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Abstract

The existence of a large population of hidden active galactic nuclei (AGN), especially
at high redshift, raises fundamental questions about their origins, their co-evolution with
host galaxies, and their influence on the growth of supermassive black holes (SMBH) across
cosmic time. A thorough understanding of the AGN population at all redshifts is essential
for testing SMBH formation models, explaining the SMBH-galaxy relations observed in the
local universe, and unraveling the complexities of accretion physics at different epochs. This
PhD thesis explores three key aspects of obscured AGN, with particular emphasis on high
redshift: selection methods, demographic characterization, and their physical properties. [
investigated these topics using a mu]tiwave]ength approach, incorporating radio, X-ray, op-
tical, and infrared data, as well as using both photometry and spectroscopy, which is crucial
for identifying and understanding these elusive sources. In the first part of this thesis, I fo-
cus on how radio observations can be used to identify obscured AGN, especially the highly
obscured Compron-thick (CTK) population. I test the effectiveness of radio emission in se-
lecting these sources both from an analytical and observational point of view, finding that
with deep continuum radio observations it is possible to unveil much more heavily obscured
AGN than what it is possible to do relying only on the X-rays. The thesis further investigates
new spectroscopic methods for identifying obscured AGN at high redshift, where the James
Webb Space Telescope (JWST) is opening new incredible opportunities for the investigation
of these sources. I present three new diagnostic diagrams based on the [OIIl] 4363 auro-
ral line, enabling the identification of AGN even in low-metallicity environments typical of
the high-redshift universe, and providing a more effective tool for characterizing AGN in
the JWST era. Finally, I describe the selection and the detailed multiwavelength analysis of
narrow-line AGN (NLAGN) selected from the JWST CEERS survey, covering the redshifts
range 2 < z < 9. I will explore their spectral properties, the effectiveness of the different
emission line diagnostics diagrams, and [ will provide insights on their X-ray and radio char-
acteristics. This thesis aims to improve our understanding of obscured AGN; especially at
high redshifts, emphasizing the use of a comprehensive and multiwavelength approach that,
together with the potential of new facilities like JWST, offers the best way to identify hidden
AGN and explore their role in cosmic evolution.
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Chapter 1

Introduction

Active Galactic Nuclei (AGN) represent one of the most energetic and enigmatic phenom-
ena in the universe, with their intense luminosities driven by the accretion of matter onto
supermassive black holes (SMBHS) located at the centers of galaxies. These compact regions
exhibit extraordinary energy outputs, often outshining the entire stellar population of the
host galaxy. The energy emitted by AGN spans the entire electromagnetic spectrum, from
radio waves to gamma rays, with bolometric luminosities that can égt®edy/s. The

fact that SMBHSs are expected to be ubiquitous in galaxies and that their mass (ranging from
10°  10'°M ) is a consequence of the accretion is now well established but was far from
being trivial in the late 80'. A key piece of evidence supporting the presence of SMBH in most
galaxies came from the Soltan argument (Soltan, 1982). By assuming that the radiation emit-
ted by AGN is powered by the accretion of matter onto SMBHs and knowing the e ciency

of this accretion process, Soltan showed that the total mass density accreted during Cosmic
time is of the same order as the total observed SMBH mass density in the local universe. This
implies that the SMBHs observed in nearby galaxies were largely built through accretion,
with AGN representing a phase in their evolutionary history. The Soltan argument provides

a crucial connection between past AGN activity and the current mass density of SMBHSs,
supporting the notion that AGN are a signi cant growth phase in the life of a SMBH and of

a galaxy.

Initially, AGN were classi ed into a wide variety of categories based on the distinct features
observed in di erent bands of the electromagnetic spectrum, resulting in a complex "zoo"
of AGN types. However, in the early 1990s, a uni cation model was proposed to explain
this apparent diversity (Antonucci, 1993; Urry & Padovani, 1995). According to this model,
the di erences among AGN could be attributed primarily to two factors: the presence of an
obscuring structure (often referred to as a torus) surrounding the central SMBH, and the ori-
entation of the AGN relative to our line of sight. This simple yet powerful model suggested
that much of the observed variation was due to our viewing angle rather than intrinsic dif-
ferences between AGN.

More recently, advances in observational capabilities and re ned theoretical models have led
to a revision of this uni cation model. While the obscuring torus and orientation e ects
remain important, it is now understood that AGN properties arise from a more complex
interplay of physical processes occurring over various spatial and temporal scales. Indeed,
AGN are transient phenomena and can turn "on" and "o " over time in what is referred to as

a duty cycle. Thus, rather than being a distinct class of astrophysical objects, AGN represent
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a phase in the lifecycle of a galaxy, where the central SMBH becomes actively accreting (Ko-
rmendy & Ho, 2013; Merloni & Heinz, 2013). The e ect of the AGN energetic and kinetic
output on the host galaxies, representing the so-called AGN feedback, was proved to play a
crucial role in shaping the galaxies' physical properties and also the large-scale cosmic struc-
ture's formation (Harrison & Ramos Almeida, 2024, for a recent review).

Therefore, It is clear that the study of AGN is critical for several reasons. By tracing the de-
mographics of AGN we gain valuable insights into the processes that drive black hole accre-
tion, AGN-galaxy coevolution, and large-scale structure formation (Merloni & Heinz, 2008;
Silverman et al., 2009). However, detecting AGN and accurately characterizing their pop-
ulations remains a challenge due to their diverse observational signatures, which can vary
dramatically across the electromagnetic spectrum. AGN can be obscured by dust, diluted by
host galaxy light, or exhibit weak emission in certain bands, making them di cult to detect
with a single observational method. Therefore, developing new AGN selection techniques,
particularly those that combine data from multiple wavelengths (e.g., optical, infrared, X-ray,
and radio), is essential. A comprehensive understanding of the AGN population is crucial
for building accurate models of galaxy evolution and constraining the role of AGN in the
broader context of cosmic history, in a complete and unbiased way.

In the present thesis, we will address these issues, focusing in particular on the questions re-
lated to AGN demography and selection.

In the following section, we start describing the key components of the AGN structure
responsible for their emission across the electromagnetic spectrum.

1.1 AGN Structure and emission

1.1.1 Supermassive Black Hole

Theoretical models describing the physical properties of SMBH suggest that black holes can
be described using only three key parameters: mass, spin, and electric charge, the last being
the most poorly constrained and usually assumed to be zero because of plasma neutralization
(Zajatek et al., 2018).

Di erent techniques have been developed historically to measure the SMBH masses. Al-
ready in the '70s, in the hypothesis that the broad emission lines observed in AGN spectra
(see Sect. 1.1.5) were due to photoionization driven from the accretion onto a SMBH, it was
suggested that the observed lags between AGN continuum and broad-line variation were due
to the light travel time from the ionizing source to the broad line region (BLR) (Bahcall et al.,
1972). Therefore, the measure of the lag allowed the measure of the BLR size (the so-called re-
verberation mapping technique Blandford & McKee, 1982), and, assuming that the motion of
the BLR clouds was dominated by the gravitational eld of the central SMBH, it was possible

to obtain the rst measurements of SMBH masses. Reverberation mapping measurements
also revealed a correlation between the size of the BLR and the AGN optical luminosity (the
so-calledR L relation Kaspi et al., 2000, 2005; Bentz et al., 2009), which provides a much
less expensive way to estimate the size of the BLR based on the luminosity of the AGN. Sub-
sequently, this relation has been used to develop the so-called "single-epoch virial black hole
mass estimators”, that allow the measurement of the SMBH mass using the AGN luminosity



1.1. AGN Structure and emission

Figure 1.1 Multiscale representation of the massive elliptical galaxy M87. On
the left the optical image of the huge halo around giant elliptical galaxy M87
(credits:ESO), on the top right Hubble imaging of the region of the radio jet
(credits:STScl), on the bottom right the image of the SMBH at the center of
M87 taken from Event Horizon Telescope Collaboration et al. (2021).
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and the velocity dispersion of the broad emission lines (Greene & Ho, 2005; Reines et al.,
2013; Reines & Volonteri, 2015, and many others). Recently, e orts from the GRAVITY col-
laboration (Abuter et al., 2024; GRAVITY Collaboration et al., 2024) also led to the rst
measure of a SMBH maszg at 2 directly from the study of the dynamics of resolved broad

line region clouds' photocenters, nding results in agreement with the predictions from virial
relations. Another approach that can be pursued in the absence of spectroscopic informa-
tion (or when virial measurements are not feasible) is to use SMBH scaling relations, such
as theM relation (Gebhardt et al., 2000) and the Magorrian relation (Magorrian et al.,
1998; Gultekin et al., 2009). These relations leverage empirical correlations between SMBH
mass and the properties of their host galaxies, such as the stellar velocity dispersion or the
luminosity of the bulge, and were calibrated in local SMBH samples with mass measurements
coming from stellar dynamics or from reverberation mapping.

The size of a SMBH is de ned by its event horizon (EH). The EH of a Schwarzschild (non-
rotating) SMBH of masl is dened asRgy = Rs = 2Rg = 2GM=¢? 1.5
10"%(M=10°M )cm. If the SMBH is also characterized by a rotation, then the space-time
around it is described by the Kerr metric solution, where the dimensionless spin parameter
(0 < a < 1) accounting for rotation, is introduced. In the case of a maximally spinning
SMBH & = 1), the event horizon is restrictedRgy = Rg. Measuring the SMBH spins

has been so far extremely challenging, and the methods explored (High-Frequency Quasi-
Periodic Oscillations, X-ray polarimetry, study or the line pro le of the Iron line, or inner
disk re ection modeling) generally returned high values(af> 0.5, Brenneman, 2013),

but with large uncertainties.

In 2017, the Event Horizon Telescope (EHT) collaboration (Collaboration, 2019) published
the rst and sharpest observation of a SMBH,8#%¢ 10°M SMBH at the center of the

giant elliptical galaxy M87 in the Virgo cluster (see Fig. 1.1), directly catching the synchrotron
emission coming from electrons at a few Schwarzschild radii from it. A detailed analysis of
these observations revealed SMBH properties that are extremely consistent with those pre-
dicted by general relativity.

1.1.2 Accretion disk

What really powers AGN is the radiation emitted by the accretion of gas onto an SMBH.
This process is the most e cient known process for converting mass into energy (Peterson,
1997). The luminosity associated with SMBH accretion can be written in the following form:

L= McZ (1.1)

whereM is the mass accretion rate anid the radiative e ciency of the accretion process,

l.e., the e ciency in transforming mass into radiation, and typically 0:1. Using this

value in Eq. 1.1 we nd that to power fairly high-luminosity AGN ef104erg/s it needs

onlyaM 2M =yr. However, the value of the e ciency is highly uncertain and depends

on di erent parameters and physical processes connected to the accretion mechanism.

If we assume a simple spherical accretion model of a completely ionized hydrogen gas, in
order to avoid disintegration of the accreting structure, the outward force generated by the
radiation pressure produced by the accretion has to be counterbalanced by the inwards grav-
itational force. This simple argument leads to the de nition of the Eddington limit to the
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luminosity of a source spherically (and isotropically) accreting:

Le= 2CMpy, v 126 1038'\£/Iﬂ ergs’: (1.2)
T

whereG is the gravitational constamty, is the proton mass and is the Thompson scat-

tering cross-section. Equivalently, it is possible to also de ne an Eddington limit for the

accretion rate using Eq. 1.1.

However, the assumption of spherical accretion is generally not physically supported, while

the simplest physically motivated accretion disk model considers an optically thick and geo-

metrically thin structure rotating at keplerian velocities around the central SMBH (Shakura

& Sunyaev, 1973) at typical distancd®df 10 3pc from the central SMBH (see Fig. 1.2).

Assuming the virial theorem, half of the gravitational energy lost by the gas spiraling toward

the center goes into radiation, and considering that the disk is optically thick, it is possible

to derive its temperature pro le, which has the foflifr) / (r *%). Following (Bon-

ning et al., 2007), the peak temperature of an accretion disk can be expressed in terms of the

bolometric luminosity and the mass of the SMBH in the form:

Toeak = € 1My Lo (1.3)

wherec is a factor depending of the SMBH spig, is the bolometric luminosity of the

AGN in erg/s, anMgy is the SMBH mass in solar masses. The geometrically thin disk
structure implies that the rate at which energy is advected inward is negligible compared
to the fraction that is reradiated in the vertical direction (radiation-dominated accretion),
determining the full accretion disk spectrum to be a composite of optically thick thermal
emission spectra. The peak frequency of this multicolor black body generally resides in the
range between the UV (1008) and soft X-ray ( 1002V) and gives origin the so-called
big-blue bump clearly observed in unobscured AGN (Sanders et al., 1989).

At high accretion rates, approaching the Eddington limit, the accreting gas can prevent part
of the upward- owing radiation from escaping, allowing the disk to extend in the vertical di-
rection, becoming geometrically thick but also, potentially, optically thin. In this condition,

the radiation-driven cooling timescale becomes longer than the radial advection timescale,
and the accretion becomes advection-dominated. These kinds of disks, which are radiatively
ine cient, are usually well described by the so-called advection-dominated accretion ow
(ADAF) models (Ichimaru, 1977; Blandford & Begelman, 1999). Due to the advection and to
the radial energy transfer, these disks can be generally approximated as a single temperature
blackbody, reaching temperatures dfO*K.

1.1.3 X-ray Corona

The corona is thought to be a magnetically-powered plasma, with electrons that are accel-
erated, kept hot, and maintained close to the central SMBH thanks to the magnetic eld
energy and its speci c pattern (Fabian et al., 2015; Laor & Behar, 2008). In particular, elec-
trons in the corona are expected to reach temperafure4(® °K, with number densities

as highas 10°%cm 3 but restricted in a region of fewRg (De Marco et al., 2013; Char-

tas et al., 2016). The electrons and ions constituting the ionized plasma of the corona are
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Figure 1.2:Skecth of the internal structure of an AGN (not in scale). Phys-
ical scales of the di erent components are computed for a reference AGN
with bolometric luminosity_ o = 10%6erg/s and SMBH of makbgy =

10EM
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thought to come from the accretion disk, where are stripped by magnetic forces. The elec-
trons in the corona play a fundamental role in the production of the characteristic X-ray
emission observed in AGN. Indeed, by means of inverse Compton scattering, the optical and
UV photons radiated from the accretion disk are up-scattered by the corona electrons and
gain energy (subtracting it from gas thermal energy), becoming X-ray photons (Haardt et al.,
1994). The X-ray emission accounts fdr0%of the AGN bolometric luminosity (Duras

et al., 2020), and follows a power-law spectrum of the form:

F=N h/ ! ; (1.4)

where the rst factoril ) accounts for the distribution of the number of photons per unit
of time and energy (depending on the frequency by means of the photon)jvdeie the
second factor represents the energy of each photon. From the t of the X-ray spectrum of
an AGN, it is possible to retrieve the observed valuewhose intrinsic range is generally
betweenl:7 < < 2:1 (Piconcelli et al., 2005; Tozzi et al., 2006), with some relevant
exceptions, like Narrow-line Seyefert | (NLS1) that are generally characterized?by
3 (Fabian et al., 2002). However, obscuration can signi cantly a ect the observed AGN
X-ray spectrum because absorption mostly a ects soft X-ray photons (enejie¥),
determining a attening of the spectrum. X-ray photons are characterized by small optical
depths compared, for example, with those of optical photons coming from the accretion
disk, but can still be absorbed by metals via photo-electric absorption processes at energies
10keV (in particular by oxygen and iron species), and by Compton scattering at higher
energies. It is common to parametrize the abundance of the metals absorbing the X-ray
emission in terms of Hydrogen column denNity assuming a given gas metallicity. The
AGN X-ray selection and the e ects of obscuration will be further described in Sect. 1.3.1.

1.1.4 Magnetic eld and radio emission

The existence of a magnetic eld in the innermost part of an AGN has been postulated for

a long time (Blandford & Znajek, 1977). As presented in the previous paragraph, the X-ray
corona is expected to be magnetically connected with the accretion disc and sustained by
the magnetic energy. A magnetic eld is also essential to explain AGN emission in the radio
waveband, which can arise from various processes occurring at scales from the innermost re-
gions near the SMBH to the Mpc scale, as we will see. The formation of a magnetic eld in
the region close to the central SMBH is expected, given the presence of plasma and the dif-
ferential rotation of the accretion disc. The disk, acting as a dynamao, is expected to generate
the seed magnetic eld that is subsequently ampli ed by mechanisms such as buoyancy and
magnetic instabilities (Di Matteo, 1998; Merloni & Fabian, 2002; Merloni et al., 2003).
Electrons accelerated at relativistic velocities in the presence of a magnetic eld emit syn-
chrotron radiation. Considering a relativistic electron of mssd Lorenz factor in the

presence of a magnetic éd they emit photons at frequency BE 2, whereE = m 2.
Assuming a power law energy distribution of the electrons it is possible to derive the typical
power spectrum of synchrotron radiation:

F= (1.5)
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Figure 1.3:Taken from Panessa et al. (2019). Sketch of the possible physical
processes that can contribute to the radio emission in RQ AGN.

whereF isthe ux, and the spectral indextypically assumes values 0:7 for extragalac-

tic sources emitting optically thin synchrothron radiation (Longair, 2011).

The emission produced by synchrotron radiation is expected to be highly polarized, and by
studying polarization it is possible to trace the underlying magnetic eld con guration and
the magnetized plasma properties, as was done by the EHT collaboration for M87 (Event
Horizon Telescope Collaboration et al., 2021) and grent Horizon Telescope Collab-
oration et al., 2024).

The AGN synchrotron emission can originate from processes occurring at di erent scales.
Radio jests, for example, are powerful radio structures that extend from close to the SMBH,
possibly out to Mpc scale (Rawlings & Saunders, 1991; Padovani et al., 2017). This large-
scale collimated radio emission is characteristic of the population of so-called radio-loud
(RL) AGN, whose emission in the radio band generally exd®&ds10*>W/Hz (Padovani

etal., 2015). Onthe contrary, AGN that do not show a powerful radio emission and extended
radio structures are usually referred as radio-quiet (RQ) AGN. Another, but not completely
overlapping, way to distinguish the two populations of radio AGN is aimmadm-jetted

and” non-radio-jetted sources (Padovani et al., 2017). The presence of strong radio jets
is also generally associated with radiatively ine cient accretion modes that can produce a
strong magnetic eld, while non-jetted and RQ AGN are more frequently associated with
radiatively e cient accretion disks (Heckman & Best, 2014). We will further discuss the
typical features and a more precise classi cation of the populations of RQ and RL AGN in
Sect. 1.3.1, while here we want to focus on the di erent physical processes giving origin to
the radio emission in these sources.

While in RL AGN the expanding radio jets are expected to originate from the interaction of
the electrons with the strong magnetic eld ampli ed by the rotation of the accretion disk
and of the SMBH (Blandford & Znajek, 1977), di erent mechanisms have been proposed in
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the literature to explain the origin of the radio emission in RQ AGN (see Panessaetal., 2019,
for a review, and see Fig. 1.3 for a sketch). Some high-resolution observations of RQ AGN
revealed a scaled-down version of RL jets (Falcke & Biermann, 1995, on scales of a few tens
of pc), where the di erence between the two populations resides in a di erent e ciency in
accelerating and collimating relativistic electrons on subparsec scales.

Another possible source of the RQ AGN radio emission can originate from inner shock
winds. The observed correlation between radio luminosity and [6007 luminosity and

velocity dispersions in RQ AGN (Nims et al., 2015; de Vries et al., 2007; Zakamska & Greene,
2014) suggested that inner shock winds, driven by the accretion disk or by the AGN mechan-
ical feedback, are able to accelerate relativistic electrons and produce synchrotron radiation
on scales 10Qoc.

Albeit a number of works suggested that radio emission in RQ AGN can be simply explained
with star-formation (SF) (Padovani, 2016; Bonzini et al., 2015), clear indications of radio
emission in excess of what is expected from pure SF were observed in several samples of RQ
AGN (Smol£i¢ et al., 2017b; Delvecchio et al., 2021; Del Moro et al., 2013).

Another correlation found in di erent samples of radio AGN (both RQ and RL) is the X-

ray - radio luminosity relation (Panessa et al., 2015; D'’Amato et al., 2022; Fan & Bai, 2016,
and many other works). As described in Sect. 1.1.3 the corona, at the origin of the AGN
X-ray emission, is expected to be magnetically heated. The connection between X-ray and
radio emission in AGN can arise if we assume, for example, that energetic electrons, emitting
synchrotron radiation in the innermost AGN region, can heat the X-ray corona depositing
energy that is later re-emitted in the form of X-ray emissionL}he Lg luminosity rela-

tion was also studied in the wider context of correlation between the AGN radio emission,
the AGN X-ray emission, and the SMBH mass, the so-called fundamental plane of black hole
activity (Merloni et al., 2003). Many of these relations were derived not only considering
SMBH, but also the accretion onto X-ray binaries and young stellar objects, generalizing the
relations between the accretion properties and the emission at radio and X-ray wavelengths.
The origin of the fundamental plane relation is still not fully understood, but its existence
suggests that the physics characterizing the AGN accretion onto the central SMBH has an
impact on both the X-ray and radio AGN emissions. The possibility of a coronal-magnetic
origin of the radio (together with the X-ray) emission in RQ AGN is supported by some ob-
servational results (in particular in the mm waveband Inoue & Doi, 2014; Dol et al., 2016;
Inoue & Doi, 2018) and theoretical computations (Raginski & Laor, 2016), and is expected to
arise from a very compact region. High-frequency and high-resolution radio observation of
AGN, reaching the mas resolution corresponding to sub-pc scales, revealed that nuclear emis-
sion shows an almost at 0spectrum, while the spectral index increases moving towards
external regions, reaching values around 0.7-0.8 (Chen et al., 2023, 2024). This is consistent
with an optically thick (self-absorbed) synchrotron emission in the core and optically thin
synchrotron emissions at larger scales, possibly associated with SF.

In Chapter 2, and Chapter 3 we will explore the potentialities of radio band in identifying
AGN, in particular those most obscured, while in Chapter 5, presenting the radio analysis of
a sample of high-z AGN, we will further investigate the possible mechanisms giving origin
(or suppressing) the radio emission.
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1.1.5 Broad and Narrow line region

The Broad-Line Region (BLR) and Narrow-Line Region (NLR) both consist of gas clouds
iluminated by radiation from the inner accretion disk, but they are distributed on di erent
spatial scales and exhibit distinct physical and kinematic properties.

The BLR clouds are distributed on scales that rArfife< Rgr < 1pc, are directly
illuminated by the disk radiation, and are supposed to move with almost Keplerian veloc-
ities between 600 < v=kms ! < 10* under the direct gravitational in uence of the

central SMBH. The GRAVITY collaboration, using near-infrared (NIR) interferometry at

a Very Large Telescope Interferometer (GRAVITY Collaboration et al., 2024), almost spa-
tially resolved, for the rsttime, the BLR photocenters in a sample of luminous local AGN,
and detailed modeling revealed a disk structure in Keplerian motion, as expected from the-
ory and reverberation mapping. As reported in Sect. 1.1.1, BLR sizes are used to compute
the mass of SMBH assuming virialization and to determine the mass-luminosity relations
(Reir  Lopt) over which the 'single epoch’ mass measurements (based on the luminosity
and FWHM of broad lines) were calibrated. The results presented by the GRAVITY collab-
oration were (somehow unexpectedly) consistent with previous estimates of SMBH mass and
Reir  Lopt relations.

BLR clouds are highly ionized by disk radiation and generate broad emission lines that
provide crucial indirect information on the SMBH mass and intrinsic luminosity of the AGN
(Stern & Laor, 2012; Reines et al., 2013; Reines & Volonteri, 2015). BLR clouds, whose size is
estimatedtobea 5 10%m, 0:7R , are extremely dense, and almost optically thick
even to the X-ray radiation, reaching hydrogen column densiti€8® 2*cm 2 (Risaliti
et al., 1999), but generally distributed with covering factdi8%(Jin et al., 2012; Gaskell,

2009). BLR densities are also su ciently high to prevent the emission of forbidden, col-
lisionally excited lines, while their emission is typically detected as a broad component in
the rest-UV and optical permitted lines like the Balmer serigg,1008, Gv 1557,1560,

Mgll] 2795,2802, Ly1215. AGN that show BLR emission components in their spectra are
generally called Broad-line AGN (BLAGN) or Type 1, while those AGN in which the broad
emission line components are not seen (because of obscuration) are also called Narrow-line
AGN (NLAGN) or Type 2. The composite rest-frame optical spectra of Type 1 and Type 2
AGN are shown in Fig. 1.4.

The intensities of the broad emission lines have been proven to be directly related to the
AGN bolometric luminosity, and several broad emission-line to bolometric luminosities re-
lations have been developed over the years (Greene & Ho, 2005; Richards et al., 2006; Stern
& Laor, 2012).

NLR clouds are instead distributed on larger scales compared to the BLR, potentially
extending up to the Kpc scale, and constitute the most distant region directly and predomi-
nantly illuminated by the ionizing radiation from the central SMBH. For this reason, narrow
emission lines can be used to identify AGN by means of narrow-line diagnostic diagrams, as
we are going to present in Sect. 1.3.2.

The velocity of the NLR clouds is generally lower compared to the BLR, and typigally
650km/s. The lower densities characterizing the NLR allow the emission (and the detection)
also of forbidden, collisionally excited, transitions (contrary to the BLR). Therefore, the rich
information coming from NLR emission lines allows the direct investigation of the NLR gas
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Figure 1.4:Adapted from DiPompeo et al. (2018). The plot shows the com-

posite rest-frame optical spectrum of Type 1 (blue) and Type 2 (red) AGN from

SDSS, with the prominent emission lines highlighted. The broad components

in the H and H emission lines are present only in the Type 1 spectrum,
while narrow lines are present in both.

physical properties like temperature, densities, metallicities, and the ionization parameter
(Osterbrock, 1989; Baldwin et al., 1981; Kewley et al., 2019; Maiolino & Mannucci, 2019).
The metallicity of a gas cloud, or in general of a galaxy and generally indicatéd isith

de ned as the ratio between the mass of all the elements heavier than Helium to the total
gas mass, and is usually expressed in terms of the solar metallicity, thatds014 In-

stead, the ionization parametd, Usually reported &g U) is de ned as the ratio between

the photon number density of the incident radiation and the particle density. Determin-
ing these two quantities from observables is far from trivial, and several works have tried
to de ne emission-line diagnostic diagrams or correlations able to ptbweidé based on
easy-to-observe emission line ratios (Maiolino et al., 2008; Curti et al., 2017; Nakajima et al.,
2022; Curti et al., 2023b; Sanders et al., 2023). In this sense, photoionization models play a
fundamental role (see Sect. 1.3.2) in predicting the intensities of emission lines starting from
known gas physical conditions.

NLR electron temperatures and densities are instead measured from emission lines that arise
from a single ion species. In particular, temperatures are computed from collisionally excited
emission lines that have very di erent excitation potentials so that the rate at which the

di erent levels are populated by collision is highly temperature-dependent. The sets of lines
generally involved in the electron temperature measurementsigre4363,4959,5007 and

[Nii] 5755,6548,6583. In particular, we will exploit the property i@f][G1363 emission

line in tracing the gas temperature in Chapter 4.

Electron densities are instead retrieved by measuring the intensity ratio of two lines from
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a single ion, which arise in closely spaced upper states and decay to a common lower state.
Common dublets used to estimate gas densitiesigred®16,6731 and [P 3726,3729.
Since the NLR resides outside of the dust sublimation radius, another important e ect to
take into account when dealing with NLR emission lines is the e ect of dust attenuation.
Dust attenuation is not uniform across wavelengths, dimming the emission line uxes more
signi cantly at shorter wavelengths. We will further explore this topic in Sect. 1.3.3.
Di erent works investigated correlations between the AGN bolometric luminosity and the
intrinsic (attenuation-corrected) luminosity of some emission lines coming fromthe NLR, as-
suming that all the emissions come from AGN-driven ionization. For example, Netzer (2009,
2019) found a correlation between therrrow-line emission arid,,, while Lamastra
et al. (2009) used the luminosity of thei[@ 5007 line to derive AGN bolometric lumi-
nosity correction.

As already mentioned, in Chapter 4 and Chapter 5 we will make large use of the nar-
row AGN emission lines to de ne new NLAGN diagnostic diagrams but also to select and
investigate in detail the population of high-z NLAGN.

1.1.6 Torus

Observational properties in the Mid-Infrared (MIR) part of the spectral energy distribution

of AGN, as well as early AGN uni cation models, require the presence of a dusty structure
close to the central SMBH. Recent studies show that the dusty torus is probably constituted
by an evolving ensemble of dense dust clouds distributed orOscales< 1Q0pc. The

inner boundary of this structure is thought to be set by the dust sublimation radius, while the
outer one probably corresponds with the edge of the gravitational sphere of in uence of the
SMBH. The structure of the torus is not xed, but it is thought to evolve with galaxy/AGN
activity, depending on the AGN intrinsic luminosity and variability. The dust of the torus
absorbs and reprocesses part of the emission radiated by the accretion disk and by the BLR,
re-emitting in the 1-50m wavelength range, where an infrared bump is typically observed

in AGN Spectral Energy Distribution (SED) (Edelson & Malkan, 1986; Barvainis, 1987). The
obscuration caused by the torus is important not only for the optical and UV radiation from
the disk but also for the absorption of the X-ray emission coming from the X-ray corona.

A critical parameter de ning the properties of the torus is the covering factor (CF), which is
generally de ned as the fraction of the whole solid angle covered by the obscuring structure
( =4 , e.g. Hamann et al., 1993). Under the hypothesis of randomly oriented AGN in the
sky, when results from X-ray surveys are considered, the fraction of obscured sources (those
with logNy > 22) is generally used as a proxy of the mean CF at a given luminosity (Ueda
etal., 2014; Hasinger, 2008; Merloni et al., 2014). Similarly, also the ratio between Type 2 and
Type 1 AGN has been used to estimate the average CF of a population of AGN (Lawrence &
Elvis, 1982).

The torus properties are thought to be dynamic, and therefore, also the CF. Indeed, some gen-
eral trends of the CF with the AGN luminosity and redshift have been largely investigated in
the literature. The CF is observed to decrease with AGN luminosity (Maiolino et al., 2007;
Trefoloni et al., 2024), while the trend with redshift is still debated and less clear, with some
works nding an increase of the CF with(Treister & Urry, 2006; La Franca et al., 2005;
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lwasawa et al., 2012) and some other not (Lusso et al., 2013; Gilli et al., 2007, 2022). The de-
crease of the CF with luminosity is generally interpreted in the contextededing torus

model” (Lawrence, 1991), in which more luminous AGN progressively move the sublimation
radius to outer radii and blows away more obscuring material (thanks to radiation pressure),
decreasing the CF.

The existence of a clumpy and broadly axisymmetric structure around the central SMBH
that obscured the AGN disk emission also has to be seen in the context of a complex envi-
ronment of interactions between the SMBH and the surrounding in owing and out owing
gas. Hydrodinamical simulations showed that the clumpy obscuring structure can poten-
tially extend also to larger scalesX0Qoc), and in the polar direction (Wada et al., 2016;
Hopkins et al., 2016), as con rmed by high-resolution observations of local AGN tori using
MIR interferometry (HOnig et al., 2012; Tristram et al., 2014).

1.2 Obscured AGN

As described in Sect. 1.1 AGN are among the most luminous extragalactic sources known,
but in some cases, their emission can be almost completely hidden at certain wavelengths
due to the e ect of obscuration. The de nition of 'obscured AGN' depends on the wave-
lengths and selection technique considered, as we will further see in this section, but clas-
sically refers, from a spectroscopic point of view to the absence of detection of broad line
components in AGN emission lines. Another way of de ning obscured AGN is based on
the absorption of their typical X-ray emission, and in particular by means of the absorbing
gas column density estimated from the X-ray spectral analysis. Based on this quantity, AGN
are generally classi ed into unobscured AGN (< 10?2 cm ?), Compton-thin AGN

(10%?cm 2 <Ny < 10?* cm 2), and Compton-thick AGNNy > 10%*cm 2).

Obscuration is thought to be not only a feature characterizing some AGN, but to repre-
sent a critical phase of the SMBH-host galaxy evolution history (Hickox & Alexander, 2018;
Hopkins et al., 2008). The accretion onto the SMBH releases enormous amounts of energy
through radiation, out ows and, if present, relativistic jets. This energy has a signi cant
impact on the evolution of the host galaxy (Harrison & Ramos Almeida, 2024, for a recent
review), and many theoretical models have shown the importance of AGN feedback in cor-
rectly reproducing the observed galaxy luminosity function, especially in the high-luminosity
tail (Benson et al., 2003; Harrison, 2017). These models predict that most of the SMBH and
galaxy growth occur when large gas (and consequently dust) reservoirs (that are needed to fuel
both accretion and SF) are available, for example as a consequence of mergers, interactions,
or instabilities (see Fig. 1.5). These conditions can naturally lead to a (possibly prolonged)
phase of obscured AGN activity. Then, the radiative and kinetic feedback from the accretion
strongly impacts on the host galaxy (Fabian, 2012), potentially suppressing SF and clearing
out the SMBH obscuring material.

The identi cation of obscured AGN has traditionally been done using deep X-ray surveys
because, as we described in Sect. 1.1.3, the medium is almost optically thin to the X-ray
radiation up to CTK hydrogen column densities. Di erent results using both deep and wide
X-ray observations show that there might be an increase in the fraction of obscured AGN
with redshift. This is quite expected from a naif point of view, given that at high-z galaxies
appearricheringasand dust(Tacconietal., 2018; Aravenaetal., 2020) and also more compact
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Figure 1.5:Taken from Blecha et al. (2016). The left panel shows the sequence

of images taken from simulated galaxies at di erent stages of galaxy mergers.

On the right are reported the panels showing the evolution with time of the

AGN bolometric luminosity, obscuration, and WISE W1-W?2 colors during
the merger.

(van der Wel et al., 2014; Langeroodi & Hjorth, 2023), therefore denser. In particular Vito
et al. (2018) showed that the fraction of AGN with X-ray luminasity> 10* erg/s (i.e.
bolometric luminosity.,o > 10* erg/s) and obscured by gas column densitidg of

10?%cm 2raises froml0 20%in the local Universe up&0 90%atz 4. Anincreasing

fraction of obscured AGN was also observed by other works based on X-ray observations
(Buchner et al., 2015; Aird et al., 2015; Signorini et al., 2023; Peca et al., 2022).

Cosmic X-ray Background (CXB) models (Comastri et al., 1995; Gilli et al., 2007; Ueda et al.,
2014; Buchner et al., 2015; Ananna et al., 2019), by studying the integrated X-ray emission
of faint extragalactic point-like sources, are able to provide an AGN census that includes
also the most obscured AGN population, poorly sampled even in the deepest single X-ray
surveys. The di erent CXB models almost agree in predicting that a consistent fraction of
CTK AGN among the whole AGN population is needed to reproduce the peak of the X-ray
background model at energies 30keV. In particular, CTK AGN are expected to be the

30 50%of the whole AGN population (Gilli et al., 2007; Buchner et al., 2015; Aird et al.,
2015; Ananna et al., 2019). However, by studying the CXB integrated emission is di cult to
derive information on the evolution with redshift of the obscured AGN fraction.

As we reported in Sect. 1.1.6, a clear evolution with redshift of the torus CF has not been
established yet, and some recent work suggested that the torus is actually not su cient to
justify the increase of the obscured AGN fraction observed with redshift (Trefoloni et al.,
2024).

A possible driver of the evolution of the obscuration with redshift may be the interstellar
medium (ISM) distribution, occurring on the galaxy (Kpc) scale. The galaxy ISM is made of
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gas and dust, with a typical dust-to-gas ratio of 0.01 (Rémy-Ruyer et al., 2014). In the co-
evolutionary picture of SMBH and galaxy growth, obscuration on the galaxy scale might play
a signi cant role, in particular, in the earliest phase. Gilli et al. (2022), measuring the cosmic
evolution of the physical properties of the ISM around AGN, found an ISM column density
evolution with redshifNy (z) (1 + z)*3 on the rang® < z < 6, which imply an AGN
obscuration driven by the host-galaxy ISM 10 times larger &than in the local universe,

and approaching the CTK levelat> 6. Similar results were also outlined by Alonso-
Tetilla et al. (2024), and also Silverman et al. (2023) using JWST/NIRCam images found that
a signi cant contribution to the X-rays obscuration can come from host galaxy extinction
already az 2. This scenario suggests that a large fraction of SMBH in the early universe
might be obscured or heavily obscured, and may naturally explain the evolution with redshift
of the obscured AGN fraction. Zoom-in simulations investigating the contribution of galaxy
ISM to AGN obscuration showed that gas funneling toward the center during the active
AGN phase can produce large obscuration, with most of the obscuring material distributed
on scales of a few hundred parsecs (Wada et al., 2016; Blecha et al., 2018). Also the results
from large cosmological simulations showed that the AGN host galaxy at high-z can be so
dense and compact that the inferred column density can be as high as CTK (Ni et al., 2020).

1.2.1 The importance of obscured AGN

Figure 1.6:Adapted from Vito et al. (2018). Comparison between observa-
tional and theoretical BHARD functions, as reported in the legend on the
right.

Obscured AGN represent a population of sources extremely important to investigate.
Given their obscured nature, they are more di cult to identify and select, as we will further
discuss in Sect. 1.3. However, e orts in the identi cation of obscured AGN are necessary



16 Chapter 1. Introduction

if we want to build up a complete census of the AGN population across cosmic times. Re-
trieving a complete AGN demography is fundamental both to characterize AGN properties
across redshifts and for observational cosmology since we can derive information on the cos-
mological buildup of SMBH and on the average accretion e ciency of SMBH at di erent
epochs. Moreover, as reported in the previous section, the phase of obscured AGN activity
is invoked as a key phase in the host-galaxy SMBH coevolution framework. In this picture,
most of the SMBH and host galaxy growth is expected to happen during a phase of obscured
AGN activity, triggered, for example, by galaxy mergers or episodes of intense SF that made
large amounts of gas available to be funneled toward the central region. Di erent works also
showed that obscured sources are generally hosted by more massive halos, possibly explaining
the obscuration with the larger availability of in owing gas (DiPompeo et al., 2014). From

the cosmological point of view, obscured AGN may also be interesting for the cosmological
assembly of galaxies. Indeed Donoso et al. (2012); DiPompeo et al. (2015, 2017) have suggested
that obscured sources present a higher clustering signal than unobscured sources, not driven
by a host galaxy segregation bias but rather appearing as a genuine property of obscured AGN
to inhabit denser environments than unobscured AGN. These ndings also reveal the limi-
tations of the traditional AGN uni cation models, where the obscuration is driven solely by
orientation, while it might also be related to the large-scale galaxy assembly.

Investigating the population of high redshift obscured AGN can also be relevant for SMBH
seeding models. For example, direct collapse seed black hole models generally predict an early
obscured phase of SMBH growth, given that they require very gas-rich dark matter halos
(Volonteri, 2010; Mayer et al., 2010). These models also predict the early stages of accretion
to be characterized by a high-covering factor that can also imply CTK absorption.

Knowing how many AGN are accreting in a speci ¢ period of cosmic history can also
provide us a clearer picture of the global AGN properties, such as the average e ciency of
the accretion process. A typical quantity that is used to trace the global AGN radiation
e ciency across redshift is the black hole accretion rate density function (BHARD). This
function depends both on the AGN number density and on the accretion rate at which the
SMBH grows. The common evolution of star-formation rate density (SFRD) and the BHAD
atz . 3(see Fig. 1.6) is generally considered to be a manifestation of the SMBH-galaxy co-
evolution. However, the X-ray BHARD declines by a factbd betweerz =3 6, with
a steeper slope compared to the SFRD (Silverman et al., 2008; Aird et al., 2015). Di erent
coevolution models and simulations (Shankar et al., 2014; Sijacki et al., 2015; Volonteri et al.,
2016) derived BHARD functions that agree with the observational results coming from deep
X-ray survey only untd < 3, then they predict an increasing excess of AGN with respect to
what is found by deep X-ray surveys (see Fig. 1.6). If X-rays are really able to probe the com-
plete AGN radiation output, it is necessary to scale down the high-z SMBH growth in the
theoretical models, which, however, would then hardly reproduce the observed AGN num-
ber density in the local universe. One plausible solution to solve the tension between BHRD
derived from simulations and X-ray observations is the existence of a heavily obscured AGN
population atz > 3, where the e ects of obscuration are expected to be stronger, which is
almost completely missed by X-ray surveys (Barchiesi et al., 2021; Yang et al., 2023a; Akins
et al., 2024). This possibility, implying a substantially higher SMBH mass density at early
times, may not necessarily imply a signi cantly lower accretion e ciency. Indeed, Comastri
et al. (2015) showed that the total radiation output from accreting SMBH could be increased
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even by a factor of four without violating the X-ray or the infrared (IR) backgrounds pre-
scriptions, if the additional accretion is related to heavily obscured séogdes ¢ 25).
Consequently, the existence of such a population of AGN at these redshifts would keep the
global radiation e ciency close to the theoretically expected valu®:1 and at the same

time solve the high-z tension between models and X-ray observations.

Recovering a complete census of the AGN demography across di erent epochs is fun-
damental to testing these scenarios and verifying the correctness of theoretical predictions,
from the uni cation model to the seed black hole formation mechanisms. Therefore, it is
necessary to investigate the selection techniques that have been developed so far to identify
these sources across the EM spectrum.

1.3 AGN selection

Figure 1.7:Taken from Hickox & Alexander (2018). Representation of the

e ectiveness of the AGN selection techniques developed in each band of the

EM spectrum as a function of AGN obscuration and AGN dominance over
the light emitted by the host galaxy.

The AGN accretion processes determine the Spectral energy distribution (SED) of an
AGN to be characterized by peculiar features across the EM spectrum that generally allow us
to distinguish these sources from normal galaxies. However, the e ectiveness of the di erent
selection techniques depends on the physical properties of the AGN, like the obscuration, the
accretion rate, the luminosity, and also the metallicity of the gas surrounding the SMBH. In
particular, obscured AGNs are more challenging to identify than unobscured AGNs for two
main reasons. First, the obscuring material dims the AGN UV and optical emission, reducing
the possibility of catching the typical AGN features in the SED. Second, the absorption of
most of the AGN-related emission allows star formation processes in the host galaxy to more
easily overwhelm and dilute the residual AGN contribution, making it di cult to distinguish
from a normal SFG. We will further discuss this aspect in Sect. 1.3.

It is helpful to consider two distinct terminologies when discussing selection techniques:
reliability and completeness. The rst refers to the ability of a selection method to correctly
identify AGN, an e cient technique implies a high purity of the selected AGN sample. The
second refers to the ability to select a complete sample of sources; a highly complete selection
means that it was possible to select nearly all the AGN present in the considered sample of
sources. In Fig. 1.7 | show a sketch representing the e ectiveness (combination of reliability
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and completeness) of selection techniques in di erent bands of the EM spectrum as a function
of AGN obscuration and AGN dominance over the host galaxy.

1.3.1 Photometric selections

Optical and MIR colors

Unobscured AGN are characterized in the rest-frame optical and UV band by emission dom-
inated by the accretion disk, which generally outshines the emission coming from SF in the
host galaxy. Di erent color-color diagrams based on the optical and UV bands have been
traditionally developed to identify AGN (Sandage et al., 1965; Richards et al., 2002, 2004),
and are based on the identi cation of those sources showing the Big-Blue Bump excess (see
Sect. 1.1.2). A speci c class of color-color diagrams was also developed to select sources at
a given redshift (generallyat> 3) when spectroscopic redshifts are not available. These
diagrams take advantage of the ux drop blueward of the rest frame wavelengthy of the

line due to the absorption by the increasing amount (with redshift) of neutral hydrogen in

the intergalactic medium (Ono et al., 2018; Venemans et al., 2015; Bafnados et al., 2016).
Constraining both the redshift and the AGN nature using sets of rest frame UV-optical di-
agnostics is feasible for unobscured sources, but they are not suited for the population of ob-
scured AGN, whose AGN continuum emission in this wavelength range is generally largely
suppressed by obscuration and overwhelmed by SF emission.

However, as reported in Sect. 1.1.6, in sources where the dusty torus obscures the disk ra-
diation, the reprocessed radiation is partially re-emitted in the MIR, producing the AGN
characteristic emission in the 5-#40 band. Di erent MIR color-color diagrams were de-
veloped to identify obscured AGN, like those reported in Stern et al. (2005); Donley et al.
(2012); Assef et al. (2013). Given that the torus is expected to be present both in obscured and
unobscured AGN, MIR selection allows for the selection of both obscured and unobscured
AGN, contrary to optical-UV color diagrams. However, also MIR color selections have strin-
gent limitations. Indeed, they are generally able to select the most luminous AGN and only
uptoz 2 3because, at higher redshifts, SFG colors become similar to those of AGN,
and the selection is no more e ective (Messias et al., 2014).

X-ray emission

As reported in Sect. 1.1.3, a typical tracer of the AGN emission are X-ray photons. X-ray
emission from star formation processes (X-ray binaries) has been found to depend on the
stellar mass and star formation rates of galaxies, and very rarely exceed<)Y?erg/s
(Lehmer et al., 2016). Therefore, it became customary to consider that only AGN are able to
justify X-ray luminosities above this threshold. As already discussed, AGN X-ray selection
is generally highly reliable but not necessarily complete, especially when the population of
the most obscured AGN is considered. The detection in X-ray spectra of a strong re ection
component aE > 10keV (and consequently an almost at X-ray spectral index) and of
prominent K emission lines, generally suggest signatures of CTK obscuring material.
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Figure 1.8:Adapted from Delvecchio et al. (2021). Distribution of the IR-to-

radio luminosity ratiairr for SFG (blue) and AGN (red). The vatye=

2:64 corresponds to the peak of the distribution, dominated by SFGs, while
= 0:22is the dispersion of the Gaussian that ts the SFG population.

Radio emission

As already presented in Sect. 1.1.4, AGN are also characterized by a radio emission that is
produced by the physical processes connected to the accretion mechanisms and/or by the
large-scale relativistic jets. A great advantage of using radio emission to select AGN is that
itis generally largely una ected by obscuration (Hildebrand, 1983) and, therefore, extremely
powerful in detecting the most heavily obscured sources.

The rst radio surveys were mostly sensitive to the powerfulsf, > 10° WHz 1)
population of RL AGN (White et al., 1997; Becker et al., 1995, 2001), for which a signi -
cant fraction of the power produced by the accretion processes is released in kinetic form
through the formation of relativistic jets that may expand up to the Mpc scales. However,
new-generation radio surveys, reaching dykensitivity, are deep enough to detect also the
radio emission coming from faint and distant RQ AGN (Heywood et al., 2020; Alberts et al.,
2020; van der Vlugt et al., 2021; Hale et al., 2023).

One concern for radio AGN selection is contamination from radio emission driven by SF

in the host galaxy. At frequencies around a few GHz (those typically explored by current
radio surveys), the radio emission is, both for AGN and SFG, mostly due to optically thin
synchrotron radiation emitted by electrons accelerated at relativistic velocities by di erent
acceleration mechanisms. In SFG, the acceleration is provided by supernova explosions in
SF regions, while in AGN by the mechanisms described in Sect. 1.1.4. A way to distinguish
between SF or AGN-related radio emission is provided, for example, by the well-known Far
Infrared Radio Correlation (Novak et al., 2017; Delvecchio et al., 2021). This relation arises
because the same population of massive stars that heats up dust, causing it to reradiate its
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energy in the far-infrared (FIR), produces supernovae that generate relativistic particles emit-
ting synchrotron radiation at radio frequencies. This correlation is quanti ed by a parameter

trir =log(Ltir) l09(L1:46Hz); (1.6)

that is the ratio between the total IR luminosity integrated between 8-t0@nhd the

1.4GHz luminosity (see Fig. 1.8). This correlation has been found to depend both on the
redshift and the stellar mads () of the sources (Delhaize et al., 2017; Delvecchio et al., 2017,
2021). Galaxies with radio emission in excess of what is predicted by the FIR-radio correla-
tion (therefore showing low valuesigk ) likely possess an AGN-driven radio component,
independently of which exact mechanism is responsible for it. It is common to indicate these
sources as radio-excess AGN. In Chapter 3 | will use the radio-excess selection to investigate
the presence of obscured AGN candidates in a eld covered by a deep radio observation.

It is important to note that selecting radio-excess AGN does not mean selecting RL AGN.
Indeed, the former are simply AGN characterized by an excess in radio emission compared to
the emission due to star formation, while RL AGN are classi ed comparing the radio emis-
sion to the AGN-related emission in another band, for instance, at optical or X-ray bands
(see Kellermann et al. 1989; Terashima & Wilson 2003). Nevertheless, RL AGN are typically
part of the radio-excess selected AGN, as they also satisfy the radio-excess de nition.

There are also other parameters de ned in the literature to quantify the radio excess of
sources, and are based on the ratio between the radio-luminosity or radio ux density (or
a directly related quantity, such as the radio SFR) and a quantity that should not be con-
taminated by the AGN emission, such as thar24ix density or the SFR inferred from
NIR/FIR emission (Padovani et al., 2011; Bonzini et al., 2013; Arango-Toro et al., 2023).
There are also other criteria that can be used to classify AGN based on their radio properties.
One, obvious, is the detection of the extended radio morphology typical of RL AGN lobes
or a radio luminosity higher that?> W/Hz, as these powers can not be produced by SF.
Furthermore, if radio emission at di erent frequencies is available, a at radio spectral index
generally indicates a synchrotron self-absorbed emission and, therefore, a compact source.
This is highly indicative of the presence of an AGN given that star formation radio emission

is di use, being produced at larger scales (Chen et al., 2023).

SED- tting

A natural evolution of single-band photometric AGN selection is broadband SED- tting.
Several SED tting codes have been developed to nd the best model capable of minimiz-
ing the di erences with the observed broadband photometry, which can range from the ra-
dio to the X-rays. Two main classes of SED- tting codes have been traditionally developed:
template-based and parametric or module-based SED tting codes (Thorne etal., 2021; Paci-
cietal., 2023; Newman & Gruen, 2022). More recently, machine learning-based SED tting
codes have also been designed (Davidzon et al., 2019; Simet et al., 2021). The codes in the
rst class consider sets of real or synthetic SED of galaxies and AGN (or their linear combi-
nation) and look for the solution that best ts the source photometry. Instead, the second
approach is based on the reconstruction of the source SED considering the emission coming
from each possible emission mechanism that can characterize that source, which is generally
parametrized in the code by a grid of variables and models.
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The SED tting codes can be used for multiple scopes: deriving photometric redshift when
no spectroscopy is available, estimating the physical properties of the sources (like obscura-
tion, SFR, stellar masses, luminosity, accretion parameters, etc.), and identifying any possible
AGN componentin the t. Among the SED tting codes that were mainly developed to de-

rive photometric redshift there aEAZY(Brammer et al., 200&)ephare (Arnouts et al.,

1999; llbert et al., 2006), aRyperz (Bolzonella et al., 2000), which are all template-based.
Instead, among the most common SED- tting codes mainly used to derive galaxies' physical
properties there ar€lGALEBoquien et al., 2019; Yang et al., 2MBGPHY& Cunha

et al., 2008 Rrospector (Lejaetal., 2017), and many others. Di erent studies showed that
when photometric catalogs cover enough wavebands, the results from di erent SED- tting
codes and tting strategies are reasonably consistent, in particular for what concerns the
main physical properties: photometric redshift, stellar mass, star formation rates, and obscu-
rations (Dahlen et al., 2013; Paci ci et al., 2023).

The clear advantage of using SED tting techniques to select AGN is that they can account
for more photometric information than only a few broad-band uxes, allowing us to obtain
more robust results. Furthermore, if the available photometry covers a su ciently broad
range of the EM spectrum, SED- tting techniques are able to catch both obscured and unob-
scured AGN emission features. However, the need for a wide photometric coverage can also
limit the use of SED- tting codes to select AGN since photometry across a large portion of
the EM spectrum is not always available.

1.3.2 Spectroscopic selection

A generally highly reliable method for identifying AGN consists in the analysis of their spec-
tral features. While spectroscopy is much more time-consuming than photometry, especially
for large samples and with current technology, it is highly valuable for smaller samples. For
instance, it can be used to validate the accuracy of photometric AGN selection techniques or
to measure additional properties that cannot be inferred only by photometry.

Diagnostic diagrams

As we reported in Sect. 1.1.5, from the emission lines FWHM, uxes, or the ratio between
di erent emission line uxes it is possible to derive information on the physical properties

of galaxies, such as the velocity dispersion of the gas, the density, the ionization parameter
or the temperature of the gas. One clear spectroscopic evidence for the presence of an AGN
is given by the presence of a broad emission component in the permitted lines (for exam-
ple, H H ) not detected in the forbidden lines (such as thid JO5007), which suggests

an emission directly coming from the AGN BLR (where collisionally excited lines are sup-
pressed). This allows the selection of BLAGN (or Type 1). When no broad emission lines are
detected, the spectrum can still hide an obscured, narrow line, AGN (NLAGN, also called
Type2), that can be identi ed using speci c ratios between line uxes. In Baldwin et al.
(1981) were rstly de ned three e ective narrow-line diagnostic diagrams able to separate
the NLAGN population from SFG (see Fig. 1.9). These diagnostics are based on the ratio of
ionized forbidden lines to the neutral permitted line uxes. The harder (i.e., more energetic)
ionizing radiation produced by the accretion disk in AGN generally determines larger ratios
of these lines compared to SFG and allows the separation of the AGN population from the
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Figure 1.9:0Optical 'BPTs' emission-line diagnostic diagrams used to spectro-
scopically separate AGN from SFG. They were rst introduced by (Baldwin
et al., 1981). The demarcation lines are those reported in Kewley et al. (2001).

other species by means of demarcation lines. The emission lines involved in the line ratios
are usually chosen close to each other in order to reduce the e ect of dust reddening, which
has the e ect of arti cially increasing the ratio between far-away lines.

Thanks to the hundreds of thousands of spectra made available from the Sloan Digital Sky
Survey (SDSS York et al., 2000), we are able to fully populate these diagnostic diagrams and
even investigate the di erent positions occupied by the SFG and AGN populations when
they are characterized by di erent physical conditions (temperature, densities, metallicities,
etc.). Indeed, diagnostic diagrams are sensitive to these properties, and also the demarca-
tion lines between the population of SFG and AGN can change signi cantly by varying the
physical conditions of the sources, potentially up to the point of becoming useless in cer-
tain conditions (as we will see in Sect. 1.4.2). This topic will also be addressed in Chap-
ter 4, where | will describe the de nition of new NLAGN diagnostic diagrams based on the
[Oiii] 4363emission line.

Photoionization models

Tracking the di erent positions of AGN and SFG in a diagnostic diagram according to the
variation of gas parameters (temperature, densities, metallicities, ionizing radiation, etc.) is
not an easy task. If we want to consider only observational samples, we need large spectro-
scopic surveys, and we have to derive these parameters by exploiting correlations calibrated
for 'standard' conditions (Kewley et al., 2019). Therefore, the quickest approach to trace the
evolution of the position of sources in diagnostic diagrams with the variation of their physi-

cal properties is to use photoionization models. These models are produced by codes such as
MAPPINGSutherland & Dopita, 1993; Allen et al., 2008; Dopita et al., 201G)ary

(Ferland, 1993; Ferland et al., 2013), which, starting from a large grid of initial conditions of
the gas and on the incident radiation (stellar or accretion driven), return the intensities of
selected emission lines produced when the stopping conditions are reached. Once the results
of photoionization models are calibrated and tested against observational samples, they can
be used to study the position of speci ¢ types of astrophysical sources in diagnostic diagrams
according to the variation in metallicities, ionization parameters, density, or temperature,
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and even explore ranges of these parameters not already probed by the observational cam-
paigns.

In Chapter 4 | will take great advantage of the distribution of photoionization models to

de ne new AGN diagnostic diagrams based on the J[O4363line.

1.3.3 Obscuration from spectra

When spectroscopy allows the detection of multiple lines belonging to the Balmer series, a
common approach to derive the average amount of obscuration a ecting the AGN NLR or
BLR or the galaxy ISM is to use the Balmer decrement technique (Calzetti et al., 1994, 2000,
and many others). If these lines show both a broad and narrow component, it is necessary
to disentangle the two components and apply the Balmer decrement separately to the broad
and narrow lines. This technique takes advantage of the fact that the intrinsic ratios between
H ,H ,andH uxes are almost xed, with only small variations with the temperature

and density of the gas. Generally, CASE-B recombination (Osterbrock, 1989) is assumed
that for typical electron temperaturgs= 10*K and electron densitieg = 10%cm 3, and

for a completely dust-free HIl region, it implies HH =2.863 and H/H =0.47. Given

that the attenuation of line uxes due to obscuration is wavelength-dependent, with bluer
wavelengths being more a ected than the red ones, it is possible to correlate the deviation
of the observed H/H (orH /H ) ratio to the average amount of obscurafignh once

a speci c attenuation curve is xed. Given that the Balmer lines are in the rest-frame optical
part of the spectrum, they are sensitive to moderate amounts of obscuratiolhfup %),

but for larger amounts the Hine can be completely suppressed, especially if the source is
intrinsically faint. However, it is possible to use the same approach also with the lines from
the Paschen series, which are at longer wavelengths and, therefore, less a ected by obscura-
tions.

Itis possible to retrieve an indication of the amount of AGN obscuration also taking advan-
tage of correlations that have been found between the observed luminosity of some forbid-
den lines, like for example theijd 5007 that is generally quite bright even in obscured
systems, and the observed X-ray luminosity (Maiolino et al., 1998). By assuming the AGN
uni ed model, the ratio between the hard X-ray luminosity and an isotropic indicator of the
intrinsic luminosity should provide indications on the amount of absorption a ecting the
nuclear X-ray source. The luminosity of th&i[[© 5007 line can be considered an isotropic
indicator of the nuclear intrinsic luminosity, one corrected for the dust extinction deduced
from the Balmer decrement. The e ect of a high absorbing column density is to lower the
L2 10kev/Liom j ratio with respect to what is observed for unobscured systems.

1.4 New windows opened by JWST

The James Webb Space Telescope (JWST) was launched on December 25, 2021, and from the
rst scienti c results published in late 2022, it became clear that we now have the opportu-

nity to explore the early epochs with unprecedented sensitivity and resolution.

JWST is a large (6.6 m), coidbQ K), infrared-optimized observatory (Gardner et al., 2023)

with a hexagon segmented mirror design. JWST is located near the Lagrange point L2, of-
fering a stable environment for its scienti ¢ operations. The telescope is equipped with four
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advanced instruments: NIRCam, NIRSpec, NIRISS, and MIRI, allowing it to perform both
photometry and spectroscopy across a broad wavelength range of approximately 1 to 25 mi-
crons. JWST's versatile capabilities are further enhanced by its ability to operate in ve
distinct observing modes. These include imaging with NIRCam, MIRI, and NIRISS; slit
spectroscopy with NIRSpec and MIRI; slitless spectroscopy with NIRCam and NIRISS; in-
tegral eld unit (IFU) spectroscopy using NIRSpec and MIRI, which provides spatially re-
solved spectral data; and coronographic imaging with NIRCam and MIRI, designed to block
out the light from bright sources like stars, enabling detailed studies of nearby faint objects
such as exoplanets. The combination of multiple instruments, observing modes, and wide
wavelength coverage makes JWST exceptionally versatile and powerful. It is capable of ad-
dressing awide range of scienti ¢ objectives, from probing the earliest galaxies in the universe
to studying the atmospheres of nearby exoplanets in exquisite detail. Its imaging and spectro-
scopic capabilities represent a signi cant leap forward compared to previous observatories,
enabling groundbreaking discoveries across many areas of astrophysics.

The extremely sharp resolution of JWST images (0.031"/pixel and 0.063"/pixel for NIRCam
short and long wave lters, respectively, and a di raction-limited PSF FWHM2gdixels)

allows us to investigate the composite structure of galaxieg up &dq\Witten et al., 2023;
Huertas-Company et al., 2024) and to perform extremely detailed studies even on single star-
forming clumps or dust structures in galaxies in the local univer$@p€ resolution Lee

etal., 2023). Atthe same time, JWST spectroscopy, thanks to the NIRSpecrOc8\EeB

age, allows the investigation with unprecedented sensitivity of the rest frame UV and optical
spectroscopic properties of galaxies up to 14 (Carniani et al., 2024; Curtis-Lake et al.,

2022; Robertson et al., 2022).

1.4.1 Properties of high-z AGN

Within this context, recent studies, exploiting both spectroscopic and imaging data from
JWST, have revealed a large population of AGN at high redshift (Kocevski et al., 2023; Ubler
et al., 2023; Ubler et al., 2024; Matthee et al., 2023; Maiolino et al., 2024b, 2023b; Greene
etal., 2023; Bogdan et al., 2023; Goulding et al., 2023; Kokorev et al., 2023; Furtak et al., 2023;
Juod®balis et al., 2024a; Scholtz et al., 2023b; Chisholm et al., 2024), providing the unique
opportunity to study the properties of SMBH and the AGN-galaxy coevolution, since very
early times.

Di erent works, selecting AGN at high-using JWST NIR and MIR photometry, high-

lighted that the AGN population at> 3 might probably be larger than previously expected

and dominated by obscured or heavily obscured sources. Yang et al. (2023a), taking advan-
tage of the JIWST-MIRI photometry of the Cosmic Evolution Early Release Science Survey
(CEERS; Finkelstein et al., 2022), investigated the AGN population using SED modeling, and
found a BHARD az > 3 0:5 dex higher than what was expected from previous X-ray
AGN studies (Vito etal., 2016, 2018), and more in line with theoretical models (see Fig. 1.10to
be compared with Fig.1.6). Similarly, Akins et al. (2024), by selecting AGN candidates with
NIRCam and MIRI color-color diagnostics on the 0.54 déthe COSMOS-Web survey,

derived an almost at BHARD from 2 9 (even if galaxy contaminants can arti -

cially increase the BHARD). Lyu et al. (2024) performing a multi-wavelength AGN selection
also involving the JWST/MIRI data of the SMILES survey (de Graa et al., 2024) selected a
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Figure 1.10:Taken from Yang et al. (2023a). BHARD as a function of red-

shift. The red data points are derived based on the MIRI-selected AGN on

the CEERS survey. The orange curve represents the inferred BHAR for bulge-

dominated galaxies and is taken from Yang et al. (2021). The black curves are

from X-ray measurements with references marked in the legend. The blue

curve represents SFRD (Madau & Dickinson, 2014) downscaled by a factor of
2000

remarkable fraction of AGN among the MIRI detected sourc@84) and found a statisti-

cally signi cant increase of the obscured AGN fraction with redshift, con rming the results

of other pre-JWST works (Signorini et al., 2023; Gilli et al., 2022; Buchner et al., 2015; Aird
etal., 2015).

The existence of a larger-than-expected AGN population at early times was also shown by
spectroscopic studies. For example, Maiolino et al. (2023b) and Harikane et al. (2023), by
selecting BLAGN among JWST/NIRSpec spectra of the JADES and CEERS survey, found
signi cant AGN excess at > 4 with respect to the AGN luminosity functions previously
derived using X-ray data (Giallongo et al., 2019).

JWST photometry and spectroscopy also enabled the identi cation of an apparently new
type of sources, the so-called Little Red Dots (LRD). Even if a proper de nition of this class of
sources is not yet been established, these galaxies are generally unresolved by JWST PSF and
characterized by a steep red continuum in the rest-frame optical, and by relatively blue colors
in the rest-frame UV (Kocevski et al., 2023; Harikane et al., 2023; Matthee et al., 2023; Greene
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et al., 2023; Killi et al., 2023), therefore featuring a sort of V-shaped SED. They also gen-
erally show large obscuration from Balmer decrement anAlysis 8). The exact nature

of these sources is not well established yet, and it is probable that this class contains both
heavily-obscured AGN and dust-obscured starburst galaxies (Pérez-Gonzalez et al., 2023).
Some recent works (Greene et al., 2023; Kocevski et al., 2024), performing follow-up spec-
troscopy of some of these sources, demonstrated that over 80% of photometrically-selected
LRDs show broad-line emission, indicative of an AGN nature, and that their number den-
sity peaks around 8, then experiencing a rapid decline befow 5. The redshift
distribution of these obscured nuclei is consistent with the coevolutional scenario, described
in Sect. 1.2.1, in which the gas, fueling the SMBH, and the dust, that determines the obscu-
ration, are initially tied to the dissipative gas collapse that drives the inside-out growth of
the galaxy and the accretion onto the SMBH during early epochs. The subsequent decline of
this population, instead, would be due to star formation moving to larger scales, in the ISM
of the host galaxy, resulting in less dust being deposited near the central SMBH.

JWST data not only allow the identi cation of a higher fraction of AGN at kil
also show some new and unexpected features in this early population of SMBHs. Consid-
ering the population of spectroscopically con rmed BLAGN discovered with JWST, they
have bolometric luminositids,,,  10** %*erg s, which means 2-3 dex below that of
bright quasars identi ed by ground-based surveys at similar redshifts (Willott et al., 2010;
Jiang et al., 2016; Mazzucchelli et al., 2017; Matsuoka et al., 2019). Furthermore, they are
generally powered by SMBHSs with masses typicdllf of M , making them among the
least-massive SMBHs known in the early Universe. These faint quasars are probably more
representative of the global population of SMBH at high redshifts and, given the importance
of retrieving a complete census of the AGN population at di erent epochs (see Sect. 1.2.1),
they can be crucial in constraining models of SMBH seeding (Pacucci & Loeb, 2022; Li et al.,
2023), to investigate the contribution of AGN to hydrogen reionization (Dayal et al., 2020;
Yung et al., 2021; Giallongo et al., 2019), and the early coevolution of galaxies and SMBHs
(Habouzit et al., 2022; Inayoshi et al., 2022; Pacucci et al., 2023).

Di erent studies have also revealed that this population of early SMBHs detected with
JWST is generally overmassive relative to the host galaxy stellar mass when compared with
the local AGN distribution (Maiolino et al., 2023b; Bogdan et al., 2023; Furtak et al., 2023;
Juod®balis et al., 2024a), and considering the local AGN scaling relations (Reines & Volon-
teri, 2015). This might suggest that the early stages of the SMBH - host galaxy coevolution
can be dominated by a rst phase of SMBH growth followed by a rapid phase of star forma-
tion (see Fig. 1.11). Alternatively, this could also suggest that the preferred driving channel
for the SMBH formation could be the so-called Direct Collapse Black Hole scenario, to-
gether with episodes of super-Eddington accretion (Scholtz et al., 2023a; Lupi et al., 2024).
However, estimates of the host galaxies' stellar masses are still highly uncertain, given the
di culties in decomposing the AGN light from stellar contribution. Therefore, considering
also the intrinsic scatter of the relation used to derive the SMBH masses, the uncertainties
and degeneracies are large, even higher than 1 dex. By using spectroscopic data at high-
spectral resolution to estimate dynamical masses, Maiolino et al. (2023b) pointed out that
actually early BHs might be much closer to the Meal Mgy, relation (as compared to
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Figure 1.11:Taken from Harikane et al. (2023) (left) and from Volonteri

(2010) (right) Left: SMBH mass versus host galaxy stellar mass for di erent

samples of high-z JWST selected BLAGN, compared to sources in the local

universe, as labeldRight:Schematic representation of the possible di erent
path of coevolution between SMBH and host galaxy at early stages.

Mgy M ). This may suggest that the host galaxies contain the adequate total baryonic
mass but have been ine cient in converting gas into stars, possibly as a consequence of the
photo-dissociative feedback of the AGN. In this case, it would be the galaxy's stellar mass
to be under-massive relative to the SMBH. Yet, also the few dynamical masses of AGN host
galaxies inferred by Maiolino et al. (2023b) are subject to high uncertainties being derived
solely by the velocity dispersion of the narrow emission lines (and without taking into ac-
count the mass distribution).

Another remarkable feature of highlAGN discovered by JWST is that a large fraction
of them is undetected in the available deep X-ray images, suggesting a signi cant X-ray weak-
ness compared to the low-redshift AGN population. Speci cally, most of the newly selected
AGNSs, including BLAGN, lack any X-ray emission (Maiolino et al., 2024a; Yue et al., 2024,
Ananna et al., 2024; Mazzolari et al., 2024b), even if located in elds covered by some of
the deepest extragalactic X-ray observations ever performed, such as the Chandra Deep Field
South (CDFS Luo et al., 2017) or Chandra Deep Field North (CDFN Xue et al., 2016). The X-
ray undetection persists even when X-ray stacking is performed, leading to an observed X-ray
weakness, derived by comparing the observed X-ray luminosity with the expected intrinsic
one, of 2-3 dex (Maiolino et al. 2024a, see Fig. 1.12). Given the very few exceptions of X-ray
AGN detections in the early Universe (Goulding et al., 2023; Kovacs et al., 2024; Maiolino
et al., 2024a), it is possible that the X-ray weakness could be due to intrinsic properties of
highz AGN (Yue et al., 2024), as it was also suggested for somAGW-Simmonds
etal., 2018; Zhang et al., 2023). In this view, these AGN might be characterized by a di erent
accretion-disk/coronal structure that can determine, for example, a larger ratio of the optical
to X-ray emission (px ) due to a much lower e ciency of the corona in producing X-ray
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Figure 1.12:Taken from Yue et al. (2024) (left) and Maiolino et al. (2024a)

(right). LeftObserved X-ray luminosity versus ldminosity for a sample of

LRDs compared to the distribution of local BAGN. None of the sources is

X-ray detectedRight:Ratio between the AGN bolometric luminosity and

the Xray (2-10 keV) luminosity as a function of the bolometric luminosity for

a large sample of high-z, JWST detected, BLAGN on the CDFN and CDFS.

Light blue small points are from the low-redshift sample of Lusso et al. (2020),

representative of normal, optically/UV selected blue quasars. Other points
represent peculiar sources with similar behavior to the high-z BLAGN.

photons (Proga, 2005), or simply a lack of the corona itself. Another possibility investigated
by di erent recent works is that these sources are undergoing (or have undergone) a phase of
rapid, super-Eddington accretion (see Sect. 1.1.2), collimating the X-ray emission and alter-
ing the X-ray corona structure (Pacucci & Narayan, 2024; Lambrides et al., 2024; Madau &
Haardt, 2024).

Maiolino etal. (2024a), analyzing the lack of X-ray emission in alarge sample sbhighs
unambiguously identi ed as AGN, suggested that their X-ray weakness could also be ascribed
to the presence, in the inner region of the AGN, of a spherical distribution of clouds with
CTK column densities and very low dust content, such as the BLR clouds. In this hypothesis,
highz BLAGN do not need to be characterized by any kind of intrinsic X-ray weakness, as
their observed lack of X-ray emission would simply be caused by the inner CTK BLR gas dis-
tributed with large covering factors. This hypothesis is further sustained by the detection of
a non-negligible fraction of the JWST selected high-z AGN with absorption features in the
Balmer or Hel emission lines (Juod®balis et al., 2024b), suggesting the presence of out ows
of dense gas close to the central SMBH.

JWST spectroscopy o ers unprecedented insights into the nature of high-redshift sources,
which, as discussed, are transforming our understanding of galaxy and SMBH evolution in
the early universe. For what concerns the AGN population, besides the detection of many
BLAGN, which are likely to still represent only a small fraction of the total AGN population,
italso enables the deep spectroscopic study of the more elusive NLAGN at very high redshifts.
However, identifying and selecting these obscured AGN remains a more challenging task.
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Figure 1.13Taken from Maiolino et al. (2023b). Position on the BPT diagram

(Baldwin etal., 1981), of the high-z BLAGN discovered by JWST inthe JADES

survey. For the line ratios only the narrow component of the emission lines is

considered. The black contours mark the distribution of AGN and SFG from

the SDSS survey. Stars represent photoionization models from Nakajima &
Maiolino (2022) color-coded by metallicity, as labeled.

1.4.2 High-z AGN spectroscopic selection

So far, the detection of a broad component in the permitted lines and not in the forbidden
lines (such as the ] 5007) withFWHM > 100km/s is still considered a safe indica-

tion of the presence of an AGN also at high-z (see Sect. 1.1.5), because the kinetic properties
of the BLR clouds are not expected to evolve with redshift. On the contrary, a signi cant dif-
ference between highand lowz AGN is represented by the remarkably di erent physical
environments in which they are set, i.e. their host galaxies.

Early galaxies are systematically more metal-poor and characterized by younger stellar pop-
ulations (Curti et al., 2023b) that, emitting much more UV photons, increase the ionization
parameter of the gas in the ISM (Cameron et al., 2023; Curti et al., 2023b). The so-called stel-
lar mass-metallicity relation (MZ, MZR Tremonti et al., 2004; Schaye et al., 2015) indicates

that the metallicities of galaxies increase with increasing stellar masses. At the same time, the
fundamental metallicity relation (FMR Mannucci et al., 2010) suggests that the galaxies with
higher star formation rates tend to have lower metallicities for a given stellar mass. Taking
advantage of JWST photometry and spectroscopy, it is possible to prove the population of
low mass SFOA < 10’ 8M )atz > 4, and di erent works showed that a consistent
fraction of these high-z galaxies are compact and frequently observed in a bursty and above
main sequence star-forming state (Endsley et al., 2023; Rinaldi et al., 2023; Fukushima et al.,
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2023; Tang et al., 2023; Langeroodi & Hjorth, 2023; Hopkins et al., 2023). The e ects of a
lower metallicity and a larger ionization parameter in the host galaxies (and therefore also
in AGN narrow line region clouds) have a signi cant impact on the selection of NLAGN
using traditional optical emission-line diagnostic diagrams, like those reported in Fig. 1.9.
Considering the BPTs diagrams, the larger ionization parameter, on one hand, makes SFGs
move towards the AGN locus on the BPT; on the other hand, the lower metallicity of the
NLR of AGN makes their line ratios move towards and overlap with the SFG locus on these
diagnostic diagrams, as shown in Fig. 1.13 (Ubler et al., 2023; Kocevski et al., 2023; Maiolino
et al., 2023b; Scholtz et al., 2023b; Mazzolari et al., 2024a).

The detection of high-ionization emission lines (like 242, [Nes] 2424 [Nev] 3426

can still be considered as a safe tracer for the presence of an AGN (Calabro et al., 2023; Cleri
et al., 2023; Brinchmann, 2023; Chisholm et al., 2024), but their detection at high-redshift is
still di cult even in the deepest JWST spectroscopic surveys (Bunker et al., 2023a; Scholtz
et al., 2023b). Furthermore, given the peculiar conditions that might characterize star for-
mation in galaxies at high-z, some works also discussed the possibility that these lines could
originate even from extreme star-forming processes (Cleri et al., 2023; Topping et al., 2024).

The spectroscopic selection and physical characterization of high-redshift AGN using
JWST data will be the main topic of Chapter 4 and Chapter 5.






	Introduction
	AGN Structure and emission
	Supermassive Black Hole
	Accretion disk
	X-ray Corona
	Magnetic field and radio emission
	Broad and Narrow line region
	Torus

	Obscured AGN
	The importance of obscured AGN

	AGN selection
	Photometric selections
	Spectroscopic selection
	Obscuration from spectra

	New windows opened by JWST
	Properties of high-z AGN
	High-z AGN spectroscopic selection

	Thesis Overview

	Heavily obscured AGN in the radio band: an analytic approach
	Introduction
	Methods
	Hard-X luminosity function
	Predicted AGN radio luminosity function
	Radio number counts

	Results
	Luminosity function comparison
	Number counts comparison
	Expectations from the main radio and X-ray deep fields
	AGN densities

	Discussion
	Radio catalogs: AGN predictions versus observations
	Radio versus X-ray AGN detection
	High redshift predictions
	SKA predictions

	Conclusions

	Heavily obscured AGN in the radio band: an observational approach
	Introduction
	The J1030 field
	Photometric redshift of the J1030 field
	Validation and combination of photometric redshifts
	Match with the radio catalog

	Methods
	 Radio and SED fitting star formation rates
	Radio Excess parameter

	Results
	Radio excess AGN selection
	 SFR1.4GHz and SFRcorrSED distribution of radio sources
	Obscuration level

	Discussion
	Contamination of the radio-excess sample
	X-ray stacking analysis
	X-ray obscuration
	Comparison with radio predictions
	Number density
	Radio sources undetected in the multiband catalog

	Conclusions
	Supplementary material
	Comparison with other radio-excess parameters
	REX with time-averaged SFRcorrSED


	New diagnostic diagrams for high-redshift narrow line AGN
	Introduction
	Methods
	Low-redshift samples
	High-redshift JWST samples
	Photoionization models

	Results
	[Oiii]4363/to.Hversus [Oiii]/to.[Oii]
	[Oiii]4363/to.Hversus [Neiii]/to.[Oii]
	[Oiii]4363/to.Hversus [Oiii]5007/to.[Oiii]4363
	Defining the locus of AGN-only region

	Discussion
	Stacking of the AGN candidates
	Ruling out [FeII]4360 contamination
	Impact on metallicity estimates and strong-line metallicity diagnostics

	Conclusions
	Supplementary material
	Diagnostic diagrams including all photoionization models


	Narrow line AGN selection in CEERS: physical properties of AGN at 2z9
	Introduction
	Data and Methods
	CEERS Observational Data
	Emission line fitting
	SED fitting
	X-ray and radio counterparts

	Results
	Optical diagnostics
	UV diagnostic
	Spectral Stacking

	Comparison of NLAGN selection methods
	Selection of X-ray and radio sources in the diagnostics
	Comparison with previous CEERS AGN selections
	AGN prevalence

	AGN and host galaxies properties from spectral and SED fitting
	Velocity dispersion
	Obscuration
	Bolometric luminosities
	Host Galaxies Properties

	Average X-ray and radio properties
	X-ray weakness
	Radio stacking to discriminate the nature of X-ray weakness

	Conclusions
	Supplementary material
	Broad-line AGN at z2
	CIGALE SED fitting parameters grid
	Table of the selected Narrow-line AGN
	Spectra of the NLAGN at z>6


	Concluding remarks
	Next steps and Future perspectives


