
associated with the presence of gas and PAH features due to the dust.

While gas and dust are intermingled within the ISM, in practice they are often treated
as separate components because their absorption properties have a different wavelength

dependence.

3.3.1 Principle of Radiative Transfer

The radiation coming from a source, being it a star, an AGN nucleus or a galaxy, passes
through the surrounding medium before arriving at the observer. When dealing with
a material emitting both thermal and scattered radiation, these two components are
described by the absorption (a,,) and the coherent isotropic scattering (o, ) coefficients,
respectively. The radiative transfer equation will be then written as follows (see Rybicki
and Lightman, 1979):

dl, = —a,(I, — B)) — o, (I, = J,) = —(ow, + 0,,) - (I, — S,,) (3.1)

where I, is the specific intensity, B, is the Planck function and J,, is the isotropic intensity.

S, is the source function, also written as: S, = %, in turn a weighted (by their
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respective absorption coefficients) average of the two separate source functions. When
scattering is present the solution of Eq. 3.1 needs to be partially solved with numerical
techniques as it does not have an analytical solution. The detailed treatment of the
solution of the radiative transfer problem depends on the exact setup of the dust grains,

e.g. single or composite grain and the size of the cells in which the model space is divided.

3.4 Interstellar Dust

3.4.1 Attenuation by dust

The presence of interstellar dust was first inferred from obscuration, or “extinction”, of
the starlight (Trumpler, 1930). This attenuation of the radiation emitted by stars is
strongly wavelength dependent and, at the same time, it varies from one line of sight to
another. The intrinsic flux of the source, F ;n:-, would be attenuated by dust, with a

dependence on the wavelength, resulting in an observed flux:

F/\ obs = F/\intr10_0.4E(B_V) k() (32)

where E(B-V) is the color excess between the B and V band. This is a measure of the
“reddening” of a source because of the wavelength dependence of attenuation, greater in
the blue (short wavelengths) than in the red (longer wavelengths) part of the spectrum.

k() is the extinction curve, commonly parametrized as:

Ay

R(A) = E(B-V)

(3.3)

where Ay = 2.510g(F/Fintr) is the wavelength dependent extinction. It is a measure of
the total light absorbed or scattered out of the line-of-sight by dust, either bolometrically

or in a single band.

The dust extinction phenomena of a galaxy, referred to as “attenuation”, is the result
of the interplay between the geometry and the different optical depth characterizing the
different regions of a galaxy. It applies to the whole stars and not to the single stars.
A measure of the slope of the extinction curve is usually given with a dimensionless

quantity:
Ay

VTRV

(3.4)



Chapter 3. Modelling multi-wavelength Data through multi-component SED-fitting 44

which varies from line of sight to line of sight, from values as low as 2.1 (Welty and
Fowler, 1992) to value as large as 5.6-5.8 (Cardelli et al., 1989).

Attenuation laws have been obtained for the Milky Way, with Ry = 3.1 (Savage and
Mathis, 1979; Cardelli et al., 1989), and for the Small and Large Magellanic Clouds (SMC
and LMC, respectively). Calzetti et al. (1994) derived an empirical curve for starburst
galaxies, with Ry = 4.5.

However, all the previous works still do not account for differential dust distribution,
stellar geometries (such as bulges and discs) and the clumpiness of the ISM. Moreover,
light is not only scattered out from the line of sight but it is also scattered into it.
This anisotropic light scattering by dust is also not considered (Walcher et al., 2011).
All of this need for a proper radiative transfer to be taken into account with iterative
methods and Monte Carlo methods (Baes et al., 2010). In such approaches the emitted
and scattered light is broken up into various components, the radiative transfer equation
is solved for each one of these and the solution from the previous components is used
for the subsequent until the convergence of the equation (see e.g., Kylafis and Bahcall,
1987; Xilouris et al., 1998; Tuffs et al., 2004). A simple extinction curve is still the
most commonly used way to account for effects of dust on the optical/UV SED because
radiative transfer codes require the introduction of several free parameters.

Note that the silicate dust grains also contribute to the absorption with two characteristic
features at 9.7 and 18 pm. These features are observed in sources with high optical depth

and, in general, in galaxies hosting a strong nuclear source.

3.4.2 Emission by dust

As already mentioned dust can give rise to some features in the MIR associated with
PAH and silicate grains. But the presence of dust can also be observed as a continuum
emission, associated with reprocessed optical/UV radiation, at IR and sub-mm wave-
lengths. The bulk of the contribution of the cold dust emission due to starburst heating
is expected to be in the FIR and sub-mm regimes. At such wavelengths the cold dust
emission can be modelled in a simplistic way with a black body emission or a emissivity
modified black body under the assumption of thermal equilibrium. To model the MIR
emission a simple black body is not enough because, at such wavelengths, the grains
have smaller surfaces with a consequent reduction and randomization of the photon in-
cidence, and as a result are statistically less- well represented by a black body (Draine,
2003). There is the need for a model in which the dust has a range of temperatures
parametrized with the strength of the radiation field heating it. One possibility is to ap-
ply Monte Carlo techniques or a steady-state distribution to solve the radiative transfer

equation or to solve, with a more simplistic approach, the steady-state distribution of
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temperatures for given radiation field, dust size and composition (Draine and Li, 2007).
PAH features, which also contribute to the emission at MIR wavelengths, are generally
incorporated in starburst emission models. Realistic FIR models are, then, those taking
into account the various range of temperatures. Once the radiation field and the dust
properties have been chosen, the following step, to obtain the total FIR emission of a
model is to calculate the emission from each grain and then to integrate over all the
dust grains. In all these models, the temperature distribution depends on the dust-gas
geometry of the ISM. This information cannot be obtained by optical/UV data alone.
For this reason, empirical templates of FIR emission of galaxy are often used to repro-
duce the galaxy SEDs. These templates are, in general, realized taking the mentioned
dust models and matching them with observations of sample of galaxies. The use of such
empirical templates (Chary and Elbaz, 2001; Dale and Helou, 2002; Lagache et al., 2004;

Rieke et al., 2009) allows for investigation of the galaxy-wide properties.

3.5 The Inter Galactic Medium

It is well known that radiation from cosmological sources is absorbed by neutral hydrogen
left in the intergalactic medium (IGM) even after the cosmic reionization. The character-
istics of this absorption reflect the density distribution, ionization state and temperature
of the intergalactic gas. The gas, in turn, closely traces the underlying distribution of
dark matter, albeit with significant deviations arising from hydrodynamics coupled to
the radiative and mechanical feedback from galaxies and active galactic nucleus (Becker
et al., 2013).

Along the observer’s line of sight there appear to be numerous discrete systems com-
posed of the integralactic neutral hydrogen which produce a number of absorption lines
in the spectra of distant sources. These systems are divided into the Ly« forest, Lyman
limit systems and damped Lya systems depending on the column density of the neutral
hydrogen along the line of sight. It is so necessary to correct the spectra of cosmological
sources for this intergalactic absorption in order to know the intrinsic ones.The spectrum
between Lya (at a wavelength of \, = 1215.67 A) and LyB (\g = 1026 A) lines in the
source rest-frame is absorbed by the Ly« transition of the neutral hydrogen in the IGM:

it is the so called Ly« depression.

3.5.1 The code for treating the Ly-a absorption in the spectra

The most known theoretical model for the treatment of the Inter Galactic Medium ab-
sorption has been developed by Madau et al. (2001) and it is still the starting point for

all the other developments. Recently, Inoue et al. (2014) have presented a new version
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of the Madau model, deriving the updated analytic formulae for the attenuation due to
the intergalactic neutral hydrogen. In this model, the Lyman series (LS) optical depths

are given as:
, . z8
Ol 28) = S i 0utmr28) = 3 [ A0z, (35
, —~ Jo
J J

where T]Z: is the optical depth of jth line of Lyman series of i (LAF or DLA) component
and I; ; is the integration of the column density function g; for the jth line.Likewise, the

Lyman continuum (LC) optical depths are given as:

7 6 (ober 28) = /0 P R Lo(2)dz, (3.6)

where I; 1,c(2) is the column density integral.

For the Lyman series absorption, it is assumed a narrow rectangular shape of the cross
section of the Lyman series lines. The optical depth for the Lya absorption at the
observed wavelength Aops = Ao (14 24 ) is produced by absorbers within a narrow redshift
range (14 z4) = A(1+ 24)/2, where A(1+ 24) =~ (1 + z4)(6b/c). Then, the Ly« optical
depth is independent of the source redshift zg but just depends on the absorbers’ redshift

Za: Ta(2a). So it is possible to write:

Ta(za) ~~ fLAF(Za)(l + Za) (il)) /OOO gLAF(NHI)(l — e_Ua,oNHI)dNHI . (3.7)

For other Lyman series lines 0, is replaced with ;o for the jth line, and then, the

optical depth function for the jth line has the same functional shape as that of Lya:
A (25) o frar(z)(1+ 2) (3.8)

where 1+ z; = Agps/Aj with the wavelength of the jth line ;.
Given the functional shape of frar with the fiducial set of the parameters, one obtains,

for \j < Aobs < Aj(1 4 23),

1.2
A;?F (A;?s) (>\0bS < 22)\])
3.7
TJLAF()\obS) — A%\F ()\5\)?5) (2,2)\3» < Aobs < 5.7>\j) (3.9)
5.5
)\0 S
ALAT ( s ) (5.7 < Aobs)

otherwise T]LAF()\ObS) =0.

For the exact value of the coefficients A;@F (k =1, 2, and 3) calculated with 6 = /7
see Table 2 of Inoue et al. (2014).
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The optical depths for the components are:

1 a(p -1)
ten ) AR (3.10)

1 [=s
L8 (Aobs, 28) R T(2 — fr.ar) (Niop)PLAF 1/0 fLar(2) ( e

and y N
(1 — z _ 14+ =z o -
TEEA obs 28) = ﬁ/{) s foLa(z) {1 — (Neop,)PPLATY (T;) PLA }dzv (3.11)
For the LAF component, when zg < 1.2,
Aobs 12 _ 2e)—0-9 (Aobs )21 ] ~
ARG 0.025 [ (A=) "% = (14+29)70° (322)™] Ghone < A1+ 29) 2,
0 (Aobs 2 AL(1 + zs))
when 1.2 < zg < 4.7,
2.55 x 10~ 2(1+zs)16( +0325( S =) —0.250(*;1‘35)2‘1 (Mobs < 2:2AL)
TEEF (Aobes 25) ~ { 2.55 x 10~2 [(1 4 2g)16 ( o s) _ (fi}:g”] (2221 < Aobs < AL(1 + 28))
0 (Aobs = AL(1+ zg)
(3.13)

and when zg > 4.7,

1.2 2.1
5.22 x 1074 (1 + 2¢)34 +0.325 (JL) —3.14 x 1072 (%ﬁ) Cobs < 2.2AL)

A

( AL )2 N CR! N 3.7
AR 5.22 x 1074(1 + 25)34 ( QES) " 10218 ( QES) T 255 %1072 (;)755) " (2.221 < Aobs < 5.TAL)
L (Nobs) 28) & 4 3.4 (Aops\21 Obs 5.5
5.22 x 1074 |(1 + 2g) $o (5.7AL < Aobs < AL(1 + 28))
0 (Aobs = AL(1 + 2s))
(3.14)

For the DLA component, when zg < 2.0,

— A —0.3 2.0
0.211(1 + 25)%'% — 7.66 x 1072(1 + 2g)?'3 ( Zebs —0.135 ( 2ebs Aobs < AL(1 4+ =z
DEA (o 26) (1+25) (1 +25)%3 (2gbs) (322)"7 Qobs <AOt2s)
0 (Aobs 2 AL (1 + zs))
and when zg > 2.0,
E B —0.3
0.634 4 4.70 X 107 2(1 + 25)30 — 1.78 x 107 2(1 + 2g)3-3 (%)
Aobs 2.0 Aobs —0.3
o ~0.135 (fif) —0.201 (;7;) . (Mobs < 3.0AL)
LG (Nobs» 28) & 4 4.70 x 107 2(1 + 25)30 — 1.78 x 1072 (1 + 25)3-3 (’\/371135) '
3.0
—2.02 x 10~2 (Ag—‘;) (3.0A1, < Agbs < AL(1 + 25))
0 (Aobs 2 AL(1 + zs))
(3.16)

Using the relations shown above I have developed a Fortran code and I have used it to

extinguish the original templates, before running the main code.

3.6 SED-fitting procedure

The major observational challenge in any study of the AGN-galaxy co-evolution lies in
the accurate separation of the AGN and galaxy emission components, at all optical-
IR wavelengths. This is a fundamental step to be done because, depending on the

intrinsic spectral energy distribution of the nuclear and of the stellar light, and of their
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FIGURE 3.1: Mean transmission function at different redshifts, as from Inoue et al.
2014.

respective level of extinction, inaccurate de-blending might not only hamper any precise
determination of the galaxies’ physical properties, but also mask AGN signatures and bias
our view of the SMBH growth. Since the relative contribution in the SED of the different
components (AGN /host galaxy) varies with wavelength, a proper decomposition can be
obtained by an SED-fitting approach. The main tool used to investigate galaxy SED is
to apply appropriate SED-fitting techniques with sophisticated models. In recent years
tools for SED-fitting have progressed significantly, with the introduction of procedures
to fit data from the UV to the FIR.

The approach I have followed consists in considering each observed SED in the sample
as the result of the superposition of the nuclear AGN emission and of the galactic light,
the last usually modeled as due to the integrated light of the stellar populations of the
galaxy which are generated by different star-formation histories. I remind that galaxy

SEDs peak typically at around 1 um for a very wide range of SFR histories.

The strength of the SED fitting method is that, given sufficiently wide photometric

coverage, it is applicable to all AGN, obscured and unobscured, independent of their
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luminosity. In particular, once a comprehensive set of templates for the SED compo-
nents is chosen, the method can be applied almost blindly to any detected object in a
multi-wavelength survey, reaching an accuracy that depends on the number of bands and
depth of the available photometric catalogs. In general, both components significantly
contribute and the global SED is the result of the combination of the central QSO’s and
the host galaxy’s SED (see e.g. Hao et al., 2009; Merloni et al., 2010; Lusso et al., 2012;
Bongiorno et al., 2012). How much these two components contribute to the global SED
depends on a number of factors, the most important ones being their relative luminosity
and the level of obscuration affecting each of them. In type-1 unobscured AGN, the AGN
component typically dominates in the optical and IR bands with some degree of contri-
bution from the host galaxy; on the contrary, the optical continuum of type-2 obscured
AGN is dominated by the host galaxy emission with the AGN component rising mainly
at IR wavelength. Obviously, not both components are always detectable. Solutions in
which the SED is a pure QSO (in case of type-1 AGN) or a galaxy with a negligible
contribution from the central AGN (in case of type-2 AGN), are both possible.

For the work presented in this Thesis I have used a SED-fitting code which I developed
on the basis of the one by Bongiorno et al. (2012). It has been written to be as flexible
as possible: various input information can be set up by the user to configure the fitting
methodology (e.g. cosmology and fitting options), the input photometry (i.e. number of
photometric points and available bands) and the library templates (for both AGN and
galaxy templates) to be used. Once that all the files required have been settled, the code
runs generating some output files, containing useful information for the analysis of the
SED. The code takes as input files the AB magnitudes of each object, converting them

in the relative flux density, according to the relation:

F)\ — 10—0-4magAB +48.60 . 7)\20 (317)
eff

where A.¢y are the effective wavelengths of the band-filters. Missing magnitudes are
recognized by assigning to them a negative value, e.g. in the form -99.00. The observed

SED is fitted with a multi-component model. In particular:
Fops=AF+BF,+C F3+... (318)

where Fyp, is the total observed flux of a given source, Fj; is the i-th emission component;
A, B, C are the relative normalization parameters. From the match among the AGN
and galaxies’ templates the code returns the best choice of the model and the values of
the normalization parameters reproducing the data. In details, the code reads the input

data file described in Appendix A, considering one object at the time. Then it calculates
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the luminosity distance for each object, assuming a ACDM cosmology with Hy = 67.90,
Q= 0.3065, Q) = 0.6935, as from Planck mission’s latest results. These parameters
can however be modified in the setup file (see Appendix A). Then it proceeds with the
SED fitting. The determination of the combination of the models that better reproduce
the set of the observed data points is performed by weighted least square, better known

as the standard reduced y? minimization, where the reduced x? is in the form:

1 < (FM —FON?
X, = > ( : > (3.19)

(L i

where n is the number of observed data points, p the number of free model parameters,
Fio and FiM the observed and model fluxes in the i-band, respectively, and o; the errors

in the observed fluxes.



CHAPTER 4

Giant star nurseries in hyper-luminous quasars

The AGN efficiency in driving powerful outflows is expected to increase with the bolo-
metric luminosity of the AGN. Therefore, one would expect that AGN feedback could
reach its maximum of efficiency at the brightest end of the AGN luminosity function.
Accordingly, this Chapter aims at investigating the AGN-galaxy co-evolution in the most
luminous AGN, which are therefore potentially the best places where we can hunt for

feedback phenomena.

4.1 Introduction

Since the co-evolution of BHs and galaxies is directly linked to the SFR and consumption
of gas, one of the key parameters to study is the SF activity of the quasar host galaxies.
This has benefitted from progressively larger numbers of quasars being identified in wide,
systematic infrared galaxy surveys. The problem in this type of analysis is that the quasar
may bias the SF estimate in the host by contaminating the UV and optical range of the
spectrum. A possible solution might be to use the far-infrared (FIR) emission, through
UV light that is reprocessed by the dust grains. The quasar contamination drops towards
the FIR band (see, however, Schneider et al., 2015) and the effect of dust extinction is

almost negligible.

The first investigations of the FIR emission in quasars was carried out with the Infrared

Astronomical Satellite (IRAS) and the Infrared Space Observatory (ISO) combined with
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data from SCUBA and IRAM which extended the observational range at longer wave-
lengths. The launch of the Herschel Space Observatory in 2009 (Pilbratt et al., 2010)
allowed us to observe the galaxy rest-frame emission as never before. Thanks to Herschel
observations, several studies have been made in the past years to understand whether
the presence of a quasar in the centre of the galaxy has any influence on the host SFR.
The results have been contradictory, however. Most of these studies have found evidence
for enhanced SFR in quasars hosts, compared to non-active galaxies of the same stellar
mass, and argued that the bulk of moderate-luminosity X-ray selected quasars are hosted
in galaxies that trace the normal star-forming main-sequence (MS) galaxies (e.g., Harri-
son et al., 2012; Mullaney et al., 2012b; Rosario et al., 2013; Santini et al., 2012; Stanley
et al., 2015). Conversely, Bongiorno et al. (2012), Azadi et al. (2015) and Mullaney et al.
(2015) reported a broad specific SFR (sSFR) distribution for X-ray selected quasars that
peak below the MS.

In addition, a further analysis is required to understand whether quasars are more likely
to reside in quiescent or in star-forming host galaxies, that is, to search for an overall cor-
relation between the SF and the nuclear activity in individual galaxies. Hatziminaoglou
et al. (2010), studying a sample of Herschel Multi-tiered Extragalactic Survey (HerMES)
high-redshift quasars, found a correlation between the quasar and the SF luminosities for
both high- and low-luminosity sources. Shao et al. (2010), alternatively, showed a slight
dependence on quasar luminosity for the SF in the latter class, in accordance with the
results of Mullaney et al. (2012b) for moderate- luminous quasars and results of Rosario
et al. (2012) who used a larger sample, including the COSMOS sample. Conversely,
Mullaney et al. (2012a) did find hints of coeval growth of the super-massive BH and host
galaxy, suggesting a causal connection, which was also found by Delvecchio et al. (2015)
in their analysis of about 8500 sources with Herschel observations up to z = 2.5. A
possible reason for such discrepant results resides in the fact that an additional question
needs to be kept in mind, which is the strength of the quasar contamination in the FIR.
Symeonidis (2017) argued that in their sample of the most powerful quasars collected
from Tsai et al. (2015) and Netzer et al. (2016), the total infrared luminosity was domi-
nated by the quasar emission and there was no need for a star-forming component. On
the contrary, Hatziminaoglou et al. (2010) showed that a starburst was always needed to
reproduce the FIR emission of their sample. The truth is probably in between these two
scenarios: Haas et al. (2003) proposed that objects hosting the highest FIR luminosities
(Lpir > 102 — 10'L) have a strong star-forming component but the quasar contribu-
tion in the FIR is not negligible. Similarly, Dai et al. (2012) and Schneider et al. (2015)
concluded that the radiation emitted by the central nucleus can provide an important

source of heating for the dust in the galaxy.
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In order to understand the discrepant results of the aforementioned works, it is important
to constrain any correlation between the quasars and their host galaxy parameters. Mod-
els and observations have both confirmed that the efficiency in driving energetic winds
and the momentum fluxes of galaxy-scale outflows increases with the quasar bolometric
luminosity (see e.g., Menci et al., 2008; Hopkins et al., 2016; Fiore et al., 2017). Hence,
we would expect that feedback could reach its maximum efficiency at the brightest end of
the quasar luminosity function. For this reason, understanding the coupling between the
nuclear energy output and the host galaxy is an open issue that is particularly relevant
for the most luminous quasars, especially at 1<z<3, the golden epoch for galaxy-quasar

co-evolution.

The Chapter is organized as follows: In Section 4.2 we describe the sample and the data,
with the focus on the Herschel data extraction procedure. Section 4.4 provides a detailed
explanation of the method we used to separate the different emission components, and
we describe the templates we adopted to model the whole spectral energy distribution.
The result of the fitting procedure is shown in Section 4.5, where we report bolometric
and monochromatic luminosities and a study of the infrared properties (host infrared
luminosity and SFR, cold and hot dust masses) of the sources. In the same section we
also thoroughly study the possible contribution of the quasar to the FIR fluxes, from
which we gain a statistical result that can be be applied to the entire sample. Finally,

Section 4.6 presents the conclusions of our work.

In what follows, we adopt a ACDM cosmology with Hy = 67.90 km /s/Mpc, 2, = 0.3065,
Qp = 0.6935 (Planck Collaboration et al., 2016).

4.2 The WISSH sample

Weedman et al. (2012) presented a list of ~ 100 hyper-luminous AGN with the highest
7.8 um luminosities, i.e. vL, (7.8 um) > 10*7 erg s™!, selected by cross-correlating the
sources detected at 22 um from the Wide-field Infrared Survey Explorer (WISE) with
the Sloan Digital Sky Survey (SDSS) optically discovered type 1 AGN, in the redshift
range 1.5 < z < 5. The selection has been made in the mid-IR band, with these major
advantages: (1) we are not biased against dust obscured sources, since the absorbed op-
tical emission is re-emitted at IR wavelengths; (2) all AGN can be compared consistently
without the uncertainties due to extinction correction affecting the luminosity measure-
ments at shorter wavelengths; and (3) in this way, we tend to select red AGN which
are ideal targets as they likely represent an intermediate population emerging from the

merger-driven, heavily-obscured phase and preceding the blue quasar phase in which the
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gas/dust content in the host galaxy may be already swept away. Banerji et al. (2012)
found that the obscured phase of a quasar is probably associated with its most intrinsi-
cally luminous stage as it corresponds to a time when the black-hole is accreting mass

very quickly.

Most of the sources in the catalog by Weedman et al. (2012) are at z ~ 2 — 3, the golden
epoch of AGN and galaxy evolution, since it is the epoch when SMBHs of the most pow-
erful AGN have accreted most of their mass, and the nearby massive elliptical galaxies
formed the bulk (~ 90%) of their stars. The sample of SDSS/WISE AGN was created
starting from the 105 783 objects in data release 7 of the SDSS quasar catalog, choosing
only all sources with z> 1.5. The redshift criterion results in 52 761 AGN from the
SDSS. Of these, the most luminous 100 as measured by v L, (7.8 um), were selected. The
sources analyzed in this chapter belong to the WISSH (WISE-SDSS selected hyper-
luminous) sample, which consists of 87 AGN obtained from the Weedman sample by
removing the lensed objects and those with a contaminated WISE photometry (leading
to an overestimation of the vL, (7.8 um)).

Among the WISSH sources, this work focuses on the 16 quasars for which Herschel
observations are available on the archive. The lack of a unique preselection in the ob-
servational campaigns from which the data have been extracted shall ensure no bias.
Moreover, as shown in Figure 4.1, these sources seem to be randomly distributed both
in redshift and luminosity: they are therefore representative of the total WISSH sample.
In Table 4.1 we list the 16 sources studied here, reporting the numeric ID associated to
each source, their SDSS ID, and their redshift. Most of the objects have redshift taken
from the seventh or the tenth release of the SDSS, but for 5 sources out of 16, we can rely
on more accurate z estimates performed by Vietri et al. (2018) on LBT/LUCI spectra
using the HS line.

4.3 Multi-walength data

For the 16 sources analyzed here, we have collected data from four different surveys, for a
total of 15 bands: SDSS covering the optical bands u, g, r, i and z '; 2MASS in the NIR
J-, H- and K-bands 2, WISE at 3 um, 4.5 um, 12 um and 22 zm and finally SPIRE in
the FIR, at 250 pm, 350 pm and 500 pm. All the photometric data have been corrected
for Galactic extinction following Schlegel et al. (1998). While for the UV-to-MIR data
we have collected the data from published catalogs, the photometry in the FIR bands

has been extracted from archival data.

"http:/ /skyserver.sdss.org/dr10/en /home.aspx
http:/ /irsa.ipac.caltech.edu/frontpage/
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N SDSS name z

1 SDSSJ012403.77+004432.6 3.840

2 SDSSJ020950.71-000506.4  2.856
3 SDSSJ073502.30+265911.5 1.982
4 SDSSJ074521.78 +473436.1 3.225 *
5 SDSSJ080117.79+521034.5 3.263 *
6 SDSSJ081855.77+095848.0 3.694
7  SDSSJ090033.50+421547.0 3.294 *
8 SDSSJ092819.29+534024.1 4.390
9 SDSSJ101549.00+002020.0 4.400
10 SDSSJ121549.81-003432.1  2.707
11 SDSSJ123714.60+064759.5 2.781
12 SDSSJ125005.72+263107.5 2.044
13 SDSSJ143352.20+022713.9  4.620
14 SDSSJ170100.60+641209.3 2.737
15 SDSSJ212329.46-005052.9  2.283 *
16 SDSSJ234625.66-001600.4  3.512 *

TABLE 4.1: Sample of the 16 WISSH AGN here studied: source number, SDSS ID,
SDSS redshift (* sources have z obtained by Vietri et al. (2018), from LBT NIR spec-
troscopy or SINFONI spectroscopy).

Survey /Instrument ‘ Filter Aeff
u 3543 A
g 4770 A
SDSS r 6231 A
i 7625 A
z 9134 A
J 12350 A
2MASS H 16620 A
K 21590 A

W1 3.35 um
W2 4.60 pm
W3 11.56 pm
W4 22.08 pm

WISE

SPIRE1 243 ym
Herschel SPIRE2 340 pm
SPIRE3 482 um

TABLE 4.2: Summary of the photometric surveys properties.
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FIGURE 4.1: Bolometric luminosity versus redshift of the total WISSH sample (in blue).

The large stars are the 16 sources with Herschel data. For comparison, the COSMOS

survey by (Bongiorno et al., 2012) and the PG QSOs by Veilleux et al. (2009) and
Petric et al. (2015) are shown in grey and green, respectively.

4.3.1 Herschel SPIRE data: source extraction

For the FIR photometry we used Herschel archival data. For each source we estimated
the Herschel flux densities at SPIRE wavelengths using the sourceExtractorTimeline
(Bendo et al., 2013), a fitting method implemented in HIPE (Ott, 2010), which is widely
used for point-like sources (see e.g., Pappalardo et al., 2016; Ciesla et al., 2012). Her-
schel observations are performed by orthogonally scanning each target with the SPIRE
bolometers, measuring the fluxes at regular time intervals. The measurement set of the
bolometers for each cross-scan is called "timeline" data. The sourceExtractorTimeline
fits these timeline data from all bolometers within an individual array with a two-

dimensional Gaussian function. The input is the source position, a radius containing
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the source, and an aperture identifying the background annulus. Following the prescrip-
tions of Pappalardo et al. (2015), we set a search radius for the target of 22", 30", and
42" at 250 pm, 350 um, and 500 pum, respectively. For the background annulus we define
a set of different apertures between 140" and 220", and we estimate the background from
the median of all the values recovered. Two fits were performed to the timeline data.
The first fit was performed using a circular Gaussian function in which the FWHM was
allowed to vary. Then the FWHM was used to determine whether the source is resolved
or unresolved and to reject sources that are either too narrow (which may be unremoved
glitches) or too broad (which are probably extended sources). To test at which distance
two sources are distinguishable, point-like objects with the same flux density and an in-
creasing distance from each other were injected in the timeline data. We found that two
sources are resolved only if they are at a distance above ~ 22", 30", and 46" at 250, 350,
and 500 pm, respectively. Fixing the distance between the sources to these values, as a
second step, we injected point-like objects at different flux densities in the timeline data
to investigate the FWHM recovered by sourceExtractorTimeline. These tests demon-
strate that artificial sources with FWHM corresponding to the telescope beam (17.5",
23.9", and 35.1" at 250, 350, and 500 pm, respectively) added to timeline data may have
an FWHM between 10" and 30" at 250 pm, 13.3" and 40" at 350 um, and 20" and 60" at
500 pm. Therefore, sources, whose FWHM was determined via sourceExtractorTimeline
and were outside these values were excluded from the analysis. Although other software
packages have been developed for source extraction within complex extragalactic fields
(including software developed specifically for Herschel), we prefer to use the timeline fit-
ter because the SPIRE data are flux calibrated at the timeline level using timeline-based
point-spread function-fitting techniques, so that the method we used is consistent with
the flux calibration measurements themselves and it is therefore expected to be more
accurate.

In Table 4.3 we report the photometric flux densities obtained from the images.

4.4 UV-to-FIR Spectral Energy Distribution

This section is intended to describe the tool developed to study the SED of our sources.
As described in Chapter 3, the approach is based on the idea that the overall observed
SED of each AGN is the result of the combination of different emission components that
can be properly disentangled. In particular, we used a fitting procedure that in turn is
based on the weighted least-square method, better known as the standard reduced x?

minimization, where the reduced 2 is in the form :
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N fo50 um[mJy]  f350 pm [mJy]  f500 pm [mJy]

1 <48 <44 < 40
2 71 + 18 61 £10 31 £10
3 91 £ 7.2 53 £7.3 33 £9.2
4 55+ 7.4 58 £7.3 92 £9.5
) 93+ 7.3 80 £8.1 o7 £10
6 48+ 7.2 49 £7.3 < 56
7 29+£7.7 19 £7.4 <27
8 65 £ 7.7 75 £8.2 66 £9.8
9 20£5.2 23 £5.1 19 +6.6
10 75+ 12 58 +12 51 £8.3
11 93 £5.1 94 £5.1 62 £6.4
12 <45 <31 <65
13 28£2.9 23 £2.9 16 +£3.6
14 81+3.0 56 £2.9 < 40
15 36 £3.7 28 £3.6 18 +£4.5
16 41+ 14 38 £9.9 <35

TABLE 4.3: FIR flux densities in the three Herschel-SPIRE bands for the WISSH
quasars.

1 n obs __ pmodel 2
¢= > () (4.)

[ !

with n the observed data points, inbS and o; the observed fluxes and associated errors of

fim‘“del the total flux of the chosen model with p free parameters,

the photometric bands,
and v = n — p the degrees of freedom.

Our model (fy0de1) includes three emission components:

fmodet = A fapyr + B fep +C fue (4.2)

where fapir represents the emission coming from the accretion disc (both direct and
reprocessed by the dusty torus), fop accounts for the FIR emission due to the repro-
cessed flux by cold dust and is modelled as a modified blackbody, fisg is any possible
MIR emission excess modelled with a simple blackbody. Finally, A, B, and C are the
relative normalization. For each component we have created a library of templates de-
scribed below. The fitting procedure, through x? minimization, allows us to determine
the combination of templates that best describes the observed SED and their relative
contribution.

The lack of a galaxy emission component in the fitting procedure is due to the fact that,

in such extremely bright and unobscured sources, the UV galactic emission is completely
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overwhelmed by the AGN light. Indeed, the need for such galactic emission has been

rejected by the minimization procedure.

4.4.1 Library templates

The data were fitted with three main emission components (see previous section). For
each component, a number of templates spanning a large grid of physical parameters

were created. In the next sections we describe them in detail.

4.4.1.1 AGN emission

The first component of the SED-fitting tool includes the direct emission from the central

engine and the light absorbed and re-emitted by the dusty torus.

(i) Nuclear emission

The shape of the SED of the primary source is commonly described by power laws of
different spectral indices that vary considerably from one work to another, however. In
order to evaluate the best shape to describe the observed emission of a generic quasar,

we analysed different models of UV emission that are used in literature.

Fritz et al. (2006) modelled the primary source of emission, which was updated by
Stalevski et al. (2012, 2016), as a composition of power laws with indices from Granato

and Danese (1994) and Nenkova et al. (2002),

A2 0.001 < A <0.030 [pm)]
ALy = ¢ )0 0.030 < A < 0.125 [um)] (4.3)
A705 0125 < A <20.0 [um].

Feltre et al. (2012) proposed an updated version of this model, changing the spectral
indices of the power laws according to Schartmann et al. (2005), making them steeper

at short wavelengths:

2?2 0.001 < X\ <0.050 [pm]

A8 0,050 < A <0.125 [um)]
ALy = (4.4)
27050125 < A <100 [um]

A3 > 100 [um] .
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FIGURE 4.2: Comparison of the SED for different emission models of the quasar pri-
mary source.

Figure 4.2 shows the aforementioned models from Stalevski et al. (2012) and Feltre et al.
(2012) compared to the models derived from the composite quasar spectra by Telfer
et al. (2002) and Stevans et al. (2014) based on HST quasars spectra and compared to
the empirical SDSS quasar mean spectra from Richards et al. (2006) and Krawczyk et al.
(2013). As visible in Figure 4.2, the slope of Stalevski’s power law at short wavelengths
(A < 0.125 pm) seems to be at odds with all the other emission models, both empirical
and theoretical ones. In our library of templates, we therefore chose to model the accre-

tion disc emission using the recipe by Feltre et al. (2012).

(ii) Torus emission

Several models for the radiation that is emitted by the dusty torus surrounding the ac-
cretion disc are available in the literature, and they often result in very different solutions
when fitted to the data. Feltre et al. (2012) studied the differences between a smooth
and clumpy dusty torus by comparing the works by Fritz et al. (2006) and Nenkova et al.
(2008). They concluded that the models with only a smooth grain distribution are not a
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realistic description of the torus, since they imply a large number of collisions that would
raise the temperature so high that it would destroy the dust grains (see also Krolik and
Begelman, 1988). However, as a result of the difficulties in handling clumpy media and
the lack of computational power, smooth models were used at first. Using a Monte Carlo
radiative transfer code (SKIRT'), Stalevski et al. (2012, 2016) simulated a dusty torus as
a three-dimensional two-phase medium made of a combination of high-density clumps
and low-density medium filling the space between the clumps. The models have been
obtained starting from the smooth models by Fritz et al. (2006) and applying the algo-
rithm described by Witt and Gordon (1996) to generate a two-phase clumpy medium,
according to which each individual cell in the grid is assigned randomly, by a Monte
Carlo process, to either a high- or a low-density state. In these models, the dust is a
mixture of silicate and graphite grains (as in Mathis et al., 1977) with optical properties
from Laor and Draine (1993) and Li and Draine (2001). Its distribution is described by
a flared disc whose geometry is defined by the inner (Rj,) and the outer (Rout) radii,
and by the half-opening angle OA, which measures the dust-filled zone, from the equator
to the edge of the torus, which is linked to the covering factor. Of the other models of
dusty tori, we considered the model by Honig and Kishimoto (2010), which is similar
to Stalevski’s in that it uses a three-dimensional transfer code based on a Monte Carlo
approach. However, the model proposed by Stalevski et al. (2012, 2016) provides the
best description of the reprocessed emission by the torus, being both smooth and clumpy;,
and therefore it represents the best choice to constrain the IR part of the spectrum of

our sources with high accuracy.

Of the available empirical infrared quasar SEDs, we compared our choice of the torus
emission with the SEDs proposed by Netzer et al. (2007), Mor and Netzer (2012), Netzer
et al. (2016) (an extended version of Mor and Netzer (2012) template at longer wave-
lenghts), and Symeonidis et al. (2016); these are shown in Figure 4.3 in cyan, red, black
and magenta respectively. Except for the SED proposed by Symeonidis et al. (2016),
our torus model (in green) is in good agreement with all models. As described in more
detail in Sect. 4.5.3, we found SFR values consistent with those published by Netzer
et al. (2016) for three sources in common between the two samples, although different
tori templates have been adopted. Focusing on the longest wavelengths, the empirical
SED by Symeonidis et al. (2016) shows a much higher contribution (lower temperature)
than the others. The reason probably is that in Symeonidis et al. (2016) the torus extent
is larger than in the other cases. From a theoretical point of view, a huge radius of the
torus (as the one described by Symeonidis et al. (2016)) should predict a height of the
torus itself that is difficult to support. Moreover, as recently pointed out by Lani et al.
(2017), the discrepancy found between the mean SED by Symeonidis et al. (2016) and
the other tori templates shown, might be due to the fact that the first has been obtained
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FIGURE 4.3: Infrared torus model by Stalevski et al. (2016) compared with the em-
pirical SEDs by Netzer et al. (2007),Mor and Netzer (2012), Netzer et al. (2016), and
Symeonidis et al. (2016).

without normalising the individual SEDs at a given wavelength and, above all, that it
does not represent the entire quasar population but rather the extremely IR-luminous

ones.

In view of the above, for this work we created new templates accounting for the accretion
disc plus torus emission, made by the combination of the quasar torus emission from
Stalevski et al. (2016) and the nuclear emission from Feltre et al. (2012), appropriately
normalized to preserve the energy balance between the UV and the IR bands. This library
is made of 1920 templates with different values of optical depth 7 at 9.7 um, half-opening
angle OA, and dust distribution. In addition, each of them has ten different lines of sight
6, from face-on (0°, for typical unobscured type 1 AGN) to edge-on (90°, obscured type
2 AGN) view, for a total of 19200 templates (in Figure 4.4 torus templates for different
varying parameters are shown). However, in order to reduce the computational time, we
used only those with inclination angle 0°, which is a reasonable assumption considering

that we study type 1 AGN and that the inclination angle ¢ and the optical depth 7 are
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FIGURE 4.4: Examples of templates at inclination angle i = 0° used to describe the

AD plus T emission. Different panels show how the torus emission changes when the

physical parameters are varied, i.e. optical depth 7, ratio of outer to inner radius

R = Rout/Rin, half-opening angle OA, and the p and q parameters related to the

density gradient along the radial direction and with polar angle p(r,6) oc r—Pe—alcosdl
(Granato and Danese, 1994).

strongly degenerate. In this way, we obtained a reduced library of 1920 templates of

accretion disc plus torus.

4.4.1.2 Cold dust emission

The second component of the SED-fitting procedure is a modified blackbody accounting
for the emission powered by SF, which is absorbed by dust grains and re-emitted in the
MIR and FIR. We know that the stellar light is emitted in the UV-to-NIR bands of the
spectrum, with the NIR dominated by the older stars, while the UV is dominated by the
massive short-lived stars. The young stars are responsible for polluting the ISM with
metals and dust, producing grains that absorb the stellar light and re-radiate it in the

IR and sub-millimiter domains, while the oldest stars (~ 10% years) get dust into the
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ISM during their AGB phase (Calura et al., 2008).

In the far-infrared, this dust emits thermal emission that is characterized by a blackbody
spectrum with an additional A= term that accounts for the emissivity of the dust (Hilde-
brand, 1983). It must be stressed that since the FIR emission is produced by a mixture
of grains of different shapes and sizes, this results in a distribution of temperatures. For
simplicity, we can assume a single-temperature modified blackbody emission even if the
SEDs of real galaxies are obviously more complex. Following Blain et al. (2002), the

rest-frame emission of this cold dust is modeled as:

MBB(Tcp, \) = A° BB(Top, \) (4.5)

where BB(Tc¢p, A) is the Planck function for a dust temperature Tcp and (3 is the
emissivity index. The temperature of the modified blackbody and the normalization are

free parameters.

The emissivity of dust grains is generally taken to be a power law at these long wave-
lengths, with models and laboratory data suggesting indices in the range 1 < 5 < 2. One
of the main sources of uncertainty lies in the exact determination of this value: different
values of 8 produce a systematic change in the best-model value of T¢p since a smaller 3
implies a higher cold dust temperature. Following Beelen et al. (2006), we fixed 3 to 1.6,
which seems to be the most appropriate value for high-z AGN. Recently, works based on
Planck and Herschel data have shown that the value of 8 = 1.6 (instead of 8 = 2.0 used
in the past) might be the most correct to describe also the dust in local galaxies (see for
example the studies on the Milky Way by Bianchi et al. 2017 and Sect. 4.3 of Planck
Collaboration et al. 2014).

The cold dust library consists of about 50 BB templates, with temperatures in the range
20K < Tep < 70K,

4.4.1.3 MIR emission excess

As outlined by several authors in the past, and shown in Figure 4.7, an additional
component in the mid-infrared is often required to fit the MIR part of the SED of
luminous quasars (see e.g., Barvainis, 1987; Mor et al., 2009; Leipski et al., 2013).

In the works mentioned above, the authors speculated that the dust grains are probably
made of pure graphite since they are able to survive to temperatures higher than the
silicate temperatures present in the torus (Minezaki et al., 2004; Suganuma et al., 2006).

The physical scale of this hot dust is delimited by the sublimation radius of “typical” dust



Chapter 4. Giant star nurseries in hyper-luminous quasars 65

composed of both silicate and graphite grains (torus inner radius) and the sublimation

radius of pure graphite grains (which has a sublimation temperature of ~ 1500 K).

To describe the NIR emission excess, we generated about 650 templates using blackbod-

ies of different temperatures, from Tyg = 190K to Tng = 1800 K.

4.5 Results of the SED fitting

Given the wide multi-wavelength coverage, the fitting technique described above allows
us to decompose the entire spectral energy distribution into the different emission compo-
nents and to derive robust measurements of both the AGN and the host galaxy properties.
In Figures 4.5 and 4.6 we show the best-fit SED model for the 16 sources. Black circles
are the rest-frame photometric points corresponding to the observed bands we used to
constrain the SED. Data below 1216 A corresponding to the Lyman-« emission line, are
plotted as open circles and are not taken into account in the fit. At these wavelengths,
the flux is expected to be weakened due to the Lyman « absorption forest, which is not
included in our model. Data points above 1216 A were fitted with a combination of the
components described above. In detail: (i) accretion disc plus torus emission (AD+T,
blue line with cyan shaded area); (ii) cold dust emission in the IR band (CD, red line with
orange shaded area); and (iii) NIR excess when necessary (NE, green line with shaded
area). The shaded areas describe the range of values corresponding to the solutions for
which Ax? = x%(sol) — x?(best) < 1.0, 1o in the case of one parameter of interest (see
Avni, 1976).

As a first step, we considered a standard combination of AD+T and CD components in
the fit. However, in a few cases we found that these models are not enough to reproduce
the whole SED, which shows an excess of emission in the MIR bands. For these cases, we
therefore added as a third component, the additional MIR, excess template, while fixing
the AD+T and CD best-emission models found in the first run. To quantify whether
such a component really does improve the fit, we performed the F-test, which measures
the goodness of two nested models through the comparison of the y? and degrees of

freedom obtained in the two cases.

Figure 4.7 shows as an example, one of the sources for which the additional component
was added (SDSSJ123714.60-+064759.5). As visible even by eye, the inclusion of the MIR
excess component improves the fit: the WISE 3 photometric point shows that including
the MIR excess component brings the fit a factor of ~5 closer to the observed point.
For SDSSJ123714.60+064759.5, the result of the F-test is F=16.67, meaning that the
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FIGURE 4.5: Resulting rest-frame SED decompositions for half of the sources (continues
in Figure 4.6). Black circles are the rest-frame photometric points corresponding to the
observed bands used to constrain the SED. Black open circles represent the photometric
points not included in the fits (at A < 1216 A due to Ly-o absorption, see the text for
more details), while the black arrows correspond to upper limits on the observed flux
densities at 1o. Lines (and shaded areas) correspond to the model templates (and the
1o error) found as best-fit solution to describe the photometric points through the 2
minimization: blue is the accretion disc plus torus template (AD+T), red is the cold
dust component (CD) while dark green is the NIR excess (NE) when present. Finally,
the black line shows the sum of all these contributions. Blue, orange, and light green
shaded areas correspond to the accretion disc plus torus, the cold dust, and the NIR
excess templates within 1o of the best-fit template, and light grey shaded area to their
sum.

10-t0

T T T T T T T T T T T TTTEET T T T T T T T I T T T T TTTT
10-1t (1) JO12403.77+004432.6 (2) J020950.71-000506.4

10-12

®

10-18

10-14

10-1 : 1

Lo-11 (3) JO73502.30+265911.5 (4) JO74521.78+473436.1
1072
10-12

10-14

HRbie IR B L G IR ""“I'_é

10-10 1
10-11 (5) JO80117.79+521034.5 (6) J081855.77+095848.0
10-12 =
10-13

10-14

10-t 1
10-11 (7) J090033.50+421547.0 (8) J092819.29+534024.1
10-12
10-18

10-14

E FRTTT IRRTITT EERTTYT MERTITT RERETT SRR ERRTITT EERETTT EERTTTT RRRTIT: SNRTITT EERTTT RRTTTT MRRTTIT BRI =S WTTT ARRTTT EERTT EERTTT ARt

10-18
1000 104 108 108 1000 104 108 106

wavelength [A]



Chapter 4. Giant star nurseries in hyper-luminous quasars 67

FIGURE 4.6: Same as in Figure 4.5 for the remaining 8 sources.
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addition of the third component produces an improvement in the resulting fit statistic
that is significant at a confidence level > 99 %. In the whole sample, we found that the

MIR excess blackbody component is required in 5 out of the 16 sources (~ 31%).

4.5.1 Bolometric and monochromatic luminosities

From the final SED best-fit, we derived several physical quantities of both the host galaxy
and the nuclear source. The intrinsic AGN bolometric luminosity was computed for each
source by integrating the accretion disc emission in the range 60 A — 1 pm (although
Figure 4.5 and 4.6 only show wavelengths above ~ 500 A).

In particular,

1pum

Lot = 4nd / Afap [erg/s (4.6)
60 A
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FIGURE 4.7: Example of a fit in which an additional component (ME) has been added

to fully describe the MIR emission. The left panel shows the standard fit with two

components, while the right panel shows a fit in which the MIR excess blackbody is

included. The F-test on this source shows that this component improves the fit at a
>99% confidence level.

where dj, is the luminosity distance and fap is the accretion disc emission component
with A relative normalization. In the computation of the bolometric luminosity, we do
not account for the soft X-ray emission, which has been demonstrated to be negligible.
In fact, the bolometric correction, that is, the ratio between the bolometric luminosity
and the luminosity at a specific wavelength, found in the soft X-ray band are quite large,
of the order of 20-30, as in Marconi et al. (2004) and Lusso et al. (2012), for instance.

Similarly, the AGN monochromatic luminosities at 2500 A, 4500 A and 6 pm and the

luminosity at 158 pm (which corresponds to CII emission line), were computed as:
ALy = 4nd? N f()\) [erg/s] (4.7)

where f(A) was obtained by interpolating the best-fit model accretion disc plus torus
template (for Logog 4» Lysoo 4 @nd Leum) and the total template (for Lisg um), and prop-
erly correcting for dust absorption, considering the value of the corresponding intrinsic

template.

The AGN bolometric and the monochromatic luminosities computed as described above
are reported in Table 4.4. As expected, these sources show very high bolometric lumi-
nosities (in the range 107 — 10® erg s7!) and they therefore populate the brightest end

of the luminosity function.
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N log(Lyor) log(L2500A) log(L4500A) 10g(L6um) 10g(L158um)

lerg/s] lerg/s] lerg/s] lerg/s] lerg/s]
1 47.54 47.05 146.93 47.10 45.73
2 47.64 47.15 47.03 47.19 45.84
3 47.65 47.16 47.04 47.05 45.77
4 48.03 47.54 47.41 47.15 46.05
5 47.80 47.31 47.18 47.22 46.05
6 47.36 146.87 146.75 146.87 46.00
7 47.98 47.49 47.36 47.10 45.52
8 47.31 46.82 46.70 46.83 46.15
9 47.20 46.71 46.58 46.71 45.65
10 47.62 47.13 47.00 47.17 45.94
11 47.15 46.66 46.53 46.71 46.15
12 47.92 47.43 47.30 47.15 45.45
13 47.56 47.07 46.94 47.03 45.42
14 47.98 47.49 47.36 47.27 45.83
15 4771 47.22 47.10 47.09 45.54
16 47.50 47.01 46.88 47.06 45.69

TABLE 4.4: Quasar bolometric luminosity and monochromatic luminosities at 2500 A,
4500 A, 6 pm, and 158 ym

It is well known that the optical continuum luminosity can be used as a proxy of the
AGN luminosity, while the MIR flux is directly linked to the circumnuclear hot dust
emission. Moreover, the dust-covering factor for type 1 AGN can be obtained from
the ratio between the thermal MIR emission and the primary AGN radiation. Under
these assumptions, a plot such as that in Figure 4.8 has been shown by Maiolino et al.
(2007) to recognize a mild trend of the covering factor with the AGN luminosity, that
is, it decreases with optical luminosity. A strong trend with luminosity also emerges
from our sources (blue stars in Figure 4.8), which lie slightly above (by ~ 0.2 dex) the
relation derived by Maiolino et al. (2007), however. This is not surprising since the
WISSH quasars have been selected to be the most luminous in the 22 ym band, which

corresponds to about ~ 6 um rest-frame given their redshift.

4.5.2 Infrared luminosities and star formation rates

An interesting parameter to derive is the IR luminosity of the host galaxy component,
which is due to the reprocessed UV stellar emission by dust and indeed depends on both
the physical properties of the dust (i.e. mass) and of the incident radiation (i.e. SF and
the AGN, see discussion in Section 4.5.2.1).
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FIGURE 4.8: MIR-to-optical continuum luminosity versus optical continuum luminos-

ity. The WISSH quasars are the blue stars in the plot, while we plot in orange the

sample from Maiolino et al. (2007) of high-z (squares) and local (triangles) sources.
The dashed black line is the relation derived by Maiolino et al. (2007).

We computed the SFR using the relation by Kennicutt (1998) scaled to a Chabrier IMF:
SFR(Mg/yr) = 10710L11L11308821000ym (Lo) (4.8)

where the IR host galaxy luminosity (L%’St) was obtained by integrating the best-fit
modified blackbody in the range 8 — 1000 pm:

o ) 1000 pm
L% 1000 jim = 47TdL/ B fep erg/s] (4.9)

8 um
Both LIHIi)Et—looo Jm and SFR are given in Table 4.5, while B is the normalization related
to the CD template. The values of SFR found for these sources are extremely high
(> 400 Mg /yr and up to ~ 4500 Mg /yr). These derived SFR values assume that all the
FIR emission comes from young stars. However, we know that this is not completely
true since the AGN emission might contribute to it (Schneider et al., 2015; Symeonidis,
2017). For this reason, the SFR values reported in the table have to be considered as
upper limits. A more detailed discussion on this can be found in Section 4.5.2.1, where

the AGN contribution to the FIR radiation is accounted for in a statistical way.
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FIGURE 4.9: Distribution of the bolometric luminosities (upper panel) and of the host
IR luminosities (lower panel) of the sample.

N log (L%{P? 51000 ,um) SFR log(L§f§t4O_120 ,um)

lerg/s| Mg /yr] lerg/s]

1 < 46.72 < 1400 < 46.59
2 46.87 2000 46.73
3 46.55 930 46.44
4 46.83 1800 46.72
5 47.01 2700 46.88
6 46.90 2100 46.78
7 46.54 910 46.41
8 47.24 4500 47.09
9 46.70 1300 46.56
10 46.77 1600 46.66
11 46.92 2200 46.81
12 < 46.21 < 410 < 46.10
13 46.90 2000 46.61
14 46.85 1800 46.71
15 46.27 490 46.17
16 46.79 1600 46.64

TABLE 4.5: Infrared luminosity computed by integrating the host emission from 8 ym
to 1000 pm, related SFRs from Kennicutt (1998), and FIR luminosity of the host com-
ponent from 40 pm to 120 pm.
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4.5.2.1 Quasar contribution to the FIR emission

While there is broad consensus that the strong NIR emission observed in quasars is due
to the central source, the debate is still on whether the FIR emission is mainly powered
by the starburst, or if quasars are required as an additional energy source.

We estimated the possible contribution of the AGN to the heating of the dust in the
host galaxy using the same approach as in Schneider et al. (2015). For the z=6.4 quasar
SDSS J1148+5251, they modelled the dust in the host with a spheroidal inhomogeneous
distribution extending from just outside the quasar dusty torus up to a few kpc. A central
source was included, with a bolometric luminosity sufficient to match the observed optical
data; the AGN SED was chosen from a few templates including the contribution of the
dusty torus in the MIR. The heating of the dust in the host by the central source (and by
an additional contribution from stars in the galaxy) was computed using the radiative
transfer code TRADING (Bianchi, 2008), assuming the typical properties of dust in
the Milky Way (Draine and Li, 2007). From their simulations, Schneider et al. (2015)
concluded that dust in the host galaxy, heated by the IR radiation from the dusty torus,
can contribute significantly (at least for 30% and up to 70%) to the FIR SED of the
AGN-host system.

We repeated the same procedure here for two extreme sources in our sample: the least
(SDSS J123714.60+064759.5) and the most (SDSS J074521.784473436.1) luminous ones.
Given the importance of such an estimate, we will apply the same procedure for the whole
sample in the future. For the two sources in this work, we produced TRADING radiative
transfer simulations, choosing as the central source the nuclear and torus emission best-fit
templates obtained from the optical/NIR data. We adopted the same dust distribution
and mass as in Schneider et al. (2015): as we show in the next section, the dust masses in
our sample are of the same order of the mass for SDSS J1148+5251, studied by Schneider
et al. (2015). By comparing the modelled and observed SED, we found that the AGN
contribution to the FIR fluxes is about 43% in the least luminous source, which increases
to 60% for the most luminous source. This points towards a mild trend with luminosity.
However, considering that the bolometric luminosities are homogeneously distributed, as
visible in Figure 4.9, we can assume an average AGN contribution of ~50% to the total
FIR luminosity, which also accounts for the uncertainties in the radiative transfer model.
The AGN-corrected infrared luminosities and SFR can therefore be derived by simply
dividing the values given in Table 4.5 by a factor of 2.
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4.5.3 Star formation rate vs black hole accretion

Figure 4.10 shows the IR luminosity that is due to SF (hereafter SF luminosity) versus
the AGN bolometric luminosity. As expected, the WISSH sources populate an extreme
region of this plane. In the same figure we also show the SF luminosity values statistically
corrected for the AGN contribution. Such extreme values are in perfect agreement with
the results found for AGN at high z with similar properties, such as the two samples
presented by Netzer et al. (2014) and Netzer et al. (2016), and the hot dust obscured
galaxies (from the work by Fan et al., 2016b). For three objects in our sample in common
with Netzer et al. (2016), we can directly compare the values of SFR. These are SDSS
J020950.71-000506.4 (2) with an SFR of 1700 M /yr from Netzer et al. (2016) and of
2000 Mg /yr from our analysis, SDSS J123714.60+064759.5 (11), which has 2700 M, /yr
and 2200 M, /yr in the two works, and SDSS J212329.46-005052.9 (15), with 300 Mg, /yr
and 490 My, /yr, respectively.

Previous studies about a possible correlation between the SF activity and the quasar
luminosity led to discrepant results. Several works based on X-ray data revealed the
presence of a robust correlation at high redshift and quasar luminosity, which weakens
or disappears for sources at lower redshift and luminosity. In particular, Stanley et al.
(2015), Harrison et al. (2012), and Rosario et al. (2012), who examined data obtained via
stacked photometry, found a flat distribution of Lgr — Lgso. However, Dai et al. (2016),
for a sample of FIR-detected quasars at 0.2 < z < 2.5, found a significant trend between
these two parameters over four orders of magnitude in luminosity. As noted in several
previous works (see e.g., Netzer et al., 2016), these discrepancies might be attributed to
different selection criteria and/or methods of analysis. In particular, Dai et al. (2016)
have been able to reconcile their results with those obtained by Stanley et al. (2015), by
considering stacked IR values.

Given the limited luminosity range spanned by our sample, we are not able to determine
any possible Lgp — Lagn trend. In Figure 4.10 we report the local sample of IR-selected
galaxies from Gruppioni et al. (2016) and the AGN sample from the COSMOS survey
(Bongiorno et al., 2012). The combination of these samples allows us to span a wide
range of luminosity and redshift. Very high Lgso objects are indeed missing from stud-
ies based on small fields, like COSMOS, which do not properly sample the bright end
of the AGN luminosity function. The plot clearly shows that at high luminosities (both
bolometric and SF luminosity), there is a smaller dispersion in luminosity than what
is found for less luminous samples. Quantitatively, the highly luminous sources have a
dispersion that is 2.15 times smaller than the lowly luminous ones. However, it is worth

noting that all the aforementioned samples are Herschel-detected, except for COSMOS.
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We investigated whether there is an hidden redshift dependence in the relation Lgp —
Lagn. Figure4.11 shows the ratio between the SF and the AGN bolometric luminosity
versus z, for the same samples of Figure 4.10. Black points represent the median values in
bins of redshift with associated errors, which were computed considering the differences
between the first and third quartiles and the median value (or second quartile) of the set
of data. As clearly visible, there is no sign of strong trend with redshift, which allows us
to use samples at different redshifts to derive a relation between the SF and the AGN
activity for the IR sources. Here we concentrate on the Herschel-detected samples, that
is, the local sample from Gruppioni et al. (2016), the z > 2 samples from Netzer et al.
(2014) and Netzer et al. (2016), the Hot DOGs from Fan et al. (2016b) and the WISSH
sample at 1.9 < z < 4.6. For these samples we have obtained a fit that is reported as a
green solid line in Figure 4.10, for which we assumed the same correction for the AGN
contamination to the FIR (50%) as for the measurements belonging to the samples from
Netzer et al. (2014) and Netzer et al. (2016) and from Fan et al. (2016b), which have
similar properties. In contrast, we cannot make the same assumption for the objects by
Gruppioni et al. (2016): these are local sources at lower luminosity, therefore the AGN
contribution to the FIR may be different compared to high-luminous sources. To be more
accurate, we calculated the bisector of the two regression lines by first treating Lagn
(dashed green line) as the independent variable and then considering the SF luminosity
Lsr as the independent variable (dot-dashed green line). The bisector, the green straight

line in the plot, has a dispersion of 0.39 dex and presents the following form:

log [ —25F_ ) Laso " (4.10)
[0} = 10 .
&\ 10%erg /s &\ 1.82 x 10Merg s

and it can be directly compared with the relation found by Delvecchio et al. (2015) (Lgp
LOB'%5L) for their SF-dominated sources (i.e. those with Lgr > Lqggo) at 1.5 < z < 2.3 and

with the relation obtained by Netzer (2009) for quasar-dominated sources (Lgp o< LG} ).

As expected, this relation differs significantly from the relation of Delvecchio et al. (2015),
while it is in much better agreement with the relation derived by Netzer (2009), espe-
cially at the high-luminosity end. At lower luminosities, in contrast, the newly derived
relation is flatter than the relation reported by Netzer (2009) one, with a slope of 0.73
instead of 0.78. The difference can be attributed to the fact that our relation has been
derived considering only Herschel-detected sources, while the relation published by Net-
zer (2009) is mainly based on optically selected SDSS sources.
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FI1GURE 4.10: SF luminosity vs AGN bolometric luminosity for the WISSH quasars in

comparison with other samples. The 16 WISSH sources are shown as blue stars in the

plot, while the red asterisks show SF luminosity values reduced by a factor of about

2 to account for the quasar contribution to the FIR. The same correction has been

applied to the samples from Netzer et al. (2014) and Netzer et al. (2016) and Fan et al.
(2016b), which are of the same luminosity range.
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FIGURE 4.11: Ratio between SF and AGN bolometric luminosities as a function of
redshift for the same sources as presented in Figure 4.10. Black points represent the
median value in a redshift bin.

4.5.4 Dust temperatures and masses

(i) Cold dust

Under the assumption that the dust emissivity can be described as a simple frequency
power-law, and assuming that dust is in thermal equilibrium, we can also derive some
dust properties from the result of the SED fitting, in particular its mass and temperature.
More specifically, the FIR emission is linked to the cold dust component that is present
on the galaxy scale while the NIR emission is related to the hot dust component close to
the nucleus in the torus. Following Wien’s displacement law, we know that the peak of
the blackbody component is strictly connected to the temperature of the emitting dust
grains. We have underlined the fact that the real SEDs of galaxies cannot be described by
a single-temperature modified blackbody because grains of different sizes and shapes give

birth to a non-trivial distribution of temperatures. However, for simplicity, a blackbody
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(or a modified blackbody) component or a grid of templates (as in Chary and Elbaz, 2001;
Dale et al., 2014) that is also characterized by a single-temperature emission, is com-

monly used to describe the IR radiation (see e.g., Leipski et al., 2013; Netzer et al., 2016).

Figure 4.12 shows the distribution (normalized for the maximum value) of the temper-
atures of the cold dust component found for our objects, ranging from about T = 40K
to T = 50K, in good agreement with the results of previous studies of high-redshift, IR
luminous AGN (Beelen et al., 2006; Leipski et al., 2014; Valiante et al., 2011), as visible
in the upper panel. The central and lower panels show as a comparison the distribution
of cold dust temperatures found for different classes of objects. It is important to note
that all these works have assumed different values of both the coefficient of the modified
blackbody S8 and the dust absorption coefficient ky. In the central panel we report the
WISSH sources compared to the local (z < 0.5) PG sources from Petric et al. (2015)
and the SDSS optically selected AGN at z < 4.7 from Ma and Yan (2015). The different
IR luminosity ranges directly translate into a different dust temperature distribution,
meaning that while the less luminous PG quasars have lower temperatures (in the range
20 K - 50 K) than the WISSH sample, the SDSS objects show a wider distribution, with
the bulk peaking at higher value (~ 40K) than the PG quasars, and with the warmer
tail of the distribution comparable to ours. For the same reason, WISSH AGN show dust
temperatures that are much higher than the bulk of the galaxy population, as clearly
shown in the lower panel of Figure 4.12, where they are compared to normal galaxies,
that is, to the sample of main sequence galaxies from Magdis et al. (2012) and Santini
et al. (2014), the dust obscured galaxies (DOGs) from Melbourne et al. (2012) and the
submillimiter galaxies (SMGs) from Chapman et al. (2005), Magnelli et al. (2014), and
Miettinen et al. (2015).

With the previously derived L%{}({)gt—looo o 1618 also possible to obtain a measure of the
mass associated with the cold dust component (cold My) using the formula derived by

Hughes et al. (1997) (for a detailed derivation see also Berta et al., 2016):

LHost
IR 8—1000 um

B 47 [ kq(v) B(v, Ty) dv

My (4.11)

which is valid under the assumption that the emission is optically thin with optical depth
T << 1.

In the above formula, B(v, Tq) is the Planck function for dust with a temperature Tg,

determined by the best-fit, and kq(v) = ko (v/v0)? with kg the absorption coefficient and
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FIGURE 4.12: Temperature distribution of the cold dust for the WISSH quasars (blue)
compared to: high-z IR luminous quasars from Beelen et al. (2006); Leipski et al.
(2014); Valiante et al. (2011) (upper panel); local PG quasars from Petric et al. (2015)
and SDSS quasars at z<4.7 from Ma and Yan (2015) (central panel); and galaxies from
Magdis et al. (2012); Santini et al. (2014); Melbourne et al. (2012); Chapman et al.
(2005); Magnelli et al. (2014); Miettinen et al. (2015) (lower panel). Note that all these
works have assumed different values of both the coefficient of the modified blackbody
8 and the dust absorption coefficient k.

vy the frequency at which 7=1. Following Beelen et al. (2006), here we assume ko =
0.4 [em?/g] and vy = 1200 um. The dust mass therefore depends on the IR luminosity
(SFR) of the source and the temperature of the dust grains, meaning that for a given

temperature, there is a linear relation between dust mass and SFR.

The derived masses, reported in Table 4.6, are of the order of 108 My, in agreement with
previous studies on high-z IR luminous sources (e.g., Beelen et al., 2006; Wang et al.,
2008; Banerji et al., 2017; Valiante et al., 2011; Ma and Yan, 2015).
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As we mentioned before, temperatures and dust masses are sensitive to the adopted dust
absorption coefficient and spectral index; in particular, we estimated that, for the WISSH
sources, Ty might change for a factor < 10% and My even for ~ 25% - 30% depending

on the assumption on 8 and k.

(ii) Hot dust

As we mentioned in Sect. 4.4.1.3, some of our sources (31%) show a MIR excess in their
SED that requires a component in addition to the classical torus models (Stalevski et al.,
2012, 2016). The presence of such component has been noted in several previous works
on luminous AGN, but the physical origin of this component is not yet clear. Edelson
and Malkan (1986) were the first to note the need of an additional component that peaks
at about 5 um, corresponding to a dust temperature of about 600 K. More recently, Mor
et al. (2009), analyzed a sample of Spitzer-selected low-z AGN with luminosities ranging
from 44.6 < log(Lpel) < 46.8. They found that their objects require two additional dust
components to fit the MIR emission. The first component (very hot dust component) has
temperatures ranging from 900 K to 1800 K, and the second (warm dust component) has
200 K. Similarly, Hernan-Caballero et al. (2016) found a peak in the distribution of the
very hot dust temperatures at about 1180 K and of the warm temperatures at 400 K for
a sample of luminous AGN at z < 3. While the warm component has been interpreted
as dusty clouds in the narrow line region, the very hot dust emission might be related to
graphite clouds located at the edge of the dusty torus, thus inside the sublimation radius
of silicate (whose sublimation temperature is lower than for pure graphite grains), but
outside the broad line region. However, as the MIR SED of the total AGN emission (disc
plus dust) is strictly connected to the spectral shape assumed for the MIR spectrum of

the disc, the resulting excess components are somewhat model dependent.

As shown in Table 4.6, we found a MIR excess for the WISSH sample corresponding
to dust with temperatures ranging from T = 650K to T = 850K. Such values are in
agreement with the result from Edelson and Malkan (1986), but in between the results
found by Mor et al. (2009) and Hernan-Caballero et al. (2016).

It is worth noting that this further component peaks at about 22 um rest-frame, where
the sources in the sample have been selected to be the brightest. This excess is a sign of
the fact that our sources show more hot dust than that is present in the torus models.
Moreover, they may have a large covering factor, allowing clouds to intercept more

continuum radiation.
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N  ColdTq [K] ColdMgq [10*Mgy] Hot TE* [K] Hot ME* [Mg] Hot MIOT [Mg)

1 48 1.9 - - 130
2 49 2.5 - - 190
3 43 2.5 - - 240
4 41 6.1 - - 72
5 47 4.3 - - 90
6 45 43 790 57 85
7 49 1.2 - - 84
8 51 4.6 742 106 210
9 50 15 786 51 51
10 43 4.1 - - 156
11 41 7.5 664 134 170
12 42 1.4 - - 237
13 66 0.5 814 54 69
14 49 2.3 - - 169
15 41 1.9 - - 196
16 52 1.5 - - 145

TABLE 4.6: Cold and hot dust masses computed as described in Sect. 4.5.4. We report
both the total hot dust mass and the excess found for our sources alone. The 11 sources
with no additional MIR BB component have no estimates of the hot dust mass excess.

Furthermore, from the MIR excess emission component, we also estimated the mass
of the additional hot dust found. Differently from the cold dust component, which is
described as a greybody, the hot dust emission excess was fitted with a single-temperature
blackbody. Therefore it is in principle not possible to compute the hot dust mass using
the previous relation. However, following Jiang et al. (2006), we approximated the hot
dust emission as a greybody with kg = 2.06 x 103[cm?/g]. Since in a greybody the
emissivity « is below 1, these values have to be considered as lower limits and are in

agreement with the values found in the aforementioned work.

Finally, we also computed the total hot dust mass for all sources (hot MEOT) by fitting
the photometric points from the UV to the MIR with a combination of pure accretion
disc (Feltre et al., 2012) and single-temperature black body templates to describe the
whole MIR emission.

The values of the total hot dust masses, ranging from tens to hundreds of solar masses,
are given in Table 4.6 together with the masses associated with the excess for the five

sources that require this component.
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4.6 Conclusions

We studied a sample of hyper-luminous quasars, selected by cross-correlating data from
the SDSS and the WISE All-Sky Survey, and we focused on 16 sources with Her-
schel /SPIRE data coverage.

Thanks to the multi-wavelength coverage, we were able to analyse in detail the source
SEDs, fitting the observed fluxes with a multi-component model, based on a combi-
nation of quasar and host-galaxy emission emerging in the IR (where the reprocessed
stellar light is re-emitted by the dust). The quasar emission was described using a com-
bination of power laws for the primary source (Feltre et al., 2012) and the model by
Stalevski et al. (2016) for the smooth and clumpy dusty torus, while the galaxy cold
dust emission in the infrared bands was modeled as a modified blackbody. However, we
found that in some cases, our sources show peculiar features in their SED that cannot
be described by the standard modelization. In other words, a further component, in the
form of a pure blackbody, is necessary to reproduce their NIR emission. Through the
SED multi-components fitting method we were able to derive robust measurements of
both the quasar (i.e. bolometric and monochromatic luminosities) and the host galaxy

properties (i.e. dust mass, SFRs).

Our main findings can be summarized as follows:

e The WISSH quasars populate the brigthest end of the luminosity function with
very high bolometric luminosities, Lpor, > 1047 erg s~!. They are hosted in galax-
ies with extremely high SFRs of up to 4500 M /yr. Since the quasar light might
contaminate the FIR emission, following Schneider et al. (2015), we estimated its
possible contribution to the heating of the dust in the host galaxy, taking as test
cases the least and the most luminous sources of the sample. We found that the
quasar contribution to the FIR fluxes is about 43% in the least luminous source,
which increases to 60% for the most luminous source. Considering that the bolo-
metric luminosities are homogeneously distributed, we therefore assumed an av-
erage quasar contribution of ~50% to the total FIR luminosity. Even accounting

for this correction, the SFRs of the sources still remain of the order of thousands
Mg /yr.

e By combining our sample with both high-z hyper-luminous quasars (Netzer et al.,

2014, 2016) and local quasars from Gruppioni et al. (2016) and the quasar sample
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from the COSMOS survey (Bongiorno et al., 2012), from the Lgr — Lgso plane a
narrower (2.15 times smaller) dispersion at high quasar and SF luminosities emerges
than what was found for lower values of both bolometric and SF luminosities. Us-
ing only the Herschel-detected samples we derived a log-linear relation between
the SF and the quasar luminosities, Lgp L%'g%, which is flatter than the relation
derived for optically selected type II AGN by Netzer (2009).

e While most of the WISSH quasars are well described by a standard combination of
accretion disc plus torus and cold dust emission, for ~ 31% of them, an additional
hotter component is required to reproduce the observed fluxes. The peak of this
emission falls roughly at about 22 ym rest-frame, where the sources in the sam-
ple have been selected to be the brightest, and it has temperatures ranging from

T =650K to T = 850K.

e The temperature of the cold dust component has a peak at about 50K, in agree-
ment with previous studies of high-z IR luminous quasars (Beelen et al., 2006;
Leipski et al., 2014; Valiante et al., 2011) and much higher than main-sequence
galaxies. The thermal emission of the cold dust component is associated with a
dust mass of the order of 10® M, which is in good agreement with previous works
on high-z quasars (e.g., Beelen et al., 2006; Wang et al., 2008; Banerji et al., 2017;
Valiante et al., 2011; Ma and Yan, 2015).

The WISSH quasars lie in the most extreme region of the plane Lsr — Lggo. It is
worth noting that the same locus is occupied by other hyper-luminous (Lgor, > 1047
erg s~ 1) quasars collected according to the level of extinction. We can place the
WISSH quasars in between the heavily dust enshrouded sources such as the WISE-
selected hot dust obscured galaxies by Fan et al. (2016b), Piconcelli et al. (2015) and
Wu et al. (2012), the NIR-selected heavily reddened quasars by Banerji et al. (2015)
and Glikman et al. (2015), and finally the blue optically selected luminous quasars
(e.g., Netzer et al., 2016). However, we should keep in mind that, while both
the bolometric luminosity and the extinction are instant observables, the infrared-
derived SF luminosity is the result of the integration of bursts of SF that occurred
over billions of years, assuming that the SF remains constant over the lifetime of the
burst (Leitherer and Heckman, 1995). Hence, it is difficult to gain information from
the SF luminosity about the ongoing SF in the host galaxy. On the other hand, the
extinction of a single galaxy is strictly linked to its merger-induced evolutionary se-
quence. Through the WISSH quasars we therefore witness a very peculiar phase in

the quasar life, during which the dust in the host has not yet been fully cleared up.
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This suggests that the typical evolution timescales of the quasar feedback are much
shorter than those of the host galaxy SF activity. Signatures of ionized outflows
are ubiquitously detected in WISSH quasars (see e.g., Bischetti et al., 2017; Vietri
et al., 2018). It is worth to stress the importance to get higher resolution data in
the sub-mm bands to constrain the SFR of the sources which much higher accu-
racy. For the specific case of the source SDSS J101549.00+002020 (see Bischetti
et al., 2018), in the last months we have analyzed ALMA high-resolution (0.1800 x
0.2100) observations of the 840 p m continuum and [CII] A 174.4 ym emission line,
which have revealed an exceptional overdensity of [CII]-emitting companions with a
very small (<150 kms!) velocity shift with respect to the redshift of the AGN. The
new SED is obtained by quantifying and removing the contribution to the 250-840
mu m fluxes from the two companion sources characterized by a continuum flux
density comparable to that of the QSO. We derived a corrected SFR which is a
factor of 6 smaller than the previous estimation, being although still so high to
confirm the extreme SF activity of these hyper-luminous sources. On the contrary,
for the source SDSS J143352.20+022713.9, ALMA data have confirmed the SFR
estimate obtained listed in Table 4.5. Further ALMA data are therefore mandatory
to understand source by source if the SFR estimates obtained with Herschel might
be overestimated or not. Moreover, data from NOEMA will help to quantify the
gas reservoir in the WISSH quasars and to reveal possible massive molecular out-
flows, allowing us to obtain a comprehensive view of the outflow phenomenology
in these hyper-luminous quasars, and test the impact of the quasar output on the
host gas ISM and its SF efficiency.

An alternative scenario suggests that the action of the quasar outflow and the host
SF might not be geometrically connected. In this sense, future spatially resolved
observations will be useful to perform an accurate investigation of the ongoing SF
(via spectral analysis of the narrow Ha emission line, as in Carniani et al. 2015
and Cano-Diaz et al. 2012).

These quasars are also unique laboratories for studying the properties of the in-
terstellar medium at high redshift, as the metals and dust content of their host
galaxies can provide insights into both the galaxy evolution process (e.g., SFH)

and the quasar feedback effects (e.g., Valiante et al., 2011, 2014).

Portions of the work presented in this Chapter have been published in the following

papers:

e F.Duras, A.Bongiorno, E.Piconcelli, S.Bianchi, C.Pappalardo, R.Valiante, M.Bischetti,
C.Feruglio, S.Martocchia, R.Schneider, G.Vietri, C.Vignali, L.Zappacosta, F.La
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Franca and F.Fiore. 2017A&A...604A..67TD The WISSH quasars project. II.

Giant star nurseries in hyper-luminous quasars

e M.Bischetti, E.Piconcelli, C.Feruglio, F. Duras, A.Bongiorno, S.Carniani, A.Marconi,
C.Pappalardo, R.Schneider, A.Travascio, R.Valiante, G.Vietri, L.Zappacosta, and
F.Fiore. 2018A&A...617A..82B The WISSH quasars project. V. ALMA reveals
the assembly of a giant galaxy around a z = 4.4 hyper-luminous QSO



CHAPTER b

The hyper-luminous Compton-thick z ~ 2 quasar nucleus of the

hot DOG W1835+-4355 observed by NuSTAR

This chapter focuses on the analysis of the hot DOG source W1835+4355, as a particular
case of hyper-luminous AGN which, contrary to the WISSH sources described in the
previous Chapter, shows heavy obscuration. For this object I performed a dedicate SED-
fitting analysis, obtaining its main physical properties, e to be compared with those found
for the WISSH AGN. At the end of the Chapter, we will try to insert these results in a

wide evolutionary scenario.

5.1 Introduction

Recent sensitive wide-area mid-infrared (~ 3 — 30 pum; MIR) surveys allowed an almost
obscuration-independent selection of rare populations of distant (z = 2 —4) quasars that
are characterized by their huge infrared (IR) output (Ligr = 10*4 L), which gave them
the name hyper-luminous infrared galaxies. Using the all-sky survey performed by the
Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010), samples of ~100-1000
high-redshift (z ~ 2—4) MIR-bright! type 1 and type 2 hyper-luminous sources have been
selected according to specific selection criteria (e.g., Weedman et al., 2012; Eisenhardt
et al., 2012; Wu et al., 2012). These rare systems are important as they may provide
the clearest view of quasars at the peak epoch of AGN activity (z &~ 2 — 3; Richards

!Specifically at observed wavelengths > 10 pm.
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et al., 2006; Hopkins et al., 2007; Merloni and Heinz, 2008; Delvecchio et al., 2014) and
in that they may be a low-redshift analog of the most luminous and massive highest-
redshift quasars known (e.g., Fan et al., 2001, 2003; Willott et al., 2010; Banados et al.,
2016) .They therefore provide an important tested to models of SMBH formation and
popular AGN /galaxy co-evolution scenarios (Silk and Rees, 1998; Fabian and Iwasawa,
1999; King and Pounds, 2003; Volonteri et al., 2006; Hopkins et al., 2008; Kormendy and
Ho, 2013; Heckman and Best, 2014). They may indeed represent different evolutionary
phases of popular merger-driven quasar formation scenarios in which the loss of angu-
lar momentum of large cold gas reservoirs as a consequence of multiple major galaxy
encounters causes rapid SMBH growth through infall of chaotic nuclear matter. This
triggers powerful AGN activity and generates strong bursts of star formation (Sanders
et al., 1988; Di Matteo et al., 2005; Hopkins et al., 2008; Menci et al., 2008; Narayanan
et al., 2010; Treister et al., 2012). A key transitional stage of this process predicts that
the dense concentrations of infalling matter will eventually isotropically enshroud the
active nucleus, heavily obscuring the sightline to the AGN and causing it to appear red
and heavily absorbed at shorter than near-infrared wavelengths (Hopkins and Beacom,
2006; Urrutia et al., 2008; Glikman et al., 2012).

Alternative scenarios involving stochastic short transitional phases of high-matter nuclear
accretion flows have also been considered for obscured quasars. They are not connected
to major mergers, but are rather linked to minor mergers and episodic cold-gas accretion
episodes (flickering AGN scenario; Schawinski et al., 2012, 2015; Farrah et al., 2017).

Observationally obscured AGN are better suited for studying the AGN /galaxy coevolu-
tion because they allow the best view of the host galaxy. The most promising z =2 — 4
AGN candidates for the transitional dust-enshrouded phase are the so-called “hot dust-
obscured galaxies” (hot DOGs; Eisenhardt et al., 2012; Wu et al., 2012), that is, sources
selected to be bright in the WISE 12 pm (W3) and/or 22 pm (W4) bands and faint or
undetected in the 3.4 ym (W1) / 4.6 pm (W2) bands (hence called W1W2 drop-out;
Eisenhardt et al., 2012). These sources are hyper-luminous with Ly > 1047 erg s71
and they are rare (~ 1000 across the sky; FEisenhardt et al., 2012). They exhibit a
peculiar spectral energy distribution (SED) that peaks in the MIR, which suggests that
the main source powering these objects is the central AGN and not a powerful star-
burst. The temperatures derived for their dust reservoir are indeed on the order of
T =60—100 K (Wu et al., 2012; Fan et al., 2016¢), which is higher than the typical dust
temperatures of T = 30 — 40 K in other more common MIR-selected sources such as the
normal submillimeter galaxies (e.g., Magnelli et al., 2012) and dust-obscured galaxies
(DOGs; Dey et al., 2008). For this reason, they have been dubbed hot DOGs. These
sources have been found in regions populated on arcminute scales (~ 500 — 700 kpc)

by overdense concentrations of submillimeter galaxies, suggesting that they are indeed
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possible signposts of protocluster regions (Jones et al., 2014). As expected, the few
X-ray observations of hot DOGs performed so far showed remarkably clearly that they
are luminous and heavily obscured quasars (Stern et al., 2014; Piconcelli et al., 2015;
Assef et al., 2016; Ricci et al., 2017¢; Vito et al., 2018). In particular, Piconcelli et al.
(2015, hereafter P15) found from studying the XMM-Newton X-ray spectrum of the hot
DOG WISE J183533.71+435549.1 (z=2.298; Wu et al., 2012, hereafter W1835) that the
source is reflection dominated and hence obscured by Compton-thick? (CT) column den-
sities. This provides further evidence that the source may be in the transitional heavily

obscured phase.

We here report on the ~150 ks NuSTAR observation of the hot DOG W1835, which
provides the first and most obscured NuSTAR detection of a z > 2 AGN. We perform
a broadband ~0.5-20 keV joint XMM-Newton-NuSTAR spectral analysis and updated
SED modeling.

Throughout the Chapter we assume a cosmology with Q4 = 0.73 and Hy = 70km s~ Mpc~!.
Errors are quoted at 1o and upper and lower limits at 90% confidence level, unless oth-

erwise stated.

5.2 NuSTAR data reduction

The source W1835 was observed with NuSTAR (Harrison et al., 2013) for 155 ks (OBSID
60101040002, PI: L. Zappacosta) on 19 November 2015. We removed periods of high
3-20 keV background. The remaining cleaned event files consist of 140 and 143 ks for
detectors FPMA and FPMB, respectively. Because the source is expected to be weak and
NuSTAR has a spatially dependent background (at energies <15-20 keV) given by cosmic
unfocused straylight striking the detector through the open design of the telescopes, we
chose to completely model the background in the whole detector areas. We employed
the nuskybdg procedure (Wik et al., 2014). We sampled the background by extracting
from each of the four chips in each detector spectra from circular regions of 3-4 arcmin
radius. We excluded from these regions the hot DOG position, the chip gaps, and all
the point sources detected in the XMM-Newton-PN and XMM-Newton-MOS images,
adopting circular regions with an aperture of radius ~ 30 arcsec. We then performed
a joint modeling of the instrumental FPMA /FPMB and cosmic focused and unfocused
(i.e. straylight) backgrounds. From the best fit we reconstructed the background image
and checked visually for residual spatial variations in the background-subtracted images.

The source is detected in both images at a significance of ~ 2.5 — 2.7 within 20 arcsec

2The Compton-thick obscuration is formally defined as absorption due to material with a column
density of Ny > 1.5 X 10%* cm™2.
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radius. The combined significance is 3.30. In Figure 5.1 we report the combined 3-
24 keV FPMA and FPMB images in order to highlight the significance of the hot DOG
(blue circle) above the field and compare the XMM-Newton-detected point sources in
the field (dashed red circles). We then chose the source spectral extraction radius for
each detector by simultaneously maximizing the signal-to-noise ratio and the net-source
counts within increasing apertures (for details, see Zappacosta et al., 2018) centered
on the XMM-Newton-detected source position (P15). The chosen extraction radii are
30 and 20 arcsec for FPMA and FPMB, respectively. We extracted the spectra from
these circular regions using the nuproduct task in NuSTARDAS v. 1.4.1 with calibration
database (CALDB) v. 20150123. The background spectra within the source spectral
extraction regions were simulated from the best-fit model with 100 times the exposure

time in order to ensure good statistics for background subtraction.

5.3 X-ray spectral analysis

The 3-24 keV FPMA and FPMB spectra consist of 40fg and 21f§ background-subtracted
counts (which are 24.5% and 24.8% of the total number of counts) whose 1o uncertainties
were estimated assuming Poissonian statistics (Gehrels, 1986). The apparent discrepancy
between the collected counts in the two detectors is due to the different adopted spectral
extraction radii as the NuSTAR PSF encloses in its 30 arcsec aperture (the FPMA
extraction region) ~ 1.5 times more flux than in its 20 arcsec aperture (the FPMB
extraction region). We used them jointly with the XMM-PN and the coadded XMM-
MOS spectra extracted and produced by P15 from a 42 ks XMM-Newton observation
(OBSID 0720610101) performed on 18 August 2013. The addition of PN and MOS
spectra (106 and 71 net-counts in the 0.5-8 keV band, respectively) allowed us to perform
spectral modeling in the broad 0.5-24 keV band. All four spectra were grouped to a
minimum of one net-count (i.e. background-subtracted) per bin. We note that NuSTAR
has 2675 (FPMA + FPMB) net-counts compared to 3140.6 for the XMM-PN and 278 for
the XMM-MOS in the common 3-8 keV energy band, and it expands the spectral coverage
above the unexplored ~ 8 keV spectral region (i.e. ~ 25 keV rest-frame) with another
35 source counts up to ~24 keV. We used the Cash statistic (C-stat) as implemented in
XSPEC v. 12.8.2 with direct background subtraction (Cash, 1979; Wachter et al., 1979).

5.3.1 Empirical models

In P15 the XMM-Newton data alone suggested a best-fit parametrization consisting
of a reflection-dominated model. The source was modeled by a cold Compton reflection

component model empirically parametrized by a reflector with an infinite plane geometry
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FIGURE 5.1: NuSTAR image in equatorial coordinates of the W1835 field in the energy
range 3-24 keV (FPMA and FPMB were coadded in order to increase the signal-to-
noise ratio). The blue solid 20 arcsec radius circular aperture reports the position of
the hot DOG. Red dashed circles report the regions (30 arcsec radius) centered at the
position of all the XMM-Newton- detected sources in the field (except for W1835) that
were removed during the background-modeling procedure. The image was smoothed
with a Gaussian kernel of 4 pixels (i.e. 10 arcsec) for better visualization. The color
bar reports count/pixel values.

and infinite optical depth, which also includes the most pronounced fluorescent lines from
Fe and Ni K-shell transitions. To this model a soft component consisting of a power law
with fixed photon index I'y. = 2.5 was added. It accounts for the soft excess over the
simple reflection model, which might originate from the primary component that leaked
unaltered from the absorber or from photoionized or collisionally ionized or shocked gas
(e.g., Guainazzi and Bianchi, 2007; Teng and Veilleux, 2010; Feruglio et al., 2013). We
refer to it as the “scattered component”. A further Gaussian component parametrizing the
presence of a unresolved ionized Fe transition at 6.7 keV was added in order to account
for residuals in the high-energy part of the Fe Ka line at 6.4 keV. This may indicate
a possible presence of an ionized reflector or a high-temperature collisionally ionized
plasma surrounding the active nucleus. The addition of the NuSTAR data allows an
energy coverage up to observed ~20 keV. This enables us to cover rest-frame energies
in the range ~1.6-70 keV and therefore obtain better global constraints on the high-
energy part of the spectrum and further shed light on the obscuration state of this
quasar. Because of the heavily obscured nature of the source, we properly account for
Compton scattering and geometric effects through our modeling. These effects are more

pronounced at the highest column densities.
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5.3.1.1 Power-law-based models

We first tried simple models and checked the consistency of the broadband parameteri-
zation by comparing it with the parameterization obtained by P15 using XMM-Newton
data alone. In our models we always accounted for a multiplicative factor for the possible
difference in the calibration between XMM-Newton and NuSTAR (which has been mea-
sured to be no more than 10%; Madsen et al., 2015) and source flux variability that may
have occurred between observations. We started with an unabsorbed power-law model.
This resulted in a poor fit (C-stat/dof=174/157) with a photon index I' = 0.9 + 0.1
that is consistent with the slope obtained by modeling XMM-Newton-only data (P15).
The addition of a cold intrinsic absorber (ZWABS model in XSPEC) gave I' ~ 1 and
Ny ~ 10%3cm™2 | but did not improve the modeling much (C-stat/dof=173/156) over
the previous parameterization. Strong residuals at the position of the Fe K lines are
present. These were interpreted by P15 as due to a prominent neutral Fe Ka line at
6.4 keV with an equivalent width (EW) larger than 1-2 keV, and also due to a ionized Fe
line at ~6.67 keV. By fixing I' = 1.9, we also obtained high residuals at low energies (1-
2 keV). Hence we added a low-energy scattered power-law component whose photon index
was tied to that of the primary component. We found a best-fit (C-stat/dof=169,/156)
with Ng ~ 6 x 10?3 cm~2 and a soft scattered component flux compared to that of the
unabsorbed primary (called scattered fraction®, hereafter fs.), which is in the 1o range
fse & 10 — 20%. This is significantly higher than normally found for heavily absorbed
AGN (e.g., Brightman et al., 2014; Lanzuisi et al., 2015). Leaving I" free to vary did not
improve our modeling significantly. The addition of two unresolved Gaussian lines to ac-
count for the neutral and ionized Fe lines further improved our fit (C-stat/dof=147/154),
giving a column density Ny = 1.41‘8:5 x 10%* cm~2that is compatible with CT absorption.
We further modified the absorber by accounting for Compton scattering of X-ray photons
using the multiplicative CABS model. This model accounts for scattering of photons out-
side of the line of sight (therefore neglecting photons that scatter into the line of sight).
Compton scattering at the highest column densities is a non-negligible effect and further
suppresses the level of the primary continuum at a fixed column density. This leads to
an almost unaltered best-fit parameterization that we refer to as model CABSPOw with
the exception of the scattered fraction, which resulted in a more reasonable fs. = 5f§%.
The 2-10 keV and 10-40 keV unabsorbed luminosities are Lo_1p = 2.9 x 10%° erg s~land
Lio—40 = 1.9 x 10*® erg s7!. A summary of the parameters derived by our spectral

analysis is given in Table 5.1.

3Given the T tied between the scattered and primary power-law components, we calculated it as the
ratio between the model normalizations.
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5.3.1.2 Modeling scattering and reflection from dense medium

The presence of the neutral Fe line suggests the existence of an additional reflection com-
ponent that still must be accounted for. In addition to a primary power-law component
modified by photoelectric absorption and Compton scattering, we therefore modeled the
spectrum by employing a reflection component including spectral features from neutral
Fe and Ni at 6-7 keV parametrized by the PEXMON model (Nandra et al., 2007) and a
6.65 keV (best fit from XMM-Newton spectra alone, see P15) line for the ionized Fe line
at ~6.67 keV. The reflection model assumes an infinite planar geometry with infinite
optical depth illuminated by the primary continuum and subtending for an isotropic
source an angle of Q = 2w X R, where R is the reflection parameter. In the model we as-
sumed solar abundance, an exponential energy cutoff for the incident primary power-law
Ec. = 200 keV (Fabian et al., 2015), and a reflector inclination angle of 60 deg (default in
XSPEC). We further added a soft-excess component parametrized as a power law with
photon index tied to that of the primary component. In order to decrease the number
of free parameters, we set its flux to be 2% of the primary flux, as is commonly found in
heavily obscured (Ng = 10*23cm~2) AGN (e.g., Lanzuisi et al., 2015). We obtain a best
fit with a primary component completely suppressed by Ny > 10?°cm™2 and in which
only the scattered and reflection components effectively contribute to the modeling®. A
more accurate treatment of scattering and reflection in high dense medium is performed

by exploiting physically motivated toroidal models in Section 5.3.2.

The primary component is heavily obscured, therefore we tried to model the spectrum
assuming a reflection-dominated scenario in which the coronal component is completely
absorbed. Hence we removed the absorbed power-law component from our model. In
our parametrization we linked the power-law slope and normalization of the PEXMON
and scattered power-law. We therefore assumed that the scattered component is com-
posed of coronal flux leaking through the obscurer unabsorbed (i.e. assuming a patchy
obscurer distribution). We furthermore assumed that the scattered flux is 2% of the
primary, giving rise to the reflected component. The resulting best-fit parametriza-
tion (model REFLDOM) constitutes an equally good yet simpler parametrization to
the data with C-stat/dof=149/156. This confirms that the primary absorbed com-
ponent is not required to parametrize our data. Leaving I' free to vary does not sig-
nificantly improve the parametrization (C-stat/dof=148/155). The observed 2-10 keV
and 10-40 keV luminosities from the reflected component are Lo_jo = 2.4 x 10* erg s+
and Lig_40 = 5.7 x 10* erg s7!, respectively. When we assume a column density
Ng ~ 10%°cm™2 of the obscuring material, the unobscured X-ray luminosity is a factor

of ~ 100 and ~ 10 higher, respectively.

4We verified that the derived column density is insensitive to the particular choice of inclination
angle.
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F1GURE 5.2: Left panel: XMM-Newton and NuSTAR broadband 0.5-24 keV unfolded
spectrum of W1835 grouped at a minimum of five net-counts per bin for better visual
representation. The black, red, and green thick solid lines are the best-fit MYTOR
unfolded model (as reported in Table 5.1 and discussed in Section 5.3.2) for XMM-
Newton-PN, NuSTAR-FPMA, and NuSTAR-FPMB, respectively. Data are reported in
lighter colors. At low energy we omit the XMM-Newton-MOS best-fit model for clarity
and report MOS and PN spectra with the same color. Right panel: Corresponding best-
fit theoretical model (thick solid black line) and sub-components (discontinuous lines).
The absorbed primary power-law, the reflection, and the scattered components are
reported with dashed orange, dotted green, and dash-dotted blue lines. The magenta
dashed line indicates the ionized Fe line.

TABLE 5.1: X-ray spectral fitting: derived parameters

Model® C-stat/dof r NH Fsc fsc L2_10 L10_40
(10%* cm~2) (%) (10% erg s™1)  (10% ergs—1)
CABsPow? 147/154  (1.9) 14791 (=0) 573 2.9798 1.9753
REFLDOM® 149/156  (1.9) - (= Cpeamon)  (2) 0.2/ 0.6/
MYTor? 149/155  (1.9)  1.1793 (=T) 93 16709 1.070:0
BNSPHERE®  149/155  (1.9) 09103 (=T) 1578 09703 0.6+0:2

(a) see Sect. 5.3.1, 5.3.1.1 and 5.3.2

(b) WABS (ZPOWERLW s ZWABS*CABS*ZPOWERLW + ZGAUSS (., T ZGAUSS Ry, ),
where ZGAUSSEHL |, ZGAUSS'S”.  are Gaussian lines to parametrize the neutral and
ionized Fe Ka line;

(c) WABS(ZPOWERLW ¢+ ZGAUSS'2 ., + PEXMON);

(d) WABS(ZPOWERLW 3. +ZPOWERIW*MYTZ+MYTS+MYTL);

(e) WABS(ZPOWERLW.+BNTORUS);

(f) Observed luminosity not corrected for absorption.
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5.3.2 Geometry-dependent models

In order to obtain more accurate and physically motivated constraints, we used MY-
Torus (Murphy and Yaqoob, 2009; Yaqoob, 2012), which is a Monte Carlo model based
on a toroidal circumnuclear structure that absorbs and reprocesses the primary radia-
tion self-consistently and accounts for geometric effects, Compton scattering for radia-
tion propagating toward high column density medium, and reflection and fluorescent line
emission in the reprocessed radiation. The torus has a half-opening angle of 60 deg and
is composed of uniform and neutral material. An input power-law incident primary ra-
diation is assumed. Its implementation in XSPEC consists of three different table model
components: (1) one for the attenuation of the line-of-sight radiation due to photoelec-
tric and Compton-scattering effects (MYTZ); (2) one to reprocess the radiation due to
reflected radiation into the line of sight (MYTS); (3) and one that calculates the con-
tribution from scattered line emission (MYTL). We combined all the three components
by linking the column density and setting the relative normalization constants of each
component to unity. We furthermore added a power law to account for the scattered

flux at soft energies and for the ionized Fe line.

Because of the high column density and in order to comply with the geometrical require-
ments invoked by the standard unification schemes in which type 2 sources are seen at
high inclinations, an almost edge-on view of the torus of 85 deg was assumed (Bright-
man et al., 2014; Lanzuisi et al., 2015; Zappacosta et al., 2018). We also fixed I' = 1.9
and tied to it the photon index for the scattered component. We fixed the normaliza-
tions of MYTS (Ag) and MYTL (Ar) relative to (MYTZ) to unity and linked all the
components to the same equatorial column density Nj'. The latter is related to the
line-of-sight column density Ny according to the inclination angle assumed and in this

almost edge-on case follows the relation: Ny ~ 0.98 N’

The best fit (C-stat/dof=149/155) with this model (model MYTOR) is reported in
Figure 5.2. In the left panel we report XMM-Newton and NuSTAR unfolded spec-
tra along with the best-fit model. The right panel shows the different subcomponents
contributing to the incident model. The column density estimated with this model is
Ny = 1.1f8:§ x 10%* ecm™2. The scattered fraction is measured to be fy. = Qfg%, which,
although slightly on the high side, is consistent within the errors with the typical frac-
tions for highly absorbed (Ny > 10?3 cm~2) AGN. This fraction in our parametrization
is highly degenerate with the column density. This is shown by the confidence contours

reported in Figure 5.3 for the two interesting parameters®. Given this parametrization,

SWe note that the assumed high-inclination angle is conservative in terms of Ny as it gives lower
values than lower inclination angles. Furthermore, it does not affect the maximum allowed value of
the scattered fractions, but it affects its constraints at the lower-end values. For instance, assuming an
inclination angle of 70 deg, we obtain a 90% lower limit of Nz ~ 7 x 10%* cm™2 and f, = 0.7 — 22% (1o
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the 2-10 keV and 10-40 keV unabsorbed luminosities are Lo_j9 = 1.6 x 10% erg s~! and

L1g—40 = 1.0 x 10%® erg s—!, respectively.

This model was not previously evaluated in P15 for the XMM-Newton data alone. The
inclusion of the NuSTAR data allows us to confirm the XMM-Newton estimated values
(which crucially depend on the level of the XMM-Newton higher energy bins, which,
being in a regime of low signal-to-noise ratio, may suffer from systematics) and to better

define the upper-end value on Ny as reported in Figure 5.3.

Hot DOGs are usually considered a transitional dust-enshrouded/highly star-forming
phase in the merger-driven quasar formation scenario (Sanders et al., 1988; Hopkins
et al., 2008; Wu et al., 2012). In this scenario, the accretion of matter proceeds through
intense and chaotic accretion phases caused by the loss of angular momentum resulting
from major mergers as opposed to more moderate accretion states typical of the secu-
larly evolving planar geometries (disk-torus structure) invoked in unified models (e.g.,
Urry and Padovani, 1995). In this case, we expect that in the former the obscuring ma-
terial is distributed more isotropically than in the toroidal structures that are typically
invoked for more standard, Seyfert-like sources. If this is the true scenario for W1835, it
is reasonable to evaluate a model in which the obscurer covers the entire sphere, regard-
less of its distance from the nucleus. We employed a specific table model derived from
Monte Carlo based calculations for a homogeneous toroidal obscurer modeled as a sphere
in which there is a biconical cavity with variable opening angle (hereafter BNTORUS;
Brightman and Nandra, 2011). We used the case with an opening angle of 0 deg (i.e.
no biconical openings) and hence with a spherical obscurer distribution (i.e. isotropic
obscuration; model BNSPHERE). This model, as well as MYTORUS, assumes a homo-
geneous matter distribution, but this is a probably good approximation of the spherical
high covering factor obscuration scenario, even if there may likely be inhomogeneities in
the gas/dust distribution (possibly with some sightlines exhibiting Compton-thin column
densities). This model is simpler than MYTOR as it involves the same number of free
parameters and does not need any inclination angle assumption. We obtain a best-fit
(C-stat/dof=149/155) column density of Ny = 0.9703 x 10**cm™2 with a slightly higher
scattered fraction fo. = 1575% (assuming T' = 1.9 and Z = 1 Z). Confidence contours
for this case are reported in red in Figure 5.3. The degeneracy of the two parameters
is less pronounced than for the MY TOR case, but the scattered fraction is rather high,
as shown by the comparison with highly obscured/CT AGN candidates reported from
the COSMOS survey in Lanzuisi et al. (2015). However, the increase in fs. is expected

range). However, as for all inclinations angles <70-80 deg, the derived uncertainties are affected by the
maximum tabulated Ng = 10%° cm ™2 in the MYToRUs model, which prevents an accurate and correct
sampling of the entire parameter space of interest.
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FIGURE 5.3: Confidence contours for f,. and Ny in MY TOR modeling (black) and the

BNSPHERE model (red). Dotted, dashed, and solid lines represent contours for 68%,

90%, and 99% confidence levels. Thick contours represent constraints from the joint

XMM-Newton-NuSTAR modeling. The thin solid blue contour reports 99% constraints

from XMM-Newton-only spectral analysis. Grey data indicate the scattered fractions

for the heavily absorbed and CT AGN selected in the XMM-COSMOS field (Lanzuisi
et al., 2015, errors and upper limits are 90% c.1.).

because in BNSPHERE the low-energy nuclear radiation can not escape or scatter out-
side of the nuclear region without being obscured. Therefore, if the source truly is dust
enshrouded, the soft-excess emission must come from elsewhere. The derived parameters

for both MYTOR and BNSPHERE modelings are reported in Table 5.1.

We expect that most of the CT absorption occurs in the innermost galactic regions
around the AGN, as argued by Buchner and Bauer (2017). However, as stressed by
these authors, their study is valid for the AGN population at large, and peculiar/rare
sources such as hot DOGs are therefore not sampled. This means that we cannot make

any strong conclusion on the location of the CT absorber in W1835.

5.4 Modeling the optical-to-infrared SED

In order to have the most complete view of W1835, P15 performed SED fitting based on
ten photometric points covering the MIR to far-infrared (FIR) wavelength range collected
from the literature. Their SED modeling included both a galactic starburst and nuclear
emission components. In particular for the latter, they used a grid of smooth torus
models with a flared-disk geometry (Fritz et al., 2006; Feltre et al., 2012). The galactic
component at longer wavelengths was well parametrized with either the Arp 220 template
or with a optically thin approximation of a modified blackbody with fixed emissivity index

8 = 2. From the latter, the authors obtained a temperature Ty, =~ 40 K for the dust
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TABLE 5.2: Photometric points of W1835

Instrument Band Flux Density

HST/WFC3 F160W 1.6 pm 12.8 £ 0.9 puJy
Spitzer IRAC1 3.6 pm  51.5 £ 2.2 puly
Spitzer IRAC2 4.5 pm 142.84+ 3.0 uJy
WISE W3 12 pm 6790 £ 190 pJy
WISE W4 22 ym  24.6 £ 1.0 mJy
Herschel PACS 70 pm  53.6 £ 4.2 mlJy
Herschel PACS 160 pm  92.8 £17.1 mJy
Herschel SPIRE 250 pm  81.0 £ 8.1 mJy
Herschel SPIRE 350 um  72.0 £ 7.2 mJy
Herschel SPIRE 500 pm  33.0 + 3.3 mJy
SCUBA-2 850 um 8.0 £+ 1.5 mly

References: All photometric points are from P15, except for the HST/WFC3 point
(Farrah et al., 2017) and the Herschel PACS points (IRSA)

TABLE 5.3: SED modelings: derived quantities

Model Xz boa i T Ly Lhol Leum SFR  Dust mass®
(deg) (deg) (K) (ergs™) (ergs™) (ergs™) (Moyr™!) (10°Mo)

Best fit 1.44 30 70 69 7.3 x 1040 4.39 x 1047 1.13 x 1047 33007109 3.9

MY Torus-like 2.06 (60) 70 63 6.0 x 1046 4.71 x 1047 1.07 x 1047 27001290 3.2

Sphere80 4.51 (10) (80) 69 7.3 x 1046 5.32 x 1047 1.42 x 1047 33007209 3.9

Sphere90 (edge-on)  6.56 (10) (90) 67 6.9 x 1046 5.13 x 1047 1.38 x 1047 31001100 3.7

—100

Quantities reported in parentheses have been assumed fixed during the modeling.
(a) The typical uncertainty on the temperature is £5 K. (b) Relative to the dust emission
component. (c) Calculated as in Beelen et al. (2006).

component. This temperature is lower than those estimated by Fan et al. (2016¢) and
Wu et al. (2012), that is, Tyuse =~ 70 K and Tgyus = 90 K, respectively. Furthermore,
it is lower than the typical hot DOG temperatures and compatible with the highest
temperature for normal DOGs and with the maximum temperatures derived by dust
heated by stellar processes (e.g., Magnelli et al., 2012; Wu et al., 2012). Here we perform
an improved SED fitting using updated photometric points from the Herschel catalog in
the NASA /IPAC Infrared Science Archive (IRSA) and adding HST/WFC3 F160W band
photometry at 1.6 ym with refined modeling that accounts for the clumpy circum-nuclear

torus. Table 5.2 reports the photometric points considered for the SED modeling.

The approach we followed is based on a two-component fitting procedure recently de-
veloped and employed in type 1 hyper-luminous sources by Duras et al. (2017). In this
procedure the SED is fit with a combination of quasar and host galaxy templates. The
AGN component is described as the superposition of the accretion disk emission and of

the radiation coming from the dusty torus. We built a library of templates for the quasar
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emission using the broken power-law description by Feltre et al. (2012) for the accretion
disk and the model by Stalevski et al. (2016) for a clumpy two-phase dusty torus char-
acterized by high-density clumps embedded in a low-density and smooth medium. The
two were appropriately normalized to preserve the energy balance between the ultravi-
olet and the IR bands. The library is composed of about 7200 templates with different
values of the optical depth at 9.7 pum, the inclination along the line of sight (from 50 to
90 degrees, in order to force a type 2 configuration in which the direct view of the SMBH
is blocked by the torus) and the dust geometry and distribution. The second component
of the model is a modified blackbody that accounts for the emission powered by star
formation that is absorbed and then re-emitted by the surrounding dust in the MIR and
FIR bands. We parametrized it as

S/\ X (1 — e_T)‘)B/\(Tdust)7

where By (T ) is the blackbody model and 7y = (X\g/A)?, is the optical depth, which
is assumed to have a power-law dependence, with \g being the wavelength at which the
optical depth reaches unity and 8 being the dust emissivity index. Because we only have
a small number of photometric points, we fixed f = 1.6, which seems to be the most
reliable value for both local and high-z quasars (Beelen et al., 2006; Bianchi et al., 2017)
and \g = 125 A (Huang et al., 2014; Fan et al., 2016c). The cold-dust library consists
of 70 templates with a range of temperatures from 30 to 100 K.

In Figure 5.4 we show the rest-frame optical-to-FIR SED with the best-fit model (solid
line). The accretion disk plus torus emission is shown in blue and the cold-dust emission
in red. The black line is the total best-fit model emission. From this best fit we were able
to derive some physical quantities of both the host galaxy and the nuclear source. They
are reported in Table 5.3. The intrinsic quasar bolometric luminosity was computed by
integrating the emission coming from the AGN component from 1 up to 1000 pm and
rescaling it by a factor ~ 1.7 to account for geometry and anisotropy of the radiation
field caused by the obscurer geometry and its orientation (Pozzi et al., 2007). This cor-
rection is an average value computed for a sample of quasars characterized by a toroidal
obscurer and moderate degree of obscuration (log[Ny/cm™2] ~ 10?2 — 102> cm™2). If
the emitting dust is also responsible for the CT obscuration and if a spherical geometry
is in place, we should expect larger corrections and therefore possibly higher bolomet-
ric luminosities. The IR luminosity (L;r) of the host, a tracer of the reprocessed UV
stellar light, is obtained by integrating the dust emission component in the range 8-
1000 pm and is Lyp = 7.3 x 10% erg s~'. From this we computed the star formation
rate (SFR) using the relation by Kennicutt (1998) scaled to a Salpeter initial mass func-
tion, gaining an extremely high value of SFR of about SFR = 33004100 My yr~!. The

best-fit dust emission shows a temperature of about Ty, = 69 K, in good agreement
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FIGURE 5.4: SED modeling for W1835. The solid line reports the best-fit model (black,

red, and blue represent the total, AGN-only, and modified blackbody components).

Dotted and dashed lines represent best-fit models assuming a toroidal geometry similar

to the MYToOR and BNSPHERE (black and grey show 80 deg and 90 deg inclination

angles) models used for the X-ray analysis (Sect. 5.3.2). See Sect. 5.4 and Table 5.3 for
further details.

with the estimates by Fan et al. (2016¢). Our estimates differ substantially from the
SFR ~ 2100 Mg yr~—" and Ty,s ~ 40 K reported by P15. We verified that this differ-
ence is mainly driven by the adoption of the modified blackbody model that in P15 was
approximated assuming the optically thin regime and adopting S = 2. The inferred dust
mass of (3 —4) x 108My, (estimated as in Beelen et al., 2006, see Table 5.3) is consistent
with typical abundances in other hot DOGs (Fan et al., 2016¢) and in coeval and higher
redshift type 1 analogs (e.g., Beelen et al., 2006; Valiante et al., 2014; Duras et al., 2017).

In order to be consistent with the toroidal models used in our X-ray analysis, we tried
to model the SED by forcing similar torus parameters. To approximate the MYTORUS
geometry (i.e. MYTorus-like), we fixed the same torus opening angle and allowed in-
clinations in the range 70-90 deg. We also tried an almost fully covered obscurer (i.e.
Sphere80) by adopting the templates with only a polar cap of 10 degrees left open and
a 80-degree inclination (almost edge-on)®. We obtained reasonable parametrizations

although with a slightly worse y2. The very high obscuration of the quasar and the

SCompared to the smooth toroidal models used in our X-ray analysis, those used in the SED fitting
are clumpy. Furthermore, the disk geometry for the latter is a conical torus (flared disk), while in
MYTorus, a donut-shaped torus is assumed.
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HST/WFC3 F160W image (Fan et al., 2016¢; Farrah et al., 2017), which shows a some-
what extended and irregular host emission, means that the emission shortward of ~ 1 yum
is very likely partially contributed by the host. In our models we tried to account for a
maximum contribution from the AGN that does not include the host. Temperatures and
derived SFRs are in the range Ty,s; ~ 60 — 70 K and around SFR ~ 3000 Mg yr—!, re-
spectively, hence not very dissimilar from the estimate from the best-fit parametrization
(see Table 5.3 for detailed estimates). In Figure 5.4 we report the best-fit parametriza-
tions for the MYTorus-like (dotted) and Sphere80 (dashed) cases. We tried a fully
covered (4m) obscurer (i.e. Sphere90) and report it as the grey dashed line in Figure 5.4.
The spherical parametrizations slightly underestimate the photometric points around of
1 pm rest-frame. This is expected, and because of the extremely obscured nature of this
source, these points can therefore be interpreted to be contributed by the stellar emission

from the host, which is not accounted for in our modeling.

In the HST/WFC3 F160W image a low surface brightness contribution from the stellar
host is visible (Fan et al., 2016¢; Farrah et al., 2017). To infer its level, we included an
additional component using ~ 900 galaxy templates from Bruzual and Charlot (2003),
with different levels of extinction spanning the range AE(B—V) = 0—0.5 and assuming
a Chabrier (2003) initial mass function. We find a fractional contribution of fpes ~
58—75% (90% confidence level interval) in the optical rest-frame band (i.e. in the Johnson
B band). Despite this, the global AGN and dust properties remain remarkably consistent
with the values reported in Table 3. However, the HST/WFC3 F160W photometric point
is the only optical constraint to the host template in the SED modeling. At shorter
wavelengths, the uncertainties at 90% level in fros; become much larger. In addition,
systematics may likely be affecting the derived value. More data at bluer rest-frame
wavelengths are required to remove possible systematics and reduce the uncertainty on

the host contribution.

5.5 Discussion

5.5.1 Confirming high obscuration and high luminosity

Our analysis confirms that W1835 hosts a luminous and heavily obscured quasar. An
empirical parameterization accounting separately for different primary and reflection
components suggests mild to heavy CT obscuration. A model with a reflection-only
component can already provide an excellent description of the data. Physically motivated
models implementing a toroidal or spherical geometry for the obscurer and accounting

for Compton-scattering effects give column densities at around ~ 10%* cm™2, that is,
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somewhat lower than the formal threshold defining a source CT (i.e. Ng = 1.5 x
10%* cm™—2). However, (i) they require scattered fractions of fs. > 5—9%, which is slightly
on the high side but still consistent within the errors, except for BNSPHERE ( fq. ~ 15%),
with the canonical observed few-percent values (see Sect. 5.5.2 for further details) and
(ii) the scattered fractions and column density are anticorrelated. A CT obscuration
with more moderate fractions is therefore very likely (i.e. at 1o level, see Figure 5.3). To
our knowledge, W1835 is the most obscured, most luminous high-redshift AGN detected
by NuSTAR. Other known hot DOGs whose low-energy X-ray spectra were analyzed
exhibit values of Ny ~ 6 — 7 x 1023 cm~2 | although with large uncertainties (Assef
et al., 2016; Ricci et al., 2017a). An exception is W0116-0505 (hereafter W0116), one of
the X-ray brightest hot DOGs that has a column density similar to that of W1835 (Vito
et al., 2018). Recently, Goulding et al. (2018) analyzed the X-ray emission of a sample
of extremely red hyper-luminous quasars (ERQ) at z = 1.5 — 3.2, finding indication of
heavy absorption (N > 1023 ecm~2). Through spectral analysis of the stacked spectrum
of the most weakly detected Chandra sources, they estimated column densities on the

order of Ny ~ 10%* cm™2.

The derived unabsorbed luminosities for W1835 are on the order of Lx ~ 10% erg s—!

(see Table 5.1). Based on this and on the estimated bolometric luminosities (Table 5.3),
we can derive the bolometric corrections ko x = Lx/Lpo in the 2-10 keV and 10-40 keV
bands. By assuming as fiducial models the MYTOR X-ray parametrization and the best-
fit SED modeling, we obtain kp,2-10 ~ 270 and Kpoy,10—40 ~ 440. If we consistently (to
the X-ray model) assume a MY ToORUS-like toroidal structure for the SED modeling, we
obtain similar values, that is, a factor ~ 1.1 larger. These values are all in agreement with
bolometric corrections found for X-WISSH sample of z = 2 — 4 type 1 hyper-luminous
MIR /optically selected quasars (e.g., Martocchia et al., 2017) and with the extrapolated
trend from less luminous type 2 AGN (e.g. Lusso et al., 2012).

Luminous optically bright quasars have been found to exhibit X-ray luminosities weaker
than those inferred by a linear extrapolation from X-ray selected lower-luminosity AGN
(Gandhi et al., 2009; Mateos et al., 2015) and are more in line, but still weaker, than ex-
trapolations from dust-obscured galaxies at lower luminosities (Fiore et al., 2009; Lanzuisi
et al., 2009). The X-WISSH quasars, which are the most luminous type 1 AGN in the
universe, clearly show this X-ray weakness compared to their MIR radiative output
(Martocchia et al., 2017). Recently revised nonlinear relations between X-ray and MIR
intrinsic luminosities have been derived by Stern (2015) and Chen et al. (2017) in or-
der to account for the observed X-ray weakness exhibited at the highest luminosities.
Ricci et al. (2017a), considering a sample of X-ray detected hot DOGs for which spec-
troscopic analysis is possible (including W1835), reported Lo_1g significantly lower than
those reported by the X-WISSH sources that exhibit comparable Lg,,. This has been
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considered as evidence of further intrinsic X-ray weakness or significant underestimation
of the column density. A somewhat opposite behavior has been reported by Vito et al.
(2018) for the hot DOG W0116, for which Ls_1¢ appears to be comparatively higher than
the extrapolated trends from hyper-luminous quasars (i.e. somewhat X-ray louder). As
reported by Vito et al. (2018), Lgm for this source might be underestimated given that
it has been computed under the assumption of isotropic emission (Tsai et al., 2015; Vito
et al., 2018). In order to understand the level of underestimation and to consistently
compare W0116 to our results for W1835, we performed SED fitting for W0116 using
the photometric points provided by Tsai et al. (2015) (see their Table 2). From our
best-fit model we obtain Lg,;, = 1.5 X 1047 erg s7!, that is, a factor > 4 higher than
the values used by Vito et al. (2018). With this new estimate we found W0116 in line
with the X-ray-to-MIR luminosity values reported for type 1 quasars. Similarly, the
spectral analysis on the X-ray stacked spectrum of weak ERQs performed by Goulding
et al. (2018) gives a value of the intrinsic X-ray luminosity that agrees with the expected
Lg,m for hyper-luminous type 1 AGN. Even in this case, anysotropic MIR emission could
cause an underestimation of the true MIR luminosity. In this case, we would expect these
sources to exhibit slightly lower X-ray radiative outputs (by a factor of a few) than the
higher MIR luminosities, as suggested by Goulding et al. (2018) themselves.

In Figure 5.5 we report the X-ray-to-MIR luminosity for the W1835 (red circle), the
Ricci et al. hot DOGs sample (blue filled triangles), W0116 (magenta squares empty
and filled, the latter being plotted with our SED-derived Lgm,), the X-WISSH sources
(stars), two reddened quasars (green empty triangles; Feruglio et al., 2014; Banerji
et al., 2015; Martocchia et al., 2017), and the measure from the stacked ERQ spectrum by
Goulding et al. (2018) (orange diamond). We also report X-ray-to-MIR relations obtained
from MIR-selected AGN (Lanzuisi et al., 2009; Fiore et al., 2009), X-ray selected AGN
(Mateos et al., 2015; Chen et al., 2017), and specifically tuned for the hyper-luminous
regime (Stern, 2015). We note that W1835 lies higher than the average hot DOGs locus
found by Ricci et al. (2017a) and close to W0116 and the heavily absorbed ERQs and
is consistent with the lower portion of the type 1 quasars and the red quasars. Hence
it exhibits a lower degree of X-ray weakness, at least similar to that inferred for type 1
luminous AGN.

5.5.2 Origin of the soft excess

In low-count spectra, the soft-excess component is usually reproduced by a single power-
law component. If forced to have the same photon index as the primary intrinsic con-
tinuum, this component parametrizes an absorber in which the primary flux leaks (or

Thomson scatters) unaltered through it. This parametrization is a convenient way to
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FIGURE 5.5: Lgum vs. La_1g relation. The red circle represents W1835 for the MY-
Torus geometry (both in X-ray and SED analysis) with the range of systematic uncer-
tainty due to different modelings (see Tables 5.1 and 5.3) reported as the grey shaded
region. Blue triangles report a compilation of hot DOGs in Ricci et al. (2017a) ex-
cept for W1835, which we update here. Magenta squares report W0116+0505 with
Le,m reported by (Vito et al., 2018) (empty square) or estimated by our SED fit-
ting (filled square; see Section 5.5.1). Black stars and green triangles represent the
X-WISSH hyper-luminous type 1 quasar sample (Martocchia et al., 2017) and two red-
dened quasars (Martocchia et al., 2017). The orange diamond reports the best-fit Lo_1¢
value obtained from X-ray spectral analysis performed on a stacked X-ray spectrum of
a sample of ERQ sources observed in Chandra in Goulding et al. (2018). In the latter,
the error bar represents the range of Lg,, in the sample. We also report X-ray-to-MIR
relations derived for different optical/MIR/X-ray selected AGN samples.

include a soft component by adding only one free parameter to the model and have a
reference measure of fg.. Given the highly obscured nature of W1835, the relatively high
soft-excess emission may include additional components that are not directly linked to

the quasar emission itself.

From our SED fitting we find that the host of this AGN harbors powerful stellar nurseries

capable of producing stars at a rate of ~3000 Mgyr—!.

These levels of star formation
are typical of other hyper-luminous high-redshift quasars (e.g., Fan et al., 2016¢; Duras
et al., 2017). The scattered flux may therefore be contributed by X-rays from power-

ful star-forming regions such as are found in local galaxies (Ranalli et al., 2003). If we
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assume SFR = 2000 — 3000 M yr~! , we can estimate the expected 2-10 keV lumi-
nosity using the Ranalli et al. (2003) relation (updated by Kennicutt and Evans, 2012)
and obtain L5%, &~ 1.2 x 10 erg s~! | which is ~10% of the estimated scattered flux
(Table 5.1). This does not significantly account for the soft excess, especially for the
BNSPHERE model, whose estimated column density depends very little on fs. (see Fig-
ure 5.3). Therefore the BNSPHERE model is not an adequate parametrization for the
obscurer. This would imply either a patchy 47 obscurer with different properties from
the more local sources (in terms of geometry, covering factor, and line-of-sight Ny) or a
more standard torus-like geometry. Alternatively, it would require a different soft X-ray

contributor than is normally invoked for a more local source.

Other possible contributors to this emission are photoionized gas, which is typically
observed in local AGN (Bianchi et al., 2006; Guainazzi and Bianchi, 2007), or galaxy-
scale collisionally ionized halos, which are usually observed in local ultraluminous galaxies
(Teng and Veilleux, 2010; Jia et al., 2012; Veilleux et al., 2014; Feruglio et al., 2015; Teng
et al., 2015). Based on f,. for local low-luminosity AGN, photoionized gas can account
for the soft excess. However, this would require a photoionized gas phase emitting with

0% L' which is a factor of five to one order of

a luminosity on the order of 1 erg s~
magnitude higher than any scattered or photoionized gas phase ever measured in local
luminous quasars in the X-rays (Piconcelli et al., 2008; Tazaki et al., 2013; LaMassa
et al., 2016). The recent stacking analysis carried out on high-z EQR by Goulding et al.
(2018) reported a similarly high (10** erg s71) scattered component. They used the same
MY TOR model as we did, with same assumptions on I' and torus inclination angle. In
order to understand whether these luminous scattered components are indeed associated
with photoionized gas, a spectrum with a much higher signal-to-noise ratio is needed,
hence it is not possible to make such a strong claim. However, there are indications that
the photoionized [OIlI]-emitting gas that is usually associated with the X-ray emitting
gas tends to be lacking or weak in a large fraction (40-70%) of luminous AGN (Netzer
et al., 2004; Shen and Ho, 2014; Vietri et al., 2018) and is generally more compact than
suggested from low-luminosity AGN (Netzer et al., 2004; Bischetti et al., 2017). This
has been interpreted as some kind of departure from the phenomenology reported for
less luminous sources (Netzer et al., 2004) and may indicate that the photoionized gas

origin is unlikely.

We also evaluated the possibility that the soft-excess emission is due to a collisionally
ionized plasma halo. The presence of the ionized Fe line, if confirmed at higher signifi-
cance than what has been found in P15, may be indicative of high-temperature plasma.
If we use a thermal model (APEC in XSPEC) to parameterize the soft excess, we indeed
estimate a plasma temperature of kT = 4 keV. Together with the high luminosity of the
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soft excess, this may indicate intracluster-medium emission. This result may be tanta-
lizing as hot DOGs have been claimed to be located in overdense galaxy regions (Jones
et al., 2014). However, several caveats prevent us from making such a bold claim. The
temperature may be driven by the presence of the low-significance putative ionized Fe
line reported in P15, whose origin cannot be determined with the current data. Further-
more, as a first-order approximation, the cutoff of the thermal emission and the presence
of L-shell Fe lines (a strong temperature indicator for < 2 keV plasma) cannot be de-
termined for energies lower than ~2 keV (as we cannot probe rest-frame energies much
lower than this value). This means that our data are insensitive to lower temperatures,

and we are not able to fully evaluate the parameter space down to lower temperatures.

5.5.3 Nature of W1835

Recently, Farrah et al. (2017) performed a morphological analysis on HST/WFC3 images
of a sample of z = 2 — 3 hot DOGs including W1835 in the optical rest-frame band (B
band). They found W1835 to have an irregular light profile with no clear close com-
panions. They employed several morphological indicators to quantify its appearance.
They found that compared to all the other systems in their sample, the source is less
likely to be in a clear merger state according to the boundaries in light concentration,
asymmetry, and variance of the brightest 20% of the galaxy light (Conselice et al., 2003;
Lotz et al., 2004, 2008). It is therefore possible that either the system is in a non-
merger state or in an advanced merger state, showing a common envelope surrounding
an unresolved sub-kiloparsec scale nuclear region. Farrah et al. (2017) concluded that
there is no need to invoke a preferential link of hot DOGs with mergers, rather ascribing
their phenomenology to brief and luminous nuclear accretion episodes in the evolution-
ary history of a massive star-forming z ~ 2 galaxy. A similar analysis carried on by
Fan et al. (2016a) instead concluded on a different sample (with very little overlap and
including W1835) that hot DOGs are likely a transitional obscured phase in the merger-
driven evolutionary QSO formation sequence, leading to the unobscured quasar phase.
Interestingly, Ricci et al. (2017b) found from analyzing the X-ray spectra of a sample
of luminous and ultra-luminous infrared galaxies in different merging stages that CT
AGN that are preferentially hosted in late-stage mergers, with the maximum obscura-
tion reached when the galaxies have projected distances of 0.4-10.8 kpc. In the context
of a merger-induced obscuration scenario, W1835 would therefore be interpreted as late-
stage merger in which the nucleus is being obscured by infalling matter as a consequence
of the loss of angular momentum of the ISM due to the merger phenomenon. However,
unless there is a non-AGN-related prominent soft-excess contributor in our X-ray spec-

trum (i.e. photoionized or collisionally ionized copious amounts of gas), the obscuration
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cannot be ascribed to an homogeneous 47 obscurer that completely enshrouds the nu-
cleus, as implied by quasar-induced merger formation scenarios, because the scattered

fraction for the spherical obscurer is too high compared to what is typically observed in
AGN.

5.6 Conclusions

We presented a ~ 155 ks NuSTAR observation of the hot DOG W1835. The source
was detected with a significance of 3.30. We extracted NuSTAR spectra and jointly
modeled them with the XMM-Newton spectra that were previously presented in P15.
We used both phenomenological and physically motivated models. The latter includes an
appropriate treatment of the Compton scattering and accounts for the geometry of the
obscurer. We explored two scenarios: 1) an edge-on torus, and 2) a sphere isotropically

covering the nucleus. We find that

e in all cases, a nearly CT (log[Ng/cm™2] ~ 24) to heavy CT (log[Ny/cm~2] > 24)
obscuration is required. This makes W1835 the first and most obscured z > 2
AGN detected by NuSTAR so far;

e W1835 is very luminous and is a Compton-thick quasar, as indicated by the derived
unobscured X-ray luminosity Lo_j9 ~ 1 — 3 x 10*° erg sfl(L10_40 ~ 05 —2x
10% erg s71);

e a soft excess at low energies (< 2 keV), which may amount to 5-15% of the emis-
sion of the primary continuum is also necessary. The uniform spherical model is
disfavored because the soft excesses it produces is too high (i.e. > 10%), unless a
patchy obscurer distribution and/or an uncommon and powerful (~ 10% erg s=1)

non-AGN-related component is invoked.

We further investigated W1835 by performing optical-to-FIR SED modeling with a
clumpy two-phase dusty toroidal model accounting for the MIR reprocessed AGN pri-
mary emission with the addition of a modified blackbody to model the FIR dust emission
primarily heated by stellar processes. In order to be as consistent as possible with the
X-ray analysis, we employed similar toroidal and spherical geometrical configurations for
the MIR emitter. We found that

e the source is hyper-luminous with a bolometric luminosity of Ly, ~ 3 — 5 X

1047 erg s~
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e the bolometric correction at 2-10 keV (10-40 keV) is on the order of ~ 300 (~500)

and is consistent with those estimated in hyper-luminous type 1 AGN;
e it exhibits a powerful starburst with derived SFRs on the order of ~3000 Mgyr—!;

e the ratio of X-rays to MIR is higher than the average value for the hot DOGs and
is consistent within the uncertainties and accounting for all the modelings with

those inferred in type 1 hyper-luminous AGN at the same cosmic epoch.

Considering the heavy obscuration, the luminosity, the ratio of X-rays to MIR, the SFR,
and its HST mildly disturbed morphology, this hot DOG can be interpreted as a late-
stage merger in the context of the merger-induced quasar formation scenario. It exhibits
relatively high values of soft excess, which, if confirmed, may indicate large reservoirs of

photoionized or collisionally ionized gas.

Future deep imaging observations of W1835 at higher spatial /spectral resolution both in
X-ray (i.e. Chandra and ATHENA) and at sub-millimeter wavelengths (NOEMA) may
enable us to further shed light on the nature of W1835.

The work presented in this Chapter has been published in the following paper:

L. Zappacosta, E.Piconcelli, F. Duras, C.Vignali, R.Valiante, S.Bianchi, A.Bongiorno,

F.Fiore, C.Feruglio, G.Lanzuisi, R.Maiolino, S.Mathur, G.Miniutti, C.Ricci. 2018 A& A...618A..28Z
The hyper-luminous Compton-thick z ~ 2 quasar nucleus of the hot DOG W1835+4355

observed by NuSTAR



CHAPTER 0

A universal X-ray bolometric correction for AGN:

extending the Kbol over 7 luminosity decades

This Chapter is devoted to the analysis of a low-luminosity sample extracted from the
SWIFT/BAT 70-month catalog, which shows complementary features if compared to the
hyper-luminous WISSH sample presented in Chapter 4. By combining the two samples,
which lie at the extreme of the AGN luminosity function, it is possible to build up a new

bolometric correction valid over the widest range of luminosity ever.

6.1 Introduction

To properly study AGN in a wide scenario and the eventual correlations with their host
galaxies (whose existence is now well established at least in the local Universe, see e.g.,
Magorrian et al., 1998; Marconi and Hunt, 2003; Tremaine et al., 2002), an accurate
knowledge of their internal mechanism and of their physical properties is mandatory.
A fundamental question is how AGN produce the energy we detect as radiation, and
given their broad-band nature, a multi-wavelength approach is binding to understand
the physics hidden behind their emission. As a result, the bolometric luminosity, which
is the integrated area under the full SED of the AGN, becomes one of the key parameters
to know with as much high accuracy as possible. However, the characterization of the
bolometric luminosity is a challenging issue for several reasons: first of all, we need to

take into account the contamination from the host galaxy to the nuclear emission, which
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adds a source of uncertainty to the calculations of the AGN bolometric luminosity. In
addition, considering that the emission in different bands originates in different physical
structures (a dusty parsec-scale torus in the infrared, kiloparsec-scale relativistic jets
in the radio, a sub-parsec accretion disk in the UV-optical), different spectral regions
are variable on different timescales. As a further problem, one should also consider the
anisotropy of the AGN emission, which may depend on wavelength and which may be
different from one source to another. Finally, given the multi-wavelength feature of the
AGN emission, observations from different telescopes are necessary in order to build up
a complete SED. What can be measured is usually a monochromatic luminosity, Ly. For
this reason, in the last decades several attempts have been made to accurately study the
shape of AGN SED. Some authors have investigated the evolution of the apx index,
defined as the ratio between the optical and the X-ray luminosity (see e.g., Kelly et al.,
2008; Vasudevan et al., 2009; Lusso et al., 2010; Marchese et al., 2012) which should
provide a hint about the nature of the energy generation mechanism in AGN. Others
have focused on the characterization of a reliable bolometric correction Kpor(Lpand),
which is defined as the ratio between the bolometric luminosity and the luminosity in
a given band, (Lpor/Lpand). In their latest work, Lusso and Risaliti (2017) confirmed
the existence of a non-linear relation between the X-ray and the UV /optical emission in
AGN. On the contrary, the bolometric correction in the UV /optical bands seems to be
constant with respect to the AGN bolometric luminosity.

Nevertheless, the bolometric luminosity and the deriving bolometric parameters (e.g.,
the Kpor and the apx above mentioned), play an important role in a large number
of theoretical models on AGN accretion and growth (see the works by Volonteri et al.,
2003; Vittorini et al., 2005), starting from the outstanding argument by Soltan (1982)
who demonstrated that the total mass density of SMBHs in the local universe could be
inferred from counts of AGN. About this topic, both Shankar et al. (2004) Marconi et al.
(2004) found that the mass function of local SMBHs can be well matched with the one
expected from accreting AGN, if appropriate parameters (i.e. accretion efficiencies and
Eddington ratios) are chosen.

Elvis et al. (1994) have estimated the bolometric corrections using a Mean Energy Dis-
tribution for a sample of 47 AGN, including the IR emission in the bolometric luminosity
and therefore counting part of the emission twice. Both Marconi et al. (2004) and Hop-
kins et al. (2007) derived an estimate of the bolometric corrections in different bands
(optical B-band, soft and hard X-ray in the first work, also in the IR at 15um in the sec-
ond one). Vasudevan and Fabian (2007) studied a sample of 54 X-ray bright (Ly > 10%3
erg s~!) AGN, pointing out that particular classes of sources (as Radio-loud, X-ray weak
or Narrow Line Seyferts 1) might have different bolometric correction relations if com-
pared with the rest of the AGN population. Lusso et al. (2012) analyzed a sample of

about 900 X-ray selected AGN deriving the bolometric corrections in the same bands as
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Marconi, separately for type 1 and type 2 sources valid for approximately three orders
of luminosity. Runnoe et al. (2012a) sampled the optical band giving the bolometric
corrections at three different wavelengths (1450 A, 3500 A and 4000 A), while IR bolo-
metric corrections are provided in Runnoe et al. (2012b). More recently Krawczyk et al.
(2013) focused on the characterization of the bolometric corrections of luminous broad-
line AGN in a wide range of redshift (0 < z < 6).

All these works, although giving robust estimation of the bolometric corrections in dif-
ferent bands of the AGN emission, suffer from two fundamental points: the narrow range
of luminosity sampled and the focus on luminous, unobscured sources (exception given
to the sample by Lusso et al. 2012), whose bolometric luminosity is much more easily
predictable, being their SED less affected by obscuration than type 2 sources’ one.
According to these points, in this Chapter we focus on the characterization of the hard
X-ray (2-10 keV) bolometric correction, which gives information about the fraction of
emission coming from the accretion disk and scattered into the X-ray regime, and which
becomes of fundamental importance for understanding the physics behind accretion. We
aim at building up a hard X-ray bolometric correction valid using two samples of AGN
(both type 1 and type 2 sources) with complementary properties which populate the
two extremes of the AGN luminosity function, being the perfect collection to obtain a

bolometric correction over the widest range sampled so far.

The Chapter is organized as follows: in Section 6.2 we present the data sample, while
the Section 6.2.2 provides a detailed explanation of the method we used to disentangle
the emission components of the low-luminosity sample. The results of the SED-fitting
procedure are shown in Section 6.2.3, where we report bolometric luminosities, star
formation rate and stellar masses of the sources. In Section 6.3 we go through the
characterization of a new hard X-ray bolometric correction, presenting the result for the
type 1 and the type 2 sample separately, and then a universal relation for the whole

population. Finally, Section 6.4 presents the conclusions of the work.

6.2 The data sample

The analysis is based on two samples selected to cover the opposite extremes of the AGN
luminosity function.

The first one (named SWIFT sample later on in the text) consists of a collection of 21
type 1 (2 x 104 erg/s < La_19 < 8 x 10% erg/s) and 27 type 2 (3 x 1070 erg/s < Loy 19
< 3 x 10% erg/s) AGN at z < 0.16, randomly (see Onori et al., 2017a) extracted from
the Swift/BAT 70-month catalogue, which is considered one of the most complete hard
X-ray surveys containing about 1200 hard X-ray objects in the 14-195 keV band, of which
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about 700 are classified as AGN sources (Baumgartner et al., 2013).

The SWIFT type 2 AGN! belong to an original sample of 41 AGN, for which our group
obtained near-infrared spectroscopic observations using ISAAC and X-Shooter at VLT,
and LUCI at LBT (Onori et al., 2017a). 6 additional sources with data from literature
have been added in a second time. Among this total sample, a fraction of ~30%, after
deep NIR spectroscopy, showed faint broad emission lines that allowed to estimate their
BH masses (see Onori et al., 2017b) using the BH mass virial estimator calibrated by
Ricci et al. (2017d).

The SWIFT type 1 AGN belong to a control sample of 33 sources already presented in
Onori et al. (2017b) included in the Swift/BAT 70-month catalogue, whose BH masses
have been measured via reverberation mapping techniques, and for which reliable bulge
classification is available (Ho and Kim, 2014)2. Both the local type 1 and the type 2
sources are randomly distributed in redshift and luminosity and can be considered as rep-
resentative of the AGN populations of the entire Swift/BAT sample. In order to estimate
the bolometric luminosity of the SWIFT AGN sample, a multi-wavelength photometric
data-set has been collected, as better explained in the next section. Due to the lack of
accurate photometric coverage, 20 type 2 sources out of 47, and 12 type 1 sources out of
33, were excluded from our analysis, thus the local sample of SWIFT AGN comprises 27
type 2 and 21 type 1 AGN.

The AGN sources of the second sample belong to the Wlse Selected Hyperluminous
quasars sample (WISSH sample, see Bischetti et al., 2017), composed of 87 hyper-
luminous (Lpor > 2 x10%7 erg/s) type 1 AGN in the redshift range 2 < z < 4, detected
in the mid-IR by the WISE satellite. In this work we focused on a sub-sample of 35
WISSH AGN detected by XMM /Chandra (X-WISSH in the following) and whose X-ray
properties have been studied by Martocchia et al. (2017, hereafter M17). For all of them,
as explained in Chapter 4, a wide photometric coverage (from the X-ray to the MIR) is

available.

In our analysis we have also included the XMM-COSMOS sample studied by Lusso et al.
(2012, hereafter L12), composed of 380 type 1 and 540 type 2 sources in the redshift
range 0.1 < z < 4 with average hard X-ray luminosity of 10** erg/s.

In Figure 6.1 the luminosity-redshift distribution of our total sample is shown.

'with type 2 AGN we are referring to those AGN where there is no (Seyfert 2) or weak (intermediate
1.8 — 1.9) evidence of broad line region, or even no lines at all, in their optical spectra.

2This sample has been adopted by Ricci et al. (2017d) to calibrate a virial BH mass estimator that
can be used to measure BH masses of low-luminosity and also obscured AGN.
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FIGURE 6.1: Intrinsic X-ray luminosity in the 2-10 keV band versus redshift of the

low luminosity type 1 (blue filled squares) and type 2 (red filled circles) sample, the

high-luminosity WISSH sample (blue open squares) and the COSMOS type 1 (grey)
and type 2 (lightgrey) AGN.

6.2.1 Multi-wavelength data of the SWIFT sample

To study the SED of the SWIFT AGN sample, we have collected photometric data from
public catalogues.

In order to build an homogeneous photometric data-set at the whole redshift range cov-
ered by this work, we have considered only those data whose photometric aperture was
representative of the flux of the whole galaxy.

As an example, we report in Figure 6.2 an image of the source Mrk 348 with five photo-

metric apertures showed in different colors.

We have collected photometric data for a total of 36 magnitudes, using both the NED
database 3 and other public catalogs: far and near UV data are from GALEX obser-
vations (Gil de Paz et al. (2007)); U, B, V, R and I bands are taken from the atlas of
galaxies by de Vaucouleurs et al. (1991) or from the SDSS DR12 4; the near-IR J,H and

3https://ned.ipac.caltech.edu/
“https://www.sdss.org/dr12/
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FIGURE 6.2: Optical image in the r-band of the source Mrk 348. North up, East left.

The circles end ellipse show the apertures of the photometric bands in the different

regions of the spectrum (UV bands in cyan, optical in blue, NIR in green and FIR in
red). Magenta line represents 30 arcsec (~ 9.5 kpc)

K bands from 2MASS °; data at 3 um, 4.5 wm, 12 wm and 22 um are from WISE; data
at 12 um, 25 pm, 60 pum and 100 um are from IRAS and from the IRAS Revised Bright
Galaxy Sample by Sanders et al. (2003); data at 120 pm, 150 pm, 170 pm, 180 pwm and
200 pm are from ISOPHOT (Spinoglio et al., 2002); finally, FIR data at 250 um, 350
pum and 500 pm are from Herschel (Shimizu et al., 2016) or BLAST (Wiebe et al., 2009).

6.2.2 SED-fitting

The SED fitting procedure of the X-WISSH and the SWIFT samples (an example of
which is shown in Figure 6.3 and in Figure 6.4 respectively) has been carried out using
a modified version of the code described in Duras et al. (2017) (hereafter D17) and also
adopted in the previous Chapters. As usual, the method is based on the model accord-
ing to which the overall observed SED of each source is the result of the combination
of different components produced by both the nuclear engine and the stellar light (e.g.,
Bongiorno et al., 2012; Berta et al., 2016; Calistro Rivera et al., 2016). The nuclear
emission produces two bumps in the UV and NIR regimes which create a dip at around
lpm (Sanders et al., 1989; Elvis et al., 1994; Richards et al., 2006). The UV bump is
due to thermal emission from the accretion disc (Czerny and Elvis, 1987), while the NIR
bump is due to the intrinsic primary radiation absorbed by hot dusty clouds in the torus
that is subsequently re-emitted at longer wavelengths. In the same way, the stellar light

produces both a direct UV /optical emission (mainly due to hot stars) and a MIR-FIR

®https://irsa.ipac.caltech.edu/Missions/2mass.html
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FIGURE 6.3: Example of SED fitting results for two sources (SDSSJ 1215 in the upper
panel and SDSS J0947 in the lower panel) of the X-WISSH sample. Black circles are the
photometric points of the sources. The virtual AGN pivotal photometric point at 50
pum, derived from the hard X-ray data, is shown as black pentagon (see text for details).
In blue the AGN emission component is shown, green and red are the warm and the
cold dust emission component respectively. Black line describes the total best-fit model.

component (caused by its reprocessing by the cold dust located on galactic scales). How
much these two components contribute to the global SED depends on a number of fac-
tors, the most important ones being their relative luminosity and the level of obscuration

affecting each of them.

In D17 the fit was performed with three emission components:

1. the accretion disk plus torus emission; (with a combination of the models by Feltre

et al. 2012 and Stalevski et al., 2016)
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FIGURE 6.4: Example of SED fitting results for one type 2 (NGC1365, upper panel) and

one type 1 (NGC7469, lower panel) SWIFT AGN. Points and lines as in the previous

Figure 6.3. The galaxy emission component, not present in the X-WISSH modelling,
is shown as magenta solid line.

2. the cold dust emission connected to the galactic star formation activity (modelled
as a modified blackbody);

3. an additional component in the MIR, representing warmer dust in the vicinity of

the nucleus (described by a simple blackbody).

For the present work we made two main changes with respect to D17: (a) we added
an additional component, i.e. the UV-optical stellar emission from the host galaxy; (b)
the optical-to-MIR AGN SED has been modelled by using the hard X-ray normalized
templates by Silva et al. (2004).
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(a) The galaxy emission component was not included in D17 for the study of type 1
WISSH AGN because for such bright unobscured sources the UV galactic light is com-
pletely over-shined by the AGN emission. For this work, dealing also with a sample of
AGN at lower luminosities, we added a galaxy component to the three emission compo-
nents already present in D17. The galaxy emission is produced by the integrated light of
diverse stellar populations characterized by distinct star formation histories (SFHs). We
have generated a library of synthetic spectra, using the models of stellar population syn-
thesis of Bruzual and Charlot (2003). We have assumed a Chabrier (2003) initial mass
function, building 10 declining SFHs as a function of the e-folding time and the age of
the galaxy (see e.g., Bongiorno et al., 2012). For all the galactic templates we have taken
into account the effect of dust extinction inside the galaxy itself, choosing as reddening
curve the Calzetti’s law (Calzetti et al., 2000). The final library of galaxy templates used
consists of about 900 templates with extinction in the range 0 < E(B — V) < 0.5.

(b) In type 1 unobscured sources, the AGN component dominates in the optical and
in the IR bands if compared with the host galaxy emission; on the other hand, in type
2 obscured AGN, the SED is characterized by an optical continuum dominated by the
host galaxy emission while the AGN component is mainly relevant at IR wavelengths. To
reproduce also the emission from type 2 AGN we have used the hard X-ray normalized
AGN SEDs by Silva et al. (2004) which are derived from a sample of 33 Seyfert galaxies
with no sign of non-stellar nuclear emission or properly corrected for any galaxy nuclear

022em =2 for

contribution, and are available in four intervals of X-ray absorption: Ny <1
Seyfert 1 (Syl), 102 < Ny < 10%em™2, 102 < Ny < 10*%em™2 and Ny > 10*em—2
for Seyfert 2 sources (Sy2). Indeed, these SEDs are able to properly provide the AGN
optical-to-MIR, component once good quality X-ray data (corrected for absorption, see
Ricci et al., 2017c), as in our case, are available. As shown by Silva et al. (2004), all the
AGN X-ray normalized SEDs can be considered quite identical above 40um (see Figure
6.5). It was therefore possible, using the hard X-ray data, to compute a virtual pivotal
photometric point at 50um, to be fitted only by the AGN templates (see Figure 6.4). To
better reproduce the spectral emission of either very luminous type 1, we enriched the
AGN library with all the models by Stalevski et al. (2016) used in D17.

Summarizing, our emission model ( fy,04e;) includes four emission components:

Jmodet = Afacn + Bfgar + Cfep + Dfue, (6.1)

where fagn represents the emission coming from the active nucleus, both direct and
reprocessed by the dusty torus, fa 4y, is the emission from the galactic stars, fop accounts

for the FIR emission due to the reprocessed flux by cold dust and is modelled as a modified
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FIGURE 6.5: Examples of UV-to-IR AGN templates from Silva et al. (2004) and
Stalevski et al. (2016). Models at different level of absorption are shown from blue
(least absorbed one) to red (most absorbed one).

blackbody, fasr is any eventual excess MIR component, modelled as a simple blackbody.
Finally, A, B, C and D are the relative normalizations. The fitting procedure, through a

x? minimization, allows us to determine the combination of templates that best describes

the observed SED and their relative contribution.
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6.2.3 SED results

Based on the final SED best-fit models, we derived the main physical parameters of the
host and the AGN for both the X-WISSH and the SWIFT samples.

X-WISSH derived physical parameters

The intrinsic AGN bolometric luminosity of the type 1 X-WISSH AGN (reported in
Table 6.1) has been derived by integrating the AGN emission component in the range
60 A - 1 um. We neglected the IR emission in order to not count twice the UV /optical
photons reprocessed by the dust. The values of the bolometric luminosity published in
D17 for the 9 X-WISSH sources with Herschel coverage are in perfect agreement (within
5%) with those obtained with the modified version of the SED-fitting code, i.e., with the
inclusion of the X-ray photometric information.

For the values of the SFR for the same sources we refer the reader to Table 6 in D17.

SWIFT derived physical parameters

Following Bongiorno et al. (2012), the total stellar mass of the SWIFT sample was de-
rived by assuming a Chabrier (2003) IMF, and it is the result of a unique combination of
the best-fit age and e-folding time of the galaxy (the obtained values are shown in Table
6.2).

Concerning the SFR, as the UV /optical bands are subject to large uncertainties due to
either absorption, or poor photometric coverage, we decided to rely on the FIR-based
measurements. We computed the SFR by using the relation by Kennicutt (1998), scaled
to a Chabrier IMF. In those cases for which a reasonable FIR photometry is not avail-

able, the value of the SFR (always reported in Table 6.2) is not provided.

The intrinsic AGN bolometric luminosity of the sources of the SWIFT sample has been
derived using two different estimation methods for the type 1 and type 2 samples. The
bolometric luminosity of the type 1 sources has been computed, as for the X-WISSH, by
integrating the AGN emission component in the range 60 A - 1 pm. On the other hand,
for type 2 sources, where the total SED emission in the UV /optical bands is affected by
severe presence of the host galaxy, as pointed out by Pozzi et al. (2007) the bolometric
luminosity can be estimated from the IR luminosity, by integrating the AGN template
in the range 1 pm - 1000 pm and simply rescaling the result for the factor 1.7. We
have verified that, applying this method to the type 1 sources, the resulting bolometric

luminosities are consistent (within 8%) with the ones obtained by the integration of the
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UV-to-NIR AGN emission. It is worth noting that the factor 1.7 found by Pozzi et al.
(2007) accounts for two separate correction factors, taking into account either the geom-
etry of the torus or its orientation. The first correction (~ 1.5) is related to the covering
factor f (a key parameter in the description of the torus models and which represents the
fraction of the primary optical-UV radiation intercepted by the torus itself); the second
correction (in the range 1.8-2.0) is due to the anisotropy of the IR emission which is
function of the viewing angle.

Also the values of the bolometric luminosity for the SWIFT sample are reported in Table
6.2.
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TABLE 6.1: Properties of the X-WISSH sample.

Name z logLo_190 logLpor log(Mpm/Mg)
(1) (2) (3) (4) (5)
J0045+1438 1.992 44.24 47.38 -
J0209-0005  2.856 45.16 47.62 -
JO735-+2659 1.982 45.11 47.65 -
JO745+4734 3.225 * 46.37 48.01 10.19
JO747+2739 4.11 45.43 47.44 -
JO801+5210 3.263 * 45.25 47.84 9.79
J0900-+4215 3.294 * 46.00 47.93 9.32
J0904+1309 2.974 45.89 47.78 -
J0947+1421 3.040 45.01 47.67 -
J1014+4300 3.126 45.43 47.85 -
J1027+3543 3.112 45.79 48.00 -
J1057+4555 4.140 45.77 4791 -
J1106+6400 2.220 * 45.69 47.78 10.00
J1110+4831 2.957 45.36 47.81 -
J1111+1336 3.492 * 45.36 47.69 9.93
J1159+1337 3.984 45.04 47.74 -
J1200+3126 2.993 45.55 47.84 -
J1201+1206 3.512 * 45.77 47.77 9.50
J1215-0034  2.707 45.33 47.62 -
J1236+6554 3.424 * 45.33 47.65 9.63
J1245+0105 2.798 45.03 47.25 -
J1249-0159  3.638 45.08 47.55 -
J1250+2631 2.044 45.94 4791 -
J1328+5818 3.133 45.22 47.20 -
J1333-+1649 2.089 45.83 47.73 -
J1421+4633 3.454 * 45.18 47.65 9.79
J1426-+6025 3.189 45.72 48.07 -
J1441+40454 2.059 44.84 47.34 -
J1513+0855 2.897 45.60 47.67 -
J1521+5205 2.218 * 44.85 4791 9.99
J1549+1245 2.365 * 45.34 47.81 10.10
J1621-0042 3.710 46.04 47.81 -
J1639+2824 3.801 45.67 48.05 -
J1701+6412 2.727 45.75 48.01 -
J2123-0050 2.281 * 45.43 47.72 9.63

(1) Source name; (2) redshift from SDSS or from Vietri et al. (2018) (marked with an asterisk);
(3) intrinsic hard X-ray luminosity (2-10 keV) from Martocchia et al. (2017); (4) SED-fitting
derived bolometric luminosity; (5) BH mass from Vietri et al. (2018).
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6.3 Hard X-ray bolometric correction as a function of the

bolometric luminosity

The bolometric correction is by definition the ratio between the AGN bolometric lumi-
nosity and the luminosity computed in a specific band of the spectrum. It is a quantity
of fundamental importance in astronomy, because it allows us to obtain an estimate of
the AGN bolometric luminosity when a complete SED is not available. In this work
we have studied the AGN hard (2-10 keV) X-ray bolometric correction as a function of
the bolometric luminosity. The bolometric correction of the SWIFT sample has been
computed by using the bolometric luminosity obtained from the SED fitting (see pre-
vious Section) and the intrinsic hard X-ray luminosity by Ricci et al. (2017¢) reported
in Table 6.2. The source 3C273 has been excluded from the analysis, being its emission
affected by Doppler beaming (Punsly and Kharb, 2016). For the X-WISSH sample we
used the X-ray luminosities presented in M17. We report in Table 6.1 the bolometric
luminosities of the X-WISSH sample, computed following the method used for type 1
sources, as described in the previous Section and in D17. The typical uncertainty for
the bolometric luminosity is around 10%, which turns into a 6-8% uncertainty for the
bolometric correction.

Finally, for the COSMOS sample we used the data published in L12.

On the upper panel of Figure 6.6, we show Kpor (2-10 keV) as a function of Lpoy,
for all the type 1 sources. Filled black squares represent the average of the bolometric
correction computed in bolometric luminosity (not overlapping) bins. The light blue
continuous line shows the relation found by L12 for their type 1 COSMOS sample, where
the dotted line marks its extrapolation out of the range covered by their data. As clearly
visible, the X-WISSH sample covers a range at high luminosities never studied before
and, as already pointed out in M17, the data follow the extrapolation of L12 relation
at high luminosities. On the contrary, the SWIFT sample data seem to favour a flatter
or constant relation at log(Lpor/Le) < 11. We have therefore fitted the whole type 1

sample, using a least-square method, with the following relation:

(6.2)

Kaow (2~ 10kev) —a |1+ (12E20L L)) T,

b

The best-fit relation is shown in Figure 6.6 as a black continuous line and its best-fit
parameters, along with the intrinsic spread of the data (~ 0.27 dex), are listed in Tab.

6.3. Our best-fit relation is almost identical to the L12 relation above log(Lpor/Lg) >
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11, while at lower luminosities the bolometric correction remains constant with a value

of KBOL (2—10 keV) ~ 11.7.

On the lower panel of Figure 6.6, we show Kpor, (2-10 keV) as a function of Lpoy, for
the type 2 sources. Filled black circles represent the average of the bolometric correction
computed in bolometric luminosity bins, as for the upper panel. The orange continuous
line shows the relation found by L12 for their type 2 COSMOS sample, where the dotted
line represents its extrapolation out of the range of their data. As expected, the type 2
sources allow to sample the region at the lowest luminosities of the Kpor, (2-10 keV) -
Lpor plane. The data confirm the trend, already observed at low luminosity for type 1
AGN, that in the range 7.5 < log(Lpor/Le) < 11 the bolometric correction has a con-
stant value (Lpor (2-10 keV) ~ 12.6). On the contrary, we found that at log(Lpor/Le)
> 12.5 our solution is systematically higher than the one by L12. This might be due to
the new functional form which allows a better representation of the data sample, and to
the fact that in L12 the fitting procedure has been carried out on binned data. We list in
Tab. 6.3 the values of the best-fit parameters along with the spread (~ 0.28 dex). The
values of the spread for both the type 1 and the type 2 samples are quite similar and in
good agreement with those found by L12 (~0.25 for both populations).

As it is possible to notice in the upper panel of Figure 6.6, where the average values of
Kpor (2-10 keV) type 2 sources (open black circles) are compared with those for type 1
sources (filled black squares), type 1 and type 2 AGN seem to share the same, general,
bolometric correction relation. Moreover, as already mentioned above, the two samples
have very similar values of the spread (0.27 and 0.28 dex). We have thus investigated
whether a general bolometric correction relation, for both type 1 and type 2 sources, was
consistent with the data. In Figure 6.7 we show the Kpor (2-10 keV) as a function of
Lpor for the whole sample of type 1 and type 2 AGN. Black filled hexagons represent
the average of the bolometric correction computed in bolometric luminosity bins for the
whole sample. Our best fit relation is shown as a black line, while the two black dotted
lines correspond to the 1 o spread of the sample (~ 0.27 dex). We found that this
general Kpor (2-10 keV) relation can be considered statistically representative of the
whole AGN population. Indeed, it is not rejected by the x? test if applied on the type 1
and type 2 samples separately (P(>x?)=0.45 for both cases)®. This result was already
pointed out by L12, who argued that the bolometric correction relation for the type 2
sources seems to be the natural extension at lower luminosities of the one for the type 1

sources. Thanks to the low and high luminosity samples used in this work, we have then

5In order to compute the x2-test, being the values of the spread very similar for the type 1, type 2
sources and whole sample, an average spread of ~ 0.27 dex has been assumed.
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TABLE 6.3: Best-fit parameters (see Equation 6.2) for the type 1, type 2 and for the
general bolometric correction relation.

a b c spread

Type 1 12.11£0.14 12.05+0.02 17.56+£0.12  0.27
Type 2 12.61£0.16 11.984+0.02 25.81+£0.62  0.28
General 11.81£0.11 12.004£0.01 17.56+0.12  0.27

been able to derive a universal bolometric correction relation valid for the entire AGN

population and over the widest (7 dex) luminosity range ever probed.

In Figure 6.7 the bolometric corrections by L12, for their COSMOS samples of type 1
and type 2 AGN, are shown as cyan and orange lines, respectively. Our result is in
good agreement with these relations, if compared within the luminosity range of the
COSMOS data used by L12 (11 < log(Lpor/Le) < 13). On the contrary, as already
found by L12, at log(Lpor/Lg) ~ 11.5 the Marconi et al. (2004, purple line) and Hopkins
et al. (2007, magenta line) bolometric corrections are about 0.20-0.25 dex above ours; it
is worth noting that Hopkins et al. (2007) included the IR contribution in the estimate
of the bolometric luminosity, being interested in the characterization of an empirical

bolometric correction.

The ratio between the bolometric luminosity and the X-ray luminosity (i.e. the Kpor)
can be seen as a comparison between the total radiation from the AGN and the relative
contribution by the corona plus the accretion disk. The correlation we observe between
the X-ray bolometric correction and the bolometric luminosity might support (as already
noticed by M17) a scenario in which with the increasing of the bolometric luminosity of
the source, the X-ray emitting corona tends to be less powerful, especially if compared
to the UV /optical emission. This result seems to be in agreement with the observed
"X-ray weakness" which affects the most luminous AGN (Sturm et al., 2011; Cicone
et al., 2014) and could be in line with the findings of an anti-correlation between the
aox and the optical luminosity (estimated at 2500 A), as showed e.g. in the work by
Lusso and Risaliti (2016). We have then computed the expected Kpor (2-10 keV) if the
relation between the X-ray luminosity and the optical luminosity by Lusso and Risaliti
(2016) (in which Ly o< L%$) and a constant Kpor,(4400 A) ~ 5 (L12) are assumed’. As
shown in Figure 6.7 as a brown line, the resulting analytical prediction, i.e. Kpor, (2-10
keV) o L%‘%’E, is in fair agreement with our best-fit relation, sharing the same slope and
normalization. This comparison tells us that the bolometric correction relation and the
aopx slope are tightly related: the observed correlations are mainly due to the change

of the X-ray emission fraction in the bolometric luminosity budget. In this framework,

" L4004 has been converted into Lyy = Lysgoa by assuming a spectral slope of A% (Vanden Berk
et al., 2001).
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FIGURE 6.6: X-ray bolometric correction in the 2-10 keV band as a function of the

bolometric luminosity for the type 1 (upper panel) and type 2 (lower panel) AGN. Sym-

bols of the data as in the legend. Black filled squares and open circles show the average

values for type 1 and type 2 sources respectively, in bins of bolometric luminosity. The

black solid and dashed lines show our best-fit relations and its extrapolations according
to Equation 6.2.
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FIGURE 6.7: General X-ray bolometric correction in the 2-10 keV band as a function
of the bolometric correction for both type 1 and type 2 AGN. Symbols as in Figure
6.6. Black hexagons are the average bolometric correction values, in bins of bolometric
luminosity. The black solid line is our best fit solution and is compared with the
relations obtained by L12 for type 1 and type 2 sources (in cyan and orange lines
respectively), by Marconi et al. (2004) and by Hopkins et al. (2007); the brown solid
line is the analytical prediction obtained by assuming the relation between the X-ray
luminosity and the optical luminosity by Lusso and Risaliti (2016) and the optical
bolometric correction by L12. See text and Table 6.3 for details.
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the X-ray bolometric correction is a better measure of this phenomenon, as it takes into
account the whole energetic budget and does not suffer from the obscuration which could

affect the UV /optical luminosity (especially in type 2 sources).

6.3.1 Hard X-ray bolometric corrections as a function of the Eddington

ratio and of the BH mass

Many authors have found a correlation (but with a huge scatter) between the bolometric
correction and either the Eddington ratio (Agpp = Lpei/LEpp) or the BH mass (e.g.,
Vasudevan and Fabian, 2007; Vasudevan et al., 2009; Lusso et al., 2010). We have studied
these dependencies using the same samples presented in the previous Section but limited
only to those objects for which the BH mass measure is available: 21 type 1 and 15 type
2 sources by Onori et al. (2017b) for the SWIFT/BAT sample, 11 WISSH type 1 sources
by Vietri et al. (2018) and ~ 650 COSMOS AGN by L12.

In the upper panel of Figure 6.8 the hard X-ray bolometric correction as a function of
the Eddington ratio is shown. We computed the ordinary least-squares (OLS) bisector,

obtaining the following relation:

lOg(KBOL(2 — 10/€€V)) =0.734 - lOg()\Edd) + 2.09 (6.3)

Our best-fit is compared with the relations published in L12 for their type 1 and type 2
COSMOS AGN.
The same analysis has been performed for the Kpor (2 — 10keV)-Mpp relation, whose

best-fit relation is shown in the lower panel of Figure 6.8 and has the following form:

log(Kpor(2 — 10keV)) = 0.72 - log(Mpg) — 4.58 (6.4)

It appears to be steeper than the one found by M17, shown in the same Figure as
comparison: this discrepancy might be ascribed to the choice of using the OLS bisector
to perform the linear fit. Moreover, while M17 included also the X-WISSH AGN with
values of the BH mass estimated from CIV lines (Weedman et al., 2012), we decided to
consider only those with more reliable BH masses (from Hg lines by Vietri et al., 2018).
It is clearly visible that the distribution of the data in both the Kpor (2 — 10keV)-gqq
and the Kpor(2 — 10keV)-Mpy relations is quite sparse and similar results are found

even if the sample is splitted according to the AGN type classification.
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FIGURE 6.8: X-ray bolometric correction in the 2-10 keV band as a function of the

Eddington ratio (upper panel) and of the BH mass (lower panel). Black solid lines

show our best fit relations. Dotted lines are the linear relations inferred by L12 (for the

Kpor-Aepp) and by M17 (for the Kpor-Mpy). Symbols are the same as in Figure
6.7.



Chapter 6. A universal X-ray bolometric correction for AGN: extending the Kbol over
7 luminosity decades 130

6.4 Conclusions

In this Chapter we have combined two AGN samples specifically selected to cover the
extremes of the AGN luminosity function, to characterize a new hard X-ray bolometric
correction which spans a very wide range (~ 7 dex) of luminosity. The high-luminosity
sample is composed of 41 type 1 AGN belonging to the WISSH AGN sample described
in Chapter 4 and for which X-ray observation from XMM and Chandra are available
(X-WISSH sample); the low-luminosity sample consists of 21 local type 1 and 27 type 2
sources randomly extracted from the SWIFT/BAT 70-month catalog (SWIFT sample).
For the X-WISSH sample we used the X-ray luminosities published in M17 and the
bolometric luminosities obtained following the method described in D17. To measure
the main physical properties (i.e. Lpor, M, and SFR) of the sources in the SWIFT
sample, we used a multi-component SED-fitting tool to reproduce both the AGN and
the galaxy emission. The procedure is similar to the one adopted in D17, with two main
changes: (a) we added a library of galaxy templates because for sources with luminosity
lower than the WISSH, the galactic emission can be relevant if compared with the amount
of emission coming from the AGN; (b) we used the hard X-ray normalized AGN models
by Silva et al. (2004) to compute a virtual photometric pivotal point at 50 um to be
fitted only by the AGN templates.

Our main results are the following:

o We first studied the Kpor(2-10 keV) - Lpor relation for the type 1 and the
type 2 samples separately, confirming a positive trend of the relation in both cases.
The X-WISSH AGN sample the tail at the high luminosities, while the type 2
SWIFT/BAT sources constrain the low-luminosity region of the plane. The two
best-fit relations are in good agreement with the ones found by L12 within the
range of COSMOS data. Thanks to the low-luminosity sample, we found that the

bolometric correction relation is consistent to be flat at low luminosities.

e The relations found for the type 1 and the type 2 samples present similar intrinsic
spreads (~ 0.27 and ~ 0.28). Moreover, the fact that the average values of Kpor,
(2-10 keV) for type 2 sources (computed in bins of luminosity) lie on the best fit
relation obtained for the type 1 sample, allows us to ask whether the two could
share the same bolometric correction relation. We therefore computed a bolomet-
ric correction relation combining all the type 1 and type 2 sources, obtaining a
universal relation statistically representative of the entire AGN population which

spans about 7 decades in luminosity.
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e We have then discussed how the positive trend we observe between the X-ray
bolometric correction and the bolometric luminosity might be fitted in the "X-
ray weakness" scenario, according to which the X-ray emitting corona tends to be
less powerful compared with the UV /optical emission with the increasing of the

bolometric luminosity.

e We investigated the dependence of the bolometric correction on both the Edding-
ton ratio and BH mass. We found that Kpor, (2-10 keV) increases with increasing
Aepp and Mpy, although, given the quite sparse distribution of the data points,
both relations show larger intrinsic spreads than those found as a function of the

bolometric luminosity.

Part of the work presented in this Chapter is going to be included in a paper to be
submitted to MNRAS.






CHAPTER [

Concluding remarks

This Chapter tries to draw some conclusions on the works that have been presented
throughout this Thesis. The projects discussed in Chapters 4-6 can be summarized as

follows:

e Chapter 4 is devoted to the analysis of a sample of 16 hyper-luminous AGN with
FIR data in the Herschel SPIRE bands, belonging to the wider WISSH sample, se-
lected by cross-correlating data from the SDSS and the WISE All-Sky Survey. The
extreme luminosities they show make them the perfect place to look for feedback
phenomena. Thanks to the multi-wavelength coverage, we were able to model the
observed fluxes with a multi-component fitting procedure which properly accounts
for the quasar and the host-galaxy emission. Moreover, we found that in some
cases, our sources show peculiar features in their SED that cannot be described by
the standard modelization. Therefore a further warm component, in the form of
a pure blackbody, is necessary to reproduce their NIR emission. Along the physi-
cal properties we derived via SED-fitting, we focused on the IR properties of the
sources. In particular, we analyze the eventual presence of a relation between the
galaxy star formation and the black hole activity. By combining our sample with
other Herschel detected samples, we derive a log-linear relation between the SF and
the quasar luminosities, Lgp o L%g%, which seems suggest that the most luminous

AGN are hosted in galaxies with the highest star formation activity. Indeed, the
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WISSH quasars present extreme values of star formation (up to thousands Mg /yr),
even properly accounting for the AGN contribution to the FIR fluxes, which turned
out to be ~ 50% as predicted by the radiative transfer code by Schneider et al.
(2015), applied to our least and most luminous sources.

If compared with other hyper luminous AGN of the plane Lgr — Lgso with dif-
ferent levels of extinction, the WISSH can be placed in between the heavily dust
enshrouded sources and the blue optically selected luminous quasars: it seems that
through the WISSH quasars we are therefore witnessing a very peculiar phase in
the quasar life, during which the dust in the host has not yet been fully cleared up.
This suggests that the typical evolution timescales of the quasar feedback are much
shorter than those typical of the host galaxy SF activity. Further high-resolution
sub-mm observations are necessary to understand the eventual presence of com-
panions in the vicinity of the AGN which might raise up the SFR estimates (see
Bischetti et al. (2018) for the analysis of the source SDSSJ101549.00-+-002020.0
for which we obtained ALMA data in the last months, and whose companions-

corrected SFR is a factor of 6 smaller than the previous one).

e In Chapter 5 we studied the case of the hot DOG W1835, a very luminous and
Compton-thick quasar (as indicated by the derived unobscured X-ray luminosity
Ly 10~ 1—3x10% erg s7'). We modeled NuSTAR spectra using both phe-
nomenological and physically motivated models and accounting treatment for the
Compton scattering and the geometry of the obscurer. From the two possible sce-
narios (an edge-on torus or a sphere isotropically covering the nucleus), a nearly
CT (log[Ng/cm=2] ~ 24) to heavy CT (log[Ng/cm~2] > 24) obscuration is re-
quired. This makes W1835 the first and most obscured z > 2 AGN detected by
NuSTAR so far. The optical-to-FIR SED modeling gives a bolometric luminosity
of Lpol = 3 — 5 x 10%7 erg s~!, confirming the hyper-luminous nature of W1835,
which exhibits also a powerful star formation activity (with SFR of the order of
~3000 Mgyr—!), as the previously studied WISSH AGN. The heavy obscuration
of the hot DOG, together with its extreme luminosity and SFR, the ratio of X-rays
to MIR and its HST mildly disturbed morphology, make W1835 as a witness of a
late-stage merger in the context of the merger-induced quasar formation scenario.
It seems to belong to that evolutionary phase which turns out in the bright blue

quasars.

e In Chapter 6 we have combined two AGN samples properly selected to cover the ex-
tremes of the AGN luminosity function, to characterize a new hard X-ray bolomet-
ric correction which spans the widest range of luminosity ever. The high-luminosity
sample (X-WISSH sample) is a sub-sample of the WISSH AGN sample for which X-

ray observations are available. On the contrary, the low-luminosity sample (SWIFT
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sample) consists of local type 1 and type 2 sources from the SWIFT /BAT 70-month
catalog. We adopted a multi-component SED-fitting procedure similar to the one
described in Chapter 4. By combining the two samples and a further collection of
type 1 and type 2 AGN from the XMM-COSMOS sample by Lusso et al. (2012),
we were able to derive new bolometric corrections for the type 1 and the type 2
AGN samples, separately. The high luminosity sample composed by the WISSH
AGN constrains the tail at high luminosities, while the type 2 SWIFT /BAT sources
constrain the low-luminosity region of the plane, suggesting a flat behavior of the
relation at low luminosities. Relying on the fact that the intrinsic spread of these
two relations are quite identical and being the average values of the bolometric
correction of the type 2 sample lying on the best-fit relation obtained for the type
1 sample, we looked for a universal bolometric correction, finding a new relation
which is statistically representative of the whole AGN population and which spans

about 7 decades in luminosity.

As a further work, we have just started to study the Black Hole - M, scaling relation of
local type 1 and type 2 AGN using the low luminosity sample presented in Chapter 6. In
order to shed light on the growth of SMBHs and its link with the host galaxy evolution
over different periods of the cosmic time, it is indeed necessary to build samples of AGN,
for which both Mpy and M, and their time derivatives (M pr and SFR) are measured,
able to span a wide range in luminosity and redshift and including both obscured and
unobscured sources. At the moment, such a kind of information is available only for the
XMM-COSMOS sample at z ~ 1.5 analyzed by Merloni et al. (2010). Thanks to the
work on the SWIFT/BAT sample we will cover a complementary L-z (and then M-z)
region with respect to the one sampled by the XMM-COSMOS AGN, being also able to
get the first information on how low mass local type 1 and type 2 AGN (and their hosts)

are growing.






APPENDIX A

Input and Output files of the code

A.1 User Set-Up

The user has to edit a file with the definition of different parameters used along the entire

run over the sample of objects:

tmp dir file path of the temporary file name with ID, z, magnitudes with errors of
the objects

prog dir file path of the file name with ID, z, magnitudes with errors of the objects
with the right format

ngpj  number of objects

Nmagn  number of magnitudes

leff dir file path of the file containing the effective wavelength for each filter

leff form  format of the file with the effective wavelength

Hy Hubble constant

Qm  real double number corresponding to the ratio between the energy density due to
the matter in the universe and the critical density of the universe

Qp  real double number corresponding to the ratio between the energy density due to
the cosmological constant in the universe and the critical density of the universe
output form format of the output file

templ dir path of the file which contains the templates’ names

NTempl  nDumber of templates to use
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A.2 Output file

The main output file summarizes the parameters of the best fit model for each objects.
A detailed description of the meaning of all the columns with the correspondent label is
given below:

ID  identifying the name of the object, taken from the input catalogue

n_templ number of the template chosen, corresponding to the row of the input file
with the templates’'n names

Chi2  x? value

Chi2Red Reduced x2 value

A; normalization parameter for the i-th template

err _A; error on the normalization parameter for the i-th template
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