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Abstract

This thesis aims to show a clear pattern of metal content in the central regions of Active
Galactic Nuclei (AGNs) along the Quasar Main Sequence (MS). The Quasar MS, the
well-established anti-correlation between the Full Width at Half Maximum (FWHM) of
the HS emission line and the Rperr quantity (the ratio between the intensity of the Fell
line and the intensity of the HS emission), holds significant importance akin to the iconic
Hertzsprung-Russell diagram in stellar studies. The identification of a metallicity trend
holds pivotal implications for our comprehension of the inner workings of AGNs and
ultimately of the galaxy formation process.

By meticulously analyzing the optical and UV spectra of 14 low-z AGNs, selected as
representative specimens from various types along the Quasar MS, we derived diagnostic
ratios from optical and UV emission feature in Quasar spectra obtained from ground- and
space-based (HST FOS and COS) observations. These ratios were then compared with
values obtained from CLOUDY photoionization simulations. Through this analysis, we aim
to illustrate a method able to constrain the physical conditions within the Broad Line
Region (BLR) of each active galaxy and to provide a robust estimation of the metallicity.

The metallicities derived from diagnostic ratios are solar or sub-solar for the Population
B of Quasars, radiating at modest Eddtington ratio. In contrast, higher Eddington-ratio
Population A sources display a noteworthy upward trajectory in metallicity. Within
this class, metallicity values can surpass solar levels, even by a factor of 5 or more, in
Super-Eddington candidates.

The initial and robust measurement of the metallicity trend along the Quasar MS sub-
stantially contributes to defining the characteristics of the nuclear environment, with
implication on the star formation activity within it. It is a starting point to delineate the
relevance of feedback effects for quasars in different accretion modes.
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Chapter 1

Introduction

In this chapter, we present a comprehensive overview of the properties of Active Galactic
Nuclei (AGNs) and introduce the Quasar Main Sequence (MS). Section provides a
brief historical account of AGNs and explores their fundamental properties. Section [1.2
describes the Unification model of AGNs. Section delineates how the Eigenvector
1 parameter space defines the Quasar MS, together with the Quasar populations that
characterize it. In Section the Broad Line Region (BLR) of AGNs is described,
explaining how the spectral lines employed in this study serve as valuable diagnostics of
its properties. In Section [L.5 the scaling relations used to define the accretion parameters
are defined. In Section the accretion parameters are explored as additional tools to
disentangle the intricate properties of AGNs. In Section [I.7] the motivations and the aims
of this work are articulated.

1.1 Active Galactic Nuclei in the context of the gen-
eral galaxy population

Galaxies are systems of stars, gas, dust and dark matter held together by gravity. The
vast majority of galaxies, above a given mass, even the one in which we reside, the Milky
Way, host a Supermassive Black Hole (SMBH) at their center (Kormendy & Richstone,
1995). SMBHs are compact objects that have an extremely large mass with respect to
their spatial extension. The distinction between SMBHs and the stellar-mass nuclear
aggregates lies primarily in their immense mass (M > 10°M) confined in a very small
region.

The concept of black holes (BHs) as compact sources have been first predicted by the
theory of general relativity. These objects have a gravitational potential so strong, and
concentrated in a single point known as the “singularity”, that even photons cannot
escape. Their size is characterized by the so called Schwarzschild radius

_2GM

2 )

R

; (1.1)

where G is Newton’s gravitational constant, M is the mass of the black hole and c is
the speed of light. SMBHs, situated at the center of galaxies, accrete matter from a
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surrounding “accretion disk.” This process results in the emission of an extraordinary
amount of energy, often surpassing the combined luminosity of the entire galaxy (Rees|
1984)). The high luminosity of these bright nuclei, exceeding that expected from stellar
and associated processes, led to the classification of a broad category known as “Active
Galactic Nuclei” (AGN).

Observational clues about AGNs date back to 1908, when Edward A. Fath detected
prominent emission lines in what he described as a “spiral nebula”, now identified as
NGC 1068, at the Lick Observatory. In 1943, Carl K. Seyfert observed galaxies with high
ionization potential emission lines (Seyfert, 1943), broadened with Av ~ 8500 km s~!.
These galaxies, now known as “Seyfert Galaxies”, a particular type of AGN, exhibited
bright central regions resembling stellar nuclei in optical images.

Subsequently, the 3C (Edge et al.,[1959) and 3CR. (Bennett, |1962)) catalogs were published
and completed in the 1960s. In 1963 Maarten Schmidt was able to identify the 3C273 radio
source with an optical counterpart, which exhibited strong and broadened emission lines
at unusual wavelengths. Upon closer examination, the emission lines were identified as
Balmer lines but with a redshift z=0.158, a value unheard of at the time (Schmidt, [1963).
From that moment on it became clear that these celestial entities were not only highly
luminous but also observable at great distances. Coined as quasi-stellar radio sources
(QSO0s) or simply Quasars, these sources became of extreme interest for astrophysics in
the following decades.

In 1964, Edwin E. Salpeter and Yakov B. Zeldovich independently proposed that accretion
onto SMBHs could explain the observed properties of Quasars (Salpeter, [1964). The
existence of SMBHs was assumed primarily because they provided the most plausible
explanation for the observed properties of most galaxies. Further evidence supporting
the presence of SMBHs was obtained through techniques like reverberation mapping,
revealing compact sources in the centers of most galaxies (Peterson & Wandel, 2000).

Definitive proof of SMBHSs’ existence came in 2019 with the release of the image of the
SMBH at the center of M87, obtained by the Event Horizon Telescope (EHT) (Event
Horizon Telescope Collaboration et al., |2019). Subsequently, the image of the Black Hole
at the center of our galaxy, Sagittarius A* (Figure [L.1)), was released in 2022 (Event
Horizon Telescope Collaboration et al., 2022).

1.2 Unification model of AGNs

Presently, a wide array of sources, comprising Seyfert Galaxies, Blazars, Quasars, Radio-
galaxies and their refined subcategories, collectively embody a diverse spectrum of AGN
traits. Among them, some shine as the most radiant exemplars, while others manifest col-
limated jets of charged particles discernible at specific wavelengths. The unifying thread
binding these sources is their powerful non-thermal emission originating from a compact
central area within their host galaxy. One of the first classifications that can be applied
in order to disentangle the differences of all AGNs, is the distinction among strong radio
objects (Radio Loud - RL) and Radio Quiet (RQ) objects using the relationship:

_ fRadio
Ric = =5 (1.2)

first defined in Kellermann et al.| (1989), where R is the radio-to-optical ratio of emission,
JRradio is the specific flux at a wavelength of A = 6 cm (5 GHz) and fg is the specific
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Sgr A* April 7, 2017

Figure 1.1: Representative image of Sagittarius A* obtained with the Event Horizon
Telescope (EHT) from observations on 2017 April 7. Image taken from Event Horizon
Telescope Collaboration et al.| (2022).

flux at A\ = 4400 A (680 THz) in the B band. According to this relationship, a source is
considered RQ when Ri < 1, and RL when Ry > 10. Objects with Rx between these
two values are Radio Intermediate (RI), but for the purpose of this classification we will
consider RQ and RL objects. It is crucial, for all intents and purposes, to underline the
fact that RQ does not mean Radio Silent, an object that does not have a signature in the
radio wavelength range. Indeed, the vast majority of RQ AGNs are able to exert some
amount of radio signature. Among all AGNs, approximately 90% are RQ, while only
about 10% are RL (Urry & Padovanil [1996).

With this initial subdivision in mind, the AGN unification model posits that the large
diversity of AGN properties can be explained by a small number of physical parameters
and elements. The unified AGN model comprises the following fundamental elements, as
described in [Netzer| (2013):

1. Supermassive Black Hole: Positioned at the core of the galaxy, these black holes
possess masses ranging from 10% - 1019 M. They represent the most compact
objects that can exist for a given mass.

2. Jets: A pair of collimated plasma jets emerges from the galactic nucleus. In a
typical scenario, these jets form two lobes of charged particles oriented perpendicular
to the plane of the accretion disk and the torus. Their size can vary from a few kpc
to Mpc.
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3. Accretion Disk: This structure forms due to the gravitational potential of the
black hole, causing gas to accumulate around it and settle into a rotating disk.
Associated substructures, such as the corona, play a significant role in generating
the hard X-ray continuum.

4. Broad Line Region: This region consists of dense (with densities approximately
between 10° and 103 particles per cubic centimeter), dust-free gas clouds located in
close proximity to the black hole (0.01-1 pc). These clouds are partially ionized by
emission from the accretion disk and orbit around it. The velocity of these clouds
corresponds to the broadening observed in spectral lines originating in this region.

5. Toroid: An optically thick torus of gas and dust surrounds the accretion disk. It
can have a smooth or clumpy structure and obscures the direct view of the AGN’s
central region. Its radius typically falls within the range of 0.1-10 pc.

6. Narrow Line Region (NLR): This region comprises less dense clouds (with den-
sities around 10% particles per cubic centimeter) that are farther from the black
hole and extend approximately 100 pc. They exhibit a spherical or conical geome-
try above and below the torus. Most of the gas located in this region is also coupled
with dust, in a region referred to as the “coronal line region”.

7. Maser disk: A very thin disk, located where molecules can resist the strong ion-
ization from the central region, from which molecular masers are emitted.

The simplest way to characterize the fact that radiation emanating from the central region
of AGNs can suffer absorption, scattering and reflection on the way out depending on
wavelength, is through the “unification by inclination” theory (Antonucci, |1993; |Urry &
Padovani,|1996)). According to this theory, the differences among AGNs are predominantly
governed by two parameters: the inclination of the torus relative to the line of sight (LOS)
and the luminosity of the source.

The primary distinction arises from inclination, leading to the categorization of AGNs
into Type-I and Type-II. This classification hinges on the object’s inclination with respect
to the LOS. The characteristics of each group are outlined below:

e Type-I AGNs: distinguished by the presence of broad (~ 1000 - 20000 km s~!)
permitted and semi-forbidden emission lines, along with strong high-ionization nar-
row emission lines, many of which are forbidden lines (Netzer, 2013|). The existence
of broad emission lines implies that our LOS is unobstructed, and we have a clear
view of the central region, including the accretion disk. This will be further dis-
cussed in Section [[L4

e Type-Il AGNs: characterized by narrow (~ 300 - 1000 km s~!) emission lines,
the strongest of which are typically the Hydrogen lines of the Balmer and Lyman
series and [OIIIJA5007 (Netzer, 2013). Unlike Type-I AGNs, Type-II AGNs lack
broad emission lines. This suggests that our LOS is obstructed by the dusty torus,
allowing us to observe only narrow and scattered emission lines.

Building upon these considerations, the main classes of AGNs are described below, fol-
lowing the example in Figure which separates objects between RQ) and RL. Beginning
with RQ objects:

e Seyfert Galaxies: named after Carl Seyfert, who first studied them in 1943, noting
the distinctive characteristics that set them apart from other galaxies. In optical
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Figure 1.2: Schematic representation of AGNs in the unified model. This image describes
how the type of object observed depends on the viewing angle and the luminosity of the
source. Above are described RL AGNs, while at the bottom are RQ AGNs. Figure from
Beckmann & Shrader| (2012)).

observations they are typically identified as galaxies with a bright, point-like nucleus
with a spectrum characterized by prominent emission lines. Based on the presence

of broad or only narrow emission lines, they are further categorized into Type-I and
Type-II.

e LINERS: characterized by low ionization, narrow emission lines in their spectra.
Typical strong emission lines are [NII]A6584 and [SII]A6731 and lines of the Balmer

series 2013). LINERs are typically associated with lower levels of AGN
activity and luminosity with respect to Quasars and Seyfert Galaxies.

e Lineless AGNs: characterized by non-existent or completely undetected emission
lines. They are, however, recognized as AGNs by the presence of a central non-
stellar source, and the variability of continuum emission. This variability, however,

is not discernible in the optical wavelength range, but thanks to X-Ray or radio
observations.
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Concerning RL objects, the following subclasses are observed:

e Radiogalaxies: typically elliptical galaxies that host an active nucleus. Their
main characteristic is a strong radio emission, accompanied by a relativistic jet.
Depending on their spectral characteristics they can be divided into:

— Broad Line Radio Galaxies (BLRGs) when they show broad lines;
— Narrow Line Radio Galaxies (NLRGs) when they only show narrow lines.

Fanaroff & Riley| (1974) also proposed another classification depending on the radio
morphology and luminosity:

— Fanaroff-Riley I (FR I): sources characterized by a concentration of lumi-
nosity near the nucleus, having a luminosity L(178MHz) measured at 178 MHz
smaller than the one given by the following expression:

L(178MHz) < 2 x 10*° Hyy W Hz ' str !, (1.3)

where Higp is the Hubble constant divided by a factor 100 (Kembhavi &
Narlikar, [1999).

— Fanaroff-Riley II (FR II): sources characterized by a concentration of lu-
minosity in the lobes of charged particles, decreasing towards the nucleus.
They are typically more luminous, with a L(178MHz) greater than the one in

equation [I.3]

e Quasars: sources that are typically point-like, as they cannot be optically resolved.
They appear to have the highest luminosities among AGNs, as they can be detected
up to extremely high redshift.

e Blazars: characterized by strong polarization of their emission and high variability,
emitting across the entire electromagnetic spectrum. They also exhibit strong rel-
ativistic jets, directed along the observer’s LOS. Depending on their spectroscopic
properties they can be classified into:

— Flat Spectrum Radio Quasars (FSRQ) showing strong broad and narrow
emission lines;

— BL Lacertae Objects characterized by high variability on timescales from
minutes to years. They show a strongly polarized power law continuum without
the presence of emission lines.

1.3 The Eigenvector 1 parameter space

Trying to disentangle the nature of the BLR and NLR in Quasars, Boroson & Green car-
ried out a Principal Component Analysis (PCA) on numerous optical spectra of Quasars,
predominantly within the optical wavelength range (Boroson & Green, |{1992)). Among the
sets of parameters identified in the paper, the one that showed the most robust connection
was the Eigenvector-1 parameter space (E1). The E1 describes the anti-correlation of the
Full Width at Half Maximum (FWHM) of the HS emission with the quantity Rpe:

I(FelI\4570)

i) .

Rpert =
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where I(FeII\4570) is the intensity of the Fell (evaluated in the \4434-\4684 A range)
and I(Hp) is the intensity of the HS emission. This correlation between parameters is
very robust, meaning that it keeps coming out in both small and large samples of Quasars,
and was thus used to define the “Main Sequence (MS) of Quasars” (Marziani et al., 2018]).
Its distinctive shape is depicted in Figure

At first sight the connection between the parameters Rper and FWHM(HfS) seems ob-
scure. Indeed, Fell emission relative to HS can vary from undetectability to the rarest
values of Rperr 2 2(Marziani et al.l 2022)). Fell emission extends from the UV to the in-
frared and can dominate the thermal balance of the BLR for low-ioniazition interactions
(Marinello et al.,[2016). The FWHM of Hp is related to the velocity field in the virialized
low-ionization region of the BLR, and to viewing angle effects. These two parameters
therefore reflect the physical conditions in these regions, along with the orientation.

The analogy with the MS of stars is clear: both main sequences allow for the definition
of spectral types. As a matter of fact, it has been shown that, with few exceptions,
every Quasar occupies a well defined position in the E1 parameter space. Consequently,
each quasar can be described as part of one of three larger populations: Population A,
Population B and extreme Population A (xA) Quasars.

We will now describe the various populations in the following sections. These pop-
ulations exhibit different properties, and as shown in Figure [1.3] Population A has a
FWHM(HB)< 4000 km s~!, while Population B has a FWHM(H/3)> 4000 km s~*. The
distinction, although it sounds arbitrary and sudden, comes from the different structures
of the BLR in these two populations. As a matter of fact, the BLR in Population A
Quasars is described by a slim geometrically thick advection-dominated accretion disk,
while Population B Quasars have a flat, geometrically thin, accretion disk (Marziani et al.|
2018)).

1.3.1 Population A Quasars

Population A Quasars, as we said in the previous sections, are relegated to the lower part
of the MS, since they exhibit a FWHM(HA3)< 4000 km s~!. This, however, is not the
only distinctive property of this population. As a matter of fact, in the context of the 4D
Eigenvector 1 (4DE1) optical plane, Population A Quasars are characterized by a wide
range of values for the Rper1, allowing for the definition of four spectral types: from left
to right in Figure Al, A2, A3 and A4, with higher Rpe1 the more we move towards
the lower-right corner of the MS, encountering xA Quasars (discussed in Section .
Population A Quasars are also rarely strong radio emitters with respect to Population B
Quasars(Zamfir et al., 2008; [Shen & Ho, [2014)).

In their spectrum, Population A Quasars exhibit lorentzian profiles for the Broad Com-
ponent (BC) of major low-ionization lines (LILs, in particular Hf3) and high-ionization
lines (HILs, such as CIVA1549). They also typically exhibit asymmetries in their line
profiles favouring the blueshifted -outflow- component (BLUE), that are usually strong
in HILs (Marziani et al., [2010).

1.3.2 xA Quasars

Extreme-accreting Quasars (xA) owe their name to the fact that they accrete matter
at high rates, emitting the largest amount of radiation per unit of mass among all
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Figure 1.3: The 4DE1 optical plane, mainly FWHM(HpS)vs. Rperz. The green shaded
area traces the distribution of a quasar sample from [Zamfir et al. (2010)), defining the
Quasar MS. The thick horizontal dot-dashed line separates populations A and B; the
thin identifies the limit of Narrow Line Seyfert 1 galaxies (NLSyls). The vertical dot-
dashed line marks the limit for extreme Population A (xA) sources. Figure from

et | @015).

Quasars. Extreme Super-Eddington rates of emission are measured by the Eddington
Ratio Lyoi/Lgda (further discussed in Section [1.5).

They are found in the lower-right part of the MS. As we described before, they are a sub-
class of Population A Quasars with spectral types A3 and A4, exhibiting a FWHM(HS)<
4000 km s~! and Rperr > 1. They share most properties of Population A Quasars, but
are typically characterized by higher metallicities (]Nagao et 3Ll.|7 |2006|; |Sniegowska et al.
, and they are systematically found at higher redshift (z 2 5) (Banados et al.
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2016)), suggesting the possibility of being newborn objects with a population peak when
the Universe was younger (Sulentic et al., |2000; |Diamond-Stanic et al. 2009; [Plotkin
et al., |2015]).

Qualitatively speaking, xA Quasars show very prominent AlIII lines and weak or absent
CIII] lines. As we said before, Fell emission is the strongest among all Quasars of the
MS. The BC of lines is modelled consistently with Population A Quasars with lorentzian
profiles. However, there is evidence of systematic blueshifts in both LILs and HILs, more
remarkably in the latter, suggesting different physical conditions in the regions responsible
for the emission of the BC and BLUE (Marziani et al., [2022). Blueshifts typically become
more pronounced the more on the right of the MS the object is.

1.3.3 Population B Quasars

Population B Quasars are relegated to the upper-left part of the MS, since they exhibit
a FWHM(HS)> 4000 km s™! and Rperr < 1. In the context of the 4DE1 optical plane,
Population B Quasars are divided in several spectral types with increasing FWHM(HS) by
a step of 4000 km s~ defining B1 (4000 < FWHM(Hp) < 8000 km s~1), B1T (8000 <
FWHM(HB) < 12000 km s~1) and B1t*+ (12000 < FWHM(HB) < 16000 km s~1).
Spectral type B2 Quasars are found to have similar FWHM(HS3) of B1 Quasars, but
0.5 < Rpe1 < 1. Among Population B Quasars a remarkable number is RL (Shen &
Hol |2014)). Nevertheless, Population B Quasars show defining spectral characteristics
that distinguish them from Population A Quasars. Firstly, the BC of lines is modelled
with gaussian profiles. Secondly, Population B sources show a distinctive feature: a Very
Broad Component (VBC) in the profile of their LILs that has a much larger FWHM and
is significantly redshifted with respect to the rest-frame of the Quasar (Marziani et al.|
2010)).

1.3.4 Physical interpretation of the Eigenvector 1

In Marziani et al.| (2001)), the correlation of the parameters FWHM(HS) and Rperr with
key physical parameters defining the properties of the BLR in these objects was estab-
lished. These parameters include:

1. Inclination along the LOS: evident from distinct line profiles, particularly in
CIV and HS. Notably, when CIV is blueshifted more than Hf, it signifies a high-
ionization wind emitting CIV and an optically thick disk emitting HB. The altered
profile indicates a change in the covering of the BC-emitting region of CIV, providing
evidence for a different orientation of the two regions relative to the LOS.

2. Eddington ratio L/Lgqq: this parameter influences the physical conditions of the
BLR due to its strong correlation with the presence of a soft X-Ray excess and an
inverse correlation with the ionization degree.

Furthermore, photoionization simulations using CLOUDY, as presented in |Panda et al.
(2019), reaffirm the correlation of an object’s position in the FWHM(HS)-Rper as a
function of inclination, with extreme conditions which could be observed only in case of
almost face-on objects. The simulations, depicted in Figure[I.4] underscore the substantial
impact of inclination on the measured properties positioning an object on the MS of
Quasars.
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It is important to note that physical parameters such as density, metallicity, and Ed-
dington ratio effectively explain the distinction between Population B and Population A
Quasars, as well as extreme accretors. Spectral types B and Al are associated with rel-
atively low density, metallicity, and Eddington ratio. At moderate Rper values, physical
conditions align with moderate density (ng ~ 10! cm =3, [Martinez-Aldama et al.|2015),
intermediate Eddington ratio, and typical Quasar metallicity. In contrast, extreme ac-
cretors exhibit exceptional conditions, including high density, super-Eddington accretion
values, and elevated metallicity.
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Figure 1.4: Sketch depicting the results of CLOUDY simulations performed for a constant-
density single BLR cloud assuming Mgy = 108 My. Simulations were performed for
different physical conditions and using different SEDs adapted to the conditions found in
each spectral type of the Quasar MS. The log Rgir vs. Rperr distribution is shown as a
function of increasing viewing angle from 0° to 60°, with a greater angle the bigger the
size of the marker. Open circles mark the values expected for § = 30° and § = 45°. Red
patches restrict the Rperr values associated to the designed spectral type. Figure obtained
from [Panda et al.| (2019), where the physical conditions associated to the simulations are
also reported.

1.4 Physics and dynamics of the Broad Line Region

As discussed in Section[I:2] Type-I AGNs typically exhibit broad emission lines originating
from a region with distinctive physical and dynamical properties, called the BLR. The
intensity ratios of the broad emission lines serve as powerful tools for probing the physical
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conditions within the BLR itself. The characteristics of the BLR, as outlined in Hamann
& Ferland| (1999), are as follows:

1. Photoionization: The BLR is photoionized. This is deduced from the response in
the emission line intensities following variations in the continuum. Lag-times asso-
ciated with these changes correspond to characteristic radii of the BLR (Peterson,
1993). Understanding the nature of the object is closely tied to the shape of the
ionizing continuum.

2. Spatial extent: The BLR encompasses a range of distances from the black hole.
Reverberation studies (discussed in Section |1.4.2)) reveal different lag-times for dif-
ferent ions, with highly ionized species found closer to the central source.

3. Density and ionization states: The BLR exhibits a wide range of densities and
ionization states, gradually changing inside-out.

4. Column densities: The BLR is characterized by large column densities, typically
Ng 2 10%% cm~2. However, the geometry of the emitting region is not yet well
understood. Lines are known to form in different regions, and the various layers
composing the BLR are believed to be inhomogeneous.

5. Velocity of the gas: Thermal velocities within clouds are believed to dominate
the local line broadening and radiative transfer. The observed line widths in the
spectra of AGNs are assumed to result entirely from the bulk motions of the gas.
While micro-turbulence from local gas motion may play a role in the width of the
lines in specific situations, it is generally not the case. However, it is important to
note that it can facilitate resonance phenomena for line emission, especially in the
case of Fell (Sarkar et al., |2021]).

There is still much that is unknown about the line-forming regions in Quasars. The geom-
etry and the spatial variations of physical parameters remain highly uncertain. Therefore,
the typical strategy for studying the abundances of elements in the BLRs is to identify
diagnostic line ratios with strong abundance sensitivities. For example, by comparing
the line intensity of two atomic species that form in the same region, we can eliminate
geometric effects from the computation of the abundance of each species. In the following
discussion, we will explore how the typical lines found in the spectra of AGNs form, distin-
guishing between collisionally-excited lines and recombination lines (Hamann & Ferland}
1999).

Collisionally-excited lines form by the internal excitation of an ion following electron
impact. Their emissivities, representing the energy released per unit volume and time,
result from the statistical equilibrium of the energy levels, as described by the detailed
balance equation from [Hamann & Ferland| (1999).

The line emissivity is calculated for two distinct cases (high and low density), with the
threshold between them being defined by the critical density neyis:
BAul ~ Aul

~

)
qul Tqul

(1.5)

Nerit =
where Ay is the spontaneous decay rate, 3 is the probability for line photons to escape the
local region, gy is the downward collisional rate coefficient, and 7 is the line-center optical

depth. Specifically, 7 ~ 1/ when 7 > 1. The critical density identifies the density where
the upper level is equally likely to be de-excited by collisions as by radiative decays.
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Typically, in the physical conditions that occur in the BLR, the gas is optically thin
(7 < 1) and the density is lower than the critical density, thus the collisional emissivity
of the line (eqon) is described by the following equation:

h
€coll = MNeqruhig o nnT—1/2 exp (—;{3) [erg cm ™3 s_l], (1.6)

where n, is the electron density and ¢, is the upward collisional rate coefficient.

The vast majority of lines that compose the UV spectrum, such as CIV, SilV, OIV], CIII]
and SilII], are produced by collisional excitation.

Recombination lines, on the other hand, form by the capture of free electrons into excited
states, followed by radiative decays to lower states. In the case in which every photon
escapes freely and competing processes are unimportant, the emissivity is described by
the equation:

—1
€rec = ninearathO X nineT ) (17)

where ay.q is the radiative recombination coefficient into the upper energy state, and n;
is the number density of parent ions (Osterbrockl, |1989).

In the context of the BLR, the only lines produced by pure recombination are the Hell
lines found at A1640 A and \4686 A.

1.4.1 Spectral Energy Distribution

Among all astrophysical objects, AGNs stand out due to their emissions spanning the
widest range of energies, setting them apart from quiescent and star-forming galaxies.

Each component of an AGN is responsible for the emission within specific energy ranges:

1. Synchrotron emission from the jet: primarily responsible for the radio emis-
sions of Quasars.

2. Hot corona emission: responsible for X-Ray and Gamma-ray emissions.

3. Thermal emission from the accretion disk: dominates the optical-UV range
of energies.

4. Dusty torus emission: responsible for emissions in the submillimeter-infrared
range.

In some cases, also a stellar contribution from the galactic disk might be noticeable.

The relative contributions of these components determine the classification of AGNs. For
instance, RL objects are characterized by strong synchrotron and thermal emission, while
RQ objects are characterized by weaker synchrotron and thermal emission, and they may
also exhibit a significant stellar component.

The nature of each AGN is not only distinguished by the contribution of each component,
but evidence suggests that it is also influenced by the accretion rate, displaying significant
features associated with diverse processes (Panda & Marziani, 2023]).

Various notable components of the Spectral Energy Distribution (SED) arise due to dif-
ferent radiation mechanisms and at varying distances:
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1. “Big Blue Bump”: formed by optical and ultraviolet radiation produced via
thermal emission from the accretion disk (Czerny & Elvis, [1987)).

2. Hard X-Ray emission: well-fit by a power-law, and it is produced when UV
photons from the disk undergo inverse Compton scattering by hot electrons in the
hot corona close to the SMBH (Zdziarski et al., [1990)).

3. Soft-X excess: characterized by emission from a Compton-thick corona connected
to the innermost parts of the accretion disk (Petrucci et al., [2020)).
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Figure 1.5: A schematic representation of an AGN SED, based on the observed SEDs
of RQ Quasars. The black solid line represents the total SED, and the various coloured
curves (with an arbitrary offset) represent the individual components described in the
legend. Figure from Harrison| (2014)).

1.4.2 Reverberation mapping

Reverberation Mapping (RM) is a crucial tool for understanding the nature and structure
of AGNs. It involves measuring the radius rgpg of the BLR through the intrinsic vari-
ability of these objects. The variation in the intensity of UV and optical emission lines
is observed in response to continuum changes. The emissivity-weighted distance of the
BLR from the continuum source is provided by rgpr = c7, where c is the speed of light
and 7 is the time interval between two consecutive peaks of variations in the continuum
and the lines.

To derive the mass of the SMBH, RM relies on several assumptions:
e The continuum emitting region is smaller than the line emitting region;

e Observable and ionizing continuum must be related;
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e Light travel time must be longer than the recombination time and shorter than
the dynamical timescale to ensure that the light travel time is dependent only on
geometry;

e The line response must be linearly dependent on time;
e No dynamical effects of radiation.

However, several technical challenges also arise in RM:
e Data are typically unevenly sampled;

e Spectra taken involve different setups and conditions, leading to challenging nor-
malization;

e The presence of a stellar contribution to the continuum of the object makes it
difficult to isolate continuum variation (Bentz et al., 2009);

e Stratification of ionization might yield inconclusive results due the disjoint nature
of the different components of an AGN.

In conclusion, the mass of the SMBH (Mpyp) can be estimated using the formula:

TBLRO,

Mpu = f o
where o, is the FWHM of the line considered for reverberation mapping (typically HS),
G is the gravitational constant, and f is a dimensionless parameter dependent on the
accretion rate and orientation. The parameter f assumes values ~ 3/4 in the case of an
isotropic velocity field, ~ 2-4 for Population A Quasars, and f ~ 30 for Blazars (Peterson
& Wandel, [1999; [Du et al., 2016; |[Punsly et al., |2018]).

(1.8)

1.5 Estimation of accretion parameters

Accretion parameters, such as the BH mass and the Eddington Ratio, need to be estimated
as they are crucial to properly classify AGNs and understand their properties. The
BH mass is typically derived from reverberation mapping observations when available,
however in this work we will estimate the SMBH mass using the scaling relation in
Vestergaard & Peterson| (2006):

FWHMHS)\2 / L(5100A) \"°
Mgy = log ((1000 knf S[’?) <104(2 = S)l) ) +(6.91 £ 0.02), (1.9)

where L(5100A) is the luminosity of the object measured at the wavelength of 5100 A.
The BH mass obtained in this way is measured in solar masses (Mg).

Normally, as discussed in |Shen & Liu| (2012)), the FWHM of lines such as MglII or CIV
could in principle be used for the estimation of the black hole mass. However, as we did
in this thesis, the adoption of H3 as the principal virial estimator is the optimal choice,
given its widespread availability for most Quasars.

The Eddington ratio can be estimated using the formula Ly, /Lrga, with the Eddington
luminosity Lgqq estimated as follows:

Mpn

Lgqq = 1.5 x 10%%erg s+ (1.10)

©}
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The bolometric luminosity of the AGN (L) is estimated for this calculation using the
relation
Lol = L(5100A) &y (1.11)

The bolometric correction factor kp is calculated using the formula from |Netzer| (2019):

—0.2

L(5100A)

kbor = 40 —_— . 1.12

bol % <1O42 erg =1 (1.12)

Using these quantities, the properties of AGNs can be better understood and related to
each other.

1.6 Towards a unified accretion scenario

Since the discovery of the MS of Quasars, the central question has revolved around
whether populations A and B represent two extremes of the MS connected by some
transitional mechanism or distinct Quasar populations. This inquiry arises from the di-
rect dependence of emission line profiles and continuum strength on the central engine,
particularly the black hole mass and accretion rate, as well as additional factors such as
black hole spin and inclination (Czerny et al [2017; [Marziani et al.| 2018; |[Panda et al.|
2019; |Panda & Marziani, 2023)).

In Figure from [D’Onofrio et al.| (2021)), depicting the BH mass vs. luminosity diagram,
Type-I AGNs in optically selected surveys seem to occupy a relatively narrow strip in
parameter space as a function of the Eddington ratio. Within this strip, the Eddington
ratio varies with 0.01 < L/Lgqqa < 1. For L/Lgqa < 0.01, accretion is expected to
enter a radiatively inefficient regime, and selection effects may hinder the detection of the
lowest accretors due to small Mpy. This regime is believed to be primarily populated by
sources such as Lineless AGNs and LINERs (Laor} |2004). Furthermore, sources radiating
at L/Lgaq > 1 likely do not exist, reaching an asymptotic Eddington ratio close to 2
or 3 (Sadowski et all |2014; [D’Onofrio et al. |2021). This limitation is attributed to
an advection-dominated accretion flow, shielding the low-ionization emitting region from
the luminous continuum visible to an observer at a small angle with respect to the disk

(Giustini & Proga), |2019; [Panda & Marziani, [2023)).

In the context of the Quasar MS, it becomes evident that Population A is associated
with increasing values of the Eddington ratio, reaching extreme values with xA sources.
In contrast, Population B objects are linked to more modest accretion rates (Panda &
Marziani, [2023)).

Within this intricate framework, the role of the metallicity remains a topic that requires
further exploration. Indeed, works such as Xu et al| (2018) have presented compelling
evidence of chemically enriched BLRs in comparison to their host galaxies, making use of
very large samples of high-redshift Quasars. In this work, it is evident that the BLRs of
Quasars are significantly more chemically enriched than their hosts, raising questions on
the origins of these metals. While in-situ star-formation seems a plausible explanation, a
definitive answer has not yet been formulated due to lacking observational evidence (Xu
et al., [2018).

While Xu et al| (2018) explored the relationship between metallicity and Mgy, a MS
representation of metallicity is yet to be established. Such a representation could effec-
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tively address questions pertaining to the interplay between metallicity and the optical
properties of Quasars, as well as their accretion parameters.
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Figure 1.6: Mass-luminosity relation for a sample of ~ 330 AGNs. The diagonal lines
trace the values 2 0.01L/Lgqq and ~ 1L/Lgqq. It is evident that the wide majority of
AGNs is included within this region, with Population A and B Quasars being shown with
their characteristic Eddington ratio values. Figure from D’Onofrio et al.| (2021).

1.7 Motivation and scheme of this work

The aim of this thesis is to determine a trend in the metallicity of the BLR along the
MS of Quasars. Determining a metallicity trend in the BLR of Quasars is extremely
important in order to understand the extent to which AGNs contribute to the chemical
enrichment of their host galaxies, and to possibly constrain the mechanisms that allow
this enrichment.

The thesis is organized as follows:

e Chapter [1} In this chapter, we presented a comprehensive overview of the proper-
ties of AGNs and introduced the Quasar MS. Section provided a brief historical
account of AGNs and explored their fundamental properties. Section described
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the Unification model of AGNs. Section [I.3] delineated how the Eigenvector 1 pa-
rameter space defines the Quasar MS, together with the Quasar populations that
characterize it. In Section the BLR of AGNs was described, explaining how the
spectral lines employed in this study serve as valuable diagnostics of its properties.
In Section the scaling relations used to define the accretion parameters were
defined. In Section [[.6] the accretion parameters were explored as additional tools
to disentangle the intricate properties of AGNs. In Section the motivations and
the aims of this work were articulated.

e Chapter In this chapter we describe in detail the sample of objects and the
scientific techniques employed in this work. In Section the sample is defined,
briefly describing the peculiar properties of each object along with the observations
with which its spectra were obtained. Section describes the multi-component
fitting technique, presenting its results. Section [2.3]defines the error estimation pro-
cess. In Section are explored the CLOUDY photoionization simulations employed
in this work. Section details the diagnostic ratios used for the estimation of
properties in the BLR.

e Chapter In this chapter the findings derived from our measurements are pre-
sented. Section [3.1| exhibits tables containing line measurements and diagnostic
ratios, providing an overview of observational data. In Section the methods and
the results for the estimation of metallicity are discussed. Section [3.3] details the re-
sults related to the physical parameters that characterize the conditions within the
BLR. Section [3.4]showcases the appearance of the sample objects in the Eigenvector
1 optical plane, as well as the correlations among the parameters that describe each
object.

e Chapter 4} In this chapter the results of our measurements are discussed, contex-
tualizing them with related studies. In Section [£.1] are evidenced the properties of
the metal poor gas that characterizes the BLR of Population B objects. Section [4.2
delves into the presence of highly enriched gas in the BLR of xA Quasars. Section
examines the implications of our findings on feedback and galaxy evolution.

e Chapter In this chapter the conclusions of this thesis work are reported. In
Section [E.1] the conclusions from this work are drawn. In Section further im-
provements that can be brought to the employed techniques are explored, and future
projects are described.






Chapter 2

Sample and methodology

In this chapter we describe in detail the sample of objects and the scientific techniques
employed in this work. In Section the sample is defined, briefly describing the pe-
culiar properties of each object along with the observations with which its spectra were
obtained. Section [2.2] describes the multi-component fitting technique, presenting its
results. Section defines the error estimation process. In Section are explored
the CLOUDY photoionization simulations employed in this work. Section details the
diagnostic ratios used for the estimation of properties in the BLR.

2.1 Sample definition

The sample of objects used in this work was selected from a pool of 215 objects part of
the same sample of Marziani et al.| (2003). The following criteria were applied to select
these objects:

1. Observations in the optical wavelength range, within a redshift of 0.8, where Hj
can be observed with ground-based telescopes.

2. Availability of archival UV data from HST covering the A1300-2100 A rest-frame
range of the object

3. Requirement of radio quietness for all but one object, in order to study the properties
of the BLR without the influence of a collimated jet (Baker et al.,[1994; |[Punsly et al.
2018; |Gaur et al.| [2019).

After applying these selection criteria, the sample contained 12 objects. Two objects,
PHL 1092 (Marinello et al.l [2020) and TXS 00424101 (Jackson & Browne, [1991)), which
are found in more extreme regions of the MS, were subsequently added to the sample.
Although they were not originally part of the sample from Marziani et al.| (2003), they
were provided by Marinello et al.| (2020) and digitized from [Jackson & Browne| (1991)),
respectively, bringing the total number of objects in the sample to 14.

In Table the fundamental properties considered for the selection of the sample were
summarized. Table 2.2] shows the derived properties considered for the selection of the
sample, with the FWHM of Hf measured from the line profile of the HS emission. Rgerr
is calculated as described in Equation (1.4} The bolometric luminosity Ly, the mass
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of the SMBH and the Eddington ratio are estimated using Equations [[.11] [T.9] and [I.10}
respectively. The applied procedure is extensively described in Section[I.5] The Kellerman
Ratio, necessary to distinguish RQ from RL objects, is defined in Equation [1.2| using data
from the NED database. However, when the NED data was not available, the flux density
used in the calculation was obtained from other works. This is the case for Mrk 110, with
the adopted flux density obtained from Wang et al.| (2023al), while for Ark 564 it was taken
from Jarvela et al.| (2022)). For Ton 28, LB 2522 and LEDA 51016 the Kellerman Ratio
was adopted from the works |Capetti et al.| (2021]), [Baldi et al.| (2022)) and Kellermann
et al.| (1994)), respectively.

Here follows a brief description of each object that constitutes the sample.

e Mrk 335 - ST A1l Markarian 335 is a Population A Seyfert 1, spectral type Al. It
is located in the nearby universe with a redshift of 0.0256, slightly changed from the
original redshift in |[Marziani et al. (2003) of 0.025 because of inconsistencies with
the UV spectral lines. This AGN exhibits characteristics typical of an RQ A1 AGN,
with lower-than-average Fell emissions, positioning it in the lower-left corner of the
MS. Emission lines in the UV and optical ranges exhibit little to no blueshifts in
their profiles. The only exception to this typical behavior is the positive slope of its
optical continuum, which is likely due to galactic extinction.

e Mrk 110 - ST A1 Markarian 110 is a Population A Seyfert 1, spectral type Al. It
is located at a redshift of 0.036. This object is peculiar with respect to a typical Al
AGN, due to the presence of a significant redshifted component in the line profile
of CIVA1549. This asymmetric component is, however, not present or unnoticed,
in the line profiles of HB and SiITV4+OIV]A1400. The region associated to the CIII]
blend was, however, not available and thus impossible to probe. It is nonetheless
an object that has a spectrum remarkably similar to Mrk 335, with which shares
the spectral type.

e Mrk 509 - ST A1l Markarian 509 is a Population A Seyfert 1, spectral type Al.
It is located at a redshift of 0.035. This object is a typical RQ A1 AGN. It exhibits
low Fell emission, with lines with higher FWHM than other objects of the same
spectral type.

e Mrk 478 - ST A2 Markarian 478 is a Population A Seyfert 1, spectral type A2
Marziani et al.| (2010]), borderline A3. It is located at a redshift of 0.077. Although
classified as A2, it exhibits characteristics that suggest it may be an extreme ac-
cretor. As a matter of fact, it displays a strong Fell emission and a pronounced

outflowing component in its emission line profiles. Hence, it could be argued that
Mrk 478 could be classified as an A3-type object.

e Ark 564 - ST A2 Arakelian 564 is a Population A Seyfert 1, spectral type A2. It
is located at redshift 0.025. This object exhibits the typical properties of A2 AGNs,
with stronger-than-average Fell emission. Its UV spectrum is heavily absorbed,
particularly underestimating the strength of its CIV line emission.

e Ton 28 - ST A2 Tonantzintla 28 is a Population A Seyfert 1, spectral type A2.
It is located at redshift 0.329. Ton 28, similarly to Mrk 478, is an object with
some characteristics that might put into doubt its spectral type, placing it among
the extreme-accreting objects, such as the presence of remarkable Fell and Felll
emissions. Due to the large distance of the object, however, its UV spectra, acquired
with the Faint Object Spectrograph (FOS), have a lower Signal-to-Noise (S/N) ratio,
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and are heavily absorbed. Thus, conclusively positioning it among A3 objects is
not appropriate. Ton 28 should be regarded as spectral type A2, borderline A3.

I Zw 1 - ST A3 1 Zwicky 1 is a Population A Seyfert 1, spectral type A3. It is
located at redshift 0.061. The positioning of this object among extreme-accretors
is clear as it has a very strong Fell and Felll emission, with strong blueshifts in its
HILs. As a matter of fact, the triangular profile of CIV is characteristic of xA objects
due to the presence of strong outflows in the BLR of these objects (Kollatschny &
Zetzl, [2013}; |Vietri et al., 2016). Templates used to model Fell and Felll emission
are based on spectra from this object, as referred in Section (Vestergaard &
Wilkes, 2001} Bruhweiler & Verner} 2008; [Marziani et al., 2010).

LB 2522 - ST A3 Large Bright QSO Survey 2522, also known as PG 12594593,
is a Population A Seyfert 1, spectral type A3. It is located at redshift 0.472. This
object is considered an extreme-accretor. Its strong Fell and Felll emissions are
coupled with the broadest lines among Population A objects of the sample, outlining
a strong photoionizing continuum.

LEDA 51016 - ST A3 Lyon-Meudon Extragalactic Database 51016, also known
as PG 14154451, is a Population A Seyfert 1, spectral type A3. It is located at
redshift 0.114. With a Rperp of 0.97 it is considered a borderline A2-A3 object,
leaning towards the xA population. As a matter of fact, its spectrum exhibits the
peculiar Call]A1342 line, that seems to be present only in xA Quasars.

PHL 1092 - ST A4 Palomar Haro Luyten 1092 is a Population A Seyfert 1,
spectral type A4. It is located at a redshift of 0.3965 (derived from the rest-frame
position of the narrow component of [OIII]), this value slightly deviates from the
less precise redshift of 0.394 reported in Marinello et al| (2020). Its spectrum is
characterized by strong UV emissions, featuring a distinctively sloped SED. PHL
1092 is considered an extreme-accreting quasar, as it exhibits characteristics typical
of that class. Notably, it exhibits a strong outflowing component in its emission line
profiles, most notably its HILs, where the blueshifted emission casts a shadow on
the virialized component. In the optical range, the HS emission is eclipsed by the
Fell emission, mirroring the Fell profile of I Zw 1. This object stands as one of the
most peculiar AGNs of the sample, being found at the extreme right of the MS.

Fairall 9 - ST B1 Fairall 9 is a Population B Seyfert 1, spectral type B1l. It is
located at redshift 0.046. It is a typical RQ B1 AGN, to the point that its spectrum
almost coincides with the RQ B1 composite spectrum (Marziani et al., 2023)).

Ark 120 - ST B1 Arakelian 120 is a Population B Seyfert 1 (Marziani et al.,|1992),
spectral type B1. It is located in the nearby Universe, at a redshift 0.033. It is a
peculiar object with respect to a typical RQ Population B AGN because it presents
a double-peaked profile, with two peaklets almost symmetrically displaced with re-
spect to the rest frame by ~ 2000 km s~!. The origin of the two peaks is not known
at present. Ark 120 also presents a very strong Fell emission -peculiar for its kind-
almost placing it among spectral-type B2 objects. [Kuehn et al.| (2008) evidenced
that no reverberation lag was also present for the Fell component, suggesting an
emitting region many times larger than the HB emitting region. However, Kuehn
et al.| (2008) admitted that no existing photoionization models can predict an emis-
sion as powerful as the one observed. In conclusion, although Ark 120 is a peculiar
object, no conclusive explanation for its properties is possible at present time.
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e NGC 3783 - ST B1 New General Catalog 3783 is a Population B Seyfert 1,
spectral type B1l. It is the closest object of the sample, located at a redshift of
0.009. It is a well-known object, constantly monitored with reverberation mapping
studies (Wang et al.l|2022), and recently its BLR was spatially resolved (GRAVITY
Collaboration et al., |2020).

e TXS 0042+101 - ST B1™" Texas Survey 0042+101 is a Population B Seyfert 1,
spectral type B1T. It is an object of uncertain redshift, with [Jackson & Browne
(1991)) estimating a redshift of 0.583. A redshift of 0.587, consistent with |Tang et al.
(2012)) was used in this work. The FWHM of its lines and absence of Fell emission
clearly place TXS 0042+101 among B1* objects. As the only object in the sample
with a Rg > 10, it represents the RL population of Quasars.

Table 2.1: Fundamental properties of the sample

Object name  Spectral type z UV data source Optical data source

(1) (2) (3) (4) (5)
Mrk 335 AT 0.0256 COS MO3
Mrk 110 Al 0.036 CoS MO3
Mrk 509 Al 0.035 CoS MO3
Mrk 478 A2 0.077 FOS MO3
Ark 564 A2 0.025  FOS, COS MO3
Ton 28 A2 0.329 FOS MO3

I Zw 1 A3 0.061  FOS, COS MO3

LB 2522 A3 0.472 FOS MO3
LEDA 51016 A3 0.114  FOS, COS MO3
PHL 1092 A4 0.3965 STIS M20
Fairall 9 Bl 0.046  FOS, COS MO3
Ark 120 Bl 0.033 FOS MO3
NGC 3783 Bl 0.009  FOS, COS MO3
TXS 0042+101 Bl+ 0.587 FOS Jo1

Note. (1) Object common name. (2) Spectral type of the object. (3) Redshift of the
object. (4) HST camera used for collecting UV spectra of the object. (5) Optical data
source, using the abbreviations M03, M20 and J91 for the papers [Marziani et al.| (2003),
Marinello et al.| (2020), [Jackson & Browne| (1991)), respectively.

2.1.1 Observations

Tables and describe the optical and UV observations, respectively. Optical obser-
vations for this sample were conducted between 1987 and 2014 (Jackson & Browne, 1991}
Marziani et all [2003; [Marinello et al., 2020). Several ground telescopes from different
locations were used:

e The ESO 1.52m telescope (ESO 1.52m) at La Silla, equipped with the Boller &
Chivens (B&Ch) spectrograph;

e The Kitt Peak National Observatory 2.1m telescope (KPNO 2.1m) at Kitt Peak
National Observatory, equipped with the Gold spectrograph;

e The Observatorio Astronémico Nacional 2.1m telescope (OAN 2.1m) at the Ob-
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Table 2.2: Derived properties considered for the selection of the sample
Object Name z FWHM(HB) Rren Lol Mgsn L/Lgaa Ry
[km s™1] [10* ergs™']  [107" M)
(1) 2) 3) (4) (5) (6) M ®
Mrk 335 0.0256 2175 0.34 7.42 2.45 0.20 0.42
Mrk 110 0.036 2048 0.19 2.73 1.17 0.16 2.18
Mrk 509 0.035 3309 0.02 18.60 10.20 0.12 0.35
Mrk 478 0.077 1322 1.04 20.00 1.76 0.76 0.20
Ark 564 0.025 1011 0.67 1.51 0.20 0.51 0.88
Ton 28 0.329 2402 1.04 198.00 30.10 0.44 < 0.40
1Zw 1 0.061 1012 1.74 36.00 1.47 1.63 0.40
LB 2522 0.472 3999 1.30 127.00 70.20 0.12 < 0.25
LEDA 51016 0.114 2959 0.97 17.60 8.45 0.14 0.17
PHL 1092 0.3965 2494 1.76 57.00 15.70 0.24 0.42
Fairall 9 0.046 5958 0.43 11.20 24.20 0.03 0.92
Ark 120 0.033 5863 0.49 24.20 37.50 0.04 0.30
NGC 3783 0.009 3514 0.20 2.40 3.10 0.05 0.30
TXS 00424101 0.587 7279 0.04 39.20 120.00 0.02 197.37

Note. (1) Object common name. (2) Redshift of the object. (3) FWHM of Hj. (4) Fell-
to-Hp ratio calculated in the \4434-4684 A range. (5) Bolometric luminosity. (6) Mass
of the SMBH at the center of the galaxy, expressed in solar masses (Mg). (7) Eddington
ratio associated with accretion onto the SMBH. (8) Kellerman ratio of the object.

servatorio Astronémico Nacional San Pedro Martir, equipped with the Boller &
Chivens (B&Ch) spectrograph;

e The 4.1m Southern Astrophysical Research Telescope (SOAR) at Cerro Tololo Ob-
servatory, equipped with the Goodman spectrograph;

e The Isaac Newton Telescope (INT) at Roque de Los Muchachos, equipped with the
Intermediate Dispersion Spectrograph (IDS).

Observations in the UV wavelength range were performed using the Hubble Space Tele-
scope in a period ranging from 1991 to 2022. Various instruments were employed: the
Faint Object Spectrograph (FOS), the Cosmic Origins Spectrograph (COS) and the Space
Telescope Imaging Spectrograph (STIS) were used for this endeavour, with spectra taken
with various grisms, in order to cover the A1320-2100 wavelength range.

The FOS was a spectrograph mounted on HST until February 1997, when it was de-
commissioned. It offered spectroscopic observations of objects from the near-UV to the
near-infrared (Keyes & et al.l [1995]). Spectra taken with the FOS have a spectral resolu-
tion of 0.25 A. The COS was mounted on HST in May 2009. It performs high-resolution
spectroscopy of objects in the A815-3200 A range (Soderblom, 2023). Spectra taken with
the COS have a spectral resolution of 0.1 A. The STIS was mounted on HST in 1997. Tt
performs spectroscopy of objects in the A1150-10300 A range (Medallon & Weltyl, [2023).
UV spectra taken with the STIS used in this work have a spectral resolution of 0.5 A for
the SiIV range, while it has a spectral resolution of 1.5 A for the CIV and CIII] ranges.

Because of the higher spectral resolution, when the full wavelength range was covered by
both FOS and COS spectra, COS spectra were preferred in the fitting procedure. It is
important to note that this does not affect the reliability of the measurements. However,
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Table 2.3: Optical observations

Object name Telescope Instrument Date of observation Observing time
[dd mmm yyyy] [s]
(1) (2) 3) (4) ()
Mrk 335 ESO 1.52m B&Ch 13 Oct 1996 3000
Mrk 110 KPNO 2.1m Gold 15 Feb 1990 1800
Mrk 509 ESO 1.52m B&Ch 12 Oct 1996 2400
Mrk 478 KPNO 2.1m Gold 15 Feb 1990 1600
Ark 564 OAN 2.1m B&Ch 24 Jun 2001 1800
Ton 28 ESO 1.52m B&Ch 19 Dec 1993 3600
1Zw 1 ESO 1.52m B&Ch 7 Oct 1994 3600
LB 2522 KPNO 2.1m Gold 22 Apr 1991 3600
LEDA 51016 KPNO 2.1m Gold 20 Feb 1990 3000
PHL 1092 SOAR Goodman 12 Dec 2014 2700
Fairall 9 ESO 1.52m B&Ch 20 Dec 1993 1800
Ark 120 ESO 1.52m B&Ch 3 Apr 1990 1800
NGC 3783 ESO 1.52m B&Ch 23 May 1993 3600
TXS 00424101 INT IDS 1000

Note. (1) Object common name. (2) Telescope used to carry out the observations.
(3) Spectrograph used in the observations. (4) Date of observation. (5) Observing time
through which the spectra were obtained, in seconds.

for two objects (I Zw 1 and LEDA 51016) the UV spectrum was not covered by coheval
observations, leading to visible differences in the measured values of flux. This was
corrected by scaling the flux in the affected spectral region making it coincide with the
continuum of adjacent regions. An ulterior check of the objects’ photometric variability
over time using the Catalina Surveys Data Release 2 (Drake et al., |2022)), confirming a
variability that was compatible with experimental results.

Data reduction for these spectra was performed by the Space Telescope Science Institute
(STScI), with manual wavelength corrections applied using the Image Reduction and
Analysis Facility (IRAF) (Tody}, [1993)) task dopcor to account for redshift.
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1# Mon 20:31:40 30-Jun-2008
2 begin fixed_ciii_b

3 task specfit

4 components 9

5 powerlaw

6 usercont

7 gaussian

8 gaussian

9 gaussian

10 gaussian

11 gaussian

12 gaussian

13 gaussian

14 userline

15 gaussian

16 powerlawl 2

17 32.27 0. 2000. 0.061 1.000000E-4 ©
18 0.05 -5.0 12. 0.01 1.000000E-4 ©
19 usercont2 4 #Fe III] template

20 0.53 0.00 5. 0.001 1.00E-4 [¢]
21 0. -1. 1. 0.01 1.00E-4 ©

22 0. -0.001 0.001 ©0.001 1.00E-4 -1

23 16.58 0.00 30.0 0.001 1.00E-4 ©
24 gaussian3 4 #5111

25 89.72 0.0 1000. 0.01 1.00E-4 ©
26 1814.0 1810.00 1822.00 0.01 1.00E-4 0
27 5141.0 1000.0 7000.0 1.00 1.00E-4 0
28 1.00 0. 2.00 0.01 1.0E-4 -1
29 gaussian4 4 #ALIII

30 72. 0.0 1000.0 0.01 1.00E-4 ]
31 1855. 1850.00 1858.00 0.01 1.00E-4 ]
32 4142.0 1000.0 7000.0 1.00 1.00E-4 ]
=5 1.00 0. 2.00 0.01 1.0E-4 -1
34 gaussian5s 4 #ALIII

=5 43.0 0.0 1000.0 0.8 1.00E-4 4
36 1862.8 1859.00 1870.00 1.004353 1.00E-4 4
=i/ 4145.0 1000.0 7000.0 1.00 1.00E-4 4

38 1.00 0. 2.00 1. 1.0E-4 4

39 gaussiané 4 #SiIII]

40 383. 0.01 1000.0 0.01 1.00E-4 ©

41 1887.0 1880.00 1895.00 1.02011 1.00E-4 4

Figure 2.1: Partial Specfit input file for the A1900 blend fit of Ark 120.

2.2 Multi-component fitting technique

Our sample was analyzed using the specfit (Kriss, [1994) task from IRAF, inspecting the
regions of our spectra centered on the SiIVA1394, CIVA1549, CIII]A1909 and H/3A4861
lines. The wavelengths of these lines, as well as all other lines measured during the
analysis, were obtained starting from the work of [Vanden Berk et al.|(2001)). The specfit
task runs on the Space Telescope Science Data Analysis System (STSDAS) contrib package
of IRAF, which was developed by the National Optical Astronomy Observatory (NOAO)
in Tucson, Arizona.

Specfit allows users to interactively fit a wide range of emission and absorption lines on
the continuum model of the input spectrum. To achieve this, it employs input ASCII files
created using the dbcreate task, containing the necessary functions to model various
components of the spectrum. Gaussian and lorentzian functions, widely used in the
multi-component fitting, are each described by values of line intensity, central wavelength,
FWHM and asymmetry parameter. It is possible to see an example of the input file in

Figure 2.1}

In addition to the standard functions provided, specfit allows the use of user-provided
functions. In particular, we utilized the usercont and userline functions in order to
model the complex Felll (found in the UV range) and Fell (found also in optical ranges)
emissions respectively.

The specfit multi-component fitting procedure is interactive, based on the input file
described in the previous paragraphs. The initial parameter values in the input file serve
as starting guesses for modelling the components. Each parameter can be refined by
means of a minimization fit provided by the routine. This fitting is carried out by x?2
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minimization with one of five different algorithms:

e Marquardt is based on the Levenberg-Marquardt (LM) algorithm, which itera-
tively minimizes the x? using the Jacobian matrix. This matrix contains the partial
derivatives of the model function fitting the data with respect to each fit parame-
ter. The algorithm combines a combination of gradient descent and Gauss-Newton
methods, adjusting the step-size at each iteration. It takes larger steps when the
fitting improves, and smaller steps when it does not. When the algorithm converges
successfully, it provides the best-fit parameters that minimize the difference between
the model and observed data, resulting in an optimal solution.

e Simplex utilizes an iterative method for fitting, adjusting values for user-provided
components starting from initial guesses and constraints. It iteratively improves the
solution, identifying “entering” and “leaving” variables, which are variables that can
be increased or decreased to improve the solution, respectively. When an optimal
solution is found or the number of iteration is reached, the algorithm returns the
best fit.

e Numrecipe is based on the Marquardt-type algorithm described in |Press et al.
(1986)), and is generally the most effective and fastest.

e Gridfit employs a grid-type fitting algorithm, starting from user-defined lower and
upper limits. It increments the parameters within the specified limits and calls one
of the other fitting algorithms at each step, recording the best combination of values
in a log file. This algorithm, however, tends to be slow.

e Alternate which alternates between calling the Numrecipe and Simplex algorithms.

During this work, we only used the first three fitting algorithms. Upon completing the
fitting, two files are generated:

e a “log” containing detailed information about the various components, including
their final values after x? minimization;

e a “plot” ASCII file suitable for plotting the input spectrum, the model spectrum
obtained through x? minimization, and the individual components.

The multi-component fitting process with specfit adheres to a methodology consistent
with the current understanding of the BLR physics, as discussed in Section [[.4] We start
by fitting the continuum emission in the selected wavelength range with a power-law
function, carefully selecting regions of the spectrum unaffected by the presence of emission
or absorption lines. The flux values of the continuum at various reference wavelengths
are provided in Table

In the optical wavelength range we incorporate a Fell template to correct for Fell con-
tamination, which can act as a pseudo-continuum on the modeled spectrum, particularly
problematic in objects with strong Fell emission. Our Fell template is derived from a
European Southern Observatory (ESO) spectrum of I Zw 1 (Marziani et al., 2009, 2010).
To address Felll contamination, prevalent in the A\1700-2100 A wavelength range, we
utilize a template from |Vestergaard & Wilkes| (2001)), based on the Felll emission of I Zw
1. In cases where the Felll feature at 1914 A blends with CIIT]A1909 A, we account for
this effect by modeling the 1914 A feature with a Gaussian profile. This step is typically
necessary for xA objects.
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When fitting emission lines, we allow them to vary while imposing the Narrow Component
(NC) of lines to remain fixed at the rest-frame of the object. Additionally, we ensure
that the FWHM of lines in the CIII] and SiIV ranges is similar to those measured for
CIVA1549 and HB (Marziani et alJ [2010). This is because lines associated with the
virialized components of HJ, CIII], CIV and SiIV are produced in approximately the
same regions. On the other hand, the BLUE and VBC lines are left free to vary since
they are generated in regions with significantly different physical conditions.

Figures from [2.2] to 2.8 display the best-fit spectra of the sample.
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2.3 Estimation of uncertainties

Using Specfit, the placement of the continuum is the main source of uncertainty in
measuring emission-line intensities. Additionally, it is evident from the fits in Figures
from to that, in the majority of cases, the FWHM of AIIII and SilIl] (assumed to
be equal) closely matches the FWHM of CIVgc, SilVge, ClI|gc and Hfgc.

In particular, the continuum placement strongly influences extended features such as the
Felll and HelIA1640 emissions in the UV range, and the Fell emission in the HS range.
It is thus of the utmost importance to set boundaries within which the continuum can
affect the intensity of emission lines.

This was accomplished as follows, mirroring the methodology in Sniegowska et al| (2021)):
initially, the intensity of the continuum was measured using IRAF in each range where
the best fit was conducted, yielding the Root Mean Square (RMS) of the flux (measured

in units of 10715 erg s~ cm ™2 A_l), as shown in Table Subsequently, the intensity
of each line was measured by fixing the continuum’s intensity at both maximum and
minimum values, by adding or subtracting the RMS, to obtain the line’s intensity at
its minimum and maximum, respectively. As a matter of fact, when the continuum is
higher (lower), the line intensity decreases (increases), compensating for the flux change,
resulting in lower (upper) limits that are asymmetric and represent the range of emission
line intensities.

In order to handle these uncertainties, we assume that the error distribution follows a
triangular distribution (D’Agostini, [2003)). This simplifies error computation and is the
preferred method for dealing with asymmetric uncertainties. For each line measurement,
the variance (02(X)) is calculated using the formula for the triangular distribution:

Ay, + A%r_ + Az, + Ax_

o*(X) = 18

(2.1)

where Az, and Az _ represent the differences between measurements with maximum and
best continuum, and with best and minimum continuum, respectively. Finally, errors on
spectral diagnostic ratios were calculated using standard error propagation formulas.

2.4 CLOUDY photoionization simulations

In order to constrain the properties of the gas in the BLR, we conducted photoionization
simulations using the CLOUDY algorithm (Ferland et al.| |2017]). CLOUDY is a C++ code that
models the ionization, chemical, and thermal state of the material that may be exposed to
an external radiation field or other sources of heating. It predicts observables, including
emission and absorption spectra, by solving the statistical equilibrium equation for many
chemical species, including ions. The code accounts for collisional excitations, radiative
processes, and treats radiation transfer through a probability formalism.

The simulations employed in this work are similar to those used in Marziani et al.| (2020)).
Photoionization simulations require input parameters that define ionization and level
populations, along with electron temperature and optical thickness as a function of the
geometrical depth within the emitting gas cloud. The assumed geometry is open and
plane-parallel, representing a cloud of emitting gas as a slab exposed to a radiation field
only on one side.
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Table 2.5: RMS

Object name Opt Silv CIV CIII] f,\1350 f>\1700 f,\5100

(1) 2 6B @ 6 © @O @
Mrk 335 012~ 0.65 070 1.30 2211 1483 5.25
Mrk 110 0.03 1.57 1.74 24.01 16.02 0.76

Mrk 509 031 171 210 191 84.18 73.99 887
Mrk 478 0.02 206 093 052 36.23 2693 2.00

Ark 564 0.04 052 0.84 027 6.86 6.06 0.75
Ton 28 0.04 3.11 1.38 1.25 1036 7.98 1.93
I1Zw 1 0.12 049 0.70 0.37 10.15 16.43 6.65

LB 2522 0.02 208 1.67 127 6.25 5.89 0.54
LEDA 51016 0.02 0.55 0.45 0.26 8.19 7.22 0.78
PHL 1092 0.01 0.08 0.06 0.07 3.40 2.77 0.28
Fairall 9 0.09 091 163 119 3519 2636 2.72
Ark 120 0.22 551 227 197 7886 3094 13.83
NGC 3783 0.20 2.05 284 209 79.16 63.26 10.36
TXS 0042+101 0.01 0.05 0.04 0.03 0.17 0.15 0.08

Note. (1) Object common name. (2), (3), (4), (5) Root Mean Square of the flux as-

. . . . . -1,
sociated to the continuum emission, measured in units of 107® erg s™' em™2 A", in
the ranges of the various lines inspected in this work. (6) Specific flux of the continuum

emission measured at 1350 A, measured in units of 107'% erg s~! cm—2 A (7) Specific
flux of the continuum emission measured at 1700 A, measured in units of 10~ erg s~

1

em—2 A7 (8) Specific flux of the continuum emission measured at 5100 A, measured in

units of 10715 erg s7! em™2 AL

The input parameters for a complete computation of the gas state, used to predict emis-
sion line intensities, include:

1. The ionization parameter U, defined by the equation:

I,
_Jwwmd Q@)
4rrdpenu Amnrdpenn’

(2.2)

where Q(H) is the number of ionizing photons, rgrr is the distance between the
continuum source and the line emitting gas. It provides the ratio between the
Hydrogen-ionizing photons and the Hydrogen number density.

. Gas Hydrogen density ny.

. Metallicity Z, with respect to solar metallicity Zo, defined as logZ = log[%] —

log[Z]e, where [Z] and [£] are the ratio of the measured number density of

metals with respect to Hydrogen, and the same quantity for the Sun, respectively.

SED of the Quasar.

. Column density V..

. Micro-turbulence parameter (Panda et al., 2018).
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Evidence indicates trends for various parameters along the Quasar MS. Specifically, in the
case of Population B, there is observable evidence of a radial stratification of properties
within the BLR (Baldwin et al., [1995; Korista et al., [1997)). As previously mentioned,
this region is modeled by distinguishing between a BC and a VBC.

While the assumption of constant physical parameters within the BLR is not entirely
accurate for Population A, this complexity is addressed by modeling and separating the
BLUE from the BC, especially in the context of extreme-accretors, as discussed more
extensively in Negrete et al.| (2012)). This modeling approach allows for a deeper under-
standing of the characteristics within the BLR for different populations of Quasars.

This resulting six-dimensional parameter space is not typically fully explored, and in our
case we examined trends using arrays of simulations that were organized as follows: 3
different SEDs, one for each of the following cases: Pop. B RQ, a SED for Population
A sources (Mathews & Ferland| [1987) and one for xA Quasars (Ferland et al., 2020).
Metallicity (Z) was assumed to scale as solar (Zg ), with 12 values ranging between 0.01
and 1000 Z for Pop. A and 14 values between 0.001 and 20 Zg for Pop. B. The micro-
turbulence parameter was set to 0 km s~—!. This has been shown to be negligible for
resonance UV lines as outlined in (éniegowska et al., [2021)), but is expected to lead to
an under-prediction of Fell emission (Sigut & Pradhan| [2003; Sniegowska et al 2021)).
For each metallicity value, we considered an array of simulations covering the ngy and U
parameter plane in the range 7 < logng < 14 cm™2, —4.5 < logU < 1 for Pop. A (667
simulations), and 7 < logng < 13 ecm =2, =3 <logU < 1 for Pop. B (425 simulations).

2.5 Diagnostic ratios

Diagnostic ratios of lines provide constraints on the ionization, metallicity and density of
the emitting gas in the BLR (Marziani et al.| |2020). The fundamental diagnostic ratios
used for computing the metallicity are described as follows:

1. (SiIV+O0IV])/CIV: widely used as a metallicity indicator (Nagao et al., [2006; |Shin
et al.,[2013)). In photoionization equilibrium, as metallicity in the BLR increases, the
electron temperature decreases as in HII regions [Pagel et al.| (1979). This leads to
a decrease in the CIV line intensity. This effect resides in the competition between
Het ions and C?7 ions, which have similar ionization potentials, making it a solid
metallicity indicator (Huang et al., |2023).

2. (SiIV+4O01V])/Hell: sensitive to metallicity, assuming that He abundance rela-
tive to Hydrogen is constant. The OIV] line has a critical density ne~ 1011 cm=3
(Marziani et al., 2020), making this diagnostic ratio also a powerful density indica-
tor.

3. CIV /Hell: diagnostic ratio sensitive to metallicity and C abundance, assuming
constant He abundance relative to Hydrogen. The ionization potentials of C2* and
He™ are similar, however the main difference is that Hell is a recombination line,
and the regions where CIV and Hell form are different (Sniegowska et al., 2021).
This ratio has been used consistently in the past (Shin et al., [2013), however, with
more and more precise measurements from FOS and COS, we are able to estimate
accurately the line intensity of CIV and Hell, previously very difficult to assess.

4. AIIIT/CIV: a diagnostic ratio sensitive to the ionization parameter. This is because
it relates lines of elements with different ionization potentials. It is also extremely
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Figure 2.9: Left: Decimal logarithm of the ratio between resonance emission lines and HS
as a function of ionization parameter and Hydrogen density, from arrays of 667 simulations
from CLOUDY 17.02. From top to bottom: SiIV, CIV, AIIIl. Middle: Ratio of collisional

excitation emission to the total line emission as a function of U and ny, with Z = 175,

Right: Ratio of collisional excitation emission to the total line emission as a function of

U and ny, with Z = 20Z,. Figure from |Marziani et a1.| 1|2020|).

useful in order to constrain the effect of feedback from Supernovae, since AIIII is a
product of the explosion of massive stars (Sniegowska et al.l 2021). Tt is thus likely
that this diagnostic ratio tends to increase the resulting metallicity.

. AIIII/SiIII]: a diagnostic ratio sensitive to density, since it involves an intercom-

bination line with a well-defined critical density: n.~ 10* em=2 for Silll] (Negrete
. If the ratio AIIII/SilII] is > 1, the resulting density will be much
greater than the critical density. For these reasons, it is extremely useful as an
estimator of the gas density. As the previous diagnostic ratio, since it involves Alu-
minium, it tends to increase the resulting metallicity. Historically, diagnostic ratios
employing AIIIl have rarely been used, since the measurement of the intensity of
AIITT was quite uncertain, but with high quality COS and FOS spectra we have
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been able to measure it accurately.

6. SiIlII]/CIII]: a diagnostic ratio sensitive to density, similar to AIIII/SilII], with
ne~ 101 em™3 for CII] (Hamann et al. 2002). As the ratio described above,
if Silll]/CIII] is > 1, the resulting density will be much greater than the critical
density of CIII] as well, and is a very powerful density estimator, constraining
density very well.

7. CIII]/CIV: it is a diagnostic ratio sensitive to the ionization parameter as it com-
pares the intensity of different ionization degrees of the same atomic species. How-
ever, since CIII] is an intercombination line, it is also sensitive to density. Unfortu-
nately, for xA objects in particular, it is subject to higher uncertainties due to Felll
contamination, making it difficult to measure the intensity of CIII] accurately.

8. FeII/HpS: it is a diagnostic ratio sensitive to metallicity, as it involves a metal
and Hydrogen. However, this diagnostic ratio is also sensitive to density, ionization
parameter and column density of the line-emitting gas. As a matter of fact, high
Fell/Hp is only possible if conditions of low ionization, large column density (ng>
10" em~2) and very high density (ng = 10%* cm™2) are satisfied (Panda et al.)
2018 [2019).

9. Hell,,,/Hp: it is a diagnostic ratio sensitive to the ionization parameter. Assum-
ing the abundance of He relative to Hydrogen is constant, it is the ratio between
two species with very different ionization potential: Hell requires ~ 50 eV to be
ionized, while Hydrogen requires ~ 10 eV.

These diagnostic ratios are used differently depending on the Quasar population. As a
matter of fact, Population A objects allow reliable estimation only of physical parame-
ters associated with the BC. Population B Quasars allow for the estimation of physical
parameters of gas located in the VBC and BC, while xA Quasars allow for the estimation
of the properties of the BLUE and BC.

Notably, not all components are present in all objects, as can be seen in Tables from
to Although most objects can be modeled assuming a BLUE component for
HILs, it is not present for LILs, and thus this affects their reliability for the estimation of
physical parameters. The same principle can be applied to the VBC, which appears only
in Population B sources.

An uncertainty associated with this approach comes from the fact that photoionization
computations are carried out under the assumption of single-zone emission. While this
assumption seems a good one for extreme Population A, where density and ionization
tend toward limiting values Panda et al.| (2019)), this might not be the case for Pop. B
sources. Moreover, the non-simultaneity of the observations in the optical and UV leads
to uncertainties as well. As we can see in Section [2.1.1] optical and UV observations
are typically separated by years. In addition, problems associated to photometric inter-
calibration between optical and UV data might arise: while space-based observations are
precise within about ~ 5-10%, optical data are affected by uncontrolled light loss. As a
result, the ratio CIV/Hf was measured but considered for the estimation of metallicity
in a case-by-case scenario, because of the intrinsic variability of the sources.

This variety of diagnostic ratios sensitive to different physical quantities is essential to
reduce the number of degrees of freedom of the system and to better constrain the metal-
licity, density and ionization parameters.



Chapter 3

Results

In this chapter the findings derived from our measurements are presented. Section [3.1
exhibits tables containing line measurements and diagnostic ratios, providing an overview
of observational data. In Section the methods and the results for the estimation of
metallicity are discussed. Section [3.3]details the results related to the physical parameters
that characterize the conditions within the BLR. Section showcases the appearance of
the sample objects in the Eigenvector 1 optical plane, as well as the correlations among
the parameters that describe each object.

3.1 Diagnostic ratios tables

In the Tables from [3.1] to [3.4] are displayed the line measurements with associated errors
for the SiIV, CIV, A1900 and Hf blends, respectively. Line measurements are computed
integrating the flux of each line component along the wavelength range in which the line
extends from the best-fits of each object obtained using the IRAF Specfit task. Line
intensities are then corrected for galactic extinction using the equations from |Cardelli
et al| (1989).

The following equation is used:
AA) = A(V) (a(z) + b(z)/Rv) (3.1)

where A(V) is the object’s absorption coefficient in the V' band, Ry is the absorption
parameter characteristic for our galaxy and fixed at 3.1, a(x) and b(x) are polynomial
functions described in (Cardelli et al.| (1989)), with z a parameter defined as

10000
= — —1.82 2
o= ity L (3.2)

where z is the redshift of the object and the wavelength \ is expressed in A.

The values of A(V) were obtained from the NED database for each object, while the
redshift assumed was the one measured in this work.

41
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The diagnostic ratios described in Section [2.5] have then been calculated with the associ-
ated errors, distinguishing between the different components of the BLUE, BC and VBC.
A diagnostic ratio associated to all combined components (Total) is also reported.

Diagnostic ratios for all objects are reported in Tables from to

Table 3.5: Diagnostic ratios of Mrk 335.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()

SilV4+OIV]/CIV 343 +2.54 0.16 +0.02 0.18 £ 0.02
SiIlV4+OIV]/Hell 0.56 £0.21 1.4040.29 1.194+0.22
CIV /Hell 0.16 £0.12 8.69 £ 1.60 6.54 £1.07
CIV/Hp 5.79+£0.74 5.83 £0.74
AIIIT/CIV 0.01 +£0.01 0.01 +£0.01
AITTI/SillT) 0.23 +0.26 0.23 +0.26
Silll]/CIII] 0.26 +£0.11 0.26 £0.11
CIII]/CIV 0.18 £0.03 0.18 £0.03
Fell/HpB 0.34 £0.06 0.34 +0.06
Hell,p, /HpB 0.25 £ 0.05 0.25 +0.05

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Table 3.6: Diagnostic ratios of Mrk 110.

Diagnostic ratio BLUE BC VBC Total
(1) (2) (3) (4) (5)
SiIlV+O01V]/CIV 0.13 +0.02 0.10 £+ 0.02
SiIlV+OIV]/Hell 1.71 £ 0.48 1.61 +0.46
CIV/Hell 13.39 £ 3.37 15.76 £ 4.07
CIV/HB 37.71 £4.98 44.56 £ 5.81
AlIIT/CIV
AIIIT/SiII])
SilII)/CIII]
CIII]/CIV
FeH/HB 0.20 +£0.04 0.19 £0.04
Hell,,./HfS 0.16 + 0.03 0.16 = 0.03

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.
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Table 3.7: Diagnostic ratios of Mrk 509.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()

SilV4+OIV]/CIV  0.95+0.59 0.174+0.03 0.19 +0.03
SiIV4+OIV]/Hell 0.64+£0.35 1.70 £0.54 1.424+0.39
CIV/Hell 0.68£0.42 10.16 +£2.93 7.65+1.91
CIV/Hp 5.05 £ 0.69 5.17+£0.71
AlIII/CIV 0.04 £0.02 0.04 £0.02
AIITI/SilIT] 1.08 0.73 1.08 £0.73
Silll]/CIII] 0.19 £0.10 0.19 £0.10
CIII]/CIV 0.21 £0.04 0.20 £ 0.04
Fell/HS 0.02 £0.02 0.02 £ 0.02
Hello: /HpB 0.24 £ 0.06 0.24 +0.06

47

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic

ratio for the components combined, with associated errors.

Table 3.8: Diagnostic ratios of Mrk 478.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()

SIIV+OIV]/CIV  0.03+£0.11 0.66+0.17 .. 053+0.13
SiIV4+OIV]/Hell  0.06 +0.18 5.31 +2.18 242+ 0.74
CIV/Hell 1.71+0.42 8.04 £2.94 4.57 £1.06
CIV/Hp 34.58+9.93 5.21+0.75 6.32 +£0.83
AlII/CIV 0.13 +0.04 0.10 +0.03
AIITI/SilIT] 0.52 £0.16 0.52 +0.16
Silll]/CIII] 0.56 £0.13 0.56 £ 0.13
CIII]/CIV 0.45 £+ 0.09 0.36 £0.07
Fell/Hp 1.08 £0.11 1.04 +£0.10
Hell,p /HS 0.03 £0.01 0.03 +£0.01

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic

ratio for the components combined, with associated errors.

3.2 Estimation of metallicity

The metallicity is determined using a SuperMongo code (P. Marziani, private communi-
cation) that calculates the x? using the diagnostic ratios obtained earlier for individual
objects. For each object k and each component ¢, the x? is computed with respect to the
results of the CLOUDY simulations (expressed with the subscript “mod”) as a function of
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Table 3.9: Diagnostic ratios of Ark 564.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()

SilV4+OIV]/CIV  0.39 £0.46 0.28 £+ 0.07 0.29 £ 0.08
SiIV4+OIV]/Hell 0.27£0.30 0.82+0.25 0.70 £0.23
CIV/Hell 0.70 £0.66 2.91£0.74 2.40 £0.63
CIV/Hp 9.42 £ 1.86 10.10 +2.03
AlII/CIV 0.04 £0.02 0.03 £0.02
AIITI/SilIT] 0.40 + 0.23 0.40 + 0.23
Silll]/CIII] 0.16 £0.05 0.16 +0.05
CIII]/CIV 0.57 £0.10 0.53 +£0.09
Fell/HS 0.67 £0.22 0.67 £0.22
Hello: /HpB 0.28 £0.11 . 0.28 £0.11

Note. (1) Diagnostic ratios used for the estimation of physu:al parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Table 3.10: Diagnostic ratios of Ton 28.

Diagnostic ratio BLUE BC VBC Total
(1) 2) 3) 4 )
SiIlV+OIV]/CIV  0.314+0.22  0.90 £0.72 0.62 +0.39
SiIV4+OIV]/Hell 0.99 +£0.96 5.47+10.15 2.62+2.45
CIV/Hell 3.18 £2.52 6.08 £10.72 4.23 + 3.37
CIV/Hg 1.80 £0.75 3.45+1.08
AlIII/CIV 0.61 +0.44 0.32+0.21
AIIIT/SilI]] 1.59 +1.69 1.59 +£1.69
Silll]/CIII] 1.66 +2.22 1.66 £+ 2.22
CIII)/CIV 0.23 £0.25 0.12+0.13
Fell/Hf 1.04 +0.18 1.04 £0.18
Hell,,/HfB

Note. (1) Diagnostic ratios used for the estimation of physmal parameters (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

U, ng and Z. This involves summing over the available diagnostic ratios, as expressed
by the equation:

chi - chi mod (nH U7 Z) ?
2 — d .
X2 (nu, U, Z) = Ei Wej ( S . (3.3)
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Table 3.11: Diagnostic ratios of I Zw 1.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()
Silv4+O0OIV]/CIV  0.11 £0.03 0.71+£0.13 0.35 £ 0.05
SilV4+OIV]/Hell 0.53+0.17 3.36 +1.12 1.72+0.42
CIV /Hell 501 +£1.30 4.73+£1.63 4.89 +£1.16
CIV/Hp 719+£1.29 3.17+£0.60 4.74 £ 0.64
AIIIT/CIV 0.22 £ 0.06 0.09 £ 0.02
AITTI/SillT) 0.61 £0.17 0.61 +0.17
Silll]/CIII] 1.174+0.32 1.17+0.32
CIII]/CIV 0.32 £0.08 0.13£0.03
Fell/Hp 2.85+£0.42 1.74+£0.23
Hell,p, /HpB o

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Table 3.12: Diagnostic ratios of LB 2522.

Diagnostic ratio BLUE BC VBC Total
(1) (2) (3) (4) (5)
SiIV+OIV]/CIV  0.73+0.45 1.78 £2.40 1.05 £ 0.59
SilV+OIV]/Hell 2.73+£3.29 4.91+15.08 3.54 4+ 3.97
CIV /Hell 3.76 =4.47 2.75+8.79 3.38 + 3.76
CIV/Hp 2.48 + 2.87 8.18 + 3.63
AlTII/CIV 0.69 +1.27 0.21 +0.31
AIITI/Sill]) 4.59 4 32.04 4.59 + 32.04
SiIlIl]/CIII] 0.15 4+ 1.06 0.15 4+ 1.06
CIII]/CIV 0.98 +1.53 0.30 +0.34
Fell/Hp 1.30 £ 0.32 1.30 £ 0.32
Hell,,,/HfS

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Here, we; represents weights assigned to each diagnostic ratio to account for their impor-
tance and the degree of uncertainty in the computation. All weights in this computation
have been set to 1. Ry identifies the diagnostic ratio considered for the object and
component and d Ry identifies the error associated to each component.

The inclusion of more diagnostic ratios in the computation improves accuracy by increas-
ing the number of degrees of freedom in the system. However, not all objects have the
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Table 3.13: Diagnostic ratios of LEDA 51016.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()
SilV4+OIV]/CIV ~ 0.23+0.09  0.68 +£0.13 0.57+£0.10
SilV4+OIV]/Hell 0.594+0.27  7.17+4.30 3.36 £ 1.00
CIV /Hell 2.58 £0.87 10.50 £6.37 592+ 1.78
CIV/Hp 16.84 +£4.27  7.45+£1.55 8.67£1.57
AlIIT/CIV 0.07 £0.03 0.05 £ 0.02
AIITI/SilIT) 0.41 +0.21 0.41 +0.21
SillI]/CIII] 0.51£0.16 0.51+£0.16
CIII]/CIV 0.33 £0.08 0.25 +0.06
Fell/Hp 1.124+0.19 0.97 £0.16
Hellop: /HfB

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Table 3.14: Diagnostic ratios of PHL 1092.

Diagnostic ratio BLUE BC VBC Total
(1) (2) 3) (4) ()
SilV4+OIV]/CIV  1.094+0.29  1.47+1.07 1.15£0.30
SiIV+OIV]/Hell 8.96 £6.13 13.60 £ 54.11 9.67 +6.95
CIV /Hell 8.26 £5.56  9.27 4+ 36.94 8.41 +£6.00
CIV/Hp 9.10+£3.27 0.32£0.19 1.65 £ 0.43
AIIII/CIV 0.17+0.08  2.06 +1.43 0.48 +£0.19
AIITI/SilI]) 0.96 +£0.56  0.99 £+ 0.60 0.98 £0.48
SiIlIl] /CIII] 1.244+0.76 7.84 +£24.72 3.04 +£2.03
CIII]/CIV 0.14+0.07 0.27+0.84 0.16 £ 0.10
Fell/HpB 2.07+0.49 1.76 £ 0.39
Hell,, /HpB .

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

same number of measured line intensities and diagnostic ratios, either because they are
not present or because their intensity measurements are highly uncertain. This is partic-
ularly true for the CIV/H ratio, which is uncertain due to the non-contemporary nature
of our spectra. To address this, the CIV/HS ratio was considered for the estimation of
metallicity only when the intrinsic variability of the objects was deemed negligible, and
it could be affirmed that the intensity of CIV and HS did not suffer contaminations from
other line components.
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Table 3.15: Diagnostic ratios of Fairall 9.

Diagnostic ratio BLUE BC VBC Total
(1) (2) (3) (4) ()
SiIlV4+OIV]/CIV ~ 0.24 +0.07 0.15+0.02 0.174+0.03 0.19+0.03
SilV4+OIV]/Hell 7.344+16.69 2.11+0.75 3.06+2.15 2.74+£0.98
CIV /Hell 30.55 £69.31 13.69+4.80 13.92+9.73 14.57+£5.11
CIV/Hg 1260+ 1.71 7.414+£1.79 10.74+1.64
AlIIT/CIV 0.07 £0.02 0.03 £0.01
AIITI/SilIT) 0.38 £0.15 0.38+0.15
SillI]/CIII] 0.92 £0.23 0.66 £ 0.17
CIII]/CIV 0.19+£0.03 0.10+£0.04 0.14+0.03
Fell/HpB 0.98 £0.17 0.43 +£0.08
Hellop: /HfB
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Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Table 3.16: Diagnostic ratios of Ark 120.

Diagnostic ratio BLUE BC VBC Total
(1) (2) (3) (4) (5)

SilV4+OIV]/CIV  0.15+0.08 0.35+0.07 0.50+0.20 0.32+0.07
SiIV+4-OIV]/Hell 5.87+213 1.254+0.58 2.88+£0.87
CIV/Hell 16.66 £5.41 2.50£0.77 9.00 £ 2.17
CIV/Hp 575+£0.82 2244020 1.01£0.19 211+0.21
AlIIT/CIV 0.05 + 0.02 0.02 £0.01
AIIII/SilI]) 0.29+0.14 0.29 +0.14
SiIII]/CIII] 0.87+0.23 0.52+0.14
CIILI]/CIV 0.18£0.03 0.30+£0.10 0.15£0.03
Fell/HS 1.04 £0.10 0.49 £ 0.04
Hell,,./Hf 0.16 £ 0.04 0.07£0.02

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

The computation is carried out for the BC of all objects in the sample, for the VBC
of Population B quasars, and for the BLUE of PHL 1092 alone among xA Quasars.
Indeed PHL 1092, being the most extreme xA Quasar in the sample, displays blueshifted
components in its lines that allowed for more effective intensity measurement compared
to other xA Quasars, thereby increasing the number of diagnostic ratios available for the

estimation of metallicity in the BLUE.
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Table 3.17: Diagnostic ratios of NGC 3783.

Diagnostic ratio BLUE BC VBC Total
(1) (2) (3) (4) ()

SiIlV4+-01V]/CIV 0.17 £ 0.06 0.12 +0.02 0.06 £+ 0.02 0.11 +0.02
SilV4+OIV]/Hell = 4.72 +5.02 1.2840.34 0.25+0.09 0.64+£0.18
CIV /Hell 27.09 £27.43 10.99+2.51 2.80+£0.83 5.60+1.28
CIV/Hp 7.64+£068 11.74+3.02 10.32+1.33
AlIIT/CIV 0.06 £ 0.02 0.03 £0.01
AIITI/SilIT) 0.75 + 0.30 0.75+0.30
SillI]/CIII] 0.57£0.18 0.30 +£0.10
CIII]/CIV 0.13+£0.02 0.124+0.04 0.13+0.03
Fell/HpB 0.29 £ 0.05 0.20 £ 0.04
Hellop: /HfB 0.44+£0.14 0.144+0.04

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

Table 3.18: Diagnostic ratios of TXS 0042+101.

Diagnostic ratio BLUE BC VBC Total
(1) (2) (3) (4) (5)
SilV+OIV]/CIV  0.124+0.22 0.18£0.09 0.19+0.18 0.13+0.07
SiIV+4O1V]/Hell 2.29 +2.07 0.46 +=0.51 0.84+0.61
CIV/Hell 12.56 £9.78 4.40+2.63 6.314+3.16
CIV/HB 6.0l £2.24 3.75£1.89 4.764+1.80
AllIT/CIV 0.11 + 0.06 0.04 +0.02
AIITT/SiIII) 0.90 + 0.66 0.90 £+ 0.66
SiIII]/CIII] 0.43 £0.24 0.20 +0.12
CIII]/CIV 0.29+0.09 0.32+0.17 0.20=£0.07
Fell/Hp 0.16 +£0.24 0.04 £ 0.06
Hell,,./Hj

Note. (1) Diagnostic ratios used for the estimation of physical parameters. (2) Diag-
nostic ratio for the BLUE, with associated errors. (3) Diagnostic ratio for the BC, with
associated errors. (4) Diagnostic ratio for the VBC, with associated errors. (5) Diagnostic
ratio for the components combined, with associated errors.

The results of the computation for each object are shown in Table [3.19] displaying the
metallicity, density and ionization parameter associated with the minimum x?2, along with
the parameter ranges within which it varies with 1o accuracy.
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The computed metallicity varies widely among the objects of the sample, spanning from
0.5 Zg for TXS 00424101 to 50 Z associated to the minimum y? of the BC of PHL
1092. Remarkably, these two objects are located at opposite ends of the MS, suggesting to
the possibility of a gradient of metallicity along the Quasar MS: RL Population B objects
with the lowest metallicity, and extreme-accreting Quasars exhibiting the highest.

Two-dimensional projections of the nyg - U, ng - Z and U - Z planes are illustrated in
Figures from [3.1] to [3:14]

From the 2D projections and the minimum x? values presented in Table it is evident
that while the results for the physical parameters are well determined for some objects,
for others they are not. The primary reason for this lies in the uncertainties tied to the
measurement of the line intensities, as discussed before for the case of CIV/H/3. However,
this uncertainty extends to other lines as well.

Spectral type Al and A2 objects exhibit solar metallicities, compatible with their weak
AIIIT and Fell emissions. At lo accuracy, the metallicity of most Population A objects
is well constrained, with the exception of Mrk 110, I Zw 1 and PHL 1092.

Mrk 110 is poorly constrained due to the absence of its CIII| spectrum, depriving us
of important diagnostic ratios such as CIII]/CIV, Silll]/CIII] and AIIII/SiIIl], crucial
for metallicity and density determinations. Nevertheless, the metallicity and physical
parameters obtained for Mrk 110, coupled with its spectral similarity to Mrk 335, show
that the two objects position themselves in a similar manner in the parameter space, both
showing solar metallicity.

Uncertainties in the measurement of the intensity of CIII] are likely the reason for the
completely unconstrained metallicity of I Zw 1, too. The CIII] emission of I Zw 1 is
affected by a strong absorption feature, making it challenging to precisely determine
the line’s intensity. Moreover, CIII], especially in the case of xA Quasars, blends with
the FellI]A1914 feature, further complicating the precise determination of the intensity of
CIII]. Such a high CIII]/CIV ratio is not compatible with the photoionization simulations
at present, imposing density conditions that are non-physical, and rendering almost any
value of Z and U feasible.

PHL 1092 encounters a similar challenge, coupled with the fact that its CIV emission is
affected by absorption, and the differentiation between the BLUE and the BC of lines
is not clear-cut. This results in large errors in the measurement, amplifying the degree
of uncertainty in the physical parameters following the computation. Consequently, the
metallicity of the BC of PHL 1092 is unconstrained. Conversely, the physical parameters
associated to the BLUE are well-constrained, displaying a very low x?2, resulting in a
narrow range of variability at 1o. The results for the BLUE are consistent with a region
characterized by outflows and with similar metallicity to that of the BC.

Other objects show a growing trend in metallicity along the MS, with RL Population B
objects exhibiting sub-solar metallicity, and extreme-accreting objects displaying super-
solar metallicity. The sole exception to this trend is Ark 120. Ark 120, as previously
discussed in Section [2.1} is a peculiar object with interesting properties, including the
double peak of the HS emission. The metallicity associated with its BC is relatively
constrained, reaching solar values. This aligns with its measured diagnostic ratios, as
its strong Fell emission is peculiar for a Population B object. However, such intense
Fell emission can only be linked with higher metallicity than the usual for Population
B objects. Due to the limited number of diagnostic ratios associated with the VBC, the
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VBC of Ark 120 occupies a large portion of the parameter space. Although unconstrained,
the metallicity values obtained for the VBC are compatible with those for the BC, even
though its ionization parameter is anomalous. Indeed, the VBC, closer to the black hole,
should have much higher values of the ionization parameter U. This aspect requires
further investigation, potentially using more diagnostic ratios or excluding some that
might have been inaccurately measured.

Fairall 9, NGC 3783 and TXS 00424101 exhibit lower metallicities, albeit with significant
variations. Indeed, as we said before, there are substantial uncertainties in the measure-
ment of the line intensities, particularly for TXS 0042+101, due to the low quality of the
optical spectrum. The metallicity of the VBC is compatible with the metallicity found in
the BC of these objects; however, no further assumptions could be made regarding the
other physical parameters due to the low number of diagnostic ratios involved.

Mrk 335 ny U Plane Mrk 335 ny Z Plane Mrk 335 U Z Plane

AR
AN (Il

9 10 1 12 13 14 8 9 10 11 12 13 14 -4 -3 -2 -1 0
logny [em=2] log ny [em=] logU

1092 [Z4]
logZ[Zo]

°

Figure 3.1: Two-dimensional parameter spaces illustrating the physical conditions of the
gas surrounding Mrk 335. Each plot represents the BC with a green dot indicating the
minimum x? computed between measured diagnostic ratios and CLOUDY simulations. The
darker green region corresponds to 1o accuracy, while a lighter green shade indicates the
90% accuracy. Blue and red dots and shades represent the minimum x? and associated
regions for the BLUE and VBC, respectively. Left: Logarithmic plane of density and
ionization parameter. Middle: Logarithmic plane of density and metallicity. Right: Log-
arithmic plane of ionization parameter and metallicity.
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Figure 3.2: Same as in Figure but for Mrk 110.
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Figure 3.3: Same as in Figure but for Mrk 509.
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Figure 3.4: Same as in Figure , but for Mrk 478.
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Figure 3.5: Same as in Figure [3.1] but for Ark 564.

3.3 Inferences on physical parameters

The physical parameters U and ny are typically more constrained than metallicity because
of our choice of diagnostic ratios, sensitive to density and ionization parameter.

However, in general, the objects that have a well-constrained metallicity follow in the
trend of having well-constrained physical parameters. This is indeed because the deter-
mination of the physical conditions relies on precise measurements of the line intensities,
and if a diagnostic ratio is not compatible with the others, the results require extreme
physical conditions that may not be compatible with appropriate values of metallicity
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Figure 3.7: Same as in Figure but for I Zw 1.
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Figure 3.8: Same as in Figure but for LB 2522.

and physical parameters.
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As mentioned before, even though the properties of the VBC are not very well constrained
for Population B Quasars, the case of NGC 3783 is of note. Indeed, the VBC is well-
constrained, and in particular the ionization parameter, that is higher with respect to
the one associated with the BC. In general, it is expected that the VBC of Population B
objects, being in closer proximity to the ionizing source, would exhibit higher degrees of
ionization, while the BLUE, situated further away from the ionizing source, is expected
to be coupled with a lower ionization degree.
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Figure 3.9: Same as in Figure[3.1] but for LEDA 51016.
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Figure 3.10: Same as in Figure , but for PHL 1092.
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Figure 3.11: Same as in Figure but for Fairall 9.

3.4 Chemical enrichment along the Eigenvector 1

In Figure the position of the objects of our sample in the Eigenvector 1 parameter
space is displayed, with the size of the markers displaying the minimum x? metallicity of
the objects. From this figure it is indeed clear that the metallicity is sub-solar for two of
the Population B objects, is solar for spectral type Al and A2 objects, and is super-solar
for extreme-accretors, reaching extreme values up to 50 Z.

Correlations among physical parameters provide valuable insights into the relationships
between different physical processes. The plots in Figure [3.16| employ linear regression to
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Figure 3.12: Same as in Figure but for Ark 120.
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Figure 3.13: Same as in Figure , but for NGC 3783.
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Figure 3.14: Same as in Figure but for TXS 0042+101.

study the correlations among Ry, log Z, log L/ Lgaq, log Mpn and log Lyo. The slopes
of the linear regression lines are computed using the Fortran code described in [Feigelson]
(1992). In Table are described the results of these correlations, as well as

their statistical significance.

Notably, Rrerr exhibits a robust correlation with metallicity. This correlation is expected,
given that the Fell/HS diagnostic ratio, used in determining the physical properties of
the BLR gas, introduces a dependency between these parameters. To address potential
bias, further investigation could involve examining changes in metallicity without consid-
ering this diagnostic ratio. Nevertheless, this result underscores the fact that the Quasar
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Figure 3.15: 4DE1 parameter space representation of our sample. Every object is placed
according to its Rper and FWHM(HS). The size of each marker is proportional to the
metallicity Z of the object it represents associated to the minimum y? of our results.
Objects with sub-solar metallicity are marked in red, objects with solar metallicity in
blue, objects with metallicity 17, < Z < 10Z; are marked in gold, and objects with

metallicity greater than 10 Z are marked in green.

MS is a powerful tool capable of distinguishing various objects with diverse underlying

characteristics using just two simple parameters.

Additionally, Rper1 demonstrates a significant correlation with the logarithm of the Ed-
dington ratio, supporting the hypothesis that extreme accretors are associated with higher
Rrperr- Despite only one xA object in the sample being assumed to be Super-Eddington,
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the trend is apparent, with xA objects consistently showing a larger Eddington ratio.
Once again, this result confirms the solidity of the Quasar MS, confirming the presence
of these correlations observed in several other samples of Quasars.

The log L/ Lgq4q is also found to correlate with log Z, emphasizing the fact that extreme-
accretors are characterized by the highest metallicities in the sample.

The logarithm of the bolometric luminosity log Ly is found to correlate, albeit less
strongly than the previously discussed parameters, with Rperr and log Z. This weaker
correlation evidences the fact that the bolometric luminosity is not a suitable parameter
for estimating the metallicity in the surrounding regions of an AGN, as metallicity is more
affected by accretion parameters.

Interestingly, black hole mass and metallicity are found to not correlate. Indeed, the
objects span a wide range of masses, and their spectral types do not exhibit a clear
trend in these correlations. This complexity highlights the diversity among objects in the
sample and underscores the secondary role of the SMBH mass in defining the environ-
ment surrounding the black hole, with this role being relegated to the influence of stellar
populations.

In summary, the first three correlations presented in Table[3.20]are very strong, reaching a
significance exceeding 30 with a sample size of just 14 objects. This indicates a robust and
generally strong correlation. In contrast, the other correlations are found to be weaker,
notably with the log Mpy - log Z correlation falling below the 1o confidence level.

Table 3.20: Parameter correlation

Correlation Correlation coefficient  Significance
(1) 2) (3)

Rrer1 - log Z 0.86 0.001
RFCII - log L/LEdd 0.65 0.015
log L/Lgaq - log Z 0.62 0.020
log My - log Z —0.08 0.766
log Ly - log Z 0.43 0.107
RFeII - log Lbol 0.54 0.043

Note. (1) Parameters between which the linear correlation is verified. (2) Correlation co-
efficient c¢o,r between the two parameters, obtained using the Fortran program described
in [Feigelson & Babul (1992). (3) Statistical significance defined as the complementary er-

ror function erfe(x) = % s e~ dt from [Press ct al. (1986), where z is defined as

T = 1/%|cwrr| with N as the number of objects
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Figure 3.16: Plots describing the correlations of physical parameters in the selected sam-
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Chapter 4

Discussions

In this chapter the results of our measurements are discussed, contextualizing them with
related studies. In Section are evidenced the properties of the metal poor gas that
characterizes the BLR of Population B objects. Section delves into the presence of
highly enriched gas in the BLR of xA Quasars. Section examines the implications of
our findings on feedback and galaxy evolution.

4.1 Metal poor BLR gas

Setting aside the peculiar case of Ark 120, the metallicity derived for the virialized com-
ponent of Population B Quasars in the sample goes from 0.5 Z to approximately solar
metallicity. Population A Quasars which do not belong to the extreme-accreting class
follow with about 1 Zg.

These findings are consistent with results obtained in previous studies, including [Punsly
et al| (2018), [Panda et al| (2019) and Marziani, Floris et al., (2023, submitted), for
both individual objects and composite spectra representing different RL and RQ AGNs
(Marziani et al., 2022).

Another notable distinction observed among these objects is the one between RL and
RQ objects. Indeed, as it is shown, powerful Population B radio emitters also exhibit
systematically lower metallicities with respect to their RQ counterparts. This was verified
both in our sample, with TXS 00424101 being the object with the lowest estimated
metallicity of the sample, and in NGC 1275 in |Punsly et al.| (2018) and Marziani, Floris
et al., (2023, submitted).

The gas present in the BLR of RL objects is found to be less enriched than the gas in the
BLR of RQ Population B objects. It is noteworthy that both RL and RQ objects exhibit
lower metallicity compared to xA objects.

4.2 Highly super-solar metallicity in xA Quasars

The derived Z values for the virialized component of xA Quasars of the sample indicate
metallicities 10 to 50 times higher than solar values. These findings align with results

63



64 CHAPTER 4. DISCUSSIONS

from previous studies on other samples of extreme-accreting Quasars, such as those by
Sniegowska et al.|(2021) and |Garnica et al.| (2022)). The consistency in results can be at-
tributed not only to the similarity in techniques but also to the similar samples employed.

Despite the astrophysical consistency and the robustness of the employed technique, it
is essential to acknowledge the fact that these metallicity values are extreme. Notably,
the highest metallicity ever measured in a star-forming molecular cloud was around 5 Zg
(Maiolino & Mannuccil [2019). Although the values for xA Quasars are extreme, they are
in line with estimates for high-redshift Quasars in previous studies (Nagao et al., 2006}
Shin et al.||2013; | Xu et al.L|2018]). However, these prior studies report lower metallicity and
lower line intensities of AlIII, aligning with the expectation of lower metallicity compared
to our sample.

It is crucial to emphasize, however, that the accretion disks of AGNs do not resemble
typical molecular clouds or normal interstellar environments. The passage of stars in
the vicinity of the disk generates Accretion Modified Stars (AMS), objects that accrete
material from the disk of the SMBH at high rates. Thanks to this rapid accretion they
eventually reach high masses and explode as core collapse supernovae (Cheng & Wang,
1999; |(Collin & Zahn| [1999; [Wang et al., 2023b). This process could give rise to a cascade
of supernovae from the compact remnants of these events that would continue accret-
ing material from the accretion disk (Lin, [1997)). Stars that reach masses as high as
M Z 100 Mg undergo core collapse and enrich the disk with heavy elements through
the high metal content of their supernova ejecta (Cantiello et all |2021)). The metallicity
produced from such a mechanism would possibly reach the most extreme predicted values
of approximately 50 Zg.

While it may seem impossible to measure metallicities of stars in galaxies greater than
2 Zg, the results obtained in this thesis are specific to the metallicity of the BLR of
Quasars, not their host galaxies. Moreover, the measurements of different metallicities
for BC and BLUE in PHL 1092 suggests that selective enrichment of different components
is theoretically possible. Radiation-driven winds, accelerated via resonant scattering of
metal lines (Proga et al., [2000; |Giustini & Proga, 2019)), and interactions of compact
objects crossing the disk and the disk itself (Wang et al., 2011)) are likely mechanisms
for this enrichment. Star formation associated to a similar mechanism can give rise to
metallicity gradients in BLRs, with the innermost regions being the most metallic, where
radiation-driven winds are expected to develop.

Certainly, the connection between metallicity and infrared excess (due to the heating
of dust) in the photometry of extreme-accreting objects is a logical and well-supported
proposition. The elevated metallicity observed in these objects is a consequence of intense
star formation and evolution occurring in proximity to or within the accretion disk. As a
result, extreme-accreting objects often exhibit strong episodes of star formation, and this
is manifested in the form of infrared excess in their spectra.

Studies, such as those by [Caccianiga et al.| (2015) and |Wang et al.| (2023b)), have provided
evidence supporting this correlation. Therefore, the concurrent detection of metals and
an infrared excess in the spectra of these objects not only substantiates their extreme-
accreting nature but also offers insights into the intricate interplay between accretion
processes, star formation, and metal enrichment in the vicinity of the accretion disk.
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4.3 Implications for feedback and galaxy evolution

Figure offers a comprehensive visualization of the 3D parameter space, highlighting
the logarithms of U, ny, and Z for the two most extreme objects in the sample: TXS
00424101 representing Population B, and PHL 1092 representing extreme Population A
objects. This representation provides a broader perspective on the relationship between
Z and variations in U and ng.

TXS 0042+101 PHL 1092

logZ[z,]

Figure 4.1: 3D plots describing the parameter space of logU, logny and log Z. Each
point in the 3D space corresponds to parameters derived from simulations within the 1o
accuracy range relative to the minimum x? between measurements and photoionization
simulations. Contours in each plane outline the associated 2D parameter ranges with 1o
accuracy. Left: 3D parameter space associated to the extreme Population B object TXS
0042+101. Right: 3D parameter space associated to the xA object PHL 1092.

The sketch in Figure[4.2]outlines a global evolutionary scenario for AGNs along the Quasar
MS. On the right of the MS we encounter low-mass, high Eddington-ratio sources. These
objects accrete at a high rate, possibly as a result of mergers or star formation, leading
to the manifestation of an infrared excess. In the initial phases of AGN development,
events like mergers and strong interactions result in the accumulation of gas in the central
regions of the galaxy, triggering a burst of star formation (Sanders et al.,|{1988)). Mass loss
from stellar winds and supernovae subsequently provides accretion fuel for the SMBH.
Radiation force and mechanical energy then clear away the dust surrounding the black
hole, releasing radiative and mechanical energy into the Interstellar Medium (ISM) of the
host galaxy (Fabian| 2012).

At high accretion rates, a nuclear starburst can occur in the region where the disk be-
comes self-gravitating (Collin & Zahn| [1999). The exceptionally high metallicity values
calculated for the BLR in these objects, as discussed in Section [£:2] may be attributed to
the formation of AMS. After accreting sufficient mass, these stars explode as core-collapse
supernovae, chemically enriching the material in the disk.

At the other end of the MS we find very massive SMBHs, radiating at low Eddington
ratios, and approaching conditions of “starvation”, indicating the depletion of their ac-
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Figure 4.2: Sketch depicting the evolutionary interpretation of the Quasar MS. The inset
on the right shows a possible evolutionary path leading to highly accreting quasar showing
evidence of high metal enrichment in the BLR. Figure taken from Marziani P., Floris A.
et al., 2023 (submitted).

creting gas reservoir. In these RL objects, accretion material comes from evolved star
winds that are able to sustain modeled accretion rates (Padovani & Matteucci, [1993)).

At this point, if we accept an evolutionary interpretation of the MS, with Population B
AGNs being old and metal poor and xA Quasars being young and very metallic, two
questions arise:

e Can more metallic gas become less metallic over time?

e If the answer to the previous question is yes, then how?

The answer to these questions was discussed in [Fraix-Burnet et al.|(2017), and indeed the
results obtained in the mentioned article imply that we are looking at two different stages
of the same phenomenon. Population A Quasars are likely a brief phase in the evolution of
an AGN, typically following intense starbursts or mergers. These events that chemically
enrich the gas in circumnuclear regions typically last a few million years, and extreme
metallicities can be produced even by few objects in the adjacent regions. Then, for a few
million years, the metallicity decreases as it is processed by stars in the circumnuclear
regions. A cascade process enriches the surrounding regions, until the presence of metals
becomes negligible, being diluted throughout the galaxy and the intergalactic medium.
After this process ends, what remains is an AGN with a metal-poor BLR, resembling a
Population B Quasar.

To sum up, the results of this work and recent developments (Marziani et al., |2022])
suggest different evolutionary paths and environments for Population A and Population
B Quasars. Indeed, estimations of metallicity for Population B Quasars point towards
solar or sub-solar metallicities. At the other extreme, extreme Population A Quasars
appear to be in highly star forming hosts, very metal rich, and likely chemically enriched
by circumnuclear starbursts or nuclear AMS (D’Onofrio & Marziani, [2018; [Wang et al.|

2023D).




Chapter 5

Conclusions and future work

In this chapter the conclusions of this thesis work are reported. In Section [5.1]the conclu-
sions from this work are drawn. In Section further improvements that can be brought
to the employed techniques are explored, and future projects are described.

5.1 Conclusions

In this thesis, we investigated a sample of 14 Quasars along the Quasar MS. Employing
a multi-component fitting technique, we analyzed the UV and optical spectra of these
Quasars. The analysis was aided by the use of diagnostic ratios, along with appropriate
CLOUDY photoionization simulations.

A significant achievement was the determination of a discernible trend in metallicity
along the Quasar MS. This finding underscores the intrinsic differences among various
Quasar populations, as revealed by their distinct spectral features. Moreover, the visual
representation of the sample in Figure [3.15] supports the distinct nature of the objects,
highlighting the extreme values of metallicity reached for several objects.

The exploration of this trend supports systematic differences in metallicity between the
following populations of Quasars:

e Extreme Population A: younger and more metal rich objects, with metallicity
up to values of Z ~ 50Z,.

e Population A: intermediate objects, metal rich or with solar metallicity depending
on the spectral type.

e Population B: older objects, with large SMBHs and starved of gas, exhibiting
sub-solar metallicties of the order of 0.5Z, or lower.

Several correlations have been found in the sample, with the logarithm of the metallicity
correlating strongly with the parameter Rper; and the logarithm of the Eddington ratio. It
is not trivial that we found a robust correlation between these parameters. They provide
additional support to the interpretation of the Quasar MS as driven by the Eddington
ratio.
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Further correlations, as detailed in Section [3.4] underscore the strict connection that lies
between accretion parameters and the Quasar MS. The metallicity correlations emphasize
the necessity to disentangle the properties of the BLR of Quasars, the possibility of star
formation in their proximity, and the impact of feedback on the ISM.

5.2

Future work

In future studies, refining the methodologies employed in this work can lead to more
accurate and robust results by revisiting certain approximations. Several aspects warrant
attention:

Relaxing the Approximation of the Single Cloud Model. The “single cloud
model” used in CLOUDY simulations simplifies the treatment of phenomena in the
turbulent environment surrounding a SMBH. In reality, clumps of gas and dust
may be more prevalent. Future improvements can involve moving away from the
single cloud approximation to better capture the complexities of the surrounding
environment.

VBC and BC distinction in Population B Quasars. The distinction be-
tween VBC and BC in Population B Quasars is a simplification used in the multi-
component fitting procedure, as we mentioned in Section [1.3.4f However, these
distinctions may not exist, and the observed components might be manifestations
of ionization stratification, that is instead gradual. Future work could involve refin-
ing the multi-component fitting technique and reconsidering the interpretation of
physical conditions in the BC for Population B objects.

Fell emission. The Fell emission might originate from the VBC and the BLUE.
Determining an upper limit for Fell emission from these components and enhancing
existing Fell templates can contribute to a more robust interpretation, providing ad-
ditional diagnostic ratios for each of these components and more precise constraints
on physical parameters.

Effects of Supernovae on specific chemical abundances. The Z values ob-
tained for extreme accretors may be artificially inflated due to diagnostic ratios
connected to AlIIl, which could be influenced by supernova events. Even though
these values are likely to remain extreme, it is fundamental to verify to what extent
the presence of diagnostic ratios dependent on Aluminium abundance changes our
results.

Chemical abundance scaling. The AGN environment differs significantly from
that around a disk star like the Sun (Cantiello et al.,2021). Using metallicity values
scaled on solar chemical abundances may introduce biases. Future analyses should
consider more specific chemical abundances to address this issue.

Application to larger samples. Expanding the application of this methodology
to larger samples of Quasars in future studies can enhance the conclusiveness and
precision of results. Applying the technique to high-redshift Quasars could simplify
the analysis process by eliminating the need for space-based observations, as was
the case with the current sample.
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