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Abstract

Accretion onto supermassive black holes (SMBH) can light up the nuclear regions
of galaxies, giving rise to the so-called Active Galactic Nuclei (AGN), which are among
the most energetic objects in the Universe. While a minority of AGN is classified
as Radio Loud (RL), because their radio luminosity is dominated by the synchrotron
emission from powerful relativistic jets, the majority falls into the Radio Quiet (RQ)
category, where the origin of radio emission is still debated.

In RQ AGN, radio emission can arise from a plethora of processes, including AGN-
driven winds, star-forming regions, weak jets, and coronal activity from the innermost
accretion disk. Disentangling these mechanisms is challenging and requires detailed
spectral and morphological analysis. However, it is crucial for studying their contribu-
tion to AGN feedback and galaxy evolution.

To address this question, I performed a detailed radio investigation of the RQ quasar
in the Supermassive Black Hole Winds in X-Rays (SUBWAYS) sample, which consists
of 21 sources in the redshift range z=0.1-0.5. SUBWAYS AGN have been X-ray selected
to maximise the detection of Ultra-Fast Outflows (UFO), sub-relativistic highly ionised
winds observed in the innermost regions (sub-parsec) of the AGN, making the sample
particularly well-suited for investigating the role of winds on multiple scales and their
multi-wavelength signatures. To explore the radio properties and build the Spectral
Energy Distribution (SED) of the sources, I have used the proprietary data, collected
with the Jansky Very Large Array (JVLA) at 1.5 GHz (L band) and 6 GHz (C band),
in combination with images from publicly available surveys including LOw Frequency
Array (LOFAR) Two-metre Sky Survey (LoTSS, 145 MHz), TIFR Giant Metrewave
Radio Telescope Sky Survey (TGSS, 150 MHz), Rapid ASKAP Continuum Survey
(RACS, 888 MHz), Faint Images of the Radio Sky at Twenty cm survey (FIRST, 1.4
GHz) and VLA Sky Survey (VLASS, 3GHz).

By leveraging this dataset, I have investigated the role and occurrence of the afore-
mentioned mechanisms, with particular interest in understanding the role of shocks
driven by quasar winds or jets from a radio perspective. The analysis combined spec-
tral indices, luminosities, and morphologies of the radio emission with properties de-
rived in other wavebands, such as the Star Formation Rate (SFR), X-ray luminosity
or the winds parameters. The results from this work suggest that while some sources
exhibit signatures consistent with star formation, many show spectral characteristics
indicative of AGN-driven processes, including potential interactions of the winds with
the surrounding medium. In particular nine of the targets display radio structures
extending for tens of kpc clearly compatible with the presence of some kind of outflow
(jets or winds). One of these is even a giant radio galaxy extending on Mpc scales.
Interestingly all the sources showing UFOs in the X-ray band, with one exception, have
extended radio emission, suggesting a possible link between the nuclear outflows and
the radio outflows on larger scales. For the rest of the sample the SEDs often appear
as the superposition of multiple processes. These findings provide new insights into the
origin of radio emission in RQ AGN with implications for AGN feedback and galaxy
evolution, and set the basis for further investigation of these sources in the coming
SKAO era.
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Chapter 1

Introduction: Inside the Beating
Heart of Galaxies

The genesis of the expression Active Galactic Nucleus (AGN) has its roots when Fath
(1909) used the term to address some relatively nearby, gaseous objects (as NGC1068
for instance) whose optical continuum displayed stellar emission lines. After Hubble
(1926), with Cepheid distance measurements, demonstrated that some of those nebulae
were actually other galaxies, Seyfert (1943) found a class of spirals with high-excitation
optical emission lines. Then Woltjer (1959) argued that the narrow emission lines he
observed in the optical spectra of some galaxies were explained with nuclei "of the
order of 100 parsecs, and, if a normal mass-to-light ratio applies, extremely massive",
rising then the hypothesis that dense nuclei could be a common characteristic of many
galaxies. However the work of Seyfert was largely ignored until Baade and Minkowski
(1954) found evident similarities between the galaxy associated with the Cygnus A
radio source and those studied by Seyfert. Later on, Schmidt (1963), investigating the
optical spectrum of the radio source 3C 273, understood that an enormous amount of
fuel was needed to power a star that luminous, and coined the name of quasi-stellar
radio source, or quasar (QSO). Since then a whole new branch of astronomy was born.

Currently, evidence suggests that nearly every massive galaxy hosts a Supermassive
Black Hole (SMBH, M ≥ 106M�) in its nuclear region. In some cases, the SMBH ac-
cretes material from the surrounding medium, emitting an enormous amount of energy
across the entire electromagnetic spectrum, reaching up to Lbol ≃ 1048 erg/s (Padovani
2017). As a result, these galaxies appear significantly more luminous than those whose
emission is primarily driven by stars and gas. These objects are the most powerful
non-explosive sources known in the Universe, therefore visible at extremely high red-
shifts (currently z = 10:145, Napolitano et al. 2025). This phenomenon is what we
today call an AGN.

In this Chapter I will briefly describe the AGN structure and how the different
components of the overall emission are generated. In a more observational perspective,
I will focus on the radio band, summarising the possible origins of radio emission in
AGN. I will review the main feedback modes and their influence on the evolution of
galaxies, with particular focus on winds, and the new perspective they offered in recent
years. I will finally discuss the aims of this work in such a context.
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1.1. The AGN Uni�ed Model (UM) Chapter 1

1.1 The AGN Uni�ed Model (UM)

Any waveband provides a di�erent window on AGN physics, therefore a variety of
classes has been individuated, depending on the observing frequency. However, as
Padovani (2017) suggests, the e�ciency of a monochromatic AGN selection may depend
on both physical and instrumental e�ects.

A true di�erence in the underlying physical processes is the main driver of any
selection. For example the presence/absence of a relativistic jet, determines, among
other things, the radio luminosity of the AGN; moreover changes in the accretion �ow
re�ect in changes of the underlying UV/X-ray continuum shape.

One important selection e�ect may depend on the non uniformity of the technical
capabilities of the available telescopes at di�erent wavelengths. Such complication can
limit seriously the detectability of AGN of di�erent powers in di�erent bands.

Additionally, di�erent physical mechanisms can sometimes produce similar or even
identical spectral and morphological properties. For example, this is particularly im-
portant in the radio band, when in absence of a large-scale relativistic jet, it is di�cult
to associate the emission with a single physical process, making it complicated to quan-
tify whether an AGN is dominated by one mechanism or the other (as further discussed
in Section 1.3).

Moreover, as Tadhunter (2008) suggests, any attempt to de�ne a �nite classi�ca-
tion means forcing into discrete bins a continuous sequence of objects, therefore always
incomplete, insu�cient or inaccurate.

Figure 1.1: Schematic view of the AGN structure. The uni�ed model includes the central black

hole, a rotating disk of infalling material surrounding the black hole, a plasma of hot electrons close

to the innermost regions of the disk, and the jets speeding outward from the poles of the disk. In

addition, to explain why the same type of object looks di�erent when viewed from di�erent angles, a

thick, dusty, doughnut-shaped �torus� is included, surrounding the inner parts. The torus obscures

some features when viewed from the side, leading to apparent di�erences to the observer, even for

intrinsically similar objects. Adapted from B. Saxton NRAO/AUI/NSF.

By combining the available information at di�erent frequencies, each o�ering a
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1.1. The AGN Uni�ed Model (UM) Chapter 1

unique perspective on AGN physics, a common underlying architecture was identi�ed,
known as theUni�ed Model (UM, Antonucci 1993; Urry and Padovani 1995; Padovani
2017). In Figure 1.1 it is possible to appreciate a schematic view of how an AGN is
believed to be structured, while in Figure 1.2 the resulting Spectral Energy Distribution
(SED) is shown.

The SMBH is the real engine of the AGN, located in the very centre (10� 7� 10� 3 pc)
of the galaxy. Despite mass and spin are the only parameters di�erentiating SMBHs,
those are fundamental to determine all the other observational features.

The AGN is activated when material falls onto the SMBH forming theaccretion
disk, which is the primary source of energy, and the most important in determining the
AGN observational signatures. The standard accretion disk (10� 7 � 1 pc) proposed by
Shakura and Sunyaev (1973) is a disk-like structure, optically thick and geometrically
thin, made of concentric rings of matter heated at di�erent temperatures (around106

K), depending on their distance from the centre. The disk is therefore observed in the
optical - UV band as a superposition of black body emission (blue curve in Figure 1.2).
The rate at which the potential energy of the infalling material can be converted to
radiation is given by

L �
dU
dt

=
d
dt

GmM BH

r
=

G _mM BH

r
; (1.1)

whereGmM BH =r is the potential energy of a massm at a distancer from the central
source of massMBH , and _m the accretion rate. A typical value for the e�ciency factor
of mass-energy conversion is� = 0:1 (Novikov and Thorne 1973), but it may strongly
depend on the details of the accretion phenomenon itself. The maximum luminosity the
system can reach is called Eddington Luminosity (Begelman 1978), whose expression
can be obtained by balancing the gravitational force with the outward radiation force:

LEdd =
4�Gcm p

� T
MBH (1.2)

where � T is the Thomson cross-section, c the speed of light, G the gravitational
constant andmp the mass of a proton. Such value is not a strict boundary, however,
if exceeded, the radiation pressure could halt the accretion process or even destroy the
disk.

It is now common belief that a plasma of hot electrons (T = 108 � 109 K), called
corona surrounds the BH and its disk (10� 5 � 1 pc). While its origin and geometry are
still matter of debate (Laor and Behar 2008; Raginski and Laor 2016; Laha et al. 2024),
it is supposed to be responsible for the power-law emission in the X-ray band (sky blue
curve in Figure 1.2). Because of the vicinity of the accretion disk, part of the thermal
photons produced in the disk reaches the corona and is Inverse Compton scattered.
However, not all the up-scattered photons reach directly the observer: the so-called
re�ection component in the SED (green curve in Figure 1.2) is generated when part of
those meets once again the disk. This is where the Fe K� �uorescence line is formed (the
spike visible in the green curve in Figure 1.2). Resolving a region as small as the corona
is technically demanding, thus it is generally probed thanks to variability arguments:
given the characteristic frequency for X-ray variability is inversely proportional to the
SMBH mass, more massive holes are more easily detected.
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1.1. The AGN Uni�ed Model (UM) Chapter 1

Figure 1.2: Schematic representation of the AGN SED (black curve), separated into the main

physical components, as indicated by the colored curves. For comparison, the SED of a starburst

galaxy (light gray curve) is also shown. Credit: Harrison (2014).

In Figure 1.2 a pink curve, labelled assoft-excess, appears as well. This has been
recently proposed to arise as a consequence of an optically thick layer of cooler electrons
(T = 106 � 107 K, warm corona) scattering disk photons (Petrucci et al. 2018).

Clouds of gas and dust atT � 103 K are supposedly extending, starting from the
edge of the disk, for 1-10 pc, forming a toroidal structure (Netzer 2015). The (putative)
dusty torus has been really important in the understanding and interpretation of the
Infra-Red (IR) emission (red curve in Figure 1.2), which is now believed to rise when
the disk emission is reprocessed by the torus. Its presence justi�es also the (sometimes
periodic) obscuration of the radiation from the corona and the accretion disk. The
kinematics and geometry of the torus are still poorly understood, and possibly strongly
varying for di�erent AGN types (Ramos Almeida et al. 2011; Papadopoulos et al. 2024).

Jets originate at SMBH scales10� 7 pc, but can extend up to few Mpc, emitting
synchrotron radiation dominating the radio band (upper yellow curve in Figure 1.2),
but also giving rise to IR, optical, UV X- and
 -ray radiation (Blandford and Königl
1979). Despite being one of the �rst and best studied elements, the details on the
origin of jets acceleration and collimation remain nowadays uncertain. However, mag-
netic �elds have been proposed as the responsible for collimating accelerated particles
perpendicularly with respect to the SMBH axis (Blandford and Königl 1979; Fendt
2006).

On top of the continuum emission described so far, other useful diagnostics are
spectral lines. Those can originate, as anticipated for the iron �uorescence line, in
the accretion disk (Fabian et al. 1989), but also in the Broad Line Region (BLR) and
Narrow Line Region (NLR) (Bennert et al. 2004). The latter are gas clouds system,
but the BLR orbits closer to the central engine and is responsible for the broad line
emission features in AGN optical spectra, while the NLR is found moving away from
the nuclear region.

The general idea of the UM is that the underlying structure is the same, and then
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1.2. Basic Theory of Synchrotron Radiation Chapter 1

the observable described above vary depending on:

ˆ the viewing angle, so that, e. g. whether the line of sight crosses the torus or
not, spectral lines and continuum emission assume di�erent characteristics;

ˆ the rate of accretion onto the central SMBH can produce low or high electromag-
netic power, thus higher or lower UV luminosity;

ˆ the presence of a relativistic jet de�nes if the AGN is radio loud or radio quiet
(Antonucci 1993; Urry and Padovani 1995).

Di�erently from what happens to radiation at other wavelengths, the radio band
observations are not a�ected by the presence of absorbing material along the line of
sight.

In addition, the observed radio emission may originate from a variety of phenom-
ena, making the investigation of the radio properties of AGN particularly interesting.
Despite this, what is certain, is that the radio band is dominated by non-thermal emis-
sion mechanisms, above all synchrotron radiation. Before discussing in more details the
possible origins of radio emission in AGN (Section 1.3), I will recall the basic theory
of synchrotron radiation in the following section.

1.2 Basic Theory of Synchrotron Radiation

In an environment �lled by magnetic �elds, shocks can easily accelerate electrons to rel-
ativistic speeds. The particles are then pushed by the Lorentz force to follow helicoidal
trajectories around the magnetic �eld lines, consequently emitting partially polarized
synchrotron radiation.

Any accelerated charged particle is subject to radiative losses, which are propor-
tional to the square of the accelerationd~p=dtand inversely proportional to the rest-
frame mass of the particlem0, through the relativistic Larmor formula

d"
dt

(t) =
1

6�" 0

e2

m2
0c3


 2
� �!

dp
dt

� 2
; (1.3)

where e is the electron charge,"0 the vacuum permittivity, 
 = 1=
p

1 � (v=c)2

the Lorentz factor and v the speed of the particle. Sinceme = mp=1836, electrons
are typically considered the primary emitters, while any proton population remains
undetectable.

As already mentioned, in presence of a magnetic �eld~B, the Lorentz force is written
as

~FL = e(
~v
c

� ~B); (1.4)

so decomposing the motion relative to the �eld lines, it is straightforward to notice
that the parallel component of the velocity is not accelerated, whereas the perpendicular
component is a�ected by

a? =
evBsin�


m 0c
; (1.5)

where� is the inclination of the particle trajectory relative to ~B, calledpitch angle.
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1.2. Basic Theory of Synchrotron Radiation Chapter 1

Figure 1.3: Left: Relativistic aberration. Right: Motion of an electron for a 1=
 orbital path
length. Credits: Longair (2011).

The result is then an helicoidal trajectory around the magnetic �eld~B with constant
velocity v? = vsin� , along an orbit with radius rL (Larmor radius) and pulsation ! L

that can be written as

rL =

m oc�

eB
vsin�

! L =
eB
m0c

:
(1.6)

Substituting a? into Equation 1.3, integrating over an isotropic distribution of pitch
angles (to account for magnetic �eld irregularities or instabilities in the �ow) one gets:

d"
dt

=
4
3

� T cUmag 
 2; (1.7)

where the Thomson cross-sectionis � T = e4=6�" 0c4m2
e, and the magnetic energy

density Umag = B 2=2� 0. When dealing with relativistic electrons, one important e�ect
to consider is therelativistic beaming: most of the radiation is emitted within a cone
of semi-aperture1=
 , while the rest is distributed over4� � 2=
 steradians. The net
e�ect is a distortion of the dipole pattern, as illustrated in the left panel of Figure
1.3, resulting in an ampli�cation of radiation in the direction of motion and a de-
ampli�cation elsewhere.

Via Fourier analysis, the synchrotron emission per unit frequency of a single electron
can be obtained, resulting into a sum of equivalent dipoles radiating at harmonics of
the typical synchrotron frequency

� s = � L 
 2 =
eB

2�m 0c

 2; (1.8)

and extending up to a critical frequency� c de�ned as:

� c =
3
2

� ssin�: (1.9)

As the v=c increases, higher frequency harmonics gain more energy, shaping a pro-
�le increasingly close to a continuum. As it can be noticed in the left panel of Figure
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1.2. Basic Theory of Synchrotron Radiation Chapter 1

1.4, for frequencies below the critical one the contribution is not signi�cant, whilst
for frequencies a lot larger than the peak one, the irradiated power declines rapidly,
making the spectrum look quasi-monochromatic.

From an astrophysical point of view, it is more interesting to describe the shape of
the emission from a whole population of electrons. Assuming no absorption mechanism
is present within the source and particle emission can be considered independent from
the emission of other particles, the total power emitted by the electron population is the
convolution of the emission spectrum of a single electron with the energy distribution,
which, for a population of accelerated electrons, follows a power-law

N (")d" / N0" � � d"; (1.10)

where N0 is a normalisation constant. Consequently the total emissivity per unit
frequency is:

F (� )d� � N0B (� +1) =2� � � ; (1.11)

where

� =
� � 1

2
(1.12)

is the spectral index, clearly related to the energy spectrum slope, as it can be
noticed in the right panel of Figure 1.4. Indeed, the slope depends much more on the
energy distribution of the population than on the single event spectrum. Moreover, it
is evident that the emissivity is larger at lower frequencies than at higher ones, as a
consequence of a larger and long-lived population of low energy electrons.

Several phenomena can alter the particles conditions, resulting in spectra that are
actually more complicated than a simple power-law, as further described below.

Figure 1.4: Left: Total synchrotron spectrum from a single electron. x = �=� c. Credit: Longair
(2011). Right: Total synchrotron spectrum from a population of electrons. Credit: Carroll and

Ostlie (2007)

1.2.1 Self-Absorbed Synchrotron Spectra

The shape of a synchrotron spectrum is described by Equation 1.11 only if electrons
are transparent to their own radiation. This is not valid anymore if the intensity of the
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1.2. Basic Theory of Synchrotron Radiation Chapter 1

synchrotron radiation within the source becomes su�ciently high and the brightness
temperature approaches the kinetic temperature of the electrons.

A power-law energy spectrum is typical of sources out of thermal equilibrium, thus
it is not possible to compute the absorption coe�cient directly with Kirchho�'s law.
However the spectrum produced by a single electron is almost monochromatic (Figure
1.4, left) thus approximating the power-law energy spectrum of a population to a su-
perposition of Maxwellians, it is possible to estimate the source brightness temperature
Tb:

Tb � (mec2=3k)( � s=� L )1=2; (1.13)

where k is the Boltzmann constant. Self-absorption is a typical feature of the low
frequency tail of the spectrum, where indeed the brightness temperature and the kinetic
temperature of the electrons become similar to one another, and the opacity� of the
relativistic plasma increases. Thus, in the low-frequency limit:

F� = 2kTb
� 2

c2

 �

2me

3
� 1=2

L

� 5=2

 /

� 2� 5=2

B 1=2
; (1.14)

Figure 1.5: Idealized spectrum of a self-absorbed synchrotron source. Real radio sources are not
homogeneous, so the spectral slope at low frequencies is generally less than 5/2, and the peak is

smoother Credit: Condon and Ranson (2018).

where the solid angle subtended by the source (
 ) has been replaced with its angular
dimensions, assumed to be� 1 � � 2 = � . It is therefore evident that, in the Rayleigh-
Jeans regime, radiation is subject to self-absorption, and the smaller the source angular
size, the stronger the Synchrotron Self-Absorption (SSA), indeed a self-absorbed spec-
trum indicates, almost always, a compact radio source.

In Figure 1.5 it is possible to identify two main regimes, where the slope is �xed

8



1.2. Basic Theory of Synchrotron Radiation Chapter 1

independently on the value ofTb

� � 1 ) Bs � � 5=2B � 1=2
?

� � 1 ) Bs � � � � B (� +1) =2
?

(1.15)

The transition between the optically thin and optically thick regime happens at a
peak frequency� p (clearly visible in Figure 1.5), which depends on the angular size of
the source and solely on the perpendicular component of the magnetic �eld:

� s;peak / F 2=5
p � � 4=5B 1=5

? (1 + z)1=5: (1.16)

1.2.2 Energy Losses and Particles Lifetime

If on one hand SSA can alter the power-law spectrum on the low-frequency side, on
the other hand an ageing of the most energetic particles in the plasma manifests as a
break in the spectrum at higher frequencies.

More speci�cally, the larger the energy of a particle the larger the energy losses,
thus more energetic electrons, emitting at higher frequencies, loose their energy faster
and start to emit at lower frequencies, causing a break in the spectrum with respect
to the expected power-law. The frequency at which the change of spectral index is
observed is commonly called break frequency (� b). In the simplest physical cases, when
the frequency at which the change of trend is easily recognized, the radio source age
can be deduced (e.g. Brienza et al. 2020):

ts = 1590
B 0:5

(B 2 + B 2
CMB ) �

p
� b(1 + z)

; (1.17)

where tS is the radio source age in Myr, B andBCMB = 3:25(1 + z)2 are the
magnetic �eld and inverse-Compton equivalent �eld in�G , � b is the break frequency
in GHz, and z is the redshift.

Figure 1.6 shows the spectrum of M87, where an example of break can be seen.

Figure 1.6: The the spectrum of M87 follows a pro�le with a break. The change is 1.5: older
electrons are continuously replaced by freshly accelerated ones, which emit at higher frequencies,

leading to a smoothing of the cut-o� line. Credit: Condon and Ranson (2018).
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1.3. Origins of Radio Emission in RQ AGN Chapter 1

1.3 Origins of Radio Emission in RQ AGN

As anticipated in Section 1.1, radio loud objects generally display bipolar jet emission.
These sources have dominated the radio sky since the beginning of radio astronomy,
until recently, when thanks to increasingly sensitive facilities, lower luminosity objects
started to populate the radio sky (Padovani 2016), and it became clear that many
galaxies have low-level radio emission, which is not signi�cantly above that expected
from (SF) and therefore it is not straightforward to determine its origin.

Since then, radio emitting AGN are generally divided intoradio-loud (RL) and
radio-quiet (RQ) ones. The latter are not radio-silent, but only particularly faint
in the radio band; indeed, for the same optical power, the radio luminosities of RQ
quasars are a few orders (typically 3) of magnitude smaller than those of their RL
counterparts (Padovani 2017, Panessa et al. 2019, Baldi et al. 2021). In RL quasars
the primary source of radio emission is unambiguously a collimated relativistic jet (Urry
and Padovani 1995, Hardcastle and Croston 2020), for this reason they are also called
jetted AGN, while most RQ AGN fall into the class ofnon-jetted AGN, where it is
much more complicated to ascribe the majority of the detected �ux density to a single
physical mechanism.

Figure 1.7: Schematic representation of the four main physical origins of radio emission.
Star-forming regions are the ideal place for the production of shocks as consequence of supernovae
explosions and stellar winds. The radio morphology of those areas is di�use and/or clumpy, and

exhibits low surface brightness. The hot-corona is supposed to act similarly to the one of coronally
active cool stars, where magnetic reconnection is the responsible for theL R =LX � 10� 5 ratio and the
correlated X-ray and radio variability. Winds and jets are two di�erent kinds of out�ow, which are

supposed to coexist in AGN. Winds display typically less collimated morphologies with a steep
spectrum and lower radio power. Jets in general give rise to more powerful highly polarised radio

emission, with high Tb. Credit: Panessa et al. (2019).
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Figure 1.8: Observational characteristics of di�erent physical mechanisms of radio emission from
RQQs. Credit: Wang et al. (2023).

The complexity and di�erent origins of radio emission in RQ AGN have been ex-
tensively presented in the review by Panessa et al. (2019). The authors identi�ed four
main possible mechanisms responsible for the production of radio emission in RQ AGN:
star-forming regions, wind shocks, accretion disc corona and (small-scale) jets. Figure
1.7 shows a cartoon from Panessa et al. (2019) which e�ectively depicts the four just
mentioned mechanisms, and Figure 1.8 schematically summarises the expected obser-
vational features for each mechanism. In the following I will give a detailed description
of all of them, however, it is important to stress that distinguishing the mechanisms is
challenging due to the frequent degeneracy of the observables.

1.3.1 Star Formation

Supernovae (SNe) explosions favour the simultaneous presence of strong magnetic
�elds, accelerated particles and hot plasma, leading to both thermal and non-thermal
emission mechanisms. The morphology of radio emission originating from SF is ex-
tended on the scale of the galaxy disk, and clumpy, with low surface brightness, coinci-
dent with SF regions. When SF is the main producer of radio emission, the spectrum
is in general a classical synchrotron steep power-law (� R � 0:6 � 0:7) up to 30 GHz,
where the thermal component starts to dominate. In RQ QSO (RQQ) and in relatively
low-redshift Seyferts, it has been observed that the Far-Infrared (FIR) and kpc-scale
radio emissions are connected with the same correlation valid for Star Forming Galax-
ies (SFG) (Condon 1992, Delvecchio et al. 2021). The radio sizes for galaxies whose
radio-derived Star Formation RateSFRR � SFRopt� F IR are typically a factor 2 larger
than in galaxies where the radio derived SFR is exceeds the one obtained with IR
diagnostics (Bondi et al. 2018).
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Figure 1.9: SFR derived from the FIR luminosity versus the SFR from the radio power at 1.4
GHz. SFGs are plotted as green circles, RQ AGN as blue squares and RL AGN as red triangles. Full
symbols represent sources detected in at least one PACS �lter, while sources shown as empty symbols
are Herschel non-detections. Large symbols with lighter colors are the results of the stacking analysis.

Credit: Bonzini et al. (2015).

Bonzini et al. (2015) compared the FIR-derived (by the Herschel Space Observatory)
SFR with the one derived from the radio power for a sample of RQ AGN, selected with
sub-mJy �ux density at 1.4 GHz andz � 1:5. In Figure 1.9 it is possible to notice that
the RQ AGN (blue squares) occupy the same region of SFG (green circles), while the
radio-derived SFR of RL AGN (red triangles) clearly overestimates the one deduced
from the FIR �ux density.
We note however that even when the SF derived from the radio band is consistent with
that derived at other wavelengths, it is impossible to exclude that some low-power
AGN radio nuclear emission is present. Indeed, one must always keep in mind that
Low-Luminosity AGN (LLAGN), able to launch pc-scale radio structures, may still be
hidden in SFGs (Baldi et al. 2018).

1.3.2 Accretion Disc Coronae

As explained in Section 1.1, a plasma of hot electrons (T > 109K ) close to the very
central regions of the accretion disc (10� 10000Rg) was introduced in the UM to justify
the non-thermal X-ray spectrum. Exactly because of its vicinity to the SMBH, this
so-called corona is largely unresolved by current facilities, for this reason the sizes of
such regions are indirectly probed via variability arguments.

In Figure 1.10 I show the results of the theoretical models from Raginski and Laor
(2016): the authors computed the expected spectrum resulting from the superposition
of multiple spherical components at di�erent radii from the SMBH location (3� 10� 5� 3
pc). Below 1 GHz the expected spectrum should rise as� R � � 2:5, becoming �at
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(� R � � (0:3 � 0:4)) up to 300 GHz or beyond, where an optically thin regime is
reached and the spectrum starts to decline as� R � 0:5.

The dimension of a self-absorbed synchrotron point-like source scales with frequency
(Laor and Behar 2008) following

� R
pc

�
' 0:54

� L1=2
30

erg=s=Hz

�� � � 5=4

GHz

�� B 1=4

Gauss

�
; (1.18)

whereL30 is the radio luminosity in units of 1030. It comes as a consequence that
if we want to probe in the radio band the same scales probed by the X-ray variability,
the required observing frequency is 100-300 GHz (Panessa et al. 2019). Unfortunately,
at this frequencies emission from the dust in the host galaxy dominates, making the
investigation challenging. However, in some AGN the estimates from the power at
100 GHz revealed a source dimension smaller than one light day, comparable to that
responsible for the variability of the X-ray emission (Behar et al. 2018).

Figure 1.10: Left: an illustration of the geometry used for the spherical corona, which is divided

into spherical shells. Right: the spectrum of power-law electrons (� = 2 ) from a corona in a disc

(upper panel) or a sphere (lower panel).The disc is observed at an inclination angle ofcos� = 0 :5.

The solid line in each panel represents the overall emission, and the dashed lines the contributions of

di�erent rings or shells. Credit: Raginski and Laor (2016).

One suggestion that the radio emission in RQ AGN is connected to the central
engine, is given by the correlation between the radio luminosity at 5 GHz (LR) and
the X-ray luminosity at 0.2-20 Kev (LX ) (Panessa et al. 2007, Laor and Behar 2008,
Coriat et al. 2011, Panessa and Giroletti 2013, Baldi et al. 2021), which follows quite
closely, for a wide luminosity range, theGuedel-Benz(Guedel and Benz 1993) relation
found for coronally active cool stars:

LR=LX � 10� 5: (1.19)

In Figure 1.11 from Panessa and Giroletti (2013) the correlation is shown for a set of
type 1 and type 2 local Seyferts. It must be noticed that the objects lie along the
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Guedel-Benz relation, despite the nuclear jets detected by the Very Large Baseline In-
terferometer (VLBI) and the variety of spectral shapes. The origins of such correlation
are still not fully understood.

Figure 1.11: Radio luminosity at 5 GHz versus 2�10 keV unabsorbed luminosity. Type 1 and

type 2 Seyferts are indicated with �lled and empty symbols respectively; the blue squares show �at

spectrum radio sources, the red triangles show steep spectrum ones. Credit: Panessa and Giroletti

(2013).

The smoking gun for the coronal origin of the radio emission would be testing radio
�ares followed by X-ray ones, withLR / dLX =dt valid for the duration of the �are.
This e�ect is well studied in stars (Neupert e�ect, Neupert 1968; Veronig 2003), and is
interpreted as the consequence of synchrotron emitting electrons depositing their heat
in the corona, which shines out the total energy in the X-rays. Something similar has
been observed in the hard states of X-ray binaries:Lopt � � dLX =dt, where the jet
(Lopt) is not supposed to coexist with a gas of hot electrons (LX ) (Malzac et al. 2003).

1.3.3 Jets

The material accreted by the SMBH may be ejected in the form of a collimated jet
extending on sub-kpc up to Mpc scales, emitting optically thin synchrotron radiation
(� � 0:6 � 0:8), with the most powerful and extended ones being typically associated
with most massive elliptical galaxies (Capetti et al. 2022). It is worth noticing that
jets can be also powered by advection-dominated, radiatively-ine�cient accretion �ows
(ADAFs/RIAFs, Heckman and Best 2014). In such cases the geometrically-thin accre-
tion disk is truncated in the inner regions (or completely absent), where it is replaced
by a geometrically-thick structure in which the in�ow time is much shorter than the
radiative cooling time. However, a detailed discussion of this kind of objects is beyond
the scope of this work (see Heckman and Best 2014 and Ho 2008 for a review).

More in general, the jet properties scale with the bolometric luminosity, supporting
the hypothesis that jets are often powered by radiatively ine�cient accretion �ows.
Coherently, though selection e�ects may play a role, it was found that the detection
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rate of radio jets is higher in low luminosity low redshift AGN that in close by QSO
(Ho and Ulvestad 2001, Baldi et al. 2018). Moreover, Leipski et al. (2006) found for
a sample of RQQ and Seyferts showing extended radio structures, interpreted as jets,
that the radio extension of RQQ is larger than that of Seyfert galaxies, but exhibits
the same morphology.

Figure 1.12: Upper: low-resolution (� � 1") 6 GHz VLA radio images from Jarvis et al. (2019)

for J1000+1242. The green contours represent [2, 4, 8, 16, 32, 64, 128]� rms for the VLA data.

Lower: Velocity of the broad componentv[OIII ];BR in J1000+1242. The axis of the out�owing bicone

(traced by the red- and blue-shifted motions in regions B and C, respectively) is parallel to that of the

radio jet and ionization cones, while turbulent gas is located perpendicular to this (region A). The

dashed black line indicates the direction of the radio jet. Credit: Ulivi et al. (2024).

However, as already mentioned, RQ AGN are typically non-jetted, at least on larger
scales, indeed current studies on low radio power AGN display a predominant compact
core morphology accompanied by a �at spectrum (Panessa et al. 2022, Jarvis et al. 2020,
Padovani 2017). However milli-arcsecond resolution images sensitive to sub-pc scale
nuclear emission, which is in general connected to a brightness temperatureT > 107

K (as detected in most Seyfert), display in some cases a misaligned pc-scale jet-like
feature, as suggestion of jet precession and thus of interaction with the surrounding
medium (Wang et al. 2023, Panessa and Giroletti 2013, Middelberg et al. 2004). The
occasional detection of a jet-like pc-scale structure (Panessa and Giroletti 2013, Villar-
Martín et al. 2017; Patil et al. 2020) has led to the hypothesis that RQ AGN are capable
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of launching jets similar to RL ones (Panessa et al. 2022, Laor et al. 2019), but, being
less e�cient in collimating the out�ow and accelerating the relativistic electrons, the
result is only a scaled-down version of those large scale structures observed in RL AGN.

The value of the BH spin is often pointed as the responsible for the di�erent e�-
ciency in collimating and accelerating jets: a larger spin would allow a more e�cient
extraction of the BH energy, phenomenologically appearing as a relativistic jet, whilst
a smaller spin value should lead to low-power jets (Chen et al. 2021). The latter are
not capable of breaking out of the galaxy, and often remain trapped inside their host,
but as Venturi et al. (2021) and Ulivi et al. (2024) have recently highlighted, they may
have a pivotal role in terms of feedback on galactic scales (see also Murthy et al. 2022).

Figure 1.12 from Ulivi et al. (2024) shows a velocity map for the broad component of
[OIII ]5007, which has been observed to display out�ows (up to 15 kpc) with high bulk
velocities (up to 1000 km/s) that lie in the same direction as the jet and AGN ionization
cones. Indeed, low-power (< 1044 erg/s) and compact (< 1kpc) jets are thought to be
able to heat the circumgalactic medium (CGM) and prevent the cooling of gas, thereby
suppressing the formation of new stars (McNamara and Nulsen 2012). They can also
have an important impact in the direction perpendicular to their axis. Low-power jets
can inject enough turbulence in the ISM to launch energetic winds (whose nature is
discussed in the following section), thus remove gas from their surroundings (Nesvadba
2009, Vayner et al. 2017).

1.3.4 Winds

Multi-wavelength observations have revealed a wide population of galactic winds in
AGN of very complex nature (Cicone et al. 2018), whose launching mechanism is still
unconstrained.

With actual radio facilities, it is still challenging to distinguish between a wind
and a jet, both from a spectral and a morphological point of view. Indeed, though
the modelling of wind shocks is spherical (Nims et al. 2015), the resulting structures
strongly depend on the conditions of the surrounding gas (Zakamska and Greene 2014),
appearing often strongly directional. In addition, the expected spectrum is steep, with
� R � 1, which is often observed in jets as well.

In the vicinity of the SMBH sub-relativistic (0.1-0.7c) Ultra-Fast Out�ows (UFOs)
are generally observed as highly ionised Fe K-shell absorption features in the X-rays
(Chartas et al. 2009; Tombesi et al. 2010; Nardini et al. 2015), as well as fast multiple
components in soft X-ray spectra (Longinotti et al. 2015). Photo-ionised winds with
lower velocities (v � 102 � 103Km=s) and temperature are detected in soft X-rays and
UV spectra (Warm Absorbers, WA), whilst modern sensitive optical/FIR/mm/radio
facilities have revealed out�ows (v � 500� 2000km=s) also on larger scales (� kpc) in
the neutral/atomic and molecular gas phases (e.g. Morganti et al. 2016; Feruglio et al.
2017; Tombesi et al. 2015; Feruglio et al. 2015; Cicone et al. 2014; Costa et al. 2015).

Moreover, high velocity kinematics components, as observed in[OIII ]� 5007emis-
sion lines (Zakamska and Greene 2014, Perger et al. 2023, Liao et al. 2024), are present
in the spectra of Seyferts and more luminous AGN, occasionally associated with di�use
radio emission. A correlation between the radio luminosity of RQ AGN and the line
velocity of [OIII ] (Zakamska and Greene 2014, Liao et al. 2024, Perger et al. 2023) has
been observed, as shown in Figure 1.13, often explained as the e�ect of wind shocks,
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accelerating electron on scales> 100 pc. Wind shocks have been indeed proposed to
and account for a radio power comparable to the one of RQ AGN (Nims et al. 2015).

Figure 1.13: The average 3 GHz radio �ux (obtained by stacking VLASS images) of SDSS DR16

RQQs versus[OIII ]w90, for seven bins of[OIII ]w90. Solid circles: subsamples divided according to

[OIII ]w90. The width of [OIII] is de�ned as w90 = v95 � v05, where v05 and v95 are the velocities at

which 5% and 95% of the line �ux accumulates, respectively. Open circle: The corresponding control

sample with matched redshift, BH mass, luminosity, and Eddington ratio. Credit: Liao et al. (2024).

VLBI detected radio cores withTb < 105K (consistent with an extended thermal
origin from a small-scale wind) and the positional coincidence of water masers in low-
luminosity Seyferts suggests that the AGN may be the principal source of ionisation
for the out�owing gas, being its base coincident with the nucleus (Christopoulou et al.
1997; Hagiwara 2007). It has also been shown that free-free emission from an optically-
thin ionised plasma can arise from these out�ows, accounting either for the X-ray or
the radio power (Steenbrugge et al. 2011a; Steenbrugge et al. 2011b).

As already mentioned, the winds driving mechanisms are still to be assessed, but the
most quoted possibilities are radiation pressure driving, thermal driving and magnetic
driving.

Simulations from Proga and Kallman (2002) showed that radiation pressure from
the UV emitting region of the disk can launch a wind made of disk material. The
authors also noticed that radiation driven winds seem to prefer host with speci�c
SMBH masses and luminosities, e.g. ifMBH = 108M � , the disk luminosity should be
> 0:08LEdd , whereas a lower luminosity would fail in accelerating the wind.

From the same simulations, Proga and Kallman (2002) showed that radiation may
also rise winds heating the outer regions of the disk to their escape velocity. Such e�ect
is necessarily dependent on the distance from the SMBH, thus thermally driven winds
are expected to arise in the accretion disk periphery.

Proga (2003) suggested that, with some requirements on the inclination angle, also
magneto-centrifugal forces may give rise to freely propagating winds, which are, dif-

17



1.4. AGN Feedback Chapter 1

ferently from radiation pressure driven ones, co-rotating with the accretion disk. Such
characteristic could create much broader line pro�les, for an edge-on disk, than in the
case of a radiatively driven wind.

In some cases bubbles in�ated by supernovae have been proposed to account for
galactic out�ows as well. It seems that in Seyferts and starburst galaxies (SFR�
30 � 50 M � /yr) SNe feedback may account for the ISM properties and the radio
structures morphology (Heckman et al. 2015).

It is worth noticing that accretion onto SMBHs and X-ray binaries seems to have
many similarities, but with limitations: in the case of AGN the jet and disk winds
may coexists, while it seems impossible for the other case, where the appearance of
the winds is thought to be responsible for the quenching of the jet (Giroletti et al.
2017; Ponti et al. 2012). However magneto-hydrodynamical accretion disk winds mod-
els successfully describing the wide variety of X-ray winds, suggest they arise from
the inner regions of the accretion �ow, while the jets are connected to the central BH
(Tchekhovskoy et al. 2011).

1.4 AGN Feedback

Winds and low-power jets have become recently more and more popular and ubiq-
uitous. It has been proposed that an e�cient wind-ISM interaction could naturally
explain why the SMBH mass correlates with both the host galaxy bulge mass and ve-
locity dispersion� . After a longer or shorter accretion phase, the black hole reaches a
critical mass which translates into a power su�cient to heat up and eject the gas from
the galaxy, stopping both its own accretion and the host galaxy one, eventually quench-
ing star formation, and therefore explaining the observed scaling relations within the
SMBH and host properties (King and Pounds 2015; Fabian 2012).

The need for a source of energy input has long been an issue for models of galaxy for-
mation and evolution. Pure gravitational large scale structures simulations in� CDM
cosmology simulations predict a power law mass function (Benson et al. 2003), while
observations measure a broken power law (a Schechter law, Schechter 1976). Therefore
the two only match at the in�ection point, as it can be noted in Figure 1.14 (Kere² et
al. 2009). The de�cit at low luminosities can be easily explained by supernovae (SNe)
accelerating the interstellar medium (ISM) above their escape velocity, thus pushing it
out. This is called supernovae feedback. By contrast the gap at high luminosities re-
quires way more energy with respect to that provided by SNe alone. The SMBH in the
galaxy nucleus is by far the largest reservoir of energy available, hence it was proposed
as the responsible for quenching star formation in the most massive galaxies. During
the last decades, observational evidence forAGN feedbackhave come to support such
hypothesis (e.g. Fabian 2012; King and Pounds 2015).

The two most important empirical correlations are those of theMBH with the host
bulge stellar massM bulge (Kormendy and Kennicutt 2004; Häring and Rix 2004)

MBH =Mbulge ' 1:4 � 10� 3; (1.20)

and with the host velocity dispersion� (see Figure 1.15)
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Figure 1.14: The halo mass function measured using the HI Parkes All Sky Survey (HIPASS)
galaxies (Meyer et al. 2004; Zwaan et al. 2010) for the NFW density pro�le. The red line represent

the prediction of DM-only simulations (Springel et al. 2018 Nelson et al. 2019). Credit: Li et al.
(2019).

MBH ' 2 � 107M � � �
100; (1.21)

where� �
100 = �= 100km/s, and � ' 4:4� 0:3 (Ferrarese and Merritt 2000; Kormendy

and Ho 2013).
Interestingly, though the SMBH in�uences gravitationally a region a few pc wide,

namely

Rinf '
GMBH

� 2
' 3

M 7

� 2
100

pc; (1.22)

with M 7 = MBH =(107M � ) (Batcheldor 2010), Equations 1.20 and 1.21 suggest
the SMBH is somehow able to communicate its presence on scales as large as the
host galaxy. According to Soltan (1982) the BH has grown mainly through luminous
accretion, releasing an energy equal to

EBH = �M BH c2; (1.23)

and if the typical e�ciency value for accretion processes is used (10%, Novikov and
Thorne 1973), the energy released by the black hole becomesEBH = 2 � 1061M 8 erg/s,
with M 8 = MBH =(108M � ). Then approximately the binding energy of the bulge gas is

Egas � M gas� 2 � 8 � 1058M 8f g� 2
200 erg (1.24)

where the factorf g < 1 is typically substituted with the cosmological mean value
� 0:16 (Ade et al. 2016). If the energy released by the hole is described by Equation
1.23, for an average value of� = 400 km=s, one gets:

EBH � 103Egas: (1.25)
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Figure 1.15: Mass of SMBH versus the velocity dispersion for a sample of nearby galaxies
presented in Bosch (2016). Yellow symbols are early-type galaxies, while green symbols are spirals.

The solid line is the best �t relation, dashed and dotted lines show the scatter around the mean
relation. Credit: Bosch (2016).

Thus even the release of a small fraction of the energy retained by the BH could
unbind the host ISM, with profound implications on the evolution of both the galaxy
and the BH. The details of how the energy from the SMBH is transferred to the ISM
remains the missing puzzle piece in basically all models of AGN-galaxy co-evolution.
So far, two main modes for AGN feedback have been proposed (King et al. 2005; Fabian
2012; King and Pounds 2015):

ˆ the radiative (or quasar or wind) mode, which is supposed to be active in ob-
jects with high Eddington ratio (de�ned as the ratio between the observed AGN
luminosity and te Eddington luminosity � Edd = LAGN =LEdd ). An intense �ux
of photons and particles can in principle heat the surrounding gas, but there is
observational evidence that most of the radiation is in general able to escape
relatively freely. However the intense accretion luminosity can also drive power-
ful out�ows, able to sweep the galaxy gas away, preventing star formation and
terminating the AGN activity as well.

ˆ The kinetic (or radio jet or maintenance) mode, for those objects accreting far
from their Eddington limit, but surrounded by hot halos, generally morpholog-
ically identi�able with the presence of powerful, large scale jets. Relativistic
jets are thought to arise as consequence of intense magnetic pressure and for high
SMBH spins, and can expel radio-heated gas from the accreting black hole matter
beyond the galaxy boundaries.

Despite being spectacular both from an energetical and morphological point of
view, it should be noted that the exact fraction of relativistic jets is still not well
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determined. The commonly mentioned value of� 15% comes from optically selected
samples of quasars (e.g. Kellermann et al. 1989), but Sabater et al. (2019) con�rm that
the prevalence of radio AGN activity is strongly dependent on both stellar and black
hole masses, remarkably reaching a fraction of 100 per cent of the most massive galaxies.
Moreover, in the past, some periodic change in the jet axis was assumed to justify the
observed isotropic feedback e�ects. Today evidence suggests that the jet is responsible
for the strongly perturbed gas dynamics seen in the ionized, neutral, and molecular gas
phases, even in perpendicular direction with respect to the jet axis(Mukherjee et al.
2018).

1.4.1 Energy and Momentum Conserving Out�ows

Powerful out�ows have proven to be capable of propagating momentum and energy over
wide spatial scales through the interaction with the host galaxy ISM, reproducing the
scaling relations of Equations 1.20 and 1.21 (King and Pounds 2015), turning them into
the new appealing alternative for successfully regulating both accretion and ejection
onto and from compact objects (e.g. King et al. 2005; Gaspari and S¡dowski 2017,
King and Pounds 2015, Fabian 2012).

Figure 1.16: Schematic representation of momentum-driven (top) and energy-driven (bottom)
out�ows from King and Pounds (2015).

In Figure 1.16 from King and Pounds (2015), it is possible to appreciate a schematic
view of how the winds expansion into the ISM is generally modelled. In principle
the pattern of the BH wind-ISM interaction is analogous to that of a stellar one,
and is typically imagined as spherically symmetric. Two shocks arise: one upstream,
the reverse shock, generated when ions and electrons reach equipartition; the other is
downstream, where the shocked wind acting as a piston supersonically sweeps-up the
host galaxy gas. Depending on the nature of the reverse shock, two di�erent types of
winds can be individuated.
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If a signi�cant amount of energy is removed, as consequence of Inverse Compton
e�ect with the AGN radiation �eld (Ciotti et al. 2010) on a timescale smaller than
the �ow time, the wind is said to be momentum-drivenbecause most of the pre-shock
kinetic energy is lost. The shocked wind is then compressed turning the post-shock
region into a narrow shell, a discontinuity, known as isothermal shock (Dyson and
Williams 1997).

Once this has been veri�ed, it is possible to integrate the equation of motion for an
expanding narrow shell of swept-up gas at radiusR, getting

_R2 ' 2� 2
�

1 �
M
M �

�
; (1.26)

whereM � is de�ned as

M � = f gk� 4=(�G 2): (1.27)

Equation 1.26 has no solutions for masses below the critical valueM � . In other
words, the shell always decelerate due to a pull insu�cient to lift the wind weight itself
against the galaxy potential, thus the SMBH is unable to remove the gas from its sur-
roundings and goes on accreting. Although we have until now supposed the out�ow has
spherical symmetry, a similar result can be achieved with successive accretion events
(chaotic accretion) with di�erently orientated disks (King 2010).

What is left to be explained is what happens when the SMBH reaches and over-
comes,M � . Even for a small increment of M aboveM � any momentum-driven shell
can reach the critical radius

RC � 500M 1=2
8 � 200 pc; (1.28)

where the cooling time becomes longer than the �ow time, thus the wind shocks
are no longer e�ciently cooled, and the wind becomes energy-driven (King 2003; King
et al. 2005; King and Pounds 2015). If the post-shock region retains its mechanical
luminosity thermalized in the shock, because the cooling happens on timescales larger
than the �ow time, the wind is said to be energy-driven and the post-shock region,
now geometrically extended, expands adiabatically in the ISM.

The relationship expressed by Equation 1.21 between the host ISM turbulent mo-
tion and the black hole mass can somehow �nd an explanation in the momentum
conservation of AGN driven winds (King and Pounds 2015). King and Pounds (2015)
state that, for a SMBH accreting at Eddington ratios � 1, the excess accretion is
expelled as a quasi-spherical wind from the accretion disc, with mechanical luminos-
ity Ewind = 0:05LEdd . In a momentum-conserving scenario the wind transmits to the
host ISM only its ram pressure, which amounts to transfer only a fraction�=c of the
mechanical luminosity, resulting into

Emom �
�
c

Ewind � 0:1Egas: (1.29)

Thus it is evident that momentum-driven out�ows do not threaten the bulge in-
tegrity, and the black hole can grow in a stable environment.

In this context, the shocked wind can use all its energy to push the ISM away in an
explosive motion. The expansion is now adiabatic, hence the radiation �eld does work
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against the weight of the swept-up wind. Following the computations of King et al.
(2011) and King (2014), the result is an initial out�ow velocity written as follows

ve �
� 2�c� 2

3

� 1=3
� 925� 2=3

200 km=s; (1.30)

which gives � 0:1c if � = 400 km/s, a value typically measured for UFOs. The
main important di�erence with the momentum-driven scenario is that all theEwind =
0:05LEdd is now communicated to the ISM, thus

Ewind � 100Eg; (1.31)

making energy-driven winds a very e�cient way of clearing-out the galaxy and sup-
pressing SMBH accretion, supposedly preventing the hole from growing a mass much
larger than M � .

Nims et al. (2015) provide a good way of modelling energy-driven winds. Looking
at theoretical and observational descriptions of SNe shocks (Blandford and Eichler
1987, Condon et al. 1991), the authors focus on winds with kinetic luminositiesL k =
0:001� 0:05LAGN and momentum rates _P = 1 � 10LAGN =c, assuming that the main
interaction of the wind with the ISM is that of the forward shock rather than the reverse
shock. For an electron population with equal energy per logarithmic interval in energy,
they �nd that winds may justify why RQQ exceed the radio luminosity predicted by the
infrared-radio correlation for normal star-forming galaxies (Condon 1992, Delvecchio
et al. 2021). The predicted radio emission spectrum should be dominated, at few GHz,
by an optically thin component, somehow accompanied by an extended morphology,
as actually observed by Villar-Martín et al. (2017).

1.5 The SUBWAYS Project

As just seen, energy driven winds could explain UFOs arising in the innermost AGN re-
gions, and given the detection of lower velocity galaxy-wide out�ows in lower ionization
phases of the gas (Fabian 2012, King and Pounds 2015), Cicone et al. 2018 suggested
there could be a common origin to winds observed in all gas phases, as shown by the
artistic view in Figure 1.17 from Cicone et al. (2018). This scenario is supported by
hydrodynamical simulations trying to unify the micro and macro properties of AGN
feeding and feedback (S¡dowski and Gaspari 2017).

The comparison between momentum rates at di�erent scales (Cicone et al. 2014),
suggested that UFOs are energy driven, although, up to 2019, the joint observation
of UFOs and large-scale out�ows was only available for three bright QSOs (Tombesi
et al. 2015, Feruglio et al. 2015, Feruglio et al. 2017). At the same time, Fiore et al.
(2017) found, for a limited sample of� 20 AGN, some kind of correlation between the
UFO velocity and the bolometric luminosity, in agreement with what predicted (Costa
et al. 2015) for energy driven out�ows.

In this context, the Supermassive Black Holes Winds in X-rays (SUBWAYS) project
was born with the aim of increasing the number of known UFO hosts with multi-
wavelength observations. The whole project lies its grounds on a large XMM-Newton
observing proposal (PI M. Brusa,� 1:5 Ms of observing time in 2019-2020) of a sample
of 22 AGN (mostly Type 1 QSO), chosen at redshift z=0.1-0.5 and with bolometric
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