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Abstract

This thesis illustrates the activities and the results that I have performed during my PhD course at the University of
Padova. My work was mainly focused on the study of some classes of Galactic sources: pulsars, millisecond pulsars
and transitional millisecond pulsars in the most energetic part of the electromagnetic spectrum, the Very-High-Energy
(VHE), >100 GeV, gamma ray regime.
Pulsars are very dense (about 1018 kg/m3), extremely magnetized (107−1015 G) and rapidly rotating neutron stars,
formed after supernova explosions. A standard pulsar has a mass of 1.44 M⊙ and a radius of about 10 km. Most
known pulsars are observed in radio but they can also produce detectable optical, X-ray and gamma-ray pulsations,
up to the VHE range. Pulsars show complex behaviors and in particular the underlying mechanism by which they
emit electromagnetic radiation is still not fully understood. Thanks to their coherent radiation, emitted in the form of
collimated beams from the two magnetic poles, they can be exploited as special natural laboratories for fundamental
Physics.
Some pulsars rotate at an incredible rate of a few hundred times per second, making them the fastest-spinning stars
known in the Universe. They are the so-called Millisecond Pulsars (MSPs). Generally, they have spin-periods of 1−30
ms and lower magnetic fields than standard pulsars (107 −1010 G). They are “recycled” pulsars that are accreting on
already accreted matter and angular momentum from a companion star in a binary system. In particular, there is a
class of MSPs, the Transitional MSPs (tMSPs), that are neutron stars rotating at a period of a few milliseconds and
undergoing transitions between two states: a bright X-ray pulsar regime powered by the accretion onto the neutron
star surface of matter transferred by the companion star and a radio (and possibly gamma-ray) pulsar regime powered
by the energy loss due to the fast rotation of the neutron star magnetic field. The transitions between the two regimes
take place on short time-scales of less than a few weeks.
My research is mainly focused on searching the VHE emission and gamma-ray pulsation from two of the best pulsars
candidates for VHE gamma-ray emission: PSR J0218+4232 (a MSP) and PSR J2229+6114 (a regular pulsar). Up
to now, only four pulsars have been detected at VHE: the Crab Pulsar (Aliu et al., 2008), the Vela Pulsar (H. E. S. S.
Collaboration et al., 2018a), PSR B1706-44 pulsar (Spir-Jacob et al., 2019a), and, very recently, the Geminga Pulsar
(MAGICCollaboration et al., 2020). In particular I used data takenwith theMajor Atmospheric Gamma-ray Imaging
Cherenkov (MAGIC) telescopes located at the Observatory of the Roque de Los Muchachos in the Canary Island of
La Palma. The data were taken with the Sum-Trigger-II system which has an energy threshold of about tens of GeV,
in order to increase the detection efficiency at the lowest energies reached by MAGIC. This system is extremely useful
to detect soft VHE gamma-ray sources, such as pulsars.
In the search for pulsed emission from both sources, PSR J0218+4232 and PSR J2229+6114, no signal or pulsed emis-
sion above 20 GeV was found with the MAGIC telescopes. The sources were also studied using Fermi-LAT: PSR
J0218+4232 shows high energy pulsed emission above 25 GeV and PSR J2229+6114 above 20 GeV.
During my PhD I dedicated a part of the time also to the study of the prospects for VHE gamma-ray emission from
tMSPs, in particular from the two systems PSR J1023+0038 and XSS J12270-4859, during their accretion disk state. I
studied their Fermi-LAT emission considering different spectral models and then I investigated the feasibility to detect
them with the future Cherenkov Telescope Array (CTA) and the prospect for studying them.

iii



Supervisor: Professor Mose’ Mariotti Alessia Spolon

Study of Pulsars and their Environments through Very High Energy
Gamma-ray Observations

Sommario

Questa Tesi illustra le attività ed i risultati che ho ottenuto durante il mio corso di dottorato presso l’Università degli
Studi di Padova. Il mio lavoro si è concentrato principalmente sullo studio di alcune classi di sorgenti Galattiche che
emettono nella parte più energetica dello spettro elettromagnetico, le altissime energie VHE (>100 GeV): pulsars,mil-
lisecond pulsars e transitional millisecond pulsars.
Le pulsars sono stelle di neutroni estremamente dense (circa 1018 kg/m3) e in rapida rotazione che si formano durante
l’esplosione di una stella massiccia ed altamente magnetizzata (107-1015G). Una pulsar standard ha una massa di 1.44
M⊙ e un raggio di circa 10 km. Le pulsars più conosciute emettono nella banda radio ma possono anche produrre
pulsazioni ottiche, X e gamma, fino al range delle VHE.Mostrano comportamenti complessi e, ad oggi, il meccanismo
con cui emettono non è stato ancora del tutto compreso. Grazie alla loro radiazione coerente emessa sotto forma di
fasci collimati uscenti dai due poli magnetici, le pulsar possono essere sfruttate come speciali laboratori per studiare la
Fisica fondamentale.
Alcune di queste pulsars ruotano ad una velocità incredibile, alcune centinaia di volte al secondo, diventando così le sor-
genti che ruotano più velocemente nell’Universo e che per questo vengono definite pulsars al millisecondo, MSPs. In
generale hanno periodi di rotazione di 1−30ms e dei campimagnetici più deboli rispetto alle pulsars normali (107-1010
G). Sono pulsars “riciclate” che acquistano materia e momento angolare dalla stella compagna. Esiste poi una partico-
lare classe di MSP: le tMSPs. Sono sorgenti che periodicamente passano da una fase in cui si comportano come MSP
radio a una fase in cui la pulsazione radio si spegne e si comportano come sistemi binari in accrescimento in cui la stella
di neutroni inizia a risucchiare materia dalla compagna, cambiando radicalmente la sua fenomenologia. La transizione
tra i due stati avviene in tempi brevi, dell’ordine di quache settimana.
Il mio lavoro è principalmente dedicato allo studio dell’emissione VHE e alla ricerca di pulsazione gamma da parte di
due sorgenti candidate ad emettere questo tipo di emissione: PSR J0218+4232 (una MSP) e PSR J2229+6114 (una
pulsar regolare). Ad oggi sono state rilevate solo tre pulsars nel range delle altissime energie: Crab Pulsar (Aliu et al.,
2008), Vela Pulsar (H. E. S. S. Collaboration et al., 2018a) e, molto recentemente, Geminga Pulsar (MAGIC Collabo-
ration et al., 2020). In particolare, ho lavorato sui dati raccolti con i telescopi MAGIC situati presso l’Osservatorio di
Roque deLosMuchachos nell’isola delleCanarie di La Palma. I dati sono stati presi con il Sum-Trigger-II, un sistemadi
trigger che, con una soglia di energia di decine di GeV, è in grado di aumentare l’efficienza dei telescopiMAGIC alle più
basse energie. Questo sistema è utile per rilevare sorgenti gamma estremamente deboli, come le pulsar. Purtroppo con
i telescopi MAGIC non è stato trovato alcun segnale, o emissione pulsata, superiore a 20 GeV, proveniente dalle due
sorgenti. Le due sorgenti sono state inoltre osservate e studiate anche utilizzando i dati raccolti dal satellite Fermi-LAT
e da quest’analisi risulta che PSR J0218+4232 ha un’emissione pulsata superiore ai 25 GeV, mentre PSR J2229+6114
superiore ai 20 GeV.
Una parte del dottorato l’ho dedicata allo studio delle prospettive di emissione delle tMSPs nel range delle altissime
energie, in particolare da parte di PSR J1023+0038 e XSS J12270-4859 durante il loro stato di accrescimento. Ho
studiato i dati raccolti dal satellite Fermi-LAT considerando diversi modelli spettrali per poi studiare la possibilità di
rilevarli con il futuro CTA.
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Outline of the Thesis
In Chapter 1 I give a general introduction to cosmic and gamma-ray astronomy. I introduce the basic principles of
gamma-ray production, extinction and detection, and I briefly explain the most prominent gamma-ray emitters in the
Universe.

In Chapter 2 I explain how cosmic rays, as well as for gamma-ray photons, interact with the Earth’s atmosphere, which
forms the base technique for their indirect detection from ground. The imaging Cherenkov technique is explained,
and also how the Imaging Atmospheric Cherenkov Telescopes (IACTs) work, giving a particular attention to the soft-
ware and hardware of the MAGIC telescopes. The general and non standard analysis processes of the data taken by
this instrument are also detailed. Finally, I summarize the status of the CTA project, and mention its main features.

Chapter 3 explains the basic principles of the physics of pulsars and describes the specific characteristics of the Crab
pulsar, together with the current theories that explain its emission focusing at the highest energies. In this chapter
I present the MAGIC analysis of the Crab Pulsar that I performed on data taken with the Sum-Trigger-II system. In
the last section of this chapter I give a brief description of the other classes of pulsars considered here: MSPs and tMSPs.

Chapter 4 is dedicated to pulsar PSR J2229+6114, also known as the Boomerang pulsar, which is a candidate to emit
VHE gamma ray. After a general andmultiwavelength introduction to the source, theMAGIC analysis, performed on
Sum-Trigger-II data, is presented.

In Chapter 5 I report the work done on theMSP PSR J0218+4232, also presented in the paper by Acciari et al. (2021).
After an introduction on the source, the Fermi-LAT and MAGIC analyses are presented. In the last section I discuss
the possible models that can explain the high and very high energy emission from this source.

Chapter 6 is dedicated to two tMSP systems: PSR J1023+0038 and XSS J12270-4859, and their prospects for de-
tectionwith the future CTA. The analysis is based on the results obtained for both of them using observations of lower
energy performed with the Fermi-LAT. In particular, I present also the first independent confirmation of the optical
pulsations in PSR J1023+0038 that we detected with the fast photon counter Aqueye+ mounted at the Copernicus
telescope in Asiago (Zampieri et al., 2019).

Chapter 7 contains a summary of the aforementioned results on the analyses that I performwith theMAGIC telescopes
and on the CTA simulations. An outlook is also given on the possibilities offered by the next generation gamma-ray
observatory CTA.
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Part I

Introduction to the non-thermal Universe

Figure 1 Air shower. Credit: Fabian Schmidt.
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1
Cosmic ray and gamma-ray Astronomy

GAMMA-RAY ASTROPHYSICS is a relatively recent branch in Astronomy and the discovery of the Cosmic Rays

(CRs) was a milestone for the Physics of the 20th century. The crucial measurements in the discovery of CRs were

carried out between 1908 and 1912 by the Italian physicist Domenico Pacini, who in 1911 showed that ionization

decreased under water (Pacini, 1912), and by the Austrian Viktor Francis Hess, who demonstrated, thanks to the use

of the balloon, that the ionization increased with altitude (Hess, 1912). This radiation was called Cosmic Rays by

Robert Millikan, in order to refer to all radiation and particles coming from outside the Earth’s atmosphere (Millikan

& Cameron, 1926).

CRs are composed almost completely of atomic nuclei and a small fraction of electrons and positrons. To date, their

origin is still largely unknown andfinding the sources of themost energeticCRs, with energies≳ 1015 eV, is a very active
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research field. One of the characteristics of CRs is that they are composed of both charged and neutral particles. The

charged particles are continuously deflected by the magnetic fields that they encounter during their journey to Earth,

making it challenging to trace their origin directly to their sources. The best way to get information on the origin of

CRs is to study the neutral particles, like neutrinos and gamma rays, that can travel through theUniversewithout being

deflected by the magnetic fields.

In this first chapter I will introduce the processes and sources from which these VHE gamma rays (e.g. > 100 GeV)

originate. Furthermore, I will briefly describe the current generations of VHE gamma-ray detectors.

1.1 Cosmic Rays

The term CRs is used to refer to the energetic particles arriving from outside the Earth’s atmosphere. They constitute

an important fraction of the energy budget of the Universe, hence the importance of the study of their composition,

energy range and fluxes. CRs include all naturals elements of the periodic table and many sub-atomic particles: they

are composed of 99% of atomic nuclei and 1% of electrons and positrons. Concerning the nuclei, about 89% are hy-

drogen (protons), 10% are helium (alpha particles) with the remaining 1%made up of heavier elements, which are the

final products of the stellar nucleosynthesis.

CRs can be detected by direct experiments (balloons or satellites), and normally these techniques explore CRs up to

1014 eV. At higher energies they can be studied by indirect observations in ground-based experiments. These detec-

tors observe the secondary particles produced in Extended Air Showers (EASs), i.e. cascades of particles created by the

interaction of primary CRs with the nuclei of the Earth’s atmosphere. These EASs, first detected by Pierre Auger in

1938, can extend in areas of tens of thousands of square meters on the ground (Auger et al., 1939). The study of CRs

led to important discoveries, such as the existence of the positron (e+), muons and pions.

1.1.1 Spectrum

CRs, asmentioned in the previous section, aremostly charged particles coming from the space. Their energy spectrum,

shown in Figure 1.1, has been measured with very high precision and it extends over almost 13 orders of magnitude

in energy (from 108 to ∼ 1021 eV) and 33 orders of magnitude in flux. It can be described by a series of power-law

distributions of the type:
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dN/dE ∝ E−Γ (1.1)

where Γ is the spectral index. For energies under ∼ 1 GeV, the CR flux consists of charged particles of solar origin.

These particles are stronglymodulated by the solar wind and, for this reason, the spectrum is difficult to determine and

cannot be described by a simple power laws function. In particular, the amount of cosmic radiation reaching Earth is

inversely correlated with the number of sunspots through the 11-year solar cycle. Furthermore, the trajectories of the

lowest-energy CR primaries are strongly influenced by Earth’s magnetic field.

The rest of the spectrum is well defined by power-laws with three different spectral indices, where the different slopes

are related to the different origin of the processes that are producing such emission.
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Figure 1.1 CR spectrum obtained with data from different experiments. Prominent features like the knee
and the ankle are highlighted. Figure from Evoli (2018).
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The first part, from ∼ 100 MeV up to ∼ 5 PeV, presents a photon index of Γ ∼ 2.7. At that point, the spectrum

presents a bend known as the knee. This upper limit depends on the charge: particles with higher charge will extend

the knee to higher energies. After the knee, there is again a constant region with Γ ∼ 3 up to about 3 EeV. This part of

the spectrum ends with a new hardening that is known as the ankle. Finally, beyond the last part of the ankle at about

3 EeV, the spectrum hardens again with Γ ∼ 2.6 up to about 30 EeV (Tomozawa, 2013).

The processes that generate such spectrumare still partially unknown. Particleswith energies up to the knee are thought

to be accelerated inside our Galaxy, while particles above the ankle likely have extragalactic origin. Between the knee

and the ankle, the origin of cosmic rays is not clear and is currently under debate. Various theories have been proposed

to explain the steepening of the spectrum at the knee: changes in the acceleration mechanism (for example a different

acceleration in Supernova Remnants (SNRs) with one at the shock front and a new re-acceleration in the inner pulsar-

driven remnant, Bell (1992)); leakage of CRs out of the Galaxy by diffuse propagation (Ptuskin et al., 1993).

The study of CRs above the ankle is particularly difficult due to the extremely low flux (roughly one particle per square

kilometer per century at 1020 eV) and, at these energies, the measurement of the CR spectrum requires experiments

of extraordinary sensitivity. Even the most powerful accelerator on Earth, the Large Hadron Collider (LHC), is able

to produce particles only up to ∼ 1014 eV, more than seven orders of magnitude lower than what would be needed

to study the highest energies of CRs. In particular, CRs of energies above 1014 eV are difficult to measure by direct

experiments (balloons and satellites) because they have very small areas and therefore do not detect enough particles.

So, at higher energies, CRs can be detected only indirectly on the ground through the cascade of secondary particles

they produce, i.e. through the he detection of so-called air showers (see Section 2.1 for a detailed explanation).

The GZK Effect

At the extremelyHigh Energy (HE) edge (E>100MeV), theCR spectrum is affected by the so-calledGreisen-Zatsepin-

Kuzmin (GZK) cut-off. This effect is produced by the interaction of the Ultra High Energy Cosmic Rays (UHECRs)
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(with energies≳ 1020 eV) with the Cosmic Microwave Background (CMB) radiation* through reactions like:

γCMB + p → Δ+ → n+ π+ (1.2)

or

γCMB + p → Δ+ → p+ π0 (1.3)

The interaction ofUltraHighEnergy (UHE) protonswith the low-energy backgroundphotons forms a Δ+ resonance.

The Δ is a family of barions with masses close to 1232MeV and they quickly decay through the strong force into a nu-

cleon (proton or neutron) and a pion of appropriate charge. While in the first process, Eq. 1.2, a neutron is created, in

the second reaction, Eq. 1.3, the proton is still a result of the equation. In the latter process, where the proton transfers

part of its energy to the pion, the resulting GZK cut-off is lower, reaching a few 1019 eV.

This interaction with CMB photons leads to absorption of the CRs, that limits to about 50 Mpc the maximum dis-

tance that the UHECRs of energies above 1018 eV, can travel (Greisen, 1966; Zatsepin & Kuz’min, 1966); in this way

these extragalactic CRs should never be observed on Earth. The absorption of these UHECRs confirms the presence

of the GZK effect, and also the cosmic-ray propagation through the Universe.

1.1.2 AccelerationMechanisms

Variable magnetic fields could induce variable electric fields that can accelerate charged CRs. These acceleration pro-

cesses can be subdivided into two main mechanisms, proposed by Enrico Fermi: first order and second order Fermi

acceleration (Fermi, 1949); they differ in the characteristics of the moving plasma.

⋄ First Order Fermi acceleration. The acceleration occurs in a plasma with inhomogeneities between shock

waves and magnetic field. Every time that particles, deflected by the magnetic field, cross the shock wave, they

get accelerated. The energy gained in each passage is proportional to the relative velocity between the shock and

the particle and, the larger the relative velocity, the larger the energy gain. The number of multiple scatterings

*The CMB radiation is the residual electromagnetic energy from the Big Bang. Its spectrum is described by the Planck black
body function, with a characteristic temperature of 2.7 K and a density of 415 photons cm−3. The mean photon energy is E0=
6.4×10−4 eV, in the microwave region of the spectrum.
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through the shock wave is directly proportional to the magnetic field strength. This mechanism is very efficient

and it is supposed to be responsible for the acceleration of particles up to TeV and PeV.

⋄ Second Order Fermi acceleration. This acceleration occurs in magnetized clouds which move randomly and

act as “magneticmirrors”, so the particles are reflected off them. Compared to the First Order, in this process the

directions of the shock wave are randomly distributed. So, if the front of the magnetic field is moving towards

the particle, after the reflection the energy increases. The energy gained by the particles in each reflection on

average is proportional to the square of the speed of the moving cloud.

When a particle escapes from the accelerating region, it will not be able to gain more energy. Its maximum energy,

Emax, is related to the Larmor radius or gyroradius: the radius of the circular motion under the presence of an uniform

magnetic field. In particular, the gyroradius cannot exceed the size of the acceleration region, otherwise the particle

would not be confined in this acceleration region anymore. This geometrical constraint is known as theHillas criterion.

This Emax can be expressed as follows:

Emax = q
R
kpc

B
μG

1018eV (1.4)

where q is the charge of the particle,R is the radius and B the magnetic field of the acceleration region.

This equation is represented with the so-called Hillas plot, shown in Figure 1.2, illustrating the relation between the

magnetic field strength and the radius of the acceleration region. The diagonal lines define the allowed region for the

acceleration of CRs at different energies. Objects below each line cannot accelerate those particles up to the indicated

energies. From theHillas plot we can conclude that Galactic sources are not able to produce CRs above 1015 eV; and

so, for the highest energy CRs, one should search for extragalactic sources.

1.2 Gamma-ray Astrophysics

Gamma rays, photons with the highest energies, are produced in the acceleration of CRs or in their interaction with

the environment. Their spectrum extends beyond ∼ 1 MeV, which is the minimum energy to produce gamma rays

in the electron/positron annihilation (2×me = 2×0.511 MeV, where me is the mass of the electron). Gamma rays

can reach extremely high energies (> PeVs), thus thermal mechanisms cannot be responsible for their production. In

particular, the interaction of CRs and gamma rays with their environment can be of three types: interaction with
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Figure 1.2 TheHillas plot describes the possible sources of CRs as a function of their magnetic field strength
and size. The lines indicate the allowed acceleration region for different particles at a maximum energy (solid
red line for protons with Emax = 1 ZeV = 1021 eV, dashed red line for protons with Emax = 100 EeV = 1020 eV,
and solid green line for Fe nuclei with Emax = 100 EeV). Sources below each line cannot produce CRs with
an energy larger than the indicated value. FromHillas (1984).

matter, interaction with magnetic fields and interaction with photon fields. The processes that produce gamma rays

are presented in Section 1.2.1; their absorption processes are described in Section 1.2.2.

1.2.1 Gamma-ray Production

In this section Iwill give a brief description of the variousmechanisms involved in astrophysical gamma-ray production.

A more detailed description can be found in Longair (2011) and Aharonian et al. (2004).
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1.2.1.1 Bremsstrahlung

Bremsstrahlung emission, also called free-free emission, is the electromagnetic radiation produced by the interaction

of charged particles (e.g. electrons) with the electric field created by ions and atomic nuclei of an ionized gas. When

electrons interact with the electric field, they are decelerated, change their trajectory and lose energy in the form of

gamma rays (Figure 1.3). This mechanism becomes dominant against ionization when a critical energy is reached,

defined as the energy at which the energy loss by the twomechanisms is equal. The bremsstrahlung energy loss depends

on the distance travelled by the electron in the medium, and is expressed as:

−dE
dx

=
1
χ0

E (1.5)

where χ0 is the radiation length, and represents the average distance over which the particle loses 1/e of its energy due

to bremsstrahlung. The radiation length depends on the material: the higher the density of the material, the lower

the distance to which the particle can penetrate, and the smaller the radiation length. Since the energy loss is directly

proportional to the energy of the charged particle, the bremsstrahlung mechanism produces a gamma-ray spectrum

that follows the same distribution as that of the charged particles. This is an important mechanism to produce VHE

gamma rays through bremsstrahlung of UHE charged particles.

Figure 1.3 Illustration of the Bremsstrahlung mechanism.
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1.2.1.2 Electron/positron Annihilation

This process occurs when an electron collides with its antiparticle and vice versa (see Fig. 1.4):

e− + e+ → γ+ γ (1.6)

The total energy of the two photons in the center-of-momentum frame of reference is equal to the combined rest–mass

energy of the electron–positron pair, 2mec2 ∼ 1.022 MeV. If an electron and a positron are essentially at rest, upon

annihilation two gamma rays of equal energy (0.511 MeV) are produced. The simplest possible source of positrons is

the direct decay of positive pions; another possibilitywould be the creation of electron-positrons pairs through photon-

photon annihilation or also in the decay of long-lived radioactive isotopes produced for example in the Supernovae

(SNe) nucleosynthesis.

Figure 1.4 Illustration of the electron-positron annihilation.

1.2.1.3 Neutral Pion Decay

The neutral pion π0 has a rest mass of 135 MeV and a very short lifetime (8.4× 10−17 s); thus, it quickly decays into

two gamma rays (see Figure 1.5), with 99% probability:

π0 → γ+ γ (1.7)

11



It also has a probability of 1% to decay producing an e−e+ pair:

π0 → e− + e+ + γ (1.8)

Each photon in Eq. 1.7 carries half of the particle energy (i.e. 67.5 MeV), and in the case of relativistic pions, these

photons are beamed in the same direction of the primary particle.

Figure 1.5 Illustration of the neutral Pion Decay.

1.2.1.4 Synchrotron Radiation

When a charged particle embedded in a magnetic field moves in a curved path, it emits electromagnetic radiation and

is continuously accelerated by the Lorentz force that makes it rotate around the magnetic field lines (see Figure 1.6).

This acceleration causes emission of electromagnetic radiation. If the velocity of the particle is non-relativistic this

radiation is called cyclotron radiation. Instead, when the motion of the particle becomes relativistic, the emission is

named synchrotron radiation.

The radiation frequency is given by the relation ω =
qB
mc , where q is the electric charge of the particle andm its mass.

Synchrotron radiation is emitted along the tangent of the circularmotion and is concentrated in a narrow cone ofwidth

1/γ, where γ = 1√
1− v2

c2

is the Lorentz factor. The relation between the kinetic energy of the particle and that of the

emitted photons can be expressed through:
dE
dt

= −σTcUBγ2 (1.9)
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where σT is the Thomson cross-section andUB is themagnetic energy. In particular, assuming a uniformmagnetic field

and that the bulk of the electrons are mono-energetic, the synchrotron gamma-ray spectrum would peak at:

Eγ ∼ 1.5× 10−5
(
B⊥
[G]

)(
Ee

[TeV]

)2
(1.10)

where Ee is the energy of the electrons and B⊥ the perpendicular component of the magnetic field. Normally, the

synchrotron emission does not reach VHE, but these emitted photons are very interesting because they are the targets

for Inverse Compton (IC) up-scattering (see Section 1.2.1.5).

If the particles follow the curved magnetic field lines, instead of spiraling around them, the emission process is called

curvature radiation.

Figure 1.6 Illustration of the synchrotron radiation mechanism.

1.2.1.5 Inverse Compton

The Inverse Compton process is an interaction between relativistic electrons and low-energy photons: the electron

transfers part of its energy to the photon, that is re-emitted at higher energy (see Figure 1.7). The process is called

inverse because the electrons lose energy rather than the photons, the opposite of the standard Compton effect. This is

themost effectivemechanism for the production of VHE gamma rays. Depending on the initial energy of the electrons

(Ee) and the photons (Eγ), we can distinguish two regimes (Longair, 2002):

⋄ TheThomson regime, also called non-relativistic regime, occurs when EγEe ≪ m2
e c4. The process has a constant
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cross-section, the Thomson cross-section: σT = 8
3πr

2
e , where re is the classical electron radius. Assuming a

power-lawdistribution for the electronswith an indexΓe, theup-scattered gamma-ray spectrumfollows apower-

law function with index Γ = (Γe + 1/2). The electron energy losses are proportional to E2e .

⋄ TheKlein-Nishina regime, or relativistic regime, happens when the energy of electrons becomes very high and

they become relativistic, with EγEe ≃ m2
e c4. The cross-section in this regime is:

σKN = 2πr2e

{
1+ ε
ε

[
2+ 2ε
1+ 2ε

− ln(1+ 2ε)
ε

]
+

ln(1+ 2ε)
2ε

− 1+ 3ε
(1+ 3ε)2

}
(1.11)

where ε = Eγ/mec2. If EγEe ≫ m2
e c4, the Klein-Nishina approximation applies: σKN,approx =

πr2e
ε [ln(2ε) + 1

2 ].

If the electron spectrum is again described by a power-law with index Γe, the resulting gamma-ray spectrum is

considerably steeper with a photon index Γ = Γe + 1. The energy loss, independent of the electron energy, is

proportional to the density of photons (De Angelis & Pimenta, 2018).

Figure 1.7 Illustration of the Inverse Compton scattering mechanism.

1.2.1.6 Synchrotron Self-Compton

The Synchrotron Self Compton (SSC) emission mechanism is a combination of the previous twomechanisms, where

the synchrotron emission by ultra-relativistic electrons is so efficient that a very intense radiation field is created. These

photons become the targets for the IC scattering by the same charged particles that produced them in the first place,

thus photons are able to reach higher energies than in a simple synchrotron emission process.
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1.2.2 Gamma-ray Absorption

1.2.2.1 Pair Production

Pair production, the inverse process of the pair annihilationmechanism described in Section 1.2.1.2, plays a crucial role

in gamma-ray astrophysics. The interaction between a HE photon with a lower energy are results in the production of

an electron and a positron:

γ+ γ → e− + e+ (1.12)

The cross-section of the pair production has a peak at:

Eγ1Eγ2(1− cosθ) ∼ 2(mec2)2 (1.13)

where Eγ1 and Eγ2 are the energy of the photons that are colliding with an angle θ, andme = 0.511MeV is the electron

mass. This process is responsible for the attenuation of extragalactic VHE photons by the Extragalactic Background

Light (EBL).

1.2.3 Gamma-ray Sources

At present, the VHE sky, shown in Figure 1.8, counts almost 250 sources. The gamma-ray sources can be divided into

two main groups: Galactic and extra-galactic. In this section I briefly describe the gamma-ray characteristics of these

sources.

1.2.3.1 Galactic Sources

• SNRs

SNexplosions occur at the end of the life ofmassive stars (M≳ 8M⊙) and in this event the outer layers of the star

are ejected; they expand into the interstellar medium travelling through space for thousands of years forming

a shell structure, or a SNR, visible at different wavelengths. Non-thermal gamma-ray emission is produced by

the population of relativistic particles (leptons and hadrons) that are accelerated in the SN shocks through the

first order Fermi acceleration mechanism. In particular, the VHE emission can be explained by IC scattering

on energetic leptons (leptonic scenario) and/or by neutral pion decay (hadronic scenario). Several SNRs have
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Figure 1.8 Map of the 229 VHE sources detected up to February 2021 (excluding unidentified sources).
Galactic sources are in the upper panel, extragalactic ones are in the lower panel (http://tevcat2.uchicago.
edu).

been detected in VHE gamma rays: RX J1713.7−3846 (Muraishi et al., 2000), Vela Junior (RX J0852.0-4622)

(Katagiri et al., 2005), Cas A (Aharonian et al., 2001), Tycho (Atoyan & Dermer, 2012) (see Figure 1.9b) and

SN 1006 (Naumann-Godó et al., 2008).

• Pulsars

Pulsars are isolated Neutron Stars (NSs) with a strong magnetic field and powered by rotation: the pulsar’s

rotational energy is converted into the relativistic motion of electrons and positrons, which produce narrow

beams of photons up to a few TeV. This beam is visible only when it crosses our light of sight because the

magnetic field lines and the rotation axis of the NS are not usually aligned. The most famous VHE pulsar, and

the first detected, is theCrab pulsar, discoveredwith theMAGIC telescope in 2008 (Aliu et al., 2008); its pulsed

emission above 100GeVwas first detectedwith theVERITAS telescopes (McCann, 2011). Only recently it was
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detected up to TeV energies (Ansoldi et al., 2016) (see Figure 1.9-b). Only two other pulsars have been detected

in the VHE gamma-ray band: the Vela pulsar (H. E. S. S. Collaboration et al., 2018b), and very recently the

Geminga pulsar (MAGIC Collaboration et al., 2020), at energies up to 75 GeV. H.E.S.S.-II detected pulsed

emission also from PSR B1706−44 in the sub-100 GeV energy range (Spir-Jacob et al., 2019a). Gamma-ray

pulsars, the subject of this Thesis, will be extensively discussed in Chapter 3.

• Pulsar Wind Nebulae (PWNe)

PWNe are very bright TeV sources. They are highly magnetized nebulae powered by young and energetic pul-

sars. The energetic emission coming from the inner part of many SNRs is believed to be produced by a wind

of relativistic charged particles originating from the pulsar magnetosphere and moving inside a magnetic field.

The leptons inside the nebulae, which come from the pulsarmagnetosphere and are accelerated up to relativistic

velocities, interact with magnetic and radiation fields producing non-thermal emission up to hundreds of TeV.

Gamma rays are produced through IC scattering of ambient photons by accelerated electrons. There are more

than thirty PWNe observed so far at VHE making them the most numerous class of detected VHE Galactic

objects. The brightest and most studied PWN is the Crab Nebula (see Figure 1.9b) which is used as a standard

reference for TeV observations; this source will be presented in Chapter 3.

• Gamma-ray binaries

These systems are composed of a compact object (like a NS or a Black Hole (BH)) and a donor star, that can be

a low-mass star (LowMass X-ray Binaries (LMXBs)) or a high-mass star (HighMass X-ray Binaries (HMXBs)).

Gamma-ray binaries have been detected from radio up toTeV gamma-rays butmost of their emission is radiated

in the 1-1000 MeV band, hence their name. The emission above 1 MeV dominates their spectral energy distri-

bution, disregarding the black-body-like component from the companion star. In particular, the gamma-ray

emission sometimes is modulated at the orbital period. Two different models have been proposed for them: the

microquasars and the pulsar wind models (see Figure 1.9-c). In the microquasar scenario the compact object

accretes matter from the stellar wind and part of energy released in the accretion disk is expelled in a relativistic

jet. The VHE emission can come from an accretion disc (in the jet) or from the termination shock of the jet

with the InterstellarMedium (ISM). In the pulsar wind scenario instead, the VHE emission can originate in the

intra-binary shock between the relativistic wind of the pulsar and the stellar wind (Dubus, 2013). Up to now,

only 10 gamma-ray binaries are regularly observed at TeV energies (Dubus, 2013; Chernyakova et al., 2019);
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including PSR B1259−63 (Aharonian et al., 2005), HESS J0632+057 (Aharonian et al., 2007), LS 5039 (Aha-

ronian et al., 2006), LS I+61◦303 (Acciari et al., 2008). A particular class of LMXBs, which can potentially emit

VHE photons, the tMSPs, will be described in Chapter 6.

(a) Composite image of the Tycho SNR, lo‐
cated in the Cassiopeia constellation. Credit
to NASA

(b)Multiwavelength view of the Crab Nebula
and the Crab pulsar (the bright spot at the
centre of the image). Credit to NASA and ESA.

(c) The two models of binary star systems emitting gamma rays. Left: the microquasar
scenario, right: the pulsar wind scenario. Credit to Mirabel (2006).

Figure 1.9 Galactic gamma-ray sources.

1.2.3.2 Extragalactic Sources

• Active Galactic Nuclei (AGN)

These extragalactic emitters are gamma-ray galaxies with a Supermassive Black Holes (SMBHs) at the center
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(MBH ≳ 107 M⊙) that feeds two relativistic bipolar jets (see Figure 1.10-a). The material from the SMBHs is

ejected to speed near the speed of light up to hundreds of kiloparsecs out of the host galaxy. The gamma-ray

emission originates both in the accretion disk around the SMBHs and along the ultra-relativistic jets, where

charged particles are accelerated.

• Starburst Galaxies

These galaxies are regions with a very high star formation rate, and consequently, with a large SN explosion

rate (see Figure 1.10-b). Here, both extragalactic cosmic rays with energy up to 1016 eV and VHE gamma-

ray photons are produced. To date, only two Starburst galaxies have been detected at VHE: M82 (VERITAS

Collaboration et al., 2009), and NGC 253 (Abramowski et al., 2012).

• Gamma-ray Bursts

Gamma-RayBursts (GRBs) are themost luminous sources of electromagnetic radiation known in theUniverse,

which release an incredibly large amount of radiation in a very short time (see Figure 1.10-c). GRBs are produced

by relativistic outflows of plasma ejected bynewbornNSs or stellar BHs. We candistinguish two classes ofGRBs

(compact star origin or massive star origin) (Li et al., 2016):

– shortGRBs, typicallywith duration less than 2 seconds, are believed to be products of compact starmerg-

ers, i.e., NS-NS or NS-BHmergers;

– long GRBs, typically with duration between 2 seconds and several minutes, are supposed to originate

from core-collapse of massive stars > 30M⊙ in general.

The first GRB observed with theMAGIC telescopes, GRB 190114C event, was detected on January 14th 2019

with a total significance >50σ at energies exceeding 100 GeV (MAGIC Collaboration et al., 2019). It was first

identified as a long GRB by the Swift-BAT instrument and the Fermi-GBM instrument at T0 = 20:57:03 Uni-

versal Time. The afterglow following the prompt emission was detected at all wavelengths from radio up to

gamma rays. An early estimate of the redshift was reported as being z = 0.4245 ± 0.0005†. Triggered by the

Swift-BAT alert, the MAGIC telescopes – thanks to the automatic repointing of the telescope specifically al-

lowed by the light weight of their structure – observed the GRB 190114C event fromT0 + 57 seconds until T0

+ 15912 seconds. At themoment in which the telescopes started observations, the camera was flooded by signal

†https://gcn.gsfc.nasa.gov/gcn3/23695.gcn3
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and an off-line analysis reported the detection of gamma rays above 300 GeV.

In the past two years, three GRBs (GRB 180720B, 190114C and 190829A) have been detected at VHE (Fraija

et al., 2019; MAGIC Collaboration et al., 2019; de Naurois, 2019).

(a) Artistic illustration of ultra‐relativistic jets emitted from a SMBH at
the center of an active galaxy. Credit: ESA/Hubble, L. Calçada (ESO).

(b)M82 is an example of a starburst galaxy. Cred‐
its: NASA, ESA and the Hubble Heritage Team.

(c) A typical GRB illustration. Credits: NASA.

Figure 1.10 Some extragalactic gamma-ray sources.

1.2.4 Gamma-ray Detection Techniques

The detection of gamma-ray photons is complicated because they are completely absorbed by the Earth’s atmosphere,

as illustrated in Figure 1.11. In particular, gamma rays with energy≲ 50 GeV can be efficiently detected by balloons or

satellites at high altitude (at about 40 km for balloons and at about 500 km for satellites), while VHE gamma rays can

only be indirectly detected by ground-based telescopes. The detection of VHE gamma-ray photons is limited due to

their very low flux (a few gamma rays per squaremeter per year above 1TeV, for strong sources) and the very short dura-

tion of signal flashes (∼ 2ns); this requires very fast and sensitive acquisition systems because space-based instruments

are not very efficient due to the limited collection areas of the detector (of the order of 1m2) (de Naurois & Mazin,
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2015). Only the huge collection area of the ground-based telescopes (of the order of 105 m2) make these instruments

able to detect photons at the highest energies.

In the following section I will briefly summarize the three different techniques to detect HE and VHE gamma rays:

satellites, Water Cherenkov arrays, and IACTs.

Figure 1.11 Illustration of the electromagnetic spectrum and its corresponding telescopes or observation
techniques. The heights at which photons of different energy are completely absorbed by the Earth’s atmo-
sphere are also reported. We can see that the HE gamma rays are detected by instruments on high altitude
balloons or satellite instead, the VHE and UHE gamma rays are indirectly observed from ground through
the absorption process in the atmosphere producing a so-called EAS. Plot adapted form Longair (2011).

1.2.4.1 Satellites

Themain characteristics of space satellites are: the effective area, the energy resolution and the angular or spatial resolu-

tion (the Point Spread Function (PSF)). As discussed in Section 1.2.4, these telescopes detect primary photons at lower

energies than ground-based telescopes because they have a small effective area, which limits their sensitivity. They have

a high duty cycle and their energy resolution is very good, with small systematic errors and a low level of background.

Currently there are twomain gamma-ray satellites in operation: AGILE (Tavani et al., 2009) and Fermi-LAT (Atwood
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et al., 2009).

The Fermi satellite was launched in June 2008 and it consists of two instruments: the Large Area Telescope (LAT),

covering an energy range from∼ 50 MeV to∼ 300 GeV, and the Gamma-ray Burst Monitor (GBM), which reaches

up to∼ 10-25MeV. The satellite orbits at a height of about 565 kmwith a period of∼ 95minutes, and it completes an

entire scan of the sky every two orbits. The scientific aims of the LAT are to understand the nature of the unidentified

gamma-ray sources and the origin of the diffuseGalactic emission, the accelerationmechanisms of the particles, and the

HE behavior of GRBs and transient sources. The production of e−e+ pairs at the time of the interaction of VHE pho-

tonswithmatter is the physical principle onwhich the satellite is based. In particular, the charged particles pass through

layers of silicon and tungsten detectors giving rise to an ionization process that produces small, but measurable, pulses

of electrical charge. By combining the information from different detector layers, it is possible to reconstruct the path

of the particles and therefore, of the primary gamma photons. Then, the particles are carried inside an electromagnetic

calorimeter, consisting of a scintillator material (Thallium doped cesium iodide, CsI(Tl), Scintillating Crystal), which

allows to measure the total energy of the electrical charges. Finally, the tracker is surrounded by an anti-coincidence

detector for the rejection of the cosmic rays.

Figure 1.12 An artistic impression of the Fermi satellite with its Large Area Telescope (LAT) shown on the
top. Image credit: NASA.

1.2.4.2 Water Cherenkov Detector Arrays

The water Cherenkov technique is able to directly detect the particles of the air shower that reach the ground; and in

particular, the median energy of these telescopes, which are arrays of particle counters on the ground, is rather high

depending on the altitude of the observatory. When the particles traverse the water, they produce Cherenkov light that

can be detected via Photomultiplier tubes and so, through the study of the development of the shower, it is possible to
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reconstruct their incoming direction and energy.

One example of a water Cherenkov array is the High Altitude Water Cherenkov (HAWC) detector (see Figure 1.13),

inaugurated in 2015 and located in the Sierra Negra in Mexico (4100 m). HAWC uses 300 opaque water tanks with

a diameter of ∼ 7.3 m and 4.5 m in height arranged in a compact layout resulting in a detector area of about 22000

m2. In late 2018, the HAWC collaboration completed a major upgrade consisting of the addition of a sparse outrigger

array of 345 small water Cherenkov detectors surrounding the 300 water tanks of the main array and extending the

instrumented area by a factor of 4 (Marandon et al., 2019). With this new sparse outrigger array the reconstruction

of those events improved and also the instrument sensitivity improved. The observatory is sensitive to gamma rays

ranging from a few hundreds GeV up to about 100 TeV, with an instantaneous field of view of∼ 2 sr and a duty cycle

ofmore than 95%. Those two characteristics compensate the smaller instantaneous sensitivity compared to the imaging

atmospheric Cherenkov technique, especially at the highest energies for which fluxes tend to be low. This makes this

instrument verywell suited to the hunt for sources that can accelerate particles up to the knee of the cosmic ray spectrum

(∼ 1015 eV) (Marandon et al., 2019).

The Large High Altitude Air Shower Observatory (LHAASO) is located in Daocheng, Sichuan, China at 4410m above

sea level. It comprises an array of 5242 electromagnetic detectors and 1188 muon detectors, an array of 18 wide field-

of-viewCherenkov telescopes, and 3120 water cherenkov detector units (Kang et al., 2020). A considerable part of the

LHAASO detectors have been operating since 2019 and the whole array will be completed in 2021 (Aharonian et al.,

2020). LHAASO combines multiple cosmic ray detection technologies for exploring the origin of cosmic rays and it

is well-suited for gamma ray energies above 10 TeV. This Observatory is 3.5 time larger and 300 m higher thanHAWC

and the effective area is an order of magnitude higher than HAWC at energy of 30 GeV. To improve the LHAASO

sensitivity at low threshold energy, a larger Photomultiplier Tubes (PMT)with a diameter of 20 inch it is instrumented

in the water Cherenkov pool (Kang et al., 2020).

In general, these water detectors have a high duty cycle and a large field-of-view, but a relatively low sensitivity. The

energy threshold of such detectors is rather large —a shower initiated by a 1 TeV photon typically has its maximum at

about 8 km a.s.l. (De Angelis & Pimenta, 2018). The energy threshold is at best in the 0.5–1 TeV range, so they are

built to detect UHE photons as well as the most energetic VHE gammas. At such energies fluxes are small and large

surfaces of order of 104 m2 are required. Photons traveling through the water typically undergo Compton scattering

or produce an electron–positron pair, also resulting in Cherenkov light emission and this is an advantage of the water

23



Cherenkov technique, as photons constitute a large fraction of the electromagnetic component of an air shower at

ground (De Angelis & Pimenta, 2018).

Figure 1.13 Left: the HAWC Observatory. Credit: J. Goodman. Right: Top view sketch of the HAWC
main and outrigger array. The red dots represent the nodes that contain the readout electronics and power
supply for each tanks. FromMarandon et al. (2019).

1.2.4.3 Imaging Atmospheric Cherenkov Telescopes (IACTs)

Ground-based telescopes use the Imaging atmosphericCherenkov technique in order to detect gamma rays above some

hundreds of GeV. Atmospheric showers, generated by the interaction of a primary gamma ray with nuclei in the atmo-

sphere, are detected through their emittedCherenkov light. These telescopes use the atmosphere as an indirect detector

of gamma rays: this increases both the collection area, up to several square kilometers, and also the energy reach. This

technique will be extensively discussed in Chapter 2. IACTs cannot operate during daytime (the PMTs used are ex-

tremely sensitive, up to point that they could be damaged if exposed to daylight, Carrasco-Casado et al. (2013)), and

only few of them can be operated during moderate Moonlight conditions.

Currentmajor IACTs areH.E.S.S. (Funk et al., 2004), VERITAS (Holder et al., 2008) andMAGIC (Bigongiari, 2005).

H.E.S.S. is a system of 5 Cherenkov telescopes located in Namibia sensitive to gamma rays between 100 GeV and 100

TeV. It consists of four telescopes with a dish size of 12m in diameter and one telescope of 28m. VERITAS is an array

of four Cherenkov telescopes of 12 meters in diameter sensitive to energies between 85 GeV and 50 TeV. It has been

located on Mount Hopkins in Arizona, USA, since 2007. I will discuss extensively the MAGIC telescopes, shown in

Figure 1.14, in Section 2.2.
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Figure 1.14 TheMAGIC telescopes. Image taken from the web page of theMAGICCollaboration. Credit:
Daniel López/IAC.
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2
Imaging Atmospheric Cherenkov Telescopes

The first source of VHE gamma rays, the Crab Nebula, was detected by the Whipple telescope in the 1980s (Weekes

et al., 1989). This new type of instrument and data analysis became the basis for IACTs and kicked off the current

generation of Cherenkov telescopes. In this chapter, I describe in detail the hardware and software of the MAGIC

telescopes. In addition, I present an overview of the future generation of Cherenkov telescopes: the CTA. I start with a

short overview of the imaging atmospheric Cherenkov technique and describe the two physical phenomena that enable

the ground-based astronomy in the VHE band: EASs and Cherenkov radiation.
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2.1 Air showers and atmospheric Cherenkov radiation

2.1.1 Cherenkov Light

When a VHE gamma ray enters the Earth’s atmosphere, it interacts with one of its molecules producing a cascade of

energetic particles, the so-called EASs. For a detailed description see Section 2.1.2. These cascades, formed by neutral

and charged particles, travel faster than the speed of light in the atmosphere and, during their path to the ground, they

produce the Cherenkov radiation, whose wavelength ranges from 300 to 500 nm, with a peak at about 320 nm, in the

Ultraviolet (UV) band. The Cherenkov light was predicted by Oliver Heaviside in 1888 and, almost fifty years later,

measuredby theRussianphysicistsCherenkov andVasilov in 1934 (Cherenkov, 1934). In 1958 they received theNobel

prize for the discovery and interpretation of this effect.

The atmosphere is a dielectric medium and so, when a charged particle passes through it, it changes the polarization of

the atmosphere’s molecules. In particular, if the velocity of the particle is low (v < c/n, where n is the refraction index

of the medium), the polarization is symmetric: the electromagnetic field remains null (see Figure 2.1-a). However, if

the velocity is higher than the speed of light in the medium (v > c/n), the particle travels faster than its electric field

and leaves a non-symmetric perturbation (see Figure 2.1-b).

Figure 2.1 Emission of Cherenkov radiation by a charged particle. a) polarization of a medium when a
charged particle passes through it with a velocity v < c/n; b) polarization of a medium when a charged
particle crosses it with a velocity v > c/n; c) schematic representation of the Cherenkov radiation emitted
by a particle. Credit to de Naurois &Mazin (2015).

The dipoles, to come back to equilibrium, emit these blue Cherenkov flashes in the form of a cone, with an angular
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aperture θ, the so-called Cherenkov angle (see Figure 2.1-c):

cosθ =
c
nv

=
1
nβ

(2.1)

where β = v/c. In the air, the value of the Cherenkov angle is about 1 degree at 2200 m, and decreases at higher

altitudes.

On the Earth’s surface, the Cherenkov light of each ultra-relativistic particle track illuminates a donut-shaped ring (the

so-called Cherenkov light pool) as shown in Figure 2.2.

Figure 2.2 The superposition of the Cherenkov light rings produces on the ground the so-called Cherenkov
light pool: a circle (or an ellipse) of∼ 120m of radius. Image from https://www.mpi-hd.mpg.de.

The circle of theCherenkov light pool has a radius of about 120m, centered on the shower core at 2200m above the sea

level (a.s.l.), and the light can be collected and studied with Cherenkov telescopes.

The photon density is proportional to the energy of the primary gamma ray and this is important for the reconstruction

of the primary particles’ energy. The spectral intensity of Cherenkov radiation, and so, the number of Cherenkov

photons, is proportional to λ−2, with λ the wavelength of the emitted radiation. As shown in Figure 2.3, most of

the Cherenkov light is emitted in the UV range, the absorption effects shift the maximum of the spectrum to larger

wavelengths.

The main mechanisms responsible for absorption are:

• Rayleigh scattering: it takes space when Cherenkov photons interact with particles smaller than their wave-
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Figure 2.3 Spectra of the Cherenkov radiation for different energies of the primary gamma ray (solid line).
The dashed lines take into account absorption mechanisms, like Rayleigh and Mie scattering. Credit to
Wagner (2006).

length, i.e. air molecules. The efficiency of this scattering process is proportional to λ−4: the photons with the

shorter wavelength are strongly suppressed.

• Mie scattering: elastic interaction between Cherenkov photons and aerosol, dust and droplets of water. These

particles have a diameter comparable, or greater, than the wavelength of Cherenkov light. This scattering is not

very wavelength-dependent. In particular, on the island of La Palma, where theMAGIC telescopes are located,

the aerosols are a mix of sea salts from the Atlantic ocean, ice crystals from passing clouds, dust andmicroscopic

sand particles (especially during a calima* event).

• Ozone molecules: responsible for the strong absorption of hard UV photons (< 300 nm).

• H2O and CO2 molecules: absorption in the Infrared (IR) band.

• Zenith angle: the larger the zenith angle, or smaller the elevation angle (i.e. closer to the horizon), the higher the

absorption; this affects the cascade because the fraction of atmosphere that it has to pass through is much larger,

and consequently the interaction rate is higher. Only themost energetic particles can be detected byCherenkov

telescopes in high zenith angle observations, and the peak of the Cherenkov radiation spectrum shifts to longer

*It is a warm or hot wind that carries huge quantities of dust and sand from the nearby Sahara Desert.
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wavelengths, i.e. the Cherenkov light becomes redder.

2.1.2 Extensive Air Shower

As discussed in Section 2.1.1, when an ultra-relativistic gamma ray orCR enters the atmosphere, a series of interactions

occur, which lead to what is known as an EAS. The primary particle collides with one molecule of the Earth’s atmo-

sphere (usually a nitrogen, an oxygen or an argon nucleus) at at an altitude of ∼ 5-25 km above sea level (a.s.l.). The

altitude depends on energy: the more energetic the particle, the deeper it can travel through the atmosphere and the

lower the interaction point is located. The result of these interactions is two or more secondary particles and, since the

original particle is very energetic, the secondaries also travel almost at the speed of light. These secondary particles are

subjected to further interactions with air nuclei, and a new cascade of thousands of secondary particles is produced.

This process continues to take place until the ionization processes become dominant and the energy threshold for pair

creation is reached. In the following sections, I describe the showers induced by a gamma ray (the electromagnetic

shower) and the ones induced by protons or other nuclei (hadronic showers).

2.1.2.1 Electromagnetic Showers

The Electromagnetics (EMs) showers are initiated by a gamma ray and they are the simplest kind of EMs since they are

primarily composed of electrons, positrons and gamma rays. These showers are characterized by threemain interaction

processes: production of e−e+ pair, bremsstrahlung emission (see Section 1.2.1.1) and losses of energy through ioniza-

tion. When a primary gamma ray of E≳20MeV interacts with the intense electric field in the vicinity of the nucleus of

an air molecule, an e−e+ pair is produced (see Figure 2.4-left). These e−e+ pairs lose energy via bremsstrahlung, above

an energy threshold in air of Et = 86MeV, the energy for which the energy losses by bremsstrahlung and ionization are

equal.

The energy losses are converted into energetic photons that can undergo additional pair production. The energy loss

dE for an electron due to bremsstrahlung is expressed by:

dE
dx

= − E
X0,e

(2.2)

whereX0,e is the radiation length for an e− or e+, measured in g cm−2; the atmosphere (dry air) has a radiation length of
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Figure 2.4 Schematic description of extended air showers. Left: EMs shower. Right: Hadronic shower.
Credit to Wagner (2006).

36.7 g cm−2 de Naurois &Mazin (2015). This parameter indicates the mean amount of matter, projected on a plane,

that an electron must cross to lose 1/e of its energy by bremsstrahlung. The mean free path of gamma rays for pair

production is 7/9 X0,e. Another characteristic of EM showers is that they tend to be rather symmetric with respect to

the shower axis (see Figure 2.5-left).

Figure 2.5 Simulated extended air showers. Left: EMs shower with a primary gamma ray of 100 GeV.
Right: Hadronic shower with a primary proton of 100 GeV. Images taken from https://www.iap.kit.
edu/corsika/.

32

https://www.iap.kit.edu/corsika/
https://www.iap.kit.edu/corsika/


At each step of the shower the number of particles is doubled, while their energy is half of the energy of the previous

particle producing the interaction. Asmentioned previously, the shower stops when the energy of the e−e+ pairs reach

the Et and therefore the number of particles reaches its maximum. The height above the sea level where the number of

particles reaches its maximum (hmax) depends weakly on the energy of the primary gamma ray: hmax ∝ 1/ln(E0). For

a primary photon with an energy between 50 GeV and 10 TeV, hmax is around 6 to 10 km.

2.1.2.2 Hadronic Showers

Hadronic showers are generated when a charged particle (usually a proton) interacts with an atmospheric nucleus

through the strong force (see Figure 2.4-right). The main products of these showers are pions (∼ 90%), kaons (∼

10%), and a small amount of light baryons (protons, neutrons and corresponding antiparticles). The shower continues

to undergo hadronic interactions until the energy per nucleon is smaller than the pion production threshold (E ≃ 1

GeV). In the hadronic shower we can distinguish three different components:

∗ Hadronic component: consists of heavy particles: nuclei and mesons (pions) which transfer significant trans-

verse momentum in each collision. Pions decay into photons and muons through the following relations:

π0 → γ+ γ ; π+ → μ+ + νμ and π− → μ− + ν̄μ (2.3)

∗ EM component: consists of the EM sub-cascades of the shower (electrons, positrons and gamma rays from the

decay of π0); this is the dominant component in the final stages of the shower development.

∗ Muonic component: consists of muons and neutrinos from pion and kaon decay. Due to their small inter-

action cross section, neutrinos are difficult to detect; the basic principle of neutrino telescopes is to observe

Cherenkov light from charged secondary particles emerging from neutrino reactions and passing a detector

volume filled with a transparent dielecric medium and observed by an arrangement of PMTs. For the low-

energy regime (typically MeV–multi-GeV), detectors are installed in deep-underground caverns; for high ener-

gies (some GeV–10 PeV), naturally abundant volumes of water or ice are instrumented with three-dimensional

arrays of PMTs.
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Muons travel long distance and can reach the ground and they undergo the following decay process:

μ+ → e+ + νe + ν̄μ and μ− → e− + ν̄e + νμ (2.4)

Hadronic showers penetrate deeper into the atmosphere compared to EM showers of the same primary energy. Addi-

tionally, these showers are more extended than EM ones due to the high transversal momentum that kaons and pions

receive compared to those of electrons and positrons (see Figure 2.5-right).

The other difference between EM and hadronic cascades is the duration of their Cherenkov flashes: showers initiated

by gamma rays develop in less than 3 ns , while those generated by hadrons last more than 10 ns.

2.1.3 The Imaging Cherenkov Technique

As described in Section 1.2.4.3, in order to measure the gamma-ray emission of astrophysical sources from the ground,

the imagingCherenkov techniquewas developed. The first IACTwas the 10mWhipple telescope (Weekes et al., 1989);

it was built in 1968 and detected for the first time teraelectronvolt gamma-ray emission of the Crab Nebula with a

9σ statistical significance. This indirect detection technique combines the spatial and temporal information of the

Cherenkov light and differentiates between hadron and gamma-initiated showers. To do this, Cherenkov telescopes

with large collection areas and able to differentiate high-resolution time differences are needed. The Cherenkov light

is collected and sent to the fast pixelized cameras; then, an important role is played by the trigger system which rapidly

selects and records the events. This trigger guarantees that light flashes produced by fluctuations in the Night Sky

Background (NSB), formed by light from the stars, airglow, polar and zodiacal light and artificial lights, are discarded

because they do not display the spatial and temporal correlations of Cherenkov flashes associated with EAS. The rapid

response time is also important to minimize the detection of undesirable gamma-photons, which are product of the

background sources. In particular, the predominant background sources are the hadronic showers, where the EM sub-

cascades act like an irreducible background for the gamma-ray observations (see Figure 2.6). The other components

can be distinguished through the images produced in the camera: muons leave a ring-like structure clearly different

than the ellipse produced in EM cascades (see Figure 2.7).

One problem of these large area collectors is that they affect the high-precision time measurements: the difference in
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Figure 2.6 Sketch of the different layers of background that must be suppressed to obtain an image a VHE
source. Figure from Brun (2012).

Figure 2.7 Simulated images of atmospheric events induced by cosmic particles, as observed in the focal plane
of a Cherenkov telescope (Brun, 2012). From left to right: hadronic shower, isolated muon, gamma-like
event.

the time of arrival to the camera plan of light reflected by different segments of the mirror becomes important. So, the

use of parabolic reflectors is important since they are isochronous and this reduces the difficulties in collecting rapid

signals. Using several Cherenkov telescopes as a single gamma-ray instrument provides a number of advantages. The

imaging telescopes are located at a distance of about 100 m from each other and this increases the sensitivity of the

whole instrument, reaching a shower detection area of about 105 m2 (Weekes, 2003). The larger the collection area,

the larger the number of air showers detected. Figure 2.8 shows how IACTs work.

Another peculiarity of IACTs is that the diameter of the reflector is large in order to detect air showers generated by low

energy gamma-ray photons. Furthermore, the analysis of multiple images of the same shower (the so-called stereoscopic
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Figure 2.8 Sketch of the imaging Cherenkov technique. The Cherenkov light from the electromagnetic
cascade, initiated by a high-energy particle, is reflected by the mirrors and collected in the camera. The signal
is then converted into an electronic oneby the photomultipliers. Image from http://cta-observatory.org.

observations) makes it possible to improve the reconstruction of the primary gamma ray energy and initial direction

(Aleksić et al., 2012a). The stereoscopic mode improves also the gamma-hadron separation efficiency accepting only

events that simultaneously trigger all IACTs under the light pool.

2.2 MAGIC Telescopes

TheMAGIC telescopes, see Figure 2.9, is a system of two 17m diameter telescopes known asMAGIC-I andMAGIC-

II. This stereoscopic system is located at the Observatorio del Roque de los Muchachos (ORM) in the Canary island

of La Palma, Spain (28◦ 45’ N, 17◦ 53’ W) at 2225 m a.s.l.
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Figure 2.9 Pictures of MAGIC-II, in the background Large Size Telescope (LST)-1, the protopype of the
LST, one of the three classes of telescopes to be featured in the future CTA.

The site of the ORM is above the see of clouds for most of the year (see Figure 2.10); clouds that, for a natural phe-

nomenon, stay a few hundred meters above the sea level. Furthermore, here the sky is relatively unaffected by the light

coming from the towns on the island. For this reason theORMwas chosen to host one of the largest arrays of telescopes

in the world: because of its excellent astronomical conditions, in particular for its high transparency, the great number

of clear nights per year, and only minimal variations of temperature during the night. Furthermore, thanks to its high

altitude and proximity to the air shower maxima, it is a favorable site for Cherenkov detectors. The site currently hosts

about twenty telescopes and instruments of various kinds.

The telescopes are separated by a distance of 85m. MAGIC-I was inaugurated in 2004 and operated in single-telescope

configuration until 2009, whenMAGIC-II started the commissioning phase. Since then, the two telescopes have been

operating in stereoscopic mode. During the mono configuration, MAGIC-I was able to reach an integral flux sensi-

tivity of about 1.6% of the Crab Nebula flux in 50 hours of observations (Aliu et al., 2009a). In the stereo mode, the

performance improved: an energy threshold as low as 50 GeV at low zenith angle was reached and the sensitivity im-

proved to (0.76 ± 0.03)% of the Crab Nebula flux for energies above 290 GeV in 50 hours of observations (Aleksić

et al., 2012a). Between 2011 and 2012 the system underwent a significant update that involved the digital trigger, the

readout systems and the MAGIC I camera (Aleksić et al., 2016a). These developments allowed to reach an integral
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Figure 2.10 Picture of the sea of clouds. This is a natural phenomenon and represents the temperature in-
version layer that can be clearly seen from the ORM . On the left we can see the first Large Size Telescope
(LST-1), part of the future CTA.

sensitivity of (0.66± 0.03)% of the Crab Nebula flux in 50 hours above 220 GeV (Aleksić et al., 2016b).

In the following sections I will discuss themain hardware and structural components of theMAGIC system, how they

work and how the observations are carried out.

2.2.1 Hardware

The main components of the MAGIC telescopes are: the alt-azimuth frame and drive system, the mirrors and reflec-

tor, the camera, receivers, the trigger system, the readout system, the Sum-Trigger-II, and other subsystems (weather

monitoring, GRBmonitoring, etc).

SuperArehucas is the Central Control (CC) software of the telescope and is responsible for all these subsystems. It

receives and sends reports, controls all the hardware subsystems, and provides access to most of the functionalities of

the telescopes.

2.2.1.1 Structure andDrive System

One of the science goals of the MAGIC telescopes is the rapid follow-up of fast transient events, such as GRBs, Grav-

itational Waves (GWs) and neutrino alerts. In order to satisfy this, the structure of the telescope should be very light,

to allow a rapid re-pointing (less than 20 s, in a special fast-movement mode) and for this reason is made of light car-

bon fiber tubes hold together by aluminium knots. Thanks to these light materials, the total weight of the octagonal
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telescope structure that supports the 17m reflector dish is less then 20 tons; this includes the camera and the reflector

support. The camera box is held by an aluminium circular tube secured to the main structure by 20 steel cables. The

full structure of the telescope is about 70 tons and is distributed as follow: the camera is about 0.9 tons, the camera

bow and counterweights are about 3.4 tons, the carbon fibre dish is about 8 tons, the mirror system is about 9 tons,

the towers to access some parts of the telescopes are about 20.2 tons, and the six carriages about 25 tons. The above

described structure is placed on a circular rail of 20m in diameter.

Both telescopes have Alt-Azimuth mount and they can be moved in an Azimuth (Az) range from−90◦ to +318◦ and

in the elevation range, the Zenith distance (Zd) angle, from−70◦ to +105◦. The azimuthal movements are provided

by two motors with a power of 11kW, and the altitude ones by a motor of same power that is located below the dish

structure. In Figure 2.11 the pictures of azimuthal and elevation drive system. Both of the axes are also equipped with

end-switches which are useful in order to know in which direction the telescope is moving; this is important in case the

telescopes have to be moved manually. During daytime, when the telescopes are not taking data, or when the weather

conditions are bad (e.g. strong wind), the telescopes are secured with bolts, which aremanually removed by the shifters

before switching on the motor power and taking data.

Figure 2.11 Left: one of the six mechanical bogies that allow the azimuth rotation of the telescopes. Right:
the elevation drive, located at the center of the structure and behind the reflective surface.

Pointing Mode and Tracking accuracy Although robust, the mechanical structure is subject of imper-

fections and deformations which are in general less than 3.5 mm in any direction. These deviations can be corrected
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using a pointing model which parameterizes deviations from an “ideal” telescope thanks to the Active Mirror Control

(AMC) (see Paragraph 2.2.1.2). This pointing model is created using a TPoint package that analyses the images taken

during the observations by the T-Point camera (see Figure 2.12-green box). This camera is a Charge-Coupled Device

(CCD) camera located in the middle of the dish and it points all the time to the same direction of the telescopes. It

analyses the bright stars in the Field of View (FoV), stars which belong to a catalogue of about 150 stars, comparing

them with the FoV in order to find possible mispointings which are related to a shift between the camera center and

the real coordinates of the source; all these mispointings are reported in a list of so-called TPoints. So, TPoints are very

important to update the so-called drive bending modelswhich are updated every observational period (period between

two consecutive full moon breaks) and this enable MAGIC to reach a pointing accuracy of 0.01◦.

Moreover, the position of the telescope is constantly monitored during observations with a sensitive CCD camera,

the Starguider camera (see Figure 2.12-cyan box), mounted also on the center of the mirror dish and aligned with the

pointing axis of the telescope. Six markers, created by six Light-Emitting Diodes (LEDs), provide a reference frame

for the PMT camera, while the stars are recognized thanks to a dedicated software which compares the images of the

Starguider camera with star catalogs. These information is used to correct offline any misalignment of the telescope.

Furthermore, the comparison of the number of identified stars in the FoV with the expected one from the star catalog

can give information about the weather conditions (e.g. the atmospheric transmission) during the observation.

These imperfections and misalignment of the telescopes are analyzed by the software: the starguider bending models

are applied by the data analysis software (usually at the star level), while the drive models are applied directly in the

software that controls the drive system (called Cosy).

A full and detailed description of the MAGIC drive system can be found in Bretz et al. (2009).

2.2.1.2 Mirrors and Reflector

TheMAGIC telescopes consist of parabolic reflectors with a diameter of 17m, which corresponds to a total reflecting

surface of approximately 236 m2. The focal length (distance at which the camera is placed with respect to the center

of the dish) is equal to the diameter of the telescope, and was chosen to minimize the time spread of the Cherenkov

light flashes on the camera plane; indeed, the large size of the reflectors result in a large arrival timing difference of the

reflected light from different parts of the dish. Thanks to the parabolic shape of the detectors, however, the incoming
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Figure 2.12 The two central mirrors of the MAGIC telescopes are hold by several cameras and sensors,
marked with color boxes: the AMC and Santa Barbara Instrument Group (SBIG) camera (yellow), the Star-
guider camera (cyan), the T-point camera (green) and, the Calibration box system (pink).

light is isochronous, reducing the noise coming from this broadened signal to about 1-2 ns and leading to less back-

ground or noise.

The mirrors mounted in the two telescopes are different (Doro et al., 2008). MAGIC-I has mirrors composed of a

sandwich of two thin aluminium layers interspaced by a honeycomb structure that ensures rigidity, high temperature

conductivity and low weight. There are 740 50 cm × 50 cm square mirrors designed by Istituto Nazionale di Fisica

Nucelare (INFN)-PD, 224designedbyMaxPlanck Institute (MPI) (Munich) and, from2011, some IstitutoNazionale

diAstroFisica (INAF) aluminum-honeycomb “sandwich” and cold-slumped 1×1mmirrors. InMAGIC-II themirror

unit tile size increased to 1m2 and so, the number ofmirrors is reduced: there are 143 INFN-PDaluminum-honeycomb

sandwich mirrors and 104 INAF cold-slumped mirrors.

Sometimes mirrors must be replaced, due to external damage (e.g. atmospheric conditions). The most common prob-

lems are: humidity absorbed in the mirrors and turned into water/ice, inelastic modification due to temperature cycles

and, bad micro roughness of the surface due to the diamond-milling technique causing high scattered light.
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Active Mirror Control (ACM) and SBIG Camera The quality and the status of each mirror can be eval-

uated through the definition of the PSF. To achieve a good alignment, a good PSF is essential and this is guaranteed

by the ACM (Biland et al., 2008). This system is formed by two actuators (stepping motors) which are behind each

mirror that move the mirrors around a third fixed point with a precision better than 20 μm. The adjustment of the

mirrors is executed through Look-Up Tables (LUTs) binned in Az and Zd. These tables keep a record of the defects

and deformations of each mirror and enable the computation of the best configuration in order to provide the best

PSF. At the beginning of the each night of observation the ACM is used to center and adjust the mirrors in order to

evaluate the quality of the PSFwith the so-called SBIG camera (see Figure 2.12-yellowbox). ThisCCDcamera is placed

at the center of the dish and is designed for measuring the optical PSF of the telescope by looking at the reflection of a

star in the camera. It can measure the PSF both for individual mirrors or, as is usually done, for the complete reflector.

There are three filters used for different purposes; for the PSF measurement, the blue filter is used. Instead, for the

Very Large Zenith Angle (VLZA), where LIght Detection AndRanging (LIDAR) cannot work, all the filters are used.

Furthermore, in order to keep themirrors focused, for each source observed, during the repositioning of the telescopes,

the values of the actuator’s positions are read from the LUTs.

2.2.1.3 Camera

The camera, very similar in both telescopes, consists of PMTs arranged in a circular shape (see Figure 2.13). Here,

photons arrive after being reflected bymirrors and then are converted in photoelectrons (phe) by PMTs and an electric

signal is created and processed by the readout and trigger systems. Each camera contains 1039 PMTs made by Hama-

matsu (model R10408), 25.4 mm in diameter, with a hemispherical photocathode, 6 dynodes and with a hexagonal

shape Winston cone mounted on top (Aleksić et al., 2016a). This cone focuses the light on the PMT window and

prevents large angle NSB light from entering the PMTs. Each PMThas a FoV of 0.1◦, and the whole camera has a total

FoV of 3.5◦. The Quantum Efficiency (QE) of PMTs is about 34% for light with a wavelength of 350nm (blue band)

and their response time is of about 1ns. The PMTs are grouped in 169 clusters of 7 pixels (those at the camera edge are

not fully populated) and thanks to this modular design it is easier to control and maintain the camera.

The electric signal is created by PMTs when photons interact with the photocathode and then, this signal is converted

into an analog optical signal (by Vertical Cavity Surface Emitting Lasers - VCSELs). The light produced has a wave-
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length of 850 nm (near infrared) and a Cherenkov pulse width (Full Width Half Maximum (FWHM)) of about 2.5

ns (Borla Tridon et al., 2009). Through about 160 m long fiber cables, the signal of each pixel is transmitted from the

camera to the electronic room in the CountingHouse (CH). These cables are grouped in 19 bundles of 72 fibers each.

The PMTs can be tested during daytime with an electrical signal injected at their base, this signal has a FWHM of 2.6

ns.

Each camera is then formed by other components:

• two cooling aluminum plates that keep stable the pixel temperature;

• several sensors to monitor the humidity and the temperature in the camera;

• a drying unit to lower the humidity level;

• two low voltage power supplies, one for each half of the camera;

• the camera lids (controlled by the lid drive box on the camera side) used to protect PMTs during day and bad

weather conditions;

• starguider LEDs, used by the starguider camera to find the camera center.

The status of the camera can be monitor my the shifters during data taking through the programs CaCo1 and CaCo2

(CaCo stands for “Camera Control”).

2.2.1.4 Calibration System

The MAGIC telescopes need a calibration system to ensure the good response of the instrument: PMT signals must

be calibrated because they undergo gain fluctuations and changes in the readout chain due to changing of external

influences (e.g. temperature). This is executed using the so-called calibration boxes, located in themiddle of the reflector

(see Figure 2.12-pink box). The calibration box contains a Nd:YAG laser of 355 nm wavelength, whose pulses have a

FWHMof 0.4 ns in order to be as close as possible to a Cherenkov flash. The intensity of the laser can be varied from 1

to 1000 phe in every pixel by changing the position of two rotating filter wheels with different attenuation factors. The

camera plane is uniformly illuminated thanks to a sphere in front of the laser that diffuses the light evenly. Dedicated

calibration runs are taken before each observation. A detailed description of the calibration system can be found in

Gaug (2006).
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Figure 2.13 Back side of theMAGIC-II camera (left) with the internal view of its 169 PMTs clusters (right).
Pictures taken during a technical check during my shift in La Palma (January 2021).

2.2.1.5 Readout Systems

Before going into the details of the readout system, I give an overview of the signal chain in the MAGIC telescopes.

Brief description of the MAGIC signal chain

Once the optical fibers have reached theCH, they are plugged into the receivers, where photo-diodes are responsible for

converting the optical signal back into an electric signal. At this point the signal is divided into two branch: the digital

trigger and the analog readout:

• a digitization branch, where a Domino Ring Sampler version 4 (DRS4) chip based readout stores the signal

waiting for the trigger decision.

• a trigger branch, with two sub-branches: a digital one (L0 trigger) which is sent to the L1 trigger and a copy

of the starting analog signal that can be sent to the Sum-Trigger-II (SumT). After the first trigger decision (L1

or SumT, one per telescope), the signal is digitalized and sent through the L3 trigger (stereoscopic). If the L3

trigger is positive, the signals stored in the DRS4 buffers (one per telescope) are sent to the Data AcQuisition
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(DAQ) after being digitized by a standard Analog-to-Digital Converter (ADC).

Furthermore, since receivers require a constant temperature to work, dedicated air cooling units are placed on top of

each cabinet. A scheme of the electronic chain is given in Figure 2.14.

Figure 2.14 Overview of the MAGIC electronic chain, fromMazin et al. (2014).

The sampling of the events is provided by a system of two electronic boards: a motherboard or PULSer And Recorder

(PULSAR) board (developed at University of Chicago) and a DRS4 mezzanine designed at INFN/Pisa laboratory.

TheDRS4 is an ultra-fast analogmemory composed of a ring buffermade of 1024 switching capacitors that are read in

the event of a trigger using a conventional 14-bit analog to digital converter Discriminator Threshold at low speed (32

MHz). The mezzanine noise is dominated by the noise from the DRS4 chip and in total, the digitization electronics

contributes to about 50% of the total noise. TheDRS4 chip requires a calibrationwith three corrections: themean cell

offset, the readout time lapse, and the arrival time of the signal. The first two are applied by theDAQsoftware, while the

last is applied offline. Moreover, the performance of DRS4 chips is temperature-dependent and, as a consequence, the

readout electronics need to be switched on about 2 hours before the data taking for the stabilisation of the temperature.

The calibration of the mean cell offset is performed through the pedestal calibration run, taken at the beginning of the

night (and then subtracted from readout values) and it allows themeasurement of the average baseline of each capacitor.
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The time spreads due to the DRS4 chip (1-4 ns) are corrected instead using calibration runs taken every night during

data taking. A detailed description of the readout system can be found in Sitarek et al. (2013).

2.2.1.6 Trigger System

The trigger is a complex, multilevel and fundamental system that allows the discrimination of the gamma ray-induced

cascades from the hadronic ones and the NSB, and in this way the total number of events that are registered by the

readout system is reduced. So, this system is responsible for the selection of the Cherenkov shower signal hidden under

several sources of noise. The trigger tells the DAQ when it is possible to store the signal produced by the camera in

coincidence with an EAS. The digital signal is produced by the receiver and transmitted to the trigger system, where it

is processed by several trigger logics or trigger levels.

The main steps of the trigger, valid for MAGIC cameras working in stereoscopic mode, are the following:

⋄ Level O (LO) trigger.

This trigger, located in the receiver boards, emits a squared-shaped signal every time the analog signal from an

individual PMT exceeds a certain amplitude threshold, the so-called Discriminator Threshold (DT). If this is

not the case, the event will never trigger the data acquisition system and will not be saved to disk. The DT level

depends on the level of the moonlight: lower during dark observations and higher during the moonlight. In

particular, since during the night the light conditions of the sky might change, the rate of each individual pixel

is monitored online and theDT values are automatically and continuouslymodified to keep a stable rate during

variable light conditions.

⋄ Level 1 (L1) trigger.

The L1 trigger works on the signal inputs given by the L0 trigger from each pixel, over 19 overlapping hexagonal

cells that cover the entire camera, the so-calledmacrocells, as shown inFigure 2.15. Eachmacrocell is composedof

37 PMTandwith one pixel row in commonwith the nextmacrocell and all of them covering the 547 innermost

pixels of the camera. TheL1 triggermeasures the spatial and temporal coincidence betweenneighbouringpixels:

when a number n of neighbouring pixels Next Neighbour (NN) in any macrocell, provides a signal above the

DT, the L1 trigger sends a signal. The possible combinations of neighbouring pixels are for n=2, 3, 4 and 5.

The macrocells cover a region of about 2.5◦ diameter. During standard stereo observations, the trigger uses the

3NN configurations. And the L1 trigger is positive only when 3 nearby PMT show a L0 signal. During mono
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observations, a 4NN configuration is used, and the L1 signal from each macrocell is processed by a Trigger

Processing Unit (TPU).

⋄ Level 3 (L3) trigger.

The L3 trigger analyses and compares the signal from the two telescopes during stereo observations. The L3

receives the output of the TPU, and if both the telescopes registered an event, the L3 trigger is positive. The

signals are artificially stretched to 100 ns (to avoid misalignments of the telescopes) and delayed, one with re-

spect to the other, account for the Az and Zd and the consequent different arrival times of the cascade in each

telescope. If L1 signals from both telescopes are closer than 180 ns, then the event is accepted and the readout

starts.

Figure 2.15 Left: scheme of the MAGIC camera. Cyan, green and red pixels belong to the trigger region,
while the purple ones do not. The 19 L1 macrocells are denoted by the cyan pixels. Green and red pixels
belong to two and three macrocells at the same time respectively. Thick black lines represent the 169 PMT
clusters. Image taken from Aleksić et al. (2016a). Right: hexagonal L1 macrocells in the current MAGIC
camera version, each of which contains 37 PMT (one blind). The numbers on themacrocells are the internal
MAGIC identification. The trigger FoV is 2.5◦ diameter. Modified plot from López-Coto et al. (2016).

2.2.1.7 The Sum-Trigger-II System

TheSum-Trigger-II is a new type of trigger developed for theMAGIC telescopes. It has been installed in both telescopes

in 2015 and since 2016 is used for special scientific projects in the low-energy domain. The goal of this system is to
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lower the trigger threshold down to 25 GeV and observe interesting objects such as Galactic sources (e.g. pulsars),

distant Active Galactic Nuclei (AGN) and transient events (e.g. GRB). This low-energy performance is essential for

the detection and the study of these objects.

Design TheMAGIC camera has been divided into three layers of patches, partly overlapping, (see Figure 2.16), for

a total of 55 macro-cells (each consisting of 19 PMT) and 529 pixels. The macro-cell dimension has been optimized

for the size of a typical Cherenkov image and, fromMonte Carlo (MC) simulations, a macro-cell of about 20 pixels is

optimal in the energy range of 10-30 GeV (Dazzi et al., 2021). The hexagonal shape of the macrocells ensures both a

symmetrical and homogeneous overlap, and a central symmetry of the trigger area. The ideal number of PMT pixels

in a camera patch is the result of Monte Carlo simulations with the aim of obtaining an optimal performance in the

energy range of 25-30 GeV; with a smaller number of PMT there is the probability to lose an important part of the

faint Charenkov light, while a larger number of PMT increases the accidental triggers due to the Light of the Night

Sky (LoNS). Furthermore, thanks to these overlapping macrocells, the time required to detect a source is reduced.

As discussed in Section 2.1.2, the development of EASs depends on the energy and nature of the primary particle. If

the primary gamma ray is of low-energy, the images of EASs produced will be characterized by:

• low photon density;

• distribution of the photons concentrated in a small region of the camera (by contrast, an EAS generated by

a higher energy gamma ray is usually with a elliptical shape, with the most of the charge concentrated in the

maximum of the shower development);

• image distorted due to the geomagnetic field.

These characteristics reduce the performance of standard digital triggers, and for this reason, the analog trigger system

Sum-Trigger-II was developed. The Cherenkov light of low-energy EASs is emitted at about 10-12 km a.s.l. and the

showers have an inpact parameter up to 120m, and thus, the images of these EASs are formed around 1 degree from the

direction of the primary particle. For this reason, the camera patches are organized in the inner part of the Cherenkov-

imaging camera.

System and Subsystems Overview The Sum-Trigger-II is a modular system. Figure 2.17 shows the diagram

for the processes limited to a single camera trigger patch. The signals (green pulses), originated in the camera, come
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Figure 2.16 Illustration of the the three layers of the trigger region of Sum-Trigger-II. Layer 2 and 3 present
the same arrangement, but a different orientation. The full coloured pixels are outside the standard trigger
region and cannot be connected. Credit to Dazzi (2012).

from the receiver boards and a mezzanine transmits the analog signal to the Clip Boards (orange blocks); then they are

synchronized and equalized in amplitude. There are three functional groups:

• Orange blocks: represent the adjustment of the delay and gain of the PMT signal of a camera patch. PMT

are affected by random and spurious noise pulses called after-pulses, which usually appear after the main pulse

of a PMT. These after-pulses are undesired pulses that can be minimized by cutting (clipping) the PMT signals

above a certain amplitude, in thisway the clipping purpose is a powerful solution for rejecting these fake triggers.

The optimal clipping level was determined with MC simulations and revealed a level corresponding to 8 phe

for both telescopes, a value that limits the losses of gammas.

• Yellow blocks: this is the summing and signal discrimination block and represent the core function of the

Sum-Trigger-II: the isochronous signals are collected and detected. The FWHM is around 3 ns at this stage,

sufficiently narrow to lower the rate of fake triggers produced by the LoNS, but wide enough to maximise the

detection of Cherenkov photons from EASs.

• Cyan blocks: this final blocks represent the digital one. The “OR” block joins all the triggers from the single

camera patch in a unique telescope trigger. The “Computer Control” block instead inspects and controls ev-
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erything. Finally, the individual Sum-Trigger-II signals of the two telescopes are then used to perform the L3

trigger as described in Section 2.2.1.6.

The Sum-Trigger-II is composed of two twin analog trigger systems, implemented into the two electronics chains of

theMAGIC telescopes; they are arranged in twoRittal closed racks, placed in the electronic roomof theCH.As shown

in Figure 2.18, each rack consists of 18 Clip-boards with their power unit, 19 Sum-boards, one Astro-board, one SPI-

backplane (ensures the power distribution and the availability of data transmission), one Sum-backplane (that connects

the Clip-boards to the Sum-boards) and a power unit.

Figure 2.17 The block diagram of Sum-Trigger-II, credit to Dazzi (2012) and Haefner et al. (2012).

Characteristics Asmentioned in Section 2.1.2, the EMshowers last for 2-3 ns; and the signal generatedbyPMT

must memorize a similar timing profile up to the summing stage. At the input of the Sum-Trigger-II, the PMT signal

has a pseudo-Gaussian profile with a small falling tail; the pulse rise is abut 1.6 ns and the FWHM is about 2.3 ns.

The DTs (in terms of phe) must be continuously adjusted due to the small variation of the atmospheric transmission

and the LoNS in the FoV of the telescope. Furthermore, the background over the camera is not uniform and so the

DTs can change from one camera patch to another and for this reason, during stereo observations, the DTs of the 55

camera patches are continuously controlled.

ForGalactic sources observed at low zenith angle (below 30 degrees) andwith an atmospheric transmission higher than

0.85 the typical stereo trigger rate is about 500-600 Hz (where 160 Hz are accidental triggers due to the LoNS and

which eliminated in the off-line data analysis).

Performance The performance of the Sum-Trigger-II has been determined by simulating the system with 64

million gamma-ray events from a source with a power law spectral index of -2.6, in combination with a simulated
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Figure 2.18 Sketches representing the front (a) and side (b, c) views of one Sum-Trigger-II rack. Credit to
Dazzi (2012)

LoNS. Figure 2.19 shows that, below 80 GeV, the performance of the Sum-Trigger-II (red line) is better compared

to the digital trigger (black line). The Sum-Trigger-II energy threshold is 21 GeV, lower than the one of the standard

trigger: 41 GeV. The Sum-Trigger-II collection area, at 20 GeV, is about 9000m2, one order of magnitude larger than

the digital trigger collection area.

Section 2.2.8.3 describes the dedicated algorithm for calibration and image cleaning of Sum-Trigger-II data.

2.2.1.8 AtmosphericMonitoring Instrumentation

The monitoring of the weather must be performed in order to determine the feasibility of the data taking and to guar-

antee the safety of the staff and the infrastructure. There are several instruments that monitor in real time the weather

conditions at the MAGIC site. The weather station on the roof of the CH, see Figure 2.20-left, measures the atmo-

spheric state variables every two seconds and all the weather information is monitored through an online system called

ATCAguard. This software displays all the availableweather data andwarns the shifters if some dangerous atmospheric
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Figure 2.19 Sum-Trigger-II Performance: number of stereo events close to the threshold (peak of the distri-
bution) for the MAGIC digital trigger (black) and the Sum-Trigger-II (red) configurations. Credit to Dazzi
(2012)

conditions aremet. The weather station providesmeasurements of several quantities: temperature (in ◦C), relative hu-

midity (in %), wind speed (km/h), direction and speed of the wind gusts, and pressure in hPa.

Figure 2.20 Left:The atmospheric monitoring instruments placed on the roof of the MAGIC CH.
Right: The elastic LIDAR system. Images fromWill (2017).

Furthermore, a dedicated system is used to monitor the aerosol content of the atmosphere and its vertical distribution:
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a single-wavelength LIDAR system. It is located under a dome on the CH roof (see Figure 2.20-right), and it is is com-

posed of a 532 nm (close to the Cherenkov spectrum peak) Nd-YAG laser, 60 cm diameter mirror with 150 cm of focal

length.

The laser shoots at a position shifted by 4 degrees from the observing source in order not to interfere with theMAGIC

observations. TheLIDARis able tomeasure the transparencyof the atmosphere andprovides a ratiobetweencloud/aerosol

scattering and molecular scattering. The pulsed light from the laser is backscattered by the clouds and aerosols in the

sky. The transparency is measured as a function of the arrival time distribution of the backscattered photons. The

LIDAR can provide transmission estimation at different altitudes of 3, 6, 9, and 12 km (Fruck et al., 2014), but the

most interesting one for the analysis of MAGIC data is the one at 9 km, where most of the Cherenkov showers form.

The LIDAR system is not essential for theMAGIC operation but it is very useful for estimating the quality of the data.

Another important instrument, dedicated to the monitoring of the air quality is the pyrometer. This is a remote ther-

mometer that measures the IR radiation emitted by the cloud base and, assuming that the air is an ideal gas, it estimates

the height of the clouds. It is installed in theMAGIC-I dish and points in the same direction of the telescope. MAGIC

uses a parameter known as cloudiness to quantify the weather conditions at the site. This value ranges between 0% (a

perfect clear atmosphere) and 100% (the sky is completely covered by clouds) and is well correlated with the transmis-

sion obtained with the LIDAR system at the site.

Finally, the other instrument that is used to inspect visually the sky condition (to see if the sky is cloudy) is theAllSky

camera. This camera, located on the roof of the CH, takes images of the sky above theMAGIC site every twominutes

with an exposure time automatically adjusted.

2.2.1.9 Other Subsystems

⊙ Timing system: it is composed of a high precision rubidium clock together with a Global Positioning System

(GPS) service. The timing system is essential to measure precisely the arrival time of the triggers. The rubidium

clock is an oscillator able to provide a precision of 10−11 s every second and it is synchronized with the GPS

system, which has a precision of the order of 10−9 s.

⊙ Central pixel: the central pixel of MAGIC-II is a modified PMT able to perform optical observations. The

purpose is to study slow variations of the flux of optical sources, like pulsars.
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⊙ GRB alert system: this system continuously monitors the GRBCoordinate Network (GCN) in order to alert

of a possible GRB event. The GCN is a system that distributes real-time information (called notices) like the

direction of an incoming GRB detected by space-based instruments (e.g. Swift, Fermi, INTEGRAL ecc.). The

notices solicit follow-up observations that may be performed by ground and space-based observatories. The

GCN system also automatically distributes messages, called circulars, that inform of the performed follow-up

observations.

The alert is evaluated in terms of observability (zenith range, distance to theMoon and Sun, uncertainties on the

coordinates) and, if the alert meets certain conditions, the CC takes control of the telescopes and moves them

automatically to the GRB position, in only 20 s, initiating follow-up observations. The software that takes care

of this procedure is the so-called GSPOT:Gamma Sources POinting Trigger.

⊙ Cooling System. The MAGIC telescopes consume about 8.4 kW of power. The cooling system keeps the

temperature of the electronics under control. This system consists of three chillers, ten heat exchangers placed

above the racks of the readout electronics (and also of the Sum-Trigger-II electronics) and of circuits for the

distribution of the water and cool air.

⊙ Central Control: is a program, as discussed in Section 2.2.1, called SuperArehucas (SA), that ensures the correct

and safe operation of all the subsystems involved in MAGIC. It is a complex LabView software responsible for

gathering all the information from the different subsystems. To simplify the work of the MAGIC operators at

the site, several automatic procedures are implemented in SA (i.g. list of tasks to start up and to shut down the

system). It shows warnings on subsystems, communication problems or unusual trigger rates.

⊙ On-Site Analysis (OSA).RAWdata, collectedwith theMAGIC telescopes, are temporarily stored inLa Palma,

and only later sent to the permanent data storage at Port d’InformaciòCientifica (PIC) in Barcelona. This trans-

ferring process takes time (hours) because the size of raw data is quite large (about 1-2 GB per subrun, corre-

sponding to about 2 minutes of data). In order to avoid this, a standard on-site MAGIC analysis is performed,

as soon as RAW data are available, with a dedicated software called OSA. The OSA reduces the data up to the

melibea level; then, when the reduced data are available, they are ready to be transferred to the PIC. Further-

more, thanks to OSA, the first steps of the analysis are already done so that producing high-level results (i.e. θ2

plots, skymaps, light curves and spectra) will be faster for the analyzers. This is valid only for data taken under
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dark conditions andwithout the Sum-Trigger-II; when such conditions are notmet, the analysismust start from

calibrated or RAW data.

⊙ MAGIC OnLine Analysis (MOLA). The analysis of MAGIC data requires a dedicated off-line analysis; but,

for the shifters it is very useful to have a first rapid evaluation of the signal that the telescopes are registering from

a certain source. For example, if a source is flaring, the observation can be extended in order to get themaximum

signal and perform variability studies. This very preliminary real time analysis is particularly interesting for the

whole community: if the MAGIC telescopes register some event, an alert to other observatories can be sent

and follow-up observations of the source could be performed. MOLA, have MAGIC On-Line Analysis, is a

C++ program that evaluates the charge and the arrival time for each pixel of the camera (evaluated from the two

DAQsystems independently). MOLAperforms the calibration and calculates the image parameters; and so, the

stereo analysis and the gamma/hadron separation is done, and finally, it produces the high-level analysis results

like the θ2 plots, the sky maps and the light curves. The analysis is performed in two energy ranges, Low Energy

(LE) and HE, defined by the image size greater than 40 phe and 125 phe respectively; these values correspond

approximately to 110 GeV and 350 GeV during Crab Nebula observations at low zenith.

2.2.2 Data Taking

2.2.3 Telescope Operations and Shift roles

Since 2004, the MAGIC telescopes have been operating by collecting data in 16 yearly cycles of observations; each pe-

riod is 28-days long and is based on the lunar cycle. In each shift period there is a crew of 4 people (5 in some winter

periods) belonging to the MAGIC collaboration that operate the telescopes during the nights, following the source

schedule prepared in advance by the MAGIC scheduling group. The shifters have to perform the planned observa-

tions, monitor the weather and the telescopes conditions, and be able to solve problems that occur during data taking.

In the group there are different roles, depending on the experience of the people:

- two operators: not-experienced scientists, usually at MAGIC telescopes for the first time, who have to learn all the

safety and data taking procedures.

- twoDeputy Shift Leaders (DSLs): these supervise the operators and transfer their knowledge to them.

- one Shift Leader (SL), the person with the most experience in the group, is the one with the main responsibilities:
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safety, decision taking, teaching the other shifters.

These roles are progressive and usually, after one shift, everyone is upgraded to the next role. Furthermore, the tele-

scopes aremaintained by two senior postdocswho are on call during the nights if someparticular problems occur. They

can be on site during the day and, thanks to their great knowledge of all the subsystems of the MAGIC telescopes, are

able to perform almost all the maintenance tasks at the site.

During a year, MAGIC can observe both during dark time (no Moon) and, thanks to advanced techniques of image

cleaning, duringMoon time (with some limits). The average efficiencyof theMAGICobservations (the fractionofdark

time actually observed) is usually around 60%, the rest is lost because of technical problems or bad weather conditions.

2.2.3.1 Safety Limits

During MAGIC operations, the telescopes must always be monitored for possible bad weather conditions that could

damage them. For this reason, some safety limitsmust be respected all the time, otherwise the telescopes cannot operate

or observations have to be interrupted and the telescopes parked in a secure position. In this safe position the telescopes

are secured with a sufficient number of bolts (manually removed by the shifters before switching on the motor power

and taking data). The main limits on the weather and technical conditions are:

• Mean wind speed below 50 km/h.

• Wind gusts below 40 km/h.

• Humidity below 90%.

• No rain, snow, or ice.

• Mean DC for the overall camera below 30 μA.

• Individual pixel Direct Current (DC) lower than 47 μA. If this limit is not fulfill, the Individual Pixel Rate

Control (IPRC) switches off the High Voltage (HV) for the PMT (usually when there is a star in the FoV).

• Humidity inside the camera below 60%; sometimes, it can increase and observations are stopped until it is dry.

• Temperature of the camera below 40◦; a temperature higher than this would probably indicate that there is a

problem in the cooling system.
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• Zd must be above 1.5◦.

These limits guarantee that the telescope hardware will not be damaged during regular data taking. Furthermore, if

the fence around the telescopes is open (probably because somebody is inside the telescope area), the drive system is

automatically stopped to avoid the movement of the telescope. If all these safety conditions (operations and good

weather) are fulfilled, the MAGIC telescopes can start observations.

2.2.3.2 PointingModes

Observations with theMAGIC telescopes can be done with two different pointing modes: theON/OFFmode and the

wobble mode.

• ON/OFF mode. The telescopes are pointing directly to the position of the source in the sky and the target is

always in the center of the camera. This is calledON observation. The background estimation is obtained with

a second observation in the so-called OFF mode: a patch of the sky without known gamma-ray sources with

the same conditions as the ON region (same zenith and azimuth distribution, same epoch, and atmospheric

conditions) is observed for the same time as the ON observation. One disadvantage of this method is that for

each source the required observing time is twice that assigned to the source (to account for theONobservations

and the OFF observations).

• Wooble mode: In this mode the telescopes are not pointing directly to the target but the source is always in

a predefined offset with respect to the center of the camera. This offset, optimized with MC simulations, is

usually 0.4 degree (for point-like sources). The background, in this wobble mode, is estimated simultaneously

and under the same conditions as the signal (Fomin et al., 1994). Wobble observations are performed for equal

time at opposite offset positions with respect to the center of the camera. These opposite positions are called

wobble positions and, for standard observations, are at 0 degrees (W1), 90 degrees (W2), 180 degrees (W3) and

270 degrees (W4). A representation in Figure 2.21. Usually, the observation of a source starts with W1, then it

switches toW2,W3, and finallyW4. After this cycle, the observations restart fromW1. Each position is usually

observed for 20 or 15 minutes (the so-called runs). One disadvantage of this pointing mode is that the gamma-

ray detection efficiency decreases due to the shift of the source: the telescopes are pointing at 0.4 degree from

57



the target, and some fraction of the EM cascades lies outside the trigger region. Furthermore, the systematic

errors in the background estimation arise from the fact that ON and OFF regions are not taken from the same

part of the camera, so the signal is overestimated or underestimated.

Figure 2.21 Schematic view of the wobble pointing mode. The blue circle has a radius of 0.4 degree, equal
to the wobble offset used during observations. The black pixel is at the center of the camera. The source is
the red dot; the green dots are the OFF regions (three in this case) used for background estimation.

2.2.3.3 Data Types

During the night, different types of data, for different purposes, are taken by the MAGIC telescopes. I briefly intro-

duce them:

⋆Pedestal subtraction run (pedsub): this run has to calibrate the pedestal noise of eachDominoRing Sampler (DRS)

capacitor and set to 1000 counts its zero level, to avoid problems at negative values due to fluctuations. It is taken with

the camera lids closed at the beginning of the night, before starting observations, and it is applied to all the subsequent

runs. This procedure lasts around 6minutes and is done once per night. TheDRS chips are temperature dependent so,

the readout system must be switched on at least 1 hour before taking the pedsub runs, to let the temperature stabilize.

In cases when the electronics are switched off for more than 30 minutes, this run must be taken again.
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⋆ Pedestal run (∗_P_∗) : the baseline of the DRS chips are stable in a time scale of 1-2 hours. In case of small varia-

tions of the baseline, these are corrected with dedicated pedestal runs at the beginning of each observation and with

interleaved runs. These runs, taken with the camera open (to evaluate the effect of the NSB and readout noise) are

performed online by the DAQ.

⋆ Calibration run (∗_C_∗): these runs contain events from the calibration system and are used to update constantly

the conversion factor between ADC counts and the number of phe and the arrival times. Calibration runs are taken

before observing a source and are used later, during the analysis, to calibrate the data. As the Pedestal runs, they are

taken also during the observations.

⋆ Data run (∗_D_∗): these runs contain all the events triggered by the telescopes during observations. One Data run

corresponds to 20 or 15 minutes of observation (the time of duration of one wobble) and they are subdivided in sub-

runs of 2 minutes which contain about 1 Gb of data.

2.2.4 Standard Data Analysis

2.2.4.1 Data Analysis Chain

The MAGIC data are analyzed with a dedicated software: MAGIC Analysis and Reconstruction Software (MARS),

see Zanin et al. (2013)). This software, always updated and developed, is written in an object-oriented ROOT framework

and the main language is C++. The goal of the analysis is to determine whether an event is generated by a gamma ray

or a hadron to obtain the energy and direction in case of gamma ray-induced showers. In the following Sections I will

summarize how the reconstruction of the events is performed by the MAGIC software. There are three main levels of

analysis (illustrated in Figure 2.22):

• Low Level: the RAW data from each telescope are calibrated and cleaned. At this stage, theHillas Parameters

are calculated. The routines of MARS applied to data are:

- merpp: data converted into readable ROOT format and includes subsystem reports;

- sorcerer: calibration and signal extraction;

- star: image cleaning and Hillas parameters calculation.

• Intermediate Level: the data from the two telescopes are merged and then, the stereoscopic information is es-
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timated. For each event, the energy and the arrival direction are determined. The MARS routines applied to

date are:

- superstar: merging of both telescopes and calculation of stereo parameters.

- coach: Random Forest training (gamma/hadron separation, arrival direction parameters) and energy separa-

tion.

- melibea: application of Random Forest to assign an energy and hadronness to each event.

• High Level: this stage is the final onewhere the skymaps, signal search, spectrum and, light curve are calculated.

The routines of MARS applied to data are:

- flute: flux, spectrum and light curve estimation.

- odie: significance computation.

- caspar: 2D skymap production.

The low level stage is performed by the OSA (see Section 2.2.1.9) and it is done by the analyzer only in case of moon

data or Sum-Trigger-II data. Instead, the intermediate and high-level analyses are performed in the standard off-line

analysis chain.

Next, I will describe the processing of the data taken by the MAGIC telescopes in stereoscopic mode, from RAW to

high level products.

2.2.5 Low Level Data Reconstruction

2.2.5.1 Monte Carlo Data

MC simulations are essential to reconstruct the energy of the primary gamma ray and its arrival direction. Only with

MC simulations can the analysis of real data be performed. These simulations are produced with a modified version of

COsmic Ray SImulations for KAscade (CORSIKA) (Heck et al., 1998), called mmcs, which makes it possible to have

the direction and position of the Cherenkov photons on the ground. The MC gamma rays are simulated with two

methods (see Figure 2.23):

• ringwobble MCs: these MC simulate a ring of 0.4 degree of radius from the center of the camera (this is the

standard offset used for the wobble mode) and are used for point-like sources;
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Figure 2.22 Flowchart of MAGIC stereo analysis chain.

• diffuse MCs: usually used for extended sources; in this case the diffuse gamma rays are simulated covering a

circle of 1.5 degree of radius.

Figure 2.23 TheMCmodes. Left: the ringwobble MCmode, on the right: the diffuse MCmode.

TheMC are created for different Zd angles:

- low Zd range (5◦ - 35◦);
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- medium Zd range (35◦- 50◦);

- high Zd range (50◦ - 62◦);

- and very-high Zd range (62◦ - 70◦).

The spectrum of the simulated gamma rays follows a power-lawwith a spectral index of Γ=1.6. When theMCphotons

are produced, the program reflector computes their propagation and absorption in the atmosphere; it considers also

the reflectively of themirrors and the position and the time of the incoming photons in the camera. Then, the program

camera simulates the response of the PMT and of the whole electronic chain, considering also the noise from theNSB.

At the end of the whole simulation chain, the events are saved in ROOT files and can be analyzed like real data with the

software MARS. Every time that the hardware of the system is updated or telescopes need maintenance, MC simula-

tionsmust be upgraded; for this reason in the history ofMAGIC there are severalMCproductions. These productions

are tagged as ST.XX.YY,where STmeans “stereo”, XXdefines themajor hardware changes andYY is the analysis period

corresponding to minor hardware changes.

2.2.5.2 Signal Extraction and Calibration

The MAGIC RAW files contain the waveforms of the signal for each event and for each pixel. To analyzed these files,

one needs to convert them into ROOT format. This is done by the program merpp (MERging and Prepoccesing Program)

which attaches the report files† to these ROOT files.

The first step in the analysis chain is the signal extraction: the calculation of the charge in phe that hits the PMT and

of the arrival time of the signals. The waveform, converted into 50 time bins of 0.61 ns each, is composed by the signal

and its baseline. The baseline is estimatedwith the pedestal runs (events with random triggers and sowithout any pulse)

binning the signal from each time slice into a single histogram and fitting it with aGaussian, whosemean is taken as the

baseline. When the baseline is known, the signal can be extracted. After the signal extraction, the calibration process

can start. The signals are given in integrated readout counts, but what it is needed is their value in phe. The conversion

in phe is done through the F-Factor (for the details see Mirzoyan 1997), and the basic assumption is that the number

of phe follows a Poisson distribution.

This calibration process is done with theMARS program sorcerer(Simple, Outright Raw Calibration; Easy, Reliable

Extraction Routines) in two steps: C-mode and Y-mode. In the C-mode, the pedestal runs and the calibration runs

†The reports contain essential information like the telescope pointing, the status of the camera and the mirrors, the wobble,
etc.
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files are processed to get the baseline, the pedestal bias, the RMS, the mean arrival times and, the conversion factors.

The Y-mode runs over the output files of the C-mode (∗_Y_∗ files) and in this step the events are calibrated and the

pedestal/calibrated runs are used to update the values calculated in the C-mode. The output files are ROOT data which

contain information about calibration.

2.2.5.3 Image cleaning andHillas Parameters Calculation

The image of the shower usually covers only a small part of the total camera surface. The rest of the pixels contain

random noise and fluctuations from the NSB, electronic noise or light from stars. To improve the results, these pixels

need to be screened out before characterizing the Cherenkov shower image in terms of geometrical parameters. Both

steps, image cleaning and parametrization, are done at once by star (STandard Analysis and image Reconstruction)

MARS program. The input files are the previous calibrated ones , the output files are called star files.

The default image cleaning method is divided in two steps (see Aleksić et al. (2012a) for more details):

1. Sum Image Cleaning: the signals are first clipped in amplitude‡ (to reduce biases due to after-pulses and strong

NSB fluctuations) and combinations of 2, 3, or 4 compact neighboring pixels are identified (referred as 2NN,

3NN and 4NN). The pixels of each combinations are not discarded if their charge is above a certain threshold

and the difference between the arrival time of the pixels is defined in a fixed time window. The charge threshold

and the time window depend by the number of neighboring pixels (more strict for smaller groups).

2. Time-constrainedAbsolute ImageCleaning: the remainingpixels are defined as coreor boundarypixels. Pixels

with a charge greater than a reference valueQcore are tagged as core pixels (if at least one neighbor pixel survived

in the previous step). Furthermore, if the mean time of arrival is outside a 4.5 ns time window, the core pixel is

discarded. After that, there is the selection of the boundary pixels: they must have a core pixel as a neighbor, a

charge above a second reference level (Qboundary) and a time difference with respect to the core pixel of 1.5 ns.

The star program can remove hot pixels (pixels with high signal) produced in the camera by bright stars in the FoV.

This step is extremely important in the image cleaning of Sum-Trigger-II data (see later Section 2.2.8.3).

An example of the before and after the image cleaning process is shown in Figure 2.24.

Nowthat the images are cleaned, the parameterizationprocess can start. In this step the image parameters are calculated.

Some of them were introduced for the first time by Hillas (1984) to discriminate between showers initiated by hadron
‡The clipping level is set to 750 phe.
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Figure 2.24 Example of the image cleaning process. Left: the raw signal coming from the camera; right the
camera signal cleaned with the average background removed.

and gamma rays. To obtain these parameters an ellipse is fit to the surviving pixels and the momenta of the fit (up

to second order) are the parameters used in the analysis of MAGIC. The information of the parameterization of each

event is saved in ROOT files for both telescopes separately. TheHillas parameters are listed in Table 2.1 and some of them

are reported in Figure 2.25.

Parameter Description
size Total number of phe in the image.

At zero-order approximation, it is proportional to the energy of the primary particle.
length Half length of the major axis of the ellipse.
width Half of the minor axis of the ellipse.
alpha Angle between the major axis of the ellipse and the line connecting the reference point and the center of gravity.

center of gravity (CoG) Coordinates X and Y in the camera reference frame representing the center of gravity of the shower image.
conc-n Given the n brightest pixels, it represents the fraction of phe contained in those pixels.
asym Difference between the peak of the charge distribution in the image and the center of gravity.

number of islands Number of different islands of the image (island: a group of isolated pixels survived after the cleaning).
leakage Given the last 1/2 camera pixel rings, it is the fraction of signal distributed in them with respect to the image size.
M3long Third moment (asymmetry) of the image along the major axis of the ellipse.
dist Distance of the center of gravity from the reference point.

time-gradient Angular coefficient of the linear function used to fit the arrival time distribution of each pixel
after their coordinates have been projected on the major axis of the ellipse

time-rms Spread of the arrival time distribution of the pixels belonging to the image

Table 2.1 List of the mainHillas parameters used by the star routine of the MARS software.

2.2.5.4 Data Quality Selection

TheMAGIC telescopes operatewithout any protection (e.g. a dome) and so they are not protected against badweather

conditions. Observations, as described in Section 2.2.3.1, cannot be performed if some conditions are outside the safety
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Figure 2.25 Left: parameterization of a shower image after image cleaning and, on the right, representation
of some Hillas Parameters.

limits but it can happen that data are affected by hardware failures or by cars passing at theMAGIC site (so-called “car

flashes”) and by particular atmospheric conditions. TheCherenkov gain is affected by the presence of clouds or calima,

whichmodify thequantity of aerosols andwater vapors, and alsoby thephoton scattering, absorption and the changeof

the refractive index of the atmosphere. The essential parameter is the total transmissionof the atmosphere, which canbe

monitored with the LIDAR system (see Section 2.2.1.8). The transmission is usually calculated at 9km, T9km, because

10km is the average height where the showers develop (LIDAR computes the transmission at 3km, 6km, 9km and,

12km). A low transmission implies a degradation of the shower images and thus, a worse parameters estimation. Data

are considered to be taken under good quality atmospheric conditions if T9km >0.85. When the data are characterized

by limited transparency, 0.55<T9km<0.85, they can still be used, but taking particular care by applying corrections in

the next steps of the analysis (in the energy estimation). However, data with T9km<0.55 cannot be corrected and thus

cannot be used.

In particular, data taken with the Sum-Trigger-II system are characterized by sub-100 GeV particles showers which are

fainter than higher energy showers, and consequently, they are more affected by the lower atmospheric transmissions.

For this reason, Sum-Trigger-II data require excellent atmospheric conditions (T9km >0.85).
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2.2.6 Intermediate Data Reconstruction

2.2.6.1 Stereo parameters reconstruction

So far, the data analysis is performed individually for each of the telescopes. Once good data have been selected, the

superstar MARS program combines the information coming from the two MAGIC telescopes with the goal of re-

constructing a 3D image of the Cherenkov shower, calculating the so-called stereo parameters. This step takes as input

the star files (one per telescope and subrun); the results are stored in superstar ROOT files, one for each data run. The

most important stereo parameters are the following (see Figure 2.26):

• Shower Axis. This axis is characterized by a direction and an impact point on the ground. The direction of the

incoming shower can be reconstructed from the intersection of themajor axes of the two images of the shower in

the camera. The impact point is the intersection of the major axes of the two elliptical images starting from the

telescope positions (taking into account the distance between the two telescopes). Through the shower axis it is

possible to calculate the angle θ between the estimated shower direction and the true source position. Generally,

the θ2 is used, since the modulus of this distance is considered.

• Impact Parameter: is the perpendicular distance between the shower axis and the telescope pointing axis.

• Shower MaximumHeight: is the estimation of the height at which the shower had its maximum. This height

is obtained by using the angle at with the Center of Gravity (CoG) is viewed from each telescope and is the

intersection point between the shower axis and the lines going from each telescope to the centroid direction

in the sky. The height of the shower maximum depends on the energy of the primary particles: higher energy

showers penetrate deeper into the atmosphere, hence their maxima are closer to the ground.

• Cherenkov Radius and Density: radius and density of the Cherenkov light pool on the ground. The light

density is calculated from the ring generated by the electron after it has traveled a one-meter track.

2.2.6.2 Event Characterization

After calculating the image and stereoparameters, thenature andproperties of the events canbedetermined. The events

triggered by the MAGIC telescopes are of various types (accidental triggers, muons, hadrons and gamma rays) and a
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Figure 2.26 Example of the reconstruction of some stereo parameters.

powerful tool is necessary to recognize gamma rays events from this dominant background. The other two properties

needed for the high-level analysis are the energy and arrival direction of the events.

The separation between gammas and hadrons (gamma/hadron separation) is carried out using a classification method

called Random Forest (RF) (Albert et al., 2008), the energy estimation with LUTs and the arrival direction uses the

so-calledDISP parameter. All these methods are implemented in the MARS program coach and are described in the

following paragraphs. Then, the estimation of the nature of the particle, its energy and arrival direction is performed

by the executable melibeawhich uses the output files coach.

Gamma/Hadron Separation As discussed above, the analysis needs a robust tool in order to select the events

that are likely gamma rays from a dominant background (showers originated by hadrons). Moreover, even in bright

sources, like the Crab Nebula, the number of hadrons is three orders of magnitude greater than the number of gam-

mas. So, to reject almost all hadrons, the classification method called RF is used: image, stereo parameters and timing

information are combined simultaneously to reach the highest degree of separation between the hadronic and gamma

events. This RFmethod is used to compute a parameter called hadronness, correlated with the probability for the event

being hadron-like. This parameter has a value between 0 and 1: events with hadronness close to zero are most likely
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gamma events. The inputs needed for coach are a MC dataset of simulated gamma-ray events and a set of OFF data

with mostly hadronic events. In particular, theMC data set are divided into two subset: one, called training sample, is

used in the RF method while the other, the test sample, is used for the computation of the instrument response func-

tion. Both gamma MC and OFF data samples must be chosen in the same zenith range as the ON data and the OFF

data should have the same data taking conditions as the ON data (dark or moon, Galactic or extragalactic).

Energy reconstruction The standard method for the estimation of energy for stereo observations depends

on LUTs. The sample of gamma MC is binned in some image parameters, and for each bin the mean energy and

Root Mean Square (RMS) of the MC events is computed. A real event is then attributed to one of these bins, and

consequently it acquires the related energy. This process passes through different approximation stages. The main

assumption is that the energy of the primaryparticle is proportional to the number ofCherenkovphotons in the shower

and this results in a proportionality between the energy and the size of the images. The table is filled with corrections

of E/size instead of the true energy (first order). In the end, small corrections are applied related to atmospheric optical

depth, geomagnetic field, image leakage and, zenith angle (important at high zenith angles, where the Cherenkov light

is absorbed more). The final energy estimation Eest is an average between Eest,1 and Eest,2 (weighted with the inverse of

their RMS) which are calculated for each telescopes separately.

ArrivalDirectionReconstruction With the so-calledDISP (Distance between the Image centroid and the

Source Position) RF method the arrival direction of the primary gamma ray with respect to the produced electromag-

netic shower can be determined (Aleksić et al., 2016b). This complex method uses the shape of the image as seen by

an individual telescope to reconstruct the angle between the direction of the shower maximum of each event and the

incident direction of the gamma-ray or source position. Once the DISP is known, the reconstructed source position is

not uniquely determined: there are two possible solutions along themajor axis of the ellipse. In the case of stereoscopic

observations, the two images of the same event are taken on the same plane and the four reconstructed source posi-

tions (2 per image) are found. The four distances between these positions are computed and the pair with the smallest

distance is taken. The final estimated source position is an average of these two positions weighted by the number of

pixels in each image. The estimated arrival direction will be the line connecting the CoG to the reconstructed source

position. In particular, if none of the distances are smaller than 0.22◦, the reconstruction is not accepted as valid by the

algorithm. The DISP method is shown in Figure 2.27.
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Figure 2.27 Graphical representation of the DISP method for the reconstruction of the arrival direction of
the events. Given two images for the same event, there will be four reconstructed source positions (empty
circles). The angular distances between them are shown by dotted lines: the closest pair is chosen (in this
example 1B-2B) and their weighted average is taken as the final reconstructed position for the source (black
dot). The solid line is θ, the angular distance between the true (empty diamond) and reconstructed position
of the source. From Aleksić et al. (2016b)

2.2.6.3 Signal Significance

After having evaluated hadronness, reconstructed energy and direction of the events, it is possible to evaluate whether

the data sample contains a signal. This step is performed with the MARS program odie, that computes the angular

distance θ between the reconstructed and the expected position of the source. The result is represented in the histogram

called θ2-plot. Only the events that survive the analysis cuts (size, hadronness and zenith) are included in the signal

histogram. There are standard cuts for the MAGIC analysis, optimized on an independent data sample (usually Crab

Nebula data), which define specific energy ranges for the analysis, as reported in Table 2.2.

Energy range Eth θ2 Hadroness Size in M1 Size in M2
[GeV] [phe] [phe]

Low energy (LE) 100 <0.02 <0.28 >60 >60
High Energy (HE) 1000 <0.007 <0.01 >400 >400
Full Range (FR) 250 <0.009 <0.16 >300 >300

Table 2.2 Standard cuts for the different energy ranges in the MAGIC analysis.
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The events that survive all the cuts and fill the signal histogram are defined as “events in the signal region” with the

number Non. These events are not only gamma rays coming from the source, but also gamma-like hadrons, e±, and

diffuse gammas. To estimate of howmany non-gamma events are inside the signal region, a different θ2 histogram, the

so-called background histogram, is filled. Now, the θoff is the distance between the reconstructed position and the OFF

position; where the OFF position is the position situated at the same angular distance as the source from the center of

the camera, but on a different region (see Figure 2.29). This background histogram defines the number of OFF events,

Noff, which are uniformly distributed over the whole histogram since the camera should be homogeneous close to the

center, where the source lies. For this reason, the gamma-ray events, produced by the source, peak at small values of θ2.

An example of a typical θ2 plot is shown in Figure 2.28.

Figure 2.28 Example of θ2 plot of the CrabNebula, represented as distribution of the events for theMAGIC
observations. The vertical dashed line indicates the defined signal region from which the significance of the
detection is calculated.

The number of excesses Nex is calculated as:

Nex = Non − αNoff (2.5)

where the scale factor α is the normalization between Non and Noff and is equal, in case of wobble observations, to
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1/(number of OFF regions), where the number of OFF regions can be 1, 3 or 5 for standard observations.

Figure 2.29 Sketch illustrating how the angle θ is calculated with respect to the source and OFF positions.
From Lopez-Coto (2015).

Once theNex is known, it is possible to define the statistical significance of the signal. VHE gamma-ray astronomy relies

on the statistical method called Likelihood Ratio Test to determine whether a source is detected or not. In this method

two hypothesis are compared in terms of their Likelihood. The null hypotheses (L0) refers to the case of having, in

the data sample, only background events (no signal); while, an alternative hypothesis (L1) refers to the case that is

tested and where the signal is expected. The ratio between the likelihoods computed on the two hypotheses relates the

chance probability that the excess is due to a spurious fluctuation. In the MAGIC analysis, this method is applied to

the evaluation of the significance of the gamma-ray signal through the equation n.17 of Li &Ma (1983):

σLiMa =

√
2
(
Non ln

[
1+ α
α

Non
Non −Noff

]
+Noff ln

[
(1+ α)

Noff
Non −Noff

])
(2.6)

The Li&Ma significance depends on the number of OFF positions used for the background extimation. The Gaussian

approximation of equation 2.6, can be given as:

σNex/
√

Noff
=

Nex√
Noff

(2.7)

A source is considered detected in the VHE gamma-ray range if the significance of the excess of gamma events over
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background events exceeds 5σ.

2.2.6.4 Sensitivity

The sensitivity is used to quantify the performance of an instrument. The usual definition of the IACT sensitivity is

the minimum flux that can be detected in 50 hours of observation with a significance of 5σ, with the Gaussian approx-

imation: σNex/
√

Noff
. It is useful to compare the performance of different instruments and usually this is expressed as

a fraction of the Crab Nebula flux in a particular energy range, often referred to as Crab Units (C.U.).

Considering an observation of the Crab Nebula where a number of observed excesses Nex and background events in

the signal region Noff are observed in a time t, the significance in a time t0=50 hours is given by:

σNex/
√

Noff
(t0) =

√
t0
t

Nex√
Noff

(2.8)

from which it is possible to deduce that the relation between significance and observation time: σ ∝ t0. So, the sensi-

tivity S of an instrument, given as the minimum flux that can be detected in t0=50 hours and with a significance 5σ in

C.U. is:

S =
5σ

σNex/
√

Noff
(t0)

(2.9)

Usually the sensitivity is calculated in two ways:

- Integral sensitivity: the integrated signal above a given energy threshold that allows for the detection of the signal

itself; it is expressed in [cm−2 s−1].

- Differential sensitivity: the integrated signal in small energy bins with a given energy threshold that allows for the

detection of the signal itself; it is expressed in [TeV−1 cm−2 s−1].

The current MAGIC integral and differential sensitivities are reported in Figure 2.30 from Aleksić et al. (2016b). The

MAGIC telescopes have a better sensitivity at low energies, especially with the Sum-Trigger-II system.

2.2.6.5 Instrument Response Function

The Instrument Response Function (IRF) of an IACT is governed by its hardware design, software design, and the

criteria for the selection of the events. IRFs are calculated through MC simulations and separately for each analysis;

they depend on the cuts applied to the data and on the technical settings and performance of the telescopes at the time
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Figure 2.30 MAGIC integral (left panel) and differential (right panel) sensitivity as a function of energy.
Grey and dark grey dots: mono era with different readouts. Black triangles: stereo era with old MAGIC-
I camera. Red squares: current MAGIC sensitivity for low zenith observations (below 30◦). Blue empty
square: current MAGIC sensitivity for observations between 30◦ and 45◦. From Aleksić et al. (2016b).

of the observations. In this Section, I describe themain characteristics of the three functions describing the IRFs of the

MAGIC telescopes: the effective collection area, the angular resolution, and the energy resolution.

Effective Collection Area The effective area Aeff is the geometrical area around the telescopes where a signal

coming from the gamma-ray shower is detected. The value of Aeff depends on the gamma-ray efficiency of all the cuts

applied during the analysis and, in particular, on the spatial coordinates, the gamma-ray energy, zenith and azimuth

angle. Since Aeff is a result of many parameters, it is calculated in bins of energy, zenith and, azimuth angle.

The effective area inMAGIC is computed by applying the same cuts and analysis procedures to a sample ofMC simu-

lated gamma rays. It is calculated dividing the number of detected gamma rays surviving the analysis cuts (Nγ,final) by

the number of simulated gamma rays in a given energy range (Nγ,total) multiplied by the simulated area (Asim), or the

area of an ideal telescope that would detect all the simulated gamma rays (Aleksić et al., 2016b). So, the effective area is

defined as:

Aeff = Asim
Nγ,final
Nγ,total

(2.10)

TheMAGIC effective area is shown in Figure 2.31 and the order of magnitude of the effective area is about 105 m2 for

gamma rays of 300 GeV.

The effective area strongly depends on the zenith angle. Showers coming from different zenith angles illuminate the
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Figure 2.31 Effective collection area of the MAGIC telescopes in two different zenith ranges (red lines: 0◦
− 30◦; green lines: 30◦ − 45◦). Blue lines: pre-upgrade period. Both trigger (dashed lines) and after all cuts
(solid lines) effective areas are shown. From Aleksić et al. (2016b).

ground in different ways:

- at low zenith angles, the light pool is smaller and the corresponding photon density is higher;

- at high zenith angles, the light pool might increase, but the corresponding photon density decreases. In particular the

light coming from the impact point of the primary gamma ray has to travel through amuch thicker layer of atmosphere,

and for this reason absorption processes (e.g. pollution and clouds) decrease the rate of low energy events. This results

in an higher energy threshold and larger effective area at high energies (showers are dimmer due to the larger extinction).

Angular Resolution The angular resolution of the instrument is the ability of reconstructing the incoming

direction of gamma rays. In MAGIC, two methods are used (Aleksić et al., 2016b):

• angular resolution Θgauss: is the standard deviation of the 2-dimensional Gaussian function fitted to the dis-

tribution of the reconstructed arrival direction of the gamma-ray excesses;

• angular distance Θ68 around the source position which encloses 68% of the excess events.

These values are different and usually Θgauss < Θ68. The angular resolution depends on the energy: showers of high-
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energy events are better reconstructed, and so the angular resolution improves with the energy. For example, at low

energies (about 100 GeV) the angular resolution is about 0.1◦, and it improves to 0.04◦ at TeV energies. Figure 2.32

shows the angular resolution of the MAGIC telescopes.

Figure 2.32Angular resolution of theMAGIC telescopes as a function of the estimated energy obtainedwith
the Crab Nebula data sample (points) andMC simulations (solid lines). On the left panel: 2DGaussian fit;
on the right panel: 68% containment radius. Red points: low zenith angle; blue points: medium zenith
angle. Grey points: Angular resolution at low zenith angle before 2012-2013 upgrade of telescopes. From
Aleksić et al. (2016b).

Energy Resolution The energy resolution gives an estimation of the quality of the energy reconstruction for

the main event, and its performance is evaluated with gamma−ray MC simulations. The energy resolution is defined

as the standard deviation of a Gaussian fit to the peak of the (Eest − Etrue)/Etrue distribution. At higher energies the

energy resolution degrades due to an increasing fraction of truncated images, as in the low energy range, it degrades due

to worse precision in the image reconstruction (in particular the impact parameters). The difference from zero of the

peak of the (Eest − Etrue)/Etrue distribution is called energy bias; this value is less than 5% for low zenith observations

above a few hundredGeVwhile, at low energies, it increases up to 20% due to threshold effects. Figure 2.33 shows both

the energy bias and resolution as a function of the true energy.

EnergyThreshold Aleksić et al. (2016b) defines the Energy threshold of an observation as the peak of the energy

distribution of the simulatedMC data for a source with a power law spectrum with a spectral index ΓMC = -2.6. Con-

sidering that the observed source can have a power-law spectral index Γsource, the correct energy threshold is computed
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Figure 2.33 Energy bias (dashed lines) and resolution (solid lines) after reconstruction, obtained from MC
simulations. Red, blue, grey points: low zenith (<30◦), medium zenith (30◦-45◦) and low zenith angle
before 2012-2013 upgrade. From Aleksić et al. (2016b).

with respect to the fixed ΓMC as Γcorrect = ΓMC - Γsource. The MAGIC energy threshold, reported in Figure 2.34, is

quite stable for low zenith angle observations, but increases rapidly when the zenith becomes higher, or when analysing

moon data (larger absorption of the Cherenkov light in the atmosphere). The Energy threshold of the Sum-Trigger-II

system is reported in Section 2.2.1.7, Figure 2.19.

2.2.7 High Level Data Analysis

Now that the data are selected with optimized cuts, it is possible to produce higher level results: sky maps, light curves,

integral and differential spectra (in case of signal detection) or upper limits (in case of non detection). All these re-

sults depend on MAGIC IRF (see Section 2.2.6.5). In this last step of the analysis the signal is no more measured in

instrumental units (counts), but in physical quantities.

2.2.7.1 Skymaps

The skymap is a 2D representation of the incoming direction of gamma-ray events. It contains arrival directions, in sky

coordinates, of all the gamma-ray events that survive after the analysis cuts and after the subtraction of the expected

background. The skymaps are helpful to detect unexpected sources in the FoV of the observation or to study the mor-
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Figure 2.34 Energy threshold of the MAGIC telescopes as the function of zenith angles of the observation.
It is represented at different analysis stages: trigger level (blue dotted line), reconstruction level (after image
cleaning and with size > 50 phe, black solid line) and signal extraction level (hadronness < 0.5 and θ2<0.03◦2

(red dashed line). From Aleksić et al. (2016b).

phology of extended sources. Starting from melibea data, the executable caspar is responsible of creating skymaps.

Themain challenge in producing sky maps is the correct estimation of the background, that is affected by the inhomo-

geneities in the pixel response, stars in the FoV and observations at different Zd and Az angles. In the case of wobble

observations, the advantage is that the background can be extracted from the same data sample as the signal, avoiding

contamination from the signal region. The significance of a signal in a skymap is expressed asTest Statistics (TS), which

is the Li&Ma significance (Li &Ma, 1983) applied on a smoothed andmodelled background. The histogram of excess

events is obtained by subtracting the signal sky map from the background one; this histogram is smoothed using the

PSF of MAGIC added in quadrature with a Gaussian kernel to smear the number of excesses obtained.

2.2.7.2 Spectrum and Light Curve

In order to estimate the flux of a gamma-ray source we need to define some observable quantities:

Effective Observation Time teff. Each time that an event triggers the telescopes, there is a dead time for

which the data acquisition system is busy ‘building’ the event and during this time the system cannot accept any new

events. For MAGIC, the dead time d per event is due to the DRS4 based readout and its value is 26 μs. The effective
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Figure 2.35 Example of a skymap created with caspar from Crab Nebula data.

time is given by:

teff =
telapsed
1+ λd

(2.11)

where λ is the rate of the events and telapsed is the time elapsed during the observation. The effective time is calculated

in the program flute.

Collection Area Aeff. For details, see Section 2.2.6.5.

NumberofGammas. Thenumber of gamma rays in the energy range E is estimated as the number of excess events

in that energy rangeNγ(E), which is defined as Nex =Non -Noff. The calculation is similar to what the program odie

does but the difference now is that the cuts on hadronness and θ2 are optimized for each energy range according to a

predefined efficiency: MC data are binned in energy and hadronness. So, for each energy bin, the optimal cut is the

one where the number of events exceeds the efficiency. The same for the θ2. With this method we are not searching for

a signal and so the cuts are looser than the odie’s cuts.

Once that Nγ, teff and Aeff are calculated in each energy bin, it is possible to define the differential energy spectrum of
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a given source as the number of photons per unit of energy, time and area:

dΦ
dE

=
dNγ(E)

dE dAeff(E) dteff
(2.12)

In MAGIC, the spectrum is calculated using the program flutewhich takes the output of melibea in order to define

Nγ, teff and Aeff.

Migration Matrix. The reconstructed estimated energy Eest of the events is not the same as their true energy

Etrue. This effect is called spillover effect: when the spectrum is calculated in bins of estimated energy, it is necessary to

use the effective area, defined in terms of true energy, to correct it. The true energy of theMCdepends on the simulated

spectrum which is different from the spectrum of the source of interest. For this reason, it is necessary to re-weigh the

spectrum of MC simulated gamma-ray events to match the one of the source and obtain a reliable effective area. With

themigration matrix it is possible to compare the quantities binned in estimated energy and the ones binned in true

energy. An example of a migration matrix is reported in Figure 2.36. The migration Matrix represents the fraction

of events in bin of Etrue moving into bin of Eest due to the finite energy resolution, and is obtained via the MC

simulations.

Figure 2.36 Example of a migration matrix produced withMC data.

Light Curve. The program flute can generate the light curve of the data sample dividing the data into time bins

and, for each of these bins, estimate the integral flux above a certain threshold. The differential energy spectrum (Equa-
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tion 2.12) is obtained for each time interval and then integrated over the energy range considered [E1,E2]:

Φ =

∫ E2

E1

dΦ
dE

[cm−2 s−1] (2.13)

Upper Limits. If in any of the energy bins there are no significant excess events, flutewill calculate anUpper Limit

(UL). To compute the UL, the number of excess events Nex and background events Noff are needed. Furthermore,

a Confidence Level (C.L.) and systematic errors should be defined. Now, as described in the method of Rolke et al.

(2005), it is possible to calculate the maximum number of expected gamma rays events Nul.

In MAGIC, a 95% C.L. is used and a systematic uncertainty of 30% is assumed. Usually the spectral shape of the

source is unknown so, a power-law functionwith a photon index Γ = 2.6 (Crab-like spectrum) is assumed. OnceNul is

computed with the Rolkemethod, anUL to the integral flux can be found. An assumption on the spectrum is needed:

Φ(E) = K S(E) = K
(

E
E0

)Γ
(2.14)

And the integral flux above the energy E0 would be:

∫ ∞

E0
Φ(E)dE = K

∫ ∞

E0
S(E)dE =

Nul∫∞
E0

∫ teff
0 Aeff(E)dEdt

(2.15)

where teff is the effective time of the observation. TheULon the integral flux can be obtained from the above equation:

Kul <
Nul

teff
∫∞
E0 S(E)Aeff(E)dE

[TeV cm−2 s−1] (2.16)

2.2.7.3 Unfolding Spectrum

The correction of the spillover effect done by flute can be considered as a first correction of the systematics due to the

energy reconstruction. In particular, if other effects are considered, like those resulting from the imperfections in the

detectors (limited energy resolution, detection efficiency, etc.) or systematic distortion (threshold effects), an unfolding

procedure is applied. These affect the calculation of the spectra, where an estimated energy is measured instead of the

true energy. Through the unfolding procedure it is possible to obtain a spectrum as function of the true energy Etrue.

Some important points about the unfolding technique are:
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• It is computationally intensive; the numerical application to real data, involving matrix inversions and approxi-

mations, can be unsuccessful or require very long computing time.

• There are many different unfolding algorithms with many parameters each;

• Unfolding can be ambiguous. Each choice of algorithm and/or parameters can produce different spectra: none

of these is technically wrong, but some are more plausible than others based on the input data.

• Unfolded data have correlated errors, which results in ambiguities: many solutions can be “correct” at the same

time.

• Unfolding noisy data with a noisy response matrix from discrete simulations leads to fluctuating solutions be-

cause of the matrix inversions. This requires the application of a smoothing called regularization: although

there are some recipes on howmuch to regularize, its so-called weight is basically a free parameter.

In the analysis of MAGIC data, the unfolding procedure consists of six different methods that differ only by the appli-

cation of the minimizer (such as MINUIT or Gauss-Newton), a tool to find the minimum value of a multi-parameter

function and analyses the shape of the function around the minimum. When comparing the final data points, the six

methods should give compatible results. For a detailed explanation of the differences between these methods and their

application to theMAGIC analysis, seeAlbert et al. (2007). InMAGIC, the unfolding procedure can be donewith two

tools: CumbUnfold and fold. The CumbUnfoldmacro is numerically complex because it involves matrix inversions and

approximations; the solution can be ambiguous and sensitive to noise and fluctuations and this requires the regulariza-

tion of the data, in order to smooth them. The fold software instead takes care of correcting the spectrum and is valid

especially for bins with low number of events. Its results are a spectrum and a Spectral EnergyDistribution (SED)with

individual points. These points are obtained from the excess rates measured in bins of estimated energy, and converted

into flux points using a collection areawhich contains a “spillover correction”, calculated using fold’s best-fit spectrum.

2.2.7.4 Systematic Uncertainties

All instruments are affected by systematic uncertainties and many factors contribute to this. Most of them are not

constant during a single night or display night-to-night variations. The nature of systematic errors in IACTs are several:
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the atmosphere, the approximations used in the MC simulations, the PMT response and aging, differences between

PMTs, mirrors reflectivity and inhomogeneities in the cameras. The following are some of the main systematics (for

details see Aleksić et al. (2016b)):

∗ Background subtraction. The distribution of events in the camera is not homogeneous due to differences be-

tween PMT, stars in the FoV and NSB variations. To estimate these inhomogeneities in the background, the

number of background events in two reflected regions in the sky (without known gamma-ray sources) were esti-

mated. The difference between the number of estimated events is≲ 1% (Aleksić et al., 2016b). The estimation

of the measured flux, and thus the evaluation of light curves and spectra (spectral index), are directly affected by

the background estimation.

∗ Pointing position systematics. During the observations, the pointing accuracy ofMAGIC ismodifiedbecause

the structure of the telescopes is not fixed but can be deformed by the gravitational load and the camera sagging

due to its ownweight. Most of this effect is corrected by the AMC and the starguider camera, but some residual

mispointing can affect the accuracy of the determination of the sources position. To evaluate this effect, the

Crab Nebula data, night by night, were analyzed (several samples of data taken in different conditions between

October 2013 and January 2014) and the resulting systematic uncertainty on the reconstructed source position

was determined to be≲ 0.02◦ (Aleksić et al., 2016b).

∗ Energy Scale. The absolute energy scale of IACTs is complicated to determine because it is affected by many

systematic effects such as atmospheric transmission (which is not well known), mirror reflectivity, properties

of the PMT, etc. In particular, MAGIC-I and MAGIC-II have a slightly different light scale (amount of light

generated by an event at a given energy): MAGIC-II has a response larger of about 11%. This effect is consid-

ered during the production of the MC. A miscalibration in the energy/light scale of the telescopes affects the

spectrum reconstruction at the lowest energies and near the threshold, this leads to a lower collection area and

a lower flux estimation. A pile-up effect is expected below the energy threshold because of the fast decrease in

the collection area.

∗ Night to Night variations. The flux of a steady source measured over various nights is slightly different due

to night to night variations. The reason for these uncertainties are the atmospheric variations. In MAGIC,

these are minimized, via the use of the LIDAR system, but some residual systematics remain and they create a

82



mismatch between the simulated shower development in theMC gamma rays and the actual observations. The

relative systematic uncertainty is estimated to be around 11%.

2.2.8 Non Standard Data Analysis

One of the main subjects of this thesis is the analysis of pulsars. The emission of these sources is quite weak in the high

and very high energy domain, and so, as discussed in Section 2.2.1.7, they are observed with the Sum-Trigger-II system,

in order to try to reach the lowest energies (around 20 GeV). In this Section I will briefly introduce some peculiarities

of the pulsar analysis and the dedicated cleaning required in the use of the Sum-Trigger-II data.

2.2.8.1 Pulsar Observations

Concerning the pulsars analysis and their signal detection, there is no geometrical difference between the events emit-

ted by the pulsar and those from the surrounding nebula. Therefore, the definition of the OFF- and ON-regions is

based on a time criterium: the OFF events are those emitted when the pulsar beam is not crossing the Earth and the

ON events are those emitted while the pulsar beam is pointing in our direction. The ON-region is defined as the inter-

val of pulsar phases where emission is expected and the OFF-region where no emission is expected. Then, the ratio α

corresponds to the ratio between the phase widths of the ON and OFF regions.

As discussed earlier, the pulsar analysis is based on the search and the measurement of the periodic signal. The distinc-

tion between ON and OFF regions is based on the arrival time of the gamma-ray and on the direction they come from

in the sky. The signal of a pulsar is periodic and so it is useful to use the pulsar phase φ to represent the pulsar light

curve. Pulse phase is usually measured in terms of 2π radians, so 0 < φ <1. The phase is the fraction of a complete

rotation that the pulsar has undergone at the time of arrival of the gamma ray. To perform the conversion between the

Time of Arrival (ToA) and the pulsar phase, a pulsar ephemeris (or timing model) is needed. The ephemeris contains

all the spin parameters and, in the case of binary pulsars, also the orbital parameters used in the timing model. This file

includes the pulsar frequency ν and its first and second derivatives, ν̇ and ν̈. These quantities are necessary to compute

the phase φ of a photon that arrives at time t, measured from the reference system of the MAGIC telescopes (in our

case). In the next Session the details of the timing analysis are briefly explained.
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2.2.8.2 Timing Analysis

Barycentering of Arrival Times The time-dependent phase φ(t) of a pulsar can be approximated by the

following Taylor expansion:

φ(tbar) = φ0 + ν (tbar − t0) +
1
2
ν̇ (tbar − t0)2 + ... (2.17)

where tbar is the arrival time of the gamma ray, φ(t0) and t0 are arbitrary reference phases and times for each pulsar.

Since the observatories or telescopes are located at a certain position on the rotating Earth surface, the local reference

system is not inertial and so not appropriate to estimate the phase of a pulsar. For this reason it is necessary to transform

the local time coordinate to the Solar System Barycenter (SSB), tSSB. Therefore, we need to transfer the pulse ToAs

measured with the observatory clock (topocentric arrival times) to the center of mass of the Solar System as the best

approximation to an inertial frame available. Furthermore, the pulsar signal suffers different distortions (as travelling

through the ISM) which cause delays of its ToAs in its path before being detected with radio telescopes on Earth. The

transformation of a topocentric ToA to such barycentric arrival times (tSSB) is given by:

tSSB = ttopo − t0 + tclock −
ΔD
f2

+ ΔR + ΔE + ΔS. (2.18)

where:

⋆ ttopo: is the topocentric site arrival time of the pulsar signal at the respective observatory.

⋆ tclock: represents the clock corrections that account for differences between the observatory clocks and terrestrial time

standards.

⋆ ΔD
f2 is the frequency-dependent dispersion delay caused by the ISM (f is the frequency of the SSB).

⋆ ΔR: theRoemer delay (is the classical time which takes the light, of the observed pulsar, to travel from the telescope,

to the SSB). It is a geometric effect caused by the nature of the Solar System in which the Earth orbits around the Sun:

when the Earth is closer to the pulsar than the Sun (on its rotation around the latter), the signal from the pulsar will

arrive earlier at the respective observatory on Earth than at the SSB. If the Sun is closer to the pulsar than the Earth, the

pulsar signal will arrive earlier at the SSB. Therefore, during the course of a year the arrival times of the pulsar signal

encounter a delay which has a sinusoidal form.
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⋆ΔE: the so-calledEinstein delay. It describes the combined effect of gravitational redshift and time dilation due to the

motion of the Earth and other bodies.

⋆ΔS: the Shapiro delay. It takes into account the effect of themass on space and is a relativistic correction that accounts

for an extra delay due to the curvature of space-time in the solar system.

For more details see Becker et al. (2018).

Preparation for Barycentering - The Observation file The barycentering of the topocentric ToA is

carried outwith the pulsar timing software Tempo2 (Hobbs et al., 2006a). In this step the files containing the topocentric

ToAs need to be converted into arrival time files. These files contain the arrival times of the pulsar signal detected at

the respective observatory and they are, together with the parameter file (see next paragraph), the input files for the

barycentering process.

Preparation for Barycentering - The Ephemeris file The ephemeris file is a text file that contains a set

of parameters as instructions for the calculations executed with Tempo2 and a rotation model of the respective pulsar

for which the parameter file was originally built. An example of the used parameter file for the Crab pulsar is given in

Figure 2.37. A complete description of all parameters which can be included into an ephemeris file can be found in the

Tempo2 documentation§. Each parameters has a label, a value andmay have an uncertainty and a flag indicatingwhether

Tempo2 should fit for this parameter (=1) or hold constant (=0).

Glitches and Timing Noise Some young pulsars present particular rotational irregularities as cusps, for in-

stance, which are sudden changes in the pulsar’s spin rate during a glitch¶. The origin of these structures, visible in the

residuals, is unknown and are related to the “timing noise”. They are usually related to processes that happen in the

interior of the neutron stars. In the scope of gamma-ray observations, the timing noise of a pulsar needs to be properly

modeled to obtain a precise ephemeris for it. To obtain the right barycentering of the pulsar data, the ephemeris must

be built in the same time in which the observations took place and corrected for these rotational irregularities.

Once the phase of each event is computed (at the level of melibea files), it is possible to check if the source shows any

kind of periodic signal. In order to do this, theMAGICdata are reported in the phase diagrams, also called phaseograms,

§https://www.jb.man.ac.uk/~pulsar/Resources/tempo2_manual.pdf
¶A glitch is a sudden increase in the rotational frequency of a rotation-powered pulsar, which usually decreases steadily due to

braking provided by the emission of radiation and high-energy particles.
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Figure 2.37 Example of ephemeris file for the Crab Pulsar.

which are determined with different cut optimization techniques. This dedicated analysis is used in the case of pulsars

since it is not possible to see individual pulses in the gamma-ray energy range, as in the optical or radio band. More

details on the pulsar analysis are provided in Section 3.3.5.

2.2.8.3 MaTaJu Cleaning-Analysis

TheMaTaJu cleaning, developed byMaxim Shayduk (Ma), Takayuki Saito (Ta) and Julian Sitarek (Ju), is a special low

energy-focused cleaning algorithm and is a complicated code that involves slower data processing. The purpose of this

special cleaning is this: the image cleaning and signal extraction are tightly bound and shall be carried on together,

in order to aim for the lower energy showers. The signal extraction is the process for determining the charge and the

timing of a pulse in single pixels from the PMTwaveforms themselves and is done by sorcerer program.

As discussed in Section 2.2.5.3, the fundamental idea is that, depending on the charge and timing in a certain pixel,

the signal extraction in neighboring pixels is also adjusted; different next-neighbors geometries are considered, and if

a condition on charge/timing coincidence is met, the pixels are preserved, while pixels that do not pass the conditions

are discarded. In this way the cleaned image is built using only pixels that survive this procedure. Only sorcerer can

extract the signal and manipulate the waveforms (that afterwards are discarded), for this reason the MaTaJu cleaning,

that must be initialized from RAW data, requires special inputcards.

During the signal extraction and calibration the information fromeachpixel is reduced from50 values (uncalibrated) of
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charge versus slices to just one value of the calibrated charge of the pixel and the time of the pulse. In the special case of

theMaTaJu, the cleaning is performed during the signal extraction and a list of survived pixels is computed and written

to the calibratedROOTfiles. In the next step, the starMARS program (see Section 2.2.5.3), needs special input cards

because bright stars (and so the circle of pixels around them) must be removed from the FoV. In the standard data

analysis (higher energies) such bright stars do not affect the data so much because they are automatically removed by

star, which disables pixels with high noise, and in the case of larger shower (i.e. larger charge in the image), the problem

is not so significant. But this is not the case for the MaTaJu cleaning. If the star is too bright, its light passes the low

threshold of the MaTaJu cleaning and can spoil completely the reconstruction of the Hillas parameters. Furthermore,

both stereo reconstruction and hadronness calculation are affected. The input card has a dedicated section where it is

possible to specify corresponding holes of different dimension around the position of the bright star in the FoV; the

radius of the region depends on the magnitude of the star that should be removed (see Table 2.3).

Once the ∗_I_∗ files have been produced, the data analysis can proceed normally through the stereo reconstruction

with the superstar program. It is very important that the MC files used both for training the RF and for the effective

area computation are all reduced with the MaTaJu cleaning. Another important point is that, in the subsequent steps

of the analysis the averagemacro-cell threshold is set to a value roughly corresponding to 20 equivalent photo-electrons

(compared to 50 phe for the standard analysis). This is crucial for the Sum-Trigger-II analysis, especially for soft sources

like pulsars, in order to not discard low-energy events.

The analysis of Sum-Trigger-II data is very time-consuming (takes a long time to be run and computationally intensive)

and requires a large memory allocation because the RAW data are very large.

Magnitude Radius
m > 6 star not so bright, can be ignored

5 < m < 6 30 mm
4 <m < 5 60 mm
3 <m < 4 90 mm
m < 3 particular and complex case

Table 2.3 Magnitude of the Star vs Radius in the Field of View
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2.3 CTA: Cherenkov Telescope Array

The next generation IACTs will be the CTA‖. It will be an open observatory with two main sites: one on the island of

LaPalma (see Figure 2.38), to observe theNorthern sky, and one inChile (see Figure 2.39), to observe the Southern one.

The full array will consist of more than 100 IACTs of different sizes in order to allow a full-sky coverage in gamma rays

from 20 GeV to more than 300 TeV. The sensitivity of CTA will be up to an order of magnitude better than existing

instruments such as H.E.S.S., MAGIC, and VERITAS (see Figure 2.40). The construction of CTA is being carried

out by a consortium of scientists and institutes from all over the world.

Figure 2.38 Artistic impression of the CTA Northern hemisphere site; image taken from https://www.
cta-observatory.org.

2.3.1 Location

The CTA Observatory (CTAO) consists of two different arrays, located one in each hemisphere, along with two ad-

ministrative locations. TheCTAOHeadquarter is located inBologna (Italy) and the ScienceDataManagementCenter

(SDMC) is located inBerlin-Zeuthen (Germany). TheCTAConsortium (CTAC) is a collaboration consisting ofmore

than 1400 scientists and engineers from 32 countries around the world.

As anticipated, theNorthern array site will be in La Palma at theObservatory of theRoque de LosMuchachos (Canary

Islands), at the same site as the MAGIC telescopes. The Southern array will be constructed in Chile in the Atacama

desert, near the European SouthernObservatory (ESO) Paranal site. Figure 2.41 shows an illustration of the South and

North array layouts.

‖https://www.cta-observatory.org
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Figure 2.39 Artistic impression of the CTA Southern hemisphere site; image taken from https://www.
cta-observatory.org.

Figure 2.40 The differential sensitivity of CTA (both Northern and Southern arrays) with respect to other
current gamma-ray observatories. The sensitivity is defined as theminimum flux needed byCTA to obtain a
5-standard-deviation detection of a point-like source, calculated in non-overlapping logarithmic energy bins
(five per decade). Figure taken from https://www.cta-observatory.org/science/cta-performance/.

2.3.2 Telescopes and Technology

The two arrays will consist of a different number of telescopes. In order to cover the 20 GeV - 300 TeV energy range,

telescopes with different dish sizes are needed. The larger telescopes are more sensitive at low energies, instead the
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Figure 2.41 Possible layouts for the baseline arrays for CTANorth (left) and CTA South (right). Illustration
taken from https://www.cta-observatory.org/project/technology/.

smaller ones, that cover a big area of about a square kilometer, provide the sensitivity at high energies. The telescopes

that will be constructed are (Acharya et al., 2013):

⋄ Large-Size Telescope LST. The LSTs (4 for each hemisphere) will have a 23 m diameter parabolic reflector

held by a carbon-fiber structure and a PMT camera with a 4.3◦ FoV. The LST prototype design is illustrated

in Figure 2.43-left. Their light-structure, despite its 45 m height and a weight of around 100 tonnes, allows

the telescope to re-pointing within 20 s. This fast re-point will give the possibility to detect Galactic transients,

GRB, high redshift AGN and low-energy dominated sources. Indeed, these telescopes are designed to achieve

the lowest energies, down to 20 GeV. The best sensitivity of the LSTs will be in the energy range between 10-20

GeV and 150 GeV (Mazin et al., 2017). The first LST (LST-1), see Figure 2.42 -left, was inaugurated in La

Palma (Canary Island) in October 2018 and recorded its first Cherenkov light during the night between 14-15

December 2018 (see Figure 2.42 - right). Between January and February 2020, LST-1 detected for the first time

the Crab Pulsar and this milestone domonstrated how LST-1 is already performing at an extraordinary level,

detecting a challenging source in record time (11.4 hours of data).

→ Medium Size Telescope (MST). The MSTs (25 at CTA-South and 15 at CTA-North) have a dish of 12 m

in diameter and a Davies-Cotton design (Davies & Cotton, 1957). The PMT camera has a FoV of 7.5◦. The

best sensitivity of MSTs is achieved in the energy range 100 GeV - 10 TeV, therefore they are designed to cover

90

https://www.cta-observatory.org/project/technology/


Figure 2.42 Left: Picture of LST-1 taken during my shift in January 2021. Right: One of
the first-light events registered by the LST-1 prototype. From https://www.cta-observatory.org/
lst-prototype-records-its-first-light/.

mid-energies. A representation of the MST in Figure 2.43-middle. At present, a MST prototype is installed in

Berlin for testing purposes.

→ Small Size Telescope (SST). Three prototypes are proposed for the SSTs. All of them have a primary dish of 4

m and a Silicon PhotoMultiplier (SiPM) camera with a FoV close to 10◦. Two configuration have a dual-mirror

Schwarzschild-Couder optical design (SST-2MASTRI and SST-2MGCT), and one configuration has a single

mirror (SST-1M). About 70 SSTs will be installed at CTA-South, to study mostly Galactic sources, and they

will be sensitive in the energy range between 5 and 300 TeV. These telescopes will also cover a very wide area on

the ground (about 4 km2) to detect all theVHECRs that enter the atmosphere. In June 2019 theCTACouncil

decided that the SST design should be based on the ASTRI design, illustrated in Figure 2.43-right.

2.3.3 CTA Science

The main scientific goals for CTA are:

• To study the origin and the role of CRs.

• To investigate the extreme particle acceleration inside pulsars,PWNe, jets, SNRs, etc.
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Figure 2.43 From Left: the LST prototype design, the MST and the SST prototype design. Image adapted
from https://www.cta-observatory.org/project/technology/.

• To study the nature of dark matter and probe the Physics beyond the StandardModel.

To do this, the CTAC has defined a series of core programs that will have a high scientific impact that can be accom-

plished only with a considerable amount of observing time. These programs are referred to as Key Science Projects

(KSPs) and they are: theDarkMatter Program,GalacticCenter Survey, Galactic Plane Survey, LargeMagellanicCloud

Survey, Extragalactic Survey, Transients observation, Cosmic- ray PeVatrons, Star-Forming Systems, Active Galactic

Nuclei, and Clusters of Galaxies. For specific information on the science planned with CTA, the reader can refer to

CTAConsortium (2019).
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Part II

Science

Figure 2.44Successive pulses fromthefirst pulsar discovered,CP1919, superimposed vertically. TheGraphic
designerPeter Saville used this image inhis iconic cover for JoyDivision’s 1979debut studio albumUnknown
Pleasures.
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3
Introduction to Pulsars

In this chapter I will provide a general theoretical background for a proper study of the population of millisecond

pulsars. A general view of the neutron star properties and on the pulsar phenomenology, focusing on the physical

processes that characterize their peculiar signals will be given. Then, I will show what is and how forms a millisecond

pulsar, presenting the number of different evolutionary scenarios that create the exotic zoo of these objects. A short

description of the particular class of the transitional millisecond pulsars will be also given.

Iwill also give amore detailed description of theVHEgamma-ray emission of pulsars and themodeling of this emission.

I’ve included in the chapter the Crab Pulsar and Nebula MAGIC analysis, giving a short explanation of the physical

processes that produce the observed HE and VHE emission, according to the current models.
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3.1 Neutron Stars

3.1.1 Star Fate

NSs are rapidly spinning and magnetized compact stars composed mainly of neutrons. They are the leftovers from

the gravitational collapse of massive stars (M > 11M⊙) which eject their envelopes through SN explosions. NSs were

postulated for the first time by Baade&Zwicky (1934) who pointed out that amassive objectmademainly of neutrons

at very high density would be much more gravitationally bound than ordinary stars.

The primary source of energy of a star is given by thermonuclear fusion reactions, which can sustain the stellar structure

until the exhaustion of the thermonuclear fuel (i.e. Hydrogen (H), Helium (He) and heavier elements till, at most, the

iron group elements like Iron (Fe) and Nichel (Ni)). Once this fuel is finished, the only source of energy left is the

gravitational one. The objects that are formed at the end of the life of the stars depend on their initial mass:

• M < 11M⊙*: stars end their life asWhite Dwarfs (WDs). AWD is a compact (R∼R⊕) and hot (T∼ 104−5K)

star sustained by the pressure of degenerate electrons and mainly composed by Carbon (C) and Oxygen (O) or

of O, Neon (Ne) andMagnesium (Mg).

• 11M⊙ < M < 25M⊙: stars become NSs: extremely compact objects (R∼ 10km) sustained by the pressure of

degenerate neutrons. I will extend their description in this Chapter.

• 25M⊙ <M<40M⊙: if themass ofwhat remains is high enough to overcome the neutron degeneration pressure

with its gravitational force, a BH is generated, after the SN explosion.

• 40M⊙ <M < 140M⊙ or M > 260M⊙: there is no visible SN explosion, but a BH is directly formed without a

significant creation of heavy elements.

• 140M⊙ < M < 260M⊙: nuclear reactions inside the star generate gamma rays which produce pairs of e± and

this pair-instability is so violent that the star is completely disrupted without leaving remnant.

3.1.2 Generalities of Neutron Stars

The formation of a NS is preceded by the violent emission of most of the star gravitational energy through an explo-

sion known as “core-collapse SN”. During this process, the outermost layers of the star are blown away, and only a

*1M⊙= 1.9×1033g
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small inner core is left, formed from the collapse of the previous star nucleus, mainly composed of iron group elements

and degenerate electrons. This nucleus undergoes the free fall collapse because its mass is expected to exceed the Chan-

drasekhar limit† Mch of 1.44M⊙ andwhat remains is a remnant of neutrons. During this phase, the density in the core

is large enough to favor the neutronization of matter through β-decay reactions:

p+ e− → n+ νe (3.1)

this electron’s capture by protons produces an enormous amount of neutrons, of the order of 1057.

NSs are extremely compact objects. The minimum radius is about 1.5 times the Schwarzschild Radius (RS)‡:

Rmin ≃ 1.5RS =
3GM
c2

= 6.2 km
(

M
1.4M⊙

)
(3.2)

whereM is the mass of the NS,G the gravitational constant and c the speed of light.

The maximum radius can be obtained assuming that the rotating star is stable against centrifugal forces:

Rmax ≃
(
GMP2

4π2

)1/3
= 16.8 km

(
M

1.4M⊙

)1/3( P
ms

)2/3
(3.3)

where P is the rotational period of the NS.

Considering that the NS is born from the collapse of a WD-like structure with a radius similar to that of the Earth,

it follows that its final radius can be up to about 500 times smaller than that of the progenitor. Indeed, most models

predict that NSs have a radius of 12−20 km (Lattimer & Prakash, 2001).

We said thatNSs are rapidly rotating stars: assuming that during the gravitational collapse there is no loss ofmass and/or

of angular momentum in the stellar core and that the NS is a sphere of uniform density, applying the conservation of

the angular momentum law before and after the collapse, we have:

IiΩi = IfΩf ⇒ Ωf = Ωi
R2
i

R2
f

(3.4)

†This is the mass limit below which a system supported by the pressure of degenerate electrons (such as a glsWD) is stable.
Above this mass, electron degeneracy pressure is not enough to prevent gravity from collapsing the star further into a NS or BH.

‡It is also called gravitational radius and is the radius below which the gravitational attraction between the particles of a body
must cause it to undergo irreversible gravitational collapse. It is defined as RS= 2GM

c2 where M is the mass of the object, G the
universal gravitational constant and c the speed of light.
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where I = 2
5MR2 and Ω = 2π/P are the momentum and the angular velocity of the NS, respectively. In particular,

defining aRi=500Rf, the final period is Pf=10−6Pi; and if we consider a Pi=103s, the final period will be Pf=10−3s.

At the beginning of their life NSs are extremely hot: the temperature can reach a value of about 1011K. Then, thanks to

efficient cooling mechanisms, their temperature, in a time-scale of 105 years, can go down to a value of 106K (Potekhin

et al., 2015).

Another possible mechanism for the formation of aNS is the so-called “Accretion-InducedCollapse”: if a massiveWD

in a binary system is accreting material from a standard star, its mass can exceed the Chandrasekhar limit. Then, a

gravitational collapse will follow and can create a NS. More details about this process can be found in Freire & Tauris

(2014).

3.1.3 Internal Structure of a Neutron Star

The structure of the NS can contrast the gravitational collapse thanks to the pressure of the degenerated neutrons.

This structure is described by an equation of state that provides a link between the density and the pressure of the star

at different stellar radii (Lattimer, 2004). The description of this equation is beyond the goals of this thesis, but inmost

of these equations the majority of the NSs have a mass of the order of 1-2 M⊙ and a radius between 10 and 12 km

(Lyne & Graham-Smith, 2012). Such values of masses and radii determine an average density for NSs of the order of

about 1014 g/cm3. However, the expected densities in NSs have a rather wide range, and the internal structure of these

objects can be described by an “onion”-like structure. The precise composition of a NS is currently not known due to

its unknown equation of state. Current theoretical approaches for aNSwith amass of 1.44M⊙ suggest that its interior

is composed of several layers and a sketch of this inner structure can be seen in Figure 3.1. It is possible to distinguish

different regions:

⋄ the atmosphere is the outermost external layer made of plasma where the observed thermal spectrum of NS is

formed. The thickness varies from some centimeters (in the hot NSs) to a few millimeters (in the cold NSs).

The atmosphere is thought to be composed of H, He or C.

⋄ the outer crust is extended from the atmosphere up to few hundred meters below. It is a solid region with heavy

nuclei that form a Coulomb lattice in β-equilibrium (i.e. in equilibrium with respect to weak interaction pro-

cesses) with the extremely degenerate electron gas which becomes ultra-relativistic at densities ρ > 106 g/cm3
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(Burke &Graham-Smith, 2014). Moving toward the interior of the NS, the density increases and produces the

electron capture process on nuclei; in this way the star becomes predominantly made of neutrons. When the

density reaches a value of ρdrip ≃ 4×1011 g/cm3, neutrons start to “drip out” of the nuclei. The beginning of

the neutron drip defines the border between the outer and the inner crust.

⋄ the inner crust is thick one kilometer and has a density between ρdrip and 1.4×1014 g/cm3. In this region there is

a mixture of very neutron-rich nuclei arranged in a Coulomb lattice, electrons and free neutrons that can form

a superfluid. The existence of a superfluid region inside of aNS has been indicated by observations of anomalies

in the rotation of NSs known asGlitches (see Section 2.2.8.2). Furthermore, Pons et al. (2013) have shown that

this layer is highly resistive and this naturally limits the spin period of an isolated pulsar to a maximum value of

10-20 seconds; this suggested that the inner crust can be an amorphous layer.

⋄ the outer core. It “starts” at densities about 1014 g/cm3, where thenuclear clusters breakup into their constituents

(neutrons and protons). The creation ofmuons is also energetically favored. This layer, several kilometers thick,

is made of a quantum fluid with densities between 1.4×1014 g/cm3 and 5.6×1014 g/cm3. For low-mass NSs,

the outer core is the entire core of the object.

⋄ the inner core: in this region, thick several kilometers, the density overcomes the nuclear one. The composition

of the inner core is not well known; there are different hypotheses (defined as exoticmatter): hyperonic matter,

pion and kaon condensates, or deconfined quark matter.

3.1.4 Neutron Star Zoo

Since the discovery of the firstNS, a large variety of different types ofNSs have been discovered. A general and complete

review can be found in Harding (2013). NSs have detectable pulsations at different wavelengths, since they are rapidly

spinning and their emission patterns are highly anisotropic. They are classified according to the primary power source

for their emission and the spin evolution:

- Rotation-Powered Pulsars (RPPs): are NSs with a high rotation frequency gained during the core-collapse of the

progenitor which is spinning down due to its loss of angular momentum, caused by the emission of magnetic dipole

radiation and particle emission. The rotation is the only source of power for this kind of NS. The group of RPPs con-

sists of ordinary and millisecond pulsars. The difference between both kinds of pulsars is their evolution history and
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Figure 3.1 Internal structure of an NS. Image from Vidaña (2018).

their resulting characteristics. In next Sections I will describe both of them.

-Magnetars: they are solitary NSs with the highest magnetic fields known: 1014−16 G. For this reason the magnetic

field is assumed to be the source of energy of this object.

- Compact Central Objects (CCOs): visible only as soft X-ray sources inside young SNRs and are quiet at all other

wavelengths. They have very low magnetic fields in the range 1010 − 1011 G; their observed spectra are purely thermal.

- Isolated Neutron Stars (INSs): they are thermally cooling with no emission outside the soft X-ray band, except for

faint optical/UV counterparts. They have no observable associated SNR or nebula.

-Accretion-PoweredNeutron Star (APNS): areNSs in a binary systemwhich emit pulses atX-raywavelengths. These

pulses are generated through the accretion of matter from their companion, or donor star. When the latter exceeds its

Roche lobe§ an accretion disk forms out. The matter falls on the magnetic poles of the NS and creates hot spots on its

surface. Based on the composition of the binary system (i.g. themass of the companion, the properties of the accretion

and the NS magnetic field strength), different subclasses of binary pulsars have been found:

⋆ LMXBs: a binary system consisting of a compact source (like a NS or a BH) and a donor star (which could be a

§The region around the donor star in which the once gravitationally bound matter starts to be transferred on the compact
source through an accretion disk.
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low-mass main sequence star, a white dwarf, or a red giant).

⋆ IntermediateMass X-ray Binaries (IMXBs): it is a systemwhich consists of a compact source and a donor with amass

ranging between 1M⊙ and 5M⊙.

⋆HMXB: it is a systemwhich consists of a compact object and a highmass star (M > 5M⊙) of type O, B, or Be. In this

system, the compact object accretes material from the wind of the companion star or from a Be star disk.

⋆ tMSPs: they are a particular class of sources that I will explain in Section 3.5. These systems swing between a pure

accretion powered state and a rotational powered state, where it behaves like an eclipsing radio MSP.

Figure 3.2 gives a summary of the different classes by plotting rough contours in the period and surface magnetic field

space.

Figure 3.2 Schematic plot ofNSs populationswith respect to their periods and derived surfacemagnetic field
strengths. Image taken fromHarding (2013).

3.2 Pulsars

Pulsars (from pulsating stars) are rapidly rotating NSs that emit periodic radiation by spinning their strong magnetic

field through space. As already explained, they are formed during the SN explosions of massive stars. One of their
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most remarkable characteristic is the regular occurrence of their pulses, with a precision of atomic clocks. Pulsars were

discovered serendipitously in 1967 by Jocelyn Bell, a research student in a Cambridge team of astronomers lead by

AnthonyHewish, with the detection of the radio pulsar PSR B1919+21 at 81.5MHz (Lyne &Graham-Smith, 1990).

Even though they have been under study for several decades, their emission mechanisms are not yet fully understood.

Pulsars can emit radiation over the whole electromagnetic spectrum, from radio up to VHE gamma rays.

In this Section a short outline of the basic properties of pulsars is given.

3.2.1 The Lighthouse model

When theNS spins, charged particles are accelerated alongmagnetic field lines forming a beam. The accelerating parti-

cles emit electromagnetic radiation, most at radio frequencies, as a sequence of observed pulses. Each pulse is produced

as the magnetic axis (the radiation beam) crosses the observer’s line of sight each rotation. The repetition period of the

pulses is therefore the rotation period of the NS. A representation of the lighthouse effect in shown in Figure 3.3. This

rotating NS model predicts a gradual slowdown and an increase in the pulse period as the outgoing radiation carries

away rotational kinetic energy (Pacini, 1968; Gold, 1968).

Figure 3.3 Illustration of the “lighthouse” effect.
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3.2.2 The P -Ṗ Diagram

Pulsars are usually described with their rotational periods P and its first derivative Ṗ, the so-called spin-down (in the

process of emission, the rotational kinetic energy decreases over time and, as a consequence, the pulsar slows down over

time). Therefore, the diagram called P - Ṗ (Figure 3.4) is used to categorized the pulsar population with the observed

rotational period in the abscissa and the respective derivative in the ordinate (the values are expressed on logarithmic

scale).

The radio pulsars occupy the largest region of this phase space with their population extending from the very short

period and low Ṗ for theMSPs, up to the high P and Ṗ, with highmagnetic field pulsars that reach the magnetar range.

The magnetars have the highest Ṗ and some of the longest periods in the NS zoo (some of them have a period of about

11 seconds). The INSs, with periods similar to those of magnetars, have a Ṗ and magnetic fields about a factor of ten

lower than those of the magnetars. The group of CCOs have very low Ṗ, like that of MSPs, but their spin periods

are more like those of young Rotating Radio Transients (RRATs). About the HE pulsars, they have the highest spin-

down power but are not the youngest; many of the very old MSPs are efficient X-ray and gamma-ray pulsars. The

MSPs’ group forms a cluster towards the bottom left corner of the plot: they have, compared to the normal pulsars,

smaller periods (1≲ P≲ 30ms) as lower spin-down rates (10−21 ≲ Ṗ≲ 10−18 s s−1). They have surface magnetic field

strengths between 108 and 1010 G. This class of objects will be described in Section 3.4.

Apart from the separation of different populations, simple dipole models of pulsar magnetosphere allow us to obtain

an estimate for various pulsar parameters like the surface magnetic field strength, the characteristic age and the spin-

down luminosity.

According to the most possible evolutionary scenarios (Lorimer & Kramer, 2004), pulsar are born with small spin

periods (around tens of milliseconds) and large spin-down rates (≲ 10−15), thus they are located in the upper left area

of the P-Ṗ diagram. While they slow down and lose rotational kinetic energy, they move towards the bulk population

with a period around 0.5 s. This evolution is accompanied by a decrease of themagnetic field strength and a decrease of

the spin-down rate. This process of slow down of their rotation keeps moving the pulsar toward the rightest regions of

the diagram where they can cross the so-called “death line” and enter in the “pulsar graveyard”. This is a region where

the combination of spin periods and spin-down rates is not suitable to provide an efficient emission mechanism and

for this reason the NS is not able to emit as a pulsar anymore. The majority of the pulsars population is located close

to the death line because the evolutionary time scales from the birth region to this region of the diagram is quite fast;
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the typical timescale is about 105−6 years. Indeed, young pulsars have short spin periods and strong magnetic fields

that allow an efficient energy emission, and thus a rapid slowdown. When they reach spin periods larger than about

0.5 s the evolution in the diagram is slowed down. After 107 years, the emission becomes too weak to be detectable and

the pulsar moves towards and beyond the death line. However, if the dead NS is located in a binary system, accretion

phenomena can transfer mass and angular momentum from the companion to the NS. This spins-up the NS until

periods of the order of milliseconds and the emission mechanism can be reactivated making the NS visible again in the

radio band as a MSP. This is the reason whyMSPs are observed in the lower left region of the diagram.

Figure 3.4 Plot of P versus Ṗ for the currently known rotation-powered pulsars, INS, CCO, RRATs and
magnetars. Lines of constant characteristic age (P/2Ṗ) and dipole spin-down luminosity (Ėd) are drawn.
Plot fromHarding (2013).
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3.2.3 PulsarMagnetosphere

The NS surface and atmosphere are composed of charged particles which are subject to Lorentz forces much stronger

than the gravitational ones. In a rotating and magnetized system, such as a NS, this leads to the formation of a strong

electric field able to extract plasma from the surface following the magnetic field lines and creating the “pulsar mag-

netosphere”. Shortly after the discovery of the first pulsar, Goldreich & Julian (1969) presented the model for the

magnetosphere. This model assumes that the spin andmagnetic axes of the pulsar are aligned (i.e. aligned rotator) and

shows that in any point of the sphere, the magnetic field induces an electric field E = (Ω× r)× B, with Ω the angular

velocity. In a perfectly conductive sphere this will be balanced by a distribution of charges that create an electric field

able to give, at any point r, a force-free state. This can be expressed as:

E+
1
c
(Ω × r)× B = 0 (3.5)

Assuming that there is vacuum outside the sphere, the surface charges induce a quadrupole moment that corresponds

to a surface electric field that induces an electric force on charged particles that is stronger than the gravitational pull.

As a consequence, these particles are easily extracted from the surface and create a dense plasma. This plasma acts as a

perfect conductor under the condition that theNS provides a free supply of charged particles. The charge distribution

around theNS is arranged in such away that the longitudinal electric field E∥ is preserved and thus the force-free state (E

·B =0) is maintained also outside the star. This plasma is subjected to the same electromagnetic field as the NS interior

and thus the charged particles are forced to rigidly co-rotate with the star. Co-rotation can occur up to a distance where

the plasma is rotating at a speed equal to the speedof light. This co-rotation limit defines a radius knownas light cylinder

radiusRLC and is given by:

RLC =
c
Ω

=
cP
2π

≃ 4.77× 104km
(
P
s

)
(3.6)

TheRLC divides the pulsarmagnetosphere into two distinct regions, as shown in Figure 3.5: the region inside the Light

Cylinder (LC) is where the magnetic field lines are closed and the external region is where the magnetic field lines are

open. The particles attached to the open lines escape the LC region. In areas of the pulsar magnetosphere in which the

magnetic and electric field compensate each other, no acceleration of the charged particles can take place. However,

there are several regions in which an acceleration process is possible; they will be explained in Section 3.2.5.

Where there are the open magnetic field lines, current outflows from the pulsar surface into the interstellar take space.
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The sign of these outflows depends on the electric potential of the interstellar medium and a critical field line is defined

where the potentials match each other (see Figure 3.6). The current outflows are called pulsar wind and energize the

surrounding environment and can lead to the formation of a pulsar wind nebula. The pulsar wind also carries energy

and angular momentum away from the pulsar, providing a slow down of the NS rotation.

Figure 3.5 Schematic representation of a rotating NS and its surrounding magnetosphere.
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Figure 3.6 Sketch of the model for the pulsar electrodynamics by Goldreich & Julian (1969).

3.2.4 Derivation of the Pulsar Physical Parameters

The emission of a pulsar occurs at the expense of the kinetic rotational energy. This is the reason why pulsar periods

increase with time. The spin-down rate is related to the rotational kinetic energy as follows (Lorimer &Kramer, 2004):

Ė = −dErot
dt

= −d(IΩ2/2)
dt

= −IΩΩ̇ = 4π2I
Ṗ
P3

(3.7)

where Ė is the spin-down luminosity and represents the kinetic energy output emitted by the NS. Only a tiny part of

this energy loss is converted in electromagnetic emission, while most of it is converted to bulk energy of particles of the

pulsar wind. Assuming a typical moment of inertia I= 1038 km m2, we find that Ė of known pulsars ranges between

1028 and 1039 erg/s.

The general pulsar’s spin-down relation, in terms of the energy loses, is:

Ω̇ = −kΩn (3.8)
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where k is a positive constant that depends on the moment of inertia and the magnetic dipole moment of the NS and

n is the so-called breaking index. It can be determined using the second derivative of the angular frequency:

n =
ΩΩ̈

Ω̇2
(3.9)

For a pure magnetic dipole radiation, the index is n = 3. However, other dissipation mechanisms may exist (e.g. the

pulsar wind) that can carry out part of the rotational kinetic energy; in this case the measured values of n vary from 1.4

to 2.9.

If we rewrite equation 3.8 in terms of the spin period derivative, a first order differential equation is obtained and

integrating it, the age of the pulsar is:

tage =
∫ P

P0

1
KP′2−n dP

′ =
P

(n− 1)Ṗ

[
1−

(
P0
P

)n−1]
(3.10)

where P0 is the initial period of the pulsar. Assuming P0 ≪ P and n = 3, this formula can be simplified and we obtain

the characteristic age of a pulsar:

τc =
P
2Ṗ

(3.11)

This value is not a very reliable measurement of the true pulsar age, usually it is overestimated and this indicates that

the assumptions made are not exact.

We saw that pulsars are systems highly magnetized. A estimation of their intensity of the magnetic field strength can

be obtained assuming that it is originated by a dipole:

BS ≃ 3.2× 1019(PṖ)1/2 G (3.12)

As for the characteristic age, given all the assumptions, this equation does not provide a precise measure of the true

surface magnetic field, but only a rough estimate. The value can cover a broad range, from about 108 to 1015 G.
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3.2.5 Models for the Pulsar Gamma-ray Emission

The theoretical scenarios for gamma-ray emission in pulsars depend on the location of the emission region (Figure 3.7

shows a picture of a pulsar illustrating the location of the three emission model):

⋄ Polar Cap (PC). This model predicts emission near the magnetic pole of the NS, at a distance of about 30

km from the pulsar surface (Sturrock, 1971; Fawley et al., 1977; Arons & Scharlemann, 1979). The edges of

the PC on the NS surface are defined by the last closed field lines. The charged particles are accelerated by the

electric field, aligned with the magnetic field, and will acquire negligible energy transversal to the magnetic field

line, so the synchrotron emission will be negligible. Then, due to their motion in a curved magnetic field, the

charged particles will emit curvature radiation. The emitted curvature photons will create pairs via magnetic

pair creation process: γ + B→ e±. Due to the absorption of curvature photons by the magnetic field, a super-

exponential cut-off is expected in the spectral energy distribution of the photons arising from thePC.Therefore,

in this model is the curvature radiation that produces gamma-rays and initiates the cascade of e±.

⋄ Slot Gap (SG). Towards the edges of the PC region, E∥ decreases, and so particles must be accelerated over

larger distances in order to reach energies high enough to radiate photons able to materialize as pairs (Arons &

Scharlemann, 1979; Arons, 1983). They form a SG along the last closed field line. The emitted photons, due to

their higher emission altitude, do not undergo magnetic absorption. Radiation from the SG produces a wider

cone of emission than in the PC scenario (Harding &Muslimov, 2005).

⋄ Outer Gap (OG). This model appears to be one of the best candidates in order to reproduce HE emission

from pulsars. TheOGmodel is based on the assumption of an oblique rotator, with Ω· B < 0, surrounded by a

magnetosphere filledwith a co-rotating plasma (Cheng, 1986;Romani, 1996;Hirotani, 2008). In these vacuum

gaps charged particles can be accelerated. The gap is bounded on one side by a surface layer on the boundary of

the last closed field line (the null surface where Ω· B =0) and on the other side by a charge layer on the surface

of an open magnetic field line. An e± plasma is generated within the gap in the regions where the accelerating

electric field is intense enough to support gamma ray creation with energy high enough to produce pairs. The

two main mechanisms of pair creation within the gap are by collision of gamma-ray and X-ray photons arising

from synchrotron emission of secondary e± generation, or by collision of gamma rays with soft optical or IR

photons. In the gap theHE photons arise from curvature radiation from accelerated e± and from IC scattering
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of e± on soft photons.

The PC and SG models have difficulties to reproduce the observed spectrum of gamma-ray pulsars. Instead, the OG

model, extending from the null surface to the vicinity of the light cylinder, appears to be more suitable to explain HE

emission. This model was extended to explain the VHE gamma-ray emission from the Crab pulsar (Hirotani, 2011,

2013; Aliu et al., 2008). The TeV emission is explained in terms of IC scattering of secondary and tertiary e± pairs

created in the collision of primary gamma rays emitted by curvature radiation and UV- IR photons.

Figure 3.7 Sketch of the three pulsar emission models: PC, SG and OG.

⋄ Wind Zone. In this model the acceleration zone is placed beyond the light cylinder in the current sheet of the

pulsar wind (Pétri, 2012; Arka &Dubus, 2013). Emission at VHE is due to IC scattering of the X-ray photons

with the e± existing in the wind. These X-ray photons are produced in the magnetosphere and/or in the pulsar

surface. The pulsar wind is dominated by its radiation component near the LC and it becomes a kinetically-

dominated wind towards the nebula region, between 20 to 50RLC. This emission region extends at least up to

70RLC. More details can be found in Kirk et al. (2009). In Figure 3.8 a sketch of this model.
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Figure 3.8 Sketch of the pulsar wind zonemodel as well as the pulsar magnetosphere. e± pairs are accelerated
in the region called wind acceleration zone that is at a distance of several RLC from the pulsar. Image from
Aharonian et al. (2012).

Up to now, only three pulsars have been detected at VHE: Geminga is the first middle-aged pulsar detected by IACTs

(MAGICCollaboration et al., 2020) and the third pulsar detected by these type of telescopes after the Crab (Aliu et al.,

2008) and Vela (H. E. S. S. Collaboration et al., 2018a).

3.3 The Crab Pulsar andNebula

3.3.1 Introduction

The Crab Pulsar, PSR B0531+21, and its surrounding Nebula (Figure 3.9) are the remnant of the SN explosion of

1054 AD (SN1054) reported by Japanese and Chinese astronomers (Lundmark, 1921; Duyvendak, 1942). The name

of the nebula was given in 1844 by William Parson who, the first time he looked at it, found a similarity with the crab

crustacean. The age of the Crab Pulsar is about 960 years, so it is among the youngest pulsars ever observed. The

Crab Nebula was the first VHE gamma-ray source ever detected by an IACT (above 700 GeV), by Whipple (Weekes

et al., 1989), and has been the subject of detailed studies by all subsequent Cherenkov observatories. Since then, it is
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the standard candle for energies of hundred of GeV, having the highest flux (above 200 GeV is 2.3×10−10 cm−2s−1)

amongst the steady VHE gamma-ray sources; the Crab has been used as a calibration source for the different telescopes.

Figure 3.9 Multiwavelength view of the Crab Nebula and the Crab Pulsar which is the bright spot at the
centre of the image. [ImageCredit: NASA, ESA,G.Dubner et al.; A. Loll et al.; T. Temim et al.; F. Seward et
al.; VLA/NRAO/AUI/NSF; Chandra/CXC; Spitzer/JPL-Caltech; XMM-Newton/ESA; Hubble/STScI].

Thenon-thermal emission of theCrabNebula is due toHEelectrons andpositronswhich emit via synchrotronprocess

and IC scattering (Aharonian, 2004).

The Crab is the most powerful pulsar in our Galaxy, with a spin-down luminosity of Ė = 4.6 × 1038 erg s−1 and it

is located at a distance of (2.0 ± 0.2) kpc (Trimble, 1973). It has a rotational period of 33.63 ms and a first period

derivative Ṗ∼ 4.21× 10−13 s/s, which gives a characteristic age of about 1270 years (close to the true age). It can be

observed along the entire electromagnetic spectrum, from radio to TeV gamma rays. Measurements show that we are

observing it from an angle of about 60 degrees from its rotation axis.

The Crab Pulsar emits Giant Radio Pulses (GRPs) (Staelin &Reifenstein, 1968). These features are observed in other

few pulsars and is a phenomenon extremely short, of the duration of millisecond. The GRPs are a form of sporadic

pulsar emission with radio fluences at least on order of magnitude higher than those of regular pulses (Enoto et al.,

2021). Their origin is still unknown.
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3.3.2 Discovery

The Crab Pulsar, initially discovered as a radio pulsar by the Arecibo telescope (Staelin & Reifenstein, 1968), was the

first pulsar discovered in optical (Cocke et al., 1969). The pulsar was then detected in X-rays (Fritz et al., 1969) and the

gamma-ray emissionwas detected in 1972, from 10 up to 100MeV, byAlbats et al. (1972) with gas Cherenkov detector

systems. In 1977COS-B ¶ detected the pulsed emission from2 to 12 keV and from50MeVup to 1GeV (Bennett et al.,

1977). Then, in 2004, XMM-Newton satellite reported, between 0.6 and 15 keV, a harder spectrum for the interpulse

and the intermediate pulse region than themain pulse (Kirsch et al., 2004). The emissionup to 100MeVwas confirmed

by the EGRET and COMPTEL telescopes (Kuiper et al., 2001; Nolan et al., 1993); furthermore, EGRET observed

an extension of the pulsed emission up to 5 GeV. This pulsation was confirmed by AGILE and Fermi-LAT satellites

(Abdo et al., 2010a; Pellizzoni et al., 2009).

In 2008MAGIC telescopes detected a pulsed emission above 25GeV from the Crab Pulsar (Aleksić et al., 2011); later,

both VERITAS and MAGIC detected pulsed emission above 100 GeV with an extension up to 400 GeV (VERITAS

Collaboration et al., 2011; Aleksić et al., 2012b). Five years ago, theMAGIC collaboration reported themost energetic

pulsed emission ever detected from the Crab Pulsar reaching up to 1.5 TeV (Ansoldi et al., 2016). More details are

given in Section 3.3.4.

The flow of the ultra-relativistic charged particles in the pulsar wind of the nebula is considered as a “cold wind” (with-

out radiation) until it begins to interact with the surroundingmedium at the termination surface, at a distance of about

3×1017 cm from the pulsar. The wind can be studied through the synchrotron nebula surrounding it, whose size is

inversely proportional to the frequency and this is interpreted as due to a cooling of theHE electrons. At the outer edge

of the nebula there is a second shock driven by the pressure of the synchrotron nebula into the thermal gas surrounding

it.

3.3.3 Multi-wavelength Characteristics of the Crab Pulsar

Aswe see, onedistinctive characteristic of theCrabPulsar is that it emits pulsed emissionover the entire electromagnetic

spectrum, ranging from radio to gamma-wavelengths. The different shapes of the Crab Pulsar light curves in different

energy bands are shown in Figure 3.10. It is possible to see that the Crab Pulsar emission profile is characterized by two

¶It was the first ESA mission to study gamma-ray sources. COS-B operated for over six years (1975 - 1982) and it was a fore-
runner of the current Integralmission.
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Figure 3.10 Light curves of the Crab pulsar for different energy ranges. Plot from Abdo et al. (2010a).

peaks: the interpulse (P2), coming at around 0.4 in phase, and themain pulse (P1) located at phase 0. P1 is observable at

all wavelengths with an extreme stability in the phase position of the peaks across the whole electromagnetic spectrum.

A third component is visible in the light curve of the pulsar, the Bridge, which is defined as the region between the

main pulse and the second pulse. This bridge definition was chosen due to the fact that the peaks get wider as the

energy decreases. The position of the peaks are compatible in the various energy band and the amplitude of each pulse

depends on the energy (Kuiper et al., 2001). At the radio energies P2 appears to be fainter than P1 with a pulse width

twice as big, imitating the optical pulse. In the gamma-ray regime, instead, P2 becomes dominant above 25-50 GeV,

whereas the Bridge is only detected up to 150 GeV (Aleksić et al., 2014).

3.3.4 A view of the Crab Pulsar at gamma-wavelengths

TheHE gamma-ray emission is thought to be produced by ultra-relativisitic electrons and positron via curvature radia-

tion; whereas at VHE, IC scattering is believed to be the dominant emissionmechanism. The first Fermi-LATobserva-

tions of the Crab Pulsar spectrum (reported in Figure 3.11) validates the presence of a spectral cutoff at 5.8GeV (Abdo
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et al., 2010a). However, the gamma-ray emission later discovered at VHEbetween 25 and 400GeV (VERITASCollab-

oration et al., 2011; Aleksić et al., 2012a) is not compatible with the flux predictions based on synchrotron-curvature

emission of the previous studies. This new and unexpected spectral component, described by a power-law function

with a photon index of 3.5, required a new explanation. Some models considered the same synchro-curvature mech-

anism responsible for the sub-TeV emission, under extreme conditions (Bednarek, 2012); instead others proposed a

newmechanism: the IC scattering on seed photon fields (from infrared to X-rays). In this last model, as we already saw

in Section 3.2.5, different VHE gamma-ray production regions have been considered from the acceleration gap in the

pulsar magnetosphere to the ultra-relativistic cold wind that extends from the LC to the wind termination shock.

In the last work of Ansoldi et al. (2016) they investigated the maximum energy reached in the Crab Pulsar spectrum,

analyzing 300 hours of data obtained with the MAGIC telescopes from February 2007 to April 2014. They reported

the most energetic pulsed emission ever detected from the Crab Pulsar reaching up to 1.5 TeV; this new results im-

pose different constraints on where and how the electron population produces gamma rays at these energies. The TeV

pulsed emission cannot be produced with synchro-curvature radiation, but can be originated by the IC process that

dominates the emission of gamma rays above 50 GeV. In particular, the joint fit of Fermi-LAT andMAGIC data from

about 10 GeV up to 1.5 TeV suggests that the Compton up-scattering of soft photons off HE electrons can be the

mechanism for produce both P1 and P2. Figure 3.12 shows the SED of P1 and P2 at HE and VHE (Fermi-LAT and

MAGIC).

Two scenarios can be considered: the magnetospheric synchrotron-self-Compton model (Aleksić et al., 2011) and the

IC in the pulsar wind region model (Aharonian et al., 2012). In the first one there are acceleration gaps in the outer

magnetosphere where primary positrons propagate outwards and escape, and are then illuminated by a strong magne-

tospheric IR photon field which is then up-scattered by positrons to TeV-scale energies. These primary TeV photons

are then absorbed by the same IR field and materialize as secondary e± pairs with GeV to several TeV energies. These

secondary pairs are created at a greater distancewhere there is a lower photon-field density near and outside the LC, and

can up-scatter the IR-UV photons into 10 GeV–5 TeV photons (via SSC process). About the pulsar wind scenario,

it considers the IR scattering off the synchrotron, pulsed IR, and X-ray photons by the particles of the cold relativistic

wind. The pulsar wind is magnetically dominated near 20-50 LC radii and in this narrow cylindrical zone, electrons

and positrons are rapidly accelerated (Ansoldi et al., 2016).

In summary, none of themodels presented identify 400GeV as fundamental cut-off in the Crab Pulsar spectrum. The
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maximumphoton energy emitted by pulsars is still an open question and at the same time, it is an important ingredient

for a better understanding of the emission mechanism at work.

Figure 3.11 Spectral energy distribution of the Crab Pulsar averaged over the whole pulse period. The black
curve represents the best-fitmodel, obtainedwith a power lawwith an exponential cut-off. TheLAT spectral
points are in red; EGRET data points in green. The statistical errors are shown in black, while the red lines
take into account both the statistical and systematic errors. Results of both experiments agree in the 100
MeV-8 GeV energy range. Plot from Abdo et al. (2010a)

3.3.5 Observations with theMAGIC Telescopes

These observations and analysis of the Crab Pulsar are used to validate the performance of the Sum-Trigger-II system

in order to apply it to the other Galactic sources that I studied with the MAGIC telescopes.

Data Sample and Analysis Procedure

The Crab Pulsar and its surrounding have been studied byMAGIC for decades and are objects of continuous interest.

The source is observable from the location of the MAGIC telescopes from November to May. The data used for the

analysis presentedherewere collectedover several years in stereoscopicmode (from2015 to 2019)with the Sum-Trigger-

II system. Moon and twilight data were discarded due to the higher energy threshold and lower sensitivity inherent to

these observations. The MC data sample used was created especially for this analysis, suitable to analyze Sum-Trigger-
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Figure 3.12 SED of the Crab P1 (black circles) and P2 (blue circles) at HE andVHE (open and filled circles).
The results of the power lawwith exponential cutoff fits to the Fermi-LAT points are shown by dashed lines
(Aleksić et al., 2014), whereas the joint Fermi-LAT/MAGIC fits to power-law functions above 10 GeV are
shown by solid lines. Plot from Ansoldi et al. (2016).

II data. As the nebula surrounding the pulsar is strong and can be detected in few minutes, the reconstructed Nebula

signal was used as a data quality check of my analysis. I selected only runs with a L3 rate higher than 500 Hz; I set a

strict requirement of excellent atmospheric conditions, a minimum of 0.85 atmospheric transmission at an altitude of

9km. In total, 110 hours of good data quality were selected.

As already explained, the observations of VHE gamma rays cannot be done without accumulating a lot of background

coming from events triggered by CRs. To improve the signal-to-noise ratio, I applied cuts in order to reject events that

are not photon-like. In order to compute these cuts, I used a background sample, taken from the anti-source position

in the camera and a gamma-ray MC sample to avoid overtraining. The cuts are energy dependent and those applied

to the pulsar analysis to search for pulsed emission rely on hadronness and θ2 distributions. The sample used for the

computation are divided in 30 logarithmic energy bins; the cuts used for this analysis are reported in table 3.1.

Spectral Energy Distribution

Figure 3.13 shows the SED of P1 and P2 of the Crab Pulsar obtained with flute. For the calculation of the SED of the

pulsed emission, I set an efficiency of 75% in the θ2 cuts and 90% in the hadronness cuts. The background considered in
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Table 3.1 Energy-dependent cuts computed for theCrabMAGICanalysis. Here, for convenience, I reported
only the cuts in the energy range∼ 20-300 GeV.

Emin Emax θ2 Hadronness
[GeV] [GeV] [deg2]
16 22 0.15 0.95
22 30 0.16 0.91
30 41 0.15 0.71
41 55 0.11 0.51
55 75 0.08 0.44
75 102 0.05 0.45
102 139 0.04 0.47
139 189 0.03 0.45
189 257 0.03 0.42
257 350 0.02 0.37

order to compute the number of excess events fromP1, P2 and the Bridge is taken from theOFF region betweenP2 and

P1. The effective timewas computed taking into account the dead time of the readout system after each event recorded

of 26× 10−6 s. Each data set was split into 30 logarithmic spaced bins between 5 GeV and 50 TeV. The effective area

used for the flux estimation was computed using the reconstructed energy of the MC events, averaged over the zenith

range covered (5-30 degrees). The SED for P1, P2 and the Bridge are well described by a power-law function defined

as:
dN
dE

= f×
(

E
150GeV

)−α
(3.13)

where f is the normalization factor (fP1 = 1.1× 10−11 TeV−1 cm−2 s−1 and fP2 = 2.0× 10−11 TeV−1 cm−2 s−1); 150

GeV is the normalization energy and α the spectral index (αP1 = 3.2 and αP2 = 2.9). TheULs of the differential fluxwere

obtained by following the Rolke & López (2001) method under the assumption of a Gaussian systematic uncertainty

in the detection efficiency, with a standard deviation of 30% systematic uncertainty in the flux level. Hereafter, the ULs

are given at 95% C.L..

The spectral points and ULs are listed in Table 3.2. In Figure 3.13, I also computed the Crab Nebula spectrum, as a

sanity check, using the whole sample of data, with the same cuts and energy binning as for the pulsar analysis. The

nebula spectrum is usually described by a log-parabola function:

dN
dE

= f0
(

E
E0

)−α+βlog(E/E0)
(3.14)
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where f0 is the flux normalization, α the index, β the curvature index and E0 the normalization energy. For the fit in

Figure 3.13 (green curve) I used the parameters reported in Aleksić et al. (2015): f0= 3.23× 10−11 TeV−1 cm−2 s−1, α

= 2.47, β= -0.24 and E0=1 TeV. The spectral points and ULs of the nebula are listed in Table 3.3.
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Figure 3.13 SED of the Crab P1 (blue circles) and P2 (red circles) measured byMAGIC between 5 GeV and
50 TeV. The Crab Nebula spectrum is also shown for comparison (green square).

Light Curve and Detection of the Pulsation

As explained in Section 2.2.8.2, the detection of pulsed emission relies on the ToA of the photons coming from the

observed pulsar. Each event detected by telescopes is recorded together with its ToA using a high precision GPS clock

coupled with a rubidium clock and, during this step, the corrections of the Earth’s motion with respect to the pulsar

are applied. The phase of the events and the timing correction are computed and applied using the already mentioned

software: tempo2. After this step the events are characterized by their phases according to the pulsar rotation period.

The ephemeris were calculated specifically for this analysis.

In order to characterize the emission from the different components of the source, the phaseogram (i.e. the number of

events as a function of the pulsar phase) was computed for two different energy ranges: 20-100 GeV and 20-100; the

lowest energy corresponds to the energy threshold calculated from the MC data sample. The phaseograms are binned
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P1 P2
Energy Bin Center E2 dN/dEdAdt E2 dN/dEdAdt
[GeV] [GeV] [TeV cm−2 s−1] [TeV cm−2 s−1]

× 10−13 × 10−13

22-30 25 <198.7 127.8± 45.6
30-41 35 25.4± 6.3 25.1± 7.0
41-55 47 17.1± 2.3 22.5± 2.6
55-75 64 10.8± 1.7 18.0± 1.8
75-102 87 6.5± 1.4 12.1± 1.5
102-139 119 5.5± 1.3 11.0± 1.4
139-189 162 <6.1 6.7± 1.2
189-257 220 <4.6 3.1± 1.1
257-350 299 2.5± 1.1 <5.7
350-475 406 <1.4 <6.8
475-646 552 <2.3 <3.1
646-878 750 <6.4 <8.4
879-1194 1020 <4.9 -

Table 3.2 Crab Pulsar spectral points of the MAGICmeasurements shown in Figure 3.13.

in 40 regularly-spaced bins between phases φ=0 and φ=1. In the search for the pulsation of the Crab Pulsar, the phase

boundaries for P1 and P2 pulses and for the background region are defined a priori. The main peak P1 ∈ [0,0.026 ∪

0.980,1] and the interpulse P2∈ [0.377,0.422] (Ansoldi et al., 2016); the interval [0.520,0.870] is considered as theOFF

region (Fierro et al., 1998), which is the background considered to be subtracted from the histogram. The significance

of the signal was computed using several statistical tests: the χ2, theZ10-test and theH-test‖ (de Jager et al., 1989). But

only the Li&Ma significance (Li &Ma, 1983), based on the likelihood ratio test (see Section 2.2.6.3), uses the informa-

tion a priori of the expected position of the peak (signal region) in the light curve. Figure 3.14 shows the folded pulse

profile that I obtained between 20 and 300 GeV with 110 hours of observations. It is possible to see that the pulses are

detected with high statistical significance: 10.5σ and 15.1σ for P1 and P2, respectively, with the total being 17.1σ. Table

3.4 summarizes the number of excess Nex events with their corresponding significance. Since the detection significance

S is limited by the large background, its square is expected to scale linearly with the observation time: S = s
√
t. The

resulting quality factor s for the pulsed component of theCrab emissionwithMAGIC is s= 1.69σ/
√
h for 20-300GeV.

‖The χ2 test depends on the phaseogram binning; the Z10-test depends on a priori fixed harmonics number, usually 10; the
H-test is the maximum of many Z-test of different harmonics number.
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Nebula
Energy Bin Center E2 dN/dEdAdt
[GeV] [GeV] [TeV cm−2 s−1]

× 10−11

20-27 23 <85.1
27-37 32 <15.7
37-50 43 6.9± 0.2
50-68 58 7.3± 0.1
68-92 79 6.9± 0.1
92-126 108 6.5± 0.1
126-171 146 5.9± 0.1
171-232 199 5.6± 0.1
232-316 270 5.0± 0.1
315-4298 367 4.9± 0.1

Table 3.3 Crab Nebula spectral points of the MAGICmeasurements shown in Figure 3.13.
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Crab Pulsar Phaseogram (20-300 GeV)

Figure 3.14 Phaseogram of Crab Pulsar in the energy range 20-300 GeV. The red area are the signal region
for P1 and P2; the grey region is the region used to estimate the background. The Bridge region is the area
between P1 and P2. Two full rotations are displayed for an easier interpretation.

Variability

It is interesting to check if the pulsed fluxmeasured byMAGIC is stable or not. The possibility of a temporal variability

of the pulsed flux was also subject of investigation during the years: the Fermi-LAT satellite, since 2008, continues to
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Energy Range P1 P2 P1+P2
[GeV] Nex Significance Nex Significance Nex Significance
20 -300 3194± 308 10.40σ 4379±318 15.03 σ 7934± 4673 17.10σ

Table 3.4 Number of excess events and corresponding significance of P1 and P2 for the energy range 20-300
GeV in about 110 hours of data.

monitor the Crab Pulsar and these observations show no sign for variability at energies below 10 GeV. This is different

to what we can see in the radio band, where Giant Radio Pulses (GRP)** are frequently observed (Howard et al., 1968;

Enoto et al., 2021). Above 10 GeV the Fermi-LAT statistics is too low to estimate possible variability on time scales

shorter than a month and thus, further search for temporal variability at higher energies is still an open topic. I show

here the study of the long-term light curve of the Crab pulsar with the goal of search for variability in the energy range

above 30 GeV on time scales of a month. A month period is the time interval between two full moons and during the

moon period pulsar observations are impossible and they are necessarily interrupted during full moon period.

No variability was detected during the time span of the observations. Figure 3.15 presents the light curve of the pulsed

emission of the sum of P1 and P2 for a monthly binning and the flux was calculated above 30 GeV. The data sets was

tested for variability with a simple Χ2 test (goodness-of-fit with respect to the average flux). As we said, the light curve

does not significantly supports a time variation of the flux and the σ2 over the number of degrees of freedom (NDF)

for the total pulsed emission is σ2/NDF=18.8/14.

3.4 Millisecond Pulsars

Another important discovery was the first MSP PSR B1937+21, detected by Backer et al. (1982) using the Arecibo

telescope. This pulsar has a spin period of 1.56ms, making it the fastest-spinning pulsar known at the time and showed

a lower spin period derivative compared to the other pulsars.

In general, MSPs are categorized as pulsars with spin-periods P<20−30 ms and a spin period derivative Ṗ ≤ 10−17s/s

(Lorimer, 2009). These pulsars have significantly low magnetic fields (B≃107-1010 G). The fastest-spinning MSP ro-

tates 716 times per second with a period of 1.39 ms (Hessels et al., 2006). MSPs can be classified according to their

observed multi-wavelength emission and the location within the Galaxy. Roughly 140 of them are located in Globular

Clusters and about 240 in the Galactic Disk (Konar & Chahal, 2019).

**The giant radio pulse is a form of sporadic pulsar emission with radio fluences at least an order of magnitude higher than
those of regular pulses. The origin is unknown. In particular, these pulses are bright, sometimes exceeding a megajansky (MJy, 1
Jy = 10−26 Wm−2 Hz−1) for a few nano- to microseconds.
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 Crab Pulsar Light Curve (October 2015 - September 2018)

Ansoldi et al., 2016
fold
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Figure 3.15Monthly flux ofCrabPulsar above 30GeV, plotted against time inMJD.No significant deviation
from a constant can be seen (σ2 test). The red horizontal dotted line is the integral flux obtained from the
folding method (which delivers an estimate of the optimal parameters for the fitted model): 1.01 × 10−10

cm−2 s−1; the shaded red region is the corresponding error. The integral flux, above 30 GeV, from Ansoldi
et al. (2016) is also reported for comparison. The difference between the two fluxes can be related to the
systematics error.

3.4.1 Pulsar RecyclingMechanism

The old pulsars that have evolved into the pulsar graveyard in the P-Ṗ diagram can “acquire” a new life. In this section

I describe the basic idea behind this process, in which a slowly spinning pulsar is recycled to spin at a few millisecond

period.

The formation of a MSP begins in a binary system and an illustration of this process is shown in Fig. 3.16. It begins

with amassive supergiant star (M≥ 8M⊙) and a Sun-like star (Figure 3.16, first panel). In a fewmillion years themore

massive of the two stars exhausts its nuclear fuel, its core implodes forming a rapidly spinning and energetic NS, and

the SN explosion blows away material from the external shells (Figure 3.16, second panel). The system remains grav-

itationally bound. The pulsar’s rotating magnetic field (approximated by a dipole) releases electromagnetic radiation
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which spins down the pulsar over a few million years; this increases the pulsar’s spin period. As the Ṗ decreases and

P increases over the time, the pulsed emission from the pulsar decreases and can become non-detectable. It has now

entered the pulsar graveyard. After the discovery of the first millisecond pulsar, PSR B1937+21, Radhakrishnan &

Srinivasan (1982) and Alpar et al. (1982) proposed that it must have been spun-up by the accretion of angular momen-

tum from a previous companion. This idea was motivated by the low spin period derivative and hence low inferred

magnetic field and further, there was no associated SN remnant despite the rapid spin-period. Radhakrishnan& Srini-

vasan (1982) had coined the term “recycling” for this accretion-driven spun up. After billions of years the low-mass

companion evolves and expands in a red giant. It overflows its Roche Lobe (Figure 3.16, third panel) accreting mass

and angular momentum onto the NS. In this phase, bright X-ray emission is produced from the accretion disk and the

binary is referred as a LMXB in outburst. Once the accretion stops, a radio pulsar with reduced magnetic field and

millisecond duration spin period emerges. Strong winds from the pulsar slowly erode the companion star (Figure 3.16,

fourth panel).

There are two types of binaries containing MSPs whose classification depends on the mass of the companion star and

on the stellar type:

- Black Widows (BWs) are MSP binaries containing a low mass (≤ 0.1 M⊙) and a semi-degenerate companion, often

in a very compact orbit (1.5-3.5 hours). In these systems the companion is slowly ablated by the pulsar wind that is

impinging on it. The first BW discovered provided further proof that pulsar recycling mechanism can form an isolated

MSP, like PSR B1937+21 (Fruchter et al., 1988). This suggests that there may be similar systems in which the com-

panion is being more strongly irradiated, and may eventually be ablated completely if it is already of lower mass and

more tenuous.

-Redbacks (RBs) have non-degenerate, more massive than black widows’ mass companion (0.1-0.4 M⊙) and a main

sequence-like companion (Roberts, 2013). Their orbital period (4-15 hours) is longer than that of black widows and

typically they showmore extensive radio eclipses. The companion in the RBs survives the pulsar wind erosion.

Following the spider analogy, these systems have been nicknamed redbecks and black widows because, as in Australian

spider species, females feed on their less massive male companions after mating. Both systems are characterised by very

short orbital periods (P<1 day). These systems are crucial to understand the MSP recycling scenario and the forma-

tion of isolated MSPs. They are also a way to study the acceleration, composition and shock dynamics of the MSP

winds, and infer accurate MSP mass measurements through pulse timing. Recently, the RB class has drawn consid-
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erable attention due to three systems that have been observed to transition from an accretion-powered disk state to

a rotationally-powered pulsar state on short timescales (≤ month), proving the suspected evolutionary link between

LLMXBs andMSPs and showing that the MSP recycling process in RBs may be ongoing. I will introduce this partic-

ular class, the transitional MSPs, in next Section 3.5.

Figure 3.16 A four panel figure illustrating the hypothesized formation and evolution of aMSP through the
pulsar recycling mechanism. Illustration credit: Bill Saxton, NRAO.

3.5 TransitionalMSPs

Observations over the past decade have demonstrated that the evolution from an LMXB to a MSP during the pulsar

recycling process is not a unidirectional process. The so-called tMSPs are a class of NS binary systems that switch back

and forth, on multi-year timescales, between an observable MSP and a LMXB-like state, where an accretion disk is

observed and an active low-level accretion into the NS magnetosphere takes place.

Since the discovery of the first tMSP, PSR J1023+0038 (Archibald, 2015), other two similar systems have been found

in the Milky Way: IGR J18245−2452 in the globular cluster M28 (Papitto et al., 2013a) and XSS J12270−4859 (de

Martino et al., 2010a; Bassa et al., 2014). All these three confirmed tMSPs are RBs when they are in the MSP state.

tMSPs are the key to track the long evolutionary link between accreting NSs in LMXBs and MSPs in binary systems.

Furthermore, they provide a more detailed understanding of the physical processes that spin-up NS to millisecond

periods. A clarification: for these sources the term “LMXB state” is atypical of LMXB systems in general; some papers

in the literature have referred to this state as the “sub-luminous accretion disk state”, which is more suitable. IGR

J1824−2452 is the only tMSP system observed to enter a high X-ray luminosity (> 1036 erg s−1) state that resembles a
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canonical LMXB in outburst.

In Chapter 6 I will give an overview of the well-established tMSP systems.
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4
PSR J2229+6114

4.1 PSR J2229+6114

Discovery andMorphology

PSR J2229+6114 (hereafter J2229) is a young and energetic pulsar and it is located at low Galactic latitude (ℓ, b) =

(106◦.6, 2◦.9). This pulsar is thought to provide the energy powering the arc-shaped PWN G106.65+2.96, dubbed

“Boomerang”, which is part of the cometary shaped SNR G106.3+2.7 discovered and described by Joncas & Higgs

(1990) and Pineault & Joncas (2000). J2229 was discovered at radio frequencies in the error region of the unidentified

EGRET source 3EG J2227+612 after the end of the Compton Gamma-Ray Observatory (CGRO) mission (Halpern

et al., 2001a). The pulsed signal was also detected in the X-ray band with a spin period P of 51.6 ms and a rotational
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energy loss rate, also defined as the spin-down luminosity, of Ė= 2.2× 1037 erg s−1; J2229 is one of the gamma-ray

pulsar with the highest spin-down power (the first is PSR J0537-6910 in the Large Magellanic Cloud and the second

one is the Crab Pulsar). The pulsar is located at the North edge of the bright radio head and the radio emission (see

Figure 4.1, green contours) comes from a shock which is driven into the surrounding medium either by the motion of

the pulsar or by the PWN expansion.

The characteristic age of the pulsar, assuming a puremagnetic dipole field and a significantly faster spin period at birth,

is τ = 10,460 yr. The magnetic field at the surface of the NS can be as high as 2.0 × 1012 G (Halpern et al., 2001a)

instead, in the PWN, the magnetic field is of about 2.6 mG. Through analyses of atomic hydrogen H1 and molecular

cloud distribution a distance of 0.8 kpc was determined (Kothes et al., 2001) for the system (pulsar and synchrotron

nebula), in contrast with the larger distance of 3 kpc estimated from the X-ray absorption by Halpern et al. (2001a).

The distance of J2229 was also estimated with the DispersionMeasure (DM) method*. The conversion of DM to dis-

tance depends on the electron density model used. Over the years, different Galactic electron density models have been

derived from independent distance measurements to pulsars; the most famous models are NE2001 (Cordes & Lazio,

2002) and the YMW16 (Yao et al., 2017). It is possible to compare these two models using the new Python package

called PYGEDM (Price et al., 2021). For J2229, considering a DM of 205 cm−3 pc (from the Third Pulsar Catalogue,

Limyansky, 2019), it is possible to find a distance of about 5 kpc if we assume the NE2001model and, for YMW16, of

about 7.5 kpc. Hence, from these estimates, the distance of 3 kpc, derived from the X-ray absorption, is the closest to

the value obtained using the model of YMW16.

For the following values of the luminosities, a distance of 3 kpc was considered: the X-ray luminosity, calculated

between 2 and 10 keV, is 1.3× 1032 erg s−1; while the gamma-ray luminosity, above 100 MeV, is 3.7×1035 erg s−1

(Halpern et al., 2001b).

*The electrons in the interstellar medium disperse the pulse signal received by radio telescopes from a radio pulsar. This man-
ifests itself as a broadening of an otherwise sharp pulse when the pulsar is observed over a given bandwidth. The amount of
dispersion is proportional to the integrated column density of free electrons between an observer and the pulsar. For the density
of electrons we have to consider a specific Galactic electron density model which depends on the distance to the pulsar. Thus, a
measurement of the DM allows an estimation of the distance to the pulsar. The DM, expressed in cm−3 pc, is defined as

DM =

∫ d

0
ne(l)dl. (4.1)

where ne is the free electron number density and d the distance to the pulsar.
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In Figure 4.1 it is possible to see SNR G106.3+2.7 and its cometary structure: a compact head of high surface bright-

ness located in the northeastern part of the system and an elongated tail of low surface brightness extending toward

the southwest (Pineault & Joncas, 2000). The head region, extends about 3′, is associated with the PWN powered by

the energetic pulsar; a small H1 shell envelops the PWN and this implies that the PWN is either pushing the H1 gas

outward or ionizing the atomic hydrogen gas in its vicinity (Kothes et al., 2001). A dense shell-like structure of H1 is

present also in the southeastern region of the head region and probably it is caused by the encounter of the SNR shock

with the dense medium. The SNR has strong X-ray and gamma-ray emission (Halpern et al., 2001b). The tail region

is expanding in a lowdensityHbubble that is thought to be excavated by the stellarwinds of the progenitormassive star.

Figure 4.1 Distribution of the gas around the SNR G106.3+2.7. Blue color represents the distribution of
H1 gas and red color shows the CO emission of a dense molecular cloud. The green contours are the 1.4
GHz radio continuum of the SNR. The white cross is the pulsar. The magenta ellipse, cyan and orange
circles represent the gamma-ray emission detected by VERITAS, Fermi-LAT and Tibet ASγ, respectively.
The yellow cross shows the best-fit position of the HAWC source (HAWC J2227+610). Image from Ge
et al. (2021).
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Multiwavelength Characteristics of the Boomerang region

In recent years, the gamma-ray community has shown a great interest in this complex region. In particular,MILAGRO

(Multiple Institution Los Alamos Gamma Ray Observatory) detected the first extended VHE emission, up to 35 TeV,

coming from the entire system (Abdo et al., 2007). VERITAS reported the detection of VHE gamma-ray emission

(between 0.9 and 16 TeV) from the elongated radio extension of the SNR, see Figure 4.2, at about 0.4◦ away from the

position of the pulsar and they named it VER J2227+608 (Acciari et al., 2009a). Fermi-LAT reportedGeV gamma-ray

emission, between 3 and 500 GeV, from the tail region of the SNR, near VER J2227+608, based on a study of ten

years of data (Xin et al., 2019). This detection suggests that VER J2227+608 may be powered by the PWN instead

of shocks of the SNR (due to the low energy content of cosmic rays) and the cut-off energy of protons at∼400 TeV

makes the source a promising PeVatron candidate. Moreover, also the data collected by theAstro-rivelatore Gamma ad

Immagini LEggero (AGILE) satellite reported gamma-ray pulsations above 100MeV (Pellizzoni et al., 2009). Recently,

the HAWC, LHAASO and Tibet ASγ (Air Shower Gamma Ray) experiments detected emission up to 100 TeV from

the SNR (see Figure 4.1). The discovery and the study of many new gamma-ray pulsars will provide strong constraints

on the location of the gamma-ray emitting regions.

As discussed before, the Boomerang Nebula is surrounded diffuse X-ray emission which is described by a hard non-

thermal spectrum with a photon index 1.5 (Halpern et al., 2001b). In particular, this extended X-ray emission in the

head region can be produced by electrons escaping the PWNwhich are probably accelerated in situ, as it is possible to

understand by the fast X-ray cooling. For more details, see Ge et al. (2021). This X-ray emission can be considered as

an indicator of an efficient particle acceleration, especially, in young SNRs (a few thousand years old). Actually, SNR

G106.3+2.7 is the first middle-aged† SNR detected with X-ray synchrotron emission and this favors the particles accel-

eration. Furthermore, in the tail region, where the SNR is located and the magnetic field is not so weak, it is possible

that the acceleration of PeV protons (1 PeV = 1015 eV) takes place. In particular, the presence of a dense molecular

cloud can be the target for the interactions of CR protons escaping the SNR at PeV energies. So, this can be a source

of PeV Galactic CRs and this is theoretically sustained by the fact that SNRs that expands in stellar winds cavities are

†In Vink (2020) a “young” SNR is defined as a SNR with an age lower than 1000-2000 yr, an X-ray emission from ejecta and
shock velocities higher than 1000 km s−1. When the SNR is in the adiabatic phase, it is slightly older and it is labeled as “mature”.
Once the shock velocity drops below 200 km s−1, the SNR become bright in optical-radiative shocks; this signs the transition to
the so called “middle-age” phase.
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promising PeV accelerators (Ge et al., 2021). Only future high performance instruments, such as CTA and the current

LHAASO (Large High Altitude Air Shower Observatory) will be able to detect PeV protons.

Figure 4.2 Sky map of TeV gamma-ray emission from G106.3+2.7 detected by VERITAS. The color scale
indicates the number of excess gamma-ray events from the region. The centroid of the TeV emission is in-
dicated with a thin black cross; the open yellow cross shows the position of PSR J2229+6114. Image from
Acciari et al. (2009a).

From the observations by ROSAT (ROentgen SATellite) and ASCA (Advanced Satellite for Cosmology and Astro-

physics) satellites, the total flux of the extended diffuse X-ray source, between 2-10 keV, is about 1.56×10−12 erg cm−2

s−1, with a power-law photon index of 1.51± 0.14 (Halpern et al., 2001a). Later, Li et al. (2008), usingChandra satel-

lite observations, confirmed that the X-ray flux is dominated by the extended source. PSR J2229+6114 is one of the

most energetic pulsars known, with a spin-down power of 2.2×1037 erg s−1; following the ATNF Pulsar Catalogue‡

(Manchester et al., 2005) the pulsar with the highest spin-down power is PSR J0537-6910 in the Large Magellanic

Cloud (4.9×1038 erg s−1) and the second one is the Crab Pulsar (4.5×1038 erg s−1). J2229 is significantly more lumi-

nous than the very close (d∼0.28 kpc) and brightest persistent source of gamma rays in the sky: the Vela Pulsar (PSR

B0833-45). Morphologically, J2229 is very similar to the Vela PWN because both of them have a possible jet and an

incomplete elliptical arc (interpreted as a equatorial shock in the pulsar’s wind).

The vast majority of the almost 300 gamma-ray pulsars detected by Fermi-LAT§ are well described by a power-law
‡https://www.atnf.csiro.au/research/pulsar/psrcat/
§https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
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model with an exponential cut-off around a fewGeV. Abdo et al. (2009) reported the detection of Fermi-LAT gamma-

ray pulsations (above 0.1GeV); the spectrum is fittedwith a power lawwith an exponential cut-off leading to an integral

photonfluxof (3.77±0.22)×10−7 cm−2 s−1. In Figure 4.3 theFermi-LATspectrumof J2229 is reported. The source

was modeled by a power law with a simple exponential cut-off between phases 0.15 and 0.65; the solid line shows the

phase-averaged spectral energy distribution from a likelihood fit, with N0 = (5.2 ± 0.4) × 10−8 cm−2 s−1, a spectral

index Γ= (1.85± 0.06) and a cut-off energy EC = (3.6± 0.6) GeV. The observed spectral cut-off could be determined

by the production of magnetic pairs or by the photon-photon absorption as this would prevent that VHE photons

escape from the system. The observed integrated energy flux calculated by Abdo et al. (2009) is (23.7± 0.7)× 10−11

erg cm−2 s−1.

In Section 4.2.2 themost recent updated gamma-ray results from the SecondFermi-LATCatalog of gamma-ray pulsars

(2PC) will be considered.

Figure 4.3Phase-averaged spectral energydistribution for J2229 assuming apower-lawfitwith an exponential
cut-off (solid line). The spectral points were obtained for 6 logarithmically-spaced energy bins and perform-
ing spectral analysis in each interval, assuming a power law shape for the source. From Abdo et al. (2009).

Light Curve in different Energy Ranges

Figure 4.4 shows the light curve of J2229 in different energy bands. The source presents a radio pulse profile (bot-

tom panel) with a single sharp peak, while in the X-ray band (second panel from bottom) two peaks, separated by
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Δφ=0.5, are visible. The gamma-ray light curve of the J2229 covers a wide range in phase (more or less the 50% of the

total emission) and this suggests that the gamma-ray beam covers a broad solid angle. This behaviour favors the outer

magnetospheric emission models, in particular the OG and the SGmodels (see Section 3.2.5) (Abdo et al., 2009). De-

tecting new pulsars in the VHE range is essential in order to understand the physics of particle acceleration and the

pulsar evolution.
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Figure 4.4 Top panel: light curve of PSR J2229+6114 above 0.1 GeV showing two pulse periods with 50
bins per period. The dashed line shows the background level, estimated from an annulus surrounding the
pulsar position during the off-pulse phase. Four subsequent panels: energy dependent phase histograms for
PSR J2229+6114 in the four indicated energy ranges, each displayed with 50 bins per pulse period. Second
panel from the bottom: light curve in the 1–10 keV band from theXMM satellite. The highest peak of the
X-ray profile lags the radio pulse by φ = 0.17± 0.02. Bottom panel: radio pulse profile from Green Bank
Telescope (GBT) at a center frequency of 2 GHz with 128 phase bins. Plot from Abdo et al. (2009).
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Timing Irregularities

The rotation of J2229, as all the young pulsars, suffers from glitches and timing noise. In particular, timing noise refers

to unexpected andunmodelled features in the timing residuals relative to a simple slowdownmodel. On the other hand,

glitches are moderate changes in the pulsar rotation rate, often followed by a relaxation and are interpreted to be the

result of a rapid transfer of angular momentum between the inner superfluid and the outer crust of the NS (Espinoza

et al., 2011). Through the study of glitches it is possible to investigate the interior of a NS (including moments of

inertia of the superfluid regions) and the properties of matter at supernuclear density. The glitch is characterized by a

sharp cusp-like shape (see Figure 4.5) and it is thought to be originated by angular exchange through collective vortex

unpinning events induced when the angular velocity lag between the superfluid and the crustal normal matter exceeds

a critical threshold.

Gügercinoğlu et al. (2020) analyzed the time solution of J2229 using data between September 2008 and January 2020

and in this period the source glitched seven times. From this analysis they determined a breaking index n=2.63.

Figure 4.5The spin evolutionof PSR J2229+6114 in the rangeMJD54732-58865 (September 2008-January
2020). The top panel shows the frequency evolution with respect to fidicual value ν0=19.36 Hz obtained
in the analysis of Gügercinoğlu et al. (2020). The middle panel shows the pulse-frequency residuals Δν,
obtained by subtraction of the pre-glitch timing solution. The bottom panel shows the variation of the
spin-down rate. The glitch epoches are indicated by vertical dashed lines. Figure from Gügercinoğlu et al.
(2020).

135



4.2 Observations withMAGIC

Let us introduce the MAGIC data set of the J2229 and the non-standard analysis performed due to the trigger system

used for data taking.

4.2.1 Data Sample and Analysis Procedure

For the MAGIC telescopes, PSR J2229+6114 is observable from July up to November at zenith angles below 40◦.

The observation campaign of the pulsar covers the period between 18 October 2019 to 28 November 2019 (Cycle

15) for about 28 hours. All the data were taken using the low-energy threshold Sum-Trigger-II system (Dazzi et al.,

2021), described in Section 2.2.1.7, and in a zenith angle range between 5◦ and 40◦. In order to exclude data affected

by adverse weather conditions or technical problems, I used information andmeasurements of the LIDAR system and

the Cloudiness parameter (see Section 2.2.1.8). For a more detailed check I looked also into the pertinent runs and

logbooks of each observation night provided after each night of data taking; for this reason I selected only data that re-

ported LIDAR transmission values higher than 0.8 measured from 9 km above the telescopes. These selection criteria

resulted in about 19 hours of good quality data that I used for the later analysis. The whole data set belongs to the same

analysis period, namely ST_03_07_SUMT¶, and all the data were taken in wobble-mode (Fomin et al., 1994) pointing at

four different positions situated 0.4◦ away from the source in order to evaluate the background simultaneously with

the pulsar’s observations (see Section 2.2.3.2).

The data were processed using the standard MAGIC analysis package MARS (Zanin et al., 2013) and a detailed de-

scription of the MAGIC analysis chain can be found in Section 2.2.4.1. The resulting images were cleaned using the

Sum-Trigger-II system cleaning algorithm (theMaTaJu cleaning, see Section 2.2.8.3). The cleaned shower images were

then parametrized using an extended version of the Hillas parameters (Hillas, 1984) and, in order to separate hadronic

from gamma-induced air showers, the RF technique is applied and aHadronness parameter is assigned to each event.

As described in section 2.2.6, the stereo data rely on LUTs for the energy reconstruction, which are obtained from

the MC simulations corresponding to the dedicated analysis period. To estimate the arrival direction of the events the

DISPRFmethod is used: theDISP parameters are obtained separately for each telescope by aRF and then combined in

¶For the naming convention see Section 2.2.5.1
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the stereoscopic image to compute the reconstructed source position. The angular distance between the reconstructed

arrival direction and the assumed source position is defined as θ.

The last step of the pulsar data analysis is the assignment of a pulse phase to each event and to do this I used the Tempo2

package (see Section 2.2.8.2). The ephemeris usedwas provided by the Fermi-LAT collaboration for contemporaneous

data and tested on the satellite’s data. As the VHE signal form the pulsar is expected to be weak and standard cuts are

not optimized for detecting weak sources, the cut values are determined by fixing their efficiency to 75% for the θ2 and

90% for the Hadronness parameter; the size cuts in both telescopes was settled at 20 phe. Figure 4.6 shows the distri-

bution of the gamma-ray events surviving the analysis cuts applied for J2229 (reported in Table 4.3) and this yields an

energy threshold of 38 GeV. The spectral index applied to the pulsar was Γ=4 and it was derived from a preliminary

Fermi-LAT analysis using 10 years of data.

Figure 4.6 The gaussian fit to the true energy distribution, in logarithmic space, yields an energy threshold
of about 38 GeV (red dashed line). This energy is obtained after having applied, in the Zd range between 5◦
and 40◦, a cut of 20 phe and hadronness and θ2 cuts given by efficiencies fromMC.

4.2.2 Energy Spectrum

Figure 4.7 shows the SED of J2229, including MAGIC data. The Fermi-LAT data are taken from 2PC (Abdo et al.,

2013). The numerical values are reported inTable 4.1 andTable 4.2. For the spectral analysis the on-pulse and off-pulse

intervals were chosen a priori following the preliminary analysis of Fermi-LAT. The on-pulse phase corresponds to the
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interval [0.4-0.55] and the off-pulse phase to the interval [0.0-0.4]∪[0.55-1.0]. The MAGIC differential ULs of the

source are well fitted by a power-law function dΦ/dE= f0(E/150 GeV)−Γ with f0= 1.1×10−11 cm−2 s−1 and Γ=4.

The 2PC spectrum follows a power-law with an exponential cut-off model: dN/dE = K (E/E0)−Γ exp(-E/Ecut)b, with

the prefactor K=1.66×10−10 ph cm−2 s−1 MeV−1, the energy scale E0 = 0.54 GeV, Γ=(1.8±0.1), the cut-off energy

Ecut =(4.3±0.3) GeV and the exponential index b=1 (Abdo et al., 2013).

Table 4.3 summarizes the resulting cuts efficiencies. These optimized cuts are used to extract the events for the pulsar

light curves presented in the next Section.
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Figure 4.7 J2229 spectral energy distribution in the range between 38 GeV and 50 TeV. Blue arrows are the
VHEULs reported in this work. Green arrows and points are the data from the Fermi-LAT 2PCAbdo et al.
(2013). The green dashed line represents the power-law with exponential cut-off model of 2PC.

4.2.3 Pulsar Light Curve

Figure 4.8 shows the pulsar light curve in the energy range from 38 GeV to 100 GeV, after having applied the signal

extraction cuts reported in Table 4.3. The value of the minimum energy is the energy threshold calculated as explained

before. Equation 17 in Li &Ma (1983) (see Section 2.2.6.3) was used to evaluate the significance of the signal; the on-

pulse and off-pulse intervals were chosen a priori following the preliminary analysis of Fermi-LAT. The on-pulse phase
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MAGIC Flux
Energy Range Bin Center E2 dN/dEdAdt

[GeV] [GeV] [TeV cm−2 s−1]
× 10−13

38.00-51.66 43.96 <148.63
51.66-70.22 59.76 <313.21
70.22-95.45 81.23 <29.76
95.45-129.75 110.43 < 9.88
129.75-176.38 150.11 <6.23
176.38-239.76 204.05 <4.67
239.76-325.92 277.38 <13.35
325.92-443.05 377.0 <11.67
443.05-602.26 512.56 <5.15
602.26-818.69 696.76 <7.46
818.69-1112.88 947.14 <2.33
1112.88-1512.81 1287.50 <3.10
1512.81-2056.4 1750.18 <5.08
2056.44-2795.4 2379.12 <2.52
2795.44-3800 3234.07 <9.58
3800-5165.5 4396.26 <1.73

7021.83-9545.17 8123.62 <2.87
9545.17-12975.29 11042.90 <3.51
12975.29-17638.04 15011.24 <5.68

Table 4.1 Boomerang Pulsar ULs of the MAGICmeasurements shown in Figure 4.7.

corresponds to the interval [0.4-0.55]; the off-pulse phase to the interval [0.0-0.4]∪[0.55-1.0]. No significant pulsed

signal was found (see Table 4.4). Moreover, region-independent signal tests (H-test and Z2 (de Jager et al., 1989), see

Section 3.3 for details) was calculated, also with null result (see Table 4.4).
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2PC Flux
Energy Range Bin Center E2 dN/dEdAdt

[GeV] [GeV] [erg cm−2 s−1]
× 10−12

0.10-0.18 0.13 (56.53±4.76)
0.19-0.32 0.23 (62.94±2.56)
0.32-0.56 0.41 (70.90±1.99)
0.56-1.00 0.72 (68.37±1.87)
1.00-1.78 1.28 (64.23±1.93)
1.78-3.16 2.28 (47.57±1.95)
3.16-5.62 4.05 (38.52±2.15)
5.62-10.00 7.20 (23.04±2.16)
10.00-17.78 12.80 (87.01±1.84)
17.78-31.62 22.76 (31.17±1.63)
31.62-56.23 40.48 <52.96
56.23-100.00 71.99 <13.19

Table 4.2 Boomerang Pulsar flux points and ULs of the Fermi-LAT 2PC data shown in Figure 4.7.
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Figure 4.8 Phaseogram of the Boomerang pulsar for the energy range 38-100GeV. The phaseogram contains
about 19 hours ofMAGICdata. Two cycles are shown for clarity. The grey area denotes theON signal phase
region. No significant pulsation is detected (see Table 4.4).
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Emin Emax θ2 Hadronness
[GeV] [GeV] [deg2]
38.00 51.66 0.13 0.66
51.66 70.22 0.10 0.52
70.22 95.45 0.08 0.48
95.45 129.75 0.06 0.50
129.75 176.38 0.05 0.52
176.38 239.76 0.04 0.52
239.76 325.92 0.03 0.51
325.92 443.05 0.02 0.48
443.05 602.26 0.02 0.46
602.26 818.69 0.02 0.42
818.69 1112.88 0.02 0.39
1112.88 1512.81 0.02 0.34
1512.81 2056.44 0.01 0.30
2056.44 2795.44 0.01 0.27
2795.44 3800.00 0.01 0.24
3800.00 5165.55 0.01 0.23
5165.55 7021.83 0.01 0.23
7021.83 9545.17 0.01 0.24
9545.17 12975.29 0.01 0.27
12975.29 17638.04 0.01 0.31
17638.04 23976.38 0.01 0.41
23976.38 32592.44 0.01 0.45
32592.44 44304.75 0.02 0.37

Table 4.3 Energy-dependent θ2 and hadronness cuts computed with flute for the Boomerang pulsar
MAGIC analysis.
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Energy Range Test
[GeV] Li&Ma
38 - 100 -0.28σ
100 - 500 -0.81σ
>500 -0.50σ

Table 4.4 MAGIC Pulsed emission Signal Tests’ Result for J2229.

4.3 Conclusions

The analysis of MAGIC data from the pulsar J2229 shows, unfortunately, no significant signal detection. Although

this source is detected up to 20GeV in the Fermi-LAT energy range (2PC), the non detection byMAGIC could be due

to various reasons. Since the source was not detected, we computed upper limit, as reported in Table 4.1. Assuming

a spectrum similar to the one preliminary one calculated with Fermi-LAT data, an observed photon index of 4 was

adopted for the upper limit calculations.

Anon-detection couldbe explained indifferentway: a low target photonfieldor, for example, the instrument sensitivity

limit. The scenario of a low target photonmedium can decrease the IC interaction opportunities. Another explanation

can be that pulsars with small viewing angles or small magnetic inclination angles are often not expected to produce

detectable gamma-ray emission, either because of their emission beams not crossing the line of sight to the Earth or as

a result of weak modulation in the emission and this makes them difficult to detect (Guillemot & Tauris, 2014). For

the particular case of the OG model, the gamma-ray detectability is determined by the combination of the magnetic

inclination angle and the viewing angle. Guillemot&Tauris (2014) found thatMSPs that are non-detected in gamma-

rays tend to have smaller viewing angles in general. The presence of the observed spectral cut-off can be explained by

the magnetic pair-production or the photon-photon absorption that could prevent VHE photons to escape from the

system. In conclusion, finding new pulsars in the VHE is extremely crucial to help us progress in the understanding of

the physics at the place of the particles acceleration and the evolution of pulsars.
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5
TheMillisecond Pulsar J0218+4232

PSR J0218+4232 is a millisecond pulsar (MSP), considered one of the best candidates for very high-energy gamma-ray

emission thanks to the high magnetic field strength at the light-cylinder radius (BLC ∼ 3.2× 105 G). It was one of the

firstMSPsdetectedbyFermi-LATathigh energy (>100MeV). For the studypresented in this chapter, we analyzed11.5

years of Fermi-LAT data and about 90 hours of MAGIC stereoscopic observations, collected from November 2018

andNovember 2019, in order to search for the highest energy emission (pulsed or unpulsed) from theMSP. This work

led to the scientific publication “Search for Very High-Energy Emission from the millisecond pulsar PSR J0218+4232”,

in The Astrophysical Journal (Acciari et al., 2021), for which I was one of the contact authors, having played a central

role in the data analysis, group organization and writing.
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5.1 The Source

PSR J0218+4232 (hereafter J0218) is a pulsar with a period of 2.3 ms in a two-day orbit around a helium low mass

(∼0.2M⊙) white dwarf companion (Bassa et al., 2003). It was discovered byNavarro et al. (1995) as a steep spectrum,

highly polarized and a compact radio source during a low-frequency radio study of the unrelated radio SN 1986J. Its

broad radio peak has a large unpulsed component (∼ 50%) and this makes it unusual, suggesting that the MSP may

be an aligned rotator, a pulsar in which the magnetic field is aligned with the axis of rotation. This was later supported

by polarimetric radio studies (Stairs et al., 1999).

J0218 is one of the youngest and most energetic MSPs known with a characteristic age of τ <0.5 Gyr and a spindown

power of 2.4×1035 erg s−1. The magnetic field at the light cylinder is extremely intense (BLC ∼ 3.2 × 105 G) and

only slightly weaker than youngCrab-like pulsars (Saito et al., 1997). The determination of its distance has been under

debate, withDu et al. (2014) estimating a distance of 6.3 kpc, whichwould be significant since these wouldmake J0218

by far the most luminous gamma-ray pulsar. Subsequent measurements of the parallax with the Very Long Baseline

Interferometry (VLBI) determined a distance of 3.15 kpc, which is comparable to values obtained for the rest of the

MSP population (Verbiest & Lorimer, 2014). Table 5.1 provides a summary of the main properties of J0218.

J0218 was detected as a steady source of soft X-rays (0.1-2.4 keV) and gamma-rays (above 100 MeV) with the High

Resolution Imager (HRI) instrument on ROSAT and EGRET, respectively (Verbunt et al., 1996). In particular, the

MSP showed a pulsed X-ray emission (with a significance of about 5σ) with a Crab-like double-pulse profile (Kuiper

et al., 1998). The profile is characterized by a sharpmain pulse with an indication of a second peak at a phase separation

ofΔφ ∼0.47. Subsequently,Mineo et al. (2000) reported for the first time temporal and spectral emissionproperties of

J0218 in the broad band 1–10 keV obtainedwith theBeppoSAX satellite. Follow-up investigationswere also conducted

with Chandra, in the energy range between 0.08–10 keV (Kuiper et al., 2002), and XMM-Newton between 0.2−10.0

keV (Webb et al., 2004), which confirmed that the two sharp pulses are described by a hard non-thermal spectrum.

From these observations they confirmed the previously detected pulsations of J0218 and showed that the folded light

curve depends on energy. Figure 5.1 shows the comparison of the J0218 X-ray profile in absolute phase with the radio

and gamma-ray profiles. Within the uncertainties of each of the measurements, the X-ray pulses are aligned with two

of the three radio pulses at 610 MHz and with the gamma-ray pulses. Kuiper et al. (2003) and Deneva et al. (2019)

reported high-resolution spatial and timing observations of J0218 performed with the Rossi X-ray Timing Explorer
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Table 5.1 Timing ephemeris for PSR J0218+4232, obtained with the Nançay radio telescope. We used the
DE436 Solar System ephemeris, with timeunits in barycentric dynamic time (TDB).Weuse the ELL1binary
model for low eccentricity orbits, where EPS1 and EPS2 represent the first and second Laplace-Lagrange
parameters (Lange et al., 2001). For the detailed definition of all parameters included in the timing model,
please read the Tempo2manual (Hobbs et al., 2006b).

Timing and binary parameters
R.A., α (J2000.0) 02h 18m 06.35863(1)s
Decl., δ (J2000.0) +42◦32′17.3722(2)′′
Frequency, F0 (Hz) 430.46105998103612106(6)
1st frequency derivative, F1, (Hz s−1) −1.434128(1)× 10−14

PMRA (α̇/cosδ,mas yr−1) 5.32(3)
PMDEC (δ̇,mas yr−1) -3.68(6)
PEPOCH (MJD) 56000
POSEPOCH (MJD) 56000
DMEPOCH (MJD) 56000
DM (cm3 pc) 61.2374(7)
DM1 (cm3 pc s−1) -0.0004(2)
BINARYMODEL ELL1
PB (d) 2.0288460845(6)
A1 (lt-s) 1.9844348(2)
TASC (MJD) 49148.5799767(2)
EPS1 5.0(2)×10−6

EPS2 4.9(2)×10−6

START (MJD) 53579.2
FINISH (MJD) 58960.5
UNITS TDB (Barycentric Dynamical Time)
EPHEM DE436
Derived parameters
Period, P (ms) 2.32309053
1st period derivative, Ṗ (s s−1) 7.739× 10−20

Characteristic age, τc (yr) 4.8× 108
Spin-down power, Ė (erg s−1) 2.4× 1035
Surface B-field strength, BS (G) 4.3× 108
Light-cylinder B-field, BLC (G) 3.1× 105
Distance, d (kpc) 3.15+0.85

−0.60
ON pulse region (0.34–0.98)
OFF pulse region [0,0.34)∪(0.98,1]

(RXTE), at energies between 2-200 keV, and NICER, in the 0.2-12 keV range, respectively. J0218 was also observed

with theNuclear Spectroscopic Telescope Array (NuSTAR) satellite, in the hard X-ray range 3–79 keV, which detected a

hard X-ray pulse profile with a resolution down to 15 μs and for the first time a pulsed emission up to 25 keV (Gotthelf

& Bogdanov, 2017). Rowan et al. (2020) performed X-ray observations withNICER (in the 0.2-12 keV energy range)

and found that the separation between pulse components of J0218 decreases with the increasing of the energy. The

pulse profile is reported in Figure 5.2.
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Figure 5.1Multiwavelengthpulse profiles of J0218 in absolute phase. (a)Radio pulse profile at 610MHz. (b)
ChandraX-ray pulse profile (0.08–10 keV). (c) EGRET gamma-ray pulse profile (0.1–1GeV). The absolute
timing accuracies of the X-ray and gamma-ray profiles are shown as horizontal bars centered on phase 0.62.
The dotted lines indicate the positions of the two pulses in the 610MHz radio profile that coincide with the
high-energy pulses. Figure from Kuiper et al. (2002).

The source J0218 is very close to one of themost famousTeVblazars, 3C 66A (0.97◦ separation, see Figure 5.3), and for

this reason, its gamma-ray emission has been often confused with it. 3C 66A is classified as an intermediate-frequency-

peaked BL Lac object and its low-energy component extends from radio to soft X-rays with a peak in the optical band.

The blazar 3C 66Awas associated with the source 2EG J0220+4228 of the Second EGRETCatalog (Thompson et al.,

1995, 2EG) and in the third EGRET Catalog (Hartman et al., 1999, 3EG) 3EG J0222+4253 was identified with the

blazar based on its emission above 1 GeV. Looking to Figure 5.4 it is possible to see that 3C 66A is the obvious coun-

terpart for the 1-10 GeVwindow, whereas J0218 is the most likely counterpart for the 100-300MeV energy range. Be-

tween 300 and 1000 MeV both sources contribute to the excess. Furthermore, Kuiper et al. (2000) reported marginal
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Figure 5.2 Phase folded pulse profile for J0218 with 100 phase bins obtained withNICER. The boxed point
shows the characteristic error bar for each profile. Plot from Rowan et al. (2020).

evidence (about 3.5σ) for the detection of pulsed gamma-ray emission from J0218, making it potentially the first MSP

detected at these energies.

Only with the launch of the Large Area Telescope (LAT) (Atwood et al., 2009), the primary instrument on the Fermi

satellite, was it possible to identify that next to the blazar 3C 66A there was a strong source (with a significance higher

than 19σ), as reported in the First Fermi-LAT Catalog: 1FGL J0218.1+4232 (Abdo et al., 2010b). The certain de-

tection of GeV gamma-ray pulsations confirmed the identification of the source with the MSP J0218 (Abdo et al.,

2010c). The LAT pulse profile showed a broad single-peaked gamma-ray light curve, unlike the EGRET one reported

by Kuiper et al. (2000) or the double-peaked X-ray pulse profile showed in Kuiper et al. (2002) andWebb et al. (2004).

J0218 was identified as showing hints of pulsed emission above 10 GeV (Ackermann et al., 2013), and the Third

Catalog of Hard Fermi-LAT Sources (Ajello et al., 2017, 3FHL) contained a source associated with J0218 (3FHL
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Figure 5.3 Fermi-LAT all-skymap showing location of J0218. The backgroundmap shows the 12-year (Au-
gust 4, 2008 - August 4, 2020) all-sky intensity map, generated using gamma-ray data above 1 GeV, in Galac-
tic coordinates. The square inset region shows the 15◦× 15◦ counts map centered on J0218, generated with
the 11.5 years of data analyzed in this work (from 2008August 4 to 2020 February 10), using all events above
1 GeV. Note the bright gamma-ray blazar 3C 66A (4FGL J0222.6+4302) located less than one degree away
from J0218.

J0218.3+4230) which exhibited pulsations above 10GeV, and possibly even above 25GeV (Saz Parkinson et al., 2017),

despite the limited statistics due to the small effective area of the LAT at these energies, compared to ground-based

gamma-ray telescopes. In particular, the sensitivity of these telescopes, like MAGIC, depends on their large effective

area and on their ability to reject the cosmic-ray background. Given the challenges of performing background rejec-

tion withMAGIC in the 10-100 GeV range, it is not surprising that MAGIC is less sensitive than Fermi-LAT at these

energies, despite its much larger effective area. All these Fermi preliminary results provided a strong motivation for

observing the source at higher energies using ground-based gamma-ray telescopes.

TheMSP J0218 was observed in October 2004 during the commissioning phase (mono observations withMAGIC-1)

ofMAGIC telescopes for a total of 13 hours. J0218 was in the same field of view of the BL Lac 3C 66A (Oña-Wilhemi
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Figure 5.4 1,2 and 3σ location confidence contours of gamma-ray source 2EG J0220+4228 in three different
broad energy intervals. Between 100-300 MeV 3C 66A is located outside the 3σ contour, whereas between
1-10 GeV, the same is true for J0218. Plot from Kuiper et al. (2000).

et al., 2005). Later, J0218 was observed again for 20 hours, between October 2006 and January 2007, but no emission

was detected, and a 3σ flux upper limit of< 9.4× 10−12 cm−2 s−1 was obtained above an energy threshold of 140GeV

(Anderhub et al., 2010). This non-detection of J0218 was consistent with theoretical gamma-ray model predictions

(Harding et al., 2005) and the possible pulsed TeV predicted emission seemed to be below the MAGIC sensitivity in

the explored energy range. Since then, the performance of the MAGIC telescopes has significantly improved (Aleksić

et al., 2016a), thanks to the unification of the two telescopes.

5.2 Observations with Fermi-LAT

5.2.1 Data Sample and Analysis Procedure

For the Fermi-LAT analysis, we used 11.5 years of Pass 8 data (Atwood et al., 2013; Bruel et al., 2018) from 2008 Au-

gust 4 to 2020 February 10 (MJD 54682.7 - 58890). In order to select the events in an energy range from 100 MeV

to 870 GeV and in a square region of 15◦× 15◦, centered on the position of 4FGL J0218.1+4232 (RA=34.5344◦,

DEC=42.5459◦), the python package Fermipywas used (Wood et al., 2017). Events with zenith angles larger than 90◦

have been excluded from the analysis, in order to avoid contamination from the Earth albedo gamma rays. We further
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ensured that the selection only included events at times where the LATwas in normal science configuration and taking

good data.

We report in Figure 5.3 the Fermi-LAT all-sky gamma-ray intensity map for energies >1 GeV, highlighting the re-

gion around J0218; the blazar 3C66A is also shown located at 97◦ from J0218 and its gamma-ray counterpart (4FGL

J0222.6+4302) which has a flux, above 1 GeV, of 1.6 × 10−8 cm−2 s−1 (> 160σ) in 4FGL, compared to 5.2 × 10−9

cm−2 s−1 (73.5σ) for J0218. For the analysis of J0218, we considered excluding the periods where 3C66A was flaring;

most blazars are highly variable sources, and we were hoping that cutting out small periods of data would significantly

reduce the contamination from the blazar. Unfortunately, this strategy was not useful because during the entire period

of 11.5 years of the observations the blazar was quite active, as can be seen from the Fermi-LAT light curves of J0218

and 3C 66A in Figure 5.5. Figure 5.6 shows the zoomed in portion of the 1 year period covered by theMAGIC obser-

vations, showing that, at GeV energies, 3C 66A is, essentially, always brighter than J0218.
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Figure 5.5 Light curve showing J0218 (green circles) and 3C 66A (blue squares). The LAT data ranges from
2008 August 4 to 2020 February 10 (MJD 54682.7 - 58890), and covers the 100 MeV - 870 GeV energy
bands. The time period of MAGIC observations (MJD 58424 - 58791) is shown in cyan. Note the larger
variability and gamma-ray flux of 3C 66A. To generate this plot, background sources were fixed to the value
in the region model, and the normalizations of 3C 66A and J0218 were allowed to vary.
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Figure 5.6 Fermi-LAT light curve showing J0218 (green circles) and 3C 66A (blue squares) zoomed in on
the time period of MAGIC observations (MJD 58424 - 58791). Note that 3C 66A has a significantly larger
flux than J0218 most of the time.

The data were analyzed with a binned likelihood analysis using spatial bins of 0.1◦× 0.1◦ and eight logarithmically

spaced bins per decade of energy. The initial region model was selected from the 8-year Fermi-LAT Fourth Source

Catalog (Abdollahi et al., 2020, 4FGL) by including sources located in a square area of 40◦× 40◦ centered on 4FGL

J0218.1+4232. Because Fermi-LAT only measures the energy of photons with limited precision, we must take into

account the (energy dependent) energy resolution of the instrument, when carrying out our analyses. For Pass 8, the

energy resolution is<10% between 1 GeV and 100 GeV, about∼20% at 100 MeV, and∼28% at 30 MeV. As a conse-

quence, as recommended by the Fermi Science Support Center (FSSC), a correction for this energy dispersionmust be

applied to all sources (except the isotropic diffuse emission). This dispersion correction is applied during the fitting of

the model and two energy bins are added above and below the analysis energy range, and filled with a number of pho-

tons that is extrapolated from the existing model. The number of photons in each energy bin is then scaled by a factor

relating to the instrument response functions, in order to account for the possibility photons with sufficiently large

energy uncertainty may have a true energy that lies in a neighboring energy bin. The fitting of the source spectra in the

regionmodel is carried out in an iterative way and the sources with a TS below 10 are removed from themodel. The TS
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in this case is defined asTS=−2ln(L0/L1) whereL1 is the probability that amodelwhich includes the source of interest

matches the data and L0 is the probability that the same model without the source of interest matches the data*. The

tool Minuit was used to perform the final iteration of the fit and, with it, minimum value of a multi-parameter func-

tion is found and it used to analyze the shape of the function around the minimum (James, 1994). In addition to the

spectral parameters of J0218, the normalization and index of the Galactic diffuse emission (modeled with a power-law

spectrum), the normalization of the isotropic diffuse emission, and the normalizations of background sources with a

TS of at least 100 were allowed to vary.

The MSP J0218 was modeled with a power-law with an exponential cut-off: dN
dE = N0(

E
E0 )

γ exp(−aEb), where the

exponential index bwas fixed to a “sub-exponential” value of 2/3 because this source is too faint for it to be left free and

2/3 approximates the values of other brighter pulsars (Abdollahi et al., 2020). In Table 5.2 we report the gamma-ray

spectral parameters for J0218.

Table 5.2 Gamma-ray spectral parameters for the total emission from PSR J0218+4232. Photon and energy
flux cover the entire 100MeV - 870 GeV energy range.

Parameter Value
N0 (ph cm−2 s−1 MeV−1) . . . . . . (2.07 ± 0.03)× 10−11

γ . . . . . . . . . . . . . . . . . . . . . . . . . . . −1.76 ± 0.01
E0 (MeV) . . . . . . . . . . . . . . . . . . . 821.6 (fixed)
a . . . . . . . . . . . . . . . . . . . . . . . . . . . (6.19751 ± 0.00007)× 10−3

b . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.6667 (fixed)
Photon flux (photons cm−2 s−1) (7.67 ± 0.15)× 10−8

Energy flux (MeV cm−2 s−1) . . . (3.05 ± 0.04)× 10−5

The events in a region of 5◦, centered in J0218, were considered in order to understand if they originate from theMSP

or the blazar 3C 66A; the tool gtsrcprob was used to assign to these events a probability (weight) and discriminate to

which source of the model they belong. Then, the pulsar timing software package TEMPO2was used to assign the pulsar

rotational phases φi to the events (Hobbs et al., 2006a) using the pulsar ephemeris obtained with the Nançay radio

telescope, given in Table 5.1.

The region model mentioned previously was used to calculate the source spectrum and the flux points for the theo-

retical modeling described in Section 5.4. Three energy bins between 12.38 - 28.99 GeV were combined in order to

produce a flux point instead of an upper limit, and, in order to extract the overall spectrum of J0218, the normalization

*https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Ciceroe_Likelihood/Likelihood_
overview.html
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of the isotropic and Galactic diffuse emission components were allowed to vary while Minuit fit the spectral parame-

ters (summarized in Table 5.2). To generate flux points, the index of the Galactic diffuse emission was also allowed to

vary, along with the normalizations of background sources with a TS of at least 500 or which lie within 5◦ of 4FGL

J0218.1+4232. The spectrum of J0218 is replaced by a power-law with an index of -2, and Minuit is used to fit the

normalization of this modified spectrum within each energy bin. The result is interpreted as either a flux point or an

upper limit, depending on the significance with which the power-law source was detected.

5.2.2 Spectral Energy Distribution

Figure 5.7 shows the Fermi-LAT spectrum from our analysis whose best-fit spectral parameters are reported in Table

5.2. Table 5.3 shows the corresponding flux measurements or upper limits, corresponding to our best-fit spectrum.

One can see that the spectrum falls steeply at energies above 10 GeV and that above 20 GeV only upper limits are

reported. These results are consistent with previous LAT results reported in 4FGL (Abdollahi et al., 2020) and 3FHL

(Ajello et al., 2017) and in particular the latter reported an index of Γ = −4.5 when fitting the>10 GeV data with a

simple power-law.

5.2.3 Light Curve

An analysis similar to that done in the First Fermi-LATCatalog of>10 GeV sources (Ackermann et al., 2013, 1FHL)

and in Saz Parkinson et al. (2017) was performed in order to test for a possible pulsed emission above 10 GeV. A

low-energy Probability Density Function (PDF) was defined, PDFLE, and it is based on the best estimate fit of the

1-10 GeV events (see Figure 5.8, top panel). For the high-energy PDF, PDFHE, the family of distributions given by

PDFHE(φ) = (1 − x) + x·PDFLE(φ), with 0 ≤ x ≤ 1, was considered. The maximum of the unbinned likeli-

hood function derived from this PDF, with respect to x, was calculated; in this way the L(x̂) was obtained and it was

compared to the null hypothesis, for x=0, that means that there is no pulsation, i.e. PDFHE(φ)=1. By construction,

L(0) = 1, so the test statistic (TS=−2ln(L(0)/L(x̂)) can be simplified to TS = 2 lnL(x̂). Following Wilks’ theorem,

the measured TS value was converted into a tail probability (or p-value) assuming that for the null hypothesis the TS

follows a χ2 distribution with 1 degree of freedom (Wilks, 1938).

The events between 1 and 10 GeV were selected (with a probability greater than 50% of coming from the pulsar, as
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Figure 5.7 Spectrumof themillisecondpulsar J0218measuredbyFermi-LAT (greenpoints andupper limits)
and the MAGIC telescopes (light blue upper limits). The green dashes represent the fit of the Fermi-LAT
data with an exponentially cutoff power-lawmodel. Note that the width of the error region is narrower than
the dashes showing the best-fit model. Although included, it is difficult to distinguish in this plot. For the
MAGIC analysis we assumed a spectral index Γ = −4.5 obtained from the spectral index of the power-law
fit to the high-energy (>10 GeV) part of the Fermi-LAT spectrum.

obtained with the Fermi Science Tool† gtsrcporb) and the histogram created was used to generate a low-energy tem-

plate. In order to obtain a smooth kernel density estimator of this histogram (defined as low-energy template), the non-

parametric SOPIE (Sequential Off-Pulse Interval Estimation) package was used (Schutte & Swanepoel, 2016). The

estimation of the off-pulse interval of the light curve was defined with the median value of the results obtained from

four different goodness-of-fit tests: Kolmogorov–Smirnov, Cramér–vonMises, Anderson–Darling, and Rayleigh test

statistics‡. Figure 5.8 (top panel) shows the 1-10GeVhistogram togetherwith the resulting low-energy template and the

estimated off-pulse interval calculated using SOPIE. In order to search for emission at higher energies, above 10 GeV,

only the events in the in the 95% containment radius of the point-spread function (0.5/0.8 degrees for front/back

converting events) were considered; then, a likelihood test to determine if these events are coming from a similar dis-

tribution function, as represented by the lower energy template. In order to claim evidence for emission at a specific

†https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
‡For details: https://cran.r-project.org/web/packages/SOPIE/SOPIE.pdf
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Table 5.3 Fermi-LAT spectral points and Upper Limits. Centers of energy bins are reported. Fermi-LAT
data utilizes 32 logarithmically spaced bins between 100 MeV and 870 GeV. Three bins, spanning 12.38 -
28.99 GeV, were combined in order to produce a flux point instead of an upper limit. As such, a total of 30
bins are reported for the Fermi-LAT.

Fermi-LAT
E E2dN/(dEdAdt)

[GeV] [TeV cm−2 s−1]
0.12 (7.24± 1.58)× 10−12

0.15 (7.69± 1.02)× 10−12

0.20 (8.11± 0.73)× 10−12

0.27 (7.77± 0.57)× 10−12

0.36 (8.25± 0.48)× 10−12

0.48 (8.15± 0.42)× 10−12

0.63 (8.34± 0.38)× 10−12

0.84 (7.50± 0.36)× 10−12

1.11 (8.22± 0.37)× 10−12

1.48 (6.79± 0.36)× 10−12

1.96 (5.34± 0.35)× 10−12

2.61 (5.37± 0.38)× 10−12

3.46 (4.05± 0.38)× 10−12

4.59 (3.07± 0.37)× 10−12

6.10 (2.90± 0.40)× 10−12

8.10 (1.28± 0.30)× 10−12

10.75 (9.24± 3.01)× 10−13

18.95 (4.66± 1.71)× 10−13

33.40 < 3.79× 10−13

44.35 < 4.71× 10−13

58.88 < 5.82× 10−13

78.18 < 7.69× 10−13

103.80 < 1.33× 10−12

137.80 < 1.38× 10−12

183.00 < 1.80× 10−12

243.00 < 2.40× 10−12

322.60 < 3.19× 10−12

428.30 < 4.29× 10−12

568.70 < 5.83× 10−12

755.00 < 8.10× 10−12

energy a threshold p-value of 0.05 was set. The same test was done for events with energies above 25 GeV. The bottom

panel of Figure 5.8 shows the distribution of 58 (17) events above 10 (25) GeV, leading to a p-value of 0.01, thus show-

ing evidence for emission above 10 GeV and, marginally, above 25 GeV. A test for emission above 30 GeV was done

but this leads to a p-value that was not significant (p> 0.05).
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Figure 5.8 Top panel – Histogram of the 1–10 GeV events for PSR J0218+4232, along with the smooth
circular kernel density estimator (red line) fitted to the data, which we define as the low-energy template in
our subsequent searches for pulsed emission above 10GeV. Two rotation cycles are shown, with 100 bins per
cycle. The blue brackets indicate the estimated off-pulse interval, [0–0.34)∪(0.98,1], obtained using SOPIE
(Schutte&Swanepoel, 2016). Bottompanel – Search forhigh-energypulsationsusingLATstandard events
above 10 GeV. The blue histogram are the 58 events above 10 GeV in energy, while the pink histogram are
the 17 events above 25 GeV. Two rotation cycles are shown, with 65 bins per cycle.

5.3 Observations withMAGIC

5.3.1 Data Sample and Analysis Procedure

We used the MAGIC telescopes to search for the VHE emission component of J0218. The data were collected in the

stereoscopic mode with the Sum-Trigger-II system (see Section 2.2.1.7), a system designed to improve the performance

of the telescope in the sub-100 GeV energy range (Dazzi et al., 2021). J0218 was observed from 2018 November 2 to

2019November 4 (MJD58424 - 58791) in the zenith angle range between 13 and 30 degrees, for amaximum sensitivity

at low energies (< 100 GeV). The wobble mode was used for robust flux and background estimation by pointing the

telescopes 0.4◦ away from the source (Fomin et al., 1994). The weather conditions were monitored continuously by

measuring the atmospheric transmission with the LIDAR system that operates together with the MAGIC telescopes
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(Fruck et al., 2014). The sub-100 GeV particle showers produce faint Cherenkov radiation and consequently they are

more affected by the lower atmospheric transmissions. For this reason, a strict requirement of excellent atmospheric

conditions was set with a minimum of 0.85 atmospheric transmission at an altitude of 9km. After discarding around

20% of the total data, 87 hours of good quality data remained. All the MAGIC data were analyzed with the MARS

(Zanin et al., 2013) and the dedicated algorithm for calibration and image cleaning of Sum-Trigger-II data was applied.

This enabled us to improve the performance and achieve an energy threshold of 20 GeV. The higher-level analysis

follows the standard pipeline (Aleksić et al., 2016b).

5.3.2 Spectral Energy Distribution

The MAGIC data were analyzed to search for possible pulse and un-pulsed emission above 20 GeV. In Figure 5.9 the

skymap of the region around J0218 is shown and no emission is observed from the MSP. The bright spot observed in

the image is the blazar 3C 66A, which is significantly detected as a by-product of the observations centered on J2018.

The rotational phases are assigned to each event with the Tempo2 package (Hobbs et al., 2006a) which used the same

ephemeris used in the LAT analysis described in Section 5.2.1. Given the broad pulse shape in the high-energy band,

the use of the off-pulse region to estimate the background would lead to large uncertainties due to its lower ratio com-

pared to the on-pulse. For this reason three source-free reflected-region backgrounds located at the same distance from

the FoV center were chosen and is expected to have the same acceptance as the region containing the source (Berge

et al., 2007). The on-pulse and off-pulse intervals were chosen following the analysis of Fermi-LAT: the on-pulse phase

corresponds to the interval [0.34-0.98] and the off-pulse phase to the interval [0.0-0.34]∪[0.98-1.0].

The upper limits (ULs) to the differential fluxwere obtained by following themethod ofRolke&López (2001) assum-

ing a Gaussian systematic uncertainty in the detection efficiency, with a standard deviation of 30% systematic uncer-

tainty in the flux level. TheULswill be given at 95%C.L.. It was assumed a spectral index of Γ= - 4.5 obtained from the

power-law fit to the high-energy (>10 GeV) Fermi-LAT data, as reported in the Third Hard Source Catalog (Ajello

et al., 2017, 3FHL).

In Figure 5.7 theMAGICULs are reported (indicated with blue arrows) together with the green points and ULs from

the Fermi-LAT analysis. The numerical values are reported in Table 5.4.
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Table 5.4 MAGIC spectral points and Upper Limits. Centers of energy bins are reported. MAGIC utilizes
14 logarithmically spaced bins between 20 GeV and 63 TeV. No upper limits are obtained for the last five
MAGIC bins (i.e. E > 3.56 TeV) because they have zero counts.

MAGIC
E E2dN/(dEdAdt)

[GeV] [TeV cm−2 s−1]
25.83 < 9.12× 10−11

45.93 < 8.32× 10−12

81.68 < 2.36× 10−12

145.25 < 6.57× 10−13

258.30 < 3.50× 10−13

459.34 < 1.94× 10−13

816.84 < 3.30× 10−13

1452.58 < 1.06× 10−13

2583.09 < 1.05× 10−13

Figure 5.9 MAGIC skymap of the region around PSR J0218+4232 (indicated by a purple square) above 20
GeV. The relative flux (in arbitrary units) is calculated by the number of smeared excess events divided by
the residual background flux within 0.1 degrees (Zanin et al., 2013). Although no VHE emission is detected
from J0218, the blazar 3C 66A (green cross), a well-known VHE source (Acciari et al., 2009b; Aliu et al.,
2009b), is seen with high significance.
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5.3.3 Light Curve

The search for pulsed signal in the lowest energy bin started at the energy threshold of the MAGIC observations. The

phase-folded light curve is reported in Figure 5.10 and it is computed in the 20-200 GeV energy range. In order to

determine whether the events come from the distribution functions represented by the lower energy template, the

same unbinned likelihood test described in Section 5.2.3 is done. No evidence for pulsation (p-value≫ 0.05) is found.

The standard pulsation search, looking atON andOFF events, is performed and the on-pulse regionwas selected as the

phase interval between 0.34-0.98 and shown as the gold area in Figure 5.10, as defined by our Fermi-LAT analysis (see

the top panel of Figure 5.8 andTable 5.1). The source-free reflected-region backgrounds, definedwith a grey horizontal

band in Figure 5.10, were used for calculating the significance of the excess events using Eq.17 of Li &Ma (1983), and

no significant pulsation was found (0.057σ). A region-independent signal tests (χ2 andH-test) were also calculated (de

Jager et al., 1989), and both with null results (5.54σ, for 11 degrees of freedom, and 0.05σ, respectively).

For the MAGIC analysis, due to the large on-pulse interval in the LAT phaseogram, a reflected-region background

subtraction approach was applied in order to subtract the background events from the off-pulse region. After this, no

evidence of emission (either pulsed or unpulsed) is found inMAGIC data and the measuredMAGIC upper limits are

well above our two theoretical model predictions for VHE emission.

5.4 TheoreticalModeling

The spectrum of J0218 wasmodeled fromUV to VHE gamma-rays with 14 orders of magnitude in energy and using a

numerical force-freemagnetospheremodel for the global magnetic field, computing the individual trajectories of parti-

cles injected at theNS surface. For themodel, two populations of particles are considered: primary electrons/positrons

along field lines that connect to the current sheet and are accelerated by an assumed parallel electric field distribution,

and secondary electrons/positrons from polar cap pair cascades along field lines where there is no accelerating electric

field. The dynamics and radiation of the particles are followed from the NS surface to a distance of two light cylin-

der radii (2Rlc) and radiated photons are stored in energy-dependent sky maps of observer angle versus rotation phase

(Harding & Kalapotharakos, 2015; Harding et al., 2018). The particles radiate Synchrotron-Curvature (SC) and IC

emission. The pitch angles for SC are maintained through cyclotron resonant absorption of radio photons emitted

above the PC (Harding et al., 2008) and the radius of curvature of the particle trajectory is assumed to be in the inertial
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Figure 5.10 Search for VHE pulsations using MAGIC events between 20 - 200 GeV, shown with the red
histogram. We used the same on-pulse interval as LAT analysis, [0.34-0.98], presented with the golden area.
The grey horizontal dashed line within the one sigma uncertainty band indicates the average number ofOFF
events collected from three reflected-region backgrounds in the FoV. No significant pulsation is detected.

observers’ frame. The IC requires that trajectories be followed twice, once to store the SC radiation emissivity and

another to compute the local photon densities from the stored emissivity and radiate IC (Harding & Kalapotharakos,

2015; Harding et al., 2018).

The main assumptions of the model are the parallel electric field (E||) distribution, the source of pairs, pair multiplic-

ity and their injection distribution on the PC, and the mechanism for generating the pitch angle. Furthermore, the

model requires the observed parameters of the pulsar (P and Ṗ). The assumptions on the distribution of the magnetic

and electric field distribution are based on results of Particle-In-Cell (PIC) simulations showing that pulsars producing

high pair multiplicity have near-force-free magnetospheres and that the highest parallel electric fields are in the current

sheet. If the pair multiplicity increases, the glsSC (mostly Synchrotron Radiation (SR)) and the IC (mostly SSC) also

increase. Increasing the parallel electric field increases the SC of primaries, increases the high-energy cutoff (GeV), and

increases the IC (at 10 TeV).

For J0218, amagnetic inclination angle α=45◦, a viewing angle ζ=65◦, and apairmultiplicity ofM+ =105 are assumed.
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In Figure 5.11 we show the model predictions, including the various individual emission components.
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Figure 5.11 Model predictions for the spectrum of phase-averaged emission from accelerated particles and
pairs in PSR J0218+4232, for an assumedmagnetic inclination angle α = 45◦ and viewing angle ζ = 65◦. The
solid orange line represents the predicted Inverse Compton Scattering (ICS) component due to accelerated
SC-emitting primaries scattering the pair SR component (blue dotted line). The thick blue line identifies the
overall emission model. Data points show the soft (XMM) and hard (NuSTAR) X-ray emission (Gotthelf
& Bogdanov, 2017), as well as the LAT spectral points and MAGIC upper limits obtained in this work.
Note that the LAT andMAGIC spectral points and upper limits represent the total (pulsed plus unpulsed)
emission, however, given the broad peak and large pulsed fraction (see Figure 5.8), the differences between
this and the pulsed spectrum would be slight, and would not significantly affect the model fit parameters.
Note that the gamma-ray data are identical to those in Figure 5.7.

A different SC model was also considered where all unknowns are reduced to just a few parameters that represent the

observed spectrum (Torres, 2018; Torres et al., 2019). This model follows the particle trajectories in a generic region of

a pulsarmagnetosphere threaded by an accelerating parallel electric field; this region is located around the light cylinder,

and particles are assumed to enter it at xin with a (sizeable) pitch angle α. Themodel parameterizes themagnetic field by

a power law B(x) = Bs(Rs/x)b (see the discussion in Viganò et al., 2015a), where x is the distance along the field line,
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b is referred to the magnetic gradient, Bs is the surface magnetic field, and Rs is the pulsar radius. If E|| and b are free

parameters, and the period and its derivative (P, Ṗ) are known, the model solves the equations of motion that balance

acceleration and losses by SC radiation (seeCheng&Zhang, 1996; Viganò et al., 2015b), computing the total emission.

The distribution of particles are assumed to emit towards us and can be parameterized as dNe/dx ∝ e−(x−xin)/x0 , where

the inverse of x0/Rlc is referred to as the contrast.

Figure 5.12 shows the results of the model with best fit parameters, log(E||/Vm−1)=10.92, log(x0/Rlc)=−4.20 and

b=3.70. The agreement between the model description and the broad-band data is acceptable (the fractional residual

errors are of the order ∼10%), despite the significant increase in the precision of each spectral measurement and the

number of data points.
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Figure 5.12Broad-band spectrumof J0218, from theX-ray (XMMandNuSTAR) to the gamma-ray (Fermi-
LAT andMAGIC) range, along with the best fit to the synchro-curvature model (Torres, 2018). Themodel
is described by these parameters: log(E||/Vm−1)=10.92, log(x0/Rlc)=−4.20, and b=3.70. Note that the
X-ray and gamma-ray data are identical to those in Figure 5.11.
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5.4.1 Discussion and Conclusions

In recent years, pulsar theorists have started to develop new self-consistentmodels in order to explain the emission from

pulsars in theVHE regime detected by ground-basedCherenkov telescopes. In particular, theCrab Pulsar was detected

by theMAGIC-I telescope at energies above 25 GeV between 2007 and 2009 (Aleksić et al., 2011) and later VERITAS

(VERITAS Collaboration et al., 2011) and both MAGIC-II telescopes (Aleksić et al., 2012b) detected it at energies

above∼ 100 GeV. The MAGIC Collaboration later reported the detection of pulsed photons with energies up to 1.5

TeV (Ansoldi et al., 2016). Gamma-ray pulsations have also been detected from the Vela pulsar, by the H.E.S.S. tele-

scope (in monoscopic mode) in the 20-100 GeV energy range (H. E. S. S. Collaboration et al., 2018a), and later up

to TeV energies (Harding et al., 2018). Another big milestone for the MAGIC telescopes was the development of the

Sum-Trigger-II system that significantly improved the sensitivity of these telescopes at energies below 100 GeV (see

section 2.2.1.7). It is thanks to this system that the Geminga Pulsar was detected between 15 GeV and 75GeV, making

it the third gamma-ray pulsar (and the firstmiddle-aged one) to be detected with ground-based Cherenkov telescopes.

More details can be found in MAGIC Collaboration et al. (2020). Furthermore, the H.E.S.S. Collaboration recently

reported at a conference (Spir-Jacob et al., 2019b) a possible detection of gamma-ray pulsations from the pulsar PSR

B1706-44, which, if confirmed, would be the fourth detection of a pulsar from the ground, after the Crab, Vela and

Geminga pulsars.

The MSP discussed in this work, J0218, belongs to a small but varied population of MSPs with a well-characterized

broad-band non-thermal energy distribution. J0218 has a different spectrum with respect to other MSPs studied in

X-ray by Coti Zelati et al. (2020) where the SED E2dF/dE decreases with the energy (see Figure 5.13).

Another significant characteristic of this pulsar is that the fitted magnetic gradient b (which measures how fast the

magnetic field declines along the particle trajectory) is larger than for normal pulsars (Torres, 2018). This is perhaps the

result of the larger Blc ofMSPs compared to typical pulsars, due to the smaller size ofRLC. These assumptions need to

be taken into account when making predictions for their observability at lower energies based only on the gamma-ray

data. Fits to the gamma-ray data alone are mostly insensitive to the value of the magnetic gradient, and assuming a

lower b could lead to incorrect predictions that an MSP is undetectable in the X-ray band. Furthermore, the relevant

scales for the production of the pulsar’s spectrum (given by x0) is small in comparison with the light cylinder radius.

This is valid in general for most MSPs, where the light cylinder is already orders of magnitude smaller than in normal
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Figure 5.13 Phase-averaged non-thermal X-ray and gamma-ray SEDs of MSPs analyzed by Coti Zelati et al.
(2020).

pulsars: the values of x0/RLC imply a relevant region of emission≪ 1 km.

The component of the curvature radiation (CR) from particles accelerated mostly in the current sheet is expected to

fall to flux levels too low at VHE energies for detection byMAGIC and the ICS components from both pairs (mostly

SSC) and accelerated primaries are predicted to be at even lower flux levels.

Most models for gamma-ray emission from pulsars do not predict high levels of ICS and SSC emission for MSPs.

For example, in the model used for this work and described in Harding & Kalapotharakos (2015) and Harding et al.

(2018), the pairs that come from the PC cascade and MSP surface magnetic fields are so low that the photons need

to have much higher energies to produce pairs by one-photon magnetic pair production than do normal pulsars. For

this reason the MSP pair spectra are shifted to much higher energies, with a particle Lorentz factor γ ∼ 104 − 107

(Harding & Muslimov, 2011), and this will produce higher energy SR near the light cylinder. In particular, due to

164



the fact that the VHE emission is most likely ICS or SSC, and both particles and photons have higher energies, the

VHE emission will be Klein-Nishina limited (see Section 1.2.1.5) and therefore it is suppressed. The OG models do

not predict VHE emission fromMSPs because pairs are produced near the PC as described by the models of Harding

&Muslimov (2011).

InMSPs, the SR spectra seem to extend tohigher energy (at least the energetic ones that havenon-thermal emission) and

for this, SRphotons and the particles that produce themmust be at higher energy. CTA is expected to have significantly

better sensitivity than MAGIC in the 10-100 GeV range, and this and other pulsars will thus be prime targets for

observation (Burtovoi et al., 2017). On the other hand, pulsars like J0218 are also good sources for MeV telescopes,

such as AMEGO (McEnery et al., 2019), that can detect the predicted SR peaks around 1 - 10MeV.
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6
Transitional Millisecond Pulsars

6.1 Introduction to tMSPs

As introduced in Section 3.5, tMSPs are a class of neutron star binaries containing a recycledMSP, spunupby accretion

from a low-mass companion to spin periods of the order of milliseconds (Alpar et al., 1982). tMSPs switch between an

accretion-powered LMXB state and a rotation-powered Radio Millisecond Pulsar (RMSP) state. During the RMSP

phase, they are associatedwith the redback class of pulsars (see Section 3.4.1 for details). In Figure 6.1we report a sketch

of the LMXB phase (left panel) and the RMSP state (right panel). The transitions between the two states occur on a

time scale of a few days to weeks, and are accompanied by drastic changes across the electromagnetic spectrum. The

origin of these transitions is still debated and, for this, intense multi-wavelength campaigns have been carried out to

investigate the phenomenology in both the states.

167



During the RMSP state the optical emission is indistinguishable from that of non-tMSP redback systems, while in the

accretion-powered state the emission exhibits bimodal flickering andflaring (Kennedy et al., 2018; Shahbaz et al., 2018),

which are also visible in theX-ray, and this indicates that an accretiondisk is present (Patruno et al., 2014;Linares, 2014).

The presence of the disk is further confirmed by the strong double-peaked Hα emission line in the optical spectrum

seen during the accretion-powered state (Halpern et al., 2013), which fully disappears in the radio state. During the

accretion state the tMSPs exhibit a flat radio spectrum that suggests a self-absorbed synchrotron emission, possibly

originating in an outflow in the form of a compact, partially self-absorbed jet, as suggested byDeller et al. (2015a,b). In

the radio state the emission in the radio band is pulsed and the spectrum is a steep power-law, typical of optically thick

synchrotron emission (Patruno et al., 2014; Archibald et al., 2009), as it is also observed in rotation-poweredMSPs.

In the next Sections we give a more detailed description of these states.

Figure 6.1 An illustrative sketch of the LMXB phase (left) and the RMSP state (right) of tMSPs. During
the LMXB the pulsar is being spun-up as the companion overflows its Roche Lobe and transfers mass and
angular momentum onto the NS via an accretion disk; in the RMSP phase the pulsar shows pulsations in
the radio band with a period of the order of milliseconds. The pulsar wind can ablate the material from the
companion star. Credit to Jason Hessels.

These sources are a unique opportunity to study the evolution and the accretion mechanism of pulsar binary systems.

LMXBs are the precursors of spiders (black widows and redbacks) and many other types of MSP binaries, but the

mechanism by which the accretion is deactivated is not yet known (Chen et al., 2013), nor is the mechanism by which

the magnetic field decays when recycled (Konar & Bhattacharya, 1997; Cumming et al., 2001). As it was mentioned in

Section 3.5 (Archibald et al., 2009; Papitto et al., 2013b) tMSPs can be themissing link between these two populations:
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the accreting X-ray pulsars and isolatedMSPs.

Since the discovery of the first tMSP, PSR J1023+0038 (Archibald et al., 2009, hereafter J1023), two other systems of

this type, IGR J18245−2452 in the globular cluster M28 (Papitto et al., 2013a), and XSS J12270−4859 (de Martino

et al., 2010b, hereafter J1227), have been found. In addition to these three confirmed tMSPs, there are also several

promising candidates that display observational properties similar to tMSPs: such as 3FGL J1544−1128 (Bogdanov,

2016), 3FGL J0427.9−6704 (Strader et al., 2016) and Terzan 5 CX1 (Bahramian et al., 2018).

In the radio pulsar state, tMSPs display typical redback pulsar properties: radio pulsations (Archibald et al., 2009; Pa-

pitto et al., 2013b) and a faint X-ray luminosity, LX ≲ 1032erg s−1, (Linares, 2014). Instead, during the accretion

state, the radio pulsations become undetectable and are replaced with bright, flat-spectrum radio continuum emission

(Deller et al., 2015a), theX-ray luminosity increases,LX ∼ 1033erg s−1 (Bogdanov et al., 2015), and the gamma-ray flux

shows an increment of at least a factor of five relative to the pulsar state (Torres et al., 2017). In Figure 6.2 we report

the Fermi-LAT light curves of J1023 and J1227.

J1023 and J1227, described inmore details in Section 6.2 and 6.3, are potentially interesting for theVHEband because,

during the LMXB state, in the Fermi-LAT energy range (0.1-10 GeV), they have a flux of about 1034erg s−1, which

is up to ten times higher than that observed during the RMSP state (Papitto & Torres, 2015). This fact makes them

particularly interesting for a possible detection with the future CTA. In section 6.6 I describe the CTA simulations

carried out for the two tMSPs J1023 and J1227.

6.2 PSR J1023+0038

J1023 (ℓ, b = 243◦.49, +45◦.78) was first detected in May 2002 as a variable 1.4 GHz radio source (Bond et al., 2002)

which showed, in the optical spectrum, clear characteristics (double peaked emission lines of the Balmer series, He I

andHe II) of an accretion disk around a compact object. Later, Thorstensen&Armstrong (2005) identified J1023 as a

NS-LMXB system and the observations revealed the existence of strong irradiation. In 2007 theRobert C. Byrd Green

Bank Telescope detected radio pulsations and showed that J1023 hosts a 1.69 millisecond radio pulsar in a 4.75 hr orbit

around a 0.2 M⊙ companion star (Archibald et al., 2009). Finally, at the end of 2013 the source returned to a LMXB

state (where it has remained until now), the double-peaked optical emission lines re-emerged and the radio pulsar signal
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Figure 6.2 Long-term light curves of the transitional millisecond pulsars J1023 and J1227; from Torres et al.
(2017). The known (Bassa et al., 2014; Stappers et al., 2014) state transitions are indicated by vertical dashed
lines. The red lines show the flux upper limits.

switched off (Stappers et al., 2014). The average X-ray luminosity in the disk state never exceeded the value of LX ∼

1033 erg s−1 and this indicates that the accretion episodes are characteristic of a sub-luminous disk. The parallax distance

of J1023 is 1.37 kpc (Deller et al., 2012).

As wementioned before, in the sub-luminous disk state J1023 has a gamma-ray flux (E>100MeV) brighter by a factor

of 5 than in the radio state (Stappers et al., 2013; Torres et al., 2017), as shown in the light curve of Figure 6.2. The

average Fermi-LAT spectrum is described by a power-law with an index Γ = 2.0 and a cut-off at an energy of 3.7 GeV

(Torres et al., 2017, see Figure 6.4). Above 100 GeV, no significant steady and pulsed gamma-ray emission was found

using the ground-based gamma-ray telescope VERITAS (Aliu et al., 2016). Only an UL was reported (Figure 6.6),

and this permitted to constrain the magnetic field strength in the shock region of the source. Aliu et al. (2016) found

amagnetic field in the shock region higher than∼ 2Gduring the radio state andhigher than∼ 10G in theLMXB state.

J1023 is the first optical MSP ever detected as it shows pulsed optical emission discovered by Ambrosino et al. (2017)

and later confirmed by our group with the fast photon counter Aqueye+ in Asiago (Zampieri et al., 2019). Figure 6.3

shows the background-substracted pulse shape of J1023, obtained with Aqueye+. Optical and X-ray pulsations have

similar shapes and this indicates that they may be produced in a similar way.

From the values of ν and ν̇ in Burtovoi et al. (2020), we can derive a spin-down luminosity of∼ 5.4× 1034 erg s−1, in

agreement with the ATNF Pulsar Catalogue (Manchester et al., 2005).
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Figure 6.3 Background-substracted pulse shape of J1023 obtained folding all the Aqueye+ optical obser-
vations of January 2018 with the timing solution reported in Zampieri et al. (2019) and with 32 bins per
period. Two rotational phases are shown. The solid line shows the fit with two sinusoidal components plus
a constant. From Zampieri et al. (2019).

6.3 PSR J1227−4853

J1227 (ℓ, b = 298◦.96, +13◦.78) is very similar to J1023 under many aspects. It was initially detected as a hard X-ray

source and tentatively identified as a cataclysmic variable, similarly to J1023, based on the double-horned emission lines

(typical of an accretion disk) in its optical spectrum (Masetti et al., 2006). Later, its unusually lowX-ray low luminosity

was considered to be typical of the sub-luminous state of tMSPs (deMartino et al., 2010a). Therefore, it was suggested

that J1227was aNS in a LMXB. J1227 transitioned from a disk to a radio pulsar state between 2012November 14 and

December 21. This transition was characterized by the disappearance of the emission lines in the optical spectrum and

a softening of the emission proprieties observed in the radio, optical, X-ray and gamma-ray bands (Bassa et al., 2014;

Torres et al., 2017). From the end of 2012, J1227 behaves as a rotation-powered redback pulsar and radio observations

with the Giant Metrewave Radio Telescope discovered a pulsar with a 1.69 ms spin period, in a binary system with an

orbital period of 6.9 hr (Roy et al., 2015). J1227 has a similar distance as J1023, 1.37 kpc (Jennings et al., 2018).

In both states, J1227 shows gamma-ray emission in the Fermi-LAT band. Before the transition to the radio state, the

gamma-ray emission was a factor of 2 higher (Torres et al., 2017, see Figure 6.4). In the sub-luminous disk state the

source spectrum is described by a power-law with a spectral index of 2.3 and a spectral cut-off at Ecut=10.8 GeV; in the

radio pulsar state the spectrum is reproduced with a power-law with a cut-off at Ecut=5.3 GeV and a spectral index of
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2.0 (Torres et al., 2017). The spin-down luminosity during the accretion state is∼ 9.1× 1034 erg s−1, which is about

103 times the X-ray luminosity during the MSP state (Roy et al., 2015).

6.4 The states of tMPSs

Here I give a more in depth description of the two characteristic states of the tMSPs.

Therotation-powered state During the radio state, tMSPs are very faint objects at all wavelengths andbehave

as redback system. They show irregular radio eclipses when the secondary is at the inferior conjunction of the orbit;

these eclipses originate from the thin and dense layers of ionisedmaterial that the pulsarwind drives off from the surface

of the donor close to the inner Lagrangian point, and partly surrounds the system (Archibald et al., 2013).

The X-ray spectra are described by a power-law that extends up to ∼70 keV (Papitto & de Martino, 2020). A soft

thermal component (0.1–10 keV) is also detected and is probably produced by hot spots on theNS surface. The orbital

variability of theX-ray emission has a large amplitude (deMartino et al., 2015, >25%), with amaximumoccurringwhen

the companion is at the superior conjunction, in phase with the radio eclipses. This large orbital variability can be

explained assuming that the observed flux is produced by synchrotron emission from the intrabinary shock originating

by the interaction of the pulsar wind with the material of the companion star near the inner Lagrangian point L1, or

directly at the donor surface (Arons & Tavani, 1993; Bogdanov et al., 2011). The minimum of the X-ray emission is

determined by the occultation of the shock by the secondary star when it is at the inferior conjunction of the orbit.

tMSPs are energetic enough to convert part of their spin-down power into HE emission; during the radio state they

have a luminosity of a few × 1033erg s−1 (0.1–100 GeV) and a Power-Law (PL) spectrum with a photon index Γ ∼

2.3−2.4 (Tam et al., 2010; Takata et al., 2014). A marginally significant high energy cut-off at∼ 5.3 GeV was detected

only in J1227 (Torres et al., 2017); the Fermi-LAT spectra of J1227 and J1023 during the radio pulsar state and the

sub-luminous disk state are shown in Figure 6.4.

Gamma-ray pulsations were reported at a significance of 3.7σ from J1023 (Archibald et al., 2013) and 5σ from J1227

(Johnson et al., 2015). The gamma-ray pulse profile (E>100MeV) of J1227 is characterized by one broad peak which

is almost aligned with the main peak of the radio pulse profile at 1.4 GHz (Johnson et al., 2015).
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Figure 6.4 Fermi-LAT spectra of J1023 (left) and J1227 (right) in the radio pulsar state (red) and the sub-
luminous disk state (blue). The corresponding fittedmodels are shownwith solid lines (for a PL) and dotted
lines (for a Power-Law with Exponential Cut-off (PLEC). From Torres et al. (2017).

The sub-luminous disk state During the accretion disk state tMSPs are characterised by an X-ray luminosity

of about 1033-1034 erg s−1. J1023 is in the sub-luminous disk state since 8 years (June 2013); J1227 behaved as such

between 2003 and 2012, with the beginning of the disk state possibly occurring at earlier times. Figure 6.2 shows tran-

sitions from a radio pulsar state (low gamma-ray state) to a sub-luminous disk state (high gamma-ray state) for J1023,

and the opposite transitions for J1227.

In the X-ray band these systems are characterized by high/low intensity modes and by sporadic flares. The X-ray light

curve of J1023 is shown in the top-left panel of Figure 6.5. For about 80% of the time J1023 lies in the highmode, emit-

ting a roughly constant X-ray luminosity (∼ × 1033erg s−1); sharp transitions to the low mode occur on a timescale

of 10 s. The X-ray luminosity observed in the low mode is also roughly constant and about one order of magnitude

fainter than in the high mode, but still a few times brighter than the rotation-powered state. The duration of these

modes ranges from a few tens of seconds to hours, although there does not seem to be a characteristic length or recur-

rence time. As proposed by Miraval Zanon et al. (2020), there are two different physical scenarios that can explain the

rapid variability between high and low modes. In the first scenario the transitions between the high and low modes

are accounted for by propeller to radio-ejection pulsar states (accompanied by X-ray pulsations powered by accretion),

during which the pulsar wind prevents matter from falling onto the neutron star surface (Papitto & Torres, 2015). In

the second scenario, these transitions can be explained by an approaching or receding inner disk just outside the light

cylinder (accompanied byX-ray pulsations powered by rotation): during the highmode the radio pulsar is always active
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and the intrabinary shock is located just outside the light cylinder, while it expands during the low mode. The flaring

mechanism is independent of the high-to-lowmode transitions (Miraval Zanon et al., 2020). Low and high modes are

more evident in the ultraviolet band (Papitto & deMartino, 2020).

Figure 6.5 X-ray (top-left panel) and optical (bottom-left panel) light curves of J1023 in the sub-luminous
disk state observed simultaneously with XMM-Newton and SiFAP at TNG. High mode, low mode and
flares phases are plotted in blue, red and green, respectively. The right panel shows the X-ray pulse profile
during the high mode (blue points) and the optical pulse profiles in the high (red points) and flare (green
points). From Papitto et al. (2019)

The gamma-ray brighteningwhen the system switches from the rotation-powered to the sub-luminous disk state is one

of the most unexpected features of tMSPs. In the sub-luminous state tMSPs become a few times brighter than in the

rotation-powered state and slightly more luminous than in the X-ray band. The gamma-ray spectra of both tMSPs in

this state are well described by a power-law with index Γγ ≈ 2.0 with a marginal evidence of a cut-off between 4 and

10 GeV (Torres et al., 2017). A high-energy component (E> 5 GeV) was recently claimed to emerge in the spectrum

of J1023 at orbital phases corresponding to the pulsar descending node (Xing et al., 2018), but this result is still to be

confirmed. So far, in the TeV regime, only upper limits have been obtained (Aliu et al., 2016); the VERITAS UL is

reported in Figure 6.6.

A radio continuum emission is seen from both J1023 and J1227 and is interpreted as self-absorbed synchrotron emis-

sion from material out-flowing from the system (Fender, 2016). Simultaneous radio and X-ray observations of J1023

unveiled that when the source switched from the high to the low X-ray mode, the radio flux suddenly increased and

its spectrum became steeper (Papitto & de Martino, 2020). In J1023 and J1227, flares were observed to occur almost
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simultaneously in the X-ray, UV, optical, and near-infrared and this suggests a common underlying process (de Mar-

tino et al., 2010b, 2014). The X-ray flares emit most of the energy and they last from a few minute to a few hours.

Multi-band simultaneous observations of the bright flares suggest that they are produced in a hotter and optically thin

medium , like an accretion disk corona and/or hot fireball ejecta (Shahbaz et al., 2015). J1023 and J1227 show X-ray

and optical pulsations at the NS spin period only during the high mode (Archibald, 2015; Papitto et al., 2019) which

disappear during the lowmodes. During the flaringmode only very weak optical pulsations are observed (Papitto et al.,

2019), see Figure 6.5.

Due to the presence of the newly-formed accretion disk, the optical flux of tMSPs in the sub-luminous state is∼ 1 − 2

magnitudes brighter than in the rotation-powered state (Bassa et al., 2014; Pallanca et al., 2013). The optical spectra is

dominated by a blue continuum and strong, double-peaked emission lines of H andHe produced in an optically thick

accretion disk (deMartino et al., 2014; Coti Zelati et al., 2014). The inner disk radius is larger than the Alfvén radius*.

The optical emission originates in the outer disk regions (Papitto & deMartino, 2020).

6.5 High Energy EmissionModels

The rotation-powered state As already mentioned above, during the RMSP state there are strong and evi-

dent eclipses that last about 0.1–0.4 in orbital phase (Archibald et al., 2009). These eclipses, at superior conjunction,

must be caused by material driven off the surface of the companion by the impinging pulsar wind (Archibald et al.,

2009).

Bogdanov et al. (2011) hypothesized that X-ray emission can originate closer to the secondary star, near the inner La-

grangian point (L1), than to the pulsar. The X-ray luminosity is consistent with being produced at the shock front

between a magnetically dominated pulsar wind and the stellar material. In the case of a magnetically dominated wind,

the shock should occur in a relatively strong magnetic field (B∼ 40G) due to the small separation between the pulsar

and the companion (Bogdanov et al., 2011). During this phase a strong modulation in optical and in X-rays with the

orbital period of the system is observed; the X-ray modulation is produced by the variation of the viewing angle of

the intrabinary shock (Bogdanov et al., 2011), while the optical modulation by the variation with orbital phase of the

*The Alfvén radius is the radius where the ram pressure of the infalling gas is equal to the magnetic pressure of the dipole
magnetic field of the NS.
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Figure 6.6 Broadband spectrum of J1023 during the accretion disk state. The thick blue line shows the X-ray
emission detected with Swift in 2013 November (Takata et al., 2014) and the black triangles represent the
Fermi-LATHE gamma-ray detection in 2013. The arrow shows the VERITASUL (Aliu et al., 2016). Solid
and dashed lines correspond to the synchrotron and IC emission possibly coming from a shock for different
values of the magnetic field. From Aliu et al. (2016).

irradiated portion of the companion.

The X-ray spectrum shows two components (Archibald et al., 2010): a strong dominant non-thermal component and

a fainter thermal one that probably originates from the hot polar caps of the pulsar and optically thin thermal plasma

responsible for the radio eclipses. The non-thermal component originates at the intrabinary shock and to this compo-

nent can contribute also the pulsarmagnetosphere emission (Archibald et al., 2010). Thismakes the pulsar very similar

to the majority of the “recycled” MSPs detected in X-rays.

The X-ray data can be described by synchrotron emission from relativistic electrons exhibiting a PLEC spectral shape

(Aliu et al., 2016). In the case that theGeV emission is produced in the pulsarmagnetosphere, the typical spectral shape

is a PLEC and this can be a result of curvature acceleration in a gap region in themagnetosphere (Harding et al., 2005).

In particular, synchrotron photons can inverse-Compton scatter on relativistic electrons and become VHE photons.

In these singular systems there is the opportunity to study the properties of the termination shock due to the fact that

the relativistic wind of the MSP is very close to the companion star (Papitto & de Martino, 2020). Tavani (1991) al-
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ready predicted that HE photons generated by the particles accelerated at the termination shock would have been able

to evaporate the late-type companion star. The first models were applied to the first black window pulsar discovered,

PSR B1957+20, and Arons & Tavani (1993) found that synchrotron emission is the main cooling mechanism of the

relativistic particles accelerated in the shock, yielding an X-ray output which exceeds the magnetospheric pulsar emis-

sion. Furthermore, the luminosity of the shock synchrotron emission depends on the strength of the magnetic field

beyond the shock.

The electron population has a power-law energy spectrum and this favours the scenario of a shock-driven magnetic

reconnection in a striped pulsar wind (Sironi et al., 2015).

Anothermodel suggests that an additional sourceofheating could arise froma fractionof thewindparticles that threads

the companion field lines and is channeled to its surface (Romani & Sanchez, 2016); this implies a very active magnetic

star with star-spots or flares but, in no tMSPs an indication of a magnetically active star was found (de Martino et al.,

2015).

The accretion-disk state As noted above, the transition to the sub-luminous disk phase is accompanied by a

significant increase in gamma-ray flux (Takata et al., 2014; Johnson et al., 2015). There are currently various theoretical

models that can explain the VHE gamma emission in this phase:

⋄ The gamma-ray emission can be produced by the interaction between the accretion disk and the pulsar wind.

Takata et al. (2014) and Deller et al. (2015a) proposed that IC scattering of the cold relativistic pulsar wind off

the soft UV photons from the disk produces the observable gamma-rays. Furthermore, some fraction of the

pulsar wind interacts with material close to the intrabinary shock, resulting in an increase of the X-ray flux.

Figure 6.7 shows a schematic view of the various model components for J1023 during this state.

⋄ Coti Zelati et al. (2014) proposed that the radio pulsar is ensurounded in the intrabinary matter and that the

pulsar wind truncates the disk far from the pulsar (d≈ 109 −1010 cm). The electrons accelerated at the intra-

binary shock up-scatter the disk UV photons to yield the observed gamma-rays. These electrons also interact

with the magnetic field in the shock to emit synchrotron X-ray photons. This model was proposed before the

discovery of the optical and X-ray pulsations. Coti Zelati et al. (2014) show that this model can explain the

X-ray/gamma-ray emission of other MSPs but failed to do so for tMSPs in the disk state.

⋄ Papitto & Torres (2015) hypothesized that during the disk state the propeller mechanism is active: not all the
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material falls on the NS surface but part of it is expelled along the magnetic field lines, because the centrifugal

force at the co-rotation radius rco† exceeds the gravitational force. They showed that the gamma-ray emission

can be produced by SSC at the turbulent boundary between a propelling magnetosphere and the disk in-flow,

where electrons can be accelerated to relativistic energies. X-rays are also produced by synchrotron emission in

the same region. Furthermore, the transitions between the high and low modes could be due to a switching

between an accretion/propeller and a rotation-powered state (Linares et al., 2014; Campana et al., 2016). In the

low mode, the pulsar wind would terminate in a shock beyond the light cylinder, which would hide the radio

pulses and produce the power-lawX-ray spectrum. In the highmode, instead, the disk would get close to rco and

most of the emission would be produced at the boundary between the disk and the propelling magnetosphere

(Campana et al., 2016). The penetration of the disk within the light cylinder would force some magnetic field

lines to open, explaining the enhanced spin-down observed in the disk state compared to the radio pulsar state

(Jaodand et al., 2016; Burtovoi et al., 2020).

⋄ In the LMXB state, J1023 shows optical and X-ray pulsations and sudden X-ray luminosity jumps between a

low and a high flux mode (see Section 6.4). During the low modes, the continuum radio spectrum suggests the

existence of an outflow (Bogdanov et al., 2015). The source stays in this mode for 20% of the time with an aver-

age X-ray luminosity LX ∼ 1032 erg s−1, whereas it stays in the highmode for about the 70-80% of the timewith

LX ∼ 1033 erg s−1. There are also sporadic flares reaching luminosities of about LX ∼ 1034 erg s−1 (Jaodand

et al., 2016). The switches between these modes occur on a timescale of tens of seconds.

Jaodand et al. (2021) found that the UV luminosity varies during the low and high modes in phase with the X-

ray luminosity and that the UV luminosity is a factor of∼ 25% higher. J1023 is the first UVMSP with strong

evidence of thatUVpulsations in the high-mode, with a similarwaveformas theX-ray pulsations (Jaodand et al.,

2021). Furthermore, the optical modes are opposite with respect UV/X-ray modes. Two broad-band emission

components have been proposed: one from radio to near-infrared/optical and one from optical to hard X-rays.

The first one is brighterwhen the second component is dimmer (and vice-versa). Jaodand et al. (2021) suggested

that these components are linked to the accreting and ejectedmaterial (highmodes occurwhen accretingmatter

reaches the light cylinder and possibly the neutron star surface (inflow), and low modes occur when matter is

ejected in a collimated outflow) and that the optical/UV/X-ray pulsations can arise from a shocked accretion

†Radius at which the angular velocity of the star Ω⋆ matches the Keplerian angular velocity of the disk: rco = [GM⋆/Ω2
⋆]1/3
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flow channeled by the magnetic field of the NS.

⋄ Papitto et al. (2019) suggested that these systems could be the prototype of a few hundred km-sized pulsar wind

nebula, where the relativistic and highly magnetized wind interacts with the in-flowing disk matter just beyond

the light cylinder. A shock is created and the wind periodically deposits energy by accelerating electrons at the

shock. Optical and X-ray pulses are produced via synchrotron emission and in Figure 6.8 it is represented a

schematic view of the pulsar wind scenario. Two pulses of optical/X-ray synchrotron radiation will be then

observed every spin cycle of the pulsar, whose relative amplitude depends on the magnetic inclination angle, as

well as on the viewing angle.

Figure 6.7 Schematic viewof themulti-wavelength emissions components of J1023 systemduring theLMXB
state (Takata et al., 2014). The accretion disk extends beyond the light cylinder radius (Rlc). Rs is the distance
of the intrabinary shock from the pulsar. Takata et al. (2014) hypothesized that UV and optical photons are
mainly produced by the disk at∼ 109−10 cm. The interaction between the pulsar wind and the stellar wind
creates a shock and produces the nonthermal X-ray photons. Inverse Compton of the cold relativistic pulsar
wind off UV/optical photons from the disk produces the gamma-rays. From Takata et al. (2014).

=

6.6 CTA Simulations

Asmentioned in Section 6.1, the observed average gamma-ray flux of some tMSPs shows a five-fold increase as the radio

pulsar transits to the LMXB state (Stappers et al., 2014). Despite that, none of the tMSPs have been detected within

the TeV domain by the current generation of IACTs. In this work I explore the feasibility of detecting tMSPs with
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Figure 6.8 Schematic diagram of the pulsar wind scenario that Papitto et al. (2019) propose to explain the
optical and X-ray pulses observed from J1023. Dashed lines represent the current sheet which expands from
the light cylinder surface at rLC as anArchimedean spiral. Its arms cross the termination shock (shaded in light
gray) at S1 andS2where particles are accelerated to relativistic energies. As long as the particle energy is quickly
radiated away and the size of the shock is smaller than a few light cylinder radii, two bright synchrotron-
emitting spots (drawn in blue) rotate at the shock surface. An observer will see pulses of radiation because
the intensity received from S1 (farther from the observer) is modulated by the angle under which the spot is
seen, and the emission coming from S2 is absorbed by the optically thick disk in-flow (shaded in dark gray).
From Papitto et al. (2019).

CTA and the prospects that these observations may offer for constraining the energetics of the particles accelerated in

the intrabinary shock.

To test the capabilities of CTA to detect emission from these sources I first studied the HE gamma-ray emission from

Fermi-LATwhen they are in the LMXB state in order to obtain the spectral parameters of the source. The two spectral

models that have been considered for the CTA simulations are, for both the systems, the Log Parabola (LP) and the

BrokenPower-Law (BPL).APLECwith a cut-off at a fewGeVwasnot consideredbecause itwouldnotmake it possible

a detection at VHE. On the other hand, a simple PL model would clearly produce more favorable predictions, but we

discarded it because we consider it too optimistic.

PSR J1023+0038 The source is in the LMXB state since 2013. I assumed, as input spectra for the simulations, the

LP and the BPLwith the same parameters obtained from the preliminary analysis of the Fermi-LAT data (∼ 8 years of
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data). The parameters are reported in Table 6.1.

Table 6.1
Spectral input parameters of J1023 inferred from an analysis of the Fermi-LAT data in the accretion phase (June 2013-February
2021).

Spectral Models Spectral Parameters

Broken Power-law N0 = (0.06± 0.01)× 10−10

(BPL) γ1=-2.12±0.03
γ2=-2.91±0.06
Eb=1.15±0.09

Log-Parabola N0 = (0.34± 0.007)× 10−10

(LP) α=2.23±0.02
β=0.16±0.02
Eb=0.524

Note: N0 is the prefactor in unit of photons cm−2 s−1 MeV−1; the break energy Eb is in GeV;
the errors are the statistical uncertainties.

For the simulations I used both South and North site IRFs‡ of the baseline array made available by CTA Consortium

(Observatory & Consortium, 2016). I simulated three observations with different observing times centered at the po-

sition of the source: 50 hours of observation, 100 hours of observation and 200 hours of observation. I simulated

observations lasting up to 200 hours in order to test the results achievable with CTA under the best assumptions re-

garding the observing time. This procedure is repeated for 100 times to account for the statistical fluctuations that

can arise from different simulations§. I binned the simulated data into 20 logarithmic energy bins in the energy range

0.03-100 TeV and I fitted them with the same models given in input.

In Table 6.2 I show the results of the unbinned analysis for the BPLmodel. From 200 hours of observation with CTA

South, I obtain an overall detection significance of 10.7σ (TS≃ 114.8). I report also the spectral parameters measured

in the simulations. The simulations with the LP model failed to produce upper limits because the model could not

converge. This was probably due to the fact that the number of simulated CTA events. The resulting spectrum of

J1023 is shown in Figure 6.9 for 200 hours (CTA South). The spectrum of 50 and 100 hours is not reported due to

‡For this work I used the version prod3b-v2 of the IRFs. They are referred to as the baseline configuration with 118 telescopes
divided in total on both sites. Currently, the new IRFs are the prod5-v0.1 version (Observatory & Consortium, 2021) and are
referred to the first construction phase with an array configuration of 4 LSTs and 9 MSTs in the Northern site and 14 MSTs and
37 SSTs in the southern site.

§Different simulations are basedon adifferent randomseed for theMonteCarlo generator that samples the input sourcemodels
to produce observed photon energies and arrival directions. This is achieved through the random number generator provided in
the GammaLib library (Knödlseder et al., 2016).
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the fact that we obtain only upper limits.
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Figure 6.9 CTASouth simulations for the tMSP J1023 considering the BPLmodel. In this plot I report only
the results for 200 hours of observations. TheCTAperformance (green curve), rescaled for 200 hours, is also
shown [prod3b-v2]. Fermi-LAT data during the accretion phase are reported in orange.

Table 6.2 Results for the unbinned maximum likelihood on the simulated observations for the BPL model
(North and South) considering 50, 100 and 200 hours of observation for J1023. In the bottom table signif-
icance measured in the 200 hours (South) simulations are reported.

Hours TS Significance [σ]

North
50 18.50 4.30
100 39.86 6.31
200 77.15 8.78

South
50 29.36 5.42
100 55.47 7.45
200 114.77 10.71

PSR J1227−4853 J1227 was in the LMXB state between the 2008 and the 2012 and the Fermi-LAT analysis that

I performed is consistent with the values reported by Xing &Wang (2015) and Torres et al. (2017). As for J1023, the

two spectral models considered for the CTA simulations are the LP and the BPL.
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Spectral Model Spectral Parameters

N0 = 7.31× 10−12

BPL γ1=-2.12
γ2=-2.92
Eb=1.15

Note: N0 is the prefactor in unit of photons cm−2 s−1 MeV−1; the break energy Eb is in GeV.

As input models for the CTA simulations we considered the output from the Fermi-LAT analysis (see Table 6.3). We

performed batches of 100 simulations using only the South IRFs and 50, 100 and 200 hours of observations. The

simulated data were binned into 20 logarithmic energy bins in the energy range 0.03-100 TeV.

Table 6.3
Spectral input parameters of J1227 inferred from an analysis of the Fermi-LAT data in the accretion phase between August 2008
and November 2012.

Models Spectral Parameters

Broken Power-law N0 = (2.71± 0.71)× 10−12

(BPL) γ1=-2.23±0.04
γ2=-2.77±0.10
Eb=1.32±1.44

Log-Parabola N0 = (3.26± 0.91)× 10−11

(PL) α=2.28±0.05
β=0.09±0.02
Eb=4.45±5.42

Note: N0 is the prefactor in units photons cm−2 s−1 MeV−1; the break energy Eb is in GeV; the
errors are the statistical uncertainties.

In Table 6.4 I show the results of the unbinned analysis for the BPLmodel. From 200 hours of observation with CTA

South I obtain an overall detection significance of 15.9σ (TS≃ 253.9). I report also the spectral parameters measured

in the simulations. As for J1023, simulations considering the LP model failed to produce upper limits. The resulting

spectrum of J1227 is shown in Figure 6.10 and, as for J1023, I reported only the results for 200 hours of observation.

The spectrum of 50 and 100 hours is not reported due to the fact that we obtain only upper limits.

6.6.1 Discussion

These simulations show that CTA will have the sensitivity to detect the VHE emission from tMSPs, during their ac-

cretion disk state, assuming their spectra do not exponentially decay but has a PL tail extended beyond the Fermi-LAT

energy range and consistent with the shape inferred at a fewGeV.Measuring the spectral shape and putting strict limits
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Figure 6.10CTASouth simulations for the tMSP J1227 considering the BPLmodel. In this plot I showonly
the results for 200 hours of observation. The CTAperformance (green curve) is also shown, rescaled for 200
hours [prod3b-v2]. Fermi-LAT data during the accretion phase are reported in orange.

to it will be extremely important to understand the physical processes that produce the gamma-ray emission in these

sources. Also, these measurements are important to better constrain the physical models of these systems and the par-

ticle injection spectrum.

Imodelled the combinedGeV-TeV spectral energy distribution of the systems as synchrotron emission from a leptonic

particle population. I used naima¶, an open source Python package that computes the photon spectrum of a homo-

geneous distribution of relativistic electrons and protons (Zabalza, 2015). naima provides a set of functions that allow

¶https://naima.readthedocs.io/en/latest/index.html

Table 6.4 Results for the unbinned maximum likelihood on the simulated observations for the BPL model
(South) considering 50, 100 and 200 hours of observation for J1227. In the bottom table the spectral pa-
rameters measured in the 200 hours (South) simulations are reported.

Hours TS Significance [σ]

South
50 66.26 8.14
100 128.04 11.31
200 253.99 15.94
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Spectral Model Spectral Parameters

N0 = 3.15× 10−12

BPL γ1=-2.23
γ2=-2.78
Eb=1.33

Note: N0 is the prefactor in unit of photons cm−2 s−1 MeV−1; the break energy Eb is in GeV.

the user to fit theoretical and observed photon spectra through a Markov Chain Monte Carlo (MCMC) procedure,

obtaining probability distribution functions for the particle distribution parameters. The Synchrotron radiation is

produced by all charged particles in the presence of magnetic fields, and is ubiquitous in the emitted spectrum of lep-

tonic sources. With naima it is possible to test if a simple electron distribution can explain the combined spectra of

Fermi-LAT and CTA.

For these sources, whose physical mechanism and dynamics are still poor understood, I considered two scenarios: the

IC and the Synchrotron emission. For the ICmodel, using the densities of the photon fields of the donor and the disk

at the intrabinary shock radius, I did not find solutions with a population of electrons of acceptable energetics. For this

reason I discarded the IC model from the following analysis.

Synchrotron Following Papitto et al. (2019), in the case of synchrotron emission, I considered a magnetic field B

of 4.5×105 G. They hypothesized that the emission is coming within a few LC radii away (<100 km) from the pulsar,

where the medium is permeated by such a large magnetic field and the synchrotron emission is the dominant mecha-

nism for electrons accelerated in the disk/wind intrabinary shock; in this scenario the shock is very close to the LC of

the pulsar and to the inner edge of the disk.

In Figures 6.11 and 6.12 I report the fitted synchrotron naima SED to the data of J1023 and J1227, respectively. The

parameters of the distribution of the electrons (that follows a BPL) are reported in Table 6.5 (J1023) and Table 6.6

(J1227). For the BPL fit of J1227 I assumed the same Eb and γ1 of J1023 because leaving them free to vary leads to

overestimating the flux of the source (which comes out to be even larger than that of the Crab pulsar).

The agreement is better for J1023 because we adopted the value of the magnetic field inferred for this source. J1023 is

also the best studied tMSP, for which the largest amount of data is available. As we can see in Figure 6.13, where real
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Figure 6.11 Results of the fitted synchrotron naima spectral model to the Fermi-LAT data and CTA simula-
tions of J1023, assuming a magnetic field of 4.5×105 G. For clarity, theNuSTAR data (green points) from
Papitto & de Martino (2020) are also reported; the X-ray emission in mainly originated from the accretion
disk, the surface and polar caps of the neutron star. It is therefore expected that this emission lies above the
model which does not contain all these contributions, but only the synchrotron emission.
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Figure 6.12 Results of the fitted synchrotron naima SED to the Fermi-LAT data and CTA simulations of
J1227, assuming a magnetic field of 4.5×105 G. The X-ray data for this source will be analyzed in the next
future.

data for the source J1023 are reported (from optical to gamma rays), our synchrotron emission model is in agreement

with the observed emission. As argued by Papitto et al. (2019) J1023 can be considered a prototype of a few hundred

km-sized PWN, and provide an unique opportunity to study the intrabinary region and the pulsar wind properties in

the high magnetisation regime rather than where they are particle-dominated.
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Table 6.5Derived parameters of the BPLmodel for J1023. γ1 and γ2 are the first and second power law index,
Eb is the break energy of the electron population.

Parameter Fermi-LAT and CTA

N0 = 7.01× 1044 eV−1

BPL γ1=-2.58
γ2=-3.94

Eb=7.59 GeV

Table 6.6 Derived parameters of the BPLmodel for J227. γ1 and γ2 are the first and second power law index,
Eb is the break energy of the electron population.

Parameter Fermi-LAT and CTA

N0 = 6.89× 1043 eV−1

BPL γ1=-2.58
γ2=-3.77

Eb=7.59 GeV

The synchrotron emission model with an high magnetic field from a region in the vicinity of the LC, appears to be

consistent with the evidences coming from the optical and the X-ray bands (Papitto et al., 2019). In this scenario, the

electrons lose all their energy and are not able to feed the IC emission.

I calculated the total energy input rate in the electron population needed to produce a steady synchrotron emission for

the assumedmagnetic field strength, obtaining∼4× 1029 erg/s for J1023 and∼ 1× 1031 erg/s for J1227. These values

are comfortably lower than the pulsar spin-down luminosity.

6.7 Spin-downrateofthetransitionalmillisecondpulsarPSR J1023+0038 intheoptical

bandwith Aqueye+

In order to understand the mechanism powering this source during the low-luminous disk state, a crucial piece of in-

formation is the average spin-down rate of J1023. During my PhD I also worked on these type of measurements using

the high time resolution photon counter Aqueye+‖ mounted at the 1.82 m Copernicus telescope in Asiago. This fast

‖https://web.oapd.inaf.it/zampieri/aqueye-iqueye/index.html
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Figure 6.13Total and pulsed spectral energy distribution of J1023 in the highmode, corrected for interstellar
extinction. The NOT optical spectrum is plotted with an orange line. The average pulsed TNG/SiFAP
optical flux observed in May 2017 is plotted with a red square. The flux observed by Swift is plotted with a
yellow square. The total and pulsed X-ray flux observed by XMM-Newton are plotted with light and dark
blue points, respectively. The total and pulsed X-ray flux observed by NuSTAR are plotted with light and
dark green points, respectively. Magenta squares show the average Fermi-LAT spectrummeasured by Torres
et al. (2017).

photon counter has a field of view of few arcsec and the capability of time tagging the detected photons with sub-ns

time accuracy (Barbieri et al., 2009; Zampieri et al., 2015). In the work of Burtovoi et al. (2020) we report the first

measurements of the timing solution and the frequency derivative of J1023 based entirely on optical data. We analyzed

five observing runs of Aqueye+ taken in three years (2018-2020). The data have been reducedwith the dedicated QUEST

software (Zampieri et al., 2015, v. 1.1.5); the arrival time of each photon was referred to the barycenter of the solar

system using the TEMPO2 package (Hobbs et al., 2006a) and the JPL ephemerides DE405**.

We found that in 2018-2020 the spin-down rate of J1023 is ν̇= (−2.53± 0.04)× 10−15Hz2, which is about 20% slower

than that measured from the X-ray observations taken in 2013-2016 by Jaodand et al. (2016) with XMM-Newton (ν̇x

= −3.04× 10−15 Hz2) and about 5% faster than that measured in the radio band during the rotation-powered state (ν̇r

= −2.40× 10−15 Hz2; Jaodand et al. (2016)).

On the other hand, the value of the spin down rate inferred from previous X-ray measurements (Jaodand et al., 2016)

**https://ssd.jpl.nasa.gov/?planet_eph_export
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implies that the pulsar is spinning down at a rate approximately 27% faster than the rate measured during the radio

phase. Haskell & Patruno (2017) suggested that this increase in spin-down rate is compatible with GW emission and,

in particular, it is caused by the creation of a ‘mountain’ (i.e. asymmetries in the mass distribution, supported either by

crustal ormagnetic strains) during the accretionphase. The fact that the value found in thiswork is about 5% faster than

the radio value, suggests in fact that the losses due to the GW emission are lower than proposed in Haskell & Patruno

(2017). Our results are more in line with the scenario reported by Papitto et al. (2019): optical and X-ray pulses, that

originate from a common underlying physical mechanism, are produced by synchrotron emission at the intrabinary

shock that forms where a striped pulsar wind meets the accretion disk, within a few light cylinder radii away (∼100

km) from the pulsar. In this case the average pulsar spin down should be dominated by the magnetic dipole and pulsar

wind emission, and hence be comparable to that measured during the radio pulsar phase.

In the near future, it will be extremely challenging and important to perform these optical observations simultaneously

with the observations at the highest energies (withMAGIC, LST and the future CTA observatory). Multiwavelength

observations are essential to understand the geometry and the size of these systems, the mechanisms that are feeding

them, and the energetics of the particles that are created and accelerated in these still poorly known sources.
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7
Conclusion and Future Prospects

In this thesis I focused on the study and the characterization of the VHE emission component from pulsars of three

different varieties: young rotation powered pulsars, millisecond pulsars and transitional millisecond pulsars.

This study was based onmultiwavelength observations, from optical to VHE gamma rays, as well as simulations. Most

of the gamma-ray observations analyzed for this thesis were from theMAGIC telescopes. All theMAGICanalyseswere

performedwith the novel stereoscopic trigger, the Sum-Trigger-II system, that enhances the sensitivity of the telescopes

below 100GeV.Observations in the energy range between 10GeV and 100GeV are crucial to distinguish between dif-

ferent emission models of pulsars in the HE and VHE ranges as it is not yet clear what are the processes that allow

some peculiar pulsars to exceed the cut-off of the radiation curvature. The Sum-Trigger-II lowers the MAGIC energy
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threshold by a factor of two, improving the sensitivity at these energies (Dazzi et al., 2021). To take full advantage of

the lowered energy threshold, the observation required a specialized data analysis procedure that is fairly different than

the standard analysis and not widely known and usedwithin theMAGIC collaboration. MyMAGIC efforts were con-

centrated on three pulsars: the Crab pulsar, PSR J0218+4232 and PSR J2229+6114. The Crab pulsar is a well known

gamma-ray emitter with a pulsed emission detected up to TeV energies (Ansoldi et al., 2016); PSR J0218+4232 is one

of the youngest and most energetic MSPs known to date and Fermi-LAT studies have suggested that it may be one of

the best candidates to search for VHE gamma-ray emission. PSR J2229+6114 is another young and energetic pulsar

whose pulsed GeV emission was detected with the Fermi-LAT satellite (Abdo et al., 2009).

For the study of the Crab pulsar with MAGIC, presented in Chapter 3, a data sample of 110 hours of good data was

collected. The goal of these observations was to search for a possible variability of the flux at the very high energies

but, as reported in Section 3.3.5, no significant flux variability was found in the MAGIC Sum-Trigger Crab observa-

tions. The spectra of the Crab pulsar and nebula were measured down to 20 GeV and they are well characterized by a

power-law function and a log-parabola, respectively. The study of the light curve above 20 GeV allowed a significant

detection of the signal from P1, P2 and the interpeak region (the bridge), located between P1 and P2, up to 300 GeV.

These results demonstrate that MAGIC is a powerful instrument to probe the gamma-ray sky in the 20 GeV to 100

GeV energy range.

In Chapter 4 the MAGIC analysis of the pulsar PSR J2229+6114 is presented. I analyzed∼28 hours taken with the

Sum-Trigger-II system. The MAGIC spectral energy distribution, in the range between 38 GeV and 50 TeV, shows

only ULs and, from the phasoegram, no significant signal detection was found. In order to improve the sensitivity a

factor two, we need to observe the source a factor 4 more time. Although this source is detected up to 20 GeV in the

Fermi-LAT energy range, the non detection with MAGIC could be due to various reasons: a low target photon field,

or the instrument sensitivity limit, or the fact that the pulsar has a small viewing angle and so the gamma-ray emission

is not detectable (Guillemot & Tauris, 2014).

In Chapter 5 I present the MAGIC analysis of the millisecond pulsar PSR J0218+4232. The results are reported in

the paper “Search for VeryHigh-Energy Emission from themillisecond pulsar PSR J0218+4232” (Acciari et al., 2021).

The observation and data analysis of about 90 hours of good data from theMAGIC telescopes resulted in no significant
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detection, so upper limits above 20 GeV were calculated. The data were fitted with a power-law function. In addition

to the MAGIC data, 11.5 years of Fermi-LAT data were also analyzed and we find evidence for pulsed emission above

25 GeV. The Fermi-LAT data, between 100 MeV and 870 GeV, are well described by a power-law with an exponen-

tial cut-off, defined as dN
dE = N0(

E
E0 )

γexp(−aEb), where N0 = 2.07 × 10−11 ph cm−2 s−1 MeV−1, E0=821.6 MeV,

γ = −1.76, a= 6.2×10−3 and b=2/3.

ThemeasuredMAGIC upper limits are well above the two theoretical model predictions considered for VHE gamma-

ray emission and the curvature radiation component, from particles acceleratedmostly in the current sheet, is expected

to fall to VHE flux levels that are too low to be detected with MAGIC. The IC components from both pairs (mostly

SSC) and accelerated primaries are predicted to be at even lower flux levels. After the experimental observations and

theoreticalmodeling, we conclude that it is extremely challenging to detect VHE emission fromPSR J0218+4232with

the current generation of IACTs, and maybe even with future ones, such as the CTA.

The last part of my thesis focuses on the study of tMSPs, using both VHE simulations and optical observations. These

sources show transitions from a rotation-powered regime, in which they behave like radio pulsars, to a regime in which

they accrete and emit intense high-energy radiation likeX-ray binary systems, and vice versa. I simulated observations of

the two tMSPs PSR J1023+0038 and XSS J12270-485 with CTANorth and South during their disk accretion phase,

state in which they show an enhanced gamma-ray emission. The simulations show that CTA will have the sensitivity

to detect the VHE emission from tMSPs, during their accretion disk state, assuming their spectrum does not exponen-

tially decay but has a PL high energy tail extending beyond the Fermi-LAT energy range and consistent with the shape

inferred at a few GeV. Furthermore, the combined GeV-TeV spectral energy distribution of the systems was modelled

as synchrotron emission from a leptonic particle population in order to shed light on its origin.

The source PSR J1023+0038 was also observed with the high time resolution photon counter Aqueye+ mounted at

the Copernicus telescope in Asiago. In Burtovoi et al. (2020) we report the first measurements of the timing solution

and the frequency derivative of PSR J1023+0038 based on optical data. We found that its spin-down rate is about

20% slower than that measured from the X-ray observations taken with XMM-Newton and that the pulsar is spinning

down at a rate approximately 27% faster than the rate measured during the radio phase (Jaodand et al., 2016). Our

results are in line with the scenario of Papitto et al. (2019): optical and X-ray pulses, that originate from a common

physical mechanism, are produced by synchrotron emission at the intrabinary shock and in this case the average pulsar
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spin down should be dominated by the magnetic dipole and pulsar wind emission.

For improvingourunderstandingof thephysics of gamma-raypulsars,MSPs, and tMSPs, itwill be extremely important

to detect a larger sample of this mysterious family. The MAGIC telescopes equipped with the Sum-Trigger-II system,

as well as the upcoming LST telescopes of the CTAObservatory, can and should perform a systematic search for other

similar objects.
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Glossary

a.s.l. above sea level. 31

ACM Active Mirror Control. 42

ADC Analog-to-Digital Converter. 45, 59

AGN Active Galactic Nuclei. 48, 90

AMC Active Mirror Control. 40, 41, 82

APNS Accretion-Powered Neutron Star. 100

Az Azimuth. 39, 42, 47, 77

BH Black Hole. 17, 19, 96, 97, 100

BPL Broken Power-Law. 180–185, 187

BW BlackWidow. 124

C Carbon. 96, 98

C.L. Confidence Level. 80, 118, 157

C.U. Crab Units. 72

CC Central Control. 38, 54

CCD Charge-Coupled Device. 40, 42

CCO Compact Central Object. 100, 103, 104

CH Counting House. 43, 44, 50–53

CMB Cosmic Microwave Background. 7

CoG Center of Gravity. 66, 68
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DAQ Data AcQuisition. 44–46, 55, 59

DC Direct Current. 56

DM DispersionMeasure. 128

DRS Domino Ring Sampler. 58, 59

DRS4 Domino Ring Sampler version 4. 44–46

DT Discriminator Threshold. 46

EAS EAS. 4, 21, 27, 28, 31, 34, 46, 48, 49

EBL Extragalactic Background Light. 15

EM Electromagnetic. 31–34, 50, 58

Fe Iron. 96
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GCN GRBCoordinate Network. 54

GPS Global Positioning System. 53, 119

GRB Gamma-Ray Burst. 19, 20, 22, 38, 48, 54, 90

GW Gravitational Wave. 38, 189
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H Hydrogen. 96, 98, 175

HE High Energy. 6, 15, 21, 22, 55, 95, 103, 109, 112–115, 117, 172, 176, 177, 180, 191
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HMXB HighMass X-ray Binary. 17, 101
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INAF Istituto Nazionale di AstroFisica. 41
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INFN Istituto Nazionale di Fisica Nucelare. 41, 45

INS Isolated Neutron Star. 100, 103, 104

IPRC Individual Pixel Rate Control. 56

IR Infrared. 30, 53, 109, 110, 115

IRF Instrument Response Function. 72, 73, 76, 181, 183

ISM Interstellar Medium. 17, 84

LAT Large Area Telescope. 147

LC Light Cylinder. 105, 110, 115, 185, 187

LE Low Energy. 55

LED Light-Emitting Diode. 40, 43

LIDAR LIght Detection And Ranging. 42, 52, 53, 65, 82, 136, 156

LMXB LowMass X-ray Binary. 17, 18, 100, 124–126, 167–171, 179, 180, 182

LoNS Light of the Night Sky. 48–51

LP Log Parabola. 180–183

LST Large Size Telescope. 37, 90, 92, 181, 189, 194

LUT Look-Up Table. 42, 67, 136

MAGIC Major Atmospheric Gamma-ray Imaging Cherenkov. iii, ix–xi, xiii, 16, 19, 24, 25, 27, 30, 36–38, 40, 41,
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MCMC Markov ChainMonte Carlo. 185
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Ni Nichel. 96

NN Next Neighbour. 46, 47, 63

NS Neutron Star. 16, 17, 19, 96–109, 123–125, 128, 135, 159, 169, 171, 175, 178, 179

NSB Night Sky Background. 34, 42, 46, 59, 62, 63, 82

O Oxygen. 96

OG Outer Gap. 109, 110, 133, 142, 165

ORM Observatorio del Roque de los Muchachos. 36–38

OSA On-Site Analysis. 54, 60

PC Polar Cap. 109, 110, 159, 160, 164, 165
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PSF Point Spread Function. 21, 42, 77
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QE Quantum Efficiency. 42
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SumT Sum-Trigger-II. 44
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