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Overview

Even after a century from their discovery, the origin of high-energy cosmic rays is still
an open issue. Cosmic rays are charged particles able to reach Earth at energies up to
1020 eV, requiring their sources to be cosmic accelerators. However, the identification
of such acceleration sites remains puzzling. Due to their electric charge, cosmic rays
undergo deflection by intergalactic magnetic fields before reaching Earth, preventing
a direct association with their emitting sources. A promising approach in establishing
this association is represented by multi-messenger astrophysics, a relatively recent field
exploiting the diverse information carried by different messengers originating from the
same cosmic sources.

In this context, the detection of high-energy astrophysical neutrinos and photons
from the same objects represents an important step towards the identification of gen-
uine cosmic ray accelerators. While photons can originate in both leptonic and hadronic
processes, neutrinos are direct tracers of hadronic interactions, since they are thought to
be produced by cosmic rays interacting with ambient matter or radiation fields during
their acceleration or propagation. From the same interactions, also γ−rays are expected
to be produced, making a joint observation of high-energy photons and neutrinos a
stronger indication of hadronic processes from the emitting source.

Neutrino astronomy has seen significant advancements in the last decade. In 2013
the discovery of an astrophysical neutrino flux was announced by the IceCube Neu-
trino Telescope [1, 2], confirming the existence of high-energy neutrinos of cosmic ori-
gin, while in more recent years the first potential neutrino sources were detected [3–
5]. The first evidence for a neutrino source came in 2017, when a high-energy neutrino
event detected by IceCube was found to be in spatial and temporal coincidence with
the flaring blazar TXS 0506+056 [3]. Observatories from all around the world operated
a prompt follow-up of the neutrino event, pointing in its direction and finding it consis-
tent with the location of the blazar. The source was detected in both high energy (HE,
0.5 MeV < E < 100 GeV) and very high energy (VHE, E > 100 GeV) γ−rays and the
chance coincidence probability of the photon-neutrino association was rejected at the
∼ 3σ level.

Two more recent studies performed by the IceCube Collaboration found evidence of
neutrino emission from the Seyfert-II galaxy NGC 1068 (4.2σ) [4] and from the Galactic
plane (4.5σ) [5], involving an analysis of the integral neutrino signal recorded with the
IceCube detector in 9 and 10 years of data respectively. The former identified galaxy
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is an active galaxy as TXS 0506+056. However, differently from the blazar, it does not
show a relativistic jet of particles. The latter result implies that a contribution to the
astrophysical neutrino flux is given also by nearby sources in our galaxy. The variety
of identified objects suggests different processes and astrophysical environments con-
tributing to the neutrino background.

This thesis comprises different works dealing with two relevant open problems in
this field: the investigation of emission processes at work in astrophysical sources and
the search for new neutrino (and hence cosmic-ray) sources. Although an unbiased
follow-up of neutrino events is performed in one of these projects, the main focus of
the thesis is the study of blazars as possible neutrino emitters.

Such studies require a comprehensive analysis, exploiting information from sev-
eral instruments. This includes information associated with events detected by neu-
trino observatories, as well as data collected by multiple telescopes operating in differ-
ent bands of the electromagnetic spectrum. The instruments and cosmic messengers
relevant for this thesis work are presented in Chapter 1, with a special focus on the
MAGIC telescopes, operating in the VHE γ−ray regime. Chapter 2 concentrates on
AGNs and, especially, blazars, describing their subclasses and the radiative processes
commonly invoked to characterize their emission from both a leptonic and a hadronic
point of view. The following chapters illustrate my contributions to the field. Chapter
3 presents the first long-term monitoring of TXS 0506+056, performed with the MAGIC
telescopes and multi-wavelength partners. Chapter 4 focuses on a selection of blazars
with similar observational properties to TXS 0506+056, aiming at investigating their
multi-messenger role. To do this, we firstly explored their nature through the study of
their accretion mechanism, secondly we exploited the obtained results to build lepto-
hadronic emission models on publicly available data, interpreting their emission and
estimating their detectability from Imaging Air Cherenkov Telescopes (IACT) and the
IceCube Neutrino Observatory. Chapter 5 describes the main results of the follow-up
observations of IceCube neutrino events performed by the MAGIC telescopes and the
other currently operating IACT collaborations after the 2017 multi-messenger associa-
tion. Additionally, this chapter also comprises the investigation of the detection chances
of the sources monitored by IceCube for neutrino cluster events with MAGIC, based on
the variability of their emission. Chapter 6 shows the implementation of hadronic pro-
cesses relevant in blazars emission into the open source python package agnpy, a soft-
ware developed for the interpretation of AGNs broadband emission. Finally, Chapter
7 discusses the main results of this thesis and prospects for the future.
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Chapter 1

Multi-wavelength and
multi-messenger astrophysics

Multi-messenger astrophysics is a relatively new and exciting research field of astron-
omy which rapidly evolved in the last decade. It aims at enhancing our understanding
of the most extreme phenomena in the univierse by combining information provided
by different messengers coming from the same astrophysical environments. These mes-
sengers are photons, cosmic-rays (CR), neutrinos, and gravitational waves (GW). Tradition-
ally, electromagnetic radiation in all its wavelengths, from radio waves to γ−rays, was
the main source of information for astrophysicists to study the universe. However,
many processes involved in the sources environment remain hidden or poorly under-
stood if investigated with electromagnetic radiation alone. Since the different messen-
gers carry different kind of information, the multi-messenger approach is essential in
order to have a complete picture of the phenomena occurring in the emitting objects.

This thesis concentrates on the possible emission of photons, with a special focus on
Very High Energy (VHE, E > 100 GeV) γ−rays, and high-energy neutrinos from the
same astrophysical sources. These two messengers are both expected to originate in the
interactions of accelerated CRs with ambient matter or radiation fields, but only neu-
trinos provide a unique signature of hadronic interactions, since VHE γ−rays can also
be produced in leptonic processes. Therefore, the joint detection of these messengers
can lead us to the still unresolved sources of CRs. In this context, synergies between
the detectors and observatories specialized in the observation of each messenger are
needed in order to have a simultaneous picture of the state of the emitting source.

The following sections provide a description of the messengers involved in this
work and the instruments needed to detect them.

1



2 CHAPTER 1. MWL AND MULTI-MESSENGER ASTROPHYSICS

1.1 Cosmic messengers: cosmic-rays, photons and neutrinos

As already mentioned, the two messengers involved in this thesis are photons and neu-
trinos, which are directly connected to cosmic-rays.

Cosmic-rays (CR) are charged particles produced in astrophysical environments
that can reach the Earth atmosphere and interact with the nuclei composing it [6]. They
are mostly composed of protons (≃ 90 %), helium nuclei (≲ 10 %) and a small fraction
of electrons, positrons and heavier nuclei. They are expected to have both a Galactic
and an extragalactic origin but the precise sources producing them are still unknown.
The energy spectrum of CRs, shown in Fig. 1.1, is characterized by steep falling fluxes
and spans several orders of magnitude, from GeV energies to hundreds of EeV, with
fluxes going from thousands of particles per square meter per second at low energies
down to one particle per square kilometer per century at the highest ones. It can be well
described by a power-law dN/dE ∝ E−α, with a different spectral index α depending
on the energy range considered. It shows two features at 1015 eV and 1018 eV, called
knee and ankle respectively. The former marks a transition of the spectral index from
≃ 2.7 to ≃ 3.1 and, possibly, a transition from CRs of Galactic origin to an extragalac-
tic one. The latter marks a hardening of the spectrum, with the spectral index going
from ≃ 3.1 to ≃ 2.6, the nature of which is still debated. CRs above the ankle energy
are usually referred to as Ultra High Energy Cosmic Rays (UHECR). They have a rel-
evant role in high-energy astroparticle physics because they can travel undeflected by
inter- and intra-galactic magnetic fields thanks to their extremely high energy, being
thus able to carry information on the sources producing them. Finally above an energy
of 5 × 1019 eV, the spectrum undergoes a severe cut-off, due to the interaction of CRs
with the Cosmic Microwave Background (CMB), the so-called GZK cut-off [8, 9].

CRs can give origin to neutrinos through their interactions with low energy photons
or target matter and the following decay of the products, which are mainly pions (π±,0)
and muons (µ±). The main interaction channels are:

Photo − meson interactions : p + γ → ∆+ →
{

p + π0

n + π+ (1.1)

Bethe − Heitler pair production : p + γ → p + e+ + e− (1.2)

Proton − proton interactions : p + p → hadrons → π±,0 + X, (1.3)

where ∆+ is a quickly decaying resonance, e− is the electron, e+ is the positron, and X
are other products from p − p interactions. These reactions are followed by the decays:

π+ → µ+ + νµ (1.4)
↪→ e+ + νe + ν̄µ (1.5)

π− → µ− + ν̄µ (1.6)
↪→ e− + ν̄e + νµ (1.7)

π0 → γ + γ, (1.8)
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Figure 1.1: Spectrum of cosmic-rays with data from several different instruments. The
grey shaded areas denote the expected detection rates. The two features knee and ankle
are highlighted, together with the maximum achievable energy by the LHC experiment.
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where neutrinos and anti-neutrons of different flavours are produced together with
γ−rays.

Neutrinos are uncharged weakly-interacting particles that can be produced in three
flavours (electron neutrinos νe, muon neutrinos νµ, tau neutrinos ντ) and oscillate be-
tween them during their propagation. Thanks to their neutral charge they can travel
undeflected by cosmic magnetic fields, pointing back to the source that produced them.
Moreover, their weakly-interacting nature and, consequently, very small cross section,
allows them to travel unimpeded for long distances and escape dense environments,
bringing information on the core of the astrophysical objects producing them. However
this feature also represents a disadvantage since it makes neutrino detection very chal-
lenging. In addition, neutrinos of astrophysical origin have energies in the TeV−PeV
range, and, as for the case of CRs, their flux is much lower with respect to events of
lower energy. This can be observed in the neutrino spectrum displayed in Fig. 1.2,
showing the flux of neutrinos coming from different sources. In this work, we are inter-
ested in astrophysical neutrinos, namely those denoted as ”ν from AGN”, where AGN
refer to particular extragalactic sources called Active Galactic Nuclei (see Chapter 2 for
more details). They are candidate neutrino emitters, but to date we know that they
are just one of the potential neutrino sources. Because of the small interaction rate and
low flux at high energies, detectors of huge volumes are needed to detect astrophysical
neutrinos. To date, the largest working neutrino telescope is the IceCube Neutrino Ob-
servatory1, with a volume of 1 km3. It is deployed in the antarctic ice, which is used as
part of the detector. Indeed, the higher density of ice with respect to air increases the
interaction rate of neutrinos with the medium they are traveling in, leading to the pro-
duction of charged particles (like for example muons or electrons), detectable by the
instrument. Thanks to IceCube observations, neutrino astronomy officially began in
2013, when the instrument announced the discovery of a high-energy neutrino flux [1],
which was well established in the following years through additional measurements
[2]. More details on IceCube and neutrino detection principles are given in Sec. 1.2.

The last messenger relevant for this work is the photon. Photons are massless un-
charged particles used for centuries as the only source of information on the objects
producing them. Like neutrinos they can travel towards Earth undeflected by cosmic
magnetic fields, pointing back at their sources of origin. However, they have a larger
cross-section than neutrinos, so they can get absorbed in the source environment if it is
of high density or interact more likely with matter (e. g., gas clouds) or electromagnetic
radiation during their travel to Earth. This is particularly relevant at high energies. In-
deed VHE γ−rays are very likely to interact with the Extragalactic Background Light
(EBL) [11], namely the radiation created during star formation processes through the
whole cosmic history. It is mainly composed of star light and absorbed/re-processed
star light by dust in the near-infrared to ultraviolet (UV) band. The interaction between
photons of very high energy and the EBL gives origin to an electron-positron pair, thus
reducing the VHE γ−ray flux at Earth, with the effect of changing the source observed
spectral shape with respect to the intrinsic one. This effect is relevant especially for dis-

1https://icecube.wisc.edu/

https://icecube.wisc.edu/
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Figure 1.2: Spectrum of neutrinos originated in different sources and environments.
Credits: [10]

tant sources, since the effect of EBL absorption increases with the distance. To date, the
farthest source ever detected in VHE γ−rays is the Gamma-Ray Burst GRB 201216C,
located at a redshift of z = 1.1 [12].

In the context of multi-messenger and neutrino astrophysics the detection of high-
energy neutrinos and VHE γ−rays from the same object is relevant since they can be
produced together in CR interactions as shown in Eqs. 1.1−1.8 and thus pinpoint to the
long-sought CR sources. However, also information provided by other wavelengths are
necessary in order to build a complete picture of the emitting objects. Indeed, photons
of lower energy can arise from particle cascades initiated by interactions of the emit-
ted hadrons in their way to Earth. In this thesis we exploit data in optical/UV range,
X−rays, high energy (HE, 0.5 MeV− 100 GeV) γ−rays and VHE γ−rays. These kind of
radiation have different properties, so different instruments and detection techniques
are needed. For example, the penetration depth of photons in the Earth atmosphere
is wavelength-dependent, as shown in Fig. 1.3, so only the radio, near infrared and
optical bands can be directly observed with telescopes built on Earth. The far infrared
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Figure 1.3: Spectrum of electromagnetic radiation. The top bar reports the different
wavebands and respective energies, while the bottom illustration shows the height at
which photons of different energies are fully absorbed by the Earth atmosphere and the
different instruments used for the detection. On the left, VHE γ−rays and Extensive
Air Showers (EAS) are shown. Credits: [13]

and the higher energy bands can be directly detected only through satellite-based ex-
periments. However, as shown in the same Figure, VHE γ−rays are detected from
Earth by Imaging Atmospheric Cherenkov telescopes (IACT), through an indirect method
called Imaging Atmospheric Cherenkov Technique (see Sec. 1.3.1 for more details), which
exploits the interaction of γ−rays with the Earth atmosphere and the production of the
so-called Extensive Air Showers (EAS). EAS are cascades of particles originated from
the interaction of high-energy γ−rays or hadrons with the nuclei of the air molecules
composing the Earth atmosphere. They can be divided into electromagnetic showers and
hadronic showers based on the primary particle initiating the cascade. Fig. 1.4 shows a
schematic representation of the development of these types of showers.

In electromagnetic showers the progenitor is a γ−ray of very high energy. When it
reaches the Earth atmosphere, it interacts with the atmospheric nuclei, typically at an
altitude of about 20 km above sea level, undergoing the pair production process and
producing an e−e+ pair. Then, while traveling, the produced particles interact with
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Figure 1.4: Schematic representation of electromagnetic (left) and hadronic (right)
showers. The particles produced at each interaction step are shown. Credits: [14]

the electric field of the nuclei, losing energy via bremsstrahlung and producing further
high-energy photons, which give origin to additional e−e+ pairs and so on, generating
a cascade of secondary particles. The energy of the primary γ−ray is distributed to the
produced particles, which have a lower energy at each interaction step. The process
stops when a critical energy is reached. It is the energy at which the energy losses
through bremsstrahlung and ionization are equal for the pairs. This energy corresponds
to about 80 MeV in air at standard conditions (T = 20 ◦C, P = 1 atm).

Hadronic showers are initiated by high-energy protons and nuclei, which are the
main components of CRs. In their first interaction with atmosphere these particles
mostly produce pions (∼ 90%), kaons (∼ 10%), and a small amount of nucleons, which
in turn generate photons, electrons, positrons, muons and neutrinos through further
interactions or decay. These processes stop when nucleons reach the minimum en-
ergy required for pion production, which is about 1 GeV. Compared to electromagnetic
showers, hadronic ones penetrate deeper in atmosphere, since hadrons have a larger
mean free path than electrons, and, consequently, develop in a longer time (∼ 10 ns
compared to ∼ 3 ns). Considering the secondary particles generated in hadronic show-
ers, neutrinos are produced by the decay of charged pions, kaons and muons, while
γ−rays by the decay of neutral pions. The produced γ−rays can then initiate electro-
magnetic showers. Neutrinos and γ−rays produced in hadronic showers represent a
source of background for neutrino observatories and Cherenkov telescopes, since they
do not come from astrophysical sources. Thus, methods for background rejection have
to be implemented in the instruments observation strategies and analyses in order to
filter out these sources of noise.
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1.2 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory [15] is a neutrino detector located at the geographic
South Pole and immersed in the antarctic ice, starting at a depth of about 1450 m. It
covers a total volume of approximately 1 km3 of ice. Its construction began in 2004 and
the instrument started taking data in its final configuration in 2011. It is composed of
86 strings, which were buried into ice through the use of hot water drills. Each string is
equipped with 60 Digital Optical Modules (DOM), for a total of 5160 modules, located
between 1450 and 2450 m below the surface. A DOM is a glass sphere split in half at the
equator containing a Photomultiplier Tube (PMT), needed to detect the signatures left
by neutrinos in ice, and the support electronics, needed to transmit the acquired infor-
mation to the Laboratory, placed on the surface. IceCube consists of the main large-scale
detector and DeepCore, as shown in Fig. 1.5. The former embeds 78 strings located 125 m
apart and containing DOMs at a distance of 17 m each other. This configuration is opti-
mized for high-energy, and thus astrophysical, neutrinos. It has a minimum detectable
energy of the order of 100 GeV. The latter involves 8 central strings deployed at a dis-
tance of 72 m each other and DOMs placed at a distance from 7 to 10 m apart. This
configuration allows the instrument to reach lower energies, so DeepCore is mainly
used for the study of atmospheric neutrinos and neutrino oscillations. The minimum
detectable energy of the DeepCore is about 10 GeV. Finally, on the surface, IceCube is
equipped with an array of 162 tanks, each one containing two DOMs, divided into 81
stations. This array is called IceTop. It is able to detect particles produced in extensive air
showers initiated by cosmic-rays and is mainly used as a veto for the underground de-
tector, since atmospheric neutrinos represent a source a background. Its energy thresh-
old is approximately 300 TeV; this means that it is more sensitive to showers produced
by cosmic-rays in the PeV−EeV energy range. Besides IceTop, on the surface, at the
center of the array, the IceCube Laboratory is located. It is the central operations building
for the experiment. It includes two cable towers, which connect the array surface cables
to readout computers in order to collect the data acquired by the DOMs.

As already mentioned, the DOMs have the role of detecting neutrino signatures in
ice and send the registered information to the Laboratory. The detection method is
based on the observation of the Cherenkov light produced by relativistic charged par-
ticles created in neutrino interactions with the atomic nuclei of the medium they are
traveling in [16, 17]. The interaction happens via deep inelastic scattering with the
quarks of the target nucleus. It involves the exchange of a W± or Z0 bosons. In the
first case we refer to Charged Current (CC) interaction, while in the second one to Neu-
tral Current (NC) interaction. The CC interaction leads to the production of a charged
lepton sharing the initial neutrino flavor, while the NC interaction leaves the neutrino
state intact. The reactions can be described as:

CC : νl + N → l + X (1.9)
NC : νl + N → νl + X, (1.10)

where l denotes the type of lepton (e, µ, τ), while N and X are the target and produced
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Figure 1.5: Schematic representation of the IceCube Neutrino Observatory. Large-scale
detector, DeepCore, IceTop and the IceCube Laboratory are highlighted. The Eiffel
tower is also shown for comparison. Credits: [15]

nuclei. The output lepton and the hadronic cascades initiated by the output nucleus
X can undergo the Cherenkov effect [18], through which they can be detected by the
DOMs. This effect happens when a charged particle moves in a dielectric medium with
a velocity v greater than the velocity of light in that medium, causing the emission of
an electromagnetic shock wave, called Cherenkov light, in the direction of the mov-
ing particle. The emitted light has an opening angle given by cos θc = [β n]−1, with
β = v/c and n the refractive index of the medium (for ice n ≈ 1.32). The Cherenkov
light consists of very short flashes of few ns and is emitted in the blue/ultraviolet band.
Thus, it can be detected by optical sensors with a very fast electronics, like PMTs. More-
over, in order to increase the neutrino interaction probability and allow detection of the
Cherenkov light, a dense and transparent medium is needed. This is the reason why ice
was chosen. Another possible choice is water. Examples of neutrino telescopes under
water are ANTARES [19], which was in operation until 2022, and KM3Net [20], still
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Figure 1.6: Path of up-going and down-going tracks detected by IceCube. The blue
solid arrows refer to background high-energy muon tracks generated by CR interac-
tion in the atmosphere, blue dashed arrows refer to up-going tracks produced by both
atmospheric and astrophysical muon neutrinos, stars indicate the interaction points.
On the right, the Cherenkov light pattern left by a muon track in the detector is shown.
Credits: [16]

under construction, both located in the Mediterranean sea.

Within the neutrino signatures detected by IceCube, a huge amount of background
events are present, the rejection of which represents one of the main challenges for each
neutrino telescope. These events consist of muons and muon neutrinos generated by
CR air showers in the Earth atmosphere and they represent a source of noise for the
identification of astrophysical events. In order to reduce the atmospheric background
for such events, IceCube can select only up-going events, namely those events origi-
nating below the horizon. In this way, particles are required to pass through Earth in
order to reach the detector. A drawback is the reduction of the sky coverage, since with
this approach only the Northern Hemisphere can be observed. A schematic representa-
tion of this method is shown in Fig. 1.6, together with an illustration of the Cherenkov
light emission inside the instrument. The remaining background from atmospheric up-
going tracks can then be further reduced with the application of energy cuts. Indeed,
the spectrum of atmospheric neutrinos, described by a power-law dN/dE ∝ E−3.7 was
found to be much softer compared to the astrophysical neutrino flux, described by
dN/dE ∝ E−2.19. At energies E > 100 TeV the astrophysical neutrino flux is dominant
over the background, so the chance of an event to be of astrophysical origin increases
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with energy. Cuts on energy are used also to observe signals from the Southern Hemi-
sphere. In this case, since the Earth cannot be used to reduce the background, cuts are
harder in order to remove atmospheric muons.

1.2.1 IceCube alert streams

IceCube has the remarkable capability of observing the whole sky almost continuously,
with an up-time exceeding 99.8% during an ordinary week. This quality makes it an
ideal platform for conducting real-time studies, which are really important in neutrino
astronomy given the transient nature of neutrino events and, possibly, of the astro-
physical phenomena related to them. For this reason, since 2016 [21], IceCube provides
a real-time system which promptly notifies the astrophysical community for follow-
up observations when astrophysical neutrino candidates are identified. There are two
main analyses, which identify different kinds of events and alert streams [22]. On the
one hand, IceCube operates a search for single high-energy astrophysical neutrino can-
didates events with the goal of identifying possible electromagnetic counterparts. This
search is based on the harder spectrum of astrophysical events with respect to back-
ground ones, so it is more sensitive for events with energies E > 100 TeV. On the other
hand, an approach for the identification of clusters of neutrino events was also imple-
mented. This search is performed on both the location of known sources and the whole
sky, with the goal of determining changes in the emission state of the candidate in
the first case, and discovering new sources in the second one. The cluster identification
technique is based on the fact that the neutrino background is isotropic, temporally and
spatially, so a significant excess would indicate an astrophysical event. In the following
a description of these analyses and related alert channels is reported.

Single high-energy tracks and cascades

The single high-energy alert events are due to the interaction of a single neutrino through
the CC or NC interactions described above.

In particular, tracks are predominantly produced by the CC interactions of muon
neutrinos with nucleons, namely νµ + N → µ− + X. Given the low interaction rate
of muons, the majority of these tracks pass fully through the detector, allowing a pre-
cise reconstruction of their arrival direction (< 1◦ for neutrinos with energies above
few TeV2), at the expense, however, of the energy resolution. Indeed, muons lose en-
ergy gradually through ionization, bremsstrahlung, pair production and photo-nuclear
interactions during their travel, part of which lies outside the detector. The energy re-
construction is then limited by the length of the muon track inside the instrumented
volume.

Differently from tracks, cascades can be produced by both CC and NC interactions
(see Eqs. 1.9−1.10), where hadronic cascades can be initiated by the output nuclei X

2Note that the average scattering angle between the interacting muon neutrino and the produced
muon decreases with increasing energy, following the relation ψν→µ ∼ 0.7◦(Eν/TeV)−0.7 [23], hence the
angular resolution of an event improves at higher energies.
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Figure 1.7: Examples of track-like (left) and cascade-like (right) events. The coloured
dots represent the hit DOMs, their dimensions the quantity of Cherenkov light de-
tected, and the colors the arrival time of the Cherenkov flashes (earlier times in red
and later in green). Credits: [17]

and detected through the Cherenkov light emitted by the secondary charged particles
produced. However, in CC interactions involving electron and tau neutrinos, namely
νe + N → e− + X and ντ + N → τ− + X, cascades can also originate from the out-
going leptons, which cannot produce elongated tracks in the detector because of their
rapid scattering (electrons) and decay (taus). The energy deposited in the medium by
cascades has a rather spherical distribution, so the angular uncertainty is much worse
than for tracks (∼ 10◦ − 15◦). On the contrary, the energy reconstruction is much more
precise since cascades can often be fully contained in the detector volume.

In Fig. 1.7 examples of a muon track crossing the detector and a cascade origi-
nated by a νe or ντ CC or any flavour NC interaction are shown. Basically, the number
of photo-electrons detected by each PMT correlates with the energy deposited by the
event, while the arrival time of the Cherenkov photons is linked to its direction, allow-
ing the reconstruction of the two quantities.

Starting from 2016, IceCube broadcasts the events it detects to the astrophysical
community. Initially, two alert streams were defined, based on specific cuts related
to the properties of each event. Both of them considered track-like events only, best
suited for multi-messenger studies given their precise angular resolution. Alerts for
cascade events were then issued starting from 2020. The two original alert streams are
High-Energy Starting Events (HESE) and Extreme High-Energy (EHE) events [21].
HESE alerts include only starting tracks, namely tracks with a neutrino interaction ver-
tex inside the detector. Since the probability for an event to be of astrophysical origin
increases with energy, only events depositing > 6000 photo-electrons are taken. EHE
alerts mainly consist of muon tracks fully contained in the detector volume. The se-
lection is more sensitive to events with energies between 500 TeV and 10 PeV, targeting
tracks with an angular resolution < 1◦ [21]. These selections were operated separately
until May 2019, when the real-time infrastructure was updated with the implementa-
tion of a unified algorithm which combines EHE alerts, an improved version of HESE
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ones3 and a stream based on an already existing selection called Gamma-ray follow-up
(GFU), in operation since 2012 and originally designed for follow-ups in VHE γ−rays
[24, 25]. It exploits statistical methods called boosted decision trees to treat up-going
and down-going events in a different way in order to reduce the background. Most of
the alerts issued by IceCube fall under the GFU selection. Moreover the updated in-
frastructure introduces a new, key, parameter called signalness, which is applied to all
the aforementioned alert types. It is defined as

Signalness(E, δ) =
Nsignal(E, δ)

Nsignal(E, δ) + Nbackground(E, δ)
, (1.11)

where E is the reconstructed neutrino energy, δ is the declination of the event, Nsignal(E, δ)
and Nbackground(E, δ) are the number of signal and background events expected at a
declination δ and above an energy E. They are computed through simulations. This
quantity is a measure of the probability for an event to be of astrophysical origin and
introduces the new GOLD and BRONZE streams, which classify the alerts based on
their signalness value: if an event has a signalness value between 30% and 50% it is
classified as a BRONZE alert, while if the value is > 50% it is classified as a GOLD
alert. Fig. 1.8 reports all the GOLD and BRONZE alerts issued by IceCube between
2011 and 2020 in a sky-map in equatorial coordinated.

Track and cascade alerts are publicly distributed through the NASA General Coor-
dinates Network4 (GCN) in the form of circulars containing information on their sky
coordinate, angular uncertainty, energy and signalness in order for other observatories
to start follow-up observations promptly.

Neutrino clusters from known γ−ray sources and the whole sky

These alert streams were specifically tailored for follow-up observations by partner
IACTs in VHE γ−rays, which are thought to be produced together with high-energy
neutrinos in the same hadronic interactions , as already mentioned in Sec. 1.1. Thus, a
joint program between IceCube and IACTs would be beneficial in the search for neu-
trino sources. These streams are part of the GFU selection, which includes the partner-
ship of MAGIC (see Sec. 1.3 for more details) and VERITAS [26] since 2012, and H.E.S.S.
[27] since 2019. In its most recent version5, this channel looks for flares of lower-energy
astrophysical neutrino events over the background . The search is operated on a pre-
defined list of sources, with the aim of alerting IACTs about neutrino multiplets in the
direction of known γ−ray emitters as well as on the whole sky, with the aim of dis-
covering new potential neutrino candidates or targeting sources not yet observed in
γ−rays.

The monitored sources are blazars, a subclass of Active Galactic Nuclei (AGN, see
2 for more details) showing a highly variable behaviour in γ−rays and for which it is

3The new HESE stream places, as an additional cut, the selection of only those events with a length of
at least 200 m inside the detector, with the aim of reducing the amount of poorly reconstructed tracks.

4https://gcn.nasa.gov/
5The GFU selection was upgraded in May 2019.

https://gcn.nasa.gov/
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Figure 1.8: Distribution of GOLD and BRONZE alerts issued by IceCube between 2011
and 2020. The orange diamonds refer to GOLD alerts, while the grey crosses refer to
BRONZE ones. The dashed contours denote the angular uncertainty of each alert at the
90% confidence level. Credits: [25]

expected to have a detectable neutrino signal in coincidence with γ−ray flares. The se-
lection was made starting from the Third Fermi catalog of active galactic nuclei (3LAC)
[28], and the third Fermi catalog of hard spectrum sources (3FHL), [29] released by the
Fermi/LAT Collaboration6. The selection criteria are [22]:

• Visibility from the sites of IACTs, with elevation above horizon > 50◦ for MAGIC
and VERITAS, and > 60◦ for H.E.S.S.,

• Extragalactic origin, with redshift z ≤ 1, where the chosen threshold corresponds
to the most distant object observed in VHE γ−rays,

• Variability at 99% confidence level7

• Detectability prospects for IACTs, which is evaluated as follows: starting from the
average Fermi flux a flare is simulated by multiplying it by a factor 10, then the
flux at E > 100 GeV is extrapolated taking into account the EBL effect. Only those

6https://glast.sites.stanford.edu/
7The criteria to evaluate the variability are different in the 3LAC and 3FHL catalogs. In the first case

a likelihood test on the monthly averaged lightcurves is used to compare the hypothesis of variability
against the one of steady emission. The sources are considered to be variable if they show a variability
index > 18.47. In the second case a bayesian blocks algorithm is used to divide the lightcurve into blocks
of constant flux. A source is considered to be variable if it shows two or more blocks.

https://glast.sites.stanford.edu/
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Figure 1.9: Sky-map showing the sources monitored by IceCube for neutrino clusters
for each IACT. Orange filled boxes refer to MAGIC selected sources, grey crosses to
VERITAS ones, and blue empty boxes to H.E.S.S. ones. Credits: [22]

sources showing a flux above 100 GeV exceeding the 5σ sensitivity of the IACT
for 2 hours (MAGIC , VERITAS) or 3 hours (H.E.S.S.) of observation are taken.

The final selection includes 179 sources for MAGIC, 190 for VERITAS, and 139 for
H.E.S.S., for a total of 339 objects, since some of them are in common between two
or more lists. Fig. 1.9 shows the location of the sources monitored for each IACT.

The search for neutrino clusters from monitored sources is thus restricted to these
pre-defined locations, required to be within 1σ (∼ 1◦− 2◦) of the neutrino event angular
uncertainty. When an event satisfying this requirement is detected, its signal-to-noise
ratio S/B is evaluated and only those events with S/B > 1 trigger the analysis. The
analysis operates a likelihood maximization on time windows defined by the detected
event and earlier events with S/B > 1, for a maximum length of 180 days [22]. After
that, the best-fit time window is chosen. If the significance of the likelihood analysis
exceeds a threshold of 3σ, then an alert is issued to the partner telescopes. Once an
alert is released, the system is muted. This requires the previous event to be below
the threshold and means that following events above the threshold do not imply the
issuing of new alerts since they are thought to belong to the on-going flare. In this way
the behaviour of significance over time is not known. However, a subsequent offline
analysis can reveal the global best-fit of the flare as the most significant cluster of events.
It is typically following an earlier alert. Simplified schemes of the analysis method and
the alert issuing are shown in Fig. 1.10.

The same analysis is applied also in an unbiased search on the whole sky, with an
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(a) Scheme of the algorithm used in the search for neutrino clusters. The blue bars show the signal-to-noise
ratio S/B of the neutrino event, while the orange arrows represent the time windows considered to the
likelihood analysis. The time windows start with an event having S/B > 1 and end with the triggering
event.

(b) Scheme of alert issuing after the analysis algorithm has run on a neutrino event with S/B > 1. If the
significance of the best-fit time window likelihood is below the alert threshold of 3σ, then no alert is dis-
tributed (light blue points), otherwise if it crosses the threshold, an alert is issued (dark orange). Following
triggers above the threshold are considered part of the same flare and not qualify as independent alerts
(light orange). The flare can continue until a peak is reached (red), which usually represents the outcome
of a following offline analysis.

Figure 1.10: Simplified schemes of the analysis used in the search for neutrino clusters.
The top panel shows the algorithm used to select interesting events, while the bottom
one shows the alert issuing given the outcome of the above algorithm. Credits: [22]

additional algorithm defining the direction of the excess through a grid scanning. In
this scan, the celestial sphere is pixelized in square bins of side 0.92◦ and each bin is
treated as a source hypothesis. When an event with S/B > 1 is observed in a specific
bin, the time clustering algorithm described above (and shown in Fig. 1.10) is triggered
on the target bin and the nearby ones, taking into account the event angular uncertainty
and constraining the search to a maximum radius of 2◦. The algorithm operates the
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Figure 1.11: Scheme of the all-sky search method. Once a triggering event is observed,
the sky is divided into spatial bins (upper plots). The dotted contours indicate the
scanned bins, the solid contour selects the most significant one, which is divided into
sub-bins at each step (lower plots). The colors give the value of the significance in
each bin. Remember that for each bin scanned in space, the time clustering algorithm,
looking for the best-fit time window, is triggered. Credits: [22]

likelihood maximization in each considered bin and the most significant one is taken.
Then, it is divided into sub-bins, the likelihood is maximized in each sub-bin and so
on, until the best-fit grid size is reached. An example of the spatial scanning method
is shown in Fig. 1.11. Given that this search is unconstrained in space, the number
of tested source locations is huge. Hence, the sensitivity of the all-sky search is lower
and it is more likely to select background overfluctuations with respect to the source
monitoring. For this reason, the alert threshold is set higher, to 5σ, in order to select
only the events most likely to be real signals.
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With the set thresholds the expected alert rate is of ∼ 10 events/year for the source
monitoring and of ∼ 0.5 alerts/year for the all-sky search. The emitted alerts are dis-
tributed privately to the partner IACTs and contain information about the source can-
didate (if the source monitoring is performed), the significance, and the flare duration.

1.3 The MAGIC telescopes

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes are a sys-
tem of Imaging Atmospheric Cherenkov Telescopes (IACT) located at the Observatorio
Roque de los Muchachos (ORM, 28◦ 45.70′ N, 17◦ 53.42′ W) in the Canary Island of La
Palma, Spain, at 2225 m above sea level. They are placed at a distance of 85 m from
each other and have a reflector with a diameter of 17 m, which allows to reach an en-
ergy threshold of 50 GeV, which can be lowered to 30 GeV if a particular type of trigger
system, called Sum-Trigger-II analog trigger and described in Sec. 1.3.2, is used. The
first telescope, MAGIC-I, started operating in 2004. It operated in mono-mode until
2009, when the second telescope, MAGIC-II, started its commissioning phase. Since
then the two telescopes work in stereoscopic mode. As already introduced in Sec. 1.1,
these kind of telescopes is designed to indirectly detect VHE γ−rays through the prod-
ucts of the EAS they produce when reaching the Earth atmosphere. The technique they
use for such purpose is explained in the next section. Thanks to this technique and their
joint observations in stereo mode, they are able to reach an integral flux sensitivity of
(0.66 ± 0.03)% of the Crab Nebula (usually taken as a reference source in γ−ray as-
tronomy) flux above 220 GeV for 50 hours of observation [30]. A picture of the MAGIC
telescopes is reported in Fig. 1.12.

1.3.1 Imaging Atmospheric Cherenkov Technique

The Imaging Atmospheric Cherenkov Technique is the method used by IACTs to ob-
serve VHE γ−rays. It is an indirect technique combining the information provided by
the products of EAS initiated by a VHE γ−ray interacting with the Earth atmosphere.
Thus, the atmosphere acts as a fundamental part of the detector. The aim of this tech-
nique is the extraction of the spatial and temporal information of the detected light and
the reconstruction of the energy and direction of the primary particle. As for the case
of neutrinos, the Cherenkov effect is exploited: as already mentioned in Sec. 1.1, the
atmospheric electromagnetic showers produce a cascade of electrons and positrons (to-
gether with γ−rays), which emit Cherenkov radiation when moving with a velocity
greater than the speed of light in air. The emitted light has an opening angle which
varies from ∼ 0.2◦ at a height of ∼ 30 km, to 1.5◦ at sea level, due to the changes of the
atmospheric density with altitude. This results in the formation of a light circle with a
typical radius of 120 − 150 m on the ground, called Cherenkov light pool. If an IACT lies
inside this ring, then it can detect the Cherenkov flashes.

Given the properties of the Cherenkov light, some specific requirements on the
structure of such telescopes have to be satisfied. IACTs need to have large reflectors,
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Figure 1.12: Picture of the two MAGIC telescopes during an observing night. Credits:
C. Righi

composed by mirrors, with a diameter of several meters, in order to collect the maxi-
mum number possible of Cherenkov photons and focus them to the camera8. Given the
short duration of the Cherenkov flashes, the camera needs fast electronics. It is usually
composed of an array of PMTs placed on the focal plane. Moreover, in order to en-
sure a detailed reconstruction of the shower image, the number of PMTs must be large.
As an example, MAGIC camera has 1039 PMTs. Differently from neutrino telescopes,
IACTs can operate only at night and have a small Field of View (FoV, usually < 5◦),
so their duty cycle9 is limited (≤ 20%) and sources must be directly pointed in order
to be observed. Once the Cherenkov light is collected by the reflector and focused on
the camera, the shower image can be recorded. The image produced by a γ−ray signal
has an elliptical and narrow shape. The intensity of the image signal is proportional to
the amount of Cherenkov radiation produced, in turn linked to the energy of the pri-
mary γ−ray. An example of the Imaging Atmospheric Cherenkov Technique and the
recorded γ−ray images is shown in Fig. 1.13.

However, a big challenge in the application of this technique lies in the discrimi-

8Note that IACTs are essentially optical telescopes, since they detect the Cherenkov light, which is in
the optical/UV band.

9The duty cycle is defined as the fraction of time in which the telescope can perform observations
compared to the total available time. Given that Cherenkov telescopes can work only at night, the fraction
of time they can use to perform observations is limited.
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Figure 1.13: Scheme of the Imaging Atmospheric Cherenkov Technique. The
Cherenkov light from electromagnetic cascades initiated by a VHE γ−ray is collected
by the mirrors and reflected into the camera. PMTs in the camera record the signal and
generate the γ−ray image. Credits: CTA Observatory

nation between γ−ray signals and the background. The main source of background is
given by hadronic showers, the contribution of which is about three orders of magni-
tude larger than electromagnetic ones. In order to recognize and suppress this source
of background, the different geometry and temporal features of the images produced
by the two types of showers are exploited during the data analysis phase. Indeed,
hadronic cascades give origin to wide images of irregular shape, which are quite dif-
ferent from the γ−ray ones. Also atmospheric muons produced in hadronic cascades
contribute to the background, but their effect can be easily recognized and rejected
thanks to the ring-like images they produce. Another source of background is repre-
sented by the isotropically distributed photons composing the Night Sky Background
(NSB). The NSB basically represents the brightness of the sky and is the result of the
contribution of several components like scattered light from stars and galactic sources,
airglow, zodiacal light, artificial lights and the Moon [31]. It depends on the time of
the observation and the location. La Palma island was chosen as the site of the MAGIC
telescopes because it has very good NSB values. The NSB effect on γ−ray images is
removed during the data analysis in a step called Image cleaning (see Sec. 1.3.4), while

https://www.cta-observatory.org/
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its random fluctuations are directly discarded thanks to trigger system.
Finally, the use of two or more telescopes in stereoscopic mode, like the MAGIC

system, improves the event selection and the geometrical reconstruction of the shower.
With such a configuration an event is registered only if it is observed in both telescopes.
Moreover, it provides a view of the same shower from different perspectives, so the
direction of the primary particle can be recovered more precisely.

1.3.2 Hardware and trigger systems

The hardware of the MAGIC telescopes consists of several components, including the
alt-azimuthal supporting structure and the drive system, the mirrors and the reflector,
the camera, the readout and trigger system, and other auxiliary and online subsystems
facilitating effective telescope operations [30, 32]. All these systems are handled by a
Central Control software called SuperArehucas, which receives reports on the status
of the subsystems every second and sends updates to the telescope operators through
a graphical interface.

Telescope structure, mirrors and camera

One of the main science goals of the MAGIC telescopes is the prompt follow-up of
transient events like, for example, the aforementioned neutrinos, Gamma-Ray Bursts
(GRB), or Gravitational Waves (GW). In order to achieve this objective, a fast reposi-
tioning of the telescopes during the occurrence of such events is needed. The telescope
structure has thus to be both rigid and light-weight; requirements that are satisfied by
the use of reinforced carbon fiber tubes. Thanks to the use of such materials, the overall
weight of the MAGIC telescopes is < 70 tons, with the structure alone weighting < 20
tons. This allows the telescopes to move with an angular speed of 4◦/s during standard
observations. It can be increased up to 7◦/s in case of fast repositioning, used to track
transient sources. In this way, the telescopes are able to re-point to each location in
the sky in less than 30 s. Moreover, the mount of the telescopes is alt-azimuthal, so that
they can be moved in a wide range of positions both in zenith and azimuth. Specifically,
they can be moved from −90◦ to 318◦ in azimuth and from −70◦ to +105◦ in zenith.

The movement of the telescopes is controlled by a hardware component called drive
system [33]. The drive monitors the pointing and tracking of the sources, which can be
affected by the gravitational load of the structure and thus needs to be corrected. This
is done through the use of two Charged-Coupled Device (CCD) cameras placed in the
center of the reflector. The first one, called TPoint camera, takes pictures of the cata-
logued bright stars in the telescope FoV spanning the whole zenith and azimuth ranges.
It compares the observed stars with the catalog in order to find possible mispointings
so that the drive can correct them. This is important in order to update the so-called
bending model of the structure, which allows to have a pointing precision of ∼ 0.01◦.
The second camera, called Starguider camera, is aligned with the telescope axis and
continuously compares the position of the PMT camera, signaled by a ring of 6 Light-
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Emitting Diodes (LEDs) at its edge, with the position of reference stars in the FoV, in
order to correct possible misalignment.

The structure weight can introduce deformations also in the mirror dish during
the telescope movement, worsening the focus of the instrument. The mirror dish is a
parabolic reflector with a diameter and a focal length of 17 m. The parabolic shape
is chosen because of its isochronicity. In this way the arrival times of the Cherenkov
photons on the dish are conserved on the camera. The reflector is composed of 247,
1 m × 1 m, small mirrors which can be moved through the Active Mirror Control sys-
tem (AMC) [34], consisting of actuators acting on the individual mirrors in order to
correct for the weight loading effect and obtain a focused image on the camera. The
quantity determining the angular resolution of a telescope is the Point Spread Function
(PSF), defined as the 39% containment radius of the light spot generated by a point-like
source in the focal point. With the mirrors focused, the PSF of the MAGIC telescopes is
smaller than 10 mm. The PSF of the single mirrors and the complete reflector is mea-
sured by a CCD camera, called SBIG camera, located in the center of the mirror dish as
the aforementioned ones.

In the focal point of the reflector, the PMT camera is placed, which collects the
Cherenkov photons reflected by the mirrors. The MAGIC camera has a total weight of
850 kg and is sustained by an aluminum arc. It is composed of 1039 PMTs of 2.54 cm
diameter arranged in a circular shape and grouped in 169 clusters of 7 pixels as shown
in Fig. 1.14 (black thick contours). Each PMT has a FoV of 0.1◦, and the whole camera
has a total FoV of 3.5◦. The PMTs are sensitive in the blue band, with a high quantum
efficiency of 34% for wavelengths of ∼ 350 nm and a response time of ∼ 1 ns. More-
over they have a low gain, of ∼ 3 × 104, managed by setting their High Voltage (HV).
The low-gain configuration is designed to reduce the amount of charge hitting the PMT
anode, thus preventing their rapid deterioration, but it is also useful in increasing the
telescope duty cycle. Indeed IACTs ideally should work in dark conditions only, but,
given that the anode current flowing into the PMTs is proportional to the NSB level, by
reducing the PMT gain it is possible to observe also under moderate moon light condi-
tions [35]. For MAGIC the PMT gain is reduced by a factor of 1.7 and the configuration
is called reduced HV. In order to observe under higher moon levels, MAGIC camera is
equipped with UV-pass filters.

Moreover, since the PMT gain and readout undergo fluctuations due to external fac-
tors like temperature variations, a calibration system [36] is needed in order to obtain
a uniform gain in the whole camera. This system is located in the center of the reflec-
tor as the mentioned CCD cameras and consists of a calibration box containing a laser
with light properties as close as possible to the Cherenkov light (MAGIC calibration
box laser has a wavelength of 355 nm and duration of pulses of 0.4 ns). The laser is
used to uniformly illuminate the camera plane thanks to a sphere placed in front of it
and evenly diffusing the laser light. A controlled illumination of the camera allows the
adjustment of the HV settings of each PMT in order to have the same gain in each pixel
(the so called flat fielding) and to obtain the conversion factor between analog-to-digital
counts (ADC) and number of photoelectrons (phe).
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In order to focus the coming light into the PMT window and thus increase the col-
lection efficiency, each PMT is coupled with a light concentrator called Winston cone,
which also avoids NSB light from large zenith angles to enter the PMTs. Once pho-
tons reach the camera, the PMTs convert them into phe in order to register the signal,
then this electric signal is converted into an optical one through vertical cavity surface
emitting lasers (VCSEL) and sent to a data acquisition (DAQ) building, called counting
house (CH), through 160 m long optical fibers. Here, the signal is converted back into
an electric one and split into two branches, one of which is sent to the readout system
and the other one to the trigger system. Both are installed in the CH and separated from
the camera body in order to achieve a light-weight design and allow fast movement of
the instrument.

The trigger system is composed of three levels considering single pixels, clusters of
pixels in the same camera, and coincidences in the two telescopes. Only if the signal
passes all the levels it can be recognized as a γ−ray event and not, for example, as a
background fluctuation. Details on the trigger systems are given in the next sections.

The readout system consists of a memory chip, called Domino Ring Sampler 4
(DRS4), where the signal is host, waiting for the trigger decision. It is composed of
an array of 24 capacitors, which are charged with the signal. When the trigger condi-
tions are fulfilled, the charge accumulated in the capacitors is converted into a digital
signal through an Analog-to-Digital Converter (ADC) and the signal in each pixel is
recorded into waveforms of 30 s in the form of ADC counts.

Finally, the signal passing the trigger levels and processed by the readout system,
is sent to a Data AcQuisition system (DAQ), consisting of a dedicated computer per
telescope which stores the events in .raw data files and performs a first online data
analysis. Each raw file contains about 14000 events and has a size of about 2 GB.

Standard trigger system

The trigger is a fundamental system with the role of selecting the Cherenkov signal
from γ−ray induced showers, discriminating it from the background noise of hadronic
showers and NSB. Thanks to its selection it is also possible to significantly reduce the
total number of events stored by the readout system and the DAQ.

The trigger system of the MAGIC telescopes [30, 37] is composed of three levels. The
lowest level, called Level 0 (L0), is an amplitude discriminator operating on individual
PMTs. It performs a selection of those pixels with signal exceeding a specific amplitude
threshold, called Discriminator Threshold (DT), by issuing a digital 1 if this condition
is satisfied. In order to optimize the sensitivity of the telescopes, the DT level changes
based on the sky brightness and the type of source observed. For the observation of
extragalactic sources it is lower than for galactic ones, because of the higher luminosity
of the galactic plane region. In the same way, a lower level is used during dark nights,
and it is increased in presence of the Moon in order to avoid contamination from the
higher NSB. In general, the DT is kept as low as allowed by the trigger rate in order
to select also faint events. Moreover, the DT is continuously monitored and modified
during the same night according to the variations of the light conditions in order to



24 CHAPTER 1. MWL AND MULTI-MESSENGER ASTROPHYSICS

Figure 1.14: Scheme of the MAGIC camera
showing the 1039 PMTs composing it. The cyan
hexagons mark the 19 L1 macrocells. Pixels be-
longing to two or three macrocells are shown in
green and red repsectively. Purple pixels do not
belong to the trigger region. Black thick con-
tours denote the 169 PMT clusters. Credits: [30]

keep stable rates in each pixel. During standard observations (i. e. dark time) the L0
rate is ∼ 800 kHz, with a DT value of 4.25 phe for extragalactic sources and 15% higher
for galactic ones.

The signal passing the L0 trigger is sent to the Level 1 (L1) trigger, which searches
for spatial and temporal coincidences of adjacent pixels in the same camera with a sig-
nal above the DT. It is useful to reject pixels which underwent individual fluctuations
due to the background. In particular, the L1 trigger searches for a minimum number n
of Next Neighbour (NN) pixels within a temporal gate of 8 − 9 ns. There are different
NN configurations implemented, with n varying from 2 to 5. During standard stereo
observations the 3NN configuration is used. The L1 trigger operates on 19 overlapping
hexagonal cells of 37 pixels each, called macrocells (see Fig. 1.14). In each macrocell
the boundary pixels are in common with the adjacent cells and in total they cover the
innermost 547 pixels of the camera. The typical L1 rate is ∼ 15 kHz.

The output of each macrocell is processed and sent to the last trigger stage, the
stereo trigger, also named Level 3 (L3) trigger. It searches for time coincidence between
the signals in the two telescopes and works at a trigger rate of ∼ 250 − 350 Hz. Since
the MAGIC telescopes are placed at a distance of about 80 m, the shower signal reaches
them at different times. Thus, the L1 trigger signals are delayed by an amount de-
pending on the specific pointing direction of the telescopes. If the signals are within a
coincidence window of 180 ns, then the event is accepted as an astrophysical one and
the readout starts.

Sum-Trigger-II system

Besides the standard MAGIC trigger, an alternative trigger system is installed at the L1
level, named Sum-Trigger-II [38, 39]. When observations are performed with this kind
of trigger, the L0 output is sent to the Sum-Trigger-II system rather than to L1 and its
output is sent to the stereo trigger as in the standard case. The Sum-Trigger-II system is
specifically designed to improve the telescopes performance in the low energy domain
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(E < 80 GeV) and is driven by different science cases like galactic sources (e. g. pulsars),
distant AGNs, and GRBs, for which the bulk of γ−ray emission is expected to happen
at low energies, with a cutoff at tens to hundreds of GeV.

The detection of γ−rays at these energies is challenging due to the lower energy of
the primary particles, which interact with the Earth’s atmosphere at a greater height.
This results in less energy being transferred to secondary particles in the EAS. As a con-
sequence, the shower develops at higher altitudes, and the emitted Cherenkov light is
partly absorbed on its way to the ground, reducing the amount of light reaching the
telescopes and resulting in very faint flashes on the camera, close to the noise level10.
Moreover, at that altitude, the air is more rarefied, hence the air refraction index is
lower. This results in a strongly collimated Cherenkov emission producing images
with the photon distribution confined in a small region of the camera. Finally, given
that the shower develops higher in the atmosphere, its interaction with the geomag-
netic field becomes non negligible. Therefore, the trajectories of particles in the EAS are
bent and, as a result, the Cherenkov image is distorted, complicating the direction re-
construction. The features of these images are clearly different from the ones produced
by higher-energy γ−rays, which typically exhibit an elliptical shape, with the majority
of the charge concentrated at the peak of the shower development. At low energies,
the accumulated charge in the single PMTs is generally not enough to generate sig-
nals passing the L1 trigger previously described, which was designed for high-energy
γ−rays. Thus its performance is not effective in these cases and the need of a different
type of trigger system emerges.

For this reason the Sum-Trigger-II system was developed. The basic principle of
Sum-Trigger-II involves the sum of the signals from single PMTs belonging to the same
predefined camera patches (similar to the previously mentioned macrocells) and the
application of the threshold to the resulting output. In particular, the camera is di-
vided into 3 layers of patches partly overlapping, for a total of 55 patches and 529 pixel
used (see Fig. 1.15). Each patch contains 19 PMTs, except 12 patches in the external
region, which contain 4 blind pixels not used for the triggers (filled coloured pixels in
the image). They are excluded in order to fill the same trigger area used in the standard
trigger. The FoV of the patches is about 0.5◦ and their size is chosen in order to match
the size of the images produces by low-energy γ−rays. The exact number of PMTs in
each patch is the result of Monte Carlo (MC) simulations aiming at optimizing the trig-
ger efficiency around 25 − 30 GeV. A smaller size would imply the loss of part of the
Cherenkov signal, while a larger one would increase the accidental number of spurious
triggers due to the NSB.

For each telescope, the signal registered by each PMT within a certain amount of
time is collected. The time interval is set to 3 ns. Since electromagnetic showers emit
Cherenkov light of about 2 − 3 ns duration, the chosen value reults to be wide enough
to maximize the detection of Cherenkov photons in the EAS and sufficiently narrow to
minimize the rate of spurious triggers produced by the NSB. Then the signal in each

10Note that the Cherenkov light produced by an EAS initiated by a primary γ−ray with E ≲ 80 GeV is
emitted at a height of ∼ 10 − 12 km.
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Figure 1.15: Scheme showing the three layers of
camera patches used in the Sum-Trigger-II sys-
tem. Patches belonging to each level are shown
in red, blue, and green. The blue and green lay-
ers have the same shape but a different orienta-
tion on the camera. The fully coloured pixels do
not contribute to the trigger decision. Credits:
[38]

PMT in the same patch is summed. In this way all pixels in a patch contribute to the
trigger, making non negligible also faint signals generally below the sensitivity of the
standard trigger on the one hand, and signals dominated by the fluctuations of the NSB
on the other hand. However, given that low energy γ−rays produce small confined
images on the camera, the principle of integrating over regions of the camera where
the γ−ray image may be confined increases the signal-to-noise (S/N) ratio. Indeed
the PMT signals coming from a shower are correlated, so they stack up linearly, while
the signals originating from the noise in each PMT are completely independent and
hence don’t add together. Therefore, in a camera patch, the summed signal results in
an increase of the S/N ratio, making Sum-Trigger-II particularly suitable for detecting
low-energy γ−rays. The patches summed signals exceeding a defined threshold are
sent to the L3 trigger previously described, which searches for coincidences in the two
telescopes. The DT for Sum-Trigger-II is set in the range 16 − 24 phe per patch [39], the
specific value of which depends on the light condition of the night sky in each camera
patch. The total trigger rate of the single telescopes with Sum-Trigger-II is ∼ 30 kHz,
while the stereo trigger rate is about 500 − 600 Hz.

Finally, the performance of Sum-Trigger-II was determined by simulating 64 million
γ−ray events from a source with a power-law spectral index of −2.6. As shown in
Fig. 1.16, performance at energies lower than 80 GeV is considerably better compared to
the standard trigger, with a resulting energy threshold11 of 21 GeV, significantly lower
than that of the standard trigger (41 GeV) and a capability to trigger 6 times larger at 20
GeV [39].

Weather monitoring instruments

The monitoring of the atmospheric conditions is of great importance for the telescope
operators to determine the feasibility of the observations and for the data analyzers to

11The energy threshold is defined as the peak of the event rate energy distribution, computed from
simulated MC γ−rays. It increases with increasng zenith angle or NSB level.
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Figure 1.16: Energy threshold for the Sum-Trigger-II system assuming a source spec-
trum with a −2.6 power-law index. The number of stereo events close to the threshold
(peak of the distribution) is shown for both the standard trigger (black line) and the
Sum-Trigger-II system (red line). Credits: [39]

inspect the quality of the taken data. The MAGIC site is equipped with several auxiliary
instruments with the role of continuously checking the weather.

Within them there is a weather station, which provides information about pres-
sure, temperature, relative humidity, wind speed and wind direction every two sec-
onds. This monitoring is crucial to maintain safe telescope operations by adhering to
predefined limits. If these limits are exceeded, alerts are issued and automatic reactions
ensure the safety of the telescopes. On the roof of the CH also a rain sensor and an
all-sky camera are installed, the latter having a FoV of 150◦ and taking images of the
sky every two minutes.

In addition, there are two systems used to monitor the transparency of the atmo-
sphere. The information they provide is really helpful during the analysis phase be-
cause it allows to distinguish good-quality data and select them. The former, called
LIght Detection And Ranging (LIDAR) [40], consists of a laser shooting light pulses in
the atmosphere at a position distant 4◦ from the target location in order not to interfere
with MAGIC observations. It exploits the backscattering of the laser light by clouds and
aerosols to give a value of the atmosphere transmission. This value is linked to the ar-
rival time of the backscattered photons. The latter, called pyrometer, is an instrument
pointing at the same direction of the telescopes aiming at evaluating the presence of
clouds. In order to do this, it measures the sky temperature, which increases in presence
of clouds because they reflect the thermal radiation from the Earth. Each MAGIC ob-
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servation is complemented by a transmission parameter and a cloudiness value, given
by the LIDAR and pyrometer outputs respectively, generally in good agreement, indi-
cating the quality of the sky during the observation.

Other subsystems

Telescope operations are finally complemented by additional subsystems hosted in the
CH and linked to the MAGIC CC. They receive information from external facilities and
perform a first preliminary data reduction. These include:

• The Automatic alert system [32]: It is a system processing the alerts sent from
the General Coordinates Network (GCN), where a number of missions report the
detection of transient events, like GRBs, GWs or neutrinos, soliciting follow-up
observations. The system evaluates the alerts in terms of observability from the
MAGIC site and, if some pre-defined criteria are met, it takes control of the tele-
scope, automatically pointing it to the target position. The observational strategy
and criteria defined for the follow-up of neutrino events are described in Sec. 5.2.

• The MAGIC OnLine Analysis (MOLA) [41]: It is a program performing a real-
time analysis of MAGIC data from calibration to high level products, with the aim
of giving a first estimation of the significance and flux of the observed sources.
This is particularly important in case of flaring sources or transient events, since
it allows telescope operators and schedulers to extend the observation and issue
alerts towards other observatories in case of an interesting signal is detected;

• The On-Site Analysis (OSA) [42]: It is a program performing the first steps of
the standard analysis chain while data are produced. After the end of the ob-
servations, in the morning, the raw and processed data are transferred from La
Palma to an external cluster, called Port d’Informació Cientifica (PIC) and located
in Barcelona, where they are available to analyzers to perform the high level anal-
ysis. Thanks to this system, the data size, of ∼ 1 − 2 GB for raw data, is reduced
by a factor of ∼ 500 before being transferred making the transfer faster. However,
OSA works only in case of dark nights and data taken with the standard trigger.
When such conditions are not met, the analyzers have to start the analysis from
raw data or explicitly request the processing at PIC, based on the type of analysis
they have to perform.

• The Data check system: It is a program automatically running at the end of each
observation night which provides different outputs allowing to inspect the qual-
ity of the data taking both in terms of atmospheric conditions and electronics per-
formance. One of the outputs mostly used by analyzers is the so-called Superplot
which contains the evolution of source zenith, M2 camera current, L3 trigger rate,
transmission and cloudiness over the whole observation.
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1.3.3 Data taking

The MAGIC telescopes, as IACTs, can operate only at night and the best conditions
for them to observe are given by moonless nights, the so-called dark time. The total
amount of dark time in one year is ∼ 1600 hours, resulting in a duty cycle of about 18%.
This time is further reduced in case of bad weather or technical problems. It was noted
that, on average, the fraction of dark time really used by the MAGIC telescopes to take
data is ∼ 65%. In this regard, the moderate gain of the camera PMTs is of great help in
increasing the observation time, allowing to observe in moon conditions with NSB level
up to 12 times higher than in dark time. The observation time can be further increased
by lowering the gain of the PMTs and applying UV-pass filters, allowing observations
under NSB levels respectively 20 and 100 times higher than the dark time one. With
these adjustments the telescopes are able to observe under moonlight conditions up to
75% of the Moon phase and need to stop observations only for 3 − 4 days during full
Moon nights, resulting in an increase of the duty cycle from 18% up to 40% [35].

During every observation night, the MAGIC telescopes take different types of data,
each of which has a specific role in the calibration and extraction of scientific infor-
mation from the source data. Before observations start, once per night, the pedestal
subtraction run (pedsub) is taken. It consists of an observation of few minutes per-
formed with the camera lids closed. It is needed to calibrate the baseline of the DRS4
capacitors in the readout system. After the pedsub is taken, observations start. For each
observation, before pointing to the target source, other two types of data are taken. The
former is the pedestal run, which is taken with the camera open and has the purpose
of evaluating the number of background events caused by the NSB and the readout
noise. It contains events with random triggers and, so, without any pulse, which are
then subtracted from the scientific data during data calibration. The latter is the cal-
ibration run, consisting of a uniform and artificial illumination of the camera with a
known light pulse from the calibration box laser. It is used to compute the conversion
factor between digital counts and number of phe. After these preliminary data acquisi-
tions are performed, the actual observations start. The related data type is called data
run and contains the signal (triggered events) from the target source. The data run
usually has a duration of 15 or 20 minutes and is divided into subruns of 2 minutes
each and containing about 1− 2 GB of data. Moreover, in between the data acquisition,
interleaved pedestal and calibration events are recorded in order to monitor possible
changes in the detector and electronic noise.

Pointing modes

The MAGIC data taking can be performed with two types of pointing configurations.
The former is the ON/OFF mode, in turn requiring two different observations to be per-
formed: a ON observation and a OFF one. In the former the telescope directly points
at the source coordinates, so that the source lies in the center of the camera; while the
latter points to a position in the sky without VHE sources and is used for the estimation
of the background. The OFF pointing should be performed under similar zenith and
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Figure 1.17: Schematic representation of the wobble observation mode for one (left) and
three (right) OFF positions. The black dot marks the camera center, the green one the
location of the source in the camera, and the red ones the location of the selected OFF
positions. Credits: [44]

azimuth conditions to the ON one and for the same amount of time. With this mode,
part of the dark observation time is lost due to OFF runs, while it could be used to point
scientific targets. For this reason another pointing mode was developed, called wobble
mode [43]. In this configuration the telescopes do not point directly at the target but at
a coordinate offset with respect to the nominal source position. The MAGIC telescopes
use a standard offset of 0.4◦ for point-like sources. The background is estimated during
the observation thanks to the selection of one or more OFF positions symmetric to the
pointing position with respect to the camera center. An example is shown in Fig. 1.17,
where the green point represents the position of the target and the red one(s) the posi-
tion of the OFF region(s). Selecting more than one OFF region allows to better estimate
the background since systematic effects due to the position in the FoV or the PMT re-
sponse can be reduced. Moreover, in order to remove possible inhomogeneities in the
camera, after every 15 − 20 min (namely after each data run) the wobble pointing is
changed, so that the following run is taken with the same offset and with a rotation an-
gle of 90◦ or 180◦ based on the number of wobbles needed. Recalling Fig. 1.17, the next
wobble would point at one of the regions marked as OFF. In this way the region that
now is the target position becomes a OFF region. The process is then repeated, covering
the other symmetric positions, until the allocated observation time for the given target
is over. Currently, the wobble tracking is the default pointing mode for MAGIC, while
the ON configuration is used only in very specific science cases.
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1.3.4 Standard data analysis chain

The .raw files from DAQ, containing information on charge and arrival time, represent
the starting point for MAGIC data analysis. The software used to analyze MAGIC
data is a proprietary software called MAGIC Analysis and Reconstruction Software
(MARS) [45], consisting of a collection of C++ scripts built on the ROOT framework12

[46]. The data analysis chain spans from the calibration of the taken data and up to the
production of high level scientific results, like spectra and lightcurves. It can be split
into three main levels of data processing:

• Low-level analysis: Stage consisting in the conversion of the taken data from
.raw to .root format (using the program merpp), calibration and signal extraction
(sorcerer), and image cleaning and parametrization (star);

• Intermediate-level analysis: Stage where data from the two single telescopes are
combined and stereo parameters are estimated (superstar), a Random Forest
(RF) is trained starting from Monte Carlo (MC) simulations (coach) and applied
to data (melibea) in order to estimate how γ−like is the event and reconstruct its
energy and direction;

• High-level analysis: Stage consisting in the computation of scientific quantities
like significance (odie), skymaps (caspar), spectrum and lightcurve (flute).

In addition, an auxiliary program, called quate, is usually used by analyzers to select
good-quality data, namely data not affected by bad weather or hardware problems. A
schematic representation of the data analysis flow is shown in Fig. 1.18. As shown in
the image, the analysis is applied on three different types of data: ON data are those
coming from the source we are observing, OFF data are those coming from observations
with no evidence of γ−ray signal. They are selected in order to have a sample of data
dominated by the background and estimate it. They usually come from faint sources
which were not detected during the observations. Finally, MC γ−rays are γ−ray data
coming from MC simulations. The simulations are generated by a modified version of
the CORSIKA (COsmic Ray SImulations for KAscade) code [48], called mmcs, specifically
customized for the MAGIC telescopes [49]. The MC data have to closely reproduce
the observational and technical conditions of the telescopes in order to optimize the
analysis, so different MC periods are defined based on seasonal variations (e. g. the
calima sand storm, mainly acting in summer, which worsens the reflectivity of the mir-
rors) and hardware changes. The periods are named ST.XX.YY, where ST means stereo,
XX indicated the major hardware change, and YY is the analysis period correspond-
ing to the minor hardware changes. For each period, different files satisfying specific
observational settings are created, in order to account for their different influence on
the observations. In particular, they simulate the pointing observational mode (wobble
or ON mode), the source type (point-like of extended), and the source zenith, reason
for which the MAGIC MC data are divided into zenith ranges (5◦ − 35◦, 35◦ − 50◦,

12https://root.cern.ch/

https://root.cern.ch/
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Figure 1.18: Flowchart of MAGIC data analysis chain. Both ON, OFF and MC γ−ray
data have to pass the different analysis steps in order to obtain high-level scientific
results about the source emission. Adapted from [47].
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50◦ − 62◦, 62◦ − 70◦). In the same way, also real data (i. e. ON and OFF) are divided
according to the same observational conditions. In this thesis real and MC data from
point-like sources observed in wobble mode at low/mid zenith (zd < 50◦) are used. In
the analysis, both OFF and MC γ−ray data are used in the intermediate-level stage to
instruct the system to distinguish γ-like showers from hadron-like ones.

Low-level analysis

The signal is registered by the DAQ in the form of digital counts in 30 ns waveforms.
The very first step of the analysis relies on the conversion of the raw data given by
the DAQ output in .raw format, into the .root format. This task is performed by the
program merpp (MERging and Preprocessing Program). This program also makes a
merge of the data files with the reports from all the MAGIC subsystems, in order to
complement the data with additional information necessary for further analysis. This
information comprises for example telescope pointing, status of the various subsys-
tems, wobble used, etc.

Done this, the signal extraction and calibration is performed. The program used
here is sorcerer (Simple, Outright Raw Calibration; Easy, Reliable Extraction Rou-
tines), which acts on each individual pixel to extract the stored intensity and arrival
time of the Cherenkov light. The signal of each pixel is initially stored in time slices of
0.5 ns each, and each waveform is composed by the sum of the actual signal and the
baseline of the capacitors in the readout system. For the estimation of the baseline, all
the recorded time slices stored in the pedestal run are binned into a histogram and fitted
with a Gaussian, the mean value of which is taken as baseline and will be removed from
the real signal. After that, the signal is extracted from the DAQ waveform through an
algorithm looking for the largest value registered in 6 consecutive time slices (i.e. 3 ns)
and sliding over the windows repeating the search. If no signal is present, the largest
noise fluctuation is taken. The arrival time of the window is computed as the weighted
average of the time slices in the selected window with the digital counts registered in
each of them. Once the signal is extracted, it can be calibrated, meaning that the digi-
tal counts are converted into number of phe. In order to do this, the so-called F-factor
method [50] is used on the calibration run. The number of phe emitted in the calibration
pulses are assumed to have a Poisson distribution with mean N and standard devia-
tion

√
N. The same assumption is made for the digital counts registered. Considering Q

counts, we define ⟨Q⟩ their mean and σQ their standard deviation, which is expected to
be wider than the pure Poissonian expectation because of the PMT noise. These quan-
tities can be related in the following way: F

√
N

N =
σQ
⟨Q⟩ , where F is the so-called F-factor

and is different for each PMT. From this relation, the conversion factor between digital
counts and phe can be derived as: C = N

Q = F2 ⟨Q⟩
σ2

Q
. The homogeneous illumination

provided by the calibration run is also exploited for a flat-fielding procedure, aimed
at adjusting the HV of each pixel in order to have the same response, which is needed
since PMTs have a different gain. In this way the calibration can be done on the average
number of phe rather than on a per-pixel basis.
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Figure 1.19: Example of a γ−ray induced shower recorded in MAGIC camera. Left:
recorded signal charge before image cleaning; center: distribution of arrival times;
right: cleaned image. Credits: [44]

The calibrated signal has then to undergo an image cleaning [51] in order to remove
the pixels that most likely do not belong the the γ−ray signal. Indeed, Cherenkov im-
ages are mostly dominated by noise, given by the contribution of the NSB or fluctu-
ations of the electronics, which has to be removed in order to genuinely identify the
real signal. The program performing this task is star (STandard Analysis and image
Reconstruction), which also does the following parametrization of the cleaned image.
Firstly, the signals are clipped in amplitude in order to reduce the effect of possible
strong fluctuations due to the NSB or the PMT noise. Then, a sum is computed over the
signals of each possible combination of 2, 3, or 4 (i. e. 2NN, 3NN, 4NN) neighbouring
pixels. The groups of pixels are accepted to belong to the image if the sum exceeds a
certain threshold value within a certain time interval (around ∼ 1 ns). Those pixels
surviving the sum selection undergo an individual cleaning aimed at identifying the
core and boundary pixels of the image. The core pixels are selected as those with a
charge above a certain threshold Qc and a minimum number of neighbouring pixels
exceeding the same threshold. This is needed in order to remove random pixels which
have a high charge value but are not part of the shower. The mean arrival time of the
selected pixels is computed, a time window ∆tc is set, and all those core pixels with
arrival time outside the window are rejected. After that, a lower threshold Qb is set
in order to select boundary pixels within those having at least one core pixel as direct
neighbour. The boundary pixels are accepted only if they have arrival times within a
second time window ∆tb. In this way the shower image is identified. An example of a
γ−ray initiated shower image is shown in Fig. 1.19. The values Qc and Qb have to be
optimized in order to suppress the background and, at the same time, keep important
information about the shower. The values used in standard conditions, namely in dark
time, are: Qc = 6 phe, Qb = 3.5 phe, ∆tc = 4.5 ns, ∆tb = 1.5 ns.

The cleaned image from a γ−ray shower has an elliptical shape in the camera. The
following step of the analysis is the image parametrization, which describes the ob-
tained image through a number of parameters, known as Hillas parameters [52]. They
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Figure 1.20: Representation of some Hillas pa-
rameters in a camera image from an electromag-
netic shower. For simplicity an ON-mode obser-
vation is shown, where the expected source po-
sition lies at the center of the camera. Credits:
[53]

can be divided in different subclasses based on their role:

• Source-independent parameters: They are properties typical of the recorded image,
irrespective of the source location;

• Source-dependent parameter: They depend on the position of the source on the cam-
era;

• Timing parameters: They take into account the arrival time of the Cherenkov pho-
tons in the camera and are useful to distinguish between hadronic and electronic
showers given their different temporal development (∼ 3 ns for electromagnetc
showers versus ∼ 10 ns for hadronic ones);

• Directional parameters: They discriminate between the head and the tail of the
shower, taking into account that typical showers have higher charge concentra-
tion in the head.

• Image quality parameters: They evaluate how much signal or noise characterizes
the image or if the image is well contained in the camera.

The main parameters of these subclasses are reported in Table 1.1 and some of them
are shown in Fig. 1.20. These parameters are a key tool in the analysis chain since they
allow to recover properties of the shower in further analysis steps. For example, an
image can be tagged as hadron-like or γ-like based on the parameters values. This
procedure is called γ/hadron separation and will be described in the next section.

Intermediate-level analysis

In the low-level analysis, the telescopes data are treated separately. At this point, a
stereoscopic reconstruction is performed to merge the information from the two tele-
scopes in a single file and find the so-called stereo parameters. The program performing
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Table 1.1: List of the main image parameters implemented in the star program and
divided by subclass.

Source-independent parameters

Size
Total number of phe in the image. It is related to the energy of the
primary particle.

Width
Length of the semi-minor axis of the ellipse. It is related to the lateral
development of the shower.

Length
length of the semi-major axis of the ellipse. It is related to the
longitudinal development of the shower.

Center of Gravity (CoG)
Coordinates of the weighted average signal along the the X and Y axis
in the camera plane.

Conc(N)
Fraction on phe contained in the N brightest pixels. It tends to be
higher for γ−ray images since in electromagnetic showers the image
core is very compact.

Source-dependent parameters

Dist
Expected distance between the expected position of the source in the
camera and the position of the image CoG.

Alpha

Angle between the ellipse major axis and the line connecting the
expected source position in the camera with the CoG. It is small in
γ−ray showers, since the shower should point at the source position
in the camera.

Timing parameters

TimeRMS
Root Mean Square (RMS) of the arrival times of the pixel surviving
the image cleaning. It is smaller in γ−ray showers.

Time gradient

Slope of a linear function used to fit the arrival time distribution of the
pixels, after projecting the pixels coordinates along the major axis of
the ellipse

Directional parameters

Asymmetry
Sign of the difference between the position of the brightest pixel (i. e
pixel with highest charge) and the CoG.

M3Long

Third longitudinal momentum of the shower image along its major
axis. It measures the asymmetry in the signal distribution along the
axis and has the same sign of the Asymmetry parameter.

Image quality parameters

LeakageN

Fraction of the size of the image contained in the N outermost pixel
rings of the camera. It estimates the fraction of signal loss and rejects
showers that cannot be reconstructed correctly.

Number of islands

Number of non-connected pixel groups that survived image cleaning.
It is larger for hadronic showers since they usually are more
fragmentated.

this task in the MAGIC analysis software is called superstar, which performs a 3-
dimensional geometrical reconstruction of the shower starting from the parameters of
the single images. Some of the main stereo parameters are reported in Table 1.2.

In the standard MAGIC analysis chain, data up to the superstar level are processed
at the MAGIC site by OSA. From this level, data are analyzed off-site by analyzers. Usu-
ally, the first step performed by analyzers is the data-quality check in order to inspect
the presence of data affected by bad weather, hardware problems or various sources of
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Table 1.2: List of the main stereo parameters.

Stereo parameters

Shower axis

Direction of the shower. It is given by the intersection of the two major
axes of MAGIC-I and MAGIC-II ellipses, combined with telescopes
position and pointing.

Impact parameter
Distance between the shower axis and the pointing direction of the
telescope.

Impact point
Impact position of the shower on the ground. It is given by the
intersection of the two major axes of MAGIC-I and MAGIC-II ellipses.

Height of shower maximum
Height at which the number of particles in the EAS is maximum. It
depends on the energy of the primary particle.

Cherenkov radius
Radius of the Cherenkov light pool on the ground produced by an
electron of energy 86 MeV at the height of the shower maximum.

noise (like e. g. car flashes in the camera during data-taking) and eventually discard
them. The program responsible for the selection of good-quality data is called quate

(QUAlity TEster). It computes the values of a set of parameters over time slices of data
and selects only those data with values lying in a given range. Some of the parame-
ters that can be checked are the zenith and azimuth, the rate during the observation,
the PMT current, the transmission, and the cloudiness. The latter two are relevant in
the data selection because they are related to the quality of the atmosphere where the
shower develops (see Sec. 1.3.2). In particular, a low value of the transmission (and,
similarly, a high value of the cloudiness) implies a degradation of the shower image
and, consequently, a less precise parameter estimation, while a high value (low value in
the case of cloudiness) indicates transparent air and thus a better reconstructed shower
image. A good compromise for the selection of data not affected by bad atmospheric
condition is transmission > 0.75 and cloudiness < 25.

Once good-quality data are selected, a separation between the γ−ray and hadronic
signals is performed (also called γ/hadron separation), together with the reconstruc-
tion of the arrival direction and energy of the primary particle. For this purpose, the
analysis chain makes use of Random Forest (RF) and Look-Up Table (LUT) algorithms. The
program responsible for the creation of RFs and LUTs is called coach (Compressed Os-
teria Alias Computation of the Hadronness parameter). Given that even in the brightest
sources the number of background events surviving the image cleaning is ∼ 103 times
larger than the γ−ray signal, a powerful discrimination method is necessary to cor-
rectly identify the γ−rays coming from the observed source. In MARS the γγγ/hadron
separation is performed through the RF, a multi-dimensional classification algorithm
based on the construction of decision trees [54]. The RF is trained using a sample of sim-
ulated MC γ−ray data and a sample of hadronic events (the OFF data). At this stage
the MC sample is divided into two sub-samples: the train MCs, used here in the RF
generation, and the test MCs, used in the following steps of the analysis. This separa-
tion is applied in order to have two statistically independent samples. Moreover, both
the MC and OFF data have to match as much as possible the observational conditions
of the source data (i. e. the ON data) in terms of, for example, zenith angle, dark/moon
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nights, extragalactic/galactic observations. The RF trees are generated using the set of
parameters previously computed in the image parametrization and stereo reconstruc-
tion steps, since they reflect the differences between hadronic and and γ−ray induced
showers. The algorithm starts by randomly selecting the first parameter and searching
the parameter value that better separates hadrons from γ−rays, also called cut value.
Then, it splits the initial sample into two sub-samples, called branches, based on the cut
value used. The best cut value is obtained through the minimization of the so-called
Gini index [55], given by QGini =

4Nγ Nh
(Nγ+Nh)2 , where Nγ and Nh are the number of γ−ray

and hadron events respectively. At this point, a new random parameter is selected and
the procedure is repeated, creating new branches. The algorithm stops when one of the
branches contains only γ−rays or hadrons or if the number of events in a sub-branch
is below a predefined value. At the ending sub-samples a value called hadronness as-
signed. It is 0 or 1 depending if the sub-sample contains γ−rays or hadronic events.
The trained RF is then applied to real data through a program called melibea, which
takes as input the ON data from the observed source and the aforementioned MC test
data. These data have to pass all the decision trees created in the RF training. At the
end, a hadronness value of 0 or 1 is assigned to the ending sub-samples of each tree.
The final hadronnes value h of the event is given by the average13 of all the obtained
values hi over N trees: h = 1

N ∑N
i=1 hi. It is a measure of how γ-like is the observed

event. The final background rejection is performed by placing a cut on the hadronness.
The direction reconstruction is performed through the training of a RF algorithm

exploiting a method called DispRF [56, 57]. Since the major axis of the ellipse repre-
sents the incoming direction of the primary γ−ray, the source position should lie in
this direction, at a certain distance from the image CoG. This distance is called disp and
can be estimated from the elongation of the ellipse itself. The method is based on the
reconstruction of the disp quantity. As before, the RF is trained using MC γ−ray data,
for which the disp parameter is known, with the aim of finding a relation between the
disp and a defined set of parameters. The trained RF is then applied to real data to
estimate the disp value for a real shower image. The programs used in these steps are
the same used for the γ/hadron separation: coach for RF training, and melibea for the
application to real data, with the same input files. For each telescope image, there are
two possible disp values, one in each side of the ellipse major axis with respect to the
ellipse image itself, as shown in the left panel of Fig. 1.21. Since MAGIC is a system
of two telescopes, four possible source locations are found. They are paired in all pos-
sible combinations, the angular distance of each pair is computed, and the pair with
the smaller distance is selected. The final source position is estimated by averaging the
locations of the points in the selected pair, weighted with the number of pixels in each
image. The reconstruction based on two or more telescope images is thus more precise
than having a single telescope. A graphical representation of this method is shown in
the right panel of Fig. 1.21.

The final step of the intermediate analysis level is energy estimation. It can be

13In order to reduce the error on the hadronness the default number of created trees is 100.
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Figure 1.21: Reconstruction of the shower direction through the disp parameter for a
single (left panel) and two (right panel) telescope images. In both panels the real source
position is also displayed. In the right panel all possible pairs are shown, together with
the chosen pair and the reconstructed source position. Credits: [53]

performed using both RF and LUT algorithms, but the current standard method for
MAGIC is based on LUTs [58]. As before, the LUTs are built with coach using simulated
MC γ−rays. Then they are applied to real data through melibea. The method used to
build the LUTs assumes that the energy of the incident γ−ray is almost proportional
to the amount of photons populating the Cherenkov image and, as a consequence, to
the size parameter (see Table 1.1 for the definition). Moreover, the true energy (Etrue)
of the MC γ−rays is known. Thus, the LUTs are built by binning Etrue and the RMS
of each event into bins of size and impact parameter (see Table 1.2 for the definition).
The estimated energy (Eest) of a real event is then computed by applying the LUTs
to real data. In this procedure, Eest is estimated by averaging the values of Etrue in
the corresponding bins, properly weighted with the RMS of each energy bin, for each
telescope image.

High-level analysis

At this point of the analysis, each event has been assigned a hadronness value and a
reconstructed energy and direction. In this last stage the high level products are evalu-
ated, namely signal significance, skymap, energy spectrum and lightcurve (LC) for the
source under investigation.

The signal significance is computed by the MARS program odie, which generates
the so-called θ2 distribution plots starting from melibea data. These plots make use
of the θ parameter, defined as the angular distance between the expected and recon-
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structed source positions for each event. The γ−ray signal events should accumulate
at small values of θ2, while hadronic background events are isotropically distributed.
Thus, the θ2 distribution should be peaked close to zero if containing a signal. Possible
exceptions are extended sources or additional γ−ray sources in the FoV, for which it is
possible to have high numbers of events also for large θ2 values. However, this does
not apply in standard analyses, where the peak is expected to appear only for small
θ2 values. For this reason a cut on θ2 is placed, defining the so-called signal region (or
ON region). In the same way, one or more OFF regions are defined in order to evaluate
the amount of background events inside the ON region. They are defined as circles
with the same radius θ of the ON region, centered at a position of the camera where no
γ−ray signal is expected (see Fig. 1.17). Moreover, γ−ray signal events show smaller
hadronness values than hadronic ones, so a set of cuts is applied to estimate the sig-
nificance of the observation. The cut parameters considered for the standard analysis
are θ2, hadronness, size, and estimated energy. The cut on size is usually loose in order
to include also low-energy events, at the expense of a high level of background events.
The cut values are chosen to have the best sensitivity for Crab Nebula observations and
they are optimized for different energy ranges. Defining NON the number of events in
the source region and NOFF the number of events in the OFF regions, the number of ex-
cess events Nex is given by: Nex = NON − αNOFF, with α the ratio between the number
of OFF and ON regions. The signal significance if then estimated through Eq. 17 of Li
& Ma [59]:

σLiMa =

√
2
{

NON ln
[

1 + α

α

NON

NON + NOFF

]
+ NOFF ln

[
(1 + α)

NOFF

NON + NOFF

]}
. (1.12)

For both NON and NOFF Poisson distributions are assumed. If the σLiMa > 5σ the source
detection can be claimed. An example of θ2 plot for Crab Nebula data is shown in
Fig. 1.22.

The significance of the observation can be evaluated also through the so-called
skymaps. A skymap is a 2-dimensional histogram in sky coordinates which contains
the arrival direction of all γ−rays surviving the analysis cuts and the background sub-
traction. The program responsible for the creation of skymaps in MAGIC is called
caspar, which takes as input melibea data. The main challenge for the skymap cre-
ation is a correct estimation of the background, since it depends on factors like the
zenith and azimuth angles of the observations, and inhomogeneities in the camera pix-
els response. For this reason the caspar program firstly generates a camera exposure
model from which the OFF background map is created and then generates a ON map
using the γ−ray events. The histogram of excess events is obtained by subtracting the
background skymap from the signal one. This resulting skymap is then smoothed by
the MAGIC PSF and a Gaussian kernel added in quadrature to suppress the level of
noise and highlight the sources. The significance of the signal in the skymap is com-
puted through the Test Statistic (TS), which in this case corresponds to the Li & Ma
significance [59] applied on a smoothed background model. An example of skymap
with Crab Nebula data is shown in Fig. 1.23, where the source is clearly identified.
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Figure 1.22: Example of θ2 plot for the Crab Nebula. The grey shaded area represents
the background distribution, while the black points are signal events. The cut on the
signal region is given by the vertical dashed line.

Before proceeding with the description of spectrum and lightcurve computation,
some quantities need to be defined. They are the instrument sensitivity, effective col-
lection area, and effective observation time.

The sensitivity of an instrument is a measure of its performance. For IACTs the
sensitivity is defined as the minimum γ−ray flux that can be detected with a signifi-
cance of 5σ after 50 hours of observation. It can be used to compare the performance of
different instruments and estimate the flux that can be detected from a given source for
a certain amount of observation time. Let us consider a certain observation collecting
a number of excesses Nex, and a number of background events NOFF in a time tOFF. In
the Gaussian approximation, the significance for an observation time tobs is given by14

σtobs =

√
tobs

tOFF

Nex√
NOFF

. (1.13)

Since the sensitivity S of the instrument is defined as the minimum detectable flux for
tobs = 50 h and σtobs = 5σ, it can be valuated as S = 5σ/σ50. It is often expressed as a
fraction of the Crab Nebula flux, also referred to as Crab Units (C. U.). Moreover, two
conditions are imposed: Nex > 10 and Nex > 0.05 NOFF. The former allows the usage
of the Gaussian approximation to the Poissonian event rate, while the latter eliminates
statistically significant fluctuations of the background rate if it is large. The sensitivity
can be computed in two ways:

14Note that the following formula is a Gaussian approximation of Eq. 1.12
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Figure 1.23: Example of skyamp for the Crab Nebula. The axes show the coordinates in
the sky, while the colorbar indicates the TS value.

• Integral sensitivity: it is computed with global optimized cuts on hadronness and
θ2 above a specific energy threshold,

• Differential sensitivity: it is computed on small energy bins with cuts optimized on
the considered bins (taking into account usually 5 energy bins per decade).

In 2012 a major upgrade of the system took place, from which we have its current
performance. The current integral and differential sensitivity of the MAGIC telescopes
for different zenith angles are shown in Fig. 1.24, in comparison with their sensitivities
before the upgrade. Currently, the MAGIC integral sensitivity is 0.55% C. U. at few
hundreds GeV for sources with a Crab-like spectrum, while the differential sensitivity
is 6.7% C. U. in the lowest energy bin (60− 100 GeV) and shows a general improvement
in the whole energy range up to few TeV. Note that the differential sensitivity does not
depend on the source spectrum since it is computed on narrow energy bins.

The effective collection area is defined as the area of an ideal instrument detecting
the same rate of γ−rays as the real detector. It can be estimated as the size of the
Cherenkov light pool, in first approximation. The effective collection area is computed
from MC simulations by applying to MC data the same cuts used for real data. In an
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(a) MAGIC integral sensitivity (b) MAGIC differential sensitivity

Figure 1.24: Integral (left) and differential (right) sensitivity of the MAGIC telescopes
after the 2012 upgrade for Zd < 30◦ (red filled squares) and 30◦ < Zd < 45◦ (blue
empty squares). A comparison with the performance of the system in stereo mode
(black filled triangles) and in mono mode with different readouts (grey and dark grey
filled circles) before the upgrade is shown. Credits: [57]

energy range [E, E + dE] the effective area is given by :

Ae f f (E, E + dE) = Asim
Ndet(E, E + dE)
Nsim(E, E + dE)

, (1.14)

where Asim is the geometric simulated area of MC γ−rays, Nsim(E, E + dE) is the num-
ber of simulated γ−rays in the energy range [E, E + dE], and Ndet(E, E + dE) is the
number of γ-rays surviving the analysis cuts. It mainly depends on the zenith angle
of the observation, as the Cherenkov light pool becomes larger with increasing zenith,
and on the energy of the primary γ−ray, since with increasing energy, also the num-
ber of produced secondary particles increases, and hence the probability for them to
be detected. This, in turn, increases the value of Ndet(E, E + dE) and thus the effective
collection area. The effective area of the MAGIC telescopes is shown in Fig. 1.25.

The effective observation time is the real time, during the observation, where the
telescope is taking data. Indeed, after each trigger, there is a so-called dead time, in
which the telescope is busy processing the triggered event. During this time data tak-
ing is stopped and and the system does not accept further events. For the MAGIC
telescopes the dead time d is due to the DRS4 readout and corresponds to 26µs. As-
suming the events arrival time to follow a Poissonian statistic, the effective observation
time can be computed as te f f =

telapsed
1+λd , where λ is the event rate and telapsed is the time

of the observation.
Given the above quantities, we can proceed with the computation of the source

spectrum and lightcurve. Both these quantities and the previously mentioned ones are
computed by the program flute, which takes as input the source data and the MC
simulated γ−rays in melibea format. The former are used to compute the number of
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Figure 1.25: Effective collection area of the MAGIC telescopes before (thick dashed
light-grey line) and after (thick dashed dark-grey line) the 2012 upgrade, and after all
analysis cuts (solid lines) for different zenith ranges (0◦ − 30◦ thick lines, 30◦ − 45◦ thin
lines). Credits: [57].

excess γ−ray events (see below) and the effective observation time, while the latter is
used to estimate the effective collection area of the observation. The γ−ray differential
energy spectrum of a given source per unit energy, area and time is defined as:

dΦ
dE

=
dNγ(E)

dE dAe f f (E)dte f f
, (1.15)

where Ae f f is the effective area, te f f the effective time, and Nγ(E) the number of γ−rays
emitted from the source at energy E. They are estimated as the number of excess events
observed by the instrument, computed similarly to what is done in odie. The main
difference is that in flute the hadronness and θ2 cuts are optimized in each energy
bin, according to a predefined efficiency value. For each bin, the corresponding θ2

distribution is computed, from which the number of excess and background events are
estimated. For the effective area calculation, a tentative spectrum for the MC sample has
to be assumed in flute. It has to be as close as possible to the spectrum of the observed
source, otherwise the computed energy bins become wider and the flux estimation less
accurate.

Given the differential energy flux, the integral flux above a certain energy Eth is
given by:

ΦE>Eth =
∫ ∞

Eth

dΦ
dE

dE [cm−2 s−1]. (1.16)
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If the integral flux is computed on time bins, we have the lightcurve, which shows the
flux variations over time. Often, in order to have a better visualization of the spectral
features, the Spectral Energy Distribution is used instead of the differential spectrum.
It is defined as15:

E2 dΦ
dE

= E
dΦ

d(log E)
[TeV cm−2 s−1]. (1.17)

In IACT observations, the number of γ−rays in the obtained energy spectrum is
computed in bins of estimated energy Eest, since the true energy of the events is not
known. However, the effective area from simulated MC γ−rays is calculated in bins
of true energy Etrue. It is possible that events with Eest in the range [E1, E2] have a cor-
responding Etrue falling outside [E1, E2], and so the source flux results wrongly recon-
structed. This is known as spillover effect and becomes more important if the tentative
flux used in the computation of the collection area does not approximate well the flux
of the emitting source. It can be corrected through unfolding methods, which make use
of the so-called migration matrix. It is computed by the least square minimization tech-
nique and maps events in bins of true energy into bins of estimated energy. Usually, the
unfolding procedure gives unstable solutions, so regularization methods are needed to
smooth the solution and produce acceptable results. A first basic unfolding approach is
already implemented in flute, giving acceptable results in first approximation. It com-
putes the number of events surviving the analysis cut for the effective area calculation
in bins of estimated energy instead of true energy. More refined unfolding methods
are described in [60]. However, they were not used in this work, since only flux upper
limits were found, so the interested reader is referred to the given reference for more
details about these methods.

Flux upper limits (UL) are computed by flute in energy bins where no significant
signal is found. For this purpose the Rolke method [61] is used, which computes the
maximum number of expected γ−ray events NUL from the source. In MAGIC an UL
is computed when a spectral point has a relative error on the estimated flux larger
than 50%, and the calculation is done by assuming a 95% confidence level (CL) and a
30% systematic uncertainty in the detection efficiency of γ−rays after applying analysis
cuts. The computation of NUL in the Rolke method is based on the maximization of the
likelihood and the application of the likelihood ratio test. In MAGIC, the likelihood
used in the UL calculation is:

L (g, b, ε; NON , NOFF ) =
(εg + b)NON

NON !
e−(εg+b) · (τb)NOFF

NOFF !
e−(τb) · 1√

2πσε

e−
1
2 (

ε−ε0
σε )

2

,

(1.18)
where the first two terms, which are assumed to have a Poissonian distribution, de-
scribe the signal and the background, while the third one represents the detection effi-
ciency, which is assumed to have a Gaussian distribution with mean ε0 = 1 and stan-
dard deviation σε = 0.3. The parameters appearing in Eq. 1.18 describe the following
quantities: NON and NOFF are the measured number of total events in the ON and OFF

15Note that the reported units are the ones used by MAGIC.
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regions respectively, τ is the ratio between the OFF and ON exposure, g is the estimated
number of γ−ray events in the ON region, b is the estimated number of background
events in the OFF region, and ε is the efficiency of the detector. Note that the last factor
takes into account the 30% global systematic uncertainty mentioned above. By con-
sidering τ, ε, and b as nuisance parameters, the profile likelihood ratio results to be
λp(g; NON , NOFF ). Here, while applying the likelihood ratio test, the only parameter
to be estimated by minimizing the quantity −2 ln λp, is g [61]. Once the number of
expected γ−ray events g is computed through the Rolke method, an UL on the inte-
gral flux can be found. For this computation an assumption on the source spectrum is
needed:

dΦ
dE

= K S(E), (1.19)

where K is a normalization constant and S(E) is the spectral shape. According to the
measurements performed and the confidence level defined, the maximum number of
expected events NUL can be translated into an UL for the normalization K. In order to
do this, we first recover the integral flux above an energy E0 by integrating and equating
Eqs. 1.15 and 1.19:∫ ∞

E0

dΦ
dE

dE = K
∫ ∞

E0

S(E)dE =
NUL∫ te f f

0

∫ ∞
E0

Ae f f (E)dEdt
, (1.20)

from which
KUL =

NUL

te f f
∫ ∞

E0
S(E) Ae f f (E)dE

[TeV cm−2 s−1]. (1.21)

The computation of the integral flux UL is then:

ΦUL(E > E0) = KUL

∫ ∞

E0

S(E)dE =
NUL

∫ ∞
E0

S(E)dE

te f f
∫ ∞

E0
S(E) Ae f f (E)dE

, (1.22)

while for the differential flux UL we have:

dΦUL

dE
=

NUL S(E)
te f f

∫ ∞
E0

S(E) Ae f f (E)dE
. (1.23)

The differential flux ULs are computed on energy bins which should be narrow enough
in order not to have effects due to the assumed spectral shape, but sufficiently wide in
order to have enough events and therefore obtain meaningful limits.

1.3.5 A non-standard analysis: analysis of Sum-Trigger data

The Sum-Trigger-II system described in Sec. 1.3.2 is a particular type of trigger specif-
ically designed for the detection of low-energy signals. Given its peculiarities and dif-
ferences with respect to the standard trigger used in ordinary observations, the data
taken with Sum-Trigger-II need a dedicated analysis procedure. The analysis of Sum-
Trigger data undergoes a special low-energy focused cleaning algorithm called MaTaJu
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cleaning, from the names of its developers: Maxim Shayduk (Ma), Takayuki Saito (Ta),
and Julian Sitarek (Ju). The basic idea behind this algorithm is that the signal extrac-
tion and the image cleaning, which are usually performed in two different steps in the
standard analysis (sorcerer and star programs, see Sec. 1.3.4), are now carried out
together (both with sorcerer), with the aim of lowering the energy threshold of the
observation.

The signal extraction, i. e. the extraction of intensity and arrival time of the pulses
in each pixel, is performed in the same way as for the standard analysis (see Sec. 1.3.4),
while the image cleaning is different and involves an additional extraction of the signal.
In standard analysis, the image cleaning is performed by selecting clusters of pixels,
with a summed charge exceeding a given threshold and an arrival time within a certain
time window. Then, core and boundary pixels are selected from this cluster according
to specific requirements on their individual charge and arrival time. The pixels that
do not satisfy these requirements are discarded. In the MaTaJu cleaning, the selection
of the cluster of pixels is performed in the same way, but with an optimized thresh-
old for the observed source. Then, all the pixels in the cluster are considered as core
pixels, and for each pixel adjacent to a core one, a new signal extraction is done with
the same algorithm described in Sec. 1.3.4. The time interval of the waveform is now
centered on the average arrival time of the adjacent core pixel in order not to take pos-
sible fluctuations in the pixel signal. After all pixels adjacent to a core one are analyzed,
the procedure is repeated for pixels adjacent to the just analyzed ones, until covering 3
rings of pixels surrounding the core ones. The list of survived pixels is then written on
output calibrated files from sorcerer.

The following step is performed by the star program, which in Sum-Trigger anal-
ysis only removes possible stars in the FoV, since the image cleaning has already been
done. Indeed, if a star in the FoV is too bright, it can pass the low threshold of the
MaTaJu cleaning, creating a new island on the camera and thus spoiling the image
parametrization, stereo reconstruction and hadronness calculation. This effect is visi-
ble for stars up to magnitude 6 and they can be removed by just cutting out the pixels
affected by the star signal. The number of cut pixels depends on the star magnitude.

After the low-level analysis is done, the stereo reconstruction and the following
steps of the analysis can be performed. Here, the main difference with respect to the
standard analysis is given by the cut on the size of the shower (size parameter, see Table
1.1), which is now set to 20 phe, instead of 50, since the showers are dimmer. This is
important in order not ot discard low-energy events.

1.4 Multi-wavelength instruments and related analysis
techniques

Besides VHE γ−ray data, also information about other wavelengths is of fundamental
importance in order to have a complete view of the emission state of the studied objects.
The multi-wavelength data used in this thesis work range from the optical/UV band to
HE γ−rays and are publicly released by the observatories taking them. In the following
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a brief description of the instruments used and the analysis techniques needed in these
energy ranges is reported.

1.4.1 Fermi/LAT

HE γ−rays in the range from MeV to hundreds of GeV can be observed by space-based
satellites. Currently, the most important of them for the astrophysical community is the
Fermi Gamma-ray Space Telescope16. It was launched in June 2008 and is composed
of two main instruments: the Gamma-ray Burst Monitor (GBM) [62], operating in the
energy range 10 keV − 25 MeV and designed for GRB studies, and the Large Area
Telescope (LAT) [63], covering the energy range from 20 MeV to more than 300 GeV and
designed for long term high sensitivity observations of γ−ray sources and transient
phenomena. This thesis makes use of Fermi/LAT data, so, in the following, a description
of the instrument and its analysis chain is reported.

Structure and hardware

The LAT instrument on board the Fermi satellite is a pair conversion telescope charac-
terized by a very wide FoV of 2.4 sr, which allows to scan ∼ 20% of the sky at each
instant and to expose the whole sky for ∼ 30 min every ∼ 3 hours.

It is composed by a converter tracker, a calorimeter, and an anti-coincidence detec-
tor. The converter tracker consists of 4 × 4 towers, each of which contains 18 planes
of tungsten, alternating with 2 layers of perpendicular silicon strips. The role of the
planes is the conversion of the incoming γ−ray into an electron-positron pair through
its interaction with the tungsten, which is a high Z material. The silicon strip layers are
then needed to record the position of the passing e− and e+ after each plane, in order
to reconstruct the direction of the incident γ−ray. Moreover, the 18 planes are not all
equal to each other but present different properties:

• The first 12 planes have a thin layer of tungsten in order to allow a better angular
resolution, since for thin layers multiple scatterings inside the material itself are
reduced;

• The following 4 planes are ∼ 6 times thicker than the previous ones in order to
increase the interaction probability of the γ−ray with the material in case the pro-
duction of the e−e+ pair did not happen in the previous planes. As a consequence
the angular resolution of these planes is less precise because of the multiple scat-
terings which can take place inside the tungsten layer;

• The last 2 planes do not have any tungsten converter material, but only contain
the silicon strips.

Below each tower, there is a calorimeter made of scintillators arranged in 8 layers. It
is needed to estimate the energy deposited by each e−e+ pairs through a measure of

16https://fermi.gsfc.nasa.gov/
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Figure 1.26: Schematic view of the Fermi/LAT instrument. One of the four towers is
shown, with its 18 planes and the calorimeter. The golden layer surrounding the detec-
tor is the anti-coincidence shield. Credits: [63].

the scintillation light produced by the cascades developed inside the scintillators. Two
photo-diodes per scintillator are used for this measure. Finally, plastic scintillation tiles
are placed around the detector, used as anti-coincidence shields with the aim of rec-
ognizing and rejecting background events such as cosmic-rays. They record charged
particles reaching the detector with a detection efficiency of 99.97%. A schematic rep-
resentation of the Fermi/LAT instrument is shown in Fig. 1.26.

Data analysis pipeline

All data recorded by Fermi/LAT are automatically processed and publicly distributed.
Data corresponding to observations around certain coordinates can be downloaded
from the LAT Data Server17 in the preferred observation dates and energy range. The
Fermi/LAT instrument covers the energy range from 20 MeV to more than 300 GeV, but
below 100 MeV the uncertainties in the arrival direction of photons are large, leading to
a possible confusion between the emission of point-like sources and the diffuse Galac-
tic background radiation [64]. For this reason, all the analyses presented in this thesis
select data with energies E > 100 MeV. The analysis can be performed with the Fermi
Science Tools18 (Fermitools), specifically developed to treat Fermi/LAT data. However,
other software programs were developed to optimize Fermi/LAT analysis, all based on

17https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
18https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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the Fermitools. Among them there is Fermipy19 [65], an open-source python package
automatizing large part of the functions of the Fermitools. In this thesis work, both
these tools are used to perform the Fermi/LAT analysis.

The data needed for the analysis consist of two files: a photon and a spacecraft file.
The photon file contains information on the observed γ−ray events from the source of
interest, such as their reconstructed energy and direction, together with information on
the event reconstruction quality and the observation time. The spacecraft file contains
information on the LAT location and orientation during the observation, together with
its detection efficiency.

Dedicated cuts on the downloaded data can be applied for a further data selection
using the gtselect tool. Each event is characterized by an event class based on the
quality of the event reconstruction depending on background cuts. From the purest
γ−ray like events, these classes are ULTRACLEAN, CLEAN, SOURCE and TRAN-
SIENT. In this thesis events from the SOURCE class are selected, which is the suggested
class for point-like sources and moderately extended sources. Each class is in turn par-
titioned into three event types:

• FRONT and BACK selects events recorded in the first 12 thin planes of the con-
verter tracker (FRONT) or the 4 thicker ones (BACK);

• PSF0 to PSF3 selects events based on the quality of the direction reconstruction,
with PSF0 the lowest quality quartile and PSF3 the highest quality one;

• EDISP0 to EDISP3 selects events based on the quality of their energy reconstruc-
tion, with EDISP0 the lowest quality quartile and EDISP3 the highest quality one.

With gtselect it is possible to select the event class and type of interest and pose ad-
ditional cuts on the downloaded data such as the energy and ranges, or the radius
of the region of the sky we are interested in (also known as Region Of Interest, ROI),
which is usually centered on the target. A quite important cut which is usually set is
the zenith angle, which is used to exclude background γ−ray events coming from the
Earth atmosphere. Cuts on time ranges can also be applied. For this purpose there is
the gtmktime tool, which automatically selects time intervals where LAT data are not
affected by spacecraft events and therefore have a good quality.

Fermi/LAT analysis is based on the likelihood maximization method, which pro-
vides the best parameters describing the observed data given an input source model.
The functional form of the likelihood is based on Poisson distributions for the source
counts and depends on the LAT response over the selected ROI, the number of observed
photon counts, and the number of predicted ones according to the considered model.
It results to be 20:

L = ∏
i

mni
i

ni!
e−mi = e−Nexp ∏

i

mni
i

ni!
, (1.24)

19https://fermipy.readthedocs.io/en/latest/
20See https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/ for the derivation of

this formula.

https://fermipy.readthedocs.io/en/latest/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
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where ni is the number of detected counts in the i-th bin, mi is the number of predicted
counts in the same bin according to the source model, and Nexp is the total number of ex-
pected counts. Note that the bins defined in Fermi/LAT analysis are multidimensional,
depending on energy, direction and time. In Eq. 1.24, the expected counts depend on
different quantities. They are:

• the livetime cube, computed with the gtltcube tool, which records the position
and orientation of the instrument and calculates its response to the incident flux
for each point in the sky;

• the exposure map, computed with the gtexpmap tool, which integrates the com-
plete LAT response over the entire ROI under consideration, starting from the
livetime cube and taking into account the Instrument Response Functions21;

• the observed photon flux from the source under investigation.

The total number of expected counts is then computed by:

Nexp =
∫

S(E, p) ε(E, p)dEdp, (1.25)

where S(E, p) is the assumed flux, ε(E, p) is the exposure map, and E and p indicate
the energies and directions respectively.

The model to be fit to the actual data through the likelihood maximization proce-
dure is usually taken from published Fermi catalogs, like for example the Fourth Source
Catalog (4FGL) [66], based on 8 years of Fermi data. Both spectral and spatial models22

can be selected from the catalogs for the sources in the ROI. Within the mostly used
spectral models there are the PowerLaw, defined as

dN
dE

= N0 ×
(

E
Eb

)−Γ

, (1.26)

with N0 the normalization and Γ the photon index; and the LogParabola, defined as

dN
dE

= N0 ×
(

E
Eb

)−[α+βln(E/Eb)]

, (1.27)

with N0 the normalization, α and β the indexes related to the spectral shape, and Eb the
scale parameter [67]. In addition, the contribution from the galactic and extragalactic
diffuse background components can also be taken into account23. The galactic diffuse
component takes into account the γ−ray radiation diffused by the interstellar gas in
our galaxy, while the extragalactic one accounts for the contribution from extragalactic
diffuse γ−rays, unresolved extragalactic sources, and residual cosmic-ray emission.

21https://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm
22See https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source models.htm
23https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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The contribution to the diffuse emission of each source in the ROI, including extended
sources and background components, can be computed by the gtdiffrsp tool. This
step is essential for the likelihood maximization process, as it requires accounting for
all these contributions.

The maximization of the likelihood can be performed in the whole selected energy
and time ranges, in energy bins, or in time bins. In the first case the integral flux of
the source is recovered, while the other two cases are used to compute the source flux
values in the spectrum and lightcurve bins respectively. The significance of the obser-
vation can be obtained for each source using the Test Statistic (TS):

TS = −2 log
Lmax,0

Lmax,1
, (1.28)

where Lmax,0 is the maximum likelihood for the null hypothesis, namely for a model
without the additional source, while Lmax,1 is the maximum likelihood for the alterna-
tive hypothesis, namely for a model with the additional source at the specified location.
The TS can then be converted into a significance level through the relation

Significance ≃
√

TS σ. (1.29)

From the fit also the best parameters of the source model describing the observed data
can be recovered.

1.4.2 Swift

Besides γ−rays, space-based satellites can also observe in other bands like for example
the optical/UV or X-ray ones. An instrument performing observations in these energy
ranges is the Neil Gehrels Swift observatory [68]. It is a multiwavelength satellite obser-
vatory initially designed to study GRBs and their afterglows. It was launched in 2004
and is equipped with three modules: the Burst Alert Telescope (BAT) [69], operating
in the energy range 15 − 150 keV and dedicated to GRB observations, the X-ray Tele-
scope (XRT) [70], operating in the energy range 0.2− 10 keV and covering a FoV of 23.6
arcmin2, and the Ultraviolet/Optical Telescope (UVOT) [71], operating in the spectral
range 170–600 nm and covering a FoV of 17 arcmin2. In this thesis, data from Swift/XRT
and Swift/UVOT are used. In the following a brief description of these two instruments
is given.

Swift/XRT

The XRT instrument on board the Swift observatory is an X-ray telescope in a Wolter-1
configuration composed by a parabolic and a hyperbolic coaxial and confocal mirrors.
It exploits the grazing incidence of X-rays to redirect them into a CCD detector used for
both imaging and photon counting. The analyses performed in this thesis work make
use of the photon counting mode [72], which provides photon counts within specific
energy ranges defined by the instrument channels.
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Data of the needed observations from the sources of interest can be downloaded
from the UK Swift Science Data Centre24 and analyzed using the HEASOFT and xspec25

software packages. The spectral analysis can be performed by taking into account that
the telescope measures photon counts within specific instrument channels, rather than
the real source spectrum. The observed and real spectra are related by:

C(I) =
∫

f (E)R(I, E)dE , (1.30)

where C(I) are the observed counts in the I channel, f (E) is the source real spectrum at
the energy E, and R(I, E) is the instrument response in the I channel and at the energy
E. In most cases it is not possible to invert Eq. 1.30 to obtain f (E) for a given set of
counts C(I). Thus, a model spectrum M(E, p1, p2, ...), depending on a set of parameters
pj, is usually defined and fit to the observed data in order to find the actual source
spectrum. Thanks to the fit, a predicted count spectrum C f it(I) can be obtained and
compared to the observed counts C(I). The accuracy of the fit is quantified by the fit
statistic. Usually, the χ2 and Cash [73] statistics are used, with the latter more suitable
in case of few photon counts.

Often, at the beginning of the analysis, it is useful to re-bin the spectrum of each
source in energy through the grppha tool of HEASOFT in order to have a minimum num-
ber of counts per bin (usually ≃ 20 − 25) to apply the χ2 test. If the detected counts are
not enough, the Cash statistic can be used.

The model can be defined within the ones implemented in xspec. The model used
for all sources in this thesis is an absorbed power-law, taking into account processes at
play in the absorption of light in its way from the source to the observer. The model
is initialized by the command mo tbabs ∗ pow, multiplying the absorption term by the
power-law term, and is defined as:

N(E) = K E−ΓX E−nHσabs , (1.31)

where K is the normalization at 1 keV, ΓX is the photon index in the X-ray band, σabs is
the cross section related to all relevant absorption processes in the interstellar medium,
and nH is the Galactic column density, measured according to [74]. After the fit, both
the fitted spectrum and the ratio between the expected and measured counts can be
obtained. However, the derived results do not describe the intrinsic source spectrum,
since the absorption only depends on the matter lying between the emitting object and
the observer. In order to obtain the intrinsic spectrum of the source, it is necessary to
re-build the model by putting nH = 0 and leaving the parameters unchanged.

The procedure just described can be used for analyzing both the source spectrum
and lightcurve: in the first case the flux in each energy bin is computed, while in the
second case the fit has to be repeated in each time bin and the results integrated in the
whole energy range considered.

24https://www.swift.ac.uk/user objects/index.php
25https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/index.html

https://www.swift.ac.uk/user_objects/index.php
https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/index.html
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Filter λc FWHM
[nm] [nm]

v 546.8 76.9
b 439.2 97.5
u 346.5 78.5

w1 260.0 69.3
m2 224.6 49.8
w2 192.8 65.7

Table 1.3: Central wavelength λc and FHWM of Swift/UVOT filters. Values from [75].

Swift/UVOT

The UVOT instrument on board the Swift observatory is an optical/UV telescope em-
ploying a Ritchey-Chrétien optical design with a 30 cm parabolic primary mirror and a
7.2 cm hyperbolic secondary mirror. This optical configuration is chosen for its ability
to minimize optical aberrations, providing high-quality imaging across a broad field of
view. The incoming light is reflected by the secondary mirror into a 45◦-inclined mir-
ror, which redirects it to a CCD detector. The detector is located behind a filter wheel
equipped with six broad-band filters, three of which in the visible band (v, b, u) and
three in the ultraviolet one (w1, m2, w2). The central wavelength and Full Width at Half
Maximum (FWHM) of each filter are reported in Table 1.3

Both spectroscopic and photometric data can be downloaded from the High En-
ergy Astrophysics Science Archive Research Center26 (HEASARC). In this thesis we
exploited the imaging mode of the telescope and photometry techniques to recover the
magnitude and flux of the interested sources in each filter. In case an integral flux of
a spectrum covering more observation dates is needed, data from each single pointing
in each filter have to be merged and summed with the fappend and uvotimsum task
respectively, at the very beginning of the analysis. A technique called aperture pho-
tometry can then be applied to the summed images with the uvotsource task in order
to recover the instrumental magnitude of the source in the considered filter. For a given
filter, the instrumental magnitude is defined as:

mλ = Zλ − 2.5 log10

(
∑N

i=1 C∗i

t

)
= Zλ − 2.5 log10

(
∑N

i=1 Ci − nCsky

t

)
, (1.32)

where the subscript λ denotes the considered filter or waveband, C∗,i are the counts
from the source only in the i-th pixel of the CCD, Ci are the counts from both the source
and the background in the i-th pixel, Csky are the average counts from the background,
N is the number of pixels in a region containing the source only, n is the number of
pixels in a source-free region, t is the observation time, and Zλ is the photometric zero
point, defined as the magnitude of an object producing 1 count per second. It is a
specific property of the telescope, measured during the instrument calibration phase.

26https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl

https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
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Figure 1.27: UVOT image in B band for the source PKS 0048-09, analyzed in Chap. 4.
The source region is represented by the green contour around the target, while the
background region is given by the green contour in the source-free area. The grey levels
indicate the number of detected counts from the observed area in the sky.

The values of Zλ in each filter for the UVOT telescope are measured in [75] and reported
in Table 1.4, together with the conversion factors needed at the end of the analysis
to recover the source flux from the observed counts. An example of a UVOT image
showing selected regions for the source and the background is shown in Fig. 1.27.

However, the magnitude recovered through aperture photometry is not the intrinsic
brightness of the source because of absorption and scattering of light by dust and gases
between the emitting source and the observer, the so-called extinction. This contribu-
tion is called extinction and a correction taking it into account has thus to be applied to
the obtained results. For UVOT the so-called extinction coefficient can be computed as
[76]:

Aλ = E(B − V)[aλRv + bλ], (1.33)

where the subscript λ indicates the filter, E(B − V) is the colour excess, taking into
account the differences between the intrinsic and measured magnitudes, Rv is a coeffi-
cient with a value Rv = 3.1 in the interstellar medium, and aλ and bλ are coefficients
specific of the telescope. They are measured in [76] as described in [77] and reported in
Table 1.5 for each filter.

For each filter, the analysis gives one spectral point to build the source SED. The
same procedure can also be used to compute the source lightcurve, but in this case the
analysis has to be repeated not only for each filter but also for each observation date.
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Filter Zero point Conversion factor
[erg cm−2 s−1 Å−1]

v 17.89 ± 0.013 (2.614 ± 0.009)× 10−16

b 19.11 ± 0.016 (1.472 ± 0.006)× 10−16

u 18.34 ± 0.020 (1.630 ± 0.025)× 10−16

w1 17.49 ± 0.03 (4.00 ± 0.01)× 10−16

m2 16.82 ± 0.03 (8.50 ± 0.06)× 10−16

w2 17.35 ± 0.03 (6.20 ± 0.14)× 10−16

Table 1.4: Photometric zero point and conversion factor of the Swift/UVOT telescope in
each filter.

v b u w1 m2 w2

aλ 1.0015 0.9994 0.9226 0.4346 0.0773 -0.0581
bλ 0.0126 1.0171 2.1019 5.3286 9.1784 8.4402

Table 1.5: Values of the aλ and bλ coefficients needed to compute UVOT extinction
factor [76].



Chapter 2

Active Galactic Nuclei and blazars

The astrophysical objects mainly considered in this thesis are blazars, a particular sub-
class of Active Galactic Nuclei (AGNs). AGNs are extremely energetic and compact
regions located in the core of galaxies. Their total luminosity typically ranges from
1044 erg s−1 to 1048 erg s−1, making them the most luminous persistent objects in the
universe. Such high luminosity largely exceeds the output of the host galaxy. More-
over, the emission of AGNs covers the whole electromagnetic spectrum, from radio
wavelengths to VHE γ−rays. Therefore, the output of AGNs cannot be attributed to
stellar emission only.

The mechanism which is thought to power these peculiar objects is the accretion
of matter onto a Super Massive Black Hole (SMBH) residing in the center of the host
galaxy and showing a typical mass between 106 M⊙ and 1010 M⊙, where M⊙ denotes
the solar mass. The gravitational infall of matter inside the accreting structure is thought
to radiate a large amount of energy through the dissipation of the heat stored in the ac-
cretion process. Besides the SMBH and the accretion structure, called accretion disk,
other components characterize AGNs. Within them two collimated plasma outflows,
commonly referred to as jets, are responsible for an intense non-thermal radiation,
which is often the dominant emission component, in ∼ 10% of AGNs. The jet emis-
sion is given by accelerated particles which move along the jet at relativisitc velocities
and emit non-thermal radiation through the different processes described in Sect. 2.4.

The capability of these objects to emit radiation at high energies makes them inter-
esting candidates for neutrino emission, since γ−rays and high-energy neutrinos are
thought to be produced in the same interactions of CRs with proton targets or photon
fields, as described in Sect. 1.1. In addition, this interest grew in 2017, thanks to the
first observation of a flaring blazar in coincidence with an astrophysical neutrino event
detected by IceCube [3] (see Sect. 3.1 for more information about this event).

57
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Figure 2.1: Schematic representation of AGNs structure, showing the components com-
mon to all AGNs. Image adapted from http://www.isdc.unige.ch/∼ ricci/.

2.1 AGNs structure

Given their peculiar structure, AGNs were initially challenging to classify, leading to
the creation of various phenomenological classes. However, it was later established
that observational differences between the various classes can be explained by different
viewing angles of a single class of objects [78].

In terms of structure, all AGNs share the same components, schematically illus-
trated in Fig 2.1. The basic features characterizing an AGN include a central Super
Massive Black Hole accreting material around itself, an accretion disk formed by matter
spiraling towards the black hole, two distinct regions of ionized plasma known as the
Broad Line Region (BLR) and Narrow Line Region (NLR), responsible for spectral lines
in the optical spectrum, and an obscuring dusty torus absorbing the radiation emitted
by the disk and the BLR and re-emitting it in the infrared band [79]. Additionally, about
10% of AGNs exhibit oppositely directed jets of plasma, streaming at relativistic veloc-
ities and emitting radiation up to the γ−ray band. The precise composition of these
jets remains a subject of debate [80]. If hadrons are present, neutrino emission would
be possible, adding astrophysical interest on these sources. In the following we report
detailed information on the aforementioned components.

2.1.1 Super Massive Black Hole and accretion disk

The main source of power in AGNs is the accretion process. This phenomenon consists
in matter to spiral towards the central SMBH because of gravitational effects, forming
a flattened structure called accretion disk. This structure forms from the dissipation

http://www.isdc.unige.ch/~ricci/
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of energy of the moving material through radiation and shocks, while conserving its
angular momentum, and makes matter to spiral towards inner orbits. The matter com-
posing the accretion disk emits radiation until it reaches a minimum radial distance
beyond which the infalling material falls into the SMBH in a time shorter than the time
needed for radiating, making it non-visible.

An important quantity describing the efficiency of the accretion mechanism onto the
SMBH is the accretion rate ṁ, related to the accretion luminosity Lacc of the system. In
computing Lacc, we have to take into account that the black hole radius is not a proper
radius like in compact objects, but it is given by its event horizon. Therefore, part of
the accretion energy is not radiated, but it just disappears into the black hole adding to
its mass. This behaviour can be parametrized by introducing the quantity η, giving a
measure of the radiative efficiency of accretion. In this way the accretion luminosity of
the black hole can be written as [81]:

Lacc = ηṀc2, (2.1)

where Ṁ = dM
dt is the rate at which matter is accreted. The accretion rate Ṁ can be

written in terms of the accretion rate at the Eddington luminosity ṀEdd, obtaining

ṁ =
Ṁ

ṀEdd
. (2.2)

The Eddington luminosity is the maximum achievable accretion luminosity before the
radiation pressure exceeds the inward gravitational force. It is obtained by balancing
these two forces and it is given by:

LEdd =
4πcmpGM

σT
≃ 1.3 × 1038 M

M⊙

erg
s

. (2.3)

In terms of ṀEdd, it can be written as:

LEdd = ṀEddc2. (2.4)

The accretion process depends on the accretion rate, and has been modeled for both
high and low values of ṁ. For high accretion rates, a standard thin accretion disk,
known as the Shakura-Sunyaev Disk [82], is formed. It is geometrically thin, optically
thick, and radiates efficiently, primarily in thermal emission, producing X-rays in the
inner regions and UV/optical emission in the outer regions.

In contrast, low accretion rates lead to the formation of Advection-Dominated Ac-
cretion Flows [83], characterized by a particle density much lower compared to the ge-
ometrically thin case. Here, the energy exchange time scale between electrons and pro-
tons becomes larger than the accretion time scale. This results in geometrically thick,
optically thin disks where a significant fraction of energy is not radiated away, mak-
ing them little efficient. In this case the electrons and ions in the disk are thermally
decoupled, and a non-thermal radiation through synchrotron, inverse Compton and
Bremsstrahlung processes from the electrons can be observed, leading to a spectrum
spanning from radio to soft X-rays. The transition between these accretion modes is
thought to happen at ṁ ∼ 0.01 [84].
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2.1.2 Broad Line and Narrow Line Regions

Surrounding the central structure, there are two regions composed of clouds of partially
or totally ionized plasma, called Broad Line Region (BLR) and Narrow Line Region
(NLR) respectively, responsible for the emission lines in AGNs optical spectra. They
are located at a distance from the central SMBH of 0.1 − 1 pc and ∼ 100 pc respectively.
Being the BLR closer to the central SMBH, the plasma composing it moves at higher ve-
locity in its keplerian motion around the SMBH with respect to the plasma composing
the NLR. The typical velocities of these two regions are 103 − 104 km s−1 for the BLR
and 300 − 500 km s−1 for the NLR.

Spectral lines are produced by the radiation emitted through the de-excitation of
atoms and ions in the plasma clouds after they are excited by the photons emitted from
the accretion disk. The radiation produced undergoes a Doppler shift in frequency
which increases with the plasma velocity. For this reason the BLR shows broader lines
than the NLR. In AGN spectra, both permitted and forbidden lines are observed within
narrow lines, while only permitted lines are present in broad lines. Permitted lines
arise from atomic transitions with non-zero probabilities at first order in quantum per-
turbation theory, while forbidden lines involve suppressed transitions that occur over
a longer timescale. This implies a lower density of the NLR, so that recombination can
happen by spontaneous de-excitation, rather than by collision events. In some cases,
also semiforbidden lines are observed, coming from transitions with a probability about
a thousand times higher than that for forbidden ones. The presence of these emission
lines allows to estimate the density of the plasma clouds in the BLR and NLR, as re-
spectively 109 − 1011 cm−3 and 103 − 104 cm−3.

2.1.3 Dusty Torus

At the distance of 1 − 10 pc from the central black hole, there is a dusty toroidal struc-
ture, extending up to about 100 pc. This structure, commonly referred to as dusty torus,
is usually described as a geometrically and optically thick torus of gas, placed between
the BLR and the NLR. Some models [85, 86] expect it to be composed by a clumpy
distribution of dust and gas clouds arranged in high-density clumps and low-density
interclump material, rather than by a uniform distribution.

The presence of the tours can lead to the obscuration of the optical emission from
the innermost structures, like the BLR and the disk. The extent of obscuration depends
on the viewing angle of the observer with respect to the AGN axis. The obscured ra-
diation is absorbed and then re-emitted in the infrared band, with estimated emission
frequencies below 1014 Hz due to the temperature limit of the dust. Regardless of the
viewing angle, the emission from the NLR remains always visible in the spectrum, since
the NLR is located outside the dusty structure.
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2.1.4 Relativistic jets

Approximately 10% of AGNs exhibit jet structures composed of oppositely directed,
highly collimated outflows, a jet and counter-jet, originating perpendicularly to the disk
and at distances < 1 pc from the SMBH. They are usually associated with intense radio
emission, reason for which these kinds of AGNs are classified as radio-loud AGNs. The
jets can have a size ranging from few tens of kpc to Mpc, and can terminate with two
extended structures called lobes, where the jet plasma decelerates likely because of its
interaction with the surrounding matter [80].

The exact composition and formation mechanisms of the jets are still unknown and
debated. The two main considered processes involve the extraction of energy and an-
gular momentum from the accretion disk [87] or the extraction of rotational energy from
the spinning SMBH [88]. Moreover, as observed by high resolution measurements in
the radio band, they are not composed by a coherent stream of particles but they present
regions with increased density called knots (see e. g. [89]), whose origin is still not un-
derstood. The most likely cause is the formation of shocks traveling down the jet (see
Sect. 2.4.1).

The local emission observed in the jets is attributed to particles moving at relativis-
tic velocities, emitting radiation at all frequencies, from radio to VHE γ−rays. Both
leptonic and hadronic processes can be taken into account to interpret the jet emission.
More details on the main processes considered in AGNs and blazar emission are de-
scribed in Sect. 2.4.

2.2 The unified model of AGNs

The AGNs class includes a large variety of objects characterized by variations in lu-
minosity, spectral features, and temporal behaviour [90]. These differences can be ex-
plained within the framework of a unification scenario, which interprets the different
observational properties as an effect of the jet orientation with respect to the observer.

For example, a first classification was made through the observation of AGNs opti-
cal spectra: we have a Type I Seyfert galaxy if it shows both broad and narrow emission
lines and bright continua, while a Type II Seyfert galaxy if it shows only narrow emis-
sion lines and weak continua. This can be explained in terms of the viewing angle of
the observer with respect to the normal to the disk: jet axis: for small viewing angles the
emission from both the BLR and the NLR can be observed, while for large angles the
emission from the BLR becomes not visible because of the absorption from the dusty
torus, which, in this case, is located along the line of sight.

Another division is based on their radio emission. In this case, the dominance of
the observed radio flux at ν ≃ 5 GHz over the optical one in the blue B band (250 − 500
MHz) is considered. We have a Radio-loud AGN if the ratio R = f5 GHz/ fB > 10, other-
wise we have a Radio-quiet AGN. Radio-loud AGNs represent only 10% of the whole
class and they are typically characterized by a powerful jet component contributing to
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significant radio emissions through the synchrotron radiation. The radio emission is
thus a good tracer of the presence of the jet.

In addition, a further radio division historically introduced by Fanaroff and Riley
[91] is based on the position of the extended radio emission on the source radio skymap.
We have a FR-I object if it shows a rather compact radio emission dominating the core,
while we have a FR-II object if it shows a radio emission mainly coming from the end
of the jet, dominating the lobes. These two classes present a different radio luminosity,
which is the reason why a dividing luminosity, LR = 1032 erg s−1 Hz−1 sr−1 at a fre-
quency of 175 MHz, was defined to distinguish between FR-I (with L < LR) and FR-II
(with L > LR). The differences in morphology and luminosity between the two classes
suggest these objects to be governed by different physical scenarios. FR-I sources typi-
cally exhibit low accretion rates, suggesting them to be powered by inefficient accretion
flows, while FR-II sources are believed to possess a more efficient engine. Moreover,
also for radio-loud AGNs we observe different properties based on their inclination an-
gle with respect to the observer. For large viewing angles we have a radio-galaxy, while
for small angles we have a blazar.

The unification scenario, taking into account both the optical and radio classifica-
tions, is shown in Fig. 2.2. Within all the shown classes, we highlight the blazar sources,
which are the main topic of this thesis. Given their orientation with respect to Earth and
the relativistic velocities of the particles composing the jet, they show an emission char-
acterized by a strong Doppler boosting, connected to a direct observation of the jet itself
and responsible for peculiar features. The main properties of blazars are described in
the next section.

2.3 Blazars

Blazars are a particular subclass of radio-loud AGNs with the jet inclined at small ob-
servation angles (θ ≤ 10◦). They represent only the 1% of radio-loud AGNs, which in
turn are just the 10% of all AGN sources.

This class of objects is characterized by a high flux variability, on time scales from
years to less than one day, making them the most variable AGN subclass. Moreover
they show a high bolometric luminosity, which can reach up to 1045 erg s−1, and an
emission covering the whole electromagnetic spectrum, from radio frequencies to TeV
energies. These features can be physically explained by the presence and inclination of
the relativistic jet, which dominates their emission.

Their jet behaves as a natural accelerator of particles, such as electrons and protons,
at high energies. For this reason blazars are currently considered as possible sources
of high-energy CRs and neutrinos. The broad-band emission they show can be inves-
tigated by plotting their energy flux νFν [erg cm−2 s−1] as a function of the energy E
or frequency ν in logarithmic scale. This plot is called Spectral Energy Distribution
(SED) and allows to compare the source emission in the different bands. The SED of
blazars is characterized by two broad bumps, typically peaking in the optical/UV and
in the γ−ray bands. Their origin can be attributed to different non-thermal radiative
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Figure 2.2: Unified models of AGNs. Radio-quiet AGNs are shown in the lower part of
the image, while radio-loud AGNs in the upper part. They are in turn divided into the
FR-I and FR-II classes. Credits [92].

processes. For example the optical emission can be explained in terms of synchrotron
radiation from relativistic electrons, while the X-ray band can show the contribution
from different processes, of both leptonic and hadronic origin. More details on the dif-
ferent processes at work in blazars emission are given in Sect. 2.4.

2.3.1 Classification of blazars

Blazars are generally divided into two sub-classes: Flat-Spectrum Radio-Quasars (FSRQ)
and BL Lacertae objects (BL Lacs). This division comes from observational properties
of sources optical spectra. It considers as FSRQs those sources showing bright emission
lines, while as BL Lacs those with very faint or even absent spectral lines. A dividing
value of the Equivalent Width (EW) of the broad lines was set to distinguish between
the two classes: sources showing EW > 5 Å are classified as FSRQs, while those show-
ing EW < 5 Å are classified as BL Lacs [93].

However, this classification does not consider the physical properties of the sources.
Taking into account the high variability of the jet emission, it can happen that a source
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Figure 2.3: Schematic representation of blazar subclasses. FSRQs (left) are thought to
have an efficient accretion disk and a rich BLR, while BL Lacs (right) are thought to
have an inefficient disk and a poor or absent BLR. Credits: [94]

with intrinsically prominent lines can be misclassified as a BL Lac if the non-thermal
continuum given by the jet emission is particularly enhanced at the time of the obser-
vation. Viceversa, a source with intrinsically faint lines can be misclassified as a FSRQ
if the jet emission shows a low state of activity when the measurement is performed.
For this reason a new classification was proposed by [84]. It is based on the luminosity
of the BLR, normalized to the source Eddington luminosity: for LBLR/LEdd ≥ 5 × 10−4

we have a FSRQ, otherwise, for LBLR/LEdd ≤ 5 × 10−4 we have a BL Lac. This division
is related to the efficiency of the accretion flow onto the SMBH. Indeed, given that the
broad emission lines originate in the BLR due to the plasma clouds photoionized by ra-
diation from the accretion structure, there is direct relation between the disk luminosity
Ldisk and the BLR luminosity LBLR. Moreover, as we know from Sect. 2.1.1, the accretion
rate ṁ depends on the disk luminosity through the relation

ṁ =
Ṁ

ṀEdd
=

1
η

Ldisk

LEdd
. (2.5)

For the last equivalence we used Eqs.2.2 and 2.4. An application of this relation can be
found in Chap. 4.

Since the differences between FSRQs and BL Lacs are related to the accretion effi-
ciency, they can explain differences in the intrinsic properties of the sources environ-
ment. The strong emission lines characterizing FSRQs imply these sources to have
a radiatively efficient accretion process, such as the Shakura-Sunyaev disk [82], and
a BLR rich of dust and gas. Differently, the weakness or absence of emission lines
from BL Lacs suggests them to be powered by radiatively inefficient accretion flows,
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like the Advection-Dominated Accretion Flow [83], and to have a poor or absent BLR.
A schematic representation of the environment characterizing the blazar subclasses is
shown in Fig. 2.3.

2.3.2 The blazar sequence

One of the first comprehensive studies of blazars SED was performed by [95], where the
authors proposed the SEDs of known blazars to form a sequence, the so-called blazar
sequence. This work included a sample of 126 blazars, of which only 33 were detected
in the γ−ray band. They were divided according to their radio luminosity, and for
each radio luminosity bin an average SED was built. The main results of this analysis
report a homogeneous SED shape for all the considered blazars, characterized by two
bumps, peaking respectively in the ranges 1013 − 1017 Hz and 1021 − 1024 Hz. More-
over, a trend on the peak frequencies is observed: sources with higher radio luminosity
show the peaks at lower energies, while, as the luminosity decreases, the peaks shift
to higher energies. For any case, the peak frequencies in a single SED seem to be cor-
related, meaning that a lower energy of the first peak corresponds to a lower energy
of the second one and viceversa. Moreover, the ratio between the luminosity of high-
and low-energy peaks, so-called Compton dominance, increases with increasing radio
luminosity. The bins of higher luminosity are mostly composed of FSRQs, while BL
Lacs show lower radio luminosities and peaks shifted to higher energies.

The blazar sequence found by [95] has been confirmed by [96], a more recent work
which considers a much larger sample of 747 objects and divides them according to
their γ−ray luminosity. In this case the sources are selected from the third catalog of
AGNs released by the Fermi Collaboration (3LAC) [28], so they all show data in the
γ−ray band. The main results are shown in Fig. 2.4 and described in the following for
FSRQ and BL Lacs separately, as well as for the whole sample:

• Considering the whole sample, although the different selection in luminosity be-
tween the two analyses (radio luminosity bins vs γ−ray luminosity bins), a trend
consistent with the results of [95] is found. This confirms and reinforces the exis-
tence of the blazar sequence.

• Considering FSRQs only, the overall SED shape is mostly unchanged. They do not
exhibit shifts in the peak frequencies with changing luminosity. The main trend
is observed in the Compton Dominance, which increases with increasing γ−ray
luminosity from a value of 0.5 to 15. Another trend is observed in the slope of the
X-ray spectrum, becoming harder with increasing luminosity, as a consequence
of the increasing Compton dominance.

• Considering BL Lacs only, a remarkable trend in the entire SED shape is observed,
with the peak frequencies shifting towards lower energies while the γ−ray lumi-
nosity increases. In particular, the low-energy peak is observed to move from
∼ 1017 Hz to ∼ 1012 Hz with increasing luminosity of 4 orders of magnitude. The
Compton dominance for BL Lacs changes by one order of magnitude only in the
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Figure 2.4: Comparison between the most recent [96] and the original [95] blazar se-
quence. Credits: [96].

entire luminosity range, showing that the low- and high-energy components are
almost equal. Given their broad frequency interval, BL Lacs are further classi-
fied into low frequency-peaked (LBL), intermediate frequency-peaked (IBL) and
High frequency-peaked (HBL) BL Lac objects, based on the location of their syn-
chrotron peak frequency (νS ≤ 1014 Hz, 1014 Hz ≤ νS ≤ 1015 Hz, νS ≥ 1015 Hz
respectively) [97].

The differences observed between FSRQs and BL Lacs emission can be related to
different physical processes powering it. For example, the efficient disk and rich BLR
expected in FSRQs make their environment rich of target photons which can play a
role in the so-called external Compton (EC) process (see Sect. 2.4.2 for more details).
This, together with a possible decrease of the magnetic energy density with luminosity,
can explain the higher Compton dominance in these objects [96]. Differently, for BL
Lacs, we do not expect external photon fields, so the main radiative process can be the
Synchrotron Self Compton (SSC), which depends on the synchrotron radiation energy
density. It increases with luminosity, implying a more severe cooling for more luminous
BL Lacs, thus limitating the maximum energy of the electrons emitting at the SED high-
energy peak.



2.4. INTERPRETATION OF BLAZARS SPECTRAL ENERGY DISTRIBUTION 67

2.4 Interpretation of blazars Spectral Energy Distribution

As already mentioned, the jet of blazars, and radio-loud AGNs in general, is a natu-
ral accelerator of particles. Its emission is assumed to come from one or more specific
emitting regions, filled with a population of relativistic particles, assumed at a certain
distance from the central SMBH (usually < 1 pc), and characterized by different prop-
erties such as for example a Lorentz factor Γ and a magnetic field B. The particles
composing the emitting region are out of equilibrium, usually following a power-law
distribution (see next section), and emitting non-thermal radiation.

The two bumps characterizing blazars SED can be explained as originating from
the emission of these emitting zones. The low-energy bump in the SED is unanimously
attributed to the synchrotron emission from a population of relativistic electrons, while
the origin of the high energy one is still unclear and debated. It can be interpreted in
terms of both leptonic and hadronic emission models. The former assume the emit-
ting region to be filled with a population of relativistic electrons and positrons, while
the latter require the presence of accelerated protons too. Also in the first case protons
can be present, but they are considered not to be accelerated to sufficiently high energy
to significantly contribute to the emission. Within leptonic models, the inverse Comp-
ton scattering of relativistic electrons with soft photons can usually well describe the
high-energy bump. The target soft photons can be the ones originated through the syn-
chrotron radiation at low energies (SSC), or come from external radiation fields such
as the disk, BLR or torus (EC). Within hadronic models, the most relevant processes in
blazars emission are the proton synchrotron radiation or the photo-meson interactions,
namely interactions between accelerated protons and soft photons, from which high-
energy neutrinos can arise. Mixed lepto-hadronic models are also taken into account.
An example is provided in Chap. 4.

Blazars show also thermal emission components in their environments, associated
to particles in thermal equilibrium. This is the case for example of the emission coming
from the disk, or torus. However, the thermal emission from the inner regions is often
subdominant with respect to the non-thermal jet emission, and thus not visible.

2.4.1 Particle acceleration

In astrophysical objects, particle acceleration is usually determined by plasma pertur-
bations in the source environment, known as shocks. In the jet of AGNs, these com-
ponents stream relativistically along the jet. The most efficient acceleration mechanism
in shocks is the so-called First order Fermi acceleration mechanism [98], which occurs
when particles cross the shock front multiple times. This is possible thanks to the high
magnetic fields close to the shock front, which cause particles to gyrate along the field
lines.

Let us consider an initial number of particles N0, with energy E0 each, and define
with P the probability these particles have to remain in the acceleration region after
a round trip across the shock front. After n round trips the total number of particles
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becomes:

N = N0Pn ⇒ ln
(

N
N0

)
= n ln P. (2.6)

If we also assume that the energy gained by each particle after a round trip is propor-
tional to a factor ξ, the total energy after n round trips is

E = E0(1 + ξ)n ⇒ ln
(

E
E0

)
= n ln(1 + ξ), (2.7)

By solving for n and equating the two expressions, it is possible to obtain:

N = N0

(
E
E0

)ln P/ ln(1+ξ)

. (2.8)

which gives the typical power-law shape Particles accelerated through the Fermi mech-
anism are therefore described by a power-law distribution. It is typically observed, for
example, in the case of cosmic-rays. Here the spectral index depends on the contain-
ment probability and the energy gain. In the First order Fermi mechanism, the energy
gained by the particle at each passage of the shock front in both directions results to be
[98]:

ξ =

〈
∆E
E

〉
≃ 4

3
β, (2.9)

where β = v/c, with v the relative velocity between the shock front and the particle,
and c the speed of light.

2.4.2 Leptonic models

In the following, the relevant leptonic processes at work in blazar emission are de-
scribed.

Synchrotron emission

The synchrotron radiation is produced by particles accelerating in a magnetic field B.
In blazar SED, this process is responsible for the origin of the low-energy bump, usually
peaking in the optical/UV band.

If we consider a relativistic electron in a uniform magnetic field B, it will gyrate
along the magnetic field lines with a frequency [99]

νB =
eB

2πγmec
, (2.10)

where e is the electron charge, B is the magnetic field, γ is the electron Lorentz factor,
me is the electron mass, and c is the speed of light. The power emitted during its motion
is given by

Psyn =
4
3

σTUBcγ2β2, (2.11)
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where UB = B2/(8π) is the magnetic field energy density, c is the speed of light, γ is
the particle Lorentz factor, β is the particle velocity in units of c, and σT is the Thomson
cross-section, given by σT = 8πr2

0/3, with r0 = e2/(mec2) the classical electron radius.
Given the dependence Psyn ∝ m−2, we can deduce that light particles like electrons
and positrons emit more efficiently than heavier particles like protons. Thus in a rela-
tivistic jet, if protons and electrons are accelerated to the same energy E, the dominant
contribution of the synchrotron emission is given by the electrons.

When the spectrum is converted from the electron frame to the observer frame, the
radiation appears to be concentrated within an opening angle of θ ≃ 1/γ, along the
motion of the electron. Through mathematical calculations [99], it is possible to obtain
the spectral power emitted by a single electron through synchrotron radiation (see also
Sect. 6.2.1):

P(ν, θ) =

√
3e3B sin α

mec2 F
(

ν

νc

)
, (2.12)

where α is the electron pitch angle, and F(x) = x
∫ ∞

x K5/3(τ)dτ, with K5/3(τ) the mod-
ified Bessel function of order 5/3.

However, in blazars and astrophysical environments in general, the emission is
given by a distribution of particles, rather than a single particle. If we consider an
energy distribution given by a power-law (see Sect.2.4.1), we have that the number
density of particles with energies between E and E + dE results

N(γ)dγ = Kγ−pdγ for γmin < γ < γmax. (2.13)

The total power radiated per unit solid angle, volume, and frequency, is given by the
integral of the product N(γ)P(ν, θ) over the possible energies, leading to

P(ν) ∝ ν−
p−1

2 . (2.14)

Therefore, from the spectral index of synchrotron spectrum, it is possible to obtain an
indication on the spectral index of the radiating electrons. Additional details on the
synchrotron process can be found in Sect. 6.2.1.

Inverse Compton scattering

The inverse Compton scattering is a process occurring when a relativistic electron inter-
acts with a photon transferring energy to it, allowing, for example, the creation of X-ray
or γ−ray emission from a soft photon of energy spanning from radio to UV. In blazar
SED, this process can explain the high-energy bump, peaking at the aforementioned
energies.

If the energy of the incoming photon in the electron rest frame is much smaller
than the electron rest energy, namely hν ≪ mec2, the regime in which the scattering
happens is defined as Thomson regime, otherwise, for hν ≫ mec2 we are in Klein-
Nishina regime. In the first case there is no transfer of energy between the photon and
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the electron, and the cross-section of the interaction is given by [99, 100]:

σT =
8
3

πr2
0 =

8
3

π

(
e2

mec2

)2

, (2.15)

with r0 the classical electron radius. In the second case, the cross-section is given by [99,
100]:

σKN =
3
4

σT

{
1 + x

x3

[
2x(1 + x)

1 + 2x
− ln(1 + 2x)

]
+

ln(1 + 2x)
2x

− 1 + 3x
(1 + 2x2)

}
, (2.16)

where the variable x denotes x = hν/(mec2). If we consider the asymptotic limits, we
can note that for low photon energies (x ≪ 1), the cross-section approximates σT:

σKN ≃ σT

(
1 − 2x +

26x2

5
+ ...

)
, (2.17)

while for very high energies (x ≫ 1) we have that the cross-section is strongly sup-
pressed:

σKN ≃ 3
8x

σT

(
ln(2x) +

1
2

)
. (2.18)

Here, we concentrate on the Thomson regime. For the Klein-Nishina regime a quanti-
tative treatment can be found in [101]. In Thomson regime, the total power emitted by
the electron during the process is given by [99]

PIC =
4
3

σTUradcγ2β2, (2.19)

similarly to the result obtained for synchrotron radiation. The only difference is the
energy density, now given by the incoming radiation rather than the magnetic field.
The spectral power released during the interaction with a photon with energy E0 = hν0
is given by [99]

I(ν)dν =
3σTcN(ν0)

16γ4ν2
0

ν

[
2ν ln

(
ν

4γ2ν0

)
+ ν + 4γ2ν0 −

ν2

2γ2ν0

]
dν, (2.20)

where N(ν0) is the number density of photons. If we consider a power-law distribution
of electrons as in the synchrotron case, the radiated power becomes

Ptot(⟨ν⟩) =
1

8π

(
4
3

)α

σTcK
Urad

ν0

( ⟨ν⟩
ν0

)−α

, (2.21)

where ⟨ν⟩ is the average frequency at which the total power is emitted, and α = p−1
2 .
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Synchrotron Self Compton

Two different kinds of inverse Compton scatterings are usually considered in blazar
emission. When the produced synchrotron photons giving origin to the low energy
component of the blazar spectra serve as a target field for Inverse Compton scattering
we have the SSC process. This is the most common model applied to BL Lacs, given
that they do not have external target photons fields. An example of BL Lac SED fitted
with a SSC model is shown in Fig. 2.5a. The relation between the synchrotron and in-
verse Compton emission in this process implies the two peaks of the SED to be strongly
related. Moreover, this link allows the model to be characterized by few free parame-
ters, allowing to put constraints on some physical properties like the magnetic field B
or the Doppler factor δ. Indeed, by measuring the frequencies of the two peaks, it is
possible to obtain the values of δ and B [92]:

δ =

(
3
4

e
2πmc

)1/2
(

νIC

ν2
S

)1/2(
2L2

S
c3LICt2

var

)1/4

(2.22)

B = (1 + z)
(

4
3

2πmc
e

)3/2
(

ν2
S

νIC

)3/2(
c3LICt2

var

2L2
S

)1/4

, (2.23)

where νS and νIC are the frequencies of the synchrotron and inverse Compton peaks
respectively, similarly LS and LIC are the luminosities of the peaks, and tvar is the ob-
served variability time scale.

External Compton

Differently from the SSC, the EC considers external target photon fields for the inverse
Compton scattering. The mainly considered soft photons are those coming from the
central regions of the AGN. They can be directly emitted from the disk, or reprocessed
by the BLR and the torus before interacting with the relativistic electrons in the jet.
Given that the target photon fields are in this case independent from the jet emission,
this model involves a larger number of free parameters making the mathematical treat-
ment more complex.

In any case, this scenario works well in the interpretation of the emission of FSRQ.
Firstly, the rich environment which is thought to characterize FSRQs, provides different
source of external photons, justifying the usage of such target fields. Moreover, the
energy density of this external radiation is amplified by a factor Γ2, with Γ the bulk
Lorentz factor of the jet, in the rest frame of the emitting region, allowing to explain the
larger Compton dominance observed in the blazar sequence for this kind of sources.

γγ absorption

In blazars emission, also the photon-photon pair production can play a relevant role.
This process can arise both internally to the source environment and externally. In the
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(a)

(b)

Figure 2.5: Examples of blazars SEDs fitted with leptonic models. (a) SED of the BL Lac
Mrk 421, modeled with the SSC process, (b) SED of the FSRQ PKS 1510-089, modeled
with the EC process on the dusty torus. In (b) also the thermal emission from the disk
and the dusty torus is shown. Credits: [102].
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first case we have that the γ−rays produced in the inverse Compton emission interact
with low-energy photons (E ∼ eV) from the disk, BLR and torus, leading to the produc-
tion of an electron-positron pair through the relation γγ → e−e+. In the second case,
the emitted photons interact with the EBL in their way to Earth, creating a pair through
the same process. The effect of this process is an attenuation of the source flux at high
energies.

If two photons of energies ε1 and ε2 moving along trajectories forming an angle θ,
have a total energy available for the interaction fulfilling the condition ε1ε2(1− cos θ) ≫
2m2

e c4, then an e−e+ pair is produced. The effect of this process on a photon flux can
be quantified through the γγ opacity or optical depth τγγ, depending on the γ−ray
energy, the target photon energy, and on the path traversed in the absorbing field. If
we consider our high-energy photon of energy ε1 interacting with a uniform isotropic
radiation field with a number density nph(ε2), the optical depth is given by [103]:

τγγ(ε1) = R
∫ ∞

0
dε2σγγ(ε1ε2)nph(ε2), (2.24)

where R is the source dimension, while σγγ is the pair-production cross-section, given
by [104]

σγγ(s) =
3
8

σT(1 − β2
cm)

[
(3 − β4

cm) ln
(

1 + βcm

1 − βcm

)
− 2βcm(2 − β2

cm)

]
, (2.25)

where βcm =
√

1 − s−1, with s = γ2
cm = ε1ε2(1− cos θ) the squared value of the Lorentz

factor the produced e−e+ pair has in the center-of-momentum frame. The source flux
seen by the observer is attenuated by a factor exp(−τγγ) with respect to the intrinsic
flux.

2.4.3 Hadronic models

In the leptonic scenario, the emission is dominated by relativistic electrons, while pro-
tons in the jet are assumed to have an energy not high enough to emit a significant
radiation. Differently, hadronic models consider the presence of both ultrarelativistic
electrons and protons in the jet. In this case, while the low-energy peak of the SED is
still attributed to the electron synchrotron process, the high-energy one can be dom-
inated by hadronic processes such as proton synchrotron emission, photo-meson in-
teractions, Bethe-Heitler pair production or secondary products originated by particle
decay or pair cascades initiated by these processes.

Since the low-energy bump is still attributed to the synchrotron emission of elec-
trons, pure hadronic models are usually not taken into account. Their occurrence is
also made improbable by the fast variability at high energies observed in some blazars.
Since the cooling time of protons is characteristically long, such variability cannot be
explained by hadronic models alone. Lepto-hadronic scenarios as thus those usually
considered when dealing with protons. Besides those describing the high-energy bump
in terms of pure hadronic emission, there are some still interpreting both SED peaks in
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terms of leptonic processes. In these cases the hadronic component arises as a subdom-
inant component, in between these two major bumps, as for example in the X-ray band,
when representing the valley between the two peaks. This is the case, for example, of
the model presented in Chap. 4.

In the following, the main hadronic processes taken into account in blazars emission
are described.

Proton synchrotron radiation

The synchrotron radiation from ultrarelativistic protons in the emitting region is con-
sidered as one of the main processes responsible for the origin of the SED high-energy
peak. However, since the synchrotron radiation from protons is highly suppressed with
respect to that from electrons, intense magnetic fields (B ≥ 10 G) or high proton densi-
ties are necessary in order to make it effective. More details on the description of this
process and its mathematical treatment can be found in Sect. 6.2.1.

Photo-meson interactions

The photo-meson process involves the interaction of relativistic protons with low en-
ergy radiation. As for the inverse Compton, the target photon fields considered for the
interaction can be internal to the jet [105] or external, provided by the disk [106] or re-
processed from the BLR [107]. Through photo-meson interactions, secondary particles
such as pions and muons are produced. The initial process produces the ∆ resonance,
which decays into hadrons and pions (see also Eq. 1.1):

p + γ → ∆+ →
{

p + π0

n + π+ . (2.26)

The produced pions subsequently decay following (see also Eqs. 1.4−1.8):

π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ (2.27)
π− → µ− + ν̄µ → e− + ν̄e + νµ + ν̄µ (2.28)

π0 → γ + γ. (2.29)

Through these decays, both photons and neutrinos are produced. The photons orig-
inated from the π0 decays are highly energetic. This is the reason why γ−rays and
astrophysical neutrinos are thought to be produced in the same interactions in blazar
emission. Moreover, both the photons and the leptons produced, can initiate electro-
magnetic cascades, which develop until the energy of the produced photons does not
reach the threshold for pair production. If the magnetic field in the emission region is
very intense, as in the case of proton synchrotron, also the synchrotron emission from
the secondary pions and muons can play a relevant role in the final output. In addition,
also the electrons and positrons generated in the pair production process can undergo
synchrotron emission, giving origin to photons which can originate other e−e+ pairs.
A detailed treatment of the photo-meson process is described in Sect. 6.2.2, where the
spectrum of the secondary particles directly produced in pion decay is computed.
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Bethe-Heitler pair production

At low energies, the interactions between relativistic protons and soft photons is domi-
nated by the Bethe-Heitler process, which gives:

p + γ → p + e− + e+ . (2.30)

The process is energetically allowed when [108]

γpε > mec2, (2.31)

with γp the proton Lorentz factor, ε the soft photon energy, and me the electron mass.
The pairs produced in the Bethe-Heitler process are usually energetic enough to initiate
electromagnetic cascades. The maximum energy of the produced electron (or positron)
is given by the kinematics of the process and results [108]:

Emax,e =

{
4γ2

pε for mec2 ≪ γpε ≪ mpc2

γpmpc2 for γpε ≫ mpc2 . (2.32)

These relations are valid for γp ≫ 1 and ε ≪ γpmpc2. Moreover, we can see that in
the case of γpε ≫ mpc2, the whole energy of the proton is transferred to one of the
produced leptons.

If we now consider a distribution of ultrarelativistic protons (γp ≫ 1) colliding with
a distribution of soft photons, rather than the interaction between single particles, we
have that the energy spectrum of the produced electrons (or positrons) is given by [108]:

dN
dEe

=
1

2γ3
p

∫ ∞

(γp+Ee)2

4γ2
pEe

dε
fph(ε)

ε2

∫ 2γpε

(γp+Ee)2

2γpEe

dω ω
∫ ω−1

γ2
p+

E2
e

2γpEp

dE−
p−

W(ω, E−, ξ), (2.33)

where Ee is the electron (or positron) energy in the laboratory frame, γp is the proton
Lorentz factor, fph(ε) is the energy distribution of the target soft photons, ε is the energy
of the target photons, E− is the electron (or positron) energy in the proton reference

frame, p− =
√

E2
−/c2 − m2

e c2 is the is the momentum modulus of electron in the rest

frame of the proton, and W(ω, E−, ξ) = d2σ
dE−d cos θ is the cross section of the interaction,

given by Eq. 10 of [109], with ξ ≡ cos θ− =
γpEp−Ee

γp pp
. Finally, ω = up · k = εγp(1− cos θ)

is the energy of the photon in the the rest frame of the proton. Here θ is the angle
between the 4-velocity of the proton up and the 4-momentum of the photon k.





Chapter 3

Monitoring of the blazar
TXS 0506+056 with MAGIC and
multi-wavelength partners

This chapter focuses on the long-term multi-wavelength monitoring of the blazar TXS
0506+056, which represents a key object in the astrophysical and multi-messenger com-
munities. Indeed, on September 2017, a high-energy neutrino detected by IceCube was
found to be spatially and temporally coincident with a long-term flaring activity from
this object. This event represents the first association between an astrophysical neu-
trino and an extragalactic source, boosting the interest in blazars as candidate neutrino
emitters and cosmic-ray accelerators.

Before the 2017 event, TXS 0506+056 was a quite unknown object, so very little
information is available from previous observations. The only available data prior to
2017 come from survey instruments only, like Fermi/LAT or OVRO. The study presented
in this chapter collects long-term multi-wavelength data of the source for the first time.
The monitoring campaign involves several different instruments operating in all energy
bands. It covers the period from November 2017 to February 2020 for the VHE and HE
γ−ray bands, and from November 2017 to February 2021 for X-ray, optical/UV, and
radio bands. During the monitored period the source resulted to be mostly in a low
state of activity, with two flaring episodes at VHE. Results from this work are published
in the conference proceeding [110]. In this project I had an important role in the MAGIC
and Fermi/LAT data analyses, and writing of the proceeding.

77
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3.1 The blazar TXS 0506+056

The blazar TXS 0506+056 is a BL Lac object located in the Orion constellation at a red-
shift of z = 0.336 [111]. It was discovered by the Texas survey of radio sources [112] in
1983 but has been a poorly studied object until 2017, September 22, when IceCube re-
ported the detection of a high-energy neutrino coming from the direction of the source1

[3].
The neutrino event, called IceCube-170922A, consisted of a muon track (see Sect. 1.2.1

for more details) traversing the whole detector and depositing an energy of (23.7± 2.8)
TeV, from which the initial neutrino energy was estimated. It resulted to be 290 TeV,
with a 90% confidence level lower limit of 183 TeV, assuming a power-law spectrum
for the diffuse astrophysical neutrino flux, with a spectral index of 2.13. The track re-
ported a high probability of being of astrophysical origin, with a signalness of 56.5%.
The reconstructed direction points to a region of the sky consistent with the position
of the blazar TXS 0506+056, located at 0.1◦ from the best-fit neutrino arrival direction.
The event display of IceCube-170922A is shown in Fig. 3.1a as seen by IceCube DOMs.
Thanks to its real-time alert system, IceCube sent a public alert to the whole astro-
physical community in the form of a GCN circular2 encouraging prompt follow-up
observations.

Triggered by the neutrino alert, intense multi-wavelength observations from dif-
ferent instruments were performed across the entire electromagnetic spectrum. The
source showed an enhanced emission in all energy bands. In particular, the Fermi/LAT
Collaboration reported a long-term flaring activity with a duration of 6 months. The
highest Fermi flux above an energy of 100 MeV, integrated on a 7-days bin during the
long-term flare, is (5.3 ± 0.6)× 10−7 cm−2 s−1, which is almost one order of magnitude
larger than the average flux on 9.5 years of observations: (7.6± 0.2)× 10−8 cm−2 s−1. In
VHE γ−rays, the MAGIC telescopes were the first instruments to detect the source, re-
porting a 6.2σ excess over the background in 13 hours of observation, and a maximum
flux above 90 GeV of (8.0 ± 2.0)× 10−11 cm−2 s−1 observed on 2017, October 4, in 0.65
hours. The significance obtained in the latter date is 5.4σ. The MAGIC skymap above 90
GeV is shown in Fig. 3.1b. Several multi-wavelength instruments observed the source
finding a high state of emission. Details on the multi-wavelength observations can be
found in [3].

With this event, enhanced γ−ray activity from an astrophysical object was detected
for the first time in coincidence with the arrival of a high-energy neutrino. The proba-
bility of a chance coincidence between the neutrino detection and the flaring activity of
TXS 0506+056 was evaluated and was found to be disfavoured at the 3σ level thanks to
the precise determination of the neutrino direction. In addition, the IceCube collabora-
tion performed an archival search on 9.5 years of data, finding an excess of high-energy
neutrinos at the position of the blazar between September 2014 and March 2015 [113].

Thus, this events increased the interest of the astrophysical community in blazars

1Note that the redshift measurement of the source was performed after 2017 neutrino event.
2https://gcn.nasa.gov/circulars

https://gcn.nasa.gov/circulars
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Figure 3.1: (a) Visualization of the event IceCube-170922A as seen by the IceCube
DOMs. Colors indicate the time where they detected the signal, with darker colors cor-
responding to earlier times, while the dimension of the DOMs indicates the amount of
light detected, with larger spheres corresponding to larger signals. (b) MAGIC skymap
above 90 GeV for the observation of TXS 0506+056 in October 2017. Credits: [3].
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as candidate neutrino emitters. Many models were developed to interpret this multi-
messenger observation [114–120]. The MAGIC Collaboration proposed a lepto-hadronic
model, based on the so-called spine-layer structure [121, 122], considering the jet as com-
posed of a fast moving spine containing accelerated protons and electrons, and an exter-
nal slower sheath of low-energy photons serving as targets for pγ interactions. Indeed,
differently from FSRQs, which are usually considered good candidate neutrino emitters
thanks to the presence of high-density target photon fields in their environments (e. g.
disk, BLR, torus), BL Lacs usually present an environment poor of target photon fields
for pγ interactions. Therefore, in order to efficiently produce neutrinos, these sources
are required to have a high proton power, or, alternatively, a different source of target
soft photons.

A working scenario is found by considering a structured jet as described above.
Such a structure is also supported by radio observations [123, 124]. The model built
in this scenario was in good agreement with the observational data and found that
the SED can be mostly described with leptonic processes. In particular, the low-energy
bump can be described by the synchrotron emission of relativistic electrons in the spine,
while the high-energy peak can be interpreted as inverse Compton emission of the same
electrons with the synchrotron radiation emitted by the layer. The hadronic emission
is mainly subdominant but it can have a significant contribution in the X-ray and VHE
γ−ray bands, through Bethe-Heitler pair production or photo-meson cascades in the
first case and photo-meson cascades only in the second case. Hence, data in these bands
became fundamental in distinguishing between leptonic or hadronic emission. More-
over, by assuming a maximum proton energy of Ep,max = 1016 eV, the model predicts a
90% confidence level lower and upper limits to the neutrino energy consistent with the
observed event, and an expected detection rate in the same interval in agreement with
the detection of a single neutrino during the period of enhanced γ−ray activity [114].
In more recent years, the spine-layer structure was observed also for TXS 0506+056,
further indicating the neutrino and γ−ray emission to have a cospatial origin, and
strengthening the model built to interpret the data [125, 126].

However, the excess of neutrino event found by IceCube in 2014-2015 data, was not
coincident with a flaring γ−ray activity from Fermi/LAT data, so the coincidence of the
neutrino and γ−ray events, as well as the details of the emission are still not fully clear.
Therefore, long-term observations of this source are essential to deeply understand the
radiative processes at work in the emission, the source duty cycle, and the exceptional-
ity of the 2017 flare.

In this work we show results from a first multi-wavelength monitoring of the source
in the long term, collecting 27 months of data in VHE and HE γ−rays, and 39 months of
data from X-rays to radio frequencies. The first 16 months of this dataset were also used
in the publication [127], where the authors characterized the low-state of the source
for the first time, and found an anti-correlation between flux and spectral index from
Swift/XRT data in the 2 − 10 keV energy band, which is lost when considering the the
whole 0.3 − 10 keV band observed by XRT. This suggests a transition between differ-
ent radiation mechanisms in X-rays, which is translated into the transition from syn-
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Nov 2017 - Feb 2020 Sep 2019 - Feb 2020

MC periods ST.03.09 - ST.03.12 ST.03.12
Zenith 22◦ − 50◦ 22◦ − 36◦

Total obs. time 123 h 33 h
Good-quality data 109 h 30.4 h

Table 3.1: Details on monitoring observations of TXS 0506+056. Both the whole dataset
from November 2017 to February 2020 and the dataset taken with Sum-Trigger-II, from
September 2019 to February 2020, are shown. For each of them we report the Monte
Carlo periods involved in the analysis, the zenith angle of the observations, the total ob-
servation time, and the observation time obtained after the application of data-quality
cuts. The good-quality data thus obtained were then used in the analysis.

chrotron emission by primary electrons to Bethe-Heitler pair production in the consid-
ered model. Here, we mainly concentrate on the behaviour of the source emission over
time from the longer term observational results.

3.2 Observations and data analysis

In the following, the instruments used in the observations and the techniques used in
the analysis are described.

3.2.1 MAGIC data

The MAGIC telescopes took part in the observation campaign for the VHE γ−ray band.
The source is visible from the site of the MAGIC telescopes from September to February,
so the observations are concentrated in these months for each year of the monitoring
campaign. Data were taken from November 2017, just after the neutrino event, up
to February 2020 in wobble mode, with both the standard [30, 37] and Sum-Trigger-
II [38, 39] triggers (see Sect. 1.3.4 for more details), and were split into different MC
periods, based on the seasonal and technical conditions of the telescopes as described
in Sect. 1.3.4. Details on these periods, as well as on the observation time and the zenith
angle of the observations are reported in Table 3.1.

I performed the analysis of the data taken from September 2019 to February 2020.
The observations in this period were performed with the Sum-Trigger-II system, opti-
mized for low energies, while in the previous periods the standard trigger was used.

All data were analyzed with the MAGIC analysis package MARS, described in
Sect. 1.3.4. The data between September 2019 and February 2020, belong to the same
MC period, reporting a worsening of the PSF of the telescopes with respect to the pre-
vious periods. Since the datataking was performed with the Sum-Trigger-II system, the
data had to undergo the MaTaJu cleaning described in Sect. 1.3.5. Good-quality data
were then selected by applying a cut on the atmospheric transmission value provided
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Cut Value

Selection

Transmission > 0.75
Average current > 3000 µA

Analysis

size > 20 phe
hadronness < 0.28

Table 3.2: Cuts used in data-quality selection and data analysis of TXS 0506+056 during
the period from September 2019 to February 2020.
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Figure 3.2: θ2 plot of TXS 0506+056 data, taken in the period between September 2019
and February 2020. The resulting significance is 3.4σ.

by the LIDAR, and a cut on the average current in MAGIC-I camera in order to suppress
the NSB. The used cut values are reported in Table 3.2. These selection cuts resulted in
a total of 30.4 hours of good-quality data, which were used for the later analysis.

The Sum-Trigger-II analysis follows the procedure described in Sect. 1.3.5, which
mainly corresponds to the standard analysis with a lower cut of the images size in order
to keep faint signals. After applying the RF, which was previously built using MC data,
to the source data, the θ2 plot on this dataset in the low-energy regime was computed.
The signal significance is computed according to [59], as described in Sect. 1.3.4, and it
resulted to be 3.4σ for this dataset, suggesting a hint of detection. The cuts used in the
analysis are reported in Table 3.2, while the θ2 plot is shown in Fig. 3.2.

Following, the lightcurve of the source was computed with a night-wise binning,
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Figure 3.3: Lightcurve from November 2017 to February 2020 for the source
TXS 0506+056 from MAGIC (VHE γ−rays, top panel) and Fermi-LAT (HE γ−rays, bot-
tom panel) instruments. The MAGIC lightcurve is computed in nightly bins, while the
Fermi lightcurve in weekly bins.

above an energy threshold of 90 GeV. (see Fig. 3.3). The source spectral shape assumed
for the lightcurve computation is a simple power-law with spectral index 3.8, value
found from previous observations [114]. For time bins where no significant γ−ray
emission was observed, an UL was computed at the 95% confidence level using the
Rolke method [61] (see Sect. 1.3.4). Results show the source to be in a low-state of
activity during the analyzed period (upper plot of Fig. 3.3, data from MJD 58753), with
an integral flux of (7.1 ± 2.7)× 10−12 cm−2 s−1 above an energy threshold of 90 GeV.

Looking at the whole dataset, a total of 109 hours of good-quality data were used
in the analysis. The resulting LC shows the source to be in low state of activity during
most of the monitored period (about 105 hours), with an enhanced emission on 2018,
December 1 and 3 (MJD 58453 and 58455). The VHE fluxes computed in these dates
and on the long-term low-state period are reported in Table 3.3.

3.2.2 Fermi/LAT data

In HE γ−rays public data from the LAT instrument on board the Fermi satellite [63] (see
Sect. 1.4.1 for more details) were used. Since Fermi/LAT scans the entire sky every three
hours, the observations cover the whole monitoring period.
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Obs. period Flux

2018, Dec 1 (9.8 ± 2.2)× 10−11 cm−2 s−1

2018, Dec 3 (1.8 ± 3.4)× 10−10 cm−2 s−1

Nov 2017 - Feb 2020 < 1.0 × 10−11 cm−2 s−1

Table 3.3: Results of MAGIC observations on TXS 0506+056 during the whole period,
from November 2017 to February 2020. The reported fluxes are computed above an
energy threshold of 90 GeV.

I took care of the data taken between January 2019 and February 2020. Data were
analyzed using the Fermi Science Tools3 v.1.2.23 and PASS8 response function (P8R3)
[128]. We considered Source class events from all layers of the detector. The selection
was made on all data in an energy range of 100 MeV − 300 GeV contained in a ROI of
15◦ radius centered on TXS 0506+056 position. In addition, a cut of 90◦ on the zenith
angle was put in order to avoid contamination by background γ−rays coming from the
Earth’s limb [129]. Good-quality data were then prepared by selecting only those time
intervals where LAT was in a standard data-taking mode, and excluding those related
to particular spacecraft events which could affect the data quality.

A maximum likelihood analysis was performed, providing the best parameters ap-
proximating the observed data given an input source model. The model is taken from
the Fermi/LAT Fourth Source Catalog (4FGL) [66], based on 8 years of data, and includes
all point-like and extended sources in the ROI. A contribution to the model is also given
by the galactic and isotropic background diffuse emission, which are added thanks to
the templates provided by Fermi4. In order to limit the number of degrees of freedom,
during the fitting process we concentrated on the optimization of TXS 0506+056 param-
eters, leaving them free to vary, together with those modeling the diffuse background
components. The spectral functions used to model the sources are those reported in the
4FGL catalog, where, in particular, TXS 0506+056 is described with a LogParabola:

dN
dE

= N0 ×
(

E
Eb

)−[α+β ln(E/Eb)]

, (3.1)

with the spectral parameters defiend in Sect. 1.4.1. Results from the analysis show an
integral flux of (3.6 ± 0.3) × 10−8 cm−2 s−1 and a test statistic of 1918 (∼ 44σ) on the
period under consideration.

The source lightcurve was then computed in weekly bins, by applying the same
procedure as before in each time bin For those bins where no significant signal is ob-
served, an upper limit is computed. The Fermi/LAT lightcurve is shown in Fig. 3.3,
together with the MAGIC one.

3https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
4https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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3.2.3 Multi-wavelength dataset

The monitoring of TXS 0506+056 involved a lot of other instruments spanning the radio
to X-ray bands, in order to have a complete picture of the behaviour of the source over
time.

In the X-ray band observations were performed with the XRT telescope [70] on
board the Neil Gehrels Swift observatory [68] (see Sect. 1.4.2) and the NuSTAR telescope
[130], which provided data in the ranges 2 − 10 keV and 3 − 78 keV respectively. The
observations of both telescopes were organized in order to ensure simultaneity with
MAGIC pointings.

In the ultraviolet band observations were performed by the UVOT telescope [71],
another instrument on board the Swift satellite. It observed the source simultaneously
to XRT in all the available filters (v, b, u, w1, m2, w2), which cover a total range of
1700 − 6500 Å.

In the optical band several instruments observed the source. In particular, public
data are taken from the All-Sky Automated Survey for Supernovae project (ASAS-SN)
[131], which automatically monitors the entire visible sky every night up to a magni-
tude of 17 in the V band. ASAS-SN observed the source in the g and V bands. Data
were taken and analyzed through their automatic online tool5. The source was also
monitored by the KVA telescope [132] and the Astronomical Observatory of the Uni-
versity of Siena. Both telescopes coordinated their observations with MAGIC in order
to have contemporaneous data. Finally, additional observations with the Rapid Eye
Mount telescope (REM) [133, 134] were triggered after the MAGIC flare in December
2018. All the three telescopes took data in the r band. Apart from KVA, which took
observations during the whole monitoring period, the other instruments observed in
the period from November 2017 to the beginning of 2019.

Also in the radio band a lot of different instruments were involved. Since the neu-
trino event in 2017, observations in this band were intensified. The 40 m telescope at
the Owens Valley Radio Observatory (OVRO) took data of TXS 0506+056 at 15 GHz as
part of its blazar monitoring program, which started in 2008 [135]. The Australia Tele-
scope Compact Array6 (ATCA) has been observing the source at multiple frequencies
between 5 GHz and 40 GHz since 2009 [136]. Finally, since August 2020, the Effelsberg
100 m radio telescope started a monitoring of the source in the ranges between 19 GHz
and 25 GHz, and between 36 GHz and 44 GHz [137].

Results from multi-wavelength observations are shown in Fig. 3.4, from X-ray (top
panel) to radio (bottom panel), in the period from November 2017 to February 2021.

5https://asas-sn.osu.edu/
6It is a radio interferometer composed of 6 radio telescopes with a diameter of 22 m, which can reach

baseline lengths up to a maximum of 6 km.
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Figure 3.4: Multi-wavelength lightcurve of TXS 0506+056 from Nov 2017 to Feb 2021.
From top to bottom the panels show X-ray data (Swift/XRT, NuSTAR), ultraviolet data
(Swift/UVOT), optical data (ASAS-SN, KVA, Siena observatory, REM), and radio data
(OVRO, ATCA, Effelsberg).
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3.3 Results and outlook

This work presents a long-term multi-wavelength campaign on the candidate neutrino
blazar TXS 0506+056, which plays a crucial role in establishing connections between
high-energy neutrinos and astrophysical objects. TXS 0506+056 was a poorly studied
source before the 2017 neutrino event, and this work, complementing the paper [127],
is one of the most complete monitoring campaigns of the source.

In VHE γ−rays (Fig. 3.3, top), TXS 0506+056 shows an emission consistent with a
low-state of activity during most of the observations. A flaring activity is registered on
2018, December 1 and 3, where a flux level consistent with the September 2017 flare is
detected. However, this more recent flare is not accompanied by any detected neutrino
emission.

In HE γ−rays (Fig. 3.3, bottom), the source appears to be in a very different state
with respect to September 2017. During the neutrino emission, the source was experi-
encing a long-term brightening which lasted multiple months, while results from this
campaign show several short flares and a lower average flux from November 2017 until
the last months of 2019. In the last period of the campaign the source emission changed
to a low-state of activity, the duration of which could be proved only with additional
observations.

In the other bands (Fig. 3.4) we observe a moderate variability, with a decay trend
in X-rays and UV in 2020-2021. However, in these bands, no significant flares are de-
tected. In radio a long-term rising trend is observed, starting from the period around
the 2017 neutrino event and lasting more than two years. During this phase the radio
flux density increased from ∼ 600 mJy to more than 2000 mJy in all the observed bands
but the low-frequency 16 cm band observed by ATCA, where the rising trend is slower
and never reached the same absolute maximum of the other frequency ranges. This
behaviour transitioned into a plateau at the end of 2019, which lasted until the end of
2020, when the source experienced a steep flux decay continuing until February 2021,
namely the end of the monitoring program.

To conclude, this work represents one of the most complete monitoring campaigns
of the source TXS 0506+056, collecting more than two years of data from radio to VHE.
However, since this object started to be deeply studied only after the 2017 neutrino
event, we are far from understanding its duty cycle and the precise processes at work
in the emission, for which additional observations in the coming years are needed.
In particular, collecting more data can provide insights into multi-wavelength correla-
tions, the investigation of which would be of great help in shedding light on the zones
where the emission in the various bands comes from. For example, the radio trend
seems to be completely uncorrelated from the behaviour in the other bands, but, the
physical zones related to radio emission are usually different from the ones contribut-
ing to higher energies. Thanks to intra-band correlations, similar conclusions can be
drawn on the emission in other frequency ranges.





Chapter 4

Candidate neutrino-emitting blazars
sharing physical properties with
TXS 0506+056

TXS 0506+056 is the first potential neutrino-blazar ever detected. This source is clas-
sified as a BL Lac object of the IBL type, making it neither one of the most powerful
blazars, nor one with the peaks at the highest energies and placing it in the middle of
the blazar sequence [95, 96]. As already introduced in Sect. 3.1, although the developed
emission models are in agreement with the 2017 observational data, the details of the
neutrino production and the nature of the source are not yet fully understood. More-
over, despite the observational differences between FSRQs and BL Lacs1, the division
between the two sub-classes is not sharp and the classification of a single blazar is often
not straightforward. Indeed, TXS 0506+056, which is usually referred to as a BL Lac
object, was suggested to have a potential FSRQ nature in the last years [138].

The work presented in this chapter aims at investigating the properties of a sam-
ple of blazars with observational features similar to TXS 0506+056, especially regarding
their accretion flow and jet emission. The objective is a better understanding of their na-
ture as FSRQs or BL Lacs and their multi-messenger role as potential neutrino emitters.
Our results suggest most of the candidates to potentially be masquerading BL Lacs, pre-
senting VHE and neutrino fluxes not detectable by the current and future instruments
in an average emission state.

Results from this project have been published in the proceeding [139] and a paper
is currently in preparation [140]. In this work I had a central role on different aspects.

1For example the presence of lines in their optical spectra, the position of the peaks in their SED, or
their Compton dominance.
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I performed the selection of the candidate sources, investigated the reliability of their
redshift, discarding those objects with an unreliable redshift, and further filtered the
sample based on information on the emission lines in their optical spectra. Then I
worked on the estimation of the sources accretion rate, based on the information on
spectral lines above cited, and on the Swift analysis of all publicly available data. Fi-
nally, I also had an important role in the project organization, and writing of the paper.
The following chapter is adapted from the aforementioned paper.

4.1 Selection of candidates

The candidates have been selected from the second release of the Fourth Catalog of
Fermi/LAT Active Galactic Nuclei (4LAC-DR2) [141, 142], based on the second release
of the Fourth Fermi/LAT catalog (4FGL-DR2) [66, 143]. The 4FGL-DR2 contains γ-ray
sources detected in the energy range from 50 MeV to 1 TeV in the first 10 years of Fermi
activity, from 2008 to 2018. The 4LAC catalogs have been developed to identify counter-
parts to 4FGL γ-ray sources, the position of which is associated with objects showing
AGN-type spectral features in different wavebands. The new catalogue contains 285
additional AGNs with respect to the first release, the majority of which are blazars. In
particular, the 4LAC-DR2 contains 689 FSRQs, 1111 BL Lacs, 1277 blazar candidates of
unknown type and 70 non-blazar AGNs.

By taking into account all blazars in the catalog with a known redshift, the luminos-
ity of each object was derived using the relation:

Lγ = 4πd2
L

Sγ(ν1, ν2)

(1 + z)1−αγ
, (4.1)

where (1+ z)1−αγ is the redshift correction, with z the redshift and αγ = Γγ − 1 the spec-
tral index in the γ−ray band; dL is the luminosity distance2, depending on the redshift
[144, 145] and computed through astropy3. Both z and αγ are measured values taken
from the 4LAC-DR2 catalog. The term Sγ(ν1, ν2) in Eq. 4.1 is the γ−ray energy flux
between the frequencies ν1 and ν2 and it is computed as in [146] through the relation:

Sγ(ν1, ν2) =


αγhν1Fγ

1 − αγ

[(
ν2
ν1

)1−αγ − 1
]

if αγ ̸= 1

hν1Fγ ln
(

ν2
ν1

)
if αγ = 1

, (4.2)

where Fγ is the photon flux between ν1 and ν2. In this specific case, the computation was
done using the value of Fγ reported in the catalog for each source, which is estimated
in the energy range 1 − 100 GeV, so the values of ν1 and ν2 considered here are the
corresponding frequencies of this energy range.

2It is defined by the relation f = L/(4πd2
L), where f is the bolometric flux of the source and L its

bolometric luminosity.
3https://docs.astropy.org/en/stable/cosmology/index.html
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Figure 4.1: Photon index Γγ versus γ-ray luminosity Lγ of all sources in 4LAC-DR2
with known redshift. The legend reports: BL Lacs (bll), FSRQs (fsrq), blazar candidate
of unknown type (bcu) and TXS 0506+056 (TXS). The brown box indicates the range
used for the selection parameters Γγ and Lγ. Error bars have been omitted for clarity.

The luminosity distribution of the blazars in the catalog is shown in Figures 4.1 and
4.2, displaying the photon index Γγ of the sources as a function of their γ−ray luminos-
ity and the luminosity histogram of the candidates. From these plots a clear division
between the two blazar subclasses can be observed, with FSRQs tending to have higher
values of both Γγ and Lγ with respect to BL Lacs. In both plots, TXS 0506+056 lies in
the overlapping region of the FSRQ and BL Lac distributions, suggesting a complex
classification of the source, although in the catalog it is classified as a BL Lac object.
Indeed the nature of this source is not firmly established and it was also suggested to
be an FSRQ in the work of [138]. Thus, its nature is not fully understood and it may
have transitional properties between the two subclasses of blazars.

Motivated by these arguments, we performed a selection based on parameters di-
rectly related to the physics governing the sources and, consequently, on their classifi-
cation into FSRQs and BL Lacs. The chosen parameters are the γ-ray photon index, the
integral luminosity in 1 − 100 GeV range and the frequency of the synchrotron peak.
The photon index and the synchrotron peak frequency were extracted directly from the
catalog, while the luminosity was derived as described above. Note that, since the lu-
minosity was chosen as a selection parameter, all sources without a known redshift are
excluded a priori from the selection. The chosen parameters were constrained to be
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Figure 4.2: Luminosity histogram of all sources in the 4LAC-DR2 catalog with known
redshift. The legend is the same as in Fig. 4.1. The bin width is 0.3.

close to those of TXS 0506+056 within the following defined ranges:

Γγ,TXS − 0.5 < Γγ < Γγ,TXS + 0.5,
log10(Lγ,TXS)− 0.5 < log10(Lγ) < log10(Lγ,TXS) + 0.5,
log10(νS,TXS)− 0.7 < log10(νS) < log10(νS,TXS) + 0.7,

where Γγ,TXS = 2.079 ± 0.014, νS,TXS = 3.55 × 1014 Hz, and Lγ,TXS = (1.62 ± 0.04) ×
1046 erg/s are referred to TXS 0506+0564. The ranges for Γγ and Lγ are displayed in
Fig. 4.1. The sample resulting from this selection contains 27 sources, most of which
are blazars and, in particular, BL Lac objects. The full list of the selected sources can be
found in Table 4.1.

4.1.1 Resulting sample

Since the aim of this work is to find a sample of sources with similar physical properties
to TXS 0506+056, we intend to give an estimation of the accretion rate of the candidates.
For the computation of this quantity we need not only the redshift value of the candi-
dates but also information on the emission lines in their optical spectra, in particular
the luminosity of the lines.

Starting from the sources in Table 4.1, we thus applied a further selection aimed at
keeping only the objects with a detailed spectral analysis in the optical and/or ultravio-
let band. For each object we performed a search in the literature to inspect the reliability

4Note that the 4LAC-DR2 catalog does not report an error on the synchrotron peak frequency.
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of the redshift value reported in the 4LAC-DR2 catalog and the presence of information
on the emission lines. Details are reported in the last column of Table 4.1 and listed in
the following. We found that almost half of the sources in the sample (13 objects) do not
report any optical/UV spectral analysis in the literature; 7 sources have a reliable red-
shift but no detailed information on their spectral lines is reported. In particular, one
of them went out of the selection after the redshift inspection (4FGL J0908.9+2311): the
redshift reported in the catalog for this source is z = 1.184, while the one provided in
the reference [150] is z = 0.431. With this new value, the luminosity of the source does
not lie anymore in the range defined for the selection. Within the remaining 7 sources,
3 just provide a redshift lower limit given by the absorption lines of the host galaxy.
Finally, there are 4 sources, including TXS 0506+056, showing a detailed optical/UV
spectral analysis. All of them are classified as BL Lac objects. Our work is then based
on these 4 sources, namely 4FGL J0509.4+0542, 4FGL J0050.7-0929, 4FGL J1309.4+4305,
4FGL J0114.8+1326. In Table 4.2, for each of them, we report the selection parameters
(photon index Γγ, synchrotron peak frequency νS, luminosity Lγ) as derived from the
4LAC-DR2 catalog, together with the information on their redshift and spectral lines
and the related references. We also report the associated counterpart. Throughout the
chapter, we will refer to each of them using the counterpart name.

4.2 Estimation of accretion rate

From the optical/UV spectral observations, we are interested in the luminosity of the
emission lines, which can be exploited to recover different useful quantities such as the
photon energy density in the broad line region (BLR) and in the torus (see Sect 4.4),
or the accretion rate. In this section we give an estimate of the accretion rate of the
candidates in order to understand if they could share the same accretion mechanism
and the same nature as typical BL Lac type objects.

Starting from the luminosity of the lines we extrapolated the luminosity of the BLR
of the source through the use of the lines ratios reported in Table 1 of [153], where the
authors estimate the strength of the emission lines with respect to the lyα line (to which
a reference value of 100 is assigned) in a composite spectrum of > 700 quasars. These
ratios are used to estimate LBLR through the relation

LBLR = ∑
i

Li,obs
⟨L∗

BLR⟩
∑i Li,est

, (4.3)

reported in Eq. 1 of [154], where Li,obs is the observed luminosity, Li,est is the line ratio
and ⟨L∗

BLR⟩ is the sum of the ratios. Since one of our sources shows Hα emission, we
added this contribution (not included in the list of [153]) to the line ratios, as it was done
in [154]. The BLR luminosity is a reliable tracer of the disk emission, since the broad
emission lines observed in the spectrum arise from the plasma directly ionized by the
disk radiation. Thus, we estimated the luminosity of the accretion disk assuming a that
the BLR reprocesses about 10% of the disk emission: Ldisk ≃ 10 LBLR. Finally, from
the disk luminosity, we recovered the accretion rate, defined as the quantity of matter
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Source
LBLR Ldisk ṁlow ṁhigh[erg s−1] [erg s−1]

TXS 0506+056 2.55×1043 2.55×1044 1.96×10−2 1.96×10−1

PKS 0048-09 2.42×1042 2.42×1043 1.86×10−3 1.86×10−2

GB6 J0114+1325 3.66×1044 3.66×1045 2.82×10−1 2.82
B3 1307+433 3.39 × 1044 3.39 × 1045 2.61×10−1 2.61

Table 4.3: Estimated values of BLR luminosity, disk luminosity and accretion rate.

accreted by the black hole per unit of time and given by Ṁ = Ldisk/(ηc2), with η the
accretion efficiency. In terms of the Eddington luminosity, the accretion rate becomes:

ṁ =
1
η

Ldisk

LEdd
, (4.4)

where LEdd = 1.3 × 1038 M
M⊙

erg
s , and η is assumed to be η = 0.1 for black holes. Since

we do not know the exact value of the black hole mass, we assumed the two reasonable
values MBH = 108, 109 M⊙ in order to define a possible range in which the accretion
rate can lie. The results we found are summarized in Table 4.3.

Despite the expectations, we can see that the recovered accretion rates are quite
different from source to source. Taking into account the division proposed by [84], we
suppose a separating value between FSRQs and BL Lacs of ṁd ∼ 5 × 10−3, assuming
that the FSRQs have a higher ṁ value while BL Lacs have a lower one. From our results,
we can see that the values found for B3 1307+433 and GB6 J0114+1325 lie well above the
dividing value, suggesting a radiatively efficient accretion regime. The same applies
for TXS 0506+056, for which we found values slightly larger than the one found in
Padovani et al. [138] and being thus in line with the results of this work. The recovered
values are one order of magnitude lower than the ones of the two previous sources but
still consistent with an efficient accretion regime. For PKS 0048-09 the situation seems
more complex, since the recovered values for this source lie around ṁd, so we cannot
make any strong conclusion about the possible classification of this object.

4.3 Instruments involved and analysis

For each source, public data from Swift/UVOT, Swift/XRT and Fermi/LAT were ana-
lyzed. The aim is to build and then model the SED of each candidate by using data
taken contemporaneously. For this reason, we firstly computed the candidates lightcurves
in order to identify eventual quiescent and flaring states of activity. Then, identified
them, we chose periods for both low and high states which present contemporaneous
multi-wavelength data. Having contemporaneous data is necessary in order to build a
SED where the emission comes from the same mechanisms in the source environment.
In the following, a description of the instruments involved and the analysis techniques
used, together with results for each single source is reported.
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4.3.1 Fermi/LAT data

In HE γ−rays public data from Fermi/LAT were analyzed [63]. A dedicated analysis
was performed for each selected source using 12 years of LAT observations taken be-
tween 2008, August 4 and 2020, August 4. Following, the analysis was repeated on the
smaller time intervals we identified based on the γ−ray and multi-wavelength activity
of the selected sources as explained above.

The analysis was performed with Fermipy5 v1.0.1 [65], the Fermi Science Tools6

v.2.0.8 and PASS8 response function (P8R3). The data selection was made by using
P8R3 (v3) Source class events [128], in the energy range 100 MeV− 1 TeV, in a ROI of 15◦

radius centered on the source position. Different cuts were applied on the zenith angle
in order to limit the contamination from background γ-rays from the Earth’s limb [129].
In particular, for energies E < 300 MeV events with zenith zd > 85◦ were excluded, for
energies 300 MeV− 1 GeV the cut is put on zd > 95◦, while for E > 1 GeV on zd > 105◦.

A count map with a pixel size of 0.1◦ was created. A model is also created to de-
scribe the sky, which includes al point-like and extended sources in the 4FGL-DR2 [66,
143] catalog located within 15◦ from the source position, and the galactic and isotropic
diffuse emission7. In the analysis, the spectral parameters of the sources located within
3◦ from the target and the normalization of the background emission were left free to
vary, while for the sources within 3◦ − 5◦ distance only the normalization was allowed
to vary. The parameters of the source at a larger distance from the target were kept
fixed. The spectrum of the sources was modeled with the same functions as in 4FGL-
DR2. For GB6 J0114+1325 a PowerLaw was used:

dN
dE

= N0 ×
(

E
Eb

)−Γ

, (4.5)

while for the others a LogParabola was adopted:

dN
dE

= N0 ×
(

E
Eb

)−[α+βln(E/Eb)]

(4.6)

(see Sect. 1.4.1 for parameters definition). This procedure was applied firstly to create
the sources lightcurve, with time bins of two months, for each time bin, and then to
compute their SEDs is the chosen time periods.

4.3.2 Swift/XRT data

In X-ray public data from Swift/XRT [70] were analyzed in the energy range 0.2− 10 keV.
Firstly, a dedicated analysis of each selected source using all available observations was
performed in order to compute their daily lightcurve. Then, the analysis was repeated

5http://fermipy.readthedocs.io/en/latest/, it is a python library which makes use of the Fermi Sci-
ence Tools.

6https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
7https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

http://fermipy.readthedocs.io/en/latest/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Source E(B − V)

PKS 0048-09 0.0274 ± 0.0008
GB6 J0114+1325 0.0261 ± 0.0016

B3 1307+433 0.0168 ± 0.0006

Table 4.4: Values of the colour excess for each candidate.

on smaller time intervals selected based on the activity of the source, integrating all
observations in the chosen interval in order to recover the sources spectrum. Data from
the sources were analyzed by using the HEASOFT v. 6.29 and XSPECv.12.12.0g software
packages.

All XRT observations were performed in photon counting mode [72] and each spec-
trum was rebinned in energy in order to have at least 25 counts per bin to apply the
χ2 test. In one case, namely for the source GB6 J0114+1325, the counts were not suffi-
cient, so the spectrum was rebinned with 4 counts per bin and the Cash statistic [73]
was used. All XRT spectra were then modeled with an absorbed power-law, defined
by N(E) = K E−ΓX E−nHσabs (see Sect. 1.4.2 for the definition of the spectral parameters),
where the Galactic column density was measured according to [74] and kept fixed in
the fit.

4.3.3 Swift/UVOT data

In the optical/UV band simultaneous UVOT observations were performed during the
XRT pointings. UVOT observed in all available filters (v, b, u, w1, m2, w2), covering the
range 1700 − 6500 Å, for each source. Data were analyzed using the 20201215 CALDB-
UVOTA release of the calibration database.

For each filter, we summed the available images and applied the aperture photome-
try technique in order to recover the magnitude of the candidates. This was done firstly
for images taken in single observation dates to build the source lightcurve and then on
all those taken in the selected periods to build the sources SED, contemporaneous to
the other multi-wavelength data.

For each candidate, the source counts were extracted from a circular region cen-
tered on the source, with a radius of 5 arcsec; while background counts were obtained
from a circular region of 40 − 60 arcsec radius located in a source-free area. The mag-
nitudes were computed in the Vega system and then corrected for Galactic extinction,
given by the relation Aλ = E (B − V) [aλRv + bλ] [76] as described in Sect. 1.4.2. The
colour excess E(B − V) was recovered according to [155] and is reported in Table 4.4
for each source, while the other coefficients are measured in [76] and reported in Table
1.5. The corrected magnitudes were finally converted into energy fluxes by using the
parameters in [75], reported in Table 1.4.
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4.3.4 Analysis results

In the following we report the results from our Swift and Fermi analyses. As already
mentioned, we firstly recovered the sources multiwavelength emission over time and
then built their SED in specific time intervals defined by the candidates state of activ-
ity. Among our sources, B3 1307+433 and GB6 J0114+1325 do not show clear low and
flaring states in their lightcurves, so for these sources we just created a SED in their
average state. The source PKS 0048-09 is the only one for which we defined both a low
and a high state period, given that it is the only source in our sample showing signs
of flaring activity. For all sources, the spectral results from Fermi/LAT and Swift/XRT
analyses have been collected in Tables 4.5 and 4.6 respectively, while the magnitudes
obtained from UVOT analysis in Table 4.7. The recovered multi-wavelength SEDs for
each source in the selected periods are shown in Fig. 4.4.

PKS 0048-09

The source has been observed by Swift 9 times between 2008, June 4 and 2012, January
13 with both XRT and UVOT. The multiwavelength lightcurve of the source is quite
peculiar, since it shows three flares in the three analyzed bands (Fermi/LAT, Swift/XRT,
Swift/UVOT) which are not coincident in time. Indeed they happened in different peri-
ods and do not correspond to the brightest activity on the other bands, so it is not easy
to define a unique high state of activity for the source. The Fermi/LAT flare has no co-
incident Swift simultaneous observations, so we cannot say anything about the source
activity in the other bands in that period and cannot consider it to build the simulta-
neous high-state SED of the source. Regarding the brightest XRT flare, it happened in
May−June 2009 and is not coincident with the brightest activity in UVOT band. The
same happens for the UVOT flare in December 2011−January 2012: it corresponds to
a relatively high activity of the source in the X-ray band, but not to the brightest X-ray
flare.

We finally decided to consider as high state a period of few months coincident with
the UVOT flare because of the slightly higher LAT flux in that period. The full period
we considered for Fermi-LAT analysis in the high state ranges from 2011, November
15 to 2012, January 24. Instead, for the low state we considered the period between
2009 September 26 and 2011 February 8, containing two Swift pointings. Given the
peculiarity of the source emission over time, we also report its full multi-wavelength
lightcurve (see Figure 4.3).

For XRT and UVOT analyses, we summed all data from observations in the chosen
periods. For both the high and low states, the spectral parameters obtained from XRT
analysis, together with the nH value and the total exposure time of the observation are
reported in Table 4.6, while the magnitudes recovered through UVOT analysis are re-
ported in Table 4.7. For Fermi/LAT analysis, data in the selected periods were integrated
and the obtained spectral parameters can be found in Table 4.5. This table shows also
the results for the analysis on 12 years of Fermi/LAT data, which was used to build the
lightcurve. In this period, the source significantly detected (TS = 7500, corresponding
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Source
Period

M
JD

TS
Flux

Spectralvalues

PK
S

0048-09
12

years
54682−

59065
7500

3.31±
0.15

N
0
=

4.97±
0.12

;
α
=

1.91±
0.02

;
β
=

0.062±
0.010

quiescent
55100−

55600
610

2.04±
0.34

N
0
=

8.11±
1.14

;
α
=

1.97±
0.11

;
β
=

0.044±
0.005

high
55880−

55950
230

6.00±
1.22

N
0
=

3.30±
0.26

;
α
=

1.92±
0.09

;
β
=

0.089±
0.040

B3
1307+433

12
years

54682−
59065

2930
0.76±

0.07
N

0
=

0.76±
0.03

;
α
=

1.74±
0.04

;
β
=

0.093±
0.017

average
59488−

59759
80

0.65±
0.30

N
0
=

0.76±
0.19

;
α
=

1.59±
0.23

;
β
=

0.090±
0.085

G
B6

J0114+1325
12

years
54682−

59065
1260

1.39±
0.10

N
0
=

0.56±
0.03

;Γ
=

2.09±
0.03

average
55450−

55600
95

2.54±
0.66

N
0
=

0.86±
0.15

;Γ
=

2.18±
0.13

Table
4.5:

Ferm
i/LA

T
results.

For
PK

S
0048-09

and
B3

1307+433
a

log-parabola
function

has
been
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for

fitting
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spectra
using

a
E

b
of

924
M

eV
and

1.39
G

eV,respectively.
A

pow
er-law

function
w

ith
E

b
=

1.4
G

eV
has
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used

for
G

B6
J0114+1325.

T
he

reported
flux

values
are

in
unitof10 −

8
ph

cm
−

2
s −

1,w
hile

norm
alization

values
are

in
unitof10 −

12

M
eV

−
1

cm
−

2
s −

1.

Source
State

of
n

H
Γ

X
K

Exp.tim
e

activity
[cm

−
2]

[keV
−

1
cm

−
2

s −
1]

[ks]

PK
S

0048-09
high

3.10×
10

20
2.16±

0.17
(7.0±

0.5)×
10 −

4
2.94

quiescent
2.12±

0.07
(8.7±

0.4)×
10 −

4
6.69

G
B6

J0114+1325
average

3.27×
10

20
4.0±

0.7
(7.7±

3.6)×
10 −

5
1.18

B3
1307+433

average
1.85×

10
20

2.38±
0.18

(6.9±
0.6)×

10 −
5

21.29

Table
4.6:V

alues
ofthe

param
eters

obtained
from

the
fitand

totalexposure
tim

e
for

each
source.

Source
State

of
v

b
u

w
1

m
2

w
2

activity
[m

ag]
[m

ag]
[m

ag]
[m

ag]
[m

ag]
[m

ag]

PK
S

0048-09
high

16.4±
0.04

16.81±
0.03

15.99±
0.02

16.02±
0.03

16.05±
0.03

16.18±
0.02

quiescent
14.85±

0.03
15.22±

0.02
14.39±

0.02
14.41±

0.02
14.41±

0.03
14.69±

0.02
G

B6
J0114+1325

average
16.85±

0.1
17.21±

0.07
16.29±

0.05
16.29±

0.05
16.27±

0.06
16.28±

0.04
B3

1307+433
average

17.31±
0.04

17.72±
0.03

16.86±
0.03

16.86±
0.03

16.9±
0.03

17.01±
0.02

Table
4.7:

R
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line)and
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state

(low
er

line).
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Figure 4.3: Multi-wavelength lightcurve of the source PKS 0048-09. From top to bottom,
the panels show: Fermi-LAT flux in 60-days bins, values assumed by the γ−ray spectral
index in the same bins, Swift/XRT flux in daily bins, Swift/UVOT flux in daily bins. The
shaded areas identify the boundaries of the low and high state periods chosen to build
the SED.

to a significance > 85σ) and presents flux and spectral parameters in agreement with
the values reported in the 4FGL-DR2 catalog, which are α = 1.92± 0.03, β = 0.06± 0.01.
During the high-state period the source presents a slightly higher flux (about twice the
one derived in the 12-years analysis) while the log-parabola indexes are compatible
within the statistical uncertainties.

GB6 J0114+1325

The source has been observed by Swift only 4 times between 2010, November 22 and
2020, July 17, with both the XRT and UVOT modules. As for the other sources, we
firstly built the lightcurve of the candidate in order to identify suitable low and high
states of activity, finding no a clear variation in the source flux. However, since the
data are so few and so sparse in time, it is not possible to select a time interval with
a large number of Swift pointings for the construction of the SED. Moreover for this
source we did not identify any clear high state in the lightcurve, so we just considered
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the average-state SED.
We decided to consider an interval of a few months around the first Swift/XRT obser-

vation (on 2010, November 22), which is one of the most significant ones. The Fermi/LAT
analysis is then computed on the whole period, defined from 2010, September 11 to
2011, February 8.

The XRT observations show a low total exposure (see Table 4.6). For this reason
the number of counts obtained in each energy bin is not enough to apply the χ2 statis-
tic, so in this case the Cash statistic is used (see Sect. 1.4.2). The values of the spectral
parameters resulting from the fit, the value used for nH, and the total exposure time
are reported in Table 4.6. UVOT performed observations in the same day in all photo-
metric bands. The values found for each filter are reported in Table 4.7. In Fermi/LAT,
GB6 J0114+1325 presents a significant emission (TS = 1260, > 35σ) on the 12 years of
data and the obtained spectral parameters (see Table 4.5) in agreement with the 4FGL-
DR2 results (Γ = 2.11 ± 0.04) for this source. During the selected period the source
present a slightly higher flux (less than twice the one derived in the 12-years analysis)
and a power-law index compatible within the statistical uncertainties.

B3 1307+433

This source has been observed by Swift 18 times between 2010, September 2 and 2021,
December 10, with the majority of the pointings in 2021, thanks to a dedicated observa-
tion proposal we submitted. In particular, we have 13 observations in the period from
2021, October 4 to 2021, December 10.

We firstly generated the lightcurves of the source in all bands, which do not show
changes in the average emission state of the source in the period from October to De-
cember 2021. Taking into account this result and given the large number of observations
in this period, we chose these data to build the SED of the source in its average state.
Fermi/LAT analysis was performed in the whole period from 2021, October 1 to 2021,
December 31.

For both XRT and UVOT, we summed all the available observations in this period.
With UVOT we obtained the detection in all photometric bands. Results from the analy-
ses are reported in Tables 4.6 and 4.7 In Fermi/LAT the source shows a significant excess
(TS = 2931, > 50σ) on the 12-years analysis, with spectral parameters in agreement
with the 4FGL-DR2 (α = 1.77 ± 0.05 and β = 0.08 ± 0.02) For the selected average-
state period the source presents a similar emission with flux and spectral parameters
compatible within the uncertainties with the one obtained using 12 years.

4.4 Modeling

During the 2017 multi-messenger campaign, the most likely emission scenario found
to interpret the SED of TXS 0506+056 is a mixed lepto-hadronic model with a domi-
nant leptonic component and a subdominant hadronic one. The former describes both

8See https://www.cta-observatory.org for data on CTA sensitivity.

https://www.cta-observatory.org
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Figure 4.4: Multi-wavelength SED of the candidates in the selected periods and mod-
eling in lepto-hadronic context. Grey points show the archival data from ASI ASDC
[156], while light-blue stars, gold hexagons, and green pentagons show Swift/UVOT,
Swift/XRT and Fermi/LAT data in the selected periods, respectively. The model lines
show: electron synchrotron emission (orange), synchrotron self Compton emission
(blue), external Compton emission (brown), Bethe-Heitler cascades (violet), cascades
from π0 (green), and π± (red) decay. For the two sources lying in the northern emi-
sphere (GB6 J0114+1325, B3 1307+433) a comparison with the sensitivity of MAGIC
(salmon dashed line, [30]), VERITAS (light-green dashed line, [157]), and CTA North-
ern array8(cyan dashed line) for 50 hours of observation, is also shown, while for the
only source in the southern emisphere (i. e. PKS 0048-09), the comparison is done with
H.E.S.S. (purple dashed line, [158]) and CTA Southern array (seagreen dashed line).
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Source
Ltorus RBLR Rtorus

[erg s−1] [cm] [cm]

PKS 0048-09 9.68 × 1042 1.56×1016 3.89 × 1017

GB6 J0114+1325 1.46 × 1045 1.91×1017 4.78 × 1018

B3 1307+433 1.36 × 1045 1.84 × 1017 4.60 × 1018

Table 4.8: Estimated values of torus luminosity, BLR radius and torus radius.

bumps of the SED in therms of synchrotron and inverse Compton emission by primary
electrons, while the latter arises in X-rays and VHE γ−rays as the result of e± cascades
initiated by pion decay and Bether-Heitler pair production. In this model, the target
photon field for pγ interactions was considered to be external to the jet, as suggested
by energetic constraints, and relativistically boosted in the reference frame of the emit-
ting region, which is schematized as a spherical blob moving along the jet with radius
R′, Doppler factor δ, and average magnetic field B′.

The three selected targets are here modeled under the same framework and using
the same code already applied to TXS 0506+056, i e. LeHa [159]. It is a stationary code
able to calculate the photon and neutrino emission from a spherical emitting region in
the jet. The main difference between the model used for TXS 0506+056 and the one
applied here is that in the first case a spine-layer structured jet was considered, with
the layer providing the main target photon field, while now we consider external target
photon fields from the BLR and the torus, as suggested by our results on the accretion
rate. This is possible since LeHa accepts arbitrary target photons fields as input for both
pγ and γγ interactions. The energy distributions of the primary electrons and protons
filling the emitting region are parametrized as a broken power-laws the former and a
power-law the latter, both with exponential cut-offs at the maximum energy.

For the purposes of this work, the important parameter is the radiation energy den-
sity of the broad emission line photons. In order to compute this quantity we need infor-
mation on the luminosity and radius of the BLR. We gave an estimation for the former
in Sect. 4.2 thanks to our study on the spectral lines, while the latter can be recovered
from the disk luminosity by assuming a simple scaling relation: RBLR = 1017L1/2

disk,45 cm
[160], where Ldisk,45 is the luminosity of the disk in units of 1045 erg s−1. The recovered
values for each source are listed in Table 4.8. This relation implies that, within the BLR,
the energy density of the line photons is constant and equal for all sources. The value
obtained in the observer’s frame is

uph,BLR =
LBLR

4πcR2
BLR

2.24 = 5.95 × 10−2 erg cm−3, (4.7)

where the factor 2.24 in the formula comes from geometrical considerations of a uni-
form spherical emitter [161]. The photon energy density in the jet frame (u′

ph,BLR) relates
to what is measured in the observer’s frame (uph,BLR) as u′

ph,BLR = Γ2uph,BLR, where Γ is
the bulk Lorentz factor.
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A similar procedure can be done in order to obtain the luminosity and photon en-
ergy density in the torus. In this case we assume that the accretion luminosity repro-
cessed by the torus is about 40%, so Ltorus = 0.4 Ldisk. As in the case of the BLR, we
assume a scaling relation between the luminosity of the disk and the radius of the torus:
Rtorus = 2.5 × 1018 L1/2

disk,45 cm [160]. The results for both Ltorus and Rtorus for each source
can be found in Table 4.8.

In the numerical modeling, the energy densities of the BLR and the torus photon
fields (u′

BLR and u′
torus respectively) are considered as free parameters in the fit. They

are parametrized as functions of the location of the emitting region r and the Lorentz
factor Γ following the approach of [162] with slight modifications in order to consider
a full shell between 0.9 RBLR and 1.1 RBLR instead of an opening angle of π/4 as in
the original version (see [163] for details), as well as a torus reprocessing fraction of
0.4. We assume the the emitting region to be always within Rtorus, which gives thus
u′

torus = 0.028 erg cm−3. This result, together with the results obtained for u′
BLR for

each source, will be compared with the values obtained by estimations and discussed
in Sect. 4.5.

The modeling of the SEDs is provided in Fig. 4.4, the expected neutrino spectrum is
shown in Fig. 4.5, and the detailed list of model parameters in Table 4.9. For all sources,
we start by performing a leptonic modeling with a fixed value of δ = 30. Once the
leptonic component is able to reproduce the data, we then add a hadronic contribution,
increased up to a level that does not overshoot the constraints in the X-rays. We do
not perform an extensive study of the parameter space, nor perform a minimization.
In particular, the hadronic component here is not constrained by the data. With these
results we show that a lepto-hadronic modeling inspired by the ones developed for
TXS 0506+056, and assuming as target photon field the radiation from the BLR and the
torus, can reproduce the SED, and provide an estimate of the neutrino spectrum.

4.5 Discussion and Conclusions

In this work we searched for sources with similar observational properties to TXS 0506+056,
aiming at identifying potential similarities in their accretion mechanism and non-thermal
processes at work in the jet emission.

We selected the sources from the 4LAC Fermi catalog of AGNs, based on their
γ−ray luminosity, γ−ray photon index and synchrotron peak frequency. These selec-
tion criteria excluded a priori all sources without an established value of their redshift,
which represent ∼ 63% of the BL Lac population in the catalog. The initial sample
we obtained consisted of 27 objects. However, the need for precise information on the
spectral emission lines for the determination of the candidates accretion rate led to only
4 blazars, including TXS 0506+056, all classified as BL Lacs. Indeed, the great majority
of the selected objects lacks a detailed spectral analysis in the literature, and almost half
of them lacks any measurement of their optical/UV spectra. Therefore, we strongly
support detailed spectroscopic measurements of the blazars which we had to exclude
from the sample, as well as campaigns aimed at measuring the redshift of Fermi/LAT
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Figure 4.5: Neutrino spectrum expected from the model in Fig. 4.4 of the sources under
consideration, compared with the IceCube 5σ sensitivity for point-source searches in
for 8 years of exposure [164]. The sensitivity is shown for a declination of 30◦ in the
upper left panel and of 0◦ in the other panels, based on the proximity to the source
declination.

blazars. These measurements will be essential for the knowledge of the luminosity of
the sources in the catalog and a deeper investigation of the selected objects, allowing us
to enlarge the sample and potentially perform statistical studies.

For three sources in the selection, namely TXS 0506+056, B3 1307+433, and GB6
J0114+1325, the obtained values for the accretion rate suggest an efficient accretion pro-
cess around the supermassive black hole and the presence of a BLR rich of gas (see [84]),
which is also supported from the modeling performed on the sources. For one source,
i. e. PKS 0048-09, the situation seems more uncertain, since the estimated values lie
around the proposed dividing value between FSRQs and BL Lacs. The accretion rate
depends on the unknown black hole mass and, in this work, for all selected sources, the
ranges we found for the accretion rate are computed assuming two typical mass values
for AGNs. The obtained values are consistent with typical accretion rate estimates in
AGNs. However, the lack of a black-hole mass estimate adds an additional uncertainty,
preventing a more precise estimation of the accretion rate. This fact is particularly rele-
vant for the case of PKS 0048-09, for which a further investigation is needed for a better
understanding of its nature.

Public multiwavelength data from the selected sources were analyzed, searching for
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Source PKS 0048-09 low PKS 0048-09 high GB6 J0114+1325 B3 1307+433

z 0.635 0.635 0.685 0.693
δ 30 30 30 30
Γ 20 20 20 20
R′ [1016 cm] 1.25 1.25 1.25 1.25

B′ [G] 1 1 1 1
⋆u′

B [erg cm−3] 0.04 0.04 0.04 0.04

γ′
e,min 300 300 300 300

γ′
e,break 1.6 × 103 2.6 × 103 3.0 × 103 2.2 × 103

γ′
e,max 2 × 105 2 × 105 1.6 × 104 1.5 × 104

αe,1 = αp,1 2.0 2.0 2.0 2.0
αe,2 3.35 4.1 3.0 3.5
K′

e [cm−3] 1.6 × 103 4.5 × 103 8.0 × 102 8.0 × 102

⋆u′
e [erg cm−3] 1.0 × 10−3 9.6 × 10−3 1.8 × 10−3 1.5 × 10−3

γ′
p,min 1 1 1 1

γ′
p,max[108] 1 1 1 1

K′
p [cm−3] 130 130 56 56

⋆u′
p [erg cm−3] 3.4 3.4 1.5 1.5

u′
BLR [erg cm−3] 7.0 × 10−2 7.0 × 10−2 0.12 0.20

u′
torus [erg cm−3] 2.8 × 10−2 2.8 × 10−2 2.8 × 10−2 2.8 × 10−2

⋆r[RBLR] 2.0 2.0 1.9 1.7
⋆L [1046 erg s−1] 2.7 2.7 1.2 1.2

Table 4.9: Parameters of the lepto-hadronic models. The quantities flagged with a star
(⋆) are derived quantities, and not model parameters. The jet luminosity has been cal-
culated as L = 2πR′2cΓ2(u′

B + u′
e + u′

p), where u′
B, u′

e, and u′
p are the energy densities of

the magnetic field, the electrons, and the protons, respectively, in the jet frame.

contemporaneous high and low emission activity in the different bands. A flaring state
could be identified for PKS 0048-09 only, while for the other sources simultaneous peri-
ods of average activity were selected. The SED of the candidates in the selected periods
was built with the available multiwavelength data and modeled in the same frame-
work used for TXS 0506+056, assuming a lepto-hadronic emission. Results from the
modeling show that standard leptonic scenarios can reproduce the SED of the selected
sources, with a dominant component at high energies given by the external Compton
(EC) process on the BLR and the torus. These features are typical of FSRQs. The model
is thus in agreement with the results found for the accretion rate, suggesting the selected
sources to have a non-inefficient accretion disk and a rich BLR, and hence potentially
be masquerading BL Lacs. PKS 0048-09 is the only source showing a flaring behaviour
and for which we modeled two different flux states. A successful modeling of the high
state is achieved by changing only the energy distribution of primary electrons in the
emitting region, without modifying the parameters of the jet, nor of the external photon
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field (see Table 4.9). This change explains the higher SSC contribution in the SED of the
flaring state of PKS 0048-09 compared to the other sources.

The hadronic component, responsible for the neutrino emission, emerges in X-rays
as the contribution of pion decay and Bethe-Heitler pair production, coming from photo-
meson interactions. For B3 1307+433 the observations we took thanks to our Swift pro-
posal play relevant role in constraining the contribution of the hadronic component.
Therefore, additional measurements in this band are essential for a more precise char-
acterization of the X-ray emission of these sources and to rule out the possibility of a
purely leptonic emission. In particular, additional data from Swift/XRT for the objects
with few observations would provide a better characterization of the 0.2− 10 keV band,
while data from e. g. NuSTAR are essential to characterize the higher energies, since no
data in this band are available at the moment for the selected sources.

The models were computed assuming both the BLR and the dusty torus as target
photon fields, the photon energy densities of which were free model parameters. The
target photon field energy density in the reference frame of the emitting region depends
on its position with respect to the accretion disk, the BLR, and the torus. It can thus be
used to infer the position of the emitting region in the jet. The values used in the models
constrain the emitting region to be just outside the BLR, at a few RBLR, as confirmed by
the fit values (see Table 4.9). Indeed the value obtained for u′

BLR results to be lower than
the one estimated thanks to our study on the emission lines, which assumes a region
located inside the BLR. The value obtained from our estimation is: u′

BLR = uBLR Γ2 =
23.8 erg cm−3, where uBLR is given by Eq. 4.7 and Γ has the same value used in the fit.
In addition the value of r computed from the fit is ≥ 1.7 RBLR for all sources, further
confirming the results.

The obtained SEDs and models of the sources were compared with the sensitivities,
for 50 hours of observation, of Imaging Air Cherenkov Telescopes (IACT) − H.E.S.S.,
MAGIC, VERITAS, and the upcoming CTA array − in order to provide perspectives
for VHE observations (see Fig. 4.4). The selected sources appear to be out of reach
for IACTs in their average state. One of the selected sources, B3 1307+433, was ob-
served by VERITAS with an exposure time of 9.4 hours, obtaining a flux upper limit of
17.8 × 10−12 cm−2 s−1 TeV−1 at 256 GeV [165]. This is in line with their potential nature
as masquerading BL Lacs, for which we expect a stronger absorption at VHE from the
source environment with respect to standard, bare, BL Lacs. These objects could be de-
tected by the upcoming Cherenkov Telescope Array only during bright flaring states.
The same comparison was also made for the obtained neutrino spectra with the sensi-
tivity of the IceCube Neutrino Observatory for 8 years of data-taking at a declination of
0◦ or 30◦ (we chose the closest to the source declination). This comparison is reported
in Fig. 4.5 and shows that the expected neutrino fluxes are not detectable by the current
IceCube Neutrino Observatory.

Finally, a comparison with the blazar PKS 0735+17 is worth to be mentioned, since
this object was proposed as the counterpart of the neutrino event IceCube-211208A9,
which was coincident with flaring activity of the source in several wavebands, and was

9See https://www.astronomerstelegram.org/?read=15099.

https://www.astronomerstelegram.org/?read=15099
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shown to have a SED very similar to the one of TXS 0506+056 in the work of [166] (see
Fig. 5). After an inspection of the source parameters reported in the 4LAC-DR2 catalog,
we found that the γ−ray luminosity and spectral index lie in the ranges we defined in
Sect. 4.1. Regarding the synchrotron peak frequency νS, it was found to be quite close
to TXS 0506+056 value during the period of the flare (log νS = 15.17) and shortly after
(log νS = 14.13) [166]. However, in the catalog this blazar is classified as a BL Lac of
the LSP type and the reported value results to be too low to include the source in the
selection (log νS = 13.43). The value in the 4LAC-DR2 refers to an average emission
state of the source. Therefore, the similarities observed in its flaring state are due to the
variability of νS with the source activity and the SED in its average state results to be
not as similar as suggested. A further investigation of this object is needed for a better
understanding of its similarities and differences with TXS 0506+056.





Chapter 5

Follow-up observations of IceCube
neutrino alerts in Very High Energy
γ-rays

In 2013, the IceCube Neutrino Observatory [15] announced the observational evidence
for the existence of high-energy neutrinos of cosmic origin. Additional measurements
performed in the following years [167] confirmed this discovery. The observed astro-
physical neutrino flux has an isotropic distribution, which suggests high-energy neu-
trinos to have mostly an extragalactic origin. This is supported by the evidence for
neutrino emission from the blazar TXS 0506+056 [3], already described in Sect. 3.1.
However, the blazar contribution to the astrophysical neutrino flux was estimated to
be at the level of 7% maximum [168, 169], hence also objects other than blazars have to
be investigated in order to find neutrino and CR sources. Given the recent evidence of
neutrinos from the Seyfert galaxy NGC 1068 [4] and from the Galactic plane [5], good
candidates are represented by other kind of AGNs or by galactic sources, in addition to
other potential candidates, like Tidal Disruption Events [170].

In order to shed light on the composition and multi-messenger emission from these
objects, simultaneous observations in the electromagnetic spectrum need to be per-
formed. In particular, γ−rays are expected to be produced together with neutrinos
in the same interactions of hadrons with ambient matter (proton-proton interactions)
or radiation fields (photo-meson interactions). These processes lead to the generation
of charged and neutral pions, which decay into neutrinos and γ−rays respectively, fol-
lowing the relations 1.4−1.8. The coincident observation of neutrinos and γ−rays from
the same source can thus pinpoint to genuine neutrino emitters and cosmic-ray accel-
erators. However, γ−rays of high energy may interact with the source environment or
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the EBL in their path to Earth, reducing the VHE γ−ray flux and leading to possible
non-detections by γ−ray telescopes. For this reason, also simultaneous observations in
other wavebands are essential to define the state of activity of the source at the time of
the neutrino arrival and provide information on the source emission mechanisms.

The four major IACTs currently operating, namely FACT [171], H.E.S.S. [27], MAGIC
[30, 57], and VERITAS [26], operate real-time follow-up observational programs in co-
operation with IceCube aiming at identifying γ−ray counterparts to neutrino events.
This strategy turned out to be successful in the 2017 IceCube-170922A event related to
TXS 0506+056, allowing to identify the first evidence for a neutrino source. In this case,
the multi-wavelength follow-up of the neutrino alert was essential for establishing the
coincidence and interpreting the source emission.

In this chapter, we present the extensive real-time follow-up programs operated by
the four aforementioned IACTs to neutrino events, the data analysis, and the obtained
results. The followed-up neutrino events are of two main types: singlets and multiplets
(see Sect. 1.2.1 and the next section for more details). The observations are related to
the period ranging from October 2017, just after the IceCube-170922A event, to January
2021, and collect data from counterparts of 11 singlets and 7 multiplets. VHE γ−ray
observations are complemented by multi-wavelength observations in optical, UV, X-
ray, and HE γ−ray bands. At VHE, no detection was achieved in most of the observed
alerts and for each of them integral flux ULs constraining the VHE emission were com-
puted.

Results from this project are published in the proceedings [172, 173] and a paper
is currently in preparation [174]. In this project I was responsible for the MAGIC data
analysis of the source OP 313, counterpart of different multiplet alerts, and for the com-
parison of emission models of the source PKS 1502+106, counterpart of the singlet alert
IceCube-190730A, with our results. I also had an important role in the project organi-
zation and writing of the paper. The following chapter is adapted from the aforemen-
tioned paper. Additionally, it contains a novel analysis performed by myself evaluating
the MAGIC detectability at very high energies of the sources monitored by IceCube for
multiplet alerts (see Sect. 5.6).

5.1 IceCube neutrino alerts

The IceCube alerts considered in this work can be divided into two broad categories:
single high-energy track events, referred to as singlets, and clusters of neutrinos with
typical lower energies, referred to as multiplets. In this work we report observations
of singlet alerts issued between October 2017 and January 2021, and multiplet alerts
issued between May 2019 (i. e. when IceCube real-time infrastructure was updated, see
Sect. 1.2.1) and January 2021.

Neutrino singlets are individual events with typical energies of hundreds of TeV,
since for this channel the alert system is mostly sensitive to neutrinos with E > 100
TeV. Based on their probability of being of astrophysical origin (the so-called signalness,
see Sect. 1.2.1), they are divided in to BRONZE and GOLD events, showing a probabil-
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Equatorial coordinates
IceCube singlet
IceCube GFU multiplet

Figure 5.1: Skymap in equatorial coordinates showing the locations of IceCube neutrino
alerts issued between October 2017 and January 2021. Singlets are labeled by crosses,
while multiplets by diamonds. Grey alerts indicate those which were not followed-
up. Letters indicate which telescopes participated in the observations (F - FACT, H -
H.E.S.S., M - MAGIC, V - VERITAS). Light cyan and magenta bands indicate regions of
the sky potentially observable at a zenith angle less than 45◦ from the Northern (FACT,
MAGIC, VERITAS) and Southern (H.E.S.S.) IACTs, respectively. The visibility windows
for instruments in both hemispheres overlap around the celestial equator, where the
IceCube sensitivity to neutrinos in the ∼ 100 TeV energy range is maximal.

ity > 30% and > 50% respectively. The typical localization uncertainty for these events
is of ∼ 1◦, which well matches the 3.5◦ − 5◦ FoV of current IACTs. The single-event
alerts are publicly distributed under the GCN, with a typical latency of ∼ 30 s, allow-
ing independent real-time observations by the multi-wavelength observatories around
the world. For this kind of alerts the aim of the follow-up is the identification of the elec-
tromagnetic counterpart to the neutrino event. Usually, one or more candidate neutrino
sources can be found inside the alert localization error region. They can be identified
through the use of Fermi/LAT or IACT catalogs, or thanks to targeted electromagnetic
observations. When more than one candidate is found inside the IceCube error region,
the observations focus on the most interesting candidate and can be based, for example,
on the state of activity of the source. When no candidate sources are found inside the
IceCube error region, IACTs usually point to the best-fit neutrino position.

Neutrino multiplets include clusters of neutrinos (also referred to as flares) with
typical energies around ∼ 1 TeV coming from a list of known γ−ray emitters. The
flare duration is not constrained a priori and can range between few seconds up to 180
days. The multiplet alerts are privately distributed by IceCube to the partner IACTs
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Source Start date Trigger date ∆T -log10(p)
[days]

MG1 J181841+0903 2019-01-19 2019-05-27 127.4 3.36 (3.3 σ)
2019-01-19 2019-05-27 127.7 3.36 (3.3 σ)
2019-01-19 2019-05-27 127.9 3.38 (3.3 σ)
2019-01-19 2019-06-05 136.8 3.79 (3.6 σ)
2019-01-19 2019-06-05 137.0 3.79 (3.6 σ)

1ES 1312-423 2019-03-12 2019-03-12 0.26 3.46 (3.4 σ)
PMN J2016-09 2019-11-29 2019-11-29 0.01 3.73 (3.6 σ)
OP 313 2020-02-12 2020-04-10 57.5 2.97 (3.1 σ)

2020-02-12 2020-05-01 78.8 2.93 (3.0 σ)
2020-02-12 2020-05-17 94.7 2.91 (3.0 σ)
2020-03-13 2020-08-27 166.7 2.97 (3.1 σ)

OC 457 2020-08-04 2020-08-04 0.3 3.24 (3.3 σ)
GB6 J0316+0904 2021-01-13 2021-01-15 2.3 3.02 (3.1 σ)

All-sky
(α=51.2◦, δ=-18.6◦) 2019-09-15 2019-09-19 3.7 d 6.77 (5.1 σ)

Table 5.3: Detailed information related to the multiplet alerts followed-up by at least
one IACT. For each alert the source name, the date of the first event in the multiplet
(Start date), the trigger date, the duration of the multiplet time window (∆T), and the
alert pre-trials significance (-log10(p)) [22] are given. Note that for MG1 J181841+0903
and OP 313 multiple alerts were issued.

(currently H.E.S.S., MAGIC, and VERITAS) aiming at determining possible changes in
the emission state of the source, both in terms of temporal or spectral variations. A
system update in 2019 introduced the implementation of the same analysis also in the
search for neutrino clusters in the whole sky. In both cases, the alert is sent to partner
IACTs only if a pre-defined significance threshold is reached. It corresponds to 3σ for
pre-defined γ−ray sources and 4.2σ for the all-sky search. More details on the singlets
and multiplets alerts can be found in Sect. 1.2.1.

IceCube issued 62 singlet alerts between October 2017 and January 2021, and 27
neutrino multiplets from 17 sources, between May 2019 and January 2021. Within these
multiplets, one is an all-sky alert. The location in the sky of all alerts sent is shown
in Fig. 5.1, while basic information on the alerts followed-up by IACTs are listed in
Tables 5.1 and 5.2 (second and third columns) for singlets and multiplets, respectively.
This information includes the energy and signalness for singlets, and the alert duration
and pre-trials significance for multiplets1. In addition, detailed information about the

1The pre-trial significance is the probability of observing a given test statistic from an online trigger in a
background only hypothesis. It does not take into account specific time scales in the computation, except
for the maximum 180 days considered in the analysis. For this reason, it can be quickly computed and
thus be a suitable quantity to define the alert threshold in a real-time analysis. Differently, the post-trial
significance adds time constraints, taking into account a background only hypothesis in the full exposure
time from the beginning of instrument operations up to the time of the interested event. Thus, it makes a
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IACT n◦ tel. Diameter FoV Energy range Rep. speed Location
[m] [deg] [TeV] [deg s−1]

FACT 1 3.5 4.5 0.4 − 10 12 La Palma, Spain

H.E.S.S. 4 12 5.0 0.03 − 100 3 Khomas, Namibia1 28 3.5

MAGIC 4 17 3.5 0.05 − 50 7 La Palma, Spain

VERITAS 4 12 3.5 0.1 − 30 1 South Arizona, USA

Table 5.4: Technical information about current IACT systems. The columns are: number
of telescopes, reflector diameter, camera field of view (FoV), energy range2, reposition-
ing speed, and location.

followed-up multiplet alerts, such as the number of alerts for each source and their start
and end dates, are reported in Table 5.3.

5.2 IACTs follow-up strategy

All current IACT systems (FACT, H.E.S.S., MAGIC, and VERITAS), operate real-time
follow-up programs of IceCube neutrino alerts to search for VHE γ−rays in associa-
tion with astrophysical neutrinos. Basic technical information about the current IACT
systems, like the number of telescopes of each system, the telescopes diameter, the sys-
tem FoV, energy range, repositioning speed, and location, are listed in Table 5.4. Note
that the H.E.S.S. system is the only one in the southern hemisphere.

The specific observation strategy, as well as the total time allocated for follow-up
of neutrino alerts is different for each IACT. For example, MAGIC allocates approx-
imately 40 hours of dark time and 20 hours of moon time per year, while VERITAS
allocates about 45 hours of dark time per year. The final decision to perform follow-up
observations is taken by each IACT independently and relies typically on a combina-
tion of several factors like the intrinsic parameters of the neutrino alert (e. g., signalness,
duration of the flare, etc.), the available visibility window, weather conditions, or the
presence of a candidate electromagnetic counterpart. Usually, for the most interesting
cases, as for example the identification of a new source in IceCube error region, or a
γ−ray source with flux enhancement in other wavebands, deep long-exposure obser-
vations are performed in order to detect and better characterize the interested object.

In addition, all four IACTs have an automatic repointing system allowing to reduce
the delay between the detection of the neutrino at the South Pole and the start of obser-
vations. In this context, a crucial role is played by the telescopes repositioning speed,

more precise estimate. This quantity is usually computed in an offline analysis to find the final significance
level.

2In this table the energy range reported for MAGIC considers the use of the standard stereo trigger [37]
for observations. If the Sum-Trigger-II analog trigger [38, 39] is used the energy threshold can be lowered
to ∼ 20 GeV. The energy threshold reported for H.E.S.S. considers all five telescopes in the system.
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Figure 5.2: Exposure time of IACT observations as a function of the delay for followed-
up alerts. The delay is calculated from the neutrino event arrival time (singlets) or the
flare threshold-crossing time (multiplets) up to the start of the IACT observation. Ob-
servations performed with a start delay less than 100 s or with a total exposure longer
than 4 h are Highlighted. Marker color represents the IACT observing facility (violet -
FACT, orange - H.E.S.S., blue - MAGIC, green - VERITAS) while the marker type repre-
sents the alert type (cross - singlets, diamond - multiplets).

reported in Table 5.4, where we can observe that FACT and MAGIC are the fastest sys-
tems, the former reaching a speed of even 12 deg s−1. Currently, FACT, MAGIC, and
VERITAS automatically repoint to alerts received by GCN (i. e. singlets), while H.E.S.S.
has an alert system allowing a fully automatic response also to multiplets [175]. The au-
tomatic reaction is triggered if the alert is received at night and fulfills specific require-
ments, independently set by each IACT. For example, MAGIC repoints automatically
to singlet GOLD alerts visible during the night, with a 50% angular resolution < 1◦, a
zenith angle < 60◦, and an angular distance to the Moon > 30◦. The initial exposure
for the alerts automatically followed-up is of 2.5 hours. In MAGIC, singlet BRONZE
and multiplet alerts are evaluated case-by-case and scheduled manually.

In detail, the IACTs observed 11 out of the 62 single-event alerts sent by IceCube
between October 2017 and January 2021, and 7 out of the 27 multiplet alerts sent be-
tween May 2019 and January 2021, including the only all-sky alert issued. Seven of the
single-event alerts and one neutrino multiplet were observed by more than one IACT.
The location in the sky of the alerts followed-up by at least one IACT is highlighted in
color in Fig. 5.1. Information on the observation time spent by each IACT on each alerts
is reported in Tables 5.1 and 5.2 for singlets and multiplets respectively. In these tables
the instruments performing multi-wavelength observations are also reported for each
alert.

The IACT delay and exposure for all single-event alerts and neutrino multiplets dis-
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cussed here are presented in Figure 5.2. The delay is calculated from the neutrino event
arrival time, in the case of singlets, or the time at which the significance threshold is ex-
ceeded, in the case of multiplets, up to the start of the IACT observation. Already from
this broad overview, we can deduce some general trends in the follow-up strategies.
Reaction within one day is achieved in 50% of the cases and observations performed
more than one week after the trigger are rare. In two cases, the automatic reaction previ-
ously mentioned allowed to reduce the delay to few tens of seconds. Both observations
were performed by FACT. The total time spent on public IceCube alerts follow-ups
is very similar for all collaborations (∼20 hours), but the approaches are different. In
general, FACT, H.E.S.S., and VERITAS concentrated longer exposures on a few alerts,
while MAGIC performed the highest number of follow-ups but with a shorter average
exposure. Similar trends are observed for neutrino multiplet alerts.

5.3 IACTs observations and analysis

As already mentioned, IACT observations are concentrated in the period October 2017
− January 2021 for singlet alerts and May 2019 − January 2021 for multiplets. All ob-
servations were performed in wobble mode [43], allowing a simultaneous background
measurement in the telescopes FoV. H.E.S.S. collected data using the four 12-m tele-
scopes for all alerts except for the multiplet alert associated with the source 1ES 1312-
423 where data from all five telescopes are included. MAGIC observed most of the
alerts using the standard stereo trigger [37]. An exception is the AGN OP 313, asso-
ciated with a multiplet alert. The observations of this source were performed using
the Sum-Trigger-II analog trigger [38, 39] which delivers improved sensitivity at low
energies.

The analysis was performed by each IACT independently using different packages
[45, 176–179]. The procedure is the same described in Sect. 1.3.4 for all IACTs. In
MAGIC, the data taken with Sum-Trigger-II had to undergo the MaTaJu cleaning (see
Sect. 1.3.5) and be analyzed with lower cuts on the image size in order to keep faint
signals (size> 20 phe instead of the standard size> 50 phe). Good-quality data were
selected based on atmospheric conditions and hardware performance. The signal sig-
nificance was computed through Eq. 1.12 [59]. In the flux computation, the sources
spectral shape is assumed to be a simple power-law,

dN
dE

= K E−Γ,

with an index Γ = 2.5, corresponding to the slope of the IceCube spectrum of the as-
trophysical neutrino flux. In MAGIC analysis, when necessary, the flux values were
corrected for atmospheric extinction due to clouds and aerosols, using data from the
LIDAR system at the MAGIC site [40].

No significant γ−ray emission has been detected from any of the targets under
study, with the only exception of the source 1ES 1312-423, observed by H.E.S.S. and
detected with a significance of 4σ above an energy threshold of 140 GeV. For all other
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alerts, both differential and integral-flux upper limits above a given energy threshold
(different for each alert and observatory) were calculated assuming the aforementioned
spectrum. For the ULs calculation, we used the Rolke method [61, 180] with a confi-
dence level set to 95%, and including a 30% global systematic uncertainty in the effi-
ciency of the applied cuts, as described in Sect. 1.3.4. When an alert is observed by more
than one IACT, we used the combined exposure to calculate joint ULs [181]. The cal-
culation uses a profile maximum likelihood method with a likelihood functional form
as the one reported in Eq. 1.18 and applies the likelihood ratio test for each telescope.
Since different instruments provide independent observations, the test statistics of indi-
vidual experiments, −2 ln λi, can be summed to compute a combined upper-limit value
[174]:

−2 ln λcomb =
N

∑
i=1

−2 ln λi, (5.1)

where N is the number of experiments involved in the follow-up of the same event.
Note that in order to apply this method, all IACTs had to adopt the same energy bin-
ning. As an example, in Sect. 5.5.2, we report combined ULs for one source3. The
analysis for the remaining sources will be available in the upcoming paper [174].

5.4 Multi-wavelength observations and analysis

In the following, we report information on the complementary observations performed
by instruments operating in different bands of the electromagnetic spectrum.

5.4.1 Fermi/LAT

In HE γ−rays, observations were performed by Fermi/LAT, which operates a real-time
monitoring program of public IceCube neutrino alerts, based on a systematic analysis
of the region around the neutrino arrival direction, looking for possible counterparts
[182]. This program showed its potential in the 2017 detection of the flaring blazar
TXS 0506+056 in coincidence with the event IceCube-170922A, since the prompt obser-
vations carried out by Fermi/LAT triggered a rich campaign involving several instru-
ments operating in the whole electromagnetic spectrum.

All observations follow the same analysis procedure. The analysis was performed
with Fermipy4 [65] and PASS8 response function [128]. The settings used in the data
selection and analysis are reported in Table 5.5. For all sources the ROI is centered at
the target position, and a cut on the zenith angle is applied in order to minimize the
contamination of background γ−rays produced in the Earth atmosphere. For singlets
a time range of one month centered at the neutrino arrival time is considered, while

3Note that FACT, H.E.S.S. and VERITAS allow statistical fluctuations of the number of γ-ray events in
the signal region to go below the estimated background. These fluctuations are reduced by the combina-
tion of data sets from different instruments. The resulting, combined upper limits on the γ-ray flux can
therefore be higher, i. e. less constraining, than the ones derived by the individual instruments.

43http://fermipy.readthedocs.io/en/latest/

http://fermipy.readthedocs.io/en/latest/
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Setting Value

Energy range 0.1 − 800 GeV
ROI 15◦ × 15◦

Zenith < 90◦

Spatial bins 0.1◦

Energy bins 10 per decade

Table 5.5: Settings applied on the data selection and analysis of neutrino counterparts
with Fermi/LAT. The reported quantities are: energy range, ROI dimension, zenith
range, width of spatial bins, number of energy bins.

for multiplets a period contemporaneous to the flare duration and IACTs observations
is considered. For singlets, the analysis is centered at the coordinates of the candidate
counterpart if present, otherwise the IceCube alert best-fit position is considered. A
maximum likelihood analysis is applied to estimate the flux and spectrum of each tar-
get. It makes use of a model which includes all 4FGL sources [66] located within 20◦

from the ROI center as well as the Galactic and isotropic background diffuse emission.
The sources spectral shape is taken directly from the 4FGL catalog. For energy bins
with a low significance (< 2σ), flux upper limits are computed.

5.4.2 Swift

The Neil Gehrels Swift observatory [68] observed neutrino counterparts of 3 singlets (PKS
1502+106, NVSS J095508+355102, and NVSS J065844+063711, possible counterparts of
IceCube-190730A, IceCube-200107A, and IceCube-201114A respectively) and 7 multi-
plets (MG1 J181841+0903, 1ES 1312-423, PMN J2016-0903, OP 313, GB6 J0316+0904,
PMN J0325-1843, and OC 457) in the X-ray and optical/UV bands thanks to their XRT
[70] and UVOT [71] telescopes on board.

The X-ray spectral analysis was performed in the 0.3 − 10 keV energy range, using
the XSPECv12.9.1 software package. All XRT observations were performed in photon
counting mode [72]. The spectrum was rebinned in energy and the Cash statistic [73]
was used in the analysis. All XRT spectra are fitted with an absorbed power-law model
and a fixed Galactic column density value in the direction of the source.

In the optical/UV band, UVOT observed the sources in all its filters (the optical
v, b, u and the ultraviolet w1, m2, w2) during XRT pointings. Data were analyzed
using the 20201215 CALDB-UVOTA release of the calibration database. The magnitude
of the candidates is estimated through the aperture photometry technique. For each
candidate, source counts were extracted from a circular region with a radius of of 5
arcsec centered on the source, while background counts were derived from a circular
region of 20 arcsec radius in a nearby source-free region. Magnitudes were corrected
for the Galactic extinction [76] and then converted into energy fluxes [75].
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5.5 Results

In this section we report observational results on few interesting followed-up alerts.
For each of them we give a description of the issued alert, summarize the results from
VHE and multi-wavelength observations, and show the source SED. The SED was built
with simultaneous multi-wavelength data, compared with archival data obtained from
ASI ASDC [156] to have a visual representation of the possible changes in the source
emission state. When possible, the VHE spectrum reporting instruments combined
ULs is also shown. All the remaining alerts will be available in the upcoming paper
[174]. Given that most of the results are flux ULs, a detailed modeling of the observed
sources is out of the scope of this project, which is meant to be a reference catalog paper
summarizing the status of the neutrino follow-up campaigns and the effort done in
VHE γ−rays. In one case, the obtained flux ULs are put in context of already existing
models in order to check if additional constraints on the VHE emission can be put.

5.5.1 Neutrino singlets

In this section, the main results on the follow-up of neutrino singlets are reported. Infor-
mation on the tracks and a summary of observations at VHE can be found in Table 5.1.

IceCube-190730A / PKS 1502+106

The distant blazar PKS 1502+106 (z = 1.84 [183]) has been proposed as a potential elec-
tromagnetic counterpart to the IceCube-190730A GOLD alert in several publications
(e. g. [184, 185]), as it is located within the 50% neutrino uncertainty region, precisely
at 0.31◦ from the best-fit neutrino location.

Within IACTs, only MAGIC participated in the follow-up of the alert, observing at
the source position for 3.1 hours on July 31st, a day after the alert was issued, within a
zenith angle range of 29◦ − 50◦. The source was not detected. The integral-flux upper
limit computed at the location of the source, above an energy threshold of 150 GeV, is
8.09 × 10−12cm−2s−1.

Swift/XRT observations performed during 2019 found the source in a low activity
state at the time of the neutrino flare, showing index and flux values consistent with
archival data. The recovered flux in the 0.3 − 10 keV energy range for observation
dates close to the neutrino detection is reported in Table 5.6.

Since PKS 1502+106 was found to be in a quiet state in optical to γ-ray bands at the
time of detection, the authors of [184] concentrated on the low-state long-term period
of the source, compiling data from WISE, Swift/UVOT, Swift/XRT and Fermi-LAT tele-
scopes in 2010 − 2014. The SED of the candidate was modeled within a lepto-hadronic
framework. Several different emitting region locations were tested to explain the multi-
wavelength and neutrino emission. The authors favor the one placing the emitting re-
gion of PKS 1502+106 beyond the BLR but inside the dust torus. In Figure 5.3a we
present this model together with the VHE γ-ray ULs obtained from the MAGIC obser-
vations and multi-wavelength data.
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(a)

(b)

Figure 5.3: Multi-wavelength SED of PKS 1502+106 compared with model from [184]
(a), and [185] (b).
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Observation Exposure Time Γ Flux 0.3-10 keV
date [s] [×10−12 erg cm−2 s−1]

2019-01-03/31 5442 1.46 ± 0.26 1.14 ± 0.23
2019-06-20/27 2103 1.09 ± 0.52 1.38 ± 0.65
2019-07-04/30 4308 1.11 ± 0.37 1.10 ± 0.36

2019-08-01/09-20 3396 1.01 ± 0.42 1.17 ± 0.43
2019-12-20/27 2415 1.36 ± 0.41 1.20 ± 0.40
2020-01-03/31 4423 1.40 ± 0.34 0.89 ± 0.24

Table 5.6: Results of Swift/XRT observations on PKS 1502+106 around the time of the
neutrino alert in 2019-2020.

Another work modeling the emission of this source in a lepto-hadronic context is
the one from Rodrigues et al. [185], where authors selected three different emission
states of the source starting from the 11-year Fermi light curve. Their model considers
a single emitting region placed at the boundaries of the BLR, which allowed external
inverse Compton emission from the BLR. This component dominates the hard X-ray
and soft γ-ray emission, while soft X rays and hard γ−rays are dominated by photons
originated in Bethe-Heitler processes and subsequent cascades. A comparison between
the low state considered in Rodrigues et al. [185] and the results obtained in this work
is shown in Fig. 5.3b.

Compared with both works, VHE γ-ray data do not provide strong constraints on
either of these models. Moreover, from both Figures 5.3a and 5.3b a different trend
in high energy (HE) γ-ray data from the paper and those from this work can be ob-
served, while UV and X-ray data show a behavior consistent with the one reported
in the two mentioned papers. Differences in HE γ-rays emission can derive from the
non-simultaneity of the analyzed data, although each of the period considered coin-
cides with a low state of activity of the source. Indeed we note that both Oikonomou
et al. [184] and Rodrigues et al. [185] consider a long-term low-state period of activity
of the source, while here we analyzed only one month of Fermi data centered on the
neutrino arrival time. A detailed modeling of the source emission is beyond the scope
of this work. However, we suggest our results as a possible starting point for further
modeling.

5.5.2 Neutrino multiplets

In the following, the main results on the follow-up of neutrino multiplets are shown. A
summary of observations can be found in Table 5.2, while details on the issued alerts
are listed in Table 5.3.
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Observation Exposure Time Γ Flux 0.3 − 10 keV
date [s] ×10−12 erg cm−2 s−1

2007-04-03 2130 1.47 ± 0.17 4.31 ± 0.66
2007-04-07 2793 1.52 ± 0.15 3.99 ± 0.50
2007-06-27 465 1.63 ± 0.34 4.59 ± 1.20
2007-07-31 852 1.82 ± 0.30 2.97 ± 0.65
2007-08-01 4409 1.53 ± 0.15 3.09 ± 0.36
2007-08-05 4181 1.49 ± 0.12 4.61 ± 0.43
2008-05-12 7911 1.58 ± 0.11 2.58 ± 0.23
2008-08-20 4755 1.48 ± 0.13 3.76 ± 0.40
2009-12-12 2303 1.66 ± 0.26 1.70 ± 0.33
2010-04-15 1975 1.47 ± 0.33 2.40 ± 0.62
2011-04-17 3249 1.61 ± 0.28 1.16 ± 0.25
2011-07-03 4722 1.90 ± 0.21 1.21 ± 0.17
2014-05-04 3486 1.65 ± 0.16 2.72 ± 0.40
2014-06-29 3494 1.60 ± 0.18 2.22 ± 0.30
2019-06-20 1870 2.03 ± 0.31 1.35 ± 0.28
2019-12-27 2035 1.55 ± 0.24 2.82 ± 0.48
2019-12-29 1865 1.53 ± 0.23 2.79 ± 0.52
2019-12-31 1249 1.47 ± 0.28 3.09 ± 0.69
2020-03-11 1641 1.70 ± 0.22 3.41 ± 0.55
2020-03-16 2238 1.67 ± 0.23 2.56 ± 0.45
2020-03-21 2218 1.50 ± 0.22 2.85 ± 0.51
2020-05-21 2492 1.61 ± 0.22 2.25 ± 0.38
2020-05-25 2230 1.59 ± 0.25 2.22 ± 0.40
2020-05-29 2048 1.70 ± 0.23 2.44 ± 0.41
2020-06-02 2794 1.48 ± 0.23 2.36 ± 0.42
2020-06-06 2899 1.51 ± 0.20 2.44 ± 0.39
2020-06-10 3037 1.56 ± 0.22 2.02 ± 0.35
2020-06-14 2737 1.68 ± 0.20 2.29 ± 0.35

Table 5.7: Results of Swift/XRT observations on OP 313 between 2007 and 2020.

OP 313

OP 313 is a flat-spectrum radio quasar with redshift z = 0.996 [186] located at RA: 13◦

10’ 28”.66, Dec: +32◦ 20’ 43”.78. Between April and August 2020, IceCube reported the
detection of four multiplet events from this object, with a duration ranging from 57 to
167 days, and a significance slightly above the trigger threshold of 3σ (more details on
Table 5.3).

The MAGIC telescopes observed the source on June 19th, 20th and 23rd within a low
zenith range of 16◦ − 34◦ using the the Sum-Trigger-II analog trigger in order to reach
low energies. The observations were performed in good weather conditions, allowing
3.2 hours of good quality data to be collected. The source was not detected at VHE
and an integral-flux upper limit of 5.20 × 10−11 cm−2 s−1, above an energy threshold of
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Obs. v b u w1 m2 w2
date mag mag mag mag mag mag

2007-04-03 16.91 ± 0.08 17.39 ± 0.07 16.56 ± 0.07 16.58 ± 0.08 16.66 ± 0.08 16.96 ± 0.07
2007-04-07 17.58 ± 0.09 18.20 ± 0.08 17.25 ± 0.07 17.20 ± 0.08 17.22 ± 0.09 17.57 ± 0.07
2007-06-27 - - - - 17.46 ± 0.10 -
2007-07-31 16.56 ± 0.16 16.98 ± 0.12 16.20 ± 0.07 16.28 ± 0.06 16.15 ± 0.14 16.66 ± 0.12
2007-08-01 16.73 ± 0.06 17.24 ± 0.06 16.45 ± 0.06 16.55 ± 0.06 16.66 ± 0.04 16.93 ± 0.06
2008-05-12 - - - - 17.32 ± 0.06 -
2008-08-20 - - - - 16.70 ± 0.06 -
2009-12-12 - - - - - 18.59 ± 0.08
2010-04-15 - - - - - 18.39 ± 0.08
2011-04-17 18.85 ± 0.31 19.82 ± 0.31 18.22 ± 0.14 18.12 ± 0.14 18.08 ± 0.14 18.68 ± 0.13
2011-04-17 - - 18.40 ± 0.07 - - 18.53 ± 0.12
2011-07-03 18.10 ± 0.15 18.71 ± 0.13 17.72 ± 0.11 17.64 ± 0.11 17.74 ± 0.11 18.21 ± 0.07
2014-05-04 18.27 ± 0.08 17.91 ± 0.10 18.03 ± 0.16 18.16 ± 0.17 19.31 ± 0.26 18.28 ± 0.25
2014-06-05 - 19.48 ± 0.26 18.20 ± 0.15 18.09 ± 0.15 - 18.57 ± 0.08
2014-06-10 > 19.09 19.50 ± 0.24 19.58 ± 0.18 18.29 ± 0.16 18.08 ± 0.08 18.65 ± 0.14
2014-06-29 18.91 ± 0.33 19.79 ± 0.31 18.20 ± 0.15 18.22 ± 0.15 18.15 ± 0.17 18.50 ± 0.08
2019-06-20 16.52 ± 0.07 17.05 ± 0.07 16.31 ± 0.07 16.35 ± 0.08 16.35 ± 0.08 16.70 ± 0.07
2019-12-27 16.51 ± 0.07 16.99 ± 0.07 16.16 ± 0.06 16.35 ± 0.08 16.34 ± 0.08 16.57 ± 0.07
2019-12-29 16.52 ± 0.08 16.89 ± 0.06 16.20 ± 0.06 16.27 ± 0.08 16.27 ± 0.08 16.58 ± 0.07
2019-12-31 16.43 ± 0.07 16.80 ± 0.06 16.20 ± 0.06 16.16 ± 0.07 16.44 ± 0.08 16.87 ± 0.08
2020-03-11 - - - 15.84 ± 0.06 - -
2020-03-16 - - 16.08 ± 0.05 - - -
2020-03-21 - - - - - 16.32 ± 0.06
2020-05-21 17.18 ± 0.09 17.87 ± 0.08 17.07 ± 0.08 17.14 ± 0.09 17.17 ± 0.09 17.45 ± 0.08
2020-05-25 17.16 ± 0.09 17.76 ± 0.08 16.99 ± 0.08 17.03 ± 0.09 17.24 ± 0.10 17.52 ± 0.09
2020-05-29 17.14 ± 0.09 17.68 ± 0.08 16.94 ± 0.08 16.94 ± 0.09 16.96 ± 0.11 17.28 ± 0.08
2020-06-02 17.29 ± 0.09 17.73 ± 0.07 16.88 ± 0.07 17.00 ± 0.08 17.04 ± 0.09 17.24 ± 0.08
2020-06-06 17.28 ± 0.09 17.90 ± 0.08 17.03 ± 0.07 17.06 ± 0.09 17.16 ± 0.09 17.34 ± 0.08
2020-06-10 17.64 ± 0.11 18.08 ± 0.09 17.21 ± 0.08 17.30 ± 0.09 17.43 ± 0.10 17.72 ± 0.08
2020-06-14 17.56 ± 0.11 18.03 ± 0.09 17.37 ± 0.08 17.30 ± 0.09 17.37 ± 0.10 17.59 ± 0.08

Table 5.8: Results of Swift/UVOT observations on OP 313 between 2007 and 2020.

55 GeV, was computed.

Multi-wavelength observations by Swift were carried out 32 times between April
3rd, 2007 and March 17th, 2021. The 0.3 − 10 keV spectrum can be fitted with an ab-
sorbed power-law model with NH fixed to 1.23×1020 cm−2. After a period of high
activity in 2007, the X-ray flux of OP 313 decreased during 2008− 2014. A new increase
of activity has been observed starting from 2019, December 27th up to 2020, March 21st,
period which is partly contained in the time window of the neutrino multiplet (starting
on 2020, February 12th). An increase of activity has been observed also in optical and
UV bands during December 2019−March 2020, similar to what is observed in X-rays.
Results from Swift/XRT and Swift/UVOT analyses are reported in Tables 5.7 and 5.8 re-
spectively, while the multi-wavelength SED comparing simultaneous observations to
archival data is shown in Fig. 5.4.
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Figure 5.4: Multi-wavelength SED of OP 313 showing archival observations and obser-
vations obtained during the period following the multiplet neutrino alert.

GB6 J0316+0904

GB6 J0316+0904 is a BL Lac type object with redshift z = 0.372 [187] located at RA: 03◦

16’ 12”.733, Dec: +09◦ 04’ 43”.283. It was selected as a potential target for the neutrino
multiplet program for all three participating IACTs. A multiplet flare was reported by
IceCube on January 15th, 2021, with a short duration of ∼2.5 days and a significance of
3.1 σ just above the trigger threshold (more details on Table 5.3).

The VERITAS telescopes were first on target thanks to their automatic response and
collected data on the same night of the alert issuing. H.E.S.S. pointed to the source
within the following 24 hours and extended the observations over the three following
days. MAGIC started observing three days after the alert; earlier observations were not
possible due to high humidity on site. The total observation time spent by each IACT
on the source is reported in Table 5.2. No detection was achieved by any of the IACTs.
Figure 5.5a shows the differential-flux ULs at VHE, obtained by combining the data
from all three IACTs and computed with the method described in Sect. 5.3.

Swift observed the source 5 times between 2009, March 9th and 2015, January 9th,
i. e. before the neutrino alert. The 0.3 − 10 keV spectrum can be fit with an absorbed
power-law model with NH = 1.27 ×1021 cm−2. Observations carried out on July 3rd
and 4th, 2011 are summed together in order to improve the statistics for the spectral
fit. Results show a significant variability in both the X-ray and optical/UV bands (see
Tables 5.9 and 5.10 for X-rays and optical/UV respectively). However, a comparison
with the source activity at the time of the neutrino alert is not possible since there are
no Swift observations in that period. The source SED showing simultaneous multi-
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Figure 5.5: Combined differential flux UL at VHE (a), and multi-wavelength SED (b)
for GB6 J0316+0904.
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Observation Exposure Time Γ Flux 0.3 − 10 keV
date second ×10−12 erg cm−2 s−1

2009-03-09 2487 1.94 ± 0.10 16.0 ± 1.2
2010-11-23 974 2.23 ± 0.85 1.17 ± 0.45

2011-07-03/04 3259 2.27 ± 0.33 1.05 ± 0.23
2015-01-09 2645 1.97 ± 0.24 2.34 ± 0.39

Table 5.9: Results of Swift/XRT observations on GB6 J0316+0904 between 2009 and 2015.

Obs. v b u w1 m2 w2
date mag mag mag mag mag mag

2009-03-09 15.91 ± 0.12 16.47 ± 0.05 15.79 ± 0.05 16.37 ± 0.06 > 16.57 16.89 ± 0.07
2010-11-23 16.64 ± 0.11 17.54 ± 0.10 17.02 ± 0.11 17.59 ± 0.14 18.32 ± 0.20 18.10 ± 0.13
2011-07-03 16.38 ± 0.12 17.32 ± 0.12 16.53 ± 0.10 17.08 ± 0.12 17.74 ± 0.16 17.78 ± 0.08
2011-07-04 16.62 ± 0.13 17.10 ± 0.10 16.55 ± 0.09 17.35 ± 0.13 17.73 ± 0.11 17.73 ± 0.11
2015-01-09 17.63 ± 0.12 18.33 ± 0.12 17.81 ± 0.11 18.39 ± 0.16 18.95 ± 0.19 19.04 ± 0.15

Table 5.10: Results of Swift/UVOT observations on GB6 J0316+0904 between 2009 and
2015.

wavelength data is reported in Fig. 5.5b.

5.6 An investigation of the detection chances on individual
sources with MAGIC

The sources monitored for the identification of neutrino clusters were selected from the
3LAC [28] and 3FHL [29] Fermi catalogs based on their γ−ray energy flux, expected to
correlate with a state of enhanced neutrino emission, and additional selection criteria,
aimed at maximizing their detectability prospects at VHE (see Sect. 1.2.1). The VHE de-
tectability of the sources was computed starting from their average Fermi flux reported
in the catalogs, multiplied by a factor of 10 in order to simulate a flare. The resulting
spectrum was then extrapolated at E > 100 GeV in order to evaluate the significance of
the observation for a defined amount of observation time. For MAGIC the considered
time is 2 hours. Only the sources exceeding a significance of 5σ are kept in the selection.
The final list comprises 179 sources for MAGIC and a total of 339 objects if we consider
also those monitored for H.E.S.S. and VERITAS.

However, performing the selection based on the average flux does not take into ac-
count possible temporal changes of the sources flux over time, which is an important
factor since AGNs are known to be variable objects. In order to have a more precise
estimation of their detectability chances with MAGIC, we re-performed the same anal-
ysis on the sources lightcurves, making the extrapolation on the flux observed by Fermi
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in each time bin, rather than on the average flux. In this case we did not simulate any
flare on the source fluxes, considering the actual flux values observed.

We concentrated our work on the list of 179 objects monitored by IceCube for MAGIC,
selecting only those for which we received at least one neutrino alert in the past. These
include both the set of sources related to the previous sections, as well as those sources
showing at least one multiplet alert in the archival search performed by [22]. The selec-
tion comprises three sets of sources reporting respectively:

• only one alert;

• more than one alert, with all alerts showing the same start date of the neutrino
flare, meaning that they can be potentially related to the same flare;

• more than one alert, with some of them showing a different start date of the neu-
trino flare, meaning that they can potentially come from different neutrino flares.

Within these three sets, the last one comprises the most interesting sources under the
point of view of neutrino emission, since it is possible that these objects underwent
different neutrino flares in the past. Besides the sources in the list, we also added the
possible counterpart to the all-sky flare mentioned in Sec. 5.1, which was observed by
IceCube in September 2019. The potential counterpart is the source PMN J0325-1843,
a blazar candidate of unknown type without a redshift estimation5. In order to make
the extrapolation also for this source, we assumed as redshift the median value of all
sources in the catalogs, which is z = 0.4.

For all the considered sources, the lightcurves were built over 9.5 years of data,
starting from August 2008, with time bins of 28 days and an integral flux per bin com-
puted above an energy threshold of 1 GeV. For the extrapolation at VHE, we used the
spectral shape and parameters reported in the 3FGL [188] and 3FHL catalogs for each
single source. When a source shows a redshift z > 0.01, the effect of EBL absorption is
taken into account in the computation of the spectral shape. For example, in the case of
a LogParabola, the spectral functional form used is:

dN
dE

= N0 ×
(

E
Eb

)−[α+βln(E/Eb)]

e−τ, (5.2)

where the term e−τ is the absorption factor, with τ the optical depth, tabulated in [189]
for different energy bins and redshift values.

In order to estimate the significance of an observation in the VHE band, Eq. 1.12 is
used, where the number of signal events is recovered according to Eqs. 1.15 and 1.16
for each time bin in the lightcurve. In the computation, we used the effective area of
the MAGIC telescopes, the source spectrum previously defined, scaled with the flux
observed in the interested time bin, and an assumed observation time. In the following
we report the results for observations of 2 hours, 10 hours and 50 hours for all sources

5Note that the unknown redshift prevents it to be part of the list of 179 monitored sources.
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showing at least one alert in the past [22]. They are shown in Table 5.11. From this
table we can observe that very few objects are bright enough to be probably detected
by MAGIC with just 2 hours of observation. Those showing a non-zero number of
bins with a detection significance > 5σ for this amount of time are ∼ 20% of the total
number of sources here considered. If we consider only those objects showing a > 5σ
significance in at least 30% of the total bins, this number reduces to just ∼ 8% of the
sources in the table. Moreover, a large fraction of the sources would have never been
detected even with 50 hours of observation in the 9.5 years considered for the analysis.
They represent 47% of the full sample reported in the table. This result suggests that
such bright flares as the ones simulated to select the whole list of monitored sources
are very rare and that 47% of the objects considered here has never undergone a bright-
enough flare in γ−rays allowing the MAGIC telescopes to detect them with even 50
hours of observation.

3FGL name Alias Det. bins Det. bins Det. bins
2h 10h 50h

O
ne

al
er

t

3FGL J0112.8+3207 4C +31.03 0% 0% 0%
3FGL J0128.5+4430 GB6 J0128+4439 0% 0% 0%
3FGL J0221.1+3556 S3 0218+35 0% 0% 1.7%
3FGL J0316.1+0904 GB6 J0316+0904 0% 6.7% 43%
3FGL J0342.2+3857 GB6 J0342+3858 0% 0% 0%
3FGL J0349.2-1158 1ES 0347-121 0.8% 14% 34%
3FGL J0424.7+0035 PKS 0422+00 0% 0% 2.5%
3FGL J0608.0-0835 PKS 0605-08 0% 0% 0%
3FGL J0750.6+1232 OI 280 0% 0% 0%
3FGL J0809.8+5218 1ES 0806+524 8.4% 42% 84%
3FGL J0909.0+2310 RX J0908.9+2311 0% 3.4% 30%
3FGL J1031.0+7440 S5 1027+74 0% 0% 2.5%
3FGL J1015.0+4925 1ES 1011+496 40% 98% 100%
3FGL J1028.5-0235 PMN J1028-0237 0% 0% 0%
3FGL J1105.9+2814 MG2 J110606+2812 0% 0% 0%
3FGL J1127.8+3618 MG2 J112758+3620 0% 0% 0%
3FGL J1217.8+3007 1ES 1215+303 24% 76% 98%
3FGL J1218.0-0029 PKS 1215-002 0% 0% 0%
3FGL J1221.3+3010 1ES 1218+304 50% 90% 98%
3FGL J1224.5+2436 MS 1221.8+2452 0% 9.2% 24%
3FGL J1230.9+1224 M 87 0% 4.2% 50%
3FGL J1312.7+4828 GB 1310+487 0% 0.8% 2.5%
3FGL J1416.0+1325 PKS B1413+135 0% 0% 0%
3FGL J1419.9+5425 OQ 530 0% 0% 0%
3FGL J1555.7+1111 PG 1553+113 97% 100% 100%
3FGL J1628.2+7703 6C B163030.4+771303 0% 0% 0.8%
3FGL J1728.5+0428 PKS 1725+044 0% 0% 0%
3FGL J1734.3+3858 B2 1732+38A 0% 0% 0%
3FGL J1743.9+1934 1ES 1741+196 0% 8.4% 40%
3FGL J1849.2+6705 S4 1849+67 0% 0% 0%



5.6. AN INVESTIGATION OF THE DETECTION CHANCES ON INDIVIDUAL
SOURCES WITH MAGIC 131

3FGL J2016.4-0905 PMN J2016-0903 0% 0% 7.6%
3FGL J2250.1+3825 B3 2247+381 6.7% 38% 60%

>
1

al
er

t,
sa

m
e

fla
re

3FGL J0217.2+0837 ZS 0214+083 0% 0.8% 3.4%
3FGL J0319.8+1847 RBS 0413 0.8% 18% 40%
3FGL J0423.2-0119 PKS 0420-01 0% 0% 0%
3FGL J0521.7+2113 VER J0521+211 56% 96% 100%
3FGL J1058.6+5627 TXS 1055+567 0% 5.0% 50%
3FGL J1442.8+1200 1ES 1440+122 0% 11% 41%
3FGL J1818.6+0903 MG1 J181841+0903 0% 0% 0%
3FGL J1829.6+4844 3C 380 0% 0% 0%
3FGL J2143.5+1744 OX 169 0% 0% 0%

>
1

al
er

t,
m

or
e

fla
re

s 3FGL J0137.0+4752 OC 457 0% 0% 0%
3FGL J0141.4-0929 PKS 0139-09 0% 0% 0%
3FGL J0232.8+2016 1ES 0229+200 0% 10% 29%
3FGL J0416.8+0104 1ES 0414+009 0% 3.4% 33%
3FGL J0509.4+0541 TXS 0506+056 0.8% 5.9% 38%
3FGL J0937.7+5008 GB6 J0937+5008 0% 0% 0%
3FGL J1310.6+3222 OP 313 0% 0% 0%
3FGL J1647.4+4950 SBS 1646+499 0% 0% 0.8%
3FGL J1955.1+1357 87GB 195252.4+135009 0% 0% 0%

al
l-

sk
y

3FGL J0326.0-1842 3PMN J0325-1843 0% 0% 0%

Table 5.11: Detectability at VHE of IceCube monitored sources for which at least one
multiplet alert was received by MAGIC. The sources are divided based on the num-
ber and type of alerts received: only one alert, > 1 alert, with all alerts showing the
same start date (i. e. potentially coming from the same flare), and > 1 alert, with some
of them showing a different start date of the neutrino flare (i. e. potentially coming
from different flares). In addition, the last line shows the detectability of the source
associated with the only all-sky alert received. The columns show the 3FGL name of
the sources, their associated counterpart, and the percentage of time bins for which the
sources are detected by MAGIC with 2 hours, 10 hours and 50 hours of observation.
These last values were computed by dividing the number of time bins where the sig-
nificance of the observation resulted to be > 5σ by the total number of time bins, which
is 119 for each source.

As already mentioned before, the sources in the third group are so far the most
interesting ones under the neutrino-emission point of view. However, according with
the table, most of them are very faint. Indeed, only 4 objects out of 9 show a non-
zero probability of being detected with 50 hours of observation time. Within them,
TXS 0506+056 results to be the one with the highest number of detected time bins,
although they are only the ∼ 38% of the total number of bins. If we consider 2 hours of
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observation, only the 0.8% of the bins is detected, corresponding to 1 bin out of the total
119 and being it the period of the famous 2017 flare. Besides the 2017 neutrino event,
this source resulted to be associated also with 4 neutrino multiplets in the past (see
Sect. 3.1): three of them in 2015, all showing the same flare start date, and one in 2016,
with a different start date of the neutrino flare. All these events make TXS 0506+056 an
interesting object under the neutrino-emission point of view.

Other interesting candidates regarding the received neutrino alerts are OP 313 and
SBS 1646+499. The former shows 4 neutrino multiplet alerts in the past, all happen-
ing in 2020 and three of them reporting the same start date (see also Table 5.3 and
Sect. 5.5.2). It may also be the possible counterpart of the singlet event IceCube-120515A
(∼ 200 TeV). The latter shows 4 neutrino multiplet alerts in the past (one in 2013, one
in 2014, two in 2016), all possibly related to different neutrino flares. However, the
detectability prospect at VHE for these objects are very low, since for 50 hours of obser-
vation, OP 313 results to be non-detectable in each of the considered time bins, while
SBS 1646+499 results to be detectable in only the 0.8% of the cases.

5.7 Discussion and outlook

In this work, we have presented results from the neutrino follow-up programs of the
FACT, H.E.S.S., MAGIC, and VERITAS experiments. These programs have evolved
significantly over the years as more has been learned about the properties of the as-
trophysical neutrino flux and its potential sources, and as new alert streams have been
made available by IceCube through the upgrade of the GFU program (see Sect. 1.2.1).
Within this context, each IACT collaboration implemented its own observing priorities,
and the resulting observations turn out to be highly complementary to each other (see
Sect. 5.2). These efforts are an integral part of the current long-term science programs of
the IACT observatories. The significant observation times allocated to the follow-up of
neutrino events allow for the coverage of a large parameter range in terms of observed
events, delay times between the neutrino event(s), and duration of the observations.

The IACTs performed follow-up observations of six multiplets and one all-sky alert
from May 2019 to January 2021. The sources monitored for the search of multiplet
events are mostly composed of BL Lac objects and FSRQs, expected to be potential
neutrino emitters and selected based on their detectability prospects at VHE. In order
to computed their detectability, the selection criteria include a simulated flaring state
based on their average flux in HE γ−rays. However, as already mentioned in Sect. 5.6,
this simulation does not account for variations of the source flux over time, leading to
a possible overestimation of the detection chances of the selected objects. This is con-
firmed by the subsequent study performed on a selection of the sources monitored for
MAGIC, where the monthly fluxes recovered in their 9.5-years lightcurve were con-
sidered. The ∼ 47% of the selected objects results to be non-detectable even with 50
hours of observation, suggesting that a revision of the list of monitored source based
on their actual flux variations over time may be beneficial in the selection of candidates
with higher detectability chances. However, although most of the followed-up sources
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would need a larger amount of observation time, the differential flux upper limits given
by the IACTs in the TeV γ−ray regime together with the X-ray observations can be
used to constrain maximum contributions from photo-hadronic interactions, and the
combined upper limits from all IACTs increase our constraints on SED models.

Furthermore, the IACTs performed follow-up observations of eleven IceCube sin-
glet events between September 2017 and January 2021. These events have a relatively
high signalness (compared to low energy events) and small uncertainty region (of the
order of 1◦). In addition, potential counterpart sources are found within the uncertainty
region of six events. It is an ideal data sample for IACTs to search TeV γ−ray signals
from the photo-hadronic interactions. The main purpose of this work is to serve as a
legacy data set. While a detailed SED modeling for all sources is beyond the scope of
this project, we used PKS 1502+106 (Sec. 5.5.1) as an example to discuss the potential ef-
fects as well as the limitation of our results on the current modeling works, and suggest
our results as a possible starting point for further modeling.

Looking to the future, the geographical distribution of the observatories in latitude
has enabled full-sky coverage across Northern and Southern hemispheres, and their
location in longitude expands the total sky observable area of the combined IACT net-
work, increasing the likelihood of a prompt follow-up observation in cases where the
visibility from one observatory site is constrained by weather, sunlight, bright moon-
light, or technical issues. This aspect is critically important to enable VHE γ-ray ob-
servations of rare transient neutrino candidate events, or in the search for other time-
domain or multi-messenger triggers, as has been demonstrated recently by follow-up
observations of gravitational wave events (e.g., GW170817A [190]) and γ-ray bursts de-
tectable in the VHE range (see [191] for an overview of recent detections). This under-
lines the value of conducting analyses combining all available IACT data as presented
in this project. All follow-up programs are ongoing and further analyses of this kind
will prove highly beneficial in the search for VHE counterparts to neutrino events.

In the absence of a clear association of multi-wavelength signatures with neutrino
alerts, these broad searches need to continue in the future. The upcoming Cherenkov
Telescope Array has included neutrino follow-up observations as part of the Key Sci-
ence Projects to be conducted with high priority in the early years of the observatory
[192]. The significant increase in sensitivity and the full-sky coverage provided by its in-
stallation on both hemispheres promise exciting breakthroughs [193] in these searches.
Further improvements are also expected in the near future with the onset of science
operations of the KM3NeT neutrino telescope in the Mediterranean Sea [194], further
extensions to the Gigaton Volume Detector (GVD) installation in Lake Baikal [195], and
other proposed neutrino telescopes such as P-ONE [196] and the TRIDENT [197]. These
facilities will be able to identify more astrophysical neutrino candidate events, improve
the angular resolution of the overall dataset and due to their location in the North-
ern hemisphere, they will offer a view of the Galactic Plane complementary to that
provided by IceCube. The next-generation IceCube detector, IceCube-Gen2 [198], will
provide significantly increased sensitivity to high-energy neutrinos in the next decade
due to its larger volume, and will therefore improve multi-messenger searches like the
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ones presented here.



Chapter 6

Development of hadronic emission
models into the open-source python
package agnpy

The emission of jetted AGNs and blazars is usually interpreted by means of software
tools implementing the radiative processes of non-thermal, relativistic particles (both
leptons and hadrons) accelerated in their jets. This approach is very effective in ad-
vancing the theoretical understanding of the field. Indeed, modeling the broadband
SED of such astrophysical objects allows to infer the non-thermal energy distribution
of the emitting particles, the location of the emission sites, and to investigate the jet
composition, with the ultimate aim of identifying the long-sought sources of cosmic-
rays. However, the currently available modeling software programs including also a
hadronic description of AGNs emission are private (see e. g. [159, 199–204]). This limits
their usage by the astrophysical community at large and makes it difficult to reproduce
or verify the obtained results.

Open-source software programs do also exist. Among them, naima1,2 [205] is the
first python package aimed at modeling the non-thermal emission of astrophysical ob-
jects made publicly available. It assumes comoving densities of interacting particles,
hence being more appropriate to interpret the radiation from unbeamed sources, like
for example supernova remnants.

JetSet3,4 is a C/Python package developed to reproduce radiative and accelera-

1https://github.com/zblz/naima
2https://naima.readthedocs.io/en/latest/
3https://github.com/andreatramacere/jetset
4https://jetset.readthedocs.io/en/latest/index.html
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tion processes acting in galactic and extragalactic jetted sources. It is a time-dependent
code evolving the particle distribution according to its acceleration and cooling, and
computing the emitted non-thermal spectra due to radiative processes. However, this
package mainly considers leptonic processes. The only hadronic process it implements
consists of proton-proton (pp) interactions, which do not have a relevant contribution
in the emission of jetted AGNs, since the environment of these objects is mainly consti-
tuted of photon fields. The role of pp interactions becomes important only in the case
of a proton target (like e. g. a star [206] or a red giant [207]) entering the jet.

In this chapter, we describe the implementation of two hadronic processes relevant
in AGNs and blazars emission into agnpy [102], an open-source python package specif-
ically designed to model the broadband SED of jetted AGNs. The package was initially
built including only leptonic processes, thus not capable of estimating a possible neu-
trino flux from the sources under study. With the development of hadronic processes,
we made agnpy the first open-source software able of a lepto-hadronic interpretation
of AGNs emission. The processes I took care of implementing are the synchrotron
emission from relativistic protons in the jet and the radiation of secondary particles
from photo-meson interactions, with the latter being the most commonly considered
in hadronic modeling scenarios. They will be described in detail in the next sections.
Results from this project have been published in the proceeding [208]. The work here
described was also conducted within the scope of a Master thesis [209], where I co-
worked with the student in the code development but also had an important advising
role.

6.1 The agnpy package

As already mentioned, the package agnpy was created with the aim of providing an
open-source software for the modeling of jetted AGNs. It is entirely written in the
python programming language and built of the Numpy [210], SciPy [211], and astropy

[212] packages.
Before our development, agnpy only provided leptonic radiative processes from

an electron distribution accelerated in a spherical region, known as plasmoid or blob,
streaming relativistically along the jet. These processes include synchrotron emission
(implemented following [213]) and inverse Compton, either in the form of Synchrotron
Self Compton [213] or External Compton [103, 104], both allowing the computation
of the cross-section in the Klein-Nishina regime. Additionally, the package takes into
account the absorption due to γγ pair production [214]. The latter is due to the in-
teractions of high-energy photons with target photon fields provided for example by
thermal and line emitters (as disk, broad line region or torus), synchrotron photons,
the CMB, or the EBL. Regarding EBL, values of the absorption factor are computed as
a function of energy and redshift from the optical depth tabulated in different works.
The available models are [215–218], with the latter being implemented by myself into
agnpy. These photon fields can be used as targets also for the external Compton scatter-
ing. Moreover, besides using them as targets for other processes, it is possible to directly
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disktorus

disk

torus

Figure 6.1: Schematic representation of agnpy structure. All modules implemented in
the package and their functionality are shown. The emitters (emission regions and
targets) are given as input to the radiative processes and parameter constraints (orange
dashed lines). Plots represent the output that can be computed from each module (blue
dotted lines). The new additions presented in this chapter are highlighted in red. Image
adapted from: [102]

compute the thermal emission from the disk and the torus. In all physical processes im-
plemented, the viewing angle between the observer and the jet axis is included within
the parameters that can be set. In this way, agnpy allows to model also non-blazar jetted
AGNs. The possibility of modeling the radiation from the inner components of AGNs
is particularly relevant for these objects, being their emission at low energies not always
dominated by the jet.

The agnpy package is time-independent, meaning that it does not solve the differ-
ential equation for the electrons energy distribution (see Eq. 7 of [219]), and thus does
not consider its evolution over time. Though, it contains a module constraining spec-
tral parameters of the electrons distribution according to a simplified parametrization
of the available acceleration and radiative processes and the definition of specific time
scales [102]. In addition, although it does not include utilities for data fitting, it contains
wrappers to export its radiative models to data-analysis software such as Gammapy [220]
and sherpa [221]. In addition, it does not include utilities for data fitting, but it can
be interfaced with the fitting routines of other software tools such as Gammapy [220] and
sherpa [221]. In this way it is possible to constrain the parameters of the model through
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a proper statistical analysis.
Finally, each process implemented in agnpy has been validated by comparing its

output with bibliographic references [103, 104] and with the open-source package JetSet
[222–224], already introduced before, showing deviations within 30% when the same
physical assumptions are considered. A schematic representation of the code can be
found in Fig. 6.1. It indicates the name of each module implementing the components
just described. In the former version of the package, hadronic models were not con-
templated. Being this a limitation of the code, and given the still-unknown origin of
cosmic-rays and high-energy neutrinos, we started the development of hadronic pro-
cesses in the package. They are described in the following and are validated against
bibliographic references and other software programs.

6.2 Implementation and validation of hadronic emission
processes

The hadronic processes which we implemented to describe the high-energy emission
of AGNs are the synchrotron radiation from accelerated relativistic protons filling the
emission region and the photo-meson interactions between relativistic protons and
low-energy radiation fields.

6.2.1 Proton synchrotron radiation

As already introduced in Sect. 2.4.2, synchrotron emission is the radiation produced by
charged particles moving in a magnetic field. In the case of AGNs and blazars, syn-
chrotron emission from accelerated electrons is unanimously accepted as the origin of
the low-energy bump of the SED. However, in some cases, also the synchrotron radi-
ation from relativistic protons becomes relevant, and its emission can reproduce the
high-energy bump. This happens in case of a high proton density or a strong magnetic
field. For example, if we consider a single particle, the average synchrotron power
emitted is Psyn ∝ (B/m)2 (see Eq. 2.19), meaning that light particles as electron and
positrons emit more efficiently than heavier particles like protons. In order to have a
high emitted power also in the case of protons, a high magnetic field B is then required.

The new class agnpy.synchrotron.proton synchrotron implements the proton syn-
chrotron process in agnpy, allowing the computation of the corresponding spectrum by
assuming the blob to be filled with a uniform magnetic field. For the implementation
we followed the formalism in [103, 213, 225], as for the case of electrons, replacing the
electron mass with the proton mass. The synchrotron spectral power of a single proton
along a certain direction of a random magnetic field can be written as [99, 103]:

P(ν, θ) =

√
3e3B sin θ

mpc2 F
(

ν

νc

)
, (6.1)
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where e is the electron charge, B is the magnetic field strength, νc is a critical frequency
defined by

νc =
3eB

4πmpc
γ2

p (6.2)

with γp the proton Lorentz factor, and F(ν/νc) is a function of the form

F (x) = x
∫ ∞

x
K5/3(τ)dτ, (6.3)

with K5/3(τ) the modified Bessel function of order 5/3. If we integrate the function
F(x) over the possible magnetic field directions, it is modified into the following form,
in terms of Bessel functions [225]:

G(x) =
x

20
[(8 + 3x2)(K1/3(x/2))2 + xK2/3(x/2)(2K1/3(x/2)− 3xK2/3(x/2))]. (6.4)

This function has been approximated in a simpler analytical form by [225], without the
use of special functions and with an accuracy better than 0.2% over the entire range of
the variable x:

G̃(x) ≃ 1.808x1/3
√

1 + 3.4x2/3

1 + 2.21x2/3 + 0.347x4/3

1 + 1.353x2/3 + 0.217x4/3 e−x. (6.5)

We used this approximation in the implementation in agnpy. If we consider a distri-
bution of protons fp(γp) [cm−3] instead of a single particle, we have to convolve the
obtained results with the particle distribution:

P(ν) =
√

3e3B
mpc2

∫ ∞

1
dγp fp(γp)G̃(x). (6.6)

If we consider the radiation to be emitted by a spherical blob located at a redshift z, the
emitted synchrotron flux is [103]:

νFsyn
ν =

δ4
Dν′

4πd2
L

P′(ν′), (6.7)

where δD is the Doppler factor accounting for the relativistic beaming effect [100], dL
is the luminosity distance of the source, and primed quantities refer to the comoving
frame of the emitting region5. In agnpy this expression is implemented in terms of the
dimensionless energy ε = hν/(mpc2), with h the Planck constant, obtaining:

νFsyn
ν =

δ4
D

4πd2
L

√
3e3B
h

ε′
∫ ∞

1
dγ′

p fp(γ
′
p)G̃(x), (6.8)

where in this case

x =
4πε′m2

e c3

3eBhγ′2 . (6.9)

5Remember that the frequency transforms as ν′ = δDν/(1 + z) of a given beaming factor and redshift
(see [100]).
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Blob Proton distribution

z 0.044 γ′
p,min 1

δ 30 γ′
p,break 3.64 × 109

B [G] 62.89 γ′
p,cut 3.64 × 109

R [cm] 9.06 × 1014 γ′
p,max 1 × 1020

αp,1 1.5
αp,2 2.5
kp [cm−3] 3.51 × 10−18

Table 6.1: Model parameters used in the computation of the proton synchrotron spec-
trum in both agnpy and LeHa.

Validation

The implementation of the proton synchrotron emission was validated by comparing
its results with those of the private code LeHa [159], already used in Chap. 4 to model
the selected candidates. This code is a well-established tool used in several publications
(examples are [116, 127, 226–228]). As agnpy, it is not meant for temporal evolution,
providing the steady-state emission of photons and neutrinos produced in different
leptonic and hadronic processes. Morevoer, it provides the same geometry as agnpy for
the emitting region: a spherical plasmoid.

The model used in the validation considers the spherical blob to be filled with a
distribution of relativistic protons only, following an exponential cut-off broken power-
law:

Np(γp) =


kp

(
γp

γp,break

)−αp,1
e−γp/γp,cut for γp,min ≤ γp ≤ γp,break

kp

(
γp

γp,break

)−αp,2
e−γp/γp,cut for γp,break ≤ γp ≤ γp,max

, (6.10)

where kp is the normalization, αp,1 and αp,2 are the spectral indexes, γp,min and γp,max
are the minimum and maximum Lorentz factors of the distribution, γp,break is the break
Lorentz factor, and γp,cut is the cut-off Lorentz factor. The blob parameters and those
used for the proton distribution are reported in Table 6.1, while the comparison of re-
sults from the two codes are shown in Fig. 6.2. The bottom panel of Fig. 6.2 shows the
deviation between the codes, computed as νFν,agnpy

νFν,LeHa
− 1. It results to be < 5%, confirming

a good agreement between the two implementations and validating the new process
developed in agnpy.

6.2.2 Photo-meson interactions

Besides emitting synchrotron radiation, the relativistic protons filling the emission re-
gion can also interact with low-energy radiation fields, typically coming from the source
environment, via the so-called photo-meson (pγ) interactions. Thanks to this process,
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Figure 6.2: Comparison between agnpy (red) and LeHa (black) for proton synchrotron
emission. The upper panel shows the obtained spectrum, while the bottom panel the
deviation between the two codes.

charged (π±) and neutral (π0) pions are generated. They decay, further producing sec-
ondary γ−rays, electrons, positrons and neutrinos, following the relations 1.4 − 1.8. In
AGNs and blazars the target photon fields usually taken into account in the interaction
are the same considered for the external Compton process, e. g. radiation from disk,
BLR, or torus.

Photo-meson interactions are implemented into the agnpy package through the ad-
dition of the new class agnpy.photo meson. For the implementation we followed [108],
where the authors provide analytical parametrizations of the energy distributions of
the produced secondary particles. These approximations were obtained by running
numerical simulations with the Monte Carlo code SOPHIA [229] and fitting the results.
They provide a simple and accurate framework to compute the spectra of the decay
products, posing an alternative scenario to the direct use of Monte Carlo simulations.

According to [108], the spectrum of each secondary particle produced can be written
in the form:

dN
dE

=
∫ ∞

η0

H(η, E) dη, (6.11)

where η is a quantity relating the energies of relativistic protons Ep and soft photons
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εph, while η0 characterizes the interaction threshold. They are defined by the relations:

η =
4εphEp

m2
pc4 , and η0 ≡ 2

mπ

mp
+

m2
π

m2
p
≃ 0.313. (6.12)

The function H(η, E) is given by

H(η, E) =
∫ ∞

E

dEp

E2
p

fp(Ep) fph

(
η m2

pc4

4Ep

)
Φi

(
η,

E
Ep

)
, (6.13)

where mp is the protons mass, c is the speed of light, fp(Ep) is the energy distribution
of the accelerated protons, fph(εph) is the energy distribution of the target soft photons,

and Φi

(
η, E

Ep

)
is a function containing the information on the kinematic and the cross

section of the interaction. Defining x = Ei/Ep the fraction of the parent proton energy
carried by the output particle (which can be γ−rays, e+, e−, νµ, ν̄µ, νe, ν̄e), its expression
results:

Φi (η, x) =


Bi(ln 2)ψi if x < x−

Bi exp
{
−si

[
ln
(

x
x−

)]δi
} [

ln
(

2
1+y2

)]ψi
if x− < x < x+

0 if x > x+

, (6.14)

where x+ and x− represent the minimum and maximum energy of the output particle,
depending on the particle type and the kinematics of the process, y = x−x−

x+−x− , and Bi,
si, δi and ψ are functions of η. The values of Bi, si and δi are tabulated in Tables I, II,
and III of [108] for different values of η/η0. Since they are quite smooth functions of η,
we performed a linear interpolation to compute their values for intermediate values of
η, not reported in the tables. Differently, the function ψ has an analytical form. All the
parameters in Eq. 6.14 are different based on the output particle considered.

For example, for the production of γ−rays we have:

x± =
1

2(1 + η)
[η + r2 ±

√
(η − r2 − 2r)(η − r2 + 2r)] , (6.15)

ψ = 2.5 + 0.4 ln(η/η0), (6.16)

where r = mπ/mp ≃ 0.146. For the other particles, the terms y and x± are replaced
by the variables y′ and x′±, which are functions of y and x± in most of the cases. For the
definitions of the variables for the other particles we refer the reader to the reference
[108]. We just note that for the production of e− and ν̄e at least two pions have to be
produced (a π+ and a π−), which is possible only for values of η > 2.14η0.

Validation

The implementation of the photo-meson interactions was validated by comparing the
obtained results with those reported in the reference paper [108]. In the following we
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Proton distributions, Fig. 13 [108]

γ′
p,min 1 γ′

p,min 1
γ′

p,max 1 × 1015 γ′
p,max 1 × 1015

αp 2.0 αp 2.5
kp [eV] 1 kp [eV] 5.5

Table 6.2: Model parameters for the proton distribution used in the computation of
H(η, Eγ) in photo-meson interactions as extracted from the reference paper [108].

Proton distribution, Fig. 15 [108]

γ′
p,min 1 × 103

γ′
p,cut 3.20 × 1011

γ′
p,max 1 × 1020

αp 2.0
kp [cm−3] 2.74 × 10−8

Table 6.3: Model parameters of the proton distribution used in the computation of the
energy spectra of the output particles in photo-meson interactions as extracted from the
reference paper [108].

report the reproduction of Figs. 13 and 15 of the reference. The former shows the func-
tion H(η, E) for a fixed value of the energy of the produced particles (γ−rays in this
case), while the latter shows the energy spectra of all output particles.

Both cases consider the interaction between a distribution of relativistic protons
with the CMB radiation, described by a black body with a characteristic temperature
T = 2.7 K. It is defined as:

fph(y) =
8π

h3c3

m2
pc4y2

exp
(

mpc2y
kT

)
− 1

, (6.17)

with y = εph/(mpc2), and ε the energy of the target photons. The units of the distribu-
tion are [cm−3]. On the contrary, the proton energy distribution are different in the two
considered cases. In the first case a power-law distribution is used:

fp(γp) = kpγ
−αp
p for γp,min ≤ γp ≤ γp,max, (6.18)

evaluated for different values of the spectral index αp and the normalization kp; while
in the second case a power-law with exponential cut-off is considered:

fp(γp) = kpγ
−αp
p e−γp/γp,cut for γp,min ≤ γp ≤ γp,max. (6.19)

The parameters used for these distributions are reported in Tables 6.2 and 6.3.
Results for the first case are reported in Fig. 6.3, for a single, fixed, value of the

energy of produced γ−rays. The considered energy is Eγ = 0.5E∗, where E∗ is the
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Figure 6.3: Reproduction of Fig. 13 of [108], showing the function H(η, Eγ) for sec-
ondary γ−rays produced in photo-meson interactions. The points represent the data
from the reference, while the lines represent the function computed with the imple-
mented code. On the y axis the function H(η, Eγ) is represented in arbitrary units. The
computation is performed at the fixed energy of γ−rays Eγ = 0.5E∗ for a power-law
distribution of protons with two different values of the spectral index.

characteristic energy of the proton, defined as

E∗ = mpc2

(
mpc2

4kT
η0

)
≃ 3.0 × 1020 eV. (6.20)

The comparison with data from [108] shows that the figure well reproduces the refer-
ence. We can observe that at low energies, the function H(η, E) drops very quickly,
while at high energies it becomes harder with decreasing the spectral index value.

Results for the second case are reported in Fig. 6.4 for all the output particles (γ−rays,
e+, e−, νµ, ν̄µ, νe, ν̄e). In this case the energy spectrum E dN/dE of the secondary parti-
cles is shown. The value considered for the cut-off energy of the proton energy distri-
bution is Ep,cut = E∗, also reported in Table 6.3 in terms of γp,cut. Also in this case we
have a good agreement between the implemented code and the reference.

In both cases, the discrepancy between our development and the paper is < 10%,
thus validating the process newly implemented in agnpy.

Limitations

The formalism used in [108] considers the intermediate particles generated in the in-
teraction (i. e. pions and muons) to decay instantaneously, neglecting their cooling
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(a)

(b)

Figure 6.4: Reproduction of Fig. 15 of [108], showing the energy spectra for the sec-
ondary particles produced in photo-meson interactions. The points represent the data
from the reference, while the lines represent the spectra computed with the developed
code. In (a) we have γ−rays (black solid line), e− (blue dashed line), e+ (red dash-
dotted line); while in (b) we have νe (black solid line), ν̄e (blue dashed line), νµ (red
dash-dotted line), ν̄µ (green dotted line).
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through synchrotron emission and the possible inverse Compton radiation they can
undergo. However, in some cases, these contributions can be relevant in the SED emis-
sion, as for example shown in [230, 231]. They can be neglected only if one of the
following conditions is satisfied, as shown by [232]:

1. The proton-synchrotron losses are strongly dominant over the photo-meson losses,

2. The synchrotron cooling time scales of secondary muons and pions are much
larger than their decay time scales. This condition leads to the following con-
straint on the magnetic field strength for a given proton Lorentz factor γp (or
conversely, on the maximum proton Lorentz factor allowed for a given magnetic
field):

Bγp <<

{
7.8 × 1011 G for pions
5.6 × 1010 G for muons

. (6.21)

With one of these conditions satisfied, the pion and muon synchrotron emission has a
negligible contribution, hence the analytical parametrizations of [108] are valid and can
be used in the modeling of sources emission.

6.3 Conclusions and outlook

In this work we have developed two of the most relevant hadronic processes for blazars
emission into the open-source code agnpy. These processes include synchrotron radia-
tion from a distribution of relativistic protons and photo-hadronic interactions between
accelerated protons and low-energy radiation. The former becomes significant in the
presence of high magnetic fields or high proton densities, while the latter is recognized
as the primary source of neutrinos in the emission of AGNs and blazars. We imple-
mented the aforementioned processes following the parametrizations of [103, 213, 225]
and [108] for proton synchrotron and photo-meson interactions respectively. The re-
sults we obtained were compared with an existing private code and a theoretical ref-
erence, showing a deviation of less than 10% in both cases, thus validating the imple-
mentation.

The main drawback of the code is the assumption of instant decay of the interme-
diate pions and muons, specified in the main reference [108] we adopted. Since the
synchrotron cooling of these particles is neglected, constraints on the magnetic field
strength and the maximum proton Lorentz factor need to be imposed, as described in
Sect. 6.2.2.

Future developments of this work include additional lepto-hadronic processes play-
ing a relevant role in AGNs and blazars emission in order to allow a more complete
description of their SED. Among them there are the Bethe-Heitler pair production (see
Sect. 2.4.3), which dominates over photo-meson interactions at low energies; the syn-
chrotron emission from secondary pions and muons, which becomes significant in case
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of intense magnetic fields; and the development of pair cascades, initiated by the sec-
ondary particles produced in the aforementioned radiative processes. While rarely rel-
evant in the description of AGNs emission, also pp interactions can play a role. This
happens in case of a target entering the jet. Thus, also the implementation of such
process shall be considered.

A crucial aspect of our work is its open-source nature. Our effort has the specific
objective to offer to the broader astrophysical community the possibility to perform
detailed modeling studies. This is highly relevant in pushing the advancement of the
theoretical understanding of the sources emission, and easing the comparison of results.
Moreover, it will be essential with the large amount of data that the next generation
high-energy observatories will provide.





Chapter 7

Summary and future prospects

During my PhD I worked in the context of multi-messenger astrophysics, focusing in
particular on the neutrino emission from blazars. Blazars are a particular subclass of
AGNs showing a relativistic jet pointing in the direction of Earth. The jet is a natural
accelerator of particles and thus a suitable environment for proton acceleration and
neutrino production. The detection of high-energy photons and neutrinos from these
sources, combined with detailed modeling of their emission mechanisms, can shed light
on their internal composition and dynamics, and unravel the origin of cosmic rays,
whose progenitors are still unidentified. The interest in blazars as candidate neutrino
emitters grew in 2017 after the joint observation of a high-energy astrophysical neutrino
event detected by IceCube with the flaring blazar TXS 0506+056. However, thanks to
more recent studies by IceCube, other sources started to stand out, namely the Seifert-II
galaxy NGC 1068 and potential galactic objects.

The projects I worked on in this thesis mainly concentrate on the investigation of
blazars, but also presents an unbiased follow-up of IceCube neutrino events aiming at
identifying possible new associations.

In Chapter 3 the first long-term multi-wavelength campaign of TXS 0506+056 is pre-
sented. Before the 2017 event, only little data was available from this source, making
it difficult to interpret its emission. From November 2017, the MAGIC telescopes and
multi-wavelength partners started long-term systematic observations of this neutrino
source candidate with the objective of better characterizing its duty cycle and under-
standing the exceptionality of the γ−ray flare observed at the time of the neutrino de-
tection. Results show a low state of activity during most of the observed period in VHE
γ−rays, with two day-long flares consistent with the 2017 one. Remarkable differences
with respect to the 2017 event are instead observed in HE γ−rays and radio frequen-
cies. Although this work represents one of the most complete multi-wavelength moni-
toring campaigns of the source, its duty cycle and the precise processes responsible for

149
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its emission are still not fully understood. Therefore, additional data are necessary in
order to better characterize the source emission, as well as investigating the potential
correlations of its state of activity in the different bands.

Chapter 4 focuses on the search of blazar sources showing similar properties to
TXS 0506+056, with the objective of identifying similarities or differences in their accre-
tion efficiency and radiative processes giving origin to their broadband emission. Such
a project could have a high importance since it would identify a population of objects
which, as TXS 0506+056, would be neither pure FSRQs, nor pure BL Lacs, and charac-
terize their role in a multi-messenger context. The candidates were selected from the
Fermi 4LAC-DR2 catalog of AGNs, according to observational properties, which can be
directly related to physical processes governing their environments. From this selection
we obtained a sample of 27 objects. However, the need of a detailed spectral analysis
for each candidate brought us to reduce the sample to only 4 sources, all classified as
BL Lacs. For all selected sources the accretion rate was estimated starting from spec-
tral information, finding that three of them are suggested as possible masquerading BL
Lacs, hosting an efficient accretion process and a rich BLR. For the fourth source we
could not draw any strong conclusion on its accretion efficiency. Given the results on
accretion, the external target photon fields from the BLR and the torus are taken into
account when performing the modeling of simultaneous data from these objects. Re-
sults from the modeling show the high energy emission to be dominated by the external
Compton process, while the hadronic contribution stands out in X-rays, further high-
lighting the importance of this band for hadronic processes, as it was already indicated
by the modeling of TXS 0506+056 during the 2017 event [114]. Moreover, a comparison
of the predicted candidates emission with the sensitivities of IceCube, and current and
future IACTs was performed, showing that both the neutrino and γ−ray fluxes would
be too faint for a detection during an average state of activity. Since a large number
of potential candidates had to be ruled out due to a lacking spectral analysis, a future
improvement of this study would be given by detailed spectroscopic measurements on
the excluded sources, in order to enlarge the pool of candidates similar to TXS 0506+056
and allow a more detailed investigation. Moreover, given the hadronic contribution in
X-rays, additional measurements in this band would be necessary to definitely confirm
the hadronic emission and rule out the possibility of a purely leptonic one.

Besides TXS 0506+056, other sources may be relevant neutrino emitters. Given the
success of the real-time multi-messenger approach in the 2017 event, the MAGIC Col-
laboration, together with the other currently active IACT Collaborations, performed
real-time follow-up observations of neutrino events issued by IceCube. Observational
results from this work are presented in Chapter 5. The campaign concentrates of the
follow-up of two kinds of alerts, namely the single high-energy neutrino tracks and the
lower-energy neutrino multiplets, with the latter coming from a list of pre-selected can-
didates or from the whole sky. Most of the observed alerts were not detected in VHE
γ−rays. However, observations performed by more than one IACT allowed to put
more constraining upper limits on the VHE emission of the observed sources through
a combination of the single instruments results. These combined upper limits can be
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used in the modeling of sources to add more stringent constraints on the hadronic emis-
sion. A detailed modeling of the observed sources is beyond the scope of this work, but
in one case a comparison with already existing models was performed, suggesting our
results as a possible starting point for further modeling. Finally, a study on the list of
sources monitored by IceCube for the neutrino multiplet scan was performed. Here,
we evaluated the detectability of these objects by MAGIC, through an extrapolation of
their VHE flux starting from their 9.5-years Fermi lightcurves rather than their integral
Fermi flux as it was done when the list was created. This study allowed to take into ac-
count temporal changes of the sources emission and produce a more precise estimation
of their detectability. As a consequence, the need of a more careful selection process for
these candidates emerged. Updated lightcurves and the most recent 4FGL-DR4 [233]
Fermi catalog, based on 14 years of data, can be good starting points for such selection.

Finally, Chapter 6 presents the development of hadronic emission processes rele-
vant in blazars emission into the open-source python package agnpy. This work is of
fundamental importance since, to date, all the available software programs allowing a
lepto-hadronic interpretation of blazars emission were private. The implementation of
such processes in an open-source software allows the wider astrophysical community
to independently model the emission of blazars of interest, further advancing the the-
oretical understanding of the field. The processes we implemented are the proton syn-
chrotron radiation and the photo-meson interactions, both validated through the com-
parison with private already existing codes or with theoretical references. However, in
order to make the code complete, additional processes would be needed. Within them,
the Bethe-Heitler process, competing with the photo-meson channel at low energies,
the sychrotron radiation from secondary pions and muons produced in photo-meson
interactions, and electromagnetic pair cascades originating from the products of both
leptonic and hadronic processes. In addition, proton-proton interactions can be taken
into account. Although they are often subdominant in blazars emission because of the
low matter density in the source environments, their role becomes relevant when a pro-
ton target, such as a gas cloud or a star, passes through the jet. The development of such
mentioned processes is planned in the near future.

In conclusion, my PhD work contributed to two relevant open problems of multi-
messenger astrophysics and astroparticle physics, namely the investigation of the emis-
sion processes characterizing the sources, and the search for new potential candidates
neutrino emitters.

Taking into account the new discoveries by IceCube, the evidence for neutrino emis-
sion from the Seyfert-II Galaxy NGC 1068 [4] and the Galactic plane [5], future prospects
in the field include the development of theoretical models predicting neutrino emission
from the obscured environment around the core of AGNs, rather than from their jets. In
these models, the acceleration conditions are provided by the super massive black hole
in the AGN center, while the conditions for neutrino production and γ−ray absorption
are provided by the accretion disk and a hot plasma surrounding it, known as corona.

In addition, given the success of the real-time follow-up strategy in the case of
TXS 0506+056, follow-up of neutrino events needs to continue in the future, in order to
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better understand the connection between electromagnetic and neutrino emission from
the same objects. A promising approach can be the optimization of follow-up strate-
gies based on list of objects of the same class, as those showing evidence of neutrino
emission.

Finally, looking to future observations, upcoming new facilities will allow a better
monitoring of the neutrino and γ−ray sky. Among them, the Cherenkov Telescope
Array [192] will allow γ−ray observations up to 100 TeV. Thanks to its improved sen-
sitivity with respect to current IACTs, it will also be of great help in discovering new
sources and perform more precise measurements. In addition, the installation of two
arrays of IACTs operating on both the Northern and Southern Hemispheres will ensure
full-sky coverage. On the neutrino side, the KM3Net Neutrino Telescope [194], together
with the next generation IceCube detector, IceCube-Gen2, will provide improved angu-
lar resolution and sensitivity, and a complementary view of the neutrino sky.
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