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Preface

Active Galactic Nuclei (AGN) are compact extragalactic objects that present accretion
activity onto a supermassive black hole (10°-10'° M). One of the most striking
characteristics of AGN is the fact that the luminosity of the compact central object
can outshine the whole host galaxy. Such extreme luminosities are ascribed to non-
thermal radiative processes that dominate the emission from the central part of the
AGN. These non-thermal radiative processes are thought to originate from relativistic
plasma outflows, known as jets, ejected from the central engine, sometimes even into
the intergalactic medium. The most extreme subclass of AGN, the blazar subclass,
features relativistic jets that are oriented closely towards the line of sight of the
observer, leading to a heavily enhanced radiation due to relativistic effects. Blazars
can be further classified into BL Lacertae (BL Lac) and Flat Spectrum Radio Quasar
(FSRQ) objects, and can be detected at TeV by ground-based Imaging Atmospheric
Cherenkov Telescopes (IACTS).

While the Spectral Energy Distribution (SED) of BL Lacs can be accurately described
by means of simple one-zone Synchrotron Self-Compton (SSC) models, this is not
the case for other sources detected at gamma-ray energies, like FSRQs for example,
where additional external photon fields such as the obscuring torus, the accretion
disc, the X-ray corona or the Broad Line Region (BLR) are necessary to describe
the observed radiation and broad-band SED. This seems also to be the case for a
new class of gamma loud objects, the gamma-loud Narrow Line Seyfert 1 galaxies
(NLS1s). So far, less than 10 NLS1s have been discovered at gamma-ray energies
by the Large Area Telescope aboard the Fermi satellite. Indeed, gamma-loud NLS1
represent an exotic subsample of AGN whose GeV detection was unexpected due to
their lower black hole masses and higher accretion rates w.r.t. blazars. Thus, there
is great interest in studying the radiative mechanisms involved in such high energy

emission.

After a brief introduction of the general characteristics of AGN and the unification
paradigm in Chapter 1, this manuscript introduces ground-based TeV gamma-ray



astronomy, and also presents the High Energy Stereoscopic System (HESS) exper-
iment as an example of IACTs in Chapter 2, with a brief mention to the Target of
Opportunity (ToO) procedures implemented to swiftly trigger HESS observations
when an extragalactic source enters an interesting enhanced activity state.

Afterwards, Chapter 3 introduces the radiative mechanisms necessary to explain
the observed emission from gamma-loud AGN, along with the SSC model that is
applied in Chapter 5. The numerical code that combines the aforementioned SSC
model with additional external radiative fields (i.e. light from a multi-temperature
accretion disc and corona scattered by the BLR and torus) that we have developed
in order to model more complex SEDs is also presented.

Chapter 4 presents the HESS ToO program in more detail. As an example of the
multi-wavelength observation campaigns that can be triggered when a blazar enters
a flarings state, the July 2016 flare of PKS 17494096 is presented, focusing on the
Swift analysis that has been performed. A preliminary discussion on the source’s
variability is also provided.

Next, Chapter 5 focuses on the analysis and modeling of HESS data and avail-
able quasi-simultaneous multi-wavelength data from the HESS-detected BL Lac
1ES 2322—409. The SED of the source is interpreted through the simple one-zone
SED. One of the initial motivations to model this source was its poorly constrained
redshift. Applying the SSC model to two different redshift hypothesis constrains the
physical parameters of the emission region.

Chapter 6 presents the results of the application of our external component model to
three gamma-emitting NLS1s for quiescent and gamma-ray flaring states. Solutions
for a disc- and BLR-IC dominated scenario and a torus-IC dominated scenario are
provided for each of the states. We assume that the variability of the source can
be accounted for by changes in the jet parameters. An alternative scenario where
different accretion rates could explain the enhanced high-energy emission is also
explored.

Finally, Chapter 7 summarizes the findings and conclusions from the present work.



Préface

Les Noyaux Actifs de Galaxie (Active Galactic Nuclei en anglais, AGN) sont des objets
extragalactiques compacts qui présentent de 'activité d’accrétion dans un trou noir
supermassive (10%-101°A7,). Une des caractéristiques la plus remarquable des AGN
est le fait que la luminosité de 'objet compact central peut éclipser celui de la galaxie
hote. Telles luminosités extrémes sont attribuées a des processus non-thermaux qui
peuvent dominer I’émission provenant de la partie centrale de 'AGN. Ces processus
radiatifs non-thermaux proviennent des écoulements de plasma relativistes connues
comme jets, éjectés depuis 'AGN central que parfois arrivent méme jusqu’au milieu
intergalactique. La sous-catégorie la plus extréme des AGN, les blazars, présente
des jets relativistes orientés tres proches a la ligne de visée de I'observateur, ce
qui génere de la radiation fortement augmentée dii a des effets relativistes. Les
blazars peuvent étre classifies en objets du type BL Lacertae (BL Lacs) et du type Flat
Spectrum Radio Quasar (FSRQ) qui peuvent étre detectés au sol par des Télescopes a
Imagerie Tcherenkov Atmosphérique (Imaging Atmospherique Cherenkov Telescopes
en anglais, IACTSs).

Tandis que la distribution spectrale d’énergie (Spectral Energy Distribution en anglais,
SED) des BL Lacs peut étre décrite avec précision via des modeles une-zone Syn-
chrotron Self-Compton (SSC), ce n’est pas le cas pour autres sources détectées aux
énergies gamma, par exemple les FSRQs, pour lesquels des champs des photons
externes complémentaires comme le tore, le disque d’accrétion, la couronne ou la
Broad Line Region (BLR) sont nécessaires pour proprement décrire la radiation ob-
servée. Celle-ci semble étre aussi le cas pour une nouvelle classe d’objets découverts
récemment comme des émmeteurs gamma, les galaxies dites Narrow Line Seyfert 1
(NLS1). Jusqu’a présent, moins de 10 NLS1s ont été vues aux énergies gamma par le
satellite Fermi. En conséquence, il s’agit d’'une sous-catégorie exotique des AGN dont
la détection gamma était inespérée suite a leurs trous noirs a petite masse et des
taux d’accrétion plus grandes par rapport aux blazars. Il-y-a donc beaucoup d’intérét
a étudier les mécanismes radiatifs impliqués dans leur émission gamma.



iv

Apés une introduction générale des AGN et leur paradigme d’unification dans le
Chapitre 1, ce manuscrit introduit 'astronomie gamma au sol avec I'expérience
HESS comme exemple des IACTs dans le Chapitre 2, avec une bréve mention aux
procédures Target of Opportunity (ToO) mises en place pour un déclenchement
rapide des observations HESS des sources extragalactiques qui entrent dans des états
d’émission augmentée.

Ensuite, nous présentons dans le Chapitre 3 les processus radiatifs nécessaires pour
décrire I’émission observée des AGN émmeteurs du rayonnement gamma qui nous
concernent, ainsi que le modele SSC que nous appliquons dans le Chapitres 5. Le
code numérique qui combine le modele SSC simple avec les champs des photons
externes complémentaires (c’est a dire le tore, le disque d’accrétion, la couronne et
la BLR) que nous avons développé pour décrire des SEDs plus complexes est aussi
présenté.

Le Chapitre 4 présent plus en détail le protocole ToO introduit dans le Chapitre 2,
donnant un apercu des procédures mises en place. Nous donnons comme exemple
les observations multi-longueur d’onde réalisées en Juillet 2016 pendant le ’flare’ de
PKS 1749+096, et nous concentrons spécialement sur 'analyse des données Swift et
a la variabilité observée dans ces données multi-longueur d’onde.

Le Chapitre 5 de cette these vise a ’analyse des données HESS, ainsi qu’aux don-
nées multi-longueur d’onde quasi-simultanées existantes, du BL Lac 1ES 2322—409
détecté par HESS. La SED de cette source est interprétée via un modeéle simple
SSC. Une des motivations initiales pour modéliser cette source était son redshift
insuffisamment restreint. En appliquant le modéle SSC a deux hypotheses de redshift
permet de contraindre les parameétres physiques de la zone d’émission.

La derniere partie de ce travail a consisté au développement d’un code numérique qui
combine le précédemment mentionné modele SSC avec des champs radiatifs externes
complémentaires, consistant de la lumiére provenant d’un disque d’accrétion multi-
temperature, et une couronne éparpillées par la BLR et le tore, a fin de modéliser
des SED plus complexes. Le code a été appliqué a trois NLS1s émetteurs des rayons
gamma, pour des états de flux bas et hauts. Les résultats son présentés dans le
Chapitre 6.

Le manuscrit finit avec le Chapitre 7 et nos conclusions principales sur le travail
mené.
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Active Galactic Nuclei

Active Galactic Nuclei (AGN) are amongst the most interesting astrophysics subjects
nowadays. As the most powerful and compact sustained rate energy sources in
the Universe, these extragalactic objects are intrinsically interesting. Remarkably
enough, 10-20% of all energy radiated over the life of the Universe comes from
AGN, whence they must have had a strong influence on the formation of its structure.
Moreover, the fact that AGN are the most luminous objects in the sky make them
extraordinary beacons of the very distant Universe, and hence their study can help
us gain a better understanding of the cosmology of the Universe. But what do we
exactly call an AGN?

For AGN we understand any galactic nucleus that presents indications of activity
due to accretion onto a Super Massive Black Hole (SMBH, Mgy ~ 107-10° M).
The observational signatures of accretion activity one has to look for in the search
for AGN include strong emission lines in the optical range, strong radio emission,
broad-band continuum spectra and rapid variability, among others. Active galaxies
represent around 1% of the total galaxies in the Universe, and the objects within the
AGN class are fairly inhomogeneous, and sometimes differ greatly from one another
in a certain characteristic.

This chapter gives a brief summary of the discovery of AGN [Section 1.1], along
with a description of the basic components [Section 1.2]. We also present the AGN
unification paradigm and the basics of the AGN classification that were motivated
by the varied AGN zoo known so far [Section 1.3]. Special emphasis is put in the
two gamma-emitting AGN subclasses that will be the main subjects of the present
work, blazars and gamma-emitting NLS1 galaxies [Section 1.4] and their main
observational characteristics [Section 1.5].
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Overview of the history of AGN discovery

Going back in time for around a century, first observations of what we now call AGN
were performed by Fath (Fath [Fat09]) at the Lick Observatory in California. At that
time, there was great interest in clarifying whether the spiral nebulae were either
relatively nearby, gaseous objects resembling the Orion nebula, or either far more
distant recollections of unresolved stars. Fath himself was prone to think that these
spirals showed a continuum spectrum in accord with a collection of stars rather than
the bright-lined spectrum expected from gaseous nebulae.

With a self-made spectrograph specially designed to detect faint spectra, he realized
that while most of the objects showed a continuum spectra with stellar absorption
lines, there was one, NGC 1068 (also known as Messier 77), which also presented
emission lines in its spectrum. He correctly identified the absorption lines as the
integrated light of large numbers of stars, and recognized the emission lines as the
characteristic emission lines of planetary nebulae. He did not consider that NGC
1068 could be a galaxy on its own though. Figure 1.1 shows the spectra he obtained
for NGC 1068 and for the Andromeda galaxy as a comparison.

A couple of years later, Slipher [Sli17] confirmed these bright lines of NGC 1068
and its composite spectrum with spectra taken in 1913 at the Lowell Observatory,
and additionally found a very large shift toward the red in the lines. He nonetheless
discarded any kind of radial velocity explanation for this spread of the spectra.

Hubble’s findings of Cepheid variable stars in spiral nebulae that were too distant
to belong to the Milky Way proved the existence of such objects outside our galaxy
(Hubble [Hub25]), confirming the theory that stated that the Universe was not
limited to the Milky Way. In 1926, observing NGC 1068 again along with other
extragalactic nebulae such as NCG 4050 and 4051, Hubble re-emphasized those
features that resembled planetary-nebula-like emission lines in their spectra (Hubble
[Hub26]).
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Figure 1.1 Spectra of NGC 1068 (top) and the Andromeda nebula (bottom) obtained
by Fath [Fat09]. Andromeda was not yet known as a galaxy until Hubble’s

findings (Hubble [Hub25]).
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Figure 1.2 Microphotometer tracings of three emission lines in the three spiral nebulae
NGC 1068, 3516 and 4151 obtained by Seyfert (Seyfert [Sey43]).
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Somewhat later, in 1943, Seyfert observed these and some other galaxies, closely
analysing the ones that presented relatively high-ionization nuclear emission lines
(Seyfert [Sey43]). During his research, Seyfert obtained spectrograms of 6 galaxies
(thought to be nebulae at that time) with nearly stellar nuclei showing emission
lines superimposed on a normal solar-type spectrum (see Figure 1.2).

He discovered not only that these 'nebulae’ invariantly had a highly luminous
compact nucleus, but also that they showed much wider emission lines than the
galaxies with low-ionization emission lines. The luminous, relatively small star-like
nucleus spectrum is actually the main characteristic defining the most abundant type
of AGN, the Seyfert galaxies, that will be introduced later on in this work.

Despite the enormous potential of his findings, Seyfert’s research was not enough to
put AGN in the focal point of astronomers. The necessary thrust would come in later
years with the development of radio astronomy.

Indeed, the end of WWII meant that many radio engineers working at facilities that
had so far been deployed for warfare purposes became idle. Hence, they decided to
turn their efforts towards less belligerent aims like the study of astronomical radio
sources.

During a survey of the Milky Way at 60 MHz by Hey et al. [Hey+46], the first
discrete radio source was accidentally discovered: a small, fluctuating source in the
Cygnus constellation. Bolton and Stanley [BS48] not only confirmed the discrete-
ness of the source, but also set tight constraints on the angular size of the source
(down to 8 arcminutes) via interferometry techniques. Alongside, they deduced a
brightness temperature of around 4 x 10% K which would be fairly incompatible with
a thermal origin of the radiation. It was Bolton [Bol48] who actually introduced the
nomenclature Cyg A, Cas A, etc. with a study of 6 discrete radio sources.

These discoveries were closely followed by the optical identification of discrete radio
sources by e.g. Bolton et al. [Bol4+49] and Smith [Smi51]. Their deft measurements
enabled Baade and Minkowski [BM54] to identify the optical counterparts of strong
radio sources.

There were some radio sources which seemed difficult to identify to an optical
counterpart, though. Some of them appeared to be simple galactic stars, with no
absorption lines in their continuous spectra, but unidentifiable broad emission lines
that did not match the wavelengths expected for star features were present. Called
’stellar radio sources’, various trials were made to explain their characteristics as
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bizarre stars, such as white dwarfs with anomalous abundance of the elements, but
no consistent interpretation was obtained in such a way.

The decades of the 1950s and 1960s also saw the publication of extensive radio
surveys, such as the Third Cambridge Catalogue (3C, Edge et al. [Edg+59]) or the
Parkes surveys (PKS, Bolton et al. [Bol+64]; Price and Milne [PM65]; Day et al.
[Day+66]). These extensive surveys enabled the classification of radio sources into
Class I sources, associated to the Milky Way plane, and Class II sources, isotropically
distributed and probably extragalactic (see e.g. Hanbury Brown [Han58]). Three
Class II sources presented 12 arcsec upper limits on their size that implied brightness
temperatures of 2x 107 (Morris et al. [Mor+57]) which pointed them as extragalactic
radio sources similar to Cyg A.

It was not until Schmidt [Sch63] singled out a number of well-known nebular
emission lines in the ’stellar’ radio source 3C 273! that the first light was cast on
the nature of the aforementioned ’stellar radio sources’. In the position indicated
by the radio source, Schmidt found two sources: a blue star and something that
resembled a “jet”. He found that the strong broad emission lines in the spectra of
this bizarre blue star were actually the usual Hydrogen Balmer ones, only redshifted
to an unparalleled degree, precisely to the (then) large redshift of = = 0.158 .

The discovery of the large redshift of 3C 273 motivated Greenstein and Matthews
to search for emission lines in the spectra of another similar radio source, 3C 48,
finding a redshift of z = 0.367 (Greenstein and Matthews [GM63]). Being observed
at such great distances implied that both 3C 273 and 3C 48 must be very luminous
objects, with apparent luminosities reaching up to ~ 10*®erg - s~!. Accordingly, they
could not possibly be stars - they were hence dubbed quasi stellar radio sources,
’quasars’, AGN so luminous and distant that their host galaxy could not, at that time,
be resolved on photometric images?.

Some time later, ’quasi stellar radio quiet sources’ or optically selected quasars
were identified (Sandage [San65]). Designed 'quasi-stellar objects’, (QSOs) at the
beginning, the discrimination between the two classes is quite faded nowadays,
considering both radio and optically selected objects simply 'quasars’ by the majority
of researchers.

Kellermann et al. [Kel+89] introduced the ’radio-loudness’ parameter which is
widely used nowadays in order to classify a source as radio loud (RL) or radio quiet

'One of the sources comprised in the aforementioned Third Cambridge Catalog.
2The star-like nucleus can be subtracted with high accuracy nowadays though, unveiling the sur-
rounding galaxy.
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(RQ) based on the ratio of the radio (5 GHz) and optical (B-band) spectral flux
densities,

F,(5GHz)

"="T®

(1.1)

If the ratio is larger than 10, a source is classified as RL. As will be later intro-
duced, we will only consider RL sources in this work, since their radio-loudness is a
characteristic that is linked to their gamma-ray emission.

The discovery of RL and RQ quasars introduced the concept that different types of
AGN were likely to present different appearances and features. A clear example is a
subclass of RL quasars, known as ’blazars’, blazing quasi-stellar radio sources, that
presents extreme properties that clearly set them apart from other AGN types.

Some of the extreme properties of blazars include rapid optical variability at all
wavelengths and on all kind of timescales. Moreover, some blazars present a smooth,
featureless optical spectra whose origin is usually explained by means of the presence
of a relativistic jet whose axis is closely aligned to the line of sight of the observer
(Blandford and Rees [BR78]). The small angle of view between the jet and the Earth
causes the emission from the jet to be heavily Doppler boosted, so its intensity is so
strong that hampers the detection of the inner part of the AGN. Blazars and their
relativistic jets will be discussed in more detail further on this work.

The cornerstones of AGN

Although different AGN subclasses might present different characteristics that might
be explained, for instance, by means of orientation and inclination biases, as will
later be explained, their basic structure is composed of a number of key components
that will be presented in the following. A schematic view of the components and
their position w.r.t. the central engine is shown in Figure 1.12.
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1.2.1 The central engine

The origin of the high luminosities observed in Seyferts, quasars and AGN in general
lies within a very small region (around less than a few tens of light days) close to the
center of the object. So as to reach such luminosity levels, the amount of released
energy must be much higher than the one that can be attained from thermonuclear
reactions. The only mechanism consistent with the release of such energy levels is
the gravitational force generated in a rotating accretion disc around a compact object
of M ~ 107 — 109 M, which general relativity requires to be a SMBH. The potential
gravitational energy of the matter spinning around the SMBH is transformed into
thermal energy via friction and viscosity, creating an accretion disc around the
central engine. For a review in the topic see e.g. Rees [Ree78], Rees [Ree84].

The term black hole is used to describe a sufficiently compact object that its event
horizon, i.e. the furthest point a photon can reach before being swallowed by the
gravitational potential of the black hole, has noticeable effects on the surrounding
spacetime and matter. In other words, the event horizon sets the boundary around
the black hole from which nothing, not even light, can escape. If an object was to
go beyond the event horizon of a black hole and fall inwards, an external observer
would see the light emitted by the object infinitely redshifted.

Different types of black holes yield different event horizons. For instance, in the
case of a Schwarzschild (static) black hole, the event horizon is located at the
Schwarszchild radius

Rg = ) (1.2)

which in units of the gravitational radius corresponds to Rg = 2R For a one-solar-
mass object the Schwarszchild radius is Rs = 3km. However, general relativity
states that the space-time around heavily compact objects is curved, so there can-
not be a stable circular orbit in the vicinity of the event horizon: the last stable
orbit or Innermost Stable Circular Orbit (ISCO) is actually located at a distance
Risco = 3Rgs. Note that all these statements are valid for non-rotating black holes,
i.e. the aforementioned Schwarszchild (static) metric. The horizon is much more
complicated in rotating objects, and the last stable orbit is located closer to the
central engine, as will be presented in the following subsection.

1.2 The cornerstones of AGN
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The accretion flow

The term accretion stands for matter falling onto some body, more precisely onto a
compact object as far as the present work is concerned. The presence of a SMBH
is closely linked to the existence of an accretion flow in the vicinity of the central
compact object.

To illustrate the creation of such flow, let us consider matter being accreted onto a
compact body of mass M and radius R. The potential energy of matter falling freely
to a distance r from the compact object is

Eacc = (13)

where G is the gravitational constant and m is the mass of the infalling matter. When
the accreting matter reaches the surface of the object at » = R, part of the kinetic
energy of the free fall has to be radiated away as heat. The accretion luminosity of
the compact object can then be defined as a function of the mass accretion rate of
the BH 1 = dm/dt as

GMm
Loce = ——5—. 1.4
= (1.4)

Defining the accretion distance R in units of the Schwarzschild radius Rg (see
Equation 1.2) so that R = n Rg, the accretion luminosity can be expressed as

. 2
Lyce = me. :nmCQ. (1.5)

2n
Here, 7 is known as the efficiency of the accretion, defined as the fraction of the rest

mass energy that is converted into radiation before succumbing to the gravitational
field of the black hole.

The most compact astrophysical objects are indeed black holes, but they do not have
a surface for the matter to fall onto. However, the accreting matter always possesses
a certain amount of angular momentum that prevents it from falling directly onto
the compact object. The accreting matter will hence rotate around the central engine.
Collisions between particles in the direction parallel to the angular momentum will
tend to sum to zero, while collisions in the orthogonal direction will tend to maintain
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an average circular velocity, resulting in the cloud being flattened into a steady
structure known as accretion disc. If the disc becomes sufficiently dense, viscosity
within the disc will cause an outward transfer of angular momentum and will also
heat the disc itself. In the geometrically thin but optically thick disc paradigm, the
most studied one®, most of the heat will radiate away from the disc surface before
the matter falls into the black hole. In other words, infalling matter spirals across the
accretion disc while it loses angular momentum via friction, becoming increasingly
hotter (and hence radiating) until it reaches the event horizon and falls into the
black hole.

The accretion efficiency 7 of a black hole accretion disc depends on the innermost
stable circular orbit of the disc, R;sco, which is determined by the spin of the BH.
The innermost stable orbit is different for static (Schwarzschild) and rotating (Kerr)
BHs, whose Rysco are at Rysco = 6 Rg and Rysco = 1 Rg respectively. Hence,
the accretion efficiency is also different for both types of BH, namely 1 ~ 0.06 for a
Schwarzschild BH and n ~ 0.42 for a Kerr BH.

Another important quantity regarding accretion discs is the so-called Eddington
luminosity, the luminosity at which the gravitational force inwards

GMm
Fo ="

(1.6)

balances with the radiation force outwards. To calculate the latter, let us recall the
expression of the radiation pressure at a distance R,

L1
c4mR?’

Prad = (17)

Radiation pressure is force per unit area, so the radiation force can be expressed
as

Frad = Prad rm (18)

where « is the opacity of the accreting material, i.e. the cross-sectional area per unit
mass for radiation scattering. Assuming that in high energy astrophysics most of the
accreting material is ionized hydrogen, and that the opacity can be considered to
be given by the Thompson scattering cross-section o, the cross-section will come

°It is indeed the paradigm that we consider in our external component model in Chapter 3.

1.2 The cornerstones of AGN
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from electrons, while the mass will lie on protons. Hence, we can approximate the
opacity  as k = op/m,, and introducing this opacity in Equation 1.8, the radiation
force can be expressed as

P L 1
F’r‘ad = rad9TM = arm (1.9)

5
mp cmy, 4TR

Thus, balancing the gravitational force (Equation 1.6) and the radiation force
(Equation 1.9), the Eddington luminosity is given by

M
Lpgs = 1.3 x 1038]\7 (1.10)
®

whence the Eddington luminosity only depends on the black hole mass, and sets
an upper limit to the disc luminosity. That is, if the accretion disc was to produce a
luminosity larger than the Eddington luminosity, the mass being accreted would feel
a radiation pressure that will equate the gravitational potential and stop the accretion
process, lowering the disc luminosity to the Eddington level, in a self-regulating
process: we have a natural feedback process with a limiting accretion rate. If we
equal the accretion luminosity in Equation 1.5 to the Eddington luminosity, we get
the limiting Eddington mass accretion rate

Mgy = ——— 2. (1.11)

The UV excess seen in the spectra of many Seyfert galaxies, also known as the
“UV bump” or Big Blue Bump (BBB), is the observational proof of the presence
of a cold accretion disc in the vicinity of the black hole that can be be fitted by a
blackbody with a temperature of 23 000 K-30 000 K (Malkan and Sargent [MS82],
Malkan [Mal83]).

In low-mass, high accretion rate AGN, the Wien tail of an standard accretion disc can
extend into the soft X-ray regime. On the contrary, accretion discs of SMBHSs are not
expected to emit much keV X-ray radiation since they are relatively cold. Thus, the
observed and well documented AGN X-ray emission that reaches up to hundreds of
keV requires a component other than an accretion disc to be generated. Back in 1988
Guilbert and Rees [GR88] and Lightman and White [LW88] predicted the presence
of a strong iron line and a broad high energy bump in the X-ray spectra of Seyfert
galaxies that originate from the reprocessing of the soft X-ray flux intercepted by
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cold matter. Such features were first confirmed by e.g. Pounds et al. [Pou+90], Piro
et al. [Pir+90], Matsuoka et al. [Mat+90]. Observations also showed that the X-ray

spectrum can be well approximated by a simple power law up to ~ 150keV (e.g.

Turner and Pounds [TP89]). Furthermore, when high-energy X-ray observations are
available, an exponential cutoff is observed in the spectrum of Seyferts in the range
100-150 keV (Fabian et al. [Fab+15]) and the radiative spectrum can be expressed
as

Fx(v) x v~ exp[—v/vc], ax €[0.7—0.9] (1.12)

where v is the cutoff frequency.

The rapid variability found by Kunieda et al. [Kun+91] requires the cold matter to
be located close to the X-ray emitting region. Moreover, luminosities that are (if
smaller) comparable to those of the accretion disc, point towards the X-ray emission
region being located not very far away from the central engine itself. One of the
suitable scenarios that can account for these observational characteristics is the
hot (~ 10° K) corona scenario where a significant fraction of the accretion disc is
comptonized into an optically thin, X-ray emitting corona (Haardt and Maraschi
[HM91], Haardt and Maraschi [HM93]). Making a parallelism with the Solar corona,
in this scenario both above and below the accretion disc there is a region filled by
very hot electrons (w.r.t. those in the accretion disc). The X-ray corona is thought
to dominate X-ray emission in non-blazar sources. For a recent review on the X-ray
emission from AGN, see Reynolds [Rey16].

There is also evidence of a second comptonization region, optically thicker and
cooler than the corona, in the accretion flow of some AGN. The signature of this
additional emission region is an excess of soft X-ray emission above the power law
of the corona, whence its name “soft excess” originates. This soft-excess can for
instance be modeled as a thermal black body with a constant temperature profile
(see e.g. Gierlinski and Done [GD04]).

Thus, the continuum emission of the accretion flow can be described through
a combination of an accretion disc emitting mostly at UV/optical frequencies, a
comptonization region producing the soft-excess and another comptonization region
(the corona) producing harder X-rays.

1.2 The cornerstones of AGN
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The broad and narrow line regions

Spectra of some AGN present broad lines that are originated within a region located
at a distance of around 100 light-days from the central engine known as the Broad
Line Region (BLR). The BLR is thought to be a high-density gas (with electron
densities n, > 10 cm ™) composed by individual clouds moving in Keplerian orbits
around the SMBH. The high-density of the clouds would mean that collisions would
suppress forbidden transitions.

The width of the broad lines greatly varies from object to object. Typical values
lie within the 1000 to 10000 kms~! range, widths too large to be due to thermal
motions. As a reference, a temperature of 7' ~ 10*K yields a velocity of v =
10kms™!, so the temperatures required to obtain the widths observed in the broad
lines would need to be extremely (and unrealistically) high. If the widths cannot
have a thermal origin, bulk motions are necessary to observe such Doppler shifts.
Considering that these bulk motions are most probably determined by the central
engine, and that the BLR reprocesses photons from the continuum radiation source,
i.e. the accretion disc, the BLR provides an unmatched insight on the innermost
regions of the AGN.

In fact, the most successful method for direct measurements of the black hole mass of
an AGN is the so-called reverberation mapping technique (see e.g. Peterson [Pet93],
Blandford and McKee [BM82]). Using high-cadence spectrophotometric monitoring,
the reverberation mapping approach measures the time-delay between variations
in the continuum flux and the echo of such variations in the broad emission line
flux. This delay gives a benchmark of the BLR size which in combination with
the velocity width of the emission line enables the deduction of a virial estimate
of the mass of the central engine. A scaling factor is applied in order to account
for the BLR geometry and kinematics. Up to now, dozens of successful black hole
mass measurements have been performed via reverberation mapping (e.g., Peterson
[Pet98], Peterson [Pet04], Du et al. [Du+16]).

A useful quantity that can be derived from reverberation mapping measurements
is the relation between the radius of the BLR and the luminosity of the AGN, the
r — L relation (e.g. Kaspi et al. [Kas+00], Bentz et al. [Ben+09]). For instance,
considering the Lyman Alpha line, the size of the BLR is proportional to the square
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root of the disc luminosity in units of 10% ergs~!(e.g. Ghisellini and Tavecchio

[GT09])

Rprr ~10'LY2 4o cm. (1.13)

Here the underlying assumption of most of the disc being able to ionize the atoms
in the BLR has been made. Indeed, through the r» — L relation, one can obtain an
estimate of the mass of the black hole by measuring the continuum luminosity and
the velocity width of a broad-line of the same spectrum. Although much simpler than
the time-consuming reverberation mapping campaigns, the application of the » — L
correlation to infer additional quantities is partly biased due to such studies having
been carried out mainly for radio quiet AGN, that is, sources where synchrotron
radiation from the jet at optical/UV frequencies is negligible w.r.t. the emission from
the continuum radiation source (i.e. the accretion disc).

The high correlation between the variations of emission line fluxes and continuum
fluxes indicate that the lines are indeed caused by the accretion disc photoionizing
the BLR clouds. An important quantity is how much of the continuum radiation
from the central region of the AGN ionizes the BLR. Considering the clouds to be
opaque, the amount of radiation they absorb can be approximated as a covering
factor that represents the fraction of the sky covered by BLR clouds as seen by the
central engine. The covering factor can be estimated by comparing the luminosity
from all emission lines an that of the continuum emission.

The spectra of some AGN also present narrow emission lines that originate from
a region of ionized, low-density gas (with electron densities n, < 10% — 105 cm™3)
known as the Narrow Line Region (NLR). Narrow lines have Full Width Half Maxi-
mums (FWHM) of ~ 300 — 500 km s~ !, still much larger than the widths originated
by thermal broadening, but narrower than the widths seen in broad lines. Another
difference w.r.t. the BLR is that electron densities in the NLR are small enough so as
not to collisionally suppress forbidden lines, as mentioned before. For the narrow

lines, the distances are around 100 pc, much larger distances than the BLR.

1.2 The cornerstones of AGN
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1.2.4

The obscuring torus

The central engine of an AGN is surrounded by a region composed by individu-
ally optically thick dusty clouds scattered in a toroidal structure (e.g. Krolik and
Begelman [KB88]). The presence of a torus that provides anisotropic obscuration
is fundamental for the paradigm of the unification theory in which different AGN
spectral classes are mostly via differences in the viewing angle, as will later be
explained in Section 1.3. Its presence is nowadays a certainty, since Jaffe et al.
[Jaf+93] achieved direct imaging of the torus two decades ago (see Figure 1.3).

Starting at around a 10 pc distance from the central engine, the outermost region
of the torus reaches out to some hundred parsecs. As for the radiation processes
involved, the accretion disc optical and UV photons heat up the inner part of the
torus which in turn emits infrared radiation due to blackbody absorption and re-
emission.

Core of Galaxy NGC 426l

Hubble Space Telescope
Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

AT .. |
380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYEARS

Figure 1.3 Close-up on the obscuring torus of the galaxy NGC 4261. From Jaffe et al.
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[Jaf+93].
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1.2.5 The relativistic jet

Some accretion discs produce highly collimated particle (plasma) flows that are
accelerated away from the central engine at velocities close to the speed of light.
Known as relativistic jets, such outflows are thought to be generated when the
accretion flow couples with the magnetic field of the black hole, and magneto hydro-
dynamics simulations point towards the magnetic field playing an important role in
jet formation and posterior collimation.

The first relativistic jet from an AGN to be observed (at optical wavelengths) was
that of M87 by H.D. Curtis in 1917 (see Figure 1.4 for M87 and its jet as seen by the
Hubble Space Telescope). 40 years later, the development of radioastronomy opened
a new window for better understanding the nature of jets, and consequently of AGN.
Although jets were initially mostly seen at radio frequencies, emission from jets
has nowadays been detected at different wavelengths, even at Very High Energies
(VHE) by the High Energy Stereoscopic System (HESS, Chapter 2), as shown in
Figure 1.5.

Nowadays we know that AGN jets can be long and smooth or short and stubby;,
and range from straight shapes to curved shapes, with a varying presence of knots
within. Although the majority of those knots show apparent superluminal velocities
[Section 1.5.3], some of them present either subluminal movement or even static
behaviour. With respect to the cases where superluminal velocities are measured,
we do know that the angle towards the observer needs to be of a few degrees.

The processes by which such energetic outflows are generated and by which the
particles are accelerated up to relativistic velocities are still a mystery though. The
most extended theory postulates that the plasma is accelerated through stochastic
shock acceleration: particles traveling across the shocks gain kinetic energy. The
jet reaches its end when its kinetic energy is balanced to the kinetic energy of the
intergalactic medium. High angular resolution observations show evidence of jets
extending from the sub-pc up to even the mega-pc scale.

Jets carry an important fraction of the AGN power away from the nucleus. Inter-
ferometry studies show how varied the speeds and energy carried by the jets are.
For instance, Seyfert 1 galaxies present slower and fainter jets than blazar type
objects, whose jets are the highly energetic and collimated. Moreover, blazar jets are
known to be very variable within small time scales at all wavelengths. All these facts
undoubtedly make jets one of the most spectacular characteristics of active galaxies,
and one of the best sources for their study.

1.2 The cornerstones of AGN 15



The M87 Jet
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PRCO00-20 « Space Telescope Science Institute « NASA and The Hubble Heritage Team (STScl/AURA)

Figure 1.4 MB87 as seen by the Hubble Space Telescope. The jet is clearly visible at optical
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wavelengths.

At radio frequencies, the inner region of the jet, the nucleus, is optically thick. That
means the majority of the radiation created by the source is self-absorbed by the
source itself. Here lies the difficulty of observing and extracting information from the
center of the engine that powers the jet. As we travel further away from the nucleus
along the relativistic jet, regions of enhanced emission known as components or
knots are observed.

By studying the Spectral Energy Distribution (SED) of AGN, we know that the
majority of the energy they release comes under the form of synchrotron radiation
(see Section 3.1.1) from the interaction between relativistic charged particles within
the relativistic outflow and the surrounding magnetic field. The nature of synchrotron
radiation generates a stratification of the jet regarding the amount of emitted energy

Chapter 1 Active Galactic Nuclei
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Figure 1.5 Sky map as well as the position and extension limit of the TeV gamma-ray

emission from M87. Left: Smoothed TeV gamma-ray excess map as measured
by HESS. Right: The 90 cm radio data measured with the Very Large Array, to-
gether with the TeV position. The black cross marks the position and statistical
error of the gamma-ray source reported by HEGRA. From Aharonian [Aha06].

and the frequency at which it is emitted: the innermost regions of the jet not only
do emit more radiation, but the emitted radiation is more energetic. The relativistic
plasma emits at lower energies as it cools down along the jet.

Apart from synchrotron radiation, another dominant radiation mechanism within
jets is the Inverse Compton (IC, Section 3.1.4) scattering of low-energy photons by
highly relativistic particles*. The environment within the jet is a mixture of highly
relativistic particles and a radiation field. Since the average photon energies of the
radiation field lie well below the energies of the relativistic particles, the presence
of IC processes that result in the generation of High Energy (HE) and even VHE
photons is major. The radiative processes mentioned here will be presented in more
detail in Section 3.1.

Although there are many unknown aspects regarding the physics of relativistic jets
in AGN, we do know that jets are bond to dominate the emission over a large part
of the electromagnetic spectrum, which means that the observed radiation will be
heavily relativistically beamed. Such beaming needs to be accounted for if we are to
study the underlying physical processes involved in relativistic jets, an ubiquitous
phenomenon happening all over the Universe in systems accreting onto compact

“The nature of the highly relativistic particles is still cause of debate. One of the major uncertainties
with respect to AGN jets lies on their composition, that is, whether the jet has a purely leptonic or a
hybrid lepto-hadronic composition. For the purposes of the present work, only leptonic jets are
considered.

1.2 The cornerstones of AGN
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objects, e.g. microquasars, gamma-ray bursts and obviously AGN. In the present
work, we focus precisely on the jets from the latter type of object.

Unified schemes of AGN

From the discovery of radio-loud and radio-quiet quasars (see Section 1.1), it was
clear that AGN come in a wide variety of types and flavours. Indeed, it seemed
that although these compact objects might share a given characteristic, they could
be completely different regarding another one. These observational differences
motivated the development of AGN unification schemes that account for the highly
anisotropic emission from the inner parts of the AGN.

Concerning the radio point of view, the basic classification is the radio-loud and radio-
quiet AGN dichotomy. In fact, radio-loud AGN probably do contain a normal, radio-
quiet AGN within, plus a seemingly unrelated radio emission from the relativistic
jets.

Starting from radio-quiet AGN, Antonucci [Ant93] proposed a further classification
based on optical spectroscopy. In this paradigm, Type 2 AGN present permitted and
forbidden lines from the NLR in their spectra. In addition to these narrow lines, Type
1 AGN present permitted lines from the BLR and a strong, featureless continuum in
comparison to their broad-line emission. The lack of broad forbidden lines suggests
the broad line gas is extremely dense, as mentioned in Section 1.2.3, thus non-
electric-dipole transitions are quenched by collisions. Figure 1.6 and Figure 1.7
present the spectra of a Type 1 Seyfert and a Type 2 Seyfert respectively. Note that if
the nuclear luminosity of the AGN is low, we have Type 1 and Type 2 Seyfert galaxies
(because the host galaxy is visible), whereas high luminosity AGN would be Type 1
and Type 2 quasars.

This spectroscopic classification also seems to yield different X-ray properties between
Type 1 and Type 2 AGN. The latter usually presents strong keV emission, while X-rays
have been detected only for a few objects that historically had been classified as

>This classification was based on the approach proposed by Khachikian and Weedman [KW74].
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Type 2s. This subset of X-ray bright AGN with weak or undetectable broad lines are
called narrow-line X-ray galaxies.

All the above mentioned considerations suppose that radio-quiet AGN can be classi-
fied depending on whether they have broad lines and featureless continua or not.
The underlying question is why do Type 2 AGN not present these features. Either
they do not have them intrinsically, either they are obscured for an observer in Earth
at least. The fact that polarized observations of Type 2 AGN reveal a Type 1 nucleus
is a strong hint towards the obscuration scenario, where Type 1 AGN would be
seen face-on, right into the nucleus, while Type 2 would be edge-on AGN with an
obscuring body (i.e. the torus) between the nucleus and the observer, as illustrated
in Figure 1.8.

Regarding radio-galaxies, they can be classified into Type 2 radio galaxies (a.k.a.
Narrow-Line Radio Galaxies, NLRG) and Type 1 radio galaxies (a.k.a. Broad Line
Radio Galaxies, BLRG) from the spectroscopic point of view. NLRGs can be further
divided into Fanaroff-Riley I galaxies (FRI) if their radio emission is core-dominated,
and Fanaroff-Riley II galaxies (FRII) if the emission is dominated by the two hot-spots
at the edges of the lobes, and represent the shock front between the relativistic
jet and the intergalactic medium. Figure 1.9 and Figure 1.10 show images of a
core-dominated FRI and a lobe-dominated FRII respectively. FRII seem to have IR,
optical and UV properties similar to radio-quiet AGN, which is probably the case of
FRIs too, but the anisotropic radiation from the core drenches these components.
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Figure 1.9 The FRI galaxy 3C31. The radio emission is clearly core-dominated, in opposi-
tion to Cygnus A in Figure 1.10. Image courtesy of NRAO/AUL
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Figure 1.10 The archetypal FRII galaxy Cygnus A as seen by the VLA. The radio emission is
lobe-dominated in FRII galaxies. Image courtesy of NRAO/AUL
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1.11 Summary of optical spectra of different types of AGN. The BL Lac object and
BLRG spectra are from Lawrence et al. [Law+96]. The mean quasar composite
spectrum was generated by Francis et al. [Fra+91]. The normal-galaxy NGC
3368 credit goes to Kennicutt [Ken92], while NGC 4579 and NGC 4941 are
presented in Keel [Kee83]. Finally, the Cygnus A spectrum comes from Owen
et al. [Owe+90]. Image credit: William Keel.

Radio(-loud) quasars can also be further classified into Steep Spectrum Radio
Quasars (SSRQs) and Flat Spectrum Radio Quasars (FSRQs) depending on their
spectral index® at a few GHz, a = 0.5 being usually the threshold value. This
distinction also reflects the size of the radio emitting region. Considering that
synchrotron radiation has a relatively steep spectrum («, ~ 0.7) for extended
emission regions associated to the radio-lobes, and a somewhat flatter spectrum for
nuclear, compact emission, SSRQs are mostly lobe dominated FRII AGN, while the
nuclear radio emission in FSRQs overrides the extended one, positioning them closer

to FRI galaxies.

®AGN broad-band spectra are power-laws, the observed flux density roughly being F,, o v~%, where
the spectral index is a ~ 1.

1.3 Unified schemes of AGN
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The brief AGN classification summary we have so far presented already gives the
impression of a somewhat overwhelming variety of galaxies, sub-classifications
and nomenclatures, that regardless of their differences concerning a certain char-
acteristic fall within the AGN class. Thus, the need for a unification scheme that
describes all the different types of galaxies comprised within the AGN division along
with the variations of the parameters observed for each type of galaxy is easily
understandable.

The main concept behind the unified schemes is the highly anisotropic nature of
the emission from the inner parts of the AGN. The currently accepted paradigm
includes a central engine, possibly a SMBH, surrounded by an accretion disc and
fast-moving clouds. The clouds are thought to be under the influence of the strong
gravitational field of the BH, emitting Doppler-broadened optical spectral lines due
to the radiation they receive from the thermal emission from the accretion disc as
introduced in Section 1.2.3. The width of the lines, caused by Doppler broadening,
is linked to the distance between the line and the central engine. Thus, narrow lines
are originated within the farthest emission regions, and broad lines point towards
regions closer to the SMBH.

In addition to the BH, the disc and the clouds, an absorbing material, usually pictured
as a torus, obscures the central part of the AGN. Therefore, for transverse lines of
sight only narrow line emitting clouds are seen (Type 2 AGN), while near infrared to
soft X-ray nuclear continuum from the accretion disc and broad lines from clouds
close to the engine are only seen when the galaxy is face-on (Type 1 AGN). The last
main element of the unification scheme is a relativistic jet, roughly perpendicular
to the accretion disc, which produces strong anisotropy and enhanced continuum
emission, the so-called relativistic beaming. Such relativistic jet requires a strong
magnetic field which collimates the outflow. The jet is also a discriminating variable
to classify the AGN as radio loud or radio quiet based on its presence or absence - a
jetted AGN will invariantly be a radio loud AGN. These main AGN components have
been presented in Section 1.2. Table 1.1 summarizes the main characteristics of the
AGN components.

This axisymmetric description of AGN yields widely different observational properties
depending on viewing angles. For instance, BL Lacs are thought to be FRIs with jets
at relatively small (8 < 20-30°) angle to the line of sight, while FSRQs are FRIIs
oriented at small (# < 15°) angles, SSRQs being at the angles between those of
FSRQs and FRIIs. Blazars then are the AGN subclass whose jet is closely oriented
with regards to the line of sight. Consequently, an unification model that considers
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intrinsic, isotropic features to unify fundamentally identical but apparently different
AGN types is more than necessary.

Considering the fact that AGN emit radiation over the whole electromagnetic spec-
trum, a multi-wavelength (MWL) approach is fundamental if we are to understand
the different emission mechanisms originating in different regions of the AGN. MWL
campaigns ideally include different instruments that will simultaneously (or over
the same time-span) cover the whole energy range of the electromagnetic spectrum,
from radio to gamma-rays. MWL observations are thus crucial to study the radiation
fields from the different components within the AGN unification theory framework,
and thus enable the reconstruction and understanding of the energy spectra of the
underlying particle distributions. Such understanding will foster the accuracy of uni-
fication schemes by casting more light into the behaviour and intrinsic characteristics
of AGN.

In the next section, we will describe in more detail the role that jets play on particle
acceleration up to relativistic velocities as well as the link between jets as particle
accelerators and the observed gamma-ray emission in jetted AGN.

1.3 Unified schemes of AGN
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Figure 1.12 AGN unification theory scheme. From Beckmann and Shrader [BS12]

SMBH M ~ 107-10° Mg,
r ~ 107 3pc

n ~ 10%cm =3

kT ~ 50eV - r—3/4
v ~ 0.3 cat inner edge

r ~ 0.01 — 0.1pc (~ light days)
3

Accretion Disc

n ~ 10%m~
v ~ 1000 — 5000km - s~ !
T ~ 10*K

s ~ 100 — 1000pc

NLR n~ 103 — 10%cm—3

BLR

v ~ few 100s km - s~1

r~1—10spc
Torus n~ 103 — 10%cm—3

T — cold

Table 1.1 Physical characteristics of unified AGN model components that had been
presented as the AGN cornerstones in Section 1.2. See e.g. Antonucci [Ant93]
for a review on the topic.
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1.4 AGN at gamma-ray energies

1.4.1

Ever since the very first jet studies at radio frequencies, astronomers inferred that jet
radio emission is dominated by synchrotron radiation [Section 3.1.1] from (at least)
GeV-energy particles. The fact that relativistic jets are some of the most extreme
phenomena observed in the Universe coupled with gamma-rays only originating in
extreme environments positioned jets at very likely sites of gamma-ray creation.

In addition to presenting AGN as powerful particle accelerators, this section presents
the main characteristics of the two gamma-ray detected AGN types in which the
present work is centered, blazars and gamma-emitting NLS1s.

AGN as particle accelerators

For astronomical sources, the energies of the observed gamma-ray radiation (starting
from the rest mass energy of an electron, i.e. 511keV, up to TeV) cannot be obtained
from nuclear decay, which is the mechanism by which low energy (LE) gamma-
rays are obtained in nuclear laboratories. Such energies cannot be generated by
thermal emissions of hot celestial objects either: there is nothing hot enough in
the Universe - apart from the Big Bang itself - to emit such energetic gamma-rays.
Therefore, HE gamma-rays probe the existence of a non-thermal Universe: there
have to be other mechanisms that allow the concentration of large amounts of
energy onto a single quantum of radiation. In fact, TeV radiation is one of the less
ambiguous proofs of particles being accelerated up to VHE, since at least a TeV
electron/particle is required to yield a TeV photon through the inverse Compton
process (see Section 3.1.4).

Initial particles are accelerated up to such high energies via the Fermi acceleration
mechanisms (see, e.g. Bell [Bel78a], Bell [Bel78b]). Fermi acceleration, also known
as diffusive shock acceleration, is the acceleration that charged particles undergo
when they are repeatedly reflected, usually by a magnetic mirror. This type of
acceleration is thought to be the primary mechanism by which particles gain non-
thermal energies in astrophysical shock waves, and it plays a very important role in
many astrophysical models. Different acceleration scenarios yield different spectral
shapes and indexes for the accelerated particles, which is why it is paramount to

1.4 AGN at gamma-ray energies
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have accurate observational descriptions of AGN so that relevant conclusions can be
derived.

It is now widely believed that Fermi acceleration processes are responsible for the
production of non-thermal power-law particle distributions in AGN. Apart from
shock and turbulence acceleration, magnetic reconnection and direct electric fields
found in the vicinity of the central engine are also likely to contribute to the overall
acceleration of particles. Moreover, relativistic reconnection processes could also
play their part in accelerating the particles, since this type of mechanism could
account for the non-thermal emission properties such as rapid HE variability that
are often observed in AGN.

All in all, the study of HE gamma-rays is thought to be one of the best ways to
study cosmic particle accelerators, since due to their neutral nature they travel in a
straight line directly from the source. Unlike cosmic rays, gamma-ray photons are
not electromagnetically charged, so they do not suffer from interactions in the full-of-
magnetic-fields interstellar medium. Hence their trajectory remains unchanged along
all the way from the source to the very first interaction, either with a satellite such as
Fermi, or with the Earth’s atmosphere, initiating an extensive air shower [Section 2.2]
that can be detected by ground-based detectors like HESS [Section 2.5].

As a side note, we would like to mention that the neutrino could be another type of
messenger that carries information about the source. Unfortunately, neutrinos hardly
interact with matter, so they are extremely difficult to detect. However, experiments
such as IceCube in the South Pole are active in the search for this type of messenger,
and this field of research will benefit from more advanced facilities such as the Cubic
Kilometre Neutrino Telescope (Km3NET) that will hopefully cast more light on the
issue.

In this work, and as previously mentioned, we will focus on two types of AGN that
show indications of particle acceleration up to gamma-ray energies: blazars and
gamma-loud NLS1 galaxies. Their main characteristics will be further developed in
the following subsections.
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1.4.2 Blazars

Before the launch of the Compton Gamma Ray Observatory (CGRO) satellite, gamma-
rays from AGN were thought to originate from energetic protons accelerated in
shocks within the accretion disc. However, the lower-energy counterparts of CGRO-
detected gamma-ray sources turned out to be blazars. What is more, the observed
fast variability along with the intensity of the gamma-ray emission suggested that
gamma-radiation moved at relativistic speed and that the emission needed to be
produced further away than the accretion disc, i.e. within the jet.

Briefly introduced in Section 1.1, blazars are the most extreme and powerful type of
AGN. They present beamed continuum emission caused by a relativistic jet oriented
closely to the line of sight, which results in heavily Doppler boosted observed
radiation (see Section 1.5.1), and the bulk of their radiative output is emitted in the
gamma-ray range (Ghisellini et al. [Ghi+98]). Blazars are the beamed population
of jetted AGN. Although most AGN show continuum variability, blazars present the
most rapid, large amplitude variability at very short timescales. Some of their main
characteristics are a flat radio spectrum and a broad-band spectrum dominated by
non-thermal radiation that originates both the polarized optical and radio emission
and the rapid variability (see e.g. Strittmatter et al. [Str+72]; Stein et al. [Ste+76];
Moore and Stockman [MS81]).

The blazar class can be further divided into BL Lacs and FSRQs. Within the AGN
unification scheme paradigm, the main difference between both types is the presence
of significant emission-line equivalent widths in the optical spectra of the former,
and lack thereof in the case of the latter (EW < 5A, see e.g. Angel and Stockman
[AS80]). However, some BL Lac-classified objects, for instance the archetypal BL
Lacertae, have been found to have broad lines in their spectra (e.g. Madejski et al.
[Mad+99]). In fact, although the presence or absence of emission lines in the optical
spectra is used as the first classification filter, other differences between BL Lacs and
FSRQs do exist. For example, BL Lacs are located much closer than FSRQs - the
redshift distribution of FSRQs peaks at around z = 1.0, while BL Lacs are mostly
found in the local Universe (e.g. Massaro et al. [Mas+09a]). In the framework
of the previously presented unification theory, one of the plausible explanations is
the so-called blazar evolutionary sequence, which suggests that FSRQs are young
AGN that eventually evolve into BL Lac objects as the central engine consumes the
interstellar gas (e.g. Cavaliere and D’Elia [CD02], Maraschi and Tavecchio [MTO03]).
For a recent review on the topic see Foschini [Fos17]. The redshift distribution could
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be biased though, due to the fact that the featureless optical spectra of BL Lacs
hampers the determination of their redshift.

Another difference lies in their luminosity - FSRQs appear to be more luminous than
BL Lac objects (Padovani [Pad92]). As presented in Section 1.3, the unification
model paradigm explains this divergence from the difference in jet structure observed
in FRI and FRII radio galaxies: bright FSRQs are FRII galaxies seen in the direction
of the jet, while BL Lacs are fainter FRI galaxies (Urry and Padovani [UP95]).

The SED of both blazar types spans a frequency range over 20 orders of magnitude
in frequency, from radio frequencies up to gamma- rays. In the case of BL Lacs, the
observed emission is dominated by the radiation fields linked to the relativistic jet
that yields an SED featuring two bumps: a low-energy component, and a high-energy
component dominated by hard gamma-rays. The first hump is commonly attributed
to synchrotron radiation [Section 3.1.1] and thus known as the synchrotron bump,
while the high-energy bump is linked to IC processes and thus known as the Inverse
Compton bump. One of the most extended theories pictures that the synchrotron
photons originated by the interaction between the tangled magnetic field and the
electron population within the blob are actually the seed photons that are scattered
up to the observed gamma-ray energies in a process known as the synchrotron
self-Compton process [Section 3.1.5]. Conversely, the FSRQ subtype features more
complex broad-band emission spectra that requires radiation from external photon
fields such as the accretion disc or the dusty torus to be accounted for.

In fact, some of the differences between FSRQs and BL Lacs could be due to changes
in the accretion flow. BL Lacs accrete at low Eddington rates, so the accretion flow is
in the hot, advection-dominated regime that implies faint UV emission. This type of
disc is known as Advection Dominated Accretion Flow (ADAF) disc. The faint UV
emission cannot provide sufficient ionization for the BLR clouds to emit strong broad
lines. On the other hand, FSRQs accrete close to the Eddington limit, which enables
the existence of a UV-bright disc that ionizes the BLR that is at the origin of the
observed enhanced external Compton emission in this type of object. This enhanced
IC emission is the reason why the SED of FSRQs is more Compton-dominated than
that of BL Lacs, meaning that the ratio of Compton to synchrotron luminosities is
larger in FSRQs than in BL Lacs.

In FSRQs, the BH mass can be determined through standard scaling factors (rever-
beration mapping techniques, Section 1.2.3) that reveal quite large masses of the
order of Mgy > 10® M, (Ghisellini and Tavecchio [GT15]). Despite the inherent
challenge for BH mass determination due to the lack of broad lines in their spectra,
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recent studies of host galaxy characteristics have found similar masses for BL Lacs
(e.g. Plotkin et al. [Plo+11], Falomo et al. [Fal+03]).

In this regard, BL Lacs and FSRQs form a “blazar sequence” of increasing accretion
power onto similar mass BHs that also illustrates variations and shifts in luminosity
peak frequencies that result in SEDs that vary according to the observed bolometric
luminosity. The blazar sequence is illustrated in Figure 1.13, both the original and
the revisited one.

The luminosity of the low-energy bump of FSRQs peaks at IR/optical wavelengths,
while the position of the peak in BL Lacs can vary from IR/optical up to UV/X-ray
frequencies (see e.g. Abdo et al. [Abd+10b]). What is more, BL Lacs can be fur-
ther classified in different subtypes based on the position of their synchrotron
peak. Thus there are Low <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>