ALMA MATER STUDIORUM - UNIVERSITA DI BOLOGNA

School of Science
Department of Physics and Astronomy
Master Degree Programme in Astrophysics and Cosmology

The coronal properties of Active Galactic
Nuclei at intermediate redshift:

results from the SUBWAYS sample

Presented by: Supervisor:
Sara Peluso Prof. Marcella Brusa

Co-supervisors:

Dr. Giorgio Lanzuisi
Dr. Andrea Comastri

Academic year 2023-2024
Graduation date: 27/03/2025



Abstract

Supermassive black holes (SMBHSs), with masses in the range 106 — 10'°M , are com-
monly found at the centers of galaxies. When active, they power Active Galactic Nuclei
(AGN), where accreting matter forms a disk emitting in the ultraviolet (UV) and a sur-
rounding corona producing X-ray emission via inverse Compton scattering.
This study investigates for the first time the coronal properties of a statistically rapresen-
tative sample of 23 luminous AGN observed in the SUBWAY'S campaign (SUpermassive
Black holes Winds in XrAYs), targeting quasars at redshifts 0:1 < z < 0:4 with bolo-
metric luminosities in the range 2 - 10* < Ly (erg=s) < 2 - 10%. High-quality X-ray
spectra from XMM-Newton, complemented by NUSTAR data extending up to 40-50 keV
rest-frame energy, allow for a detailed characterization of coronal parameters, includ-
ing high-energy cut-o [,_électron temperature and optical depth. The study of both the
soft and hard X-ray bands provides a comprehensive understanding of the regions near
SMBH. The soft X-ray band (0.3-2 keV) focuses on modeling the soft excess using a
warm corona model. A hot corona model is employed to describe the emission for the
hard X-ray band. The analysis reveals a median warm corona temperature of ~ 0:30
keV, consistent with literature values (0:1 — 1 keV) and an optically thick plasma with

~ 20 — 40. The hot corona exhibits a median high-energy cut-o [Caf ~ 60 keV, signif-
icantly lower than the 100 — 150 keV, typically found in local Seyferts, and an optical
depth of ~ 5 — 10, at odd with an optically thin plasma. These findings suggest that
more luminous AGN may host cooler and thicker coronae. Moreover, modeling of Comp-
tonization processes indicates a deviation from the standard E.; = (3 + 2)kT, relation,
instead favoring E¢ut = 4KT,.

These findings provide new insights into the physical conditions of AGN coronae,

advancing our understanding of their role in the co-evolution of SMBHs and their host
galaxies.
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Chapter 1

The fundamentals of Active Galactic
Nuclel

The Active Galactic Nuclei (AGN) represent a class of galaxies distinct from normal ones
due to the presence of a Supermassive Black Hole (SMBH) at their center, with masses
in the range Mgy = 10° — 101° M (Salpeter, 1964), actively accreting matter from the
surrounding environment. These galaxies are also characterized by their exceptionally
high bolometric luminosities, reaching up to Ly, ~ 10 erg/s, making them the most
powerful persistent astrophysical sources in the Universe (Fabian, 1999).

The discovery of AGN dates back to 1943, when the astrophysicist Carl Seyfert
(Seyfert, 1943) observed that the optical emission from the nuclei of certain galaxies
exhibited distinct characteristics. Specifically, some galaxies displayed broad emission
lines, while others were characterized by narrow emission lines. The origin of these dif-
ferences in nuclear emission remained unresolved at the time, and these objects—Iater
named Seyfert galaxies in honor of Carl Seyfert—were largely overlooked until the early
1950s. During this period, the first radio surveys of the sky led to the identification of
quasi-stellar objects (QSOs), commonly referred to as quasars (Schmidt, 1963). These
newly discovered astrophysical objects were found to share several properties with Seyfert
galaxies, establishing a conceptual link between the two classes and leading to the study
of AGN as a unified category of galaxies. Since their discovery, AGN have been classified
based on their spectral features (Osterbrock, 1984; Lawrence, 1987). All such galax-
ies exhibit common properties, such as a powerful nuclear emission concentrated within
their central ~ 100 pc, and nuclear variability over short time scales, suggesting the pres-
ence of a compact object. If its emission is powered by accretion, its estimated mass is
Mgn ~ 108M  (Woltjer, 1959; Hideyo Kunieda et al, 1990). These shared characteristics
led scientists to interpret the di [Lerknt spectral features observed in these galaxies (broad
and narrow emission lines) as a result of varying viewing angles, rather than di[lerknces
in intrinsic properties. This realization suggested that they represent the same under-
lying object seen from dilerknt perspectives, ultimately leading to the development of
the Unification Model of AGN (Urry & Padovani, 1995; Harrison, 2014; Padovani et al.,
2017). AGN emission spans the entire electromagnetic spectrum, from radio to gamma
rays. This emission exhibits a peak in the optical (OPT) and extreme ultraviolet (EUV)
bands and is consistently characterized by a prominent X-ray component, typically as-
sociated with the innermost regions near the SMBH.

Supermassive black holes are found at the centers of most galaxies (Richstone et al.,
1998), but they are actively accreting only in AGN. This observation led scientists to
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1.1. Schematic view of AGN: structure and material Chapter 1

consider AGN as a phase in the evolutionary cycle of galaxies, potentially marking the
transition from a star-forming galaxy to a passive one (Sanders et al., 1988; Hopkins &
Hernquist, 2006). Speci cally, it is hypothesized that the energy released by accretion
processes can quench star formation, reducing the amount of matter available to fall
under the gravitational in uence of the central SMBH and thereby limiting its growth.

As the accretion process ceases, the SMBH becomes inactive, and the galaxy transitions
into a passive state (Silk & Rees, 1998; Croton et al., 2006). There is also evidence of
correlations between the mass of the central SMBH and the properties of its host galaxy
(Magorrian et al., 1998; Ferrarese & Merritt, 2000). However, the impact of SMBH ac-
cretion feedback on the host galaxy remains a highly debated topic. This underscores
the importance of thoroughly examining the physical processes involved in accretion and
feedback mechanisms.

In the following sections, the classi cation and structure of AGN, as inferred from
observations across di erent regions of the electromagnetic spectrum, will be discussed in
detail (Sect. 1.1, Sect. 1.2, Sect. 1.3). Particular attention will then be given to a specic
AGN component the electron corona which can be e ectively studied using sensitive
X-ray observations (Sect. 1.4), forming the primary focus of this thesis (Sect. 1.5).

1.1 Schematic view of AGN: structure and material

The structure of an AGN can be divided into several components, organized from the in-
nermost regions outward to larger scales: the central Supermassive Black Hole (SMBH),
the Hot Corona and the Accretion Disk, the Broad Line Region (BLR), and the Dusty
Torus. All these components are under the gravitational in uence of the SMBH. At
larger scales, the Narrow Line Region (NLR) and the Jet can also be found.

1.1.1 Supermassive Black Hole

Black holes are singularities in spacetime, representing extremely dense concentrations of
matter compressed into in nitesimally small volumes (Fig. 1.1). Their gravitational pull

is so intense that at the event horizon the boundary surrounding the black hole nothing,

not even light, can escape (Schwarzschild, 1999). They are classi ed as compact objects,
where the compactness is de ned by their gravitational radiusy as:

GM

rg = 7 (11)
whereG = 6:67 10 8cm?/g s? is the gravitational constant, M is the object's massR
its radius, andc = 2:99 10'° cm/s is the speed of light (Shapiro & Teukolsky, 1983).
The Eq. 1.1 represents the radius at which the gravitational in uence of the object's
mass signi cantly a ects spacetime curvature. Unlike the surface of a planet or a star,
the event horizon is not a physical surface but a theoretical boundary that encloses the
singularity. For a non-rotating black hole, as described by the Schwarzschild solution,
the event horizon is determined by the Schwarzschild radiugk(), derived by equating
the gravitational escape velocity to the speed of light:

Rgzzi—';" =21, (1.2)
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Figure 1.1: Illustration of a black hole distorting spacetime, pulling it toward the singularity. The
ergosphere (dark green) is shown for rotating black holes, and the event horizon (orange) marks the
boundary beyond which nothing, not even light, can escape. Credit:

https://astronomysource.com/black-holes/

The fundamental properties of black holes can be summarized by their mass, radius,
and spin. The mass is crucial in de ning the compactness of the black hole, as shown
in Eq. 1.1. The spin is a dimensionless parameter that ranges froml to 1: itis O
for a non-rotating (Schwarzschild) black hole, -1 for a maximally rotating (Kerr) black
hole in retrograde rotation, and 1 for a maximally rotating Kerr black hole in prograde
rotation (Kerr & Wilson, 1979). The rotation is classi ed as prograde when the black
hole's spin aligns with the rotation of the surrounding matter, whereas it is retrograde
when the spin opposes this motion (Fig. 1.2). For rotating black holes (Kerr), the
ergosphere extends beyond the event horizon. In this region, the black hole's rotation
drags the surrounding spacetime, preventing any particle from remaining at rest relative
to a distant observer (Fig. 1.1). The nature of black holes remains not fully understood,
but observations con rm the existence of black holes across a wide range of masses.
Compact objects with masses arouni¥lgy 5 10M are classied as stellar-mass
black holes, originating from the nal collapse of stars with initial masses greater than
Mg 8 M (Oppenheimer & Snyder, 1982). On the other hand, black holes with
masses in the rang&gy 1P 10'°M are referred to as supermassive black holes
(SMBHS), typically located at the center of galaxies. Their origin remains debated,
though it is certainly linked to galaxy evolution (Thakur & Sapre, 1979). Lastly, compact
objects with masses between these two ranges are known as intermediate-mass black holes
(IMBHSs) (van der Marel, 2003; Coleman & Colbert, 2004). These are among the most
enigmatic objects, as there is limited observational evidence supporting their existence.
They are also considered potential precursors of SMBHs in the early Universe (Ebisuzaki
et al., 2001).
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Figure 1.2: From top to bottom: a maximally rotating black hole in retrograde rotation, a static
Schwarzschild black hole, and a maximally rotating black hole in prograde rotation. Credit: NASA.

Black holes are de ned by their intense gravitational potential, which facilitates the
formation of an accretion disk. This process occurs when matter from the interstellar
medium falls into the black hole's gravitational well. As it spirals inward, the matter
settles into nearly circular orbits, forming the accretion disk. A more detailed explanation
of this phenomenon is provided in the following section.

1.1.2 Accretion disk and Corona

The most widely accepted scenario for the accretion process describes matter being drawn
by the intense gravitational potential, causing it to spiral around the black hole while
losing angular momentum. During this process, the potential energy of the matter is
converted into kinetic energy, which is subsequently transformed into radiation due to
viscous forces, as described by Eq. 1.3

_ dU _ GMgn May w3

dt R

where G is the universal gravitational constant, Mgy is the black hole's massMgy
represents the accretion rate of matter into the black hole, anR is the distance from
the black hole where the emission occurs. As matter loses momentum and settles into
nearly circular orbits, it forms an equatorial accretion disk. The emission from this
disk is modeled as a multi-temperature blackbody function Eq. 1.4, with the spectrum
peaking at higher frequencies for orbits closer to the black hole (Fig. 1.3):

2h 3 1

BUT)= "o g=am 1

(1.4)
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In Eq. 1.4, h is Planck's constant f = 6:63 10 27 erg/s), is the radiation frequency,
c is the speed of light, andT is the absolute temperature of the emitting object. Once
matter reaches the innermost stable circular orbit (ISCO), it is accreted directly by the
black hole, contributing to its mass.

Figure 1.3: On the left, the accretion disk is composed of annular circular orbits, illustrated in
various colors to represent di erent temperatures. On the right, the corresponding spectral region is
shown, indicating the emission contributed by each circular orbit. Credit: Michael Richmond
(http://spiff.rit.edu/classes/phys372/lectures/agn_ii/fagn_ii.html )

The thermal emission peak of the accretion disk depends on the black hole's mass.
Equation 1.5 expresses the relation between the temperature peak of the material at the
ISCO as a function of the black hole mass:

1
Tmax | Mgt (1.5)

For AGN, this peak lies in the OPT-UV energy band. For lower-mass black holes, such
as those in X-ray binaries, the ISCO is closer to the black hole (in absolute terms),
resulting in peak emission in the soft X-ray band.

There is a limit to the accretion luminosity for a steady-state compact object, known
as the Eddington luminosity or Eddington limit (Eq. 1.6). It is found by imposing
equilibrium between the radiation force acting on electrons and the gravitational force
acting on protons:

_ 4Gcem M

T

M
Le 1:26 1038M— (erg=9 (1.6)
where 1 is the Thomson cross-sectiom, is the proton's mass, andM is the mass of
the object. The ratio between the bolometric luminosity and the Eddington luminosity
is called the Eddington ratio, expressed in Eq. 1.7:

L ol

L. : a.7)

This parameter is used to quantify how much the BH is accreting with respect to the
theoretical maximum in the accretion process. In the case of a black hole, the accretion
disk adopts di erent structures depending on how e ciently it converts kinetic energy
into radiation. A radiatively e cient disk is known as a Shakura-Sunyaev disk (Shakura

& Sunyaev, 1973), which is optically thick. This means that radiation frequently interacts
with the disk material before escaping, heating the disk itself.
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As a result, the emission is thermal and can be approximated as blackbody radiation
(Eqg. 1.4). Additionally, this type of disk is geometrically thin, forming a at, equatorial
structure. Conversely, a radiatively ine cient accretion disk is optically thin. In this
case, the accretion process follows an advection-dominated accretion ow (ADAF), where
the innermost regions of the accretion disk near the supermassive black hole are highly
ionized (Narayan & McClintock, 2008). As a consequence, the radiation produced within
the disk is weakly absorbed by the surrounding material. The resulting emission is
primarily dominated by bremsstrahlung or synchrotron radiation. This type of disk is
geometrically thick, exhibiting a signi cant vertical extension relative to its equatorial
plane (Fig. 1.4). Other disk models, such as the slim disk, exist, but their discussion is
beyond the scope of this thesis (Abramowicz et al., 1988).

Figure 1.4: State-of-the-art accretion disk models in QSOs. The two accretion regimes are
illustrated: at the top, the optically thick, geometrically thin Shakura-Sunyaev disk, and at the
bottom, the optically thin, geometrically thick disk dominated by advection ow (ADIOS). The in ow
accretion rate is shown from the disk's inner edge (purple) and the ISCO (cyan), along with accretion
e ciency ( ), black hole mass M ), and spin (a). Credit: Koudmani et al. (2024).

Another crucial component around the SMBH is the corona, a plasma of electrons with
temperatures around1l0’ 10 K. Its emission arises from Inverse Compton scattering,
where high-energy electrons in the corona upscatter soft seed photons, likely originating
from the accretion disk, to higher energies (Haardt & Maraschi, 1991). Further details
on this process will be given in Sect. 1.4.
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1.1.3 Broad Line Region

The Broad Line Region (BLR) consists of high-density, dust-free gas clouds moving at
approximately Keplerian velocities. These clouds are located at a luminosity-dependent
distance of 0.01-1 pc from the SMBH, within its gravitational potential (Netzer, 2015).

Figure 1.5: The BLR clouds are shown, ionized by emission from the corona and the accretion disk
around the SMBH. .y is the viewing angle, and o,n denotes the clouds' angular extension.
Credit: (Li et al., 2013)

The BLR clouds are assumed to be in photoionization equilibrium, meaning that the rate
of photoionization is balanced by the rate of recombination. This equilibrium can be ex-
pressed using the ionization parameter §, which depends directly on the gas densityn;
typical values arelog 1.5andn 10 cm 3 (Kwan & Krolik, 1981). The radiation
emitted by the accretion disk excites the gas in the BLR, producing strong optical and
ultraviolet emission lines (Fig. 1.5). The broadening of these lines arises from the high
velocities of the gas clouds, typically FWHM> 1000km=s. Among the most prominent
broad lines are those of the hydrogen Balmer series. The size of the BLR is more com-
monly measured using the reverberation mapping technique, which relies on the time
lag between variations in the AGN continuum emission and the corresponding response
in the broad emission line light curves. This time lag provides a direct measurement of
the BLR radius (Blandford & McKee, 1982; Peterson, 1993). The outer boundary of the
BLR is thought to coincide with the dust sublimation radius, where temperatures reach
1200-1800 K, depending on the size and composition of the dust grains. The size of the
BLR is observed to scale with the luminosity of the AGN, as given in Eq. 1.8:

Rgr / L2 (1.8)

Additionally, X-ray observations have revealed the presence of absorbing gas components
within the sublimation radius, suggesting the possibility of out ows occurring at various
spatial scales. These out ows may contribute to the complex dynamics and structure
of the BLR (Co ey et al., 2014). The dust sublimation radius is thought to coincide
with the inner radius of the torus, which in Seyfert galaxies is found at sub-parsec scales
(Bianchi et al., 2012). More details are provided in the following section.
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1.1.4 Dusty torus

The torus is an equatorial axisymmetric dusty structure with a toroidal geometry, com-
posed of dust and gas, that surrounds the accretion disk, which, in turn, encircles the
supermassive black hole (SMBH) (Fig. 1.6). This toroidal structure is believed to have
a high column density, approximatelyNy 10 cm 2, resulting from the integrated
contribution of multiple clouds with densities ofn  10° cm 2, which are su cient to
completely obscure the central source along the line of sight (LOS). However, regions
with lower densities i 10> 10° cm 3) allow some radiation to escape. Its size varies
from an inner radius at 0.1-1 pc to an outer radius at 10 pc, from the nucleus (Netzer,
2013).

Figure 1.6: Schematic view of the components of an AGN: the accretion disk (orange/yellow), the
BLR (purple clouds), the NLR (grey clouds), and the dusty torus (brown). Credit: Muller, A. L. &
Romero, G. E. (2020)

Observational reverberation campaigns have con rmed the expected luminosity depen-
dence of the sublimation radius (Suganuma et al., 2006), which follows the relation in
Eq. 1.8. Despite extensive research, the detailed structure of the torus remains unclear,
and considerable e ort is being invested in resolving this question. Initially, it was pro-
posed to be a homogeneous or smooth absorbing toroidal structure (Pier & Krolik, 1992).
However, observational data did not align well with these models, leading to the devel-
opment of alternative clumpy torus models (Nenkova et al., 2008) and two-phase media
models, incorporating both clumps and inter-clump material (Stalevski et al., 2012).
These updated models provide a better match with observational evidence. The torus
contains gas, which, in its innermost regions, is partially ionized by the central radiation
source. This interaction produces strong X-ray emission lines, particularly the irdr

line. Due to its high column density, this region also serves as a re ective and scattering
medium for incident X-ray radiation, as well as for OPT/UV radiation originating from
the accretion disk. The unobscured radiation from the central source propagates through
the surrounding galactic gas, inducing heating and ionization. This process leads to the
formation of narrow emission lines, which can be observed in the AGN spectrum (Pogge,
1988). The toroidal structure encircling the central source acts as a collimator, directing
the ionized gas into two ionization cones, extending symmetrically on either side of the
accretion disk as depicted in Fig. 1.7.
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1.1.5 Narrow Line Region

This region is a rare ed zone of gas and dust that extends in the polar direction (polar
dust), following the ionization cones reaching distances from 10 pc to a few kpc
(Capetti et al., 1995), (Fig. 1.7). The absence of signi cant ux variability in the optical
spectrum led to the conclusion that this region is substantially larger and kinematically
distinct from the broad-line region. Itis well established that the NLR gas is photoionized
by the UV X-ray continuum radiation emitted by the central source (Schmitt et al., 1994,
Halpern & Steiner, 1983). In the spectra, it is also possible to observe forbidden lines,
like oxygen, magnesium, and neon, which imply gas densitiesrof 10 10° cm 2.

It has been suggested that shocks are required for ionization of the NLR gas. If AGN
out ows generate such shocks, they will sweep through the NLR, and the out ow energy
will be transferred into a galaxy-scale region (Mizumoto et al., 2023)(Fig. 2.1).

Figure 1.7: Typical structure of a non-jetted AGN. The horizontal axis shows the position from
the central SMBH (logarithmic scale, in parsecs) for the disk (red), BLR (green), and torus (orange).
The vertical axis (also logarithmic, in parsecs) represents the AGN out ow (light blue), which drives
NLR (sage green) formation within the ionization cone (grey). The corona (yellow) is near the SMBH.
Colors indicate variations in composition or density. Adapted from (Ricci et al., 2017).

In the next paragraph, out ows will be described in more detail.
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1.1.6 Relativistic Jet and Out ows

The AGN system is dynamically in uenced by the presence of jets and out ows, which
sweep away surrounding material at di erent velocities, depending on their origin and
dynamics. The term out ow generally refers to a mechanism of mass transport from the
inner regions to the outer environment. In particular, relativistic jets are a speci c type

of out ow, consisting of collimated streams of energetic particles that emerge from the
AGN poles, perpendicular to both the accretion disk and the surrounding torus.

The emission from these jets primarily occurs in the radio band. However, radio jets
are not present in all AGN, and as outlined in Sect. 1.2, AGN classi cation also distin-
guishes sources based on this feature. The extent of jets can reach remarkable distances,
sometimes up to Mpc scales (Urry & Padovani, 1995). The primary physical mecha-
nisms responsible for the initiation, acceleration, and collimation of jets are not yet fully
understood. Reynolds (2003) proposed that jets may originate from either the inner
accretion disk or the ergosphere of the supermassive black hole. Their acceleration and
collimation are thought to be driven by hydromagnetic processes, which channel and
direct the out owing material along structured magnetic eld lines.

Apart from the jet, other types of out ows have been discovered through X-ray observa-
tions, namely UltraFast Out ows (UFOs) and Warm Absorbers (WAs) (Fig. 1.8).

UFOs are relativistic winds thought to be launched from the inner regions of the
accretion disk with velocities up to(0:2 0:3)c. They are present in  30%of AGN and
are detected in the X-ray spectrum as blueshifted Fe XXVI and Fe XXV absorption lines,
with column densities and ionization parameters ofNy; 10 10**cm 2, log > 3erg
cm/s (Reeves et al., 2003). The momentumM,,;) and energy E) transported by the
expelled material depend orv and v?, respectively (notably, My is also proportional
to Vout). Due to their high velocities, UFOs are capable of injecting large amounts of
momentum and energy over wide spatial scales. This highlights their potential impact on
the evolution of the entire galaxy, particularly in quenching star formation and removing
material from the accretion process (Murray et al., 2005; Torrey et al., 2020).

Warm absorbers are winds with velocities typically withinv,,  5000km/s, with
column densities and ionization parameters ofy; 1% 10%?cm 2,log 1 3erg
cm/s (Sako et al., 2000; Parker et al., 2018). They are detected in60%of AGN through
absorption features and edges from He and/or H-like ions of C, O, N, Ne, Mg, Al, Si, and
S in the soft X-ray band. Out owing gas is also commonly observed on host-galaxy scales,
spanning the ionized, neutral, and molecular phases. These large-scale out ows, detected
at kiloparsec scales and beyond, are now routinely traced using modern, high-sensitivity
optical, far-infrared, millimeter, and radio facilities (Morganti et al., 2005; Brusa et al.,
2015; Bischetti et al., 2019). These out ows exhibit lower velocities compared to accretion
disk winds, typically in the rangevy,: 500 km/s to 2000 km/s, depending on the
gas phase. However, they are characterized by signi cantly higher mass out ow rates,
reaching up to 100-10081 yr ! (Cicone et al., 2018) (Fig. 1.8). All these di erent types
of winds may share a common origin or can be interpreted as a single out ow, exhibiting
di erent phases depending on the composition of the material and, consequently, the
distance from the SMBH (Gianolli et al., 2024). The ability of jets and winds to transport
energy on galactic scales raises new questions about their role in galactic feedback. Jets
and winds/out ows are recognized as the primary drivers of galaxy evolution, playing a
crucial role in the co-evolution of SMBH and their host galaxies.
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Chapter 1 1.2. Classi cation of AGN

In particular, they are thought to be responsible for shaping the observed properties of
massive galaxies, including thdgy relation and the galaxy mass function (Croton
et al., 2006; Fabian, 2012; King & Pounds, 2015; Harrison, 2017)

Figure 1.8: Schematic view of the connection between UltraFast Out ows (UFOs) and the Warm
Absorber (WA) in a strati ed wind scenario (Matthews et al., 2020). The UFO accelerates nearby
clumpy gas to similar velocities (0.2-0.3c) while preserving its ionization state and column density; the
dense clouds at large distances are entrained by the UFO, and they form the large-scale out ow,
reaching kp distances. Credit: Sera nelli, R et al. (2019).

1.2 Classi cation of AGN

The classi cation of AGN has historically been based on spectral features observed across
di erent energy bands. As discussed at the beginning of this chapter, AGN were initially
identi ed as Seyfert galaxies, which were further divided into two types based on their
optical emission line characteristics. Seyfert Type | AGN exhibit broad permitted emis-
sion lines (FWHM  1500-15000 km/s), whereas Seyfert Type Il AGN display narrow
permitted and forbidden lines. With the discovery of quasars and the advent of radio
observations, it became evident that they represent the highly luminous counterparts
of Seyfert galaxies. Further re nements in classi cation led to the distinction between
radio-quiet and radio-loud AGN, depending on the prominence of their radio emission
relative to optical emission. In the radio band, AGN were further categorized based on
jet morphology and luminosity. Fanaro -Riley Class | (FR 1) radio galaxies, which are
less luminous, exhibit two-sided jets, whereas Fanaro -Riley Class Il (FR 1) galaxies
are more luminous and typically feature one-sided jets (Fanaro & Riley, 1974). X-ray
observations have also played a crucial role in AGN classi cation. AGN with strong
absorption in the soft X-ray band (up to 1 keV) are identi ed as obscured AGN. If their
column density exceedsl; > 10?* cm 2, they are classi ed as Compton-thick AGN (Co-
mastri, 2004). This multi-wavelength approach underscores the necessity of integrating
optical, radio, and X-ray observations to characterize AGN comprehensively. Despite the
apparent diversity among AGN classes, they can all be traced back to a fundamentally
similar type of object. This concept is at the core of the Uni ed Model (UM), which
explains the observed variety in AGN properties primarily through di erences in orien-
tation, environment, and obscuration rather than intrinsic physical di erences. A more
detailed discussion of the Uni ed Model follows in the next section.
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1.2.1 Uni ed Model

The term AGN encompasses a wide variety of sub-types of galaxies, classi ed according
to their multi-wavelength properties, yet collectively occupying a vast parameter space.
In the current understanding, e orts have been made to explain this diverse classi cation
using the simplest possible model. This is the central idea behind the Uni ed Model (UM)
(Antonucci & Miller, 1985; Urry & Padovani, 1995), which is based on the ubiquitous
presence of an obscuring dusty torus on scales ofl 100pc around the central engine,
consisting of a SMBH, an accretion disk, and a corona. Consequently, the observed
diversity among AGN is primarily due to three key factors (Bianchi et al., 2022):

~ Di erent viewing angles of the axisymmetric geometry (orientation)
" The presence or absence of a strong relativistic jet
" The Eddington ratio

The primary di erence among AGN can be attributed to orientation, with the op-
tically and geometrically thick torus determining how the viewing angle a ects the ob-
served properties. The rst consequence of this model is that the obscuring column
density should vary with inclination relative to the line of sight (LOS), where inclination
is measured with respect to the symmetry axis of the system. Type-l AGN are observed
face-on, while Type-Il AGN are seen edge-on, intercepting the obscuring torus (Fig. 1.9).
Since the NLR is located farther from the central SMBH than the BLR, it remains visible
despite the presence of the obscuring torus. Although the broad-line region is obscured
by intervening material in Type-lIl AGN, BLR light can still escape in directions where
no material blocks the view of the central engine and its surroundings. Photons re ected
0 dust grains and electrons are polarized, with the angle and degree of polarization
depending on the wavelength and geometry of the scattering region. Radiation escapes
from the nucleus in conical beams aligned with the poles of the torus, and some of this
radiation is scattered toward us. This means that the scattering material acts like a
mirror, allowing us to see behind the absorbing matter. As a result, Type-ll galaxies
may exhibit the spectroscopic properties of Type-I nuclei when observed in polarized
light (Marin, 2018).

The presence or absence of a jet is directly related to the radio power of an AGN, lead-
ing to the classi cation of AGN into radio-loud and radio-quiet categories. Radio-loud
AGN exhibit powerful relativistic jets, which signi cantly contribute to their emission,
particularly in the radio band. In contrast, radio-quiet AGN either lack prominent jets
or have much weaker radio emissions relative to their optical output. This distinction
plays a crucial role in understanding the physical mechanisms governing AGN activity
and their impact on the surrounding environment (Fig. 1.9).

AGN can also be classi ed based on their Eddington ratio (), which serves as a proxy
for the amount of accreted matter with respect to the theoretical maximum set by the
accretion theory (Sect. 1.1.2). A radiatively e cient accretion disk typically corresponds
to > 0:01 and follows the Shakura-Sunyaev disk model, meaning it is optically thick
and geometrically thin. In contrast, a radiatively ine cient disk has < 0:01, where its
geometry transitions from a Shakura-Sunyaev disk to a geometrically thick and optically
thin disk.
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Figure 1.9: Uni cation Model for AGN, showing di erent AGN classes based on viewing angle and
radio emission. Reprocessed emission from the BLR and torus is also highlighted.
Credit: Singh (2013).

In Fig. 1.10, AGN classes are categorized based on these three key factors, leading to
four main AGN categories:

A

Jetted and radiatively e cient AGN: when viewed face-on, these objects are called
radio-loud AGN or jetted AGN. When viewed edge-on, they are referred to as
high-excitation radio galaxies due to the high e ciency of the accretion disk.

Non-jetted and radiatively e cient AGN: when viewed face-on, they are classi ed
as Quasars (if they are highly luminous, e.glL o > 10% erg/s) or Type 1 Seyfert
galaxies. When viewed edge-on, they are called Type Il Quasars or Type Il Seyfert
galaxies.

Jetted and radiatively ine cient AGN: when seen face-on, these objects are called
BL Lacertae (BL Lac) objects, a subclass of Quasars. When viewed edge-on,
they are classi ed as low-excitation radio galaxies due to the low e ciency of the
accretion disk.

" Non-jetted and radiatively ine cient AGN: these include LINER galaxies, a partic-
ular type of AGN characterized by Low-lonization Nuclear Emission-Line Regions
(LINERS), which exhibit weak nuclear activity and low-ionization emission lines in
their optical spectra.
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Figure 1.10: Scheme of AGN classes. The top section illustrates radiatively e cient AGN, divided
into jetted and non-jetted types, while the bottom section shows the same division for radiatively
ine cient AGN. Adapted from Padovani et al. (2017).

1.3 AGN multiwavelength emission

AGN emit across all wavelengths of the electromagnetic spectrum and are characterized
by both continuum and line emission. By examining the Spectral Energy Distribution
(SED) reported in Fig. 1.11, it is possible to associate the emission at a particular
frequency with the matter in a speci c region of the system, as described in Sect. 1.1.
Even though the full electromagnetic emission is not the focus of this thesis, it is
relevant to at least mention the origin of the di erent wavelength emissions. The radio
and gamma-ray emissions correspond to non-thermal processes, often associated with the
relativistic jet and synchrotron radiation originating from nuclear material. The infrared
band, instead, is particularly sensitive to gas and dust absorption, which are typical
of the BLR and the torus. The spectral feature at 1m is naturally interpreted as a
consequence of the nite sublimation temperature of dust. Further evidence supporting
this dust interpretation includes the lack of rapid variability in the infrared hump (Hunt
et al., 1994) and the very steep long-wavelength turnover in the sub-millimeter region
(Hughes et al., 1993). In radio-loud AGN, infrared emission consists of both thermal and
non-thermal radiation; sometimes, one of these components is so dominant that the other
remains hidden (Haas et al., 2009). The accretion ow is thought to be the source of
X-ray, Ultraviolet (UV), and Optical continuum emission, which ionizes circumnuclear
gas in both the broad-line region and narrow-line region and may also be the launch
site for winds and jets. The most common assumption about the plasma within the
disk is that it is optically thick and thermal, which implies that a substantial fraction
of the power should be emitted as a blackbody with a temperature in the UV range.
Indeed, a signi cant fraction of AGN power is emitted in the optical/UV region of the
spectrum, forming what is known as the Big Blue Bump (BBB). However, the full SED
is considerably more complex than this. The Big Blue Bump continuum component in
AGN extends from the near-infrared at 1m to beyond 10nm in the UV and, in some
cases, even into the soft X-ray region of the spectrum (Fig. 1.11).

17



Chapter 1 1.4. The X-ray spectra

Figure 1.11: Spectral Energy Distribution (SED) (black solid line) of radio-quiet quasars, showing
ux as a function of frequency. Di erent colors highlight emission components: dusty torus (red,
mm-FIR), accretion disk (blue, OPT-UV), hot corona (cyan, hard X-ray), soft excess (pink, soft
X-ray), and re ection component (green, hard X-ray). Radio emission (yellow) originates from a

nuclear synchrotron or a jet, and it is stronger in jetted AGN. Credit: (Harrison, 2014).

The X-ray emission results from the superposition of several components (primary power-
law, soft excess, re ection), which will be explained in detail in the following section. In
the soft X-ray region, many AGN exhibit the "soft X-ray excess", where the observed
emission surpasses the extrapolation from the hard X-ray power-law continuum (Turner
& Pounds, 1989; Comastri et al., 1992). This feature, along with hard X-ray emission,
constitutes the central focus of this thesis. Consequently, Sect. 1.4 is dedicated to the
X-ray spectra and a detailed discussion of the corona.

1.4 The X-ray spectra

The X-ray spectrum of an AGN is presented in Fig. 1.12, where it is characterized
by a power-law continuum that exhibits an exponential decline beyond a characteristic
high-energy cut-o, re ecting the thermal Comptonization processes occurring in its hot
corona. In addition, a re ection component arises due to the primary emission being
re ected toward the observer. Finally, another spectral feature, resembling a blackbody
component, characterizes the soft X-ray band, namely the soft excess (Czerny & Elvis,
1987).
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Figure 1.12: Typical X-ray spectrum of an AGN (solid black line) decomposed into its main
components: primary power-law emission from the corona (red), Compton Hump and iron K- line
(blue), and soft excess (green). Credit: Ricci et al. (2011).

Most of the X-ray emission in an AGN is produced by a very compact and plasma of
electrons known as the hot corona, with typical temperatures df0’ 1C° K, located
around the SMBH at a typical size ofR  10Ry (Haardt & Maraschi, 1993; Merloni &
Fabian, 2003). The physical mechanism responsible for coronal emission is attributed to
inverse Compton scattering, wherein high-energy electrons in the corona upscatter soft
seed photons likely originating from the accretion disk to higher energies, making
the corona coupled to the disk (Haardt & Maraschi, 1991). The corona is generally
assumed to emit isotropically, meaning that while some photons reach the observer di-
rectly, others are directed downward toward the accretion disk producing the re ection
component, a common feature in AGN X-ray spectra, as shown in Fig. 1.13.

Figure 1.13: Schematic of thermal emission from the accretion disk (red), reprocessed emission
from the corona (light blue), and coronal photons re ected by the disk (green).
Credit: Shashank et al. (2022).
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The re ection component is primarily characterized by two key features: the uorescence
iron K emission line and the Compton Hump (Ross et al., 1999). The iron Kline can
appear either narrow or broad, depending on the location of the re ector. The Compton
Hump, typically observed at 20-30 keV, arises from Compton scattering of X-ray pho-
tons o cooler material than the hot corona, such as the accretion disk and the torus
(Fig. 1.12). When re ection occurs in the accretion disk, relativistic e ects signi cantly

in uence the spectral shape of the iron K line. Conversely, if the re ection originates
from distant cold material, such as the torus or the broad-line region, particularly in
the case of face-on AGN, the re ection spectrum remains unaltered, and the Fe line
Is narrow. Extensive observational campaigns have also revealed in the UV/soft X-ray
band a spectral excess (soft excess), which may be attributed to a medium similar to
the corona but with a higher optical depth and a lower temperature. This discovery can
be explained by di erent models, one of which is a warm corona, discussed in the next
sections.

1.4.1 The hot corona

The hot corona is a plasma of mildly relativistic electrons located in the vicinity of the
supermassive black hole. Although its exact geometry and location remain subjects of
debate, various possible con gurations have been proposed, some of which are illustrated
in Fig. 1.14. Distinguishing between these geometries, based on X-ray spectra alone,
Is challenging. Recent results from X-ray polarization studies suggest that lamp-post
geometry is disfavored based on polarimetric observations (Tagliacozzo et al., 2023).
Nonetheless, most models describing the hot corona adopt a lamp-post geometry, as it
0 ers a mathematically convenient representation.

The size of the corona can be inferred through several indirect methods:

" Spectral and timing techniques: The emissivity pro le, which describes the amount
of reprocessed radiation emitted by the disk as a function of distance from the
source, depends on both the morphology and height of the corona above the disk
due to relativistic e ects (Wilkins & Fabian, 2011). Measurements indicate a typi-
cal size ofR  10R4 (Wilkins, 2015). Another approach involves detecting a broad
iron K line, which serves as a signature of strong relativistic e ects arising from
the inner regions of the accretion disk (Miniutti & Fabian, 2004). The ratio of
re ected ux to the primary continuum ux can provide further constraints on the
location and motion of the corona (Gonzalez et al., 2017). Additionally, variability
studies on di erent timescales can o er upper limits on the corona size, with an
estimate ofR < 10Ry derived from the shortest observed timescale variations.

X-ray polarization: The principle of polarized light states that the angle of polar-
ization is always perpendicular to the region where photons are polarized due to
scattering. With the advent of IXPE, several observations have favored a corona
located in the equatorial plane of the AGN (Tagliacozzo et al., 2023).

Microlensing: By exploiting gravitational microlensing of quasar light by a fore-
ground mass, it is possible to estimate the size of both the accretion disk and the
corona (Chartas et al., 2009; Dai et al., 2010).

Eclipse: The coronal size can be estimated from eclipse duration, assuming the
eclipsing cloud follows a Keplerian orbit around the SMBH and crosses the LOS.
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Figure 1.14: Proposed coronal geometries in yellow: Lamp-post- xed position point like source;
Slab (Sandwich) a double plane of hot electrons around the accretion disk; Spherical a hot electron
sphere truncating the inner disk; Torus + Disk a toroidal corona disrupting the disk. The thermal
component (red) from the accretion disk, the direct emission of the corona (blue) and the re ected
component (green) are shown for each geometry.
Credit: Bambi et al. (2021).

The primary emission mechanism of the corona is Inverse Compton (IC) scattering,
where low-energy photons from the disk are upscattered to X-ray energies by interac-
tions with hot electrons. If the electrons are mildly relativistic, the Comptonization
process e ciently produces high-energy X-ray emission. However, if the electrons are
non-relativistic, IC scattering is limited to photons satisfying the conditionhv < m ¢c°.

The importance of the Compton process as an emission mechanism in the corona can be
characterized using the Compton parameter, de ned in Eq. 1.9:

_ 4K Te
T mec?

where T is the electron temperature, is the optical depth, m. is the electron mass,
and k is the Boltzmann constant. For a hot corona, the Compton parameter is typically
y 1, indicating the presence of mildly relativistic electrons with temperatures between
50 500 keV (Fabian et al., 2015). The resulting X-ray spectrum is characterized by
a power-law shape with a high-energy cut-o, whose location depends on the electron
temperature. Empirically, for a slab geometry, the cut-o energy follows the relation
Eg. 1.10 (Petrucci et al., 2001):

max(; ?) (1.9)

Ect 2 3KTe (1.10)

where the factor 2 applies to an optically thin plasma (< 1), while 3 is used for an
optically thick plasma ( >> 1)(Sect. 1.1.2).
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Broadband X-ray studies have determined that the photon index of the primary power-
law emission has a median value of 1.7 1.9 (Mushotzky et al., 1980; Turner &
Pounds, 1989; Nandra & Pounds, 1994). The photon index is linked to the corona's
electron temperature and optical depth through the Compton parameter, using the ap-
proximation Eq. 1.11(Petrucci et al., 2018):

%y s (1.11)

where the Compton parameter is expressed as:
y=4( +4 %) ( +1) (1.12)

with the dimensionless electron temperature de ned in Eq. 1.13:

= 1.13
MeC? ( )

At very high energies, photon-photon collisions can become dominant over Inverse Comp-
ton scattering, leading to electron-positron pair production wherh 1 MeV. The

conditions for pair production depend on the electron temperature, the radiative com-
pactness, and the optical depth of the corona (Cavaliere & Morrison, 1980). The radiative
compactness parameter is de ned by the following equation (Guilbert et al., 1983):

L+

T (1.14)

wherelL is the luminosity, R is the source size, andt is the Thomson cross-section.

Figure 1.15: Compactness-temperature diagram: The x-axis represents the dimensionless
temperature (Eq. 1.13), and the y-axis shows the radiative compactness (Eq. 1.14). The solid line
marks the runaway pair-production region (Svensson, 1984), with dashed and dotted lines indicating
limits for di erent coronal geometries. Blue and red dots represent local AGN observed by NUSTAR.

Credit: Fabian et al. (2015).
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Through the relation between the radiative compactness parameter and the electron
temperature in Fig. 1.15, it is possible to design a region where a runaway pair production
occurs, delimited by the pairs lines for di erent geometries of the corona. When an
X-ray source enters this region of the compactness-temperature parameter space (due
to an increase in temperature or compactness), it begins to generate electron-positron
pairs rapidly. This increase in pair formation leads to a larger number of particles
sharing the available energy, causing the temperature to decrease. As a result, photon
emission is e ectively regulated: the system does not continue to heat up inde nitely but
instead diverts excess energy into pair production. This acts as a thermostat mechanism,
ensuring that the coronal temperature remains within a stable range by continuously
balancing energy distribution (Ricci et al., 2018).

Several observational campaigns have aimed to constrain the physical parameters of
the corona, primarily through the application of phenomenological models (Wardzinski
& Zdziarski, 2000; Fabian et al., 2015; Sera nelli et al., 2024; Pal et al., 2024). Median
values for the high-energy cut-o have been found in the rande,; 100 200keV, with
lower values observed in highly accreting AGN (Ricci et al., 2017; Kamraj et al., 2022).
To incorporate these phenomenological parameters into the compactness-temperature
diagram framework, it is possible to express the diagram in terms of observational pa-
rameters, as shown in Fig. 1.16. This transformation is achieved by applying Eq. 1.14 for
X-ray luminosity and Eq. 1.13 for the high-energy cut-o while considering the empirical
relation given in Eqg. 1.10.

(@) (b)

Figure 1.16: The compactness-temperature diagraml( ) is mapped to phenomenological
parameters, speci cally X-ray luminosity in the 2 10 keV band (L, 1) and high-energy cut-o (Ecyt).
The diagram includes results from previous studies, di erentiating between high-redshift QSOs (cyan)

and local Seyfert | AGN (grey). A gap is observed in redshift 0:1 <z < 0:4) and for sources with
Ly > 10*, where only a few local AGN and a handful of high-redshift QSOs are found. The
SUBWAYS program is expected to bridge this gap (see Chapter 2).
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By examining Fig. 1.16, it appears that the observed coronal temperatures in AGN

support a scenario in which the runaway pair-production regime imposes an upper limit

on the maximum electron temperature achievable for the corona. AGN studies continue
to re ne our understanding of the corona's structure, energy dissipation mechanisms,

and physical properties. As described in Sect. 1.5, one of the main objectives of this
thesis is to further investigate the corona's characteristics by incorporating the studied

sample of QSOs beyond the local Universe into this context.

1.4.2 The warm corona

During the late 1980s, scientists observed an excess ux at soft X-ray energies (soft ex-
cess) compared to the extrapolation of a power law describing the hard X-ray emission
to lower energies (Holt et al., 1980; Pravdo et al., 1981; Singh et al., 1985; Arnaud,
1996). Initially, this spectral feature was modeled as a blackbody and considered the
high-energy tail of the multi-temperature emission from the inner regions of the accretion
disk. However, the e ective temperature derived from the modi ed blackbody model,
typically around 0.1 keV, was found to be constant across di erent luminosities and black
hole masses, as shown in Fig. 1.17, where the temperatures of local AGN are plotted
against the black hole masses.

Figure 1.17: The constant temperature of the soft excess, modeled with a black body
function, in a sample of local Seyferts AGN as a function of black hole mass.
Credit: Crummy et al. (2005).

This observation disfavored the hypothesis that the soft excess originates from the ac-
cretion disk. Consequently, several alternative models have been proposed to explain
this consistent temperature. The most prominent among them include: relativistically
smeared ionized absorption of the continuum (Gierlinski & Done, 2004), relativistic
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blurred re ection (Ross & Fabian, 2005), and warm Comptonized corona (Petrucci et al.,
2013).

The absorption model attributes the soft excess to an artifact caused by strong,
relativistically smeared, partially ionized absorption within a wind-disk scenario. Here,
the soft excess arises from a purely absorption-dominated spectrum produced by an
ionized slab of constant density along the observer's line of sight, characterized by a
steep power-law continuum between 0.1 keV and 2 keV. Lines and photoelectric edges
are smeared due to high-velocity dispersion, possibly driven by accelerated out ows or
Keplerian-dominated disk winds. Reproducing the trough at 1 keV requires ne-tuning
of the absorber. This model requires full coverage of the source, which is unlikely. The
need for either a thick accretion ow or a relativistic wind makes this model physically
implausible.

In the relativistically blurred, photoionized disk re ection model, the X-ray power-
law emission from the hot corona illuminates a relativistic accretion disk, producing a
re ection spectrum. This spectrum includes a Compton hump at 30keV, a prominent
uorescence iron K line at 6.4 keV, and a soft X-ray excess composed of numerous
emission lines blurred by relativistic motion within the disk. However, this model re-
quires ne-tuning of both the ionization parameter and the disk inclination angle, and it
operates only when assuming a maximally rotating supermassive black hole (Mehdipour
et al., 2011).

Finally, the warm Comptonization model introduces one more ingredient: a slab layer
of electrons called warm corona, placed above and below the accretion disk surface, as
depicted in Fig. 1.18.

Figure 1.18: Schematic representation of the inner accretion ow geometry in Mrk 509. The hot
corona ( 100 keV, optical depth  0:5) is con ned to the inner region, producing hard X-rays and
illuminating the accretion disk. On top of the disk, a layer of warm electrons is formed. This warm
component heats the deep layers of the accretion disk, which emits in optical-UV. The thermal UV
photons are upscattered by this warm corona, whose emission lies in the soft X-ray band. Some of this
emission enters the hot corona, cooling it via inverse Compton scattering. Credit: Petrucci et al.
(2013).
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Originally proposed for Mrk 509 (Magdziarz et al., 1998; Kaastra et al., 2011; Petrucci
et al., 2013), this model can be applied to radio-quiet Type | AGN in general. Assuming
isotropic emission from the hot corona, characterized by 0.5 and kT, 100 keV,
inverse Compton scattering occurs. The hot corona illuminates the accretion disk surface,
forming a layer of electrons with lower temperatureT. 1 keV) but higher optical
depth ( 15), hence the term "warm corona". This layer of electrons heats the deeper
disk layers, which in turn emit soft UV photons. The UV photons interact with the warm
corona electrons, producing the soft X-ray excess observed in the spectrum, through a
thermal Comptonization process. Some of these UV photons also enter the hot corona,
cooling it and acting as the seed photons for the hard X-ray component.

Alternative hypotheses have also been proposed, including a possible link between
the soft excess and magnetic shocks in the plasma near the black hole (Fukumura et al.,
2016). For the study of the soft excess in this thesis, the warm Comptonized corona
scenario is the one considered. This model was previously tested in local Seyfert | AGN
(Petrucci et al., 2018), where the relationship between photon index and temperature
follows the same trend as already mentioned in Eg. 1.11. The results are shown in
Fig. 1.19. All data points for the warm corona lie on the left side of the plot, with
temperatures in the rangekT, 0:1 1 keV and photon indices 2 35. The red
lines represent Eq. 1.11, plotted for xed values of optical depth (indicated on each line).
The sources suggest an optically thick corona with 5 40. The black points indicate
the photon index values for a hot corona xed at 100 keV. The results from Fabian et al.
(2015) for local Seyfert | AGN are shown in grey, representing the hot corona values.

Figure 1.19: The warm Comptonized corona, tested for a sample of Seyfert Type | galaxies,
occupies the left side of the plot. On the right, black points represent the best- t photon indices of the
hot corona at a xed temperature of 100 keV, compared with grey points from (Fabian et al., 2015).
Credit: Petrucci et al. (2018).
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1.5 The aim of the thesis

The objective of this thesis is to systematically characterize the continuum X-ray spectra

of

25 quasars beyond the local Universez(= 0:1 0:4) at intermediate luminosities

(Lbo =2 10 2 10% erg/s), with the goal of deriving the physical properties of the
warm and hot coronae in a regime that has not been extensively explored so far.
The structure of the thesis is as follows:

A

A

Chapter 2 presents the SUBWAYS sample properties, the main scienti ¢ objec-
tives of the program, and the observational facilities involved, including the XMM-
Newton and NuSTAR telescopes, which provide full energy coverage from 0.3 to
79 keV.

Chapter 3 outlines the data reduction process for XMM-Newton and NuSTAR
observations. The complete reduction pipeline, from raw data to spectrum extrac-
tion, is applied only to the XMM-Newton dataset of the quasar LBQS1338, as the
primary focus of this work is spectral analysis, which relies on pre-reduced data
provided by the SUBWAYS collaboration. Additionally, the XMM-Newton data

for all sources were re-analyzed using the same spectral model components as in
Matzeu et al. (2023) to validate the methodology and con rm the consistency of
the results.

Chapter 4 provides a detailed description of the spectral analysis performed on
the combined XMM-Newton and NUSTAR data. To clarify the di erent model
components, two dedicated sections are included: Sect. 4.1 focuses on the models
applied to the soft X-ray band (0.3-2 keV). Sect. 4.2 examines the models used for
the hard X-ray band (2-50 keV). Although the two bands are initially analyzed
separately, the spectral tting is performed over the entire X-ray energy range.
The primary objective of this analysis is to test di erent models for the hot and
warm coronae, extracting key physical parameters such as the high-energy cut-o
and the electron temperatures of both components.

Chapter 5 presents a discussion of the derived values for the high-energy cut-o
and the electron temperatures of the two coronae, placing them within the broader
AGN framework. Speci cally, the empirical relation in Eq. 1.10 is examined for
the SUBWAYS sources, and their results are contextualized in relation to Fig. 1.16
and Fig. 1.19.

Chapter 6 summarizes the main conclusions of this study.
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SUBWAYS project: goals and
Instruments

Supermassive Black Hole Winds in X-rays (SUBWAYS) is a large observational pro-
gramme started in 2018 2019 (PI: Marcella Brusa) using the XMM-Newton telescope,
with a total exposure time of 1.45 Ms. The study aims to investigate feedback mecha-
nisms in AGN to enhance the understanding of the co-evolution paradigm. This frame-
work suggests that the energy output of the central supermassive black hole, distributed
through the formation of winds and out ows across di erent spatial scales, plays a crucial
role in regulating both the accretion of material onto the SMBH and the evolutionary
processes of the host galaxy (Sect. 1.1.6). This is depicted in Fig. 2.1, where an artistic
impression of the wind's propagation from parsec to kilo-parsec scale is proposed (Cicone
et al., 2018).

Figure 2.1: State-of-the-art view of di erent AGN out ow phases. Winds originate from the
central SMBH at scales smaller than 1 pc (top left) and propagate outward, generating shocks that
sweep up material and slow the velocity (bottom left). The out ow expands gradually, reaching the
galaxy's boundary at distances beyond 10 kpc (right). Figure adapted from Cicone et al. (2018)

The primary objective of the SUBWAYS project is to conduct a systematic search for
sub-relativistic accretion disk winds, known as ultra-fast out ows (UFOs), which are
considered the main drivers of large-scale galactic out ows. These winds originate in the
vicinity of the SMBH (see the upper left panel in Fig. 2.1) and can be detected through
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absorption features from highly ionized matter, primarily Fe XXV and Fe XXVI, observ-
able in the X-ray band (Matzeu et al., 2023).

2.1 SUBWAYS sample

Until now, research on UFOs has been largely restricted to AGN in the local Universe,
primarily due to the requirement of high count rates to detect their weak absorption fea-
tures in the X-ray spectra. This project expands the AGN sample by selecting promising
guasar candidates from existing catalogs, focusing on objects with bolometric luminosi-
ties in the rangeL o =2 10* 2 10 erg/s and redshiftsz = 0:1 0:4. These quasars
were observed with XMM-Newton at su cient depth to ensure the signi cant detection
of UFO absorption features (Fig. 2.2). Additional observational campaigns have com-
plemented the XMM-Newton observations: optical-UV data were obtained through the
Hubble Space Telescope in Cycle 27 (PI: G. Kriss) to further investigate slower out ows
in the optical-UV energy band (Mehdipour et al., 2023); radio data from the VLA (B-
con guration, L- and C-band) were awarded in 2020 2023 to study the origin of the radio
emission in this sample of AGN; hard X-ray data were obtained with NUSTAR during
Cycle 5 in 2019 (PI: S. Bianchi) to better characterize the continuum properties.

Figure 2.2: The SUBWAYS sources (yellow stars). Top panel:z Ly diagram, comparing
SUBWAYS quasars with a sample of local AGN (blue) by Tombesi, F. et al. (2010) and high-redshift
quasars (purple) by Chartas et al. (2021). Bottom panel: Redshift vs. hard-band counts plot, relevant

for the detection of UFO features. The 10* counts level represents an indicative threshold for the
spectral quality needed to detect UFOs at the level of the local Seyfet sample. The black dots
correspond to the entire XMM archive, showing that only a few sources beyond > 0:1 exhibit spectra
comparable to local ones. The SUBWAYS program permits to bring 25QSOs atz > 0:1 to the
same level of the local sample. Credit: Matzeu et al. (2023).
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Name XMM ObsID | z NGa"" logL2 | logL, | logM&, |log eoo | 10gF: 1okev

(10%° cm 2) | (erg/s) | (erg/s) | (M ) (ergcm 2s 1)
PG0052+251 0841480101 0.154 3.96 4460 | 46.19 | 8.41® 0.20 -11.19
PG0953+414 0841480201| 0.234 1.09 44.63 | 46.27 | 8.249 0.45 -11.55
PG1626+554 0841480401| 0.132 1.55 44.08 | 45.38 | 8.54? -0.74 -11.55
PG1202+281 0841480501| 0.165 1.74 4441 | 45.87 | 8.61@ -0.32 -11.44
PG1435-067 0841480601| 0.129 4.84 43.67 | 44.83 | 7.779 -0.52 -11.93
SDSSJ144414+0633| 0841480701 0.208 2.57 4445 | 4594 | 8.109 0.26 -11.59
2MASSJ165315+2349 0841480801| 0.103 4.15 4379 | 45.00 | 6.989 0.44 -11.52
PG1216+069 0841480901| 0.33 1.51 4478 | 46.55 | 9.20% -0.23 -11.73
PG0947+396(001) 0841481001| 0.205 1.91 4419 | 4554 | 8.68% -0.72 -11.83
PG0947+396(301) 0841482301 44,16 | 45.49 -0.77 -11.87
WISEJ0537560245 | 0841481101 0.110 15.0 43.60 | 44.75 | 7.739 -0.56 -11.86
HB891529+050 0841481301 0.219 3.93 44,17 | 4551 | 8.759 -0.82 -11.92
PG1307+085 0841481401 0.154 2.10 4433 | 4576 | 7.90% 0.28 -11.44
PG1425+267 0841481501 0.364 1.57 44,83 | 46.65 | 9.229 -0.26 -11.77
PG1352+183 0841481601 0.151 2.10 43.89 | 45.13 | 8.42d -0.87 -11.85
2MASXJ105144+353| 0841481701| 0.159 2.20 4356 | 44.70 | 8.409 -1.28 -12.20
2MASSJ02200728 | 0841481901| 0.213 2.42 44,18 | 4553 | 8.429 -0.47 -11.89
LBQS13380038 0841482101| 0.237 1.68 4451 | 46.06 | 7.779 0.71 -11.67
PG1416129 0203770201| 0.129 3.34 44,12 | 45.44 | 9.08% -1.18 -11.48
PG1402+261(04) | 0400200101| 0.164|  1.22 44.06 | 4535 | 7.949 | -0.17 -11.77
PG1402+261(08) | 0830470101 44.05 | 45.34 | 7.009 | -0.18 -11.76
PG1427+480 0109080901 0.221 1.61 44,17 | 4550 | 8.099 -0.17 -11.94
PG0804+761(401) 0102040401 0.100 7.09 4430 | 45.71 | 8.319 -0.33 -11.09
PG0804+761(201) 0605110201 44,32 | 45.75 -0.30 -11.14
PG0804+761(101) 0605110101 44.28 | 45.65 -0.37 -11.03
HB891257+286(301) | 0204040301| 0.091 1.04 4348 | 44.62 | 7.489 -1.42 -11.70
HB891257+286(201) | 0204040201 43.50 | 44.64 -1.40 -11.78
HB891257+286(101) | 0204040101 43.57 | 44.72 -1.33 -11.70
PG1114+445(301) 0651330301| 0.144 1.93 4416 | 4550 | 8.59@ -0.60 -11.60
PG1114+445(401) 0651330401 44.36 | 45.81 -0.36 -11.67
PG1114+445(501) 0651330501 44,12 | 45.44 -0.73 -11.57
PG1114+445(701) 0651330701 44.21 | 45.56 -0.61 -11.60
PG1114+445(801) 0651330801 44,13 | 45.46 -0.71 -11.59
PG1114+445(901) 0651330901 44,24 | 45.62 -0.55 -11.65

Table 2.1: SUBWAYS sample. From left to right, the table includes the source name, the
observational ID, the redshift, the galactic column density, the X-ray luminosity in the 2-10 keV band,
the bolometric luminosity, the black hole mass, the Eddington ratio, and the ux in the 2-10 keV
band. Sources with multiple observations are identi ed by the last three digits of their Obs IDs, except
for PG1402+261, where the last four digits are the same; in this case, observations are distinguished
by the rst two digits of its Obs ID.
Notes: 1. Galactic absorption measured by HI4PI Collaboration et al. (2016) or Murphy et al. (1997).
2. Instantaneous luminosity extracted from the spectrum. 3. From Lx with bolometric corrections
from Duras, F. et al. (2020). 4. Log of black hole mass from the measurements carried out in Bianchi,
S. et al. (2009)(a), Xie et al. (2017)(b), Perna, M. et al. (2017)(c), Kaspi et al. (2000)(d), Matzeu et al.
(2023)(e). 5. The 2 10 keV uxes from the available spectra measured withcflux in XSPEC
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The selection of optimal candidates for the XMM-Newton observational campaign was
performed by identifying sources within the cross-correlation of the 3XMM-DR7, SDSS-
DR14, and PGQSO catalogs, ensuring they met a set of prede ned criteria. A count
rate exceeding 0:12 cts/s is required to accumulate approximatelyl0* counts in the

4 10 keV band of the EPIC-pn spectra within a single XMM-Newton orbit; this equals
an exposure time between 40 and 110 ks and guarantees ®9% con dence level for
detecting UFO absorption features as weak as 50 eV. The redshift cut is applied at
z>0.1 to include more distant sources. The cross-correlation of the catalogs yields a red-
shift range of0:1 < z < 0:4 for the sources, which enables the simultaneous observation
of both warm absorbers and UFOs. Additionally, this interval helps bridge a redshift
gap in AGN studies that had not yet been explored with this level of precision. Only
radio-quiet AGN were included in the sample to exclude jet-dominated sources.

The nal sample consists of 23 radio-quiet AGN, of which 17 were observed with
XMM-Newton between May 2019 and June 2020 and by NuSTAR between January
2018 and November 2021. The remaining 6 were retrieved from archival data. Table 2.1
lists the basic properties of the SUBWAYS sample, comprising a total of 42 observations
with XMM-Newton and 26 observations with NUSTAR. As previously discussed and
thoroughly described in Sect. 1.1.6, the most prominent spectral features of UFOs are
observable in the X-ray band. Due to the high ionization state of the material, the
primary absorption transitions correspond to Fe XXV-Fe XXVI, which fall within the
X-ray energy range. This necessity motivated the selection of X-ray telescopes for the
SUBWAYS program. Among the available instruments, XMM-Newton was chosen due to
its large e ective area, providing high sensitivity for detecting weak absorption features.
Additionally, coordinated observations were granted with NUSTAR, accumulating a total
exposure time of 600 ks. NuSTAR, with its broad energy coverage up to 79 keV, allows for
a more accurate characterization of the underlying continuum beneath the absorption
trough, thereby improving the precision of out ow and absorption measurements. A
precise modeling of the continuum above 7 keV is essential for deriving key physical
properties of the out ows, including their ionization state () and column density Ny ).
Furthermore, the extensive energy coverage of NUSTAR facilitates an in-depth analysis
of the coronal properties, as its emission dominates this high-energy range.

2.1.1 XMM-Newton

XMM-Newton is the largest satellite ever launched by the European Space Agency (ESA)
(Jansen et al., 2000). The telescope has a length of 10 m and consists of three mirror
module assemblies, each composed of 58 nested Wolter | shell mirrors with a maximum
diameter of 70 cm and a focal length of 7.5 m. The eld of view (FoV) is approximately
30 arcmin, allowing for the detection of multiple sources within a single observation.
The angular resolution, de ned by the point spread function (PSF), has a full width at
half maximum (FWHM) of 6% By de nition, the PSF represents the distribution of
intensity from a single point source on the mirror. The encircled energy fraction (EEF)
guanti es the fraction of total energy contained within a given radius around the PSF
center (Fig. 2.3, Fig. 2.4). This distribution accounts for how X-ray photons spread
across the detector and is used in Sect. 3.1.4 for light curve and spectral extraction.
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Figure 2.3: The encircled energy fraction for the PN camera, plotted for di erent
energy levels (1.5, 5.0, 9.0 keV). Credit: XMM-Newton ESA Cosmos.

Figure 2.4: The encircled energy fraction for the MOS1 and MOS2 cameras, plotted
for di erent energy levels (1.5, 5.0, 9.0 keV). Credit: XMM-Newton ESA Cosmos.

The satellite is equipped with three CCD cameras, collectively known as the European
Photon Imaging Camera (EPIC). Two of these cameras are Metal Oxide Semiconductor
(MOS) detectors, while the third is a PN detector. The two MOS CCDs are positioned
behind the Re ection Grating Spectrometer (RGS), which diverts approximatelyb0% of
the incident ux into the RGS detector. Consequently, only about44% of the original
incoming ux reaches the MOS cameras. Additionally, XMM-Newton is equipped with an
Optical Monitor (OM), enabling simultaneous X-ray and optical observations (Fig. 2.5).
The OM operates in the 170-650 nm energy band, providing multi-wavelength coverage
complementary to the X-ray observations. XMM-Newton is placed in a highly elliptical
orbit designed to maximize observation time while minimizing interruptions caused by
Earth's radiation belts. The orbital period is approximatelyT ~ 48h  172ks, of which

130 ks (away from perigee) are usable for observations. As a result, the maximum
observational time for a single source is 110ks, including overheads.
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