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Abstract

Blazars represent a class of active galactic nuclei with powerful jets oriented close to our line of
sight. The intense and variable electromagnetic emission observed from blazars is the ultimate
manifestation of the accelerated plasma. These accelerated particles can interact with surround-
ing matter and radiation, generating neutrinos and gamma rays. Recently, the study of blazars
has gained significant importance in the realm of multi-messenger astrophysics, the field that
explores cosmic phenomena through the combined analysis of different types of signals, includ-
ing electromagnetic waves, cosmic rays, neutrinos, and gravitational waves. Indeed, the extreme
conditions reached in blazar jets make them capable of producing both neutrinos and radiation
across the electromagnetic spectrum, from radio waves to gamma rays. Neutrinos, being neutral
and nearly massless, provide a unique way to probe the most energetic astrophysical processes,
while multi-wavelength (MWL) observations carry information about the extreme conditions
in blazar jets and the emission mechanisms in action. In particular, the unique capabilities of
very-long-baseline interferometry (VLBI) and very high energy (VHE, E > 100 GeV) observa-
tions (e.g., with the Major Atmospheric Gamma-ray Imaging Cherenkov, MAGIC, telescopes)
allow a privileged view in the compact regions of blazar jets: VLBI provides images of parsec
scale regions of these sources; VHE observations through variability analysis probe even more
compact emission regions.

The theoretical expectations on blazar jets as neutrino sources were observationally confirmed
when the gamma-ray blazar TXS 05064056 was detected in spatial coincidence with the IceCube-
170922A (IC 170922A) neutrino event, highlighting one of the most significant connections
between high-energy neutrinos and astrophysical sources to date. Once the first milestone has
been reached, now it is crucial to provide more observational insights to support or discard
the neutrino-blazar connection hypothesis. To delve into potential blazar counterparts of high-
energy neutrinos, this Thesis focuses on the parsec-scale regions of gamma-ray blazars spatially
coinciding with neutrino detections from the IceCube Neutrino Observatory. The project aims
to explore distinctive radio properties related to neutrino production, such as coincident radio
flares or features in jet morphology like limb brightening and transverse structures which have
been observed in TXS 05064+056. The study involved detailed multi-frequency VLBI follow-up
observations of candidate counterparts associated with four high-energy neutrino events detected
by IceCube: IC 190704A, IC 200109A, IC 201021A and IC 201114A. We identified and examined
ten potential neutrino-emitting blazars, with emphasis on five of them because of the gamma-
ray association, similar to TXS 05064+056. We investigated their radio characteristics shortly
after neutrino arrival, comparing them with archival VLBI observations and low-frequency radio
data. The results were discussed in the context of previous statistical works and studies on the
case of TXS 05064-056. Two of the sources, PKS 17254123 and TXS 1100+122, show hints of an
elevated state of activity emerging as promising neutrino source candidates. While our results
to date can not establish a robust connection between the radio activity state and neutrino
arrival for the other sources, they stress the need for more extensive VLBI and MWL follow-
up observations of neutrino events. Such efforts are crucial to advancing our understanding of
neutrino production mechanisms in astrophysical sources.



A crucial tool for unravelling the fundamental processes at play in blazar jets, whether
they are connected to neutrino emission or not, is the investigation of their broadband Spectral
Energy Distribution (SED). Blazar SED is interpreted as synchrotron radiation in the low-
energy regime and radiation produced through inverse Compton scattering (leptonic models)
or hadronic processes at high energy. The latter processes are also involved in the neutrino
production. Leptonic and hadronic models offer different perspectives, with SED modelling
playing a pivotal role in discerning the microphysics of the system. To this purpose, the MAGIC
Collaboration coordinates long-term monitoring of blazars in collaboration with lower energy
facilities. The blazar 1ES1959+650 serves as an ideal laboratory for the study of the MWL
behaviour of blazars, due to its brightness at all wavelengths and peculiar flare episodes. During
the last few years, the source has experienced its lowest state ever reached, mainly at VHE. Yet
it remained significantly detected on hour time scales by MAGIC. In this Thesis, we discussed
the MWL spectral features and variability patterns during this low-state period, with a focus on
the VHE data. Taking into account the findings on the VHE and MWL variability and spectral
properties, we modelled the broadband SED of the source under the assumption of a leptonic
scenario. In particular, to study the source evolution during the 2020-2022 period, we focused
on three different states, a high and low state at VHE and a high state in the optical band, one
at the beginning, the end and the middle of the period, respectively. We found that the leptonic
explanation satisfactorily describes the data during this low-state period. We discussed the
differences in the model parameters among the three days of the 2020-2022 low-state period and
compared them with past flaring states. The MWL monitoring of 1ES1959+650 is ongoing and
the view of the quiescent state that we provided will be useful as a baseline for the investigation
of the source evolution with future new data.

This doctoral project aims to enhance our comprehension of particle acceleration in astro-
physical settings, with a specific focus on blazars and their potential role as sources of high-energy
neutrinos. The research takes advantage of the parallel and complementary insights derived from
radio and gamma-ray observations, serving as indicators of relativistic particle acceleration in
extreme cosmic environments. Looking ahead, both radio and gamma-ray astronomy fields are
experiencing remarkable and innovative developments. The advent of the Square Kilometre
Array Observatory (SKAO) in the radio astronomy field and the ongoing construction of the
Cherenkov Telescope Array Observatory (CTAO) in the gamma-ray astronomy field promise
significant advancements. In this context, this Thesis provides an overview of the use of radio
and gamma-ray observations in the study of cosmic accelerators, utilizing data from existing
facilities and anticipating the improvements that future instruments will bring to this field.

The Thesis starts with an introduction to blazar physics, discussing blazar characteristics,
classification, hypotheses on emission mechanisms, and the radio and gamma-ray view of these
sources. It is then divided into two independent parts.

Part I describes the radio astronomy approach for studying acceleration processes in blazars,
starting with interferometry and data analysis techniques. The results from radio observations
of the sample of blazar candidate neutrino emitters are then presented.

Part I addresses the gamma-ray astronomy approach for investigating blazar emission mech-
anisms. The observing technique and data analysis are illustrated, followed by a description of
current and future instruments. The study of the blazar 1ES 1959+650 represents the application
of the MWL approach (driven by the observations in the gamma-ray band).

The conclusions close the Thesis with a summary of the results and considerations for future
instrument improvements and scientific outputs.
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Chapter 1

Multi-Messenger astronomy

At the basis of the study of the Universe, photons have always served as carriers of astrophysical
information. However, cosmic rays (i.e. atomic nuclei accelerated to close to the speed of light),
neutrinos, and gravitational waves can help tell a more complete story of the Universe. In recent
decades, multi-messenger (MM) astronomy has emerged as a compelling approach to studying
various astrophysical events. The e ectiveness of utilizing a broad observational tool set, con-
sisting of di erent messengers, to understand diverse astrophysical phenomena is nowadays well
established (e.g., Mesaros et al. 2019, for a review). In some cases, MM observations have
helped validate previous theoretical predictions, like in the case of the groundbreaking discovery
of gravitational waves from binary black hole mergers which marked a pivotal moment in this
eld (Abbott et al. 2016b).

The power of MM astronomy relies on a collaborative e ort of various branches of astro-
physics and particle astronomy. Task forces are entirely dedicated to the coordination of joint
activities among di erent facilities, from the scheduling of almost simultaneous observations to
scienti ¢ publications. Online channels like the Astronomer's Telegram (ATel)! and Gamma-Ray
Burst (GRB) Coordinates Network (GCN) 2 are crucial to shed light on the processes occurring
in astrophysical environments.

While mainly based on multi-wavelength (MWL) observations, this Thesis is closely con-
nected to the production of messengers beyond photons. Within the framework of MM astron-
omy, it serves as a test for the approach involving not only the conventional tool of astronomers,
i.e. photons, but also neutrinos and cosmic rays. This Chapter provides an introductory overview
of the connection between the three messengers.

1.1 Photons

The purpose of observational astronomy is to collect information about astrophysical objects to
understand the processes governing the behaviour of those objects. The recording of photons
at all the wavelengths of the electromagnetic spectrum is indeed one of the most powerful tools
humanity has to discover and understand the observable Universe.

The electromagnetic spectrum spans a range of frequencies, (or wavelengths, or photon
energies). It covers electromagnetic waves with frequencies below 1 Hz to above?i(Hz, cor-
responding to wavelengths from thousands of kilometres down to fractions of the size of an
atomic nucleus. The spectrum is divided into bands, ranging from radio waves and microwaves

Lhttps://www.astronomerstelegram.org/

2GRB are brief and extremely energetic cosmic explosions, emitting intense bursts of gamma-ray radiation,
typically lasting from sub seconds to a few minutes. Despite the name, the GCN archive collects alerts on all kinds
of transients, not only on GRB. The archive can be consulted at https://gcn.gsfc.nasa.gov/gcn/gen3  _archive.html.
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to infrared, visible light, ultraviolet, X-rays, and gamma rays. Each band requires a di erent
observing technique, depending on the behaviour of the light at that wavelength.

The medium traversed signi cantly in uences photon propagation through absorption or
scattering processes. Moreover, photons must pass through the Earth's atmosphere and iono-
sphere before reaching the ground. Only photons with a wavelength in the range between 3000
A and 8000A (visible window) and the ones with a wavelength in the range from 1 cm to
10 m (radio window) can cross the Earth's atmosphere (see Fig. 1.1). Outside these windows,
the only way to collect information is by minimizing the amount of atmosphere between the
observer and the source. This is achieved by operating at high altitudes, like on mountains
or using balloons ying the upper layers of the atmosphere. Satellites allow observations even
beyond Earth's atmosphere. The ultraviolet, far infrared, X-ray, and gamma-ray band windows
were opened only in the 1970s thanks to the di usion of satellites. Instead, the radio band began
to be explored as early as the 1930s.

Figure 1.1: The gure shows a schematic representation of the electromagnetic spectrum, illustrating the
division in bands and indicating the atmospheric layers that photons within each band can penetrate. The
visible window (3000A to 8000 A) and the radio window (1 cm to 10 m) are the only atmosphere windows
allowing photons to pass through. Observing outside these windows often requires high-altitude platforms
such as satellites, balloons, or mountain-based observatories to minimize atmospheric interference. Credit:
STScl/JHU/NASA.

The type of photons produced at each band also heavily depends on the physical condi-
tions of the emission region, such as temperature, pressure, motion, magnetic eld strength,
etc. Consequently, each phenomenon tends to produce energy primarily at certain wavelengths,
depending on the environmental condition. Observing at speci ¢ wavelengths means applying
a lter to certain objects and phenomena, and studying an object in a single frequency band is
therefore limiting. A MWL approach, i.e. a connection between information collected at several
wavelengths, is fundamental for a more complete understanding of astrophysical phenomena.

In particular, radio and gamma-ray observations provide two complementary eyes on the
non-thermal Universe. We refer to non-thermal processes when the particle distribution is not
Maxwellian and therefore it is not possible to de ne a temperature for the emitting system. Non-
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thermal processes include, e.g.synchrotron emission arising from charged particles spiralling
around magnetic eld lines at relativistic speeds, and Compton scatterings involving inelastic
collisions between electrons and photons (Rybicki & Lightman 1986). On the other hand,
thermal radiation is characterized by a well-de ned emission spectrum, known as theblackbody
spectrum, which is, for example, a good approximation of the spectrum of ordinary stars. It
is derived from Planck's law resulting from quantum mechanical considerations. Non-thermal
phenomena are instead all those characterized by an emission spectrum di erent from that of
the thermal black body. For instance, the non-thermal spectra in several sources can be well
described by power laws.

Radio and gamma-ray observations sample these kinds of spectra, allowing us to identify and
study sources where non-thermal components, such as relativistic electrons and magnetic elds,
are present. The project presented in this Thesis is based on radio and gamma-ray observations.

1.2 Cosmic rays

In 1912, Victor Hess discovered that ionization levels of the Earth's atmosphere increased with
altitude. Then, he postulated the existence of charged particles of cosmic origin constantly
colliding with the Earth's atmosphere, the cosmic rays. According to his theory, this shelling
was the source of the highest levels of ionization. Cosmic rays are particles with the highest
energy observed in the Universe, surpassing the capabilities of all existing particle accelerators
on Earth by over a million times.

Approximately 80% of the cosmic ray composition is represented by protons and approxi-
mately 15% by helium nuclei. Additionally, heavier nuclei have been observed. Electrons and
positrons contribute approximately 1% to the total particle population constituting cosmic rays.
Since Hess's discovery, the cosmic ray spectrum has been studied across about 12 orders of mag-
nitude in energy. At lower energies, this was done by employing balloons and satellites. At
higher energies, where the ux is lower, large arrays of air shower detectors deployed on Earth's
surface have been used; more details on this detection technique are given in Chapter 1.

The observed cosmic ray spectrum follows a power law function as shown in Fig. 1.2. There
are two break points. At around 10'® eV is the kneg and at around 108 eV the ankle. The
spectral index of the power law goes from around 2.67 at low energies, below the knee, to 3.10
for intermediate energies, above the knee, and to 2.75 for high energies, above the ankle.

A widely accepted hypothesis, proposed by Fermi (1949), suggests that cosmic rays undergo
acceleration by repeatedly crossing shock fronts. The magnetic eld strength and the size of the
acceleration regions determine the maximum energy at which a cosmic ray can be accelerated
by an astrophysical source according to the Hillas criterion. The gyroradius of the accelerated
particle must not exceed the physical dimensions of the acceleration region, to ensure the par-
ticle's con nement within that region (Hillas 1984). For a particle with charge Z accelerated
within a region of radius R and containing a tangled magnetic eld of strength B, the maximum
energy, Emax, satisfying the Hillas criterion is given by:

B R
30 G10%cm
While at lower energies, solar cosmic rays dominate the observed ux, supernova remnants
are considered one of the primary sources of Galactic cosmic rays at energies abové 8V up
to 10 eV, below the ankle. Cosmic rays, being electrically charged, experience de ection due
to magnetic elds, making it challenging to precisely determine their origin. The highest-energy
cosmic ray particles { so-called Ultra High Energy Cosmic Rays (UHECRS), withE > 108
eV { are generally thought to originate in extragalactic sources like jets of Active Galactic
Nuclei (AGN) or GRB. AGN are extremely energetic and compact regions at the centers of

Emax = Z 10 eV: (1.1)
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galaxies, powered by accretion onto supermassive black holes, exhibiting intense emission across
the electromagnetic spectrum.

Figure 1.2: The gure shows the cosmic ray spectrum built with observational points from several facil-
ities. The distribution follows a twice-broken power law. The rst break-point is the knee around 10t
eV and the second, theankle, is around 10 eV. The plot also shows the distribution of gamma-ray
photons in the GeV regime and the neutrinos ux. The grey diagonal areas represent the detection rates
of particles in each energy range: at low energies, the rate is 1 particle nis !, at intermediate energies,
1 particle m 2yr ! and at high energies, 1 particle km ?yr 1. From Evoli (2020).

1.3 Neutrinos

Neutrinos are extremely elusive particles. Electrically neutral and with an extremely small mass,
they are generally emitted as byproducts of nuclear interactions. In particular, high-energy
neutrinos can be produced following interactions of cosmic rays with radiation (photo-meson
interactions) or matter (proton-proton or proton-nucleus interactions).

Photo-meson interactions occur in astrophysical environments. Here the relativistic protons
interact with the ambient photon eld. This can originate intrinsically within the emission
region of gamma rays or externally to the gamma-ray production zone. The protons-photons
interaction leads to the generation charged (*, ) and neutral ( °) pions. Neutral pions then
decay giving rise to two gamma-ray photons. This process is described with:

0
+ p+

" (1.2)

p(p)+ !

0y 4+

In parallel, charged pions and muons ( ) from photo-meson interactions decay in neutrinos
and anti-neutrinos of di erent avours:



+! ++
! +
Toet+ o+

I e + ¢+ (2.3)

Consequently, in scenarios involving hadronic emission, the emission of gamma rays through
the decay of neutral pions ( %) is always accompanied by the production of neutrinos.

In proton-proton interactions, inelastic proton-proton collisions give rise to radiation and
secondary particles, among which neutrinos. The matter interacting with relativistic protons
can be provided by the accelerating region or the interstellar medium. Similar to the photo-
meson interaction scenario, proton-proton interactions also generate neutrinos through charged
pion decay, along with gamma rays produced from the decay of neutral pions.

Neutrino production processes are then intrinsically connected with the presence of hadronic
particles. Opposite to photons that are absorbed or scattered during their paths to the Earth,
neutrinos are very weakly interacting with matter so they can easily traverse dense environments.
Moreover, in contrast to cosmic rays that are de ected by magnetic elds, the lack of charge
of neutrinos and non-interaction with cosmic magnetic elds allow them to be traced back to
their sources, providing a direct way to identify sites of hadronic interactions and possibly the
origin of cosmic rays. For these reasons, neutrinos are often referred to as the smoking gun for
pinpointing the particle acceleration sites.

1.3.1 Neutrino detectors

Neutrino interactions with matter are characterized by very small cross-sections, which signif-
icantly challenge their detection. In addition, the predicted high-energy neutrino uxes from
astrophysical sources are very low. To face these di culties, large volumes lled with transpar-
ent materials, such as water or ice, are used as detectors. The vast ice platforms available in
Antarctica and water bodies covering a large part of the Earth's surface can accommodate these
requirements.

Neutrino detectors exploit the Cherenkov light detection technique. They identify neutrinos
indirectly, by employing secondary particles generated via the interaction of neutrinos with the
medium { ice or water. Secondary particles moving with a speed higher than the speed of light in
the medium produce Cherenkov photons that are measured at the optical modules constituting
the detectors. Exploiting the Cherenkov photons for measuring the energy and arrival direction
of primary particles is also the basic principle for the Imaging Atmospheric Cherenkov Telescope
(IACT) functioning. This technique will be described in detail in Chapter 1.

Among the most important neutrino detectors, the Baikal neutrino telescope, located in
Lake Baikal in Siberia and operational since 1993, is the rst successful project using natural
water resources for neutrino detection. Other detectors exploiting water bodies are Neutrino
Ettore Majorana Observatory (NEMO), Neutrino Extended Submarine Telescope with Oceano-
graphic Research (NESTOR) and Astronomy with a Neutrino Telescope and Abyss environ-
mental RESearch project (ANTARES), in the Mediterranean Sea. Here, soon, it will be fully
operative the cutting-edge water-based neutrino telescope, the Cubic Kilometre Neutrino Tele-
scope (KM3NeT)3. This instrument under construction will be a one-cubic-kilometre neutrino
detector that aims to leverage the experience gained from operating existing detectors.

An example of an ice-based detector is Antarctic Muon And Neutrino Detector Array-II
(AMANDA-II), which consists of multiple strings containing optical modules which convert

Shttps://www.km3net.org/



Cherenkov photons into electric pulses. The improved version of the AMANDA technology is
represented by the IceCube neutrino detector, the largest neutrino telescope now existent on
Earth. Located near the Amundsen-Scott South Pole Station, IceCube is a revolutionary particle
detector constructed in the Antarctic ice. The Cherenkov light produced by the interaction of
neutrinos with the ice atoms is detected by the over 5 thousand optical modules located down
to 2500 meters under the ice surface. The optical modules and the associated electronics are
located in vertical strings, frozen into 86 boreholes. The whole observatory occupies a volume
of one cubic kilometre (Fig. 1.3).

Figure 1.3: The IceCube neutrino detector, installed in the ice of Antarctica is part of the Amundsen-
Scott South Pole Station. Covering a volume of one cubic kilometre, this observatory captures neutrino
imprints from the sky by using the Antarctic ice. The array of optical modules is placed within the ice
down to 2500 meters. The laboratory is on top of the ice sheet. More details can be found in the IceCube

website from which this image has been taken.

The IceCube sensors capture the Cherenkov light, which is then digitized and transmitted
to computers in the IceCube Lab on the surface, where it is transformed into light patterns,
revealing the direction and energy of muons and neutrinos. lceCube o ers improved angular
resolution, better than 1 degree, and innovative analysis techniques have extended its eld of
view (FoV) to include the southern hemisphere from declination 50 to +85 in the PeV to
EeV energy range.

IceCube's sensitivity detection depends not only on neutrino energy but also on declination.
The location of the observatory in Antarctica leads to a decrease in the IceCube sensitivity
above 100 TeV, due to the Earth's opacity to neutrinos with these energies. Indeed, the
northern hemisphere is restricted to the detection of neutrinos in the TeV/sub-PeV energy range,
with higher-energy neutrinos preferentially detected close to the celestial horizon. Conversely,
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neutrinos originating from the southern sky can be detected without traversing the Earth. As a
result, in the southern hemisphere, IceCube is sensitive to extremely high energies, achieving its
greatest sensitivity at the celestial horizon (e.g., Bustamante & Connolly 2019). The drawback
in the latter case is the contribution from muons and atmospheric neutrinos which is higher than
the case of the northern sky. The University of Wisconsin{Madison leads the IceCube project,
overseeing data collection, while the international IceCube Collaboration, comprising over 40
institutions worldwide, drives the scienti ¢ research program.

1.3.2 Neutrino sources

The Sun and supernovae were the rst celestial bodies which astrophysical neutrinos have
been associated with. The neutrinos from these sources are in the MeV energy range. In
the 1960s, neutrinos from solar nuclear reactions were detected by Raymond Davis who was
awarded the Nobel Prize in Physics in 2002 for this discovery. Neutrinos from the core-collapse
supernova SN 1987A were detected by underground experiments, Kamiokande, Baksan, and
Irvine-Michigan-Brookhaven (Burrows & Lattimer 1987), preceding the optical brightening of
the supernova by two hours.

In 2013, the IceCube experiment reported the measurement of a di use ux of astrophysical
neutrinos in the TeV-PeV range, with a power law-shaped energy spectrum (Aartsen et al. 2013).
Despite over 275 high energy evenfsdetected from 2011 to 2020 (Abbasi et al. 2023), only very
few associations with known astrophysical sources or the Galactic plane were established.

Potential extragalactic neutrino sources include AGN (e.g., Kalashev et al. 2015) and AGN
out ows (Padovani et al. 2018), star-forming and starburst galaxies (e.g., Tamborra et al. 2014),
propagating cosmic rays protons emitted by distant AGN (e.g., Essey et al. 2010), galaxy clusters
(e.g., Zandanel & Ando 2014), GRB (e.g., Petropoulou et al. 2014), tidal disruption events (e.g.,
Mohan et al. 2022).

1.4 Main results and open questions of the multi-messenger as-
tronomy

Several works have shown that cosmic ray, gamma-ray, and neutrino backgrounds are intercon-
nected (e.g., Halzen 2021; Halzen & Kheirandish 2019; Fang & Murase 2018). The quest for
a uni ed origin of neutrinos, cosmic rays, and photons has led to the exploration of models
that disentangle the interactions between the three messengers. After about two years of data
collection, which started in 2010, milestone discoveries for neutrino astronomy were announced
by the IceCube Collaboration. Evidence of PeV neutrinos has been reported for the rst time in
2013 (Aartsen et al. 2013), followed, a few months later, by the nding of a total of 28 neutrinos
with energies ranging from 30 to 1200 TeV (IceCube Collaboration 2013). Given the isotropic
distribution of this neutrino ux across the sky, extragalactic sources emerge as the primary
natural candidates for electromagnetic counterparts.

Among various hypotheses, blazars, a subset of AGN { that will be extensively presented in
the next Chapter{, stand out as cosmic laboratories for neutrino production. Their powerful jets
launched from the vicinity of the supermassive black holes are expected to be e cient particle
accelerators and thus ideal sites for high energy cosmic ray protons and neutrino production (e.g.,
Mannheim 1993; Halzen & Hooper 2002). As we have seen in previous sections, the hadronic
processes leading to neutrino emission also produce gamma rays. The extragalactic GeV-TeV
sky is predominantly composed of blazar objects (e.g., Ackermann et al. 2015, and see next

4Throughout the Thesis, we will use the terms neutrino events and events interchangeably when discussing
the detection of neutrinos.



Chapter), then they have been looked at as potential major contributors to the astrophysical
neutrino ux.

The rst con rmed association between a high-energy neutrino and an astrophysical source
occurred in 2017 when the IceCube Collaboration reported the detection of a 290 TeV neutrino,
IC 170922A, associated with the are from the gamma-ray blazar TXS 0506+056 with a statisti-
cal signi cance of 3 (lceCube Collaboration et al. 2018a). TXS 0506+056 was detected within
the event error region, of about 1, in a MWL aring state by follow-up observations. The
association was further corroborated by neutrino excess from the position of this source before
the 1IC 170922A event (IceCube Collaboration et al. 2018b). This discovery established blazars
as potential IceCube neutrino sources, con rming the theoretical expectation and providing a
unique opportunity to investigate neutrino emission mechanisms in these systems through MWL
observational data (e.g., Keivani et al. 2018).

Recently, the analysis of IceCube archival data from 2011 to 2020 using enhanced neutrino
reconstruction techniques and re ned data calibration procedures, provided a new noteworthy
outcome. Individual examination of 110 pre-selected gamma-ray sources identi ed an excess of
about 79 neutrinos spatially coincident with the starburst galaxy NGC 1068 at a signi cance
level of 4.2 (IceCube Collaboration et al. 2022). This association was previously hinted at in
similar statistical studies with less re ned analysis techniques, the signi cance of the association
was found to be below the 3 level. The new observed evidence aligns with phenomenological
predictions of this source as a probable neutrino emitter (e.g., Inoue et al. 2020; Murase et al.
2020a). This signature of hadronic particle acceleration in NGC 1068 reveals the presence of a
population of neutrino sources characterized by obscured gamma-ray emission.

Thus, both TXS0506+056 and the active galaxy NGC 1068 emerge as convincing sources
of high-energy neutrinos, each potentially with distinct emission mechanisms. However, despite
these remarkable results, the low neutrino detection rate, the high atmospheric background con-
tamination, and the limited angular resolution of current gamma-ray and neutrino detectors,
typically at the sub-degree or degree scale, do not allow for frequent and unequivocal identi -
cation of neutrino gamma-ray counterparts. The number of neutrino alerts from IceCube varies
over time depending on various factors. No more than tens of alerts per year are circulated
and not all of them are well spatially constrained and/or have a high chance of astrophysical
origin®. The number of alerts, however, increases by improving the sensitivity of the instrument,
extending the observation time, and improving data analysis capabilities. Nevertheless, with a
MWL approach based on follow-up observations and identi cation of best neutrino sources, it
will be possible to shed light on the origin of astrophysical neutrino despite the observational
complexities.

Most of the diculties of the neutrino-electromagnetic connection are shared by another
branch of MM astronomy that has been developing with a similar process: the one based on
gravitational waves. According to the General Relativity Theory, accelerated motion of gravi-
tating masses generates gravitational waves, ripples in space-time propagating at the speed of
light. These waves are detected using Michelson interferometers, measuring the distance between
masses with laser beams. As gravitational waves pass through Earth, they distort space-time,
altering observed distances. Detection relies on the matched lItering technique, using a template
to identify signals in data drowned in noise. Current interferometer limitations and theoreti-
cal uncertainties constrain detection rates. Detected waves mostly come from mergers of two
compact objects in binary systems. The chirp signal, increasing in frequency and strength as
objects approach, depends on binary properties. Parameters include intrinsic factors like initial
masses and extrinsic factors like wave event location and orientation. Almost 100 years after

5The IceCube event classi cation based on the likelihood of the event of being astrophysical origin will be
discussed in Chapter 2.
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Figure 1.4: Time vs frequency representations of the gravitational wave signal from GW 170817, observed
by the LIGO-Hanford (top), LIGO-Livingston (middle), and Virgo (bottom) detectors. Times are shown
relative to 2017 August 17, 12:41:04 UTC. The chirp signal is visible in LIGO-Hanford and LIGO-
Livingston data. Figure taken from Abbott et al. (2017c).

Einstein's prediction, in 2015, the gravitational wave signal from the coalescence of a binary
black hole pair was reported, initially with the Laser Interferometer Gravitational-Wave Obser-
vatory (LIGO Abbott et al. (2016a)) and later using the combined LIGO-Virgo global 3-detector
network (Abbott et al. 2017b). These milestones opened the era of gravitational wave astron-
omy. In 2017, a gravitational wave signal from a neutron star binary coalescence was detected
by Advanced LIGO and Advanced Virgo (Figure 1.4; Abbott et al. (2017c) and Abbott et al.
(2017a)). Less than 2 seconds later, a short GRB was detected biyermi satellite (Goldstein
et al. 2017). Soon after the optical counterpart was found (Coulter et al. 2017), while the X-ray
and radio emissions were detected 9 (Troja et al. 2017) and 16 days post burst (Hallinan et al.
2017), respectively. The extensive MWL campaign that followed provided the most detailed
light curves and spectra for a short GRB to date (see e.g., Margutti & Chornock 2021). The
event, known as GW 170817 / GRB 170817A, was also associated with the rst spectroscopi-
cally con rmed kilonova, AT 2017gfo, i.e. the radioactive decay of neutron-rich merger ejecta.
High-resolution radio observations of the counterpart showed a structured jet generated from the
merger of the two neutron stars in the binary system (Ghirlanda et al. 2019). Interestingly, this
impressive discovery arrived just one month before the IC 170922A{TXS 0506+056 association,
marking a golden year for the MM astronomy.

Combining electromagnetic and gravitational wave data provided unprecedented insights into
the progenitors, geometry, and structure of GRB. Derived parameters from the gravitational
wave signal included primary, secondary, and total mass. Spin angular momenta were less
constrained, and the system was found to be inclined roughly 150 degrees to the observer's line
of sight.
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Despite the breakthrough of the GW 170817/GRB 170817A event, it remains the sole MWL
event with gravitational waves to date, despite almost a decade of e orts. To explore the
population of gravitational wave sources, increased sensitivities in both gravitational wave and
electromagnetic facilities are essential. The ongoing fourth observing run of the LIGO, Virgo,
and KAGRA network aims to extend the accessible horizon, with expected detection rates for
speci ¢ mergers. Future ground-based interferometers and space-based interferometers like the
Einstein Telescope, Cosmic Explorer, and LISA will o er new opportunities for MM studies of
various astrophysical sources, providing a new observational window to the Universe.

The questions about the origin, formation, and evolution of binary stellar black holes, as
well as the spins of black holes, need exploration and future gravitational wave observations
could provide answers. Statistically signi cant measurements of correlations between UHECRS,
high-energy neutrinos, gravitational waves, and electromagnetic messengers are the main goal
of the MM for the next years.
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Chapter 2

Blazars

2.1 Introduction

There is wide consensus on the fact that almost every galaxy, including the Milky Way, hosts a
massive black hole at its centre. In about 1% of galaxies, the luminosity from the central regions
outshines the galaxy itself, leading to their classi cation as AGN. The energy released from
AGN cannot be attributed to a stellar population alone; instead, it arises from the accretion
of matter onto the central supermassive black holes, with masses ranging from 0o 10%°
solar masses. AGN bolometric luminosities can reach up to 10*®erg s !, making them the
most powerful sources of electromagnetic radiation in the Universe (Padovani et al. 2017). The
radiation emitted by AGN spans a wide range of frequencies, from radio up to High Energy
(HE) and even Very High Energy (VHE) gamma-rays (see Part II).

AGN can vary greatly regarding their temporal variability, luminosity, and MWL spectral
features. The unied scheme of AGN attempts to explain this diversity by a limited set of
physical parameters, primarily the inclination of the obscuring torus to the line of sight and the
source luminosity (Antonucci 1993; Urry & Padovani 1995). Under this scheme, sources such
as blazars and radio galaxies, which exhibit distinct observational characteristics, are essentially
intrinsically similar objects. Any observed dissimilarities are attributed to the orientation of
these objects relative to the observer.

The common structure, shared by all AGN, consists of a central black hole surrounded by
an accretion disk, clumpy regions and a dusty torus located about 1-10 pc away from the centre.
Clumpy regions are categorized based on the broadness of their observed optical lines, which can
be either broad or narrow, termedBroad Line Region (BLR) and Narrow Line Regions (NLR),
respectively. BLRs are close to the accretion disk, within about 0.1-1 pc from the centre. Typical
density of BLRs is about 10/ cm 2 (Netzer 2013). The fast rotational speed of the BLR due
to its vicinity to the black hole leads to the observed Doppler-broadened lines. NLRs consist of
lower density (10° 10° cm 3, Netzer (2013)) clouds that are farther from the central regions,
at a distance of about 100 pc. Due to their slower motion for the larger distance from the
central engine, the emitted lines are not a ected by broadening. In about 10% of AGN, the
supermassive black hole launches a collimated plasma jet perpendicular to the accretion disk.
Jets extend for kpc or even Mpc from the central region (e.g., Ghisellini 2011, for a review). A
schematic representation of the AGN uni ed scheme is shown in Fig. 2.1.

A historically signi cant parameter in AGN classi cation is the radio-loudness. The criteria
for subdivision in radio-loud and radio-quiet AGN involve radio-to-optical ux ratios exceeding
a speci c threshold (Kellermann et al. 1989). This parameter distinguishes sources emitting a
signi cant fraction of energy as non-thermal radiation in the radio band from those primarily
emitting thermal radiation associated with the accretion disk. Among radio-loud AGN, those
with a resolved host galaxy are calledradio galaxies while those without are known asradio
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Figure 2.1: Classi cation of AGN based on the uni ed scheme framework. The gure illustrates the AGN
structure, involving the central supermassive black hole, accretion disk, dusty torus, BLR and NLR. The
image highlights the role of the observing angle in shaping the AGN view and subsequent classi cation.
Image from Urry & Padovani (1995).

gquasars Radio-loud galaxies with narrow line features are categorized as Fanaro -Riley (FR)-
Type | and FR-Type Il based on their radio luminosity and morphology. FR-Type | are core
dominated, i.e., the brightest radio emission is found near the position of the central optical
galaxy while FR-Type Il are lobes dominated with the brightest radio emission occurring in
correspondence with the lobes. Subcategories within radio-quiet AGN includé&eyfert galaxies
with Type-I exhibiting thick optical emission lines and Type-IlI showing narrow lines.

Radio-loud and radio-quiet galaxies exhibit striking similarities across the electromagnetic
spectrum, yet they diverge in their jet properties. Whether the jet is produced or not, it seems
to be connected with factors such as the accretion rate, black hole spin and/or mass, and the
environment (e.g., Soares & Nemmen 2020). Padovani (2017) suggested that the di erences
between radio-loud and radio-quiet AGN extend beyond the radio band, re ecting intrinsic
distinctions. The author rather proposes a more accurate classi cation which includegetted
and non-jetted classes of AGN. The de ning characteristic of jetted AGN is the presence of a
strong, relativistic jet. A prominent dissimilarity between jetted and non-jetted sources arises in
the gamma-ray observations. Radio-loud sources emit up to GeV and sometimes TeV energies,
while radio quiet AGN have a cuto around 1 MeV. This distinction aligns with the presence
or absence of a strong relativistic jet. Non-jetted AGN may have weak jets, but these are not
strong enough to produce the high-energy emission observed in jetted AGN.

As anticipated before, another principal discriminator in AGN classi cation is the observer's
viewing con guration (Urry & Padovani 1995). Depending on the source's orientation, certain
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regions may be dimmed, while others dominate the galaxy's emission. Speci cally, the dusty
torus co-planar with the accretion disk can hide the central region depending on the viewing
angle. The presence of broad or narrow optical emission lines is linked to the interception of the
dusty torus with the line of sight, classifying AGN into Type-l and Type-Il galaxies. In Type-I
sources, the dusty tours hides the BLRs resulting in the detection of NLRs only. In contrast,
Type-Il sources are observed from an intermediate viewing angle from which both regions are
visible. Jetted sources with the jet pointing directly toward the observer are calledblazars In
these sources, the jet often (but not always) outshines the host galaxy and the accretion disk
emission due to the high Doppler factor, which in turn is due to the small observation angle.

For an in-depth exploration of the diverse and intricate taxonomy of AGN, readers can refer
to Padovani et al. (2017). This Thesis primarily focuses on the physics of the blazar class. As
mentioned above, blazars set themselves apart from other radio-loud/jetted AGN classes due to
a speci ¢ con guration where the jet axis closely aligns with the observer's line of sight, at an
angle of fewer than ten degrees. Charged particles accelerated within the jet move at relativistic
velocities, emitting non-thermal radiation across the entire electromagnetic spectrum and often
outshining the host galaxy. The rest of this Chapter is dedicated to describing the characteristics
of blazars.

2.2 Blazar classi cation

Blazars are categorized into Flat Spectrum Radio Quasar (FSRQ) and BL Lac objects based on
the strength of their optical emission lines. BL Lacs exhibit almost featureless optical spectra,
with optical emission lines characterized by rest-frame Equivalent Width (EW) < 5A, while
FSRQ lines have larger EW.

This distinction arises from the di ering con gurations of the two classes. An FSRQ hosts
an obscuring torus of dust around a thin, hot accretion disk, accompanied by a hot thermal
corona. Evidence of NLRs and BLRs is also found. In contrast, in BL Lacs, the presence of
BLRs is excluded. The absence of broad emission lines and thermal emission from the accretion
disk suggests that accretion in BL Lacs occurs in a radiatively ine cient regime.

The SED of FSRQs generally exhibit a complex shape with contributions from the jet emis-
sion and the torus and hot corona, mainly at low energies. BL Lac SEDs are primarily charac-
terized by non-thermal jet emission, with possible contributions from the host galaxy in some
cases.

Blazars are further classi ed based on their broadband spectral features. Their SEDs exhibit
two humps. The low-energy hump is attributed to the synchrotron radiation from a population
of electrons, the low-energy peak is then usually referred to asynchrotron peak One of the
most popular hypotheses to interpret the high-energy hump involves Inverse Compton (IC)
interactions between electrons in the jet with a low-energy photon eld, then the high-energy
peak is commonly referred to adC peak However, the origin of the high-energy component is
still debated.

The synchrotron peak frequency, peaksync determines the classi cation into High-Frequency
Synchrotron Peaked (HSP), Intermediate-Frequency Synchrotron Peaked (ISP), and Low-Frequency
Synchrotron Peaked (LSP) blazars. When applied to BL Lacs, these classes translate to High-
Frequency Peaked BL Lac (HBL), Intermediate-Frequency Peaked BL Lac (ISP), and Low-
Frequency Peaked BL Lac (LSP), respectively. HSP, ISP, and LSP exhibit synchrotron peaks
at peaksync > 10 Hz, in the range 10*Hz < peaksync < 10HZ, peaksyne < 10%Hz, re-
spectively. Prototypes of HBL are the most studied blazars, Markarian 421 and Markarian 501
(hereafter Mrk 421 and Mrk 501).

The class of Extreme-High-Frequency Synchrotron Peaked (EHSP) objects or Extreme-High-
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Frequency Peaked BL Lac (EHBL), showing a synchrotron peak peaksync > 107 Hz, has been
introduced later (Costamante et al. 2001). Due to the synchrotron peak shifting towards higher
energies, the UV/optical radiation from the host galaxy becomes detectable. EHBLSs exhibit the
high-energy peak in the VHE regime, therefore they are ideal targets for VHE studies. Moreover,
these sources are characterized by a distinctive hard TeV spectrum (Costamante et al. 2018).

HBL and EHBL are particularly interesting sources as they provide indirect insights for Ex-
tragalactic Background Light (EBL) studies. VHE photons produced in these sources interact
with the EBL eld through pair production processes. This yields absorption of the TeV photons
and then softer HBL and EHBL observed spectra. This method o ers a means to gain informa-
tion on EBL density and contributes to the understanding of various astrophysical phenomena
(Mazin & Raue 2007).

In addition, TeV  -rays from blazars can be employed to probe the Inter Galactic Magnetic
Field (IGMF) by studying the de ection of positrons and electrons created through the pair
production process and their subsequent IC scattering of CMB and EBL photons. In the absence
of any IGMF, the reprocessed ux equals the absorbed one. However, if a magnetic eld is
present, the received reprocessed ux decreases. Therefore, knowledge of the absorbed TeV and
GeV ux provides a method to set a lower limit on the IGMF (e.g., Neronov & Vovk 2010;
Tavecchio et al. 2010b).

Non-thermal properties

Non-thermal emission from the jets dominates the radiative output of blazars, making them ideal
targets for radio and gamma-ray observations (see Chapter 1). Blazars, as a class, dominate
the GeV to TeV sky (Ackermann et al. 2015), with BL Lacs being the most frequently detected
sources in the TeV regime. This prevalence is primarily due to the extension of HBL and EHBL
SEDs up to these high energies. According to the catalogue for TeV Astronomy, TeVCat 2.9
at the time of writing, a total of 274 sources have been detected up to the TeV band, with 84 of
them identi ed as blazars, including 57 belonging to the HBL class (see Fig. 2.2 and Fig. 2.3).

As previously discussed in Section 1, opposite to the thermal spectra described by Planck's
law, the spectra of sources emitting radiation through non-thermal processes are characterized by
a power-law function. This re ects the energy distribution of the emitting particles accelerated
via Fermi acceleration processes (Fermi 1949; Matthews et al. 2020). In the elds of high-
energy astrophysics and astroparticle physics, the dierential energy spectrum is commonly
used for determining the number of events, &, within an in nitesimal energy interval, d E.
Speci cally, in high-energy astrophysics, the di erential photon energy spectrum is given by
dNphoton=dE / E , where is the gamma-ray spectral index. In the gamma-ray band,
FSRQ usually exhibit steep spectra with a spectral index of > 2, while harder spectra are
observed in BL Lacs ( < 2).

The radio ux density, S, represents the energy released per unit area, time, and at a
speci ¢ frequency due to synchrotron radiation. This quantity is measured in Jansky (Jy),
where 1 Jy is 10°°WHz m 2. An electron population spiralling around magnetic eld lines
emits synchrotron radiation following a power-law relationship of the form S / across the
radio domain. The spectral index is connected to the spectral index de ning the electron
energy distribution, p, by = (p 1)=2 (see e.g., Rybicki & Lightman 1986). The radio
spectrum of blazars exhibits a at nature, characterized by spectral indices close to zero,
especially at high frequencies, ranging from GHz to the millimetre regime (e.g., Massaro et al.
2013). These values of the spectral index are not due to the electron energy distribution having
slopep=1, which would not be in agreement with acceleration mechanisms, but it is due to the

http://tevcat2.uchicago.edu/
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Figure 2.2: Sky map in galactic coordinates of TeV sources, where various TeV objects are distinguished
by di erent colours. Blazars are denoted by red points. The distribution percentage of each class in the
TeV catalogue is illustrated in Fig. 2.3. Image from the TeVCat 2.0 website.

superposition of regions with di erent self-absorption frequencies. In regions of high electron
number density and intense magnetic elds, the synchrotron radiation emitted can indeed be
absorbed by the particle population before exiting the region. In simpler terms, the presence of
high-density particles can render the medium opaque to synchrotron radiation itself, creating
the phenomenon known assynchrotron self-absorption This leads to the observation of inverted
spectra, where the intensity of radiation increases with frequency. At the highest frequencies, the
superposition of emission from di erent jet regions, each undergoing synchrotron self-absorption
to a di erent degree, leads to observing these inverted spectra.

Blazar sequence

In investigating the overall features of the BL Lacs and FSRQ, Fossati et al. (1998) identi ed an
empirical trend in the observed SEDs. This trend, known as theblazar sequencewas established
based on a sample of 126 blazars which show a smooth transition in the. () plane
(Fig. 2.4). The analysis explored the correlation between peaxsync and various parameters,
including luminosity in dierent bands and optical/radio and X-ray/radio ux ratios. Key
ndings revealed a strong anti-correlation between luminosity and peaksync, as well as between
peak,sync and the Compton dominance{ which is de ned as the ratio between luminosity at the
synchrotron peak and the luminosity at the Compton peak. In summary, sources displaying the
synchrotron peak at lower frequencies tend to exhibit higher gamma-ray and radio luminosity
and higher Compton dominance.

The original formulation of the blazar sequence was based on data collected during the Ener-
getic Gamma Ray Experiment Telescope (EGRET) era and was possibly a ected by signi cant
selection biases. Following the advent of theFermi{Large Area Telescope (LAT)?, a revised
version of this analysis expanded the blazar sample to 747 sources using more uniform selection

2This instrument will be brie y described in Section 1
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Figure 2.3: Percentage distribution of each class in the TeV catalogue, with the HBL class (light blue)
dominating the largest portion. The EHBL class, while expected to emit primarily at high energy, poses
challenges in detection due to its low luminosity. Image from the TeVCat 2.0 website.

criteria, resulting in a re ned blazar sequence (Fig. 2.5, Ghisellini et al. (2017)). In this new
sequence, the shift to higher frequencies of synchrotron and IC peak frequencies correlates with
decreasing luminosity, impacting BL Lac objects more signi cantly than FSRQs. Conversely, an
increase in Compton dominance correlates with higher luminosity within the FSRQs sub-sample.

The signi cance of the blazar sequence lies in its implication that a classi cation based
on synchrotron peak position must have a physical foundation, given the seamless progression
between blazar classes. The physical explanation could be that, in the case where seed photons
for external Compton scattering are provided by a radiatively e cient disk in the presence of
a BLR, and the strength of the BLR is correlated with the power injected into electrons in the
jet, more luminous jets exhibit stronger broad emission lines. This results in e cient Compton
cooling, leading to an increase in the luminosity of the high-energy peak and rapid cooling of
the most energetic particles via IC, causing the peak frequencies to decrease. Conversely, as
the power injected into electrons diminishes, in case of low synchrotron luminosity, ine cient
disk or absence of BLRs, the low number of seed photons available for IC scattering means that
the most energetic particles undergo less e cient cooling. This causes the synchrotron peak
to be located at higher frequencies and the luminosity of the Compton component to be lower
than in the previous case. According to this interpretation, objects with low luminosity and
low-frequency peaks or objects with high luminosity and high-frequency peaks should not exist
Ghisellini et al. (1998).

The revised sequence in particular unveils a more intricate scenario compared to the original
one, potentially linked to a broad spectrum of black hole masses hosted in the larger sample
of blazars used for the updated study. A review of the history, development and physical
interpretation of the blazar sequence has recently been published by Prandini & Ghisellini (2022).
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Figure 2.4: Blazar sequence from Fossati et al. (1998). Observed SEDs for 126 blazars have been averaged
and modelled using analytical models (represented by black lines). The image illustrates which SED
represents each blazar subclass, highlighting that FSRQs are the most luminous with the lowesheak sync
while EHBLs are the least luminous objects with the highest peaksync . Credits: Falomo et al. (2014),
adapted from Fossati et al. (1998).

2.3 Blazar emission mechanisms

As mentioned in the previous Section, the typical SED of a blazar can extend from radio to TeV
energies, exhibiting a double-humped structure. The low energy part of the SED spans from
the radio to the X-ray band, with its peak falling in the sub-millimetre to the X-ray range. The

high energy component peaks above MeV energies, extending up to TeV energies. In some cases,
thermal emission from other components of blazars can signi cantly impact the broadband SED,
leading to more complex shapes. In particular, the lower energy hump may sometimes include
contributions from the host galaxy.

2.3.1 One-zone models

In one-zone models, the non-thermal continuum is described in terms of emission from a uniform
spherical region, often referred to adloh typically a few light days (10 cm) in size or smaller.
This propagates along the jet, and due to its relativistic bulk motion, the radiation in the jet's
frame undergoes a boost in the observer's frame in uenced by the e ects of relativistic Doppler
shift (discussed in the next Section).

The blob is lled with a distribution of relativistic electrons and a randomly oriented mag-
netic eld. The interaction between the magnetic eld and the relativistic particles leads to
synchrotron radiation (Rybicki & Lightman 1986), which constitutes the lower-energy compo-
nent of the blazar SED (e.g., Ghisellini et al. 1985).

The electron energy distribution producing the jet emission is typically described as a broken
power law, with the discontinuity attributed to the radiative cooling of the electrons. In the
case the electrons undergo simple radiative cooling, the spectral index is usually assumed to
change by 1. The mechanism behind such a discontinuity is not clear yet and might hint at
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Figure 2.5: Revised blazar sequence from Ghisellini et al. (2017). Contrary to the historical version, this
was built using di erent gamma-ray luminosity bins instead of radio luminosity bins. FSRQs and BL
Lacs have been analysed separately. The results of the two analyses are shown on top for FSRQs and
in the middle panel for BL Lacs. Results including all sources are reported in the bottom panel. From
Ghisellini et al. (2017)

supplementary injections and cooling factors.

While the interpretation as synchrotron radiation of the low energy part of the blazar SEDs is
universally accepted, two primary families of models, leptonic and hadronic, have been proposed
to explain the high energy emission (for a recent review, refer to Cerruti 2020). Additionally,
hybrid lepto-hadronic scenarios have also been suggested (e.g., Cerruti et al. 2015)).

Leptonic models According to leptonic models, the higher-energy component of the SED is
primarily attributed to the IC scattering of low-energy photon eld by high-energy electrons
(Rybicki & Lightman 1986). In the case of BL Lacs, the target radiation is provided by the
low-energy synchrotron photons, giving rise to the lower-energy hump itself. Therefore, in this
framework, the two peaks are produced by the same electron population and for this reason the
model is known as synchrotron-self Compton (SSC) scenario.

SSC can typically describe well the SEDs of HBLs. Fitting these models to LSPs' and
FSRQs' SEDs is instead more challenging. In FSRQs and LSPs, due to the presence of di erent
components, such as the accretion disk, the dusty torus and the BLR, the low-energy target
photons for IC processes more probably come from a site external to the jet. For example, they
may be emitted by the accretion disk and reprocessed by the BLR (e.g., Sikora et al. 1994).
Also, the photon eld may vary along the jet's length. Models in which the photon eld is not
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coincident with the jet itself are referred to as External Compton scenarios.

One-zone leptonic models are well suited for explaining the SEDs of blazars during station-
ary phases. However, observation of minute-scale gamma-ray variability challenges them (e.g.,
Begelman et al. 2008). Such variability implies extremely large bulk Lorentz factors, above
50, much larger than the Doppler factors inferred from superluminal motion speeds (see next
Section), which are typically of the order of 10. The discrepancy between the estimation of
the Doppler factor from gamma-ray observations and the subluminal motions observed from
radio observations is referred to aDoppler factor crisis (Henri & Sauge 2006). Models invoking
di erent emitting regions have been proposed to solve the crisis. These will be addressed in
Section 2.3.2.

Hadronic models According to hadronic models, a population of relativistic protons coexists
with the population of electrons within the emission region, contributing to the observed SEDs.
In particular, proton{synchrotron mechanism and/or proton{proton collisions or, more likely,
photo-hadronic interactions, generate the high-energy component of blazar SEDs. As mentioned
in Chapter 1, the hadronic processes as proton{proton and photo-hadronic interactions, are
connected to neutrino production.

Emitting regions lled with extremely strong magnetic elds, with strengths ranging between
30 and 100 G, and relativistic protons, with energies above 1§ eV, can produce synchrotron
radiation analogous to that emitted by the population of electrons (Aharonian 2000). The proton
synchrotron emission can account for the observed high energy emission.

In the case of BL Lacs, aside from direct proton synchrotron radiation, the relativistic pro-
tons also interact with the low-energy synchrotron photon eld via photo-meson interactions
(Mannheim 1993). As described in Section 1.3, photo-meson interactions generate gamma-ray
photons through neutral pion decay (Eqg. 1.2) or via pair cascades. The decay of charged pions
generates electron-positron pairs which emit synchrotron photons leading to further pair produc-
tion, thereby initiating an electromagnetic cascade. This cascade evolves until the optical depth
of the emitting region allows the high-energy photons to escape without further interaction. The
escaping photons are the ones contributing to the high energy part of the SEDs. Similar to the
External Compton scenario in leptonic models, hadronic models also consider regions external
to the jet providing the seed photon elds for the photo-meson interactions.

In principle, proton-proton interactions (also described in Section 1.3) could also be respon-
sible for the high-energy emission in blazars. However, the density of photon elds typically
surpasses the particle density within the jets, disfavoring the proton-proton process. Alternative
scenarios, for example, the one involving the interaction of a cloud or star with the jet (Barkov
et al. 2012), predict that proton-proton interactions can account for the ultra-fast variability
observed in blazars through hadronic emission mechanisms.

An important characteristic of hadronic models is the fact that the processes involved in
the high energy emission of the SED also inevitably come with the production of high-energy
neutrinos (see Section 1.3). Criticisms of hadronic models include the necessity for optically thin
emitting regions and higher magnetic eld strength compared to the leptonic scenarios (Mdacke
et al. 2003). In addition, by adding a second population of particles, hadronic emission models
essentially double the number of independent model parameters related to the primary particle
distribution when compared to traditional leptonic models.

Extreme blazars in the SSC versus hadronic scenario The SEDs of EHBL are char-
acterized by a synchrotron peak around 1 to 10 keV, a high-energy peak reaching 10 TeV and
a hard spectrum in the VHE gamma-ray band. These features challenge the conventional SSC
models. Such hard TeV spectra cannot be explained assuming a simple SSC scenario since
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extreme model parameters are required to reproduce the energies reached by the synchrotron
component (Tavecchio et al. 2009). Some of the extreme model parameters arising in the mod-
elling of EHBL include high values of the minimum energy in the electron energy distribution,
unrealistically large Doppler factors, slopes of the electron energy distribution in contrast with
the prediction from the Fermi acceleration mechanisms, very low magnetic eld values (Sol &
Zech 2022).

High values of the minimum electron energy may occur under speci ¢ conditions, such as
when electrons experience ine cient cooling or in cases of stochastic turbulence driving elec-
tron acceleration. The requirement for large Doppler factors would imply an extremely fast
jet motion or an extremely small viewing angle, which, as mentioned previously, contradicts
radio observations but can be addressed by assuming more complex models, involving multiple
emitting zones (Sol & Zech 2022). An alternative scenario within the leptonic models invokes
external photon elds for the IC processes to account for the extremely hard VHE spectra,
although this is typically associated with FSRQs rather than HBLSs.

EHBLs variability in the gamma-ray band is characterized by slower ux variability and
with minor ux variations compared to other blazars (see Section 2.4.3), as observed in the
VHE long-term light curve of 1ES 0229+200, the prototype of EHBLs (Cologna 2016). This
low variability may be attributed to the relatively low ux of the sources, particularly at TeV
energies, and the still limited sensitivity of VHE telescopes.

Given that leptonic models typically admit substantial ux variations on short timescales
these are not favoured for describing the emission mechanism of EHBLs. Instead, hadronic and
lepto-hadronic emission models are more likely suitable to interpret the hard spectra at high
energies and the absence of rapid ux variability (see next Section). Due to the intrinsic lower
luminosity of EHBLs compared to other blazar subclasses, these are particularly suitable for
hadronic models. Moreover, the absence of fast ares from EHBLs aligns with the cooling time
scales of protons in the jet.

2.3.2 Multi-zone models

So far, we have examined the simplest scenario of a single zone, the blob, emitting the entire
radiation. However, as mentioned earlier, in some cases, it is necessary to assume the presence
of multiple emitting regions to interpret observational features, as in the case of the Doppler
factor crisis. Multi-zone models, whether leptonic or hadronic, propose that particles undergo
acceleration and emit radiation in di erent sites along the jet.

Spine-shear model  An example of a multi-zone approach is represented by the spine-shear
model (Tavecchio & Ghisellini 2008). According to this model, the jet is structured featuring

a fast spine surrounded by a slower shear layer. This velocity structure would lead to a boost
of the emission from each layer as seen from the other because of the relative relativistic speeds
involved { that is a consequence of the phenomenon described in the next section, the Doppler
boosting.

A structured jet 0 ers a good opportunity to reproduce rapid TeV variability states without
invoking high values of Doppler factors across the entire jet. Such values of Doppler factors
(above 50, as mentioned earlier) are only required within the fast spine, which is assumed to be
a very compact region inside the jet. The external layer would be responsible for the emission
observed in the radio band indicating lower values of Doppler factors.

A transverse velocity structure is also suggested by the limb brightening observed directly
in VLBI images?, such as in the TeV blazar Mrk 501 (Giroletti et al. 2004) or the radio galaxy

SHowever, transverse velocity structure is not the only possible cause of limb brightening.
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M 87 (Kovalev et al. 2007). Due to the presence of a beamed jet in FR-I radio galaxies, these
are often assumed as the BL Lacs parent population with the jet misaligned from the line of
sight (e.g., Urry et al. 1991). Velocity structures with di erent Lorentz factors (and therefore
Doppler factors) in di erent regions of the jet are proposed for the uni cation scheme of FR-1 and
BL Lac objects (Chiaberge et al. 2000). The target source analysed by Tavecchio & Ghisellini
(2008) to verify the applicability of the spine-shear model, the FR-I radio galaxy M 87, has also
been considered as a test source for a di erent interpretation by Georganopoulos et al. (2005).
The latter discussed a model in which the jet experiences strong deceleration within the sub-
parsec scale region. They assume the high-energy emission comes from the innermost and faster
portion of the jet, while the slower external portions mainly contribute to low-energy emission.
However, in this case, due to di erent beaming patterns for the synchrotron and IC components,
the resulting spectrum would be characterized by strong Compton dominance, contrary to what
is typically observed in known TeV emitting BL Lacs.

The spine-shear model implies that a strict correlation between low-energy and TeV emission
is not required since the emission in the di erent bands is produced in distinct locations.

2.3.3 Modelling blazars SED

Fitting observed MWL SEDs of AGN is a powerful tool for testing and investigating assumed
physical scenarios. In blazars, the SED modelling procedure enables us to deduce parameters
governing particle energy losses, as these losses contribute to the observed SEDs. Consequently,
this process provides insights into the acceleration processes occurring in blazar jets.

Various tools are available for modelling radiation mechanisms in AGN. A recent compre-
hensive review by Nigro & Tramacere (2022) highlights open-source software options for the
community.

Among these tools,agnpy (Nigro et al. 2022) is employed for computing SED analyses in
this work. This Python package® integrate specialized modules designed for computing leptonic
radiative processes in jetted AGN.agnpys primary aim is to compute SED models employing
a numerical approach under the assumption of arbitrary combinations of emission regions and
radiative processes. However, it is coded in a way that allows also the tting of observational
data by interacting with other software, in particular, GammapgDeil et al. 2017), and Sherpa
(Doe et al. 2007).

For the SED modelling with agnpy, a one-zone model is assumed. The support for multiple
or complex emission regions is not implemented in the software yet. The emission comes from
a sphere of plasma, the blob, having radiusR,, and lled with a tangled uniform magnetic
eld, B, and an electron population. The electron energy density in the blob reference frame,
Ne, is parametrized as a function of the Lorentz factor , ng( )Jd =dn=d d . The available
functions include broken power law, simple power law, exponential cuto power law, and log
parabola. The blob moves along the jet with a constant relativistic velocity v, which is exPressed
as a function of the speed of light,c, = v=¢ and bulk Lorentz factor = (1 2) 2. The
jet is oriented at an angle to the observer's line of sight. The Doppler factor, , is given
by =[@1 cos)] 1. The viewing angle of the observer to the jet axis is a parameter for
all implemented physical processes making the code versatile for describing di erent radio-loud
AGN, not only blazars. External Compton scenarios in which the blob is homogeneously exposed
to radiation from thermal emitters can also be assumed. The radiative processes implemented

4The calculations are grounded in established de nitions from references such as Blumenthal & Gould (1970),
Rybicki & Lightman (1986), and Dermer & Menon (2009). agnpy utilizes the numPypackage (Harris et al.
2020) for multidimensional integrations to compute emissions from electron distributions and photon elds. The
astropy package (Astropy Collaboration et al. 2018) manages physical constants and unit transformations. Input
guantities and computation results in agnpy are presented asastropy quantities
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in agnpy are described in detail in Nigro et al. (2022).

The SED characterisation provided by agnpy depends on all the model parameters as the
ones described above and on the frequency. Best-t parameters are obtained via minimization
of the 2 statistic. In the tting procedure, some of the parameters can be frozen depending
on a priori knowledge. Di erent algorithms for the minimization are utilized, e.g., the iminuit
package (Dembinski et al. 2020) forGammapgnd Levenberg (1944) and Marquardt (1963) for
Sherpa.

As an example, assuming an SSC model with the electron energy density distribution de-
scribed by a broken power law over an energy interval [min; max]:

g - in < <
n( )= no break N min break : (2.1)
’ break break < <  max
the parameters involved are nine: ng, pP1, P2, break» max» min. » Rp, and B. ng is the

normalization parameter; p1, p2, are the two spectral indices before and after the preax. The
blob is described by (which depends on and ), Ry, and B. The blob's radius, Ry, can be
xed by observing the variability time scale (as described in Section 2.4.3) with the Doppler
factor retrieved by apparent superluminal motion (as described in Section 2.4.2).

The challenge for SED modelling software asagnpy is the parameter degeneracy. Similar
satisfactory SED descriptions can be obtained with di erent sets of parameters, it is then crucial
to reduce the number of free parameters. In this context, VLBI observations provide independent
constraints (e.g. on the viewing angle or the magnetic eld intensity) that can be used to set the
SED models (MAGIC Collaboration et al. 2019; MAGIC Collaboration et al. 2020c; MAGIC
Collaboration et al. 2020b).

2.4 Blazar observational features

Blazars exhibit features such as rapid ux variability, high bolometric luminosity, and apparent
superluminal motions of the jet components. These can be explained by the Doppler boosting
e ect due to the relativistic speeds of the jets. Additional key observational characteristics of
blazars include the presence of the compact radio core with a at or inverted spectrum and high
optical and radio polarization.

2.4.1 Doppler boosting

Sources in motion relative to the observer's frame undergo the Doppler e ect. For blazar jets
moving with relativistic velocities, this leads to the phenomena known asDoppler boostingand
relativistic beaming.

Values of certain physical parameters are ampli ed or attenuated depending on whether the
source is approaching or receding from the observer. For an approaching source, the radiation's
intensity appears boosted. Conversely, a receding source could be so attenuated that it becomes
undetectable. Consequently, a jet oriented toward the observer is detected with an apparent
luminosity higher than its rest frame while for a receding jet, the intensity is reduced in the
observer's frame.

A jet moving towards the observer's direction with a velocity, , a bulk Lorentz factor and
forming an angle to the line of sight undergoes an ampli cation or reduction of the measurable
guantities depending on therelativistic Doppler factor, . The frequency of the radiation emitted
as seen in the jet's reference frame is denoted agsm. In the observer's frame, the radiation
frequency corrected for the relativistic Doppler e ectis gps =  em, that is:
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obs = 7 emcos ) (22)
The source approaching the observer, i.e., moving with > 0, implying 1 cos < 1, is de-
tected with an observed frequency ops higher than ¢ the radiation is blueshifted Conversely,
for < 0, the opposite e ect is observed: the radiation isredshifted
The time measurement in the observer frame is a ected by the relativistic Doppler e ect
too. The path traversed by the source approaching the observer in the time interval tkb, is
vdtem cos . The observer measures the rst and the last photon arriving from the source in a
time interval:

vdtem COS dtem

textdt gps = d tem =d tem(1 cos ) =

(2.3)

The time interval dtops appears then shorter than that measured in the source frame td,
dtops = dtem L. The solid angle d ops under which the observer receives the radiation is
related to the solid angle in the source frame, d ¢m, by:

d
d obs = ;m (2.4

The observer sees the incoming radiation as concentrated in a solid anglé times smaller
than the solid angle within which the radiation is emitted.

The frequency and time corrections due to the relativistic Doppler e ect bring a factor
each to the correction of the observed luminosity,L ons, With respect to the intrinsic one, Lem.
Assuming isotropic emission, the solid angle correction implies a variation by a further 2 factor
for Lops. Therefore, the observed bolometric luminosity is related to the intrinsic luminosity
emitted by the source with:

Lobs/ 4 Lem (2-5)

Considering monochromatic luminosity L ops( obs): Lobs( obs) = Lem( em) 2. For a syn-
chrotron spectrum (L( )/ ), the equation becomes ops( obs) = Lem( obs) °F

The Doppler factor plays a crucial role in jet physics as it governs the degree of ux enhance-
ment and timescale compression observed in the observer frame. An important consequence of
the Doppler boosting e ect is the so-called Doppler favouritism, a selection e ect where faint
sources are included in ux-density limited catalogues even if their intrinsic ux density would
be too faint to reach the catalogue threshold.

Supporting the beaming e ect a ecting jet emission and the relativistic speeds of jets, several
observation indications have been identi ed, such as the apparent superluminal motion of knots
in jets, the rapid variability at high energy, the higher polarization and the core dominance.
However, the Doppler factor cannot be directly measured due to the non-observable nature of
both and and can only be inferred indirectly.

2.4.2 Apparent superluminal motion

A consequence of the Doppler boosting is the apparent superluminal motion of the jet compo-
nents. This phenomenon can be explained through basic geometry, and a schematic representa-
tion aiding in comprehension is illustrated in Fig. 2.6.

The blazar core (usually identi ed as the base of the jet) is at a xed position, resulting
in its radiation consistently taking the same time to reach the observer. On the contrary, a
jet component (blue dot in Fig. 2.6) moves with speedv ¢, while emitting light towards the
observer at a speect. Moving from position A to position B (see Fig. 2.6), the jet component
forms an angle with the line of sight of the observer.
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After a time interval t measured in the source frame, the component reaches position B.
Meanwhile, the photons emitted from the source when it was in position A have already travelled
to position D (small red dot in Fig. 2.6) covering the distance AD = ¢ t.

The apparent time interval ( tapp) between the ar-
rival of the photon emitted at position A and the one
at position B in the observer frame is given by:

AD AB° ct v tcos

= t(1
S s ( cos )

(2.6)

The last substitution comes from the de nition of

= v=c The apparent transverse speedyapp, is deter-
mined by the transverse distance travelled by the com-
ponent divided by the elapsed time between the two

tapp =

measurements:
BB?O v tsin vsin
Vapp = = = 2.7
PP tapp t1 cos) 1 cos @D
Hence, we have:
\Y sin

c 1 cos

From this equation, it becomes clear thatvap, can
appear superluminal, that is app > 1, if the source is Figure 2.6: Scheme to explain the e ect of
moving at a relativistic speed in a direction close to the apparent superluminal motion, the details
line of sight. In particular, vapp reaches its maximum are reported in the text. The jet compo-
value (Vmax) forcos = andsin = 1. Substituting nentemitted in position A and moving to-
these values in Eq. 2.7 we obtailVmax = V. wards_p03|t|on B is represented with the

The milliarcsecond resolution resolution of VLBI ob- blue circle.
servations is the unique tool capable of distinguishing individual components. Fig. 2.7 shows an
example of the jet component analysis with VLBI of the radio galaxy 3C 111. Measurements of
the component position over appropriate time intervals provide their transverse angular speed.
One can then obtain the apparent velocity of the jet component by multiplying the transverse
angular speed by the distance to the source, accounting for the time dilation caused by the
galactic recession. Measurement of proper motions is nowadays widely used on large samples of
objects to determine population properties (e.g., Lister et al. 2019).

Furthermore, the analysis of the jet components over time enables us to characterize whether
the structure of the jet is conical or parabolic, which implies distinct jet collimation mechanisms
(Boccardi et al. 2021) and it provides insights into the magnetic eld strength. Part Il describes
the method for modelling jet components and its applications for the study of jet kinematics
and morphology.

Despite their low radio luminosity, the parsec-scale structures of HBL can still be directly
imaged with VLBI. Kinematic analyses have consistently revealed an absence of superluminal
and slow-moving features within HBL jets, most of the time consistent with being stationary.
This discrepancy contributes to the Doppler factor crisis discussed in the previous section. The
explanation for this discrepancy may lie in the possibility that radio and gamma-ray emis-
sions originate from distinct regions characterized by di erent Lorentz factors. The proposed
theoretical frameworks include multi-component con gurations, such as spine-layer structures
(described before in this Chapter), mini-jets within the main jet, or deceleration occurring in
the jet.
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Figure 2.7: VLBI contour levels and jet components of the parsec-scale jet of 3C111. The images trace
the evolution of the jet components' motion over a decade. From Kadler et al. (2008).

2.4.3 Variability

Blazars are persistent objects across all wavelengths, however, they usually exhibit ux and
spectral variability (e.g., Singh & Meintjes 2020). The terms intra-day variability, short-term
variability, and long-term variability refer to variations in emission recorded over timescales of
minutes or hours, days, and months to years, respectively (Geng et al. 2022). During these
periods, the source can reach ux levels several times higher than the baseline value.

The analysis of the variability behaviours at the di erent wavelengths, including durations,
intensities, and time delays between di erent bands, provides crucial constraints on the charac-
teristics of the emitting regions.

The fastest variability timescale, often measured in the X-ray and gamma-ray band (e.g.,
Singh et al. 2018; Albert et al. 2007), provides an approximation of the linear size of the region
emitting in that band. In the VHE band, doubling timescales ° are observed down to 2{3 minutes
and at HE down to hours (about 10 hours). Supported by causality arguments, such timescales
require compact emitting regions, of sizes of the order of r . ¢ tops=(1 + z), with  being
the Doppler factor. Assuming a typical value of 10 and a timescale tqns Of hours, the
retrieved upper limit for the size of the emitting region is  10'> cm (Tavecchio et al. 2010a).

5The doubling or halving time are used in variability studies to estimate the minimum timescale over which
the ux changes by a factor of two, particularly during aring episodes (Zhang et al. 1999).
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