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“Stars!
Awareness turned over at the thought of all those
stars above him – an infinite volume. A man
must be half mad to imagine he could rule even
a teardrop of that volume.”

- Frank Herbert, Dune Messiah





Abstract

The Very-High Energy (VHE) range of γ rays has been inaccessible for many years
because of the strict limitations of the operating instruments; thanks to the huge im-
provements in technology, we are finally able to properly explore the VHE universe. In
this context, a key role was played by ground-based facilities, which are not as con-
strained as space telescopes are. Among them, noteworthy are the Imaging Atmospheric
Cherenkov Telescopes (IACTs) that, since the first detection of the Crab Nebula at TeV
energies in 1989, had proved the technique to be extremely efficient in searching for both
Galactic and extragalactic VHE γ-ray sources. The current generation of these instru-
ments includes MAGIC, H.E.S.S. and VERITAS, three arrays that have been operating
for almost two decades and exponentially increasing the number of known sources over
a short span of years. Nowadays, more than 250 sources populate the TeV sky, and the
number is expected to rise with time thanks to the next-generation facility for ground-
based γ-ray astronomy, the Cherenkov Telescope Array Observatory (CTAO), which will
see its first light in a few years. The CTAO will consist of two arrays, one in the Northern
Hemisphere with 13 telescopes and the other in the Southern one including 51 antennas,
composed of IACTs with three different designs, allowing it to cover the wide energy
range between 20 GeV and 300 TeV. The telescope design tailored for the lowest energy
range is the largest one of the three, the Large-Sized Telescope (LST), with a 23-meter
diameter; the first one of the Northern Array, dubbed LST-1, is already operative and
has been taking sky data since 2019. LSTs can also be repointed to any direction in
the sky within 20 seconds and this, along with their low-energy threshold, makes them
excellent instruments for studying extragalactic sources, transients and pulsars.

Pulsars are amongst the most common Galactic sources of γ-ray emission: Fermi -
LAT has detected more than 150 γ-ray pulsars since its launch in 2008. The detection of
VHE emission from these compact objects was one of the most unexpected discoveries of
the last few years. Up to now, only three pulsars (the Crab, the Vela, and Geminga) have
been observed at these energies, and the mechanism responsible for the TeV emission is
still unclear.

The object of study of this thesis is Geminga (PSR J0633+1746), the archetype of
a middle-aged radio-quiet γ-ray pulsar. It has a period of 237 ms, a period derivative
of 1.1·10−14 s/s, a characteristic age of 300 ky and, with its distance lower than 300 pc,
it is also one of the closest known pulsars to Earth. It was recognised as a γ-ray source
since its first detection in 1972, but it was identified as a pulsar only twenty years later
due to the absence of any kind of radio pulses. Its γ-ray light curve is characterised by
the presence of two peaks, known as P1 and P2. In 2020, the MAGIC Collaboration
detected Geminga above 15 GeV, making it the third VHE pulsar ever discovered by
IACTs. This result is striking since we would not expect such energetic emission from



a middle-aged pulsar. With 80 hours of observations, they detected P2 at a significance
of 6.3σ and found out the emission is best fitted by a power law. After performing a
joint likelihood fit with the Fermi -LAT data, they ruled out both the power law with
exponential and sub-exponential cut-off models, connected to the presence of curvature
radiation, in favour of the simple power law, highlighting the possible presence of an
Inverse Compton component.

Geminga was detected also by LST-1 at the end of 2022 and, for this thesis, 21 hours
of LST-1 good-quality observations with a zenith cut at 25◦ were analysed. The results of
this study were satisfying and compatible with those of MAGIC. The second peak of the
light curve, P2, was detected at an 8σ significance, while the significance of the first one
(P1) was 2σ. Then, a fit of P2 data with a power law spectral model was performed and
the best-fit result was compatible with the one of MAGIC. A more complete analysis of
the emission mechanism at the basis of the γ-ray emission required a joint likelihood fit
of LST-1 and Fermi -LAT data at lower energies. The joint fit also included the MAGIC
sample from the 2020 study. The final result allowed the rejection of the power law with
an exponential cutoff model in favour of the power law with a sub-exponential cutoff,
meaning that the classic models for the VHE γ-ray emission, the so-called Outer Gap
models, cannot explain the VHE γ rays of Geminga. More complicated and modified
versions of these models that locate the acceleration of particles even farther from the
neutron star surface, hence preferring a softer sub-exponential cutoff rather than an
exponential, are favoured, even though they still cannot fully explain the observations
from ∼100s of MeV to ∼10s of GeV. These results highlighted the limitations of the
present theories, which mainly rely on the assumption of curvature radiation, and the
need for more observations and deeper studies to understand if additional mechanisms,
such as the Inverse Compton scattering, are in place.

Moreover, what has been found proves that the LST-1 has excellent low-energy perfor-
mance: with one-fourth of MAGIC’s observation time and only one telescope, a stronger
signal detection was obtained. This is a crucial result for the science verification of the
instrument and of the Northern Array of CTAO, which will include four LSTs in to-
tal, since it shows that LSTs are truly able to consistently improve the performance of
current-generation instruments and, in the near future, to increase the number of known
VHE pulsars.
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Chapter 1

Introduction to the Very High
Energy γ-ray band

In 1989 the Whipple telescope detected the first source at TeV energies, the Crab Nebula
[1], and paved the way for future Very High Energy γ-ray observations. In the following
decades, studies in the VHE regime of γ-ray astronomy showed striking results and more
advanced facilities were developed to detect new sources in the unexplored electromag-
netic band. Nowadays, there has been a significant improvement in the technologies
for the detection of VHE photons, even though the observations’ statistics in the VHE
band are still poor when compared to the data acquired in other spectral ranges at lower
frequencies.

In this Chapter, introduction to the most important characteristics of the TeV domain
is presented, including a brief description of the interaction of γ rays with the atmosphere,
which is the basic concept at the basis of the development of ground-based facilities
discussed in Chapter 2.

1.1 γ-ray astronomy

Table 1.1: Energy sub-bands of the γ-ray domain.

Name Energy range

Low Energies (LE) 0.5 - 30 MeV
High Energies (HE) 30 MeV - 50 GeV
Very High Energies (VHE) 50 GeV - 100 TeV
Ultra High Energies (UHE) 100 TeV - 100 PeV
Extremely High Energies (EHE) > 100 PeV

3



4 Chapter 1. Introduction to the Very High Energy γ-ray band

The conventional “division line” between X-rays and γ rays is assumed to be the elec-
trons’ rest-frame energy, E = mec

2 ≃ 0.5 MeV, the minimum value for the energy of
γ rays produced via electron-positron annihilation. Inside this broad window, one can
define several sub-bands depending on the energy range (Table 1.1). Their limits are
conventional, there is no strict division between the sub-ranges.

Due to the previous definition, radiation in the γ-ray band is always connected to
non-thermal processes and the most important ones are listed in the following section.

1.1.1 Emission mechanisms for γ rays

γ-ray photons can be produced through several emission processes:

• Synchrotron

Synchrotron radiation is emitted whenever an ultra-relativistic charged particle,
such as an electron, interacts with a magnetic field that accelerates it. The spec-
trum of the emitted radiation is characterised by a fundamental quantity called
the critical frequency

νC ∝ γ2B (1.1)

where B is the magnetic field and γ the Lorentz factor of the particle1. This
represents the frequency at which most of the emission occurs, and after reaching
this value the spectrum tends to decay and become negligible. Even though the
typical emission is observed in the radio band, synchrotron photons are important
for the VHE range since they can be up-scattered through Inverse Compton in the
process called Synchrotron Self Compton (see below).

A particular kind of synchrotron radiation is curvature radiation, for which
electrons emit radiation while moving along the curved magnetic field lines instead
of following a helicoidal orbit. This mechanism is thought to be the basis of the
γ-ray emission of pulsars (see Chapter 3).

• Inverse Compton (IC) scattering

It is the process by which an ultra-relativistic electron interacts with a photon
and transfers part of its energy to upscatter it at a much higher frequency. The
maximum energy a photon of energy E can reach through IC scattering is

Emax ∝ 4γ2E (1.2)

where γ is the Lorentz factor of the electron. The computations required to obtain
eq. (1.2) are reported in [2]. Depending on the origin of the photon field, Inverse
Compton can be classified as external IC, if the photon field interacting with the

1γ = (1− β2)−1/2 = (1− v2/c2)−1/2 where v is the velocity of the particle.
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electrons is of external origin with respect to them, or Synchrotron Self-Compton
(SSC), if electrons interact with the photons they previously emitted through syn-
chrotron radiation. If electrons are sufficiently energetic, it is possible to obtain
VHE γ-ray photons. Blazars are a typical environment where Inverse Compton
emission is observed, see §1.3.

• Neutral pion decay

Neutral pions π0 can be produced when cosmic rays interact with atoms and
molecules of the Interstellar Medium (ISM) through two important mechanisms:
proton-proton (pp) collisions and interaction of protons with radiation fields (pγ)2.
Pions have a short lifetime (τ = 1.78 ·10−16 s) and they decay, for the vast majority
of times, into two photons:

π0 −→ γ + γ

If the primary pion is energetic enough, the products will be γ-ray photons. This
phenomenon is particularly relevant for extensive air showers (see § 1.2).

• Bremsstrahlung

It is a free-free emission process in which a charged particle gets deflected because
of the interaction with an electric field. This is not usually relevant for the VHE
emission since particles reach energies at most in the X-ray or LE γ-ray domain
(in some cases even HE γ rays); however, if particles are deflected by Ultra-High
Energy cosmic rays, emission in the VHE band could be produced.

1.2 Extensive atmospheric showers

When γ rays enter the atmosphere, they interact with matter via pair production gener-
ating pairs of electrons and positrons that in turn emit other photons via bremsstrahlung.
In this way, the cascade of photons and electrons and positrons builds the electromag-
netic extensive atmospheric (or air) shower. From its study and the modelling of its
parameters, the primary photons’ energy and position in the sky can be recovered.

The problem is that, at the same time when a γ-ray photon enters the atmosphere,
a several orders of magnitude higher number of cosmic rays is entering and producing
particle showers. In particular, among the products of hadronic showers, neutral pions
decay into two γ-ray photons (as reported in § 1.1.1) that can start other electromagnetic
showers. This means that there is always a significant background due to cosmic rays
when studying γ rays indirectly through the showers they produce in the atmosphere.

In both cases, hadronic and electromagnetic, the cascade of particles produces a
shower front travelling at the speed of light and lasting a few nanoseconds. However, the

2pp: p+ p −→ p+ p+ π0 pγ: p+ γ −→ p+ π0
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morphology of the shower and the produced particles are significantly different in the two
cases (Figure 1.1). In general, hadronic showers show a more complex structure, not only
do produce leptons and tend to be less collimated in the direction of the initiating hadron,
mainly because of the different interaction mechanisms leading to particle generation.
Another significant difference is related to the timing of the development of the showers:
the electromagnetic ones tend to develop faster than the hadronic ones.

Figure 1.1: Schematic structure of an electromagnetic, on the left, and a hadronic shower, on
the right. Taken from [3].

(a) (b)

Figure 1.2: corsika-simulated electromagnetic (a) and hadronic (b) showers as seen from
the x-z (left) and x-y (right) planes. In both cases, the energy of the primary particle is 100
GeV. Source: https://www.iap.kit.edu/corsika/

https://www.iap.kit.edu/corsika/
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Simulations have become more accurate in recreating the morphology of both elec-
tromagnetic and hadronic showers and nowadays can be considered as an essential tool
for the analysis. One of the most commonly used software libraries is called corsika [4]
and two examples of simulated showers are shown in Figure 1.2.

1.2.1 Electromagnetic shower models

To explain the development and morphology of electromagnetic showers, Heitler proposed
a very simple model based on its scale invariance property.

Figure 1.3: Scheme of an electromagnetic shower, where n represents the number of the
crossed splitting lengths. Photons split via pair production, while electrons (e−) and positrons
(e+) via bremsstrahlung. Taken from [5].

As one can see from the scheme in Figure 1.3, every element of the shower splits (via
either pair production or bremsstrahlung, depending on its nature) after crossing the
so-called splitting length d that is related to the radiation length in the atmosphere [5]:

d = λT ln 2 (1.3)

Every time a particle interacts and splits, the products will have an energy equal
to half of it. The shower develops thanks to the particle splitting until the energy of
the electrons (positrons) reaches a threshold value, called critical energy Ec: for energies
lower than Ec, the ionization losses of electrons (positrons) start to dominate over the
bremsstrahlung emission. In the air, Ec = 86 MeV [6]. Once this condition is met, the
shower gets to its maximum extension.

After crossing n splitting lengths (i.e. at the nth generation), the total number of
particles in the shower will be 2n and each one of them will carry an energy of E0/2

n,
where E0 is the primary γ-ray energy. Taking this into consideration, it is possible to
determine the number of generations corresponding to the shower maximum nmax and
the atmospherical penetration depth at the maximum Xmax as:

nmax =
ln(E0/Ec)

ln 2
(1.4a)
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Xmax = λT ln

(
E0

Ec

)
(1.4b)

To better model the lateral development of the shower, Moliere’s theory on multiple
Coulomb scatterings must be included in the treatment (more details in [7]).

Even though Heitler’s model is quite simplistic and does not take into account several
effects that could influence the shower when travelling inside the atmosphere, some of
its predictions, such as the logarithmic behaviour of Xmax as a function of the energy,
have been confirmed by simulations.

1.2.2 Hadronic shower models

Figure 1.4: Scheme of a hadronic shower, where the dashed lines represent the neutral pions
that generate the hadron-induced electromagnetic showers. Taken from [5].

Due to their elaborated inner structure, hadronic showers are way more complicated to
model when compared to their electromagnetic counterparts and it is not possible to
obtain analytic expressions for their characteristic parameters. In this case, simulations
become a crucial tool to build the models.

However, some approximated analytical models have been developed to flank sim-
ulations. One example is the model by Matthews, treated in [5], which can be seen
as a generalization of Heitler’s model for electromagnetic showers. The main points of
Matthews-Heitler’s model are:

• at every interaction, the hadron will produce a certain number of sub-particles
and one-third of them will be neutral (i.e. neutral pions, π0), while the remaining
two-thirds will be charged (i.e. positive and negative pions, π+ and π−);

• the energy of the primary particle is equally distributed between its products;
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• while neutral pions immediately decay into electromagnetic sub-showers, the charged
ones keep interacting with atmospheric atoms until they reach a given value of en-
ergy, the decay energy Ed, below which they decay into muons;

• to describe the interaction between a cosmic ray nucleus and the atmosphere, one
can use the superposition theory, according to which every nucleon with the atomic
number A can be treated as an ensemble of A independent protons, each one of
them initiating a hadronic shower;

• by adopting the superposition assumption, one can find an approximated expres-
sion of the shower depth and find out that it is strongly dependent on the mass
of the primary particle: the heavier the nucleus and the less penetrating (i.e. the
smaller Xmax) will be.

1.2.3 Cherenkov radiation

Cherenkov radiation is emitted whenever a charged particle travels inside a medium at
a speed larger than that of light in the medium.

Figure 1.5: Geometrical representation of the Cherenkov radiation, where ϑ is the angle of
emission of the beam with respect to the particle’s direction of motion, which is defined by the
vector of the speed v. Taken from [2].

The emission occurs due to the fact that the electromagnetic field produced by the
moving charged particle polarizes the medium it is crossing. During the interactions,
electrons are not excited nor ionized, they are just displaced from their original posi-
tions when following the waveform of the pulse. If the particle travels at a speed v < c/n
(where n is the refraction index in the medium), then the dipoles are formed only around
the charged particle and electrons immediately go back to their original place, the polar-
ization is symmetric and no large-scale effect can be observed. Instead, if v > c/n, the
polarization is asymmetric and the contributions from different points of the trajectory
arrive in phase at the observer as a narrow coherent light pulse.

From simple considerations reported in [8], one can derive the Cherenkov relation for
the angle of emission of the beam with respect to the direction of motion:

cosϑ =
c

nv
=

1

βn
(1.5)
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where β = v/c. This equation shows why the emission of Cherenkov radiation is usually
considered the equivalent of a sonic boom in the air (Figure 1.5).

1.2.3.1 Cherenkov light in the atmosphere

From Eq. 1.5, it is easy to understand that the maximum aperture of the Cherenkov cone
is achieved for β −→ 1. Recalling the value of the refraction index in the air at sea level,
n = 1.00029, one can find the maximum beam angle of Cherenkov light: ϑmax,air ≃ 1.3◦.

Instead, by defining ϑmin = 0◦, one can obtain the threshold energy for particles in
order to produce a Cherenkov beam inside air:

Eth =
mpartc

2√
1− β2

min

=
mpartc

2

√
1− n−2

(1.6)

Eth,e− = 21 MeV for electrons and Eth,µ = 4.3 GeV for muons [9, 10]. Since in the
air Ec = 86 MeV (see § 1.2.1), all the secondary particles of the electromagnetic (and
hadronic) shower can produce Cherenkov light when travelling towards the ground.

Figure 1.6: Spectrum of the Cherenkov light emitted at 10 km of altitude by γ-ray photons of
different energy (solid lines) and the corresponding spectrum detected at 2200 m a.s.l. (dashed
lines). Taken from [3].

The number of photons produced in an extensive shower per unit path length and wave-
length can be defined as:

d2N

dxdλ
=

2παz2

λ2

(
1− 1

β2n2(λ)

)
(1.7)

where α = 1/137 is the fine-structure constant, λ is the wavelength of the emission, and
n(λ) is the refraction index that depends on wavelength [11]. However, the observed
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spectrum (Figure 1.6, dashed lines) is not the same as the emitted one (Figure 1.6, solid
lines) because of the interaction of the optical light with the atmosphere. In particular,
Mie and Rayleigh scattering, and absorption by molecules such as CO2, O3 and water
vapour are the most relevant processes that contribute to the attenuation of Cherenkov
radiation in the atmosphere. The characteristic feature of the observed spectrum is the
hump, located at around 300-350 nm independent of the energy of the original photon.
The presence of the hump is the reason why Cherenkov light is commonly observed as a
blue beam of optical-UV light.

1.3 The VHE γ-ray sky

As of September 2023, about 250 sources, more or less one-half Galactic and the other
extragalactic, make up the current picture of the VHE γ-ray sky.

Figure 1.7: The TeV sky as of September 2023. Source: http://tevcat.uchicago.edu/.

The known classes of γ-ray emitting sources are:

• Pulsars

Pulsars are quickly rotating highly-magnetized (B ≃ 1011 − 1013 G) neutron stars;
they were discovered thanks to the detection of a radio pulse with a highly regular
period in time. The pulsed emission, whose energy is mainly provided by rotation
(see § 3.1), is concentrated inside two narrow beams that can be observed only
when they intercept the line of sight since the magnetic field and rotational axis
are not aligned, at least in most cases.

Pulsars are usually detected in the radio band, but an increasing number of them
is being detected in the γ rays. Some of them have been observed also in the TeV

http://tevcat.uchicago.edu/
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domain, even though the mechanism at the basis of the VHE emission is still not
well understood. More details on the topic are reported in Chapter 3 of the present
work.

• Pulsar Wind Nebulae (PWNe)

Pulsars, especially the young ones, are able to create strong relativistic particle
winds that can interact with the surrounding Supernova Remnant or medium pro-
ducing the bubbles known as Pulsar Wind Nebulae. The accelerated particles can
radiate in the entire electromagnetic spectrum, including the TeV domain: syn-
chrotron emission is responsible for the low energy part of the spectrum, while
Inverse Compton is the main mechanism at the basis of the high energy radia-
tion. The most known PWN is the Crab Nebula. More details on their emission
mechanisms can be found in [12].

• Supernova Remnants (SNRs)

The life of a massive star (M ≳ 10 M⊙) ends with a Supernova (SN) explosion,
during when the star’s core collapses into a compact object, either a neutron star
or a black hole, while the outer layers are expelled into the ISM surrounding the
star to build the Supernova Remnant. The most common SNRs are the shell-like
remnants that show a ring-like morphology and whose emission comes only from
the ejecta of the Supernova explosion. A smaller number of SNRs, instead, is
classified as composite remnants because they show a mixed morphology between
shell-like SNRs and PWNe [13].

Supernova Remnants are crucial sources for multimessenger studies and a signif-
icant number of them were found to be emitting γ rays in the VHE band, such
as the Vela [14] and Cassiopea A [15]. Their TeV emission could be connected to
the origin of cosmic rays since SNRs are considered one of the possible Galactic
accelerators up to PeV energies (the so-called PeVatrons), even though this model
still needs to be proved.

• γ-ray binaries

They are binary systems composed of a compact object, either a neutron star or a
black hole, and a massive star, usually a Be type, for which most of the emission
is observed in the γ rays. Almost ten γ-ray binaries have been discovered to be
TeV emitters and one example is HESSJ0632+057 [16]. The origin of the VHE
emission of these objects is still unclear, but some models have been developed to
explain it. One of them predicts that the compact object is a pulsar producing a
relativistic wind that interacts with the massive star’s stellar wind to accelerate
particles. Another possibility could be the “microquasar scenario” for which the
compact object is a stellar black hole accreting matter from the companion and its
jets would be the origin of the TeV photons.
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• Novae

Novae are sudden outbursts coming from binary systems made of a white dwarf
and a companion star, caused by a runaway thermonuclear explosion on the com-
pact object’s surface after it has accreted a critical amount of matter from the
companion. The first detection of γ-rays coming from a Novae event took place
in 2010 with Fermi -LAT [17] and nowadays around 20 Galactic novae have been
detected at these energies. In 2021, a VHE outburst from the nova RS Ophiuchi
was observed from both MAGIC [18] and H.E.S.S. [19]. The origin of the VHE
emission, however, remains unclear.

• Galactic Centre

The Galactic Centre has been detected in the TeV domain by several facilities and
it is currently considered a steady TeV source of γ rays [20]. Additionally, H.E.S.S.
Collaboration was also able to prove that the Galactic Centre is a source of PeV
emission [21], even though it seems it is not enough to explain the origin of cosmic
rays and their acceleration up to PeV energies.

• Active Galactic Nuclei (AGN)

AGN are the most important extragalactic source in the γ-ray sky. They are
galaxies that host a supermassive black hole (M ≃ 106 − 109 M⊙) at their centre
that emits non-stellar radiation. AGN can be classified into families based on
their spectral features, which are determined mainly by the viewing angle of the
observer, according to the so-called Unified Model [22]. For the VHE band, the
most relevant class is that of Blazars, i.e. AGN observed with a very small viewing
angle with respect to the relativistic jets. Blazars show a strong γ-ray emission,
as discovered with the Compton Gamma Ray Observatory (CGRO) [23], and can
produce photons even in the VHE regime, as observed for example by MAGIC in
2011 [24] and many others.

• Starburst galaxies

They are galaxies with a more prominent star formation rate with respect to usual
late-type galaxies. Hence, also the supernova rate is higher, allowing the production
of stronger shocks that can accelerate particles and emit VHE photons. Only two
starburst galaxies have been detected in the TeV domain: M82, detected in 2009
by VERITAS at energies above 700 GeV [25], and NGC253, detected by H.E.S.S.
above 220 GeV [26].

• Gamma Ray Bursts (GRBs)

GRBs are one of the most extreme extragalactic γ-ray events in the sky and their
discovery in the 1970s was completely unexpected. They are short and intense
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bursts of γ-ray emission and can be classified into two families, following the bi-
modality of the distribution of the duration [27]: Short GRBs, which last less than
two seconds, and Long GRBs, which have a duration longer than two seconds. It
is thought that the different duration of the burst could be connected to a differ-
ent kind of progenitor: Short GRBs would be produced after the merger of two
compact objects, while Long GRBs would be produced by the collapse of massive
stars [28].

The prompt emission of a Gamma Ray Burst is followed by an afterglow at lower
energies, ranging from X-rays to infrared, but some models predict a VHE emission
during the prompt phase. In 2019, MAGIC Collaboration was able to perform the
first detection of a GRB’s afterglow in the TeV domain [29].



Chapter 2

Detection of VHE γ rays

It is well known that the transmission coefficient through Earth’s atmosphere changes
depending on the wavelength of the incident electromagnetic radiation. As one can see
from Figure 2.1, γ rays are entirely absorbed by the atmosphere and, consequently, space
telescopes are needed to observe light emitted in the high-energy band. However, these
instruments are limited when studying the most energetic γ rays because of the strict
constraints in mass and volume of the scientific payload for space missions.

Figure 2.1: Atmospheric opacity as a function of the wavelength of electromag-
netic radiation. Image created by NASA and of public domain, available at:
https://commons.wikimedia.org/atmospheric-opacity.jpg

In this Chapter, the different techniques for γ-ray detection are presented, as well as
the description of LST-1, the instrument adopted for the observations of the object of
study of this present work.
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2.1 Space telescopes

Classical γ-ray telescopes detect photons of different energies depending on the physical
process at the basis of their interaction with matter1:

• Compton effect: a photon with energy Eγ collides with an electron at rest. As a
consequence, the electron is scattered with an angle θ with respect to the trajectory
of the incident photon, while the photon loses some energy and its wavelength
decreases to λ′ < λ such that:

∆λ = λ− λ′ =
h

mec
(1− cos θ) (2.1)

Compton telescopes are the most used for energies between 1 MeV and 30 MeV,
where Compton scattering is the dominating process for the interaction of γ rays
with matter. They are made of two layers: in the first, the incident photon under-
goes the Compton effect with an electron of the material, and then it is absorbed
by the second level. From the photon’s position and the energy in each layer, it is
possible to define the event circle in the sky from where the original γ ray comes
from. One example of a Compton telescope is COMPTEL on board the Compton
Gamma Ray Observatory (CGRO).

• Pair production: it is the process by which a photon annihilates into an electron-
positron pair as a result of its interaction with matter. The minimum energy for
this to happen is twice the electron’s rest-frame energy Emin = 2mec

2 because of
the energy conservation principle.

γ-ray detectors based on pair production are composed of several conversion layers
to allow the production of pairs by the incoming photons and the reconstruction
of their original position in the sky. To reconstruct the energy, instead, these
telescopes are equipped with calorimeters that convert the energy of the pair into
a measurable temperature variation. Examples of pair-production telescopes are
Fermi -LAT or the detector EGRET on board CGRO.

The main issue with pair production telescopes is that calorimeters have a small
effective area, which results in a meagre detection rate at energies higher than 100 GeV,
even for strong sources. In other words, the calorimeter’s dimensions are too small to
contain photons of higher energies. Thus, the statistic of VHE photons detection with
space telescopes, on average, is very poor. Much larger collecting areas would be needed
to conduct comprehensive studies of such electromagnetic band. Nevertheless, Fermi -
LAT was able to obtain significant results at ∼1 TeV by integrating ∼15 years of data.

1In this section the photoelectric absorption is not mentioned since it is the dominant process for
energies lower than 1 MeV, so it is not of much interest for γ rays.
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For this reason, since the first attempts in the 1970s, a new ground-based technique
has been developed: by using the atmosphere as a calorimeter, it is possible to indirectly
detect γ rays by studying the electromagnetic showers they produce via pair-production
mechanism when interacting with atoms inside the atmosphere (see § 1.2).

2.2 Ground-based facilities

By analysing the extensive atmospheric showers, one can retrieve information on the
primary γ ray that initiated them. The secondary relativistic particles can be detected in
two complementary ways: either through direct detection or by studying the Cherenkov
light they emit when crossing the atmosphere. For the first method, Surface Arrays
(SAs) and Water Cherenkov Detectors (WCDs) are available, while for the second one
Imaging Atmospheric Cherenkov Telescopes (IACTs) are employed.

Figure 2.2: Mechanism for the ground-based detection of γ rays, for both IACTs (purple)
and SAs/WCDs (green). Image taken from [30].

A shower initiated by a TeV γ ray tends to reach its maximum at around 10 km of
altitude a.s.l. and produces a light pool on the ground with a radius of ∼120 m [30]. If
the IACT is placed inside the light pool of the shower, then it can detect the Cherenkov
emission produced by the particles (Figure 2.2). Conversely, a SA or a WCD must be
placed at a high altitude above sea level to be able to catch the shower particles.

Even though the two families adopt the same methods for the reconstruction of
the primary γ ray and have similar problems with the cosmic ray background, the two
approaches are significantly different and must be analysed separately to understand
their capabilities and limitations.
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2.2.1 Particle detectors

Since both SAs and WCDs aim at directly studying the secondary particles and, as
previously reported, the typical altitude of a TeV electromagnetic extensive shower is
around 10 km above sea level, these facilities must be placed at high locations.

Surface Arrays are arrays of dense-packed scintillators distributed over a large area
in order to maximise the sky coverage and contain the whole shower inside. Scintilla-
tors are widely used detectors for X-ray and γ-ray astronomy and the basic principle of
functioning is the conversion of the energy deposited by the incident photon (or charged
particle) onto the organic or inorganic material of the instrument into optical-UV pho-
tons, in such a way that the final amount of optical light is proportional to the initial
energy deposit.

On the other hand, Water Cherenkov Detectors are made of closely-packed water
tanks with photodetectors (usually Photomultiplier Tubes, PMTs) at their bottom.
When the highly-relativistic particles of the shower enter the tanks, they travel faster
than light inside the water (ϑmax,water ≃ 41◦) and produce a Cherenkov beam that is
detected by the PMTs. Photomultiplier Tubes are widely employed in γ-ray astronomy
because they are quite simple detectors that can provide a high temporal resolution,
which is a crucial property since they must study the ns-long beam of Cherenkov light
emitted by particles.

Nowadays two main operating facilities directly detect the particles in the shower:

• High Altitude Water Cherenkov (HAWC) experiment, [31], located at ∼4100
m a.s.l. on the Sierra Negra in Mexico. It can be considered as the successor to
the MILAGRO experiment and it is made of 300 water tanks distributed over an
area of about 22000 m2. Its sensitivity is 100 GeV - 100 TeV (Figure 2.3b).

• Large High Altitude Air Shower Observatory (LHAASO), [32], located at
∼4400 m a.s.l. on Mount Haizi in Daocheng (China). It includes four separate
facilities: an array of electromagnetic particle detectors and muon detectors, with
an area of 1.3 km2 (KM2A), a WCD array with an area of 78000 m2 (WCDA),
18 wide field-of-view air Cherenkov telescopes (WFCTA) and an electron-neutron
detector array covering an area of 10000 m2 (ENDA). For γ rays, the operating
energy range is between ∼200 GeV and 1 PeV(Figure 2.3b).

2.2.2 Imaging Atmospheric Cherenkov Telescopes

Cherenkov telescopes consist of mirror dishes, which can be segmented if the diameter
is large, that collect the photons produced by particles and are coupled to a pixelized
camera where the light reflected by the dish is converted into an electronic signal to
produce the final image of the shower by combining spatial and temporal information.
To enhance the imaging capabilities of these telescopes, the camera is usually made of
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thousands of pixels coupled to photodetectors such as either PMTs or Silicon Photo-
multipliers (SiPMs). The typical Field of View of a current-generation IACT camera is
about 4-5◦.

One of the common optical designs for the mirror is the Davies-Cotton layout, an
empirical solution that was originally developed for solar concentrators, because it has a
better off-axis performance when compared to a parabolic design. The main drawback
of this layout, however, is that it is not isochronous: due to the particular configuration
of the mirror facets, the photons’ arrival times at the camera are different. This effect is
usually negligible in the case of small diameters (lower than ∼10-15 m) but, if the mirror
size is larger, then a parabolic design must be adopted.

Another essential component of the IACT system is the trigger. The camera pixels,
during observations, are always exposed to a non-negligible signal that represents the
Night Sky Background (NSB) and it is necessary to evaluate if a detected signal is
significant or if it is just background noise. The trigger system is designed to be able
to make this discrimination. Basically, the signal will be registered only if the number
of counts in a certain amount of neighbouring pixels is larger than a previously decided
threshold value. In this regard, the signal coming from the PMTs is split into two
identical copies: one is sent to the DAQ, which is equipped with a buffer to store it until
the trigger makes its decision, and the other goes to the trigger system to be analysed.

The main issue with IACTs is that the image obtained with a single telescope is
not always sufficient to reconstruct the shower’s parameters with high accuracy. For this
reason, the stereoscopic technique was developed: several IACTs are placed together into
an array so that they can observe the same shower, and then the images are combined to
provide a better reconstruction of the parameters and reduce the background influence.
The currently operating stereoscopic IACT facilities are:

• High Energy Stereoscopic System (H.E.S.S.) experiment, [33], an array of
one 28 meters and four 12-meter telescopes located in Namibia. The first telescope
has performed observations since 2002, while the array started operating in 2004
and in 2012 the 28-m telescope was added. The operating energy range is between
30 GeV and ∼100 TeV (Figure 2.3b).

• Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) experi-
ment, [34, 35], an array of two 17 meters telescopes located in La Palma (at the
same location of CTAO’s Northern Array). The first telescope has been providing
data since 2004, while the stereoscopic system started being operative in 2009. The
sensitivity of MAGIC goes from 60 GeV up to 20 TeV (Figure 2.3b).

• Very Energetic Radiation Imaging Telescope Array System (VERITAS)
experiment, [36], an array of four 12-meter telescopes located in Arizona. The
first telescope of the array detected its first light in 2005. The sensitivity of the
stereoscopic system is from 50 GeV to 50 TeV (Figure 2.3b).
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2.2.3 Comparison between the techniques

The average performance of the two techniques can be compared and the most relevant
parameters are reported in Table 2.1.

Table 2.1: Comparison between the typical performances of the two ground-based techniques
for γ-ray detection. Taken from [30].

IACT SA/WCD

Energy threshold ∼ tens of GeV ∼ TeV
Duty cycle ∼ 10% ∼ 100%
Field of View ∼ tens of deg2 ∼ sr

The differences in the energy threshold are related to the method for the detection:
while IACTs are able to study all the components of the shower (head, core, tail)2,
WCDs/SAs are limited to the tail. The only way to lower the energy threshold would
be to build new facilities at higher altitudes, but it does not sound simple anyways.

Instead, for what concerns the duty cycle, i.e. the daily amount of time during
which the instrument can work, WCDs/SAs are way better than IACTs because they
can operate also during the day. IACTs, being optical telescopes, are strongly sensitive
to the sky background and, even during the night, they are limited by the atmospherical
conditions and by the contamination of the moonlight.

The last relevant property that must be mentioned is the Field of View (FoV). Because
of the different designs of the facilities, IACTs can be considered pointing instruments
(they only point a region of the sky inside a limited FoV), while WCDs/SAs can survey
a large portion of the sky (large FoV because they do not point a particular region).

Keeping all these features in mind, it is evident why both instruments are needed
to gain a better knowledge of the VHE band. The two families are complementary to
each other and only by combining their results together it is possible to obtain complete
studies of the sources of interest.

2.3 The Cherenkov Telescope Array Observatory

The Cherenkov Telescope Array Observatory (CTAO) is the upcoming facility for ground-
based detection of γ rays through IACT arrays. The aim behind the development of the
CTAO is to significantly advance the performances of current instruments in the TeV
domain and study unexplored energy ranges that could return crucial information for
both physics and astrophysics.

2The head is the fraction of light emitted at the highest altitudes, usually above 10 km, the tail is
the light emitted at the lowest altitudes, below 6 km, and the core is the light emitted in between.
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To improve the sensitivity in the VHE range, CTAO has the goal to increase the
current IACTs’ field of view by at least a factor of two and to achieve an arcminute
angular resolution and an energy resolution in the TeV band of the order of 10%. The
results of simulations for CTAO’s future performance are shown in Figure 2.3; these
curves also highlight the need of combining the data from different facilities since particle
arrays, such as LHAASO, show better performances than CTAO’s arrays for energies of
the order of hundreds of TeV.

(a) Simulated angular resolution. (b) Simulated sensitivity.

(c) Simulated energy resolution.

Figure 2.3: Simulated angular resolution (a) and sensitivity (b) of CTAO’s Northern
(in black) and Southern (in red) arrays, compared to the same curves for current instru-
ments. The simulated energy resolution for the Southern Array is shown in (c). Source:
https://www.cta-observatory.org/.

Not only the performance of current instruments will be advanced, but CTAO will
cover the energy range from down 20 GeV up to around 300 TeV. The upper boundary

https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
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is significantly higher than the present one, around a few tens of TeV, implying it will
be able to improve the knowledge of this still-not-well-known energy range. The lower
boundary is probably even more relevant: γ rays interact via pair production with the
Extragalactic Background Light in the optical-IR (i.e. the universe is opaque to γ rays),
but this effect starts becoming negligible at 20 GeV. With this threshold, CTAO will be
capable of recovering the emission at redshift up to z≃4.

The last property that must be mentioned is the improved capability in the detection
of transient phenomena, a significant component of the study of the early universe.
CTAO’s telescopes will be able to react to alerts for transient events from other facilities
in the world within about one minute.

To accomplish the proposed goals, three telescope designs have been developed:
Large-Sized, Medium-Sized and Small-Sized telescopes. Each one of them has been
optimized for the study of a particular sub-band of CTAO’s energy coverage: LSTs for
the Sub-TeV domain (20 - 150/200 GeV), MSTs for the core TeV energies (0.2 - 5 TeV)
and SSTs for the Multi-TeV regime (5-300 TeV).

To reach the largest sky coverage possible, two arrays have been planned to be built,
one in the Northern and the other in the Southern Hemisphere. The preliminary design
of CTAO is known as the Alpha Configuration (Figure 2.4):

a) The Northern Array will be located in the Observatorio Roque de los Muchachos
in La Palma and will include 4 LSTs and 9 MSTs covering an area of ∼0.25 km2;

b) The Southern Array will be located in the Atacama desert, near ESO Paranal
Observatory, and will include 14 MSTs and 37 SSTs covering an area of ∼3 km2.
In this configuration, no LST will be placed here, even though the future locations
of four LSTs and three additional SSTs have already been decided.

The two arrays will not be similar in the number of telescopes and design since they
will be focused on two different purposes. The Milky Way is better viewed from the
Southern Hemisphere and, for this reason, the Southern Array will be specialised in the
search for Galactic sources. On the other hand, the Northern Array will study mainly
extragalactic and cosmological sources, as well as transient phenomena.

2.4 The Large-Sized Telescope

The Large-Sized Telescope (LST) is one of the three telescope designs developed for
CTAO. Its performance peak is located at the lowest energy range of the VHE band,
from 20 GeV to 150-200 GeV: at such low energies, γ-ray events generate very faint
Cherenkov light beams, thus large collecting surfaces are required to detect the emission
and discriminate it between the background signal.
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(a) Northern Array.

(b) Southern Array.

Figure 2.4: Alpha configuration of CTAO’s Northern (a) and Southern (b) Arrays. Source:
https://www.cta-observatory.org

https://www.cta-observatory.org/ctao-releases-layouts-for-alpha-configuration/
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LSTs will build the core of the Northern Array and the first one of them, LST-1
(Figure 2.5), has already been built and has been providing data since November 2019.
The construction of the other three telescopes is ongoing.

Two main properties drove the design of the LST: the fast repositioning of the tele-
scope for reaction to transient phenomena and the high sensitivity to γ rays at the low
edge of the VHE range [37]. Indeed, the total weight of about 100 tonnes allows the
repositioning of the telescope to any position of the sky in about 20 s from the alert.

The reflective system is made of a single parabolic segmented dish (Table 2.2) made
of 198 mirror facets, which can be moved with the Active Mirror Control system. Thanks
to the manufacturing technique, the absolute reflectivity of the segments in the optical
range between 330 and 500 nm is above 85% [38].

The mirror is coupled to a PMT-based highly pixelized camera (Table 2.2) made of
265 modules, each one of them divided into 7 channels for a total of 1855 pixels. The
PMTs convert the light collected by the dish into a signal that can be analysed by the
readout electronics, which is based on the same system as MAGIC, the Domino Ring
Sampler version 4 (DRS4). The light signal, after the sampling, is converted by an
Analog-to-Digital Converter into a digital signal. The camera readout has two channels
with different amplification, high gain and low gain channels so that the wide dynamic
range from 1 to 3000 photoelectrons is covered [39].

Table 2.2: Main parameters of the Large-Sized Telescope. Taken from [38].

Optical design Parabolic
Diameter 23 m
Focal length 28 m

Mirror dish

Mirror area 368 m2

Sensors PMTs
Number of pixels 1855Camera
FoV 4.5◦

When the other three LSTs of the Northern Array will be operative, their cameras
will be connected to each other in order to obtain an online coincidence trigger that will
be able to suppress accidental triggers by a factor of 100 [38]. This property is crucial
to improve the final quality of the data and reduce the contribution of the background,
which is particularly relevant in the optimisation range of LST.

Currently, there are some ongoing projects for the development of a LST camera
based on SiPMs, one example is reported in [40]. The replacement would bring several
improvements: a higher-duty cycle, better robustness and a higher granularity of the
camera that allows having a better angular resolution of the images. However, SiPMs
have a higher quantum efficiency in the optical-NIR band compared to PMTs and this
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Figure 2.5: LST-1 prototype at the Observatorio del Roque de los Muchachos, in La Palma.
Source: https://www.flickr.com/LST.

implies they are more sensitive to background photons. Moreover, SiPM cameras would
have, as already reported, a higher number of pixels, which allows having a better an-
gular resolution and increases the capability of discriminating between hadronic and
electromagnetic showers but implies a higher power consumption and data output.

2.4.1 LST analysis pipeline

LST acquires data at a rate of the order of 104 events/s (10 kHz), even though not all
of them are associated with the showers. During the observations, in addition to the
physical events (the so-called cosmics), the data acquisition (DAQ) system also registers
interleaved events, useful for the calibration, of two types:

• Pedestal events (rate∼100 Hz): they represent a measure of the background noise
to which the camera is exposed when pointing to a certain region of the sky;

• Flatfield events (rate∼100 Hz), acquired when the camera is uniformly illuminated.

Once the DAQ system has the events, it is essential to reduce the volume of the data
files. The pipeline for the data reduction chain is made of several levels, defined by the
model that will be adopted in the future for CTAO data [41], and one can divide it into
two main parts:

a) low-level analysis (more details in § 4.2), for which the software library cta-lstchain
[42] has been developed. By using it, the camera’s raw data, which usually include
hundreds of thousands of numbers per event, are converted into files including the
list of the candidate γ-ray events, with a few associated parameters;

b) high-level analysis (more details in § 4.3) using the open-source Python package
gammapy [43] developed for γ-ray data analysis (for CTAO in particular, but it is
used also for other facilities), from which it is possible to obtain the final science
products such as Spectral Energy Distributions (SEDs) or light curves.

https://www.flickr.com/photos/cta_observatory/albums/72157671493684827
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γ-ray pulsars and Geminga

The discovery of pulsars in 1967 by Jocelyn Bell Burnell [44] is one of the milestones
of astrophysics. First detected in the radio band, researchers were not sure where the
extremely regular periodic signal came from and they even hypothesized it was artificial
or of extraterrestrial origin. However, in the same year, Franco Pacini theorised that a
rotating and magnetized neutron star could produce radiation [45], thus these compact
objects were later proposed as the origin of the pulsed emission. This hypothesis was
then confirmed by the association of a pulsar with the Crab Nebula [46]. The Crab
was also the first identified γ-ray pulsar: the discovery of its emission at high energies
occurred in 1971 [47], then it was identified as a pulsar thanks to the association with
its SNR. Nowadays, almost 300 pulsars are known to be γ-ray emitters1.

In this Chapter, a general introduction to pulsars and γ-ray pulsars is presented, along
with the most important discoveries about the object of study, the Geminga pulsar, and
its emission in the VHE.

3.1 Basic theory on pulsars

Pulsars are fastly rotating and highly magnetized neutron stars that emit radiation
concentrated inside two narrow cones. Their emission can be detected only if the light
cones intercept the observer’s line of sight (the so-called lighthouse effect) and it consists
of pulses with a regular period in time.

3.1.1 Neutron stars

The life of a star is ruled by the balance between the gravitational force, which tends to
drive it towards a collapse, and the thermonuclear reactions, opposing gravity. In the case
of low-mass stars (M < 10 M⊙), the chain reactions inside the core can only reach the

1https://stanford.edu/list-of-detected-gamma-ray-pulsars
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28 Chapter 3. γ-ray pulsars and Geminga

production of carbon-oxygen, and electron degeneracy pressure is the only way to prevent
a gravitational collapse. The ending stage of their life is a white dwarf, whose equilibrium
can be sustained only if its mass is below the Chandrasekhar limit (Mch = 1.4 M⊙). For
massive stars (M ≳ 10 M⊙), instead, the thermonuclear chain can reach iron, the last
element that can be produced through nuclear fusion, but electron degeneracy is not
sufficient to support the core against the collapse. With the temperatures at play, the
mass defect between protons and neutrons can be overcome, and free protons start to
capture electrons to build neutrons via β processes: p+ + e− −→ n + νe. The remnant
of the collapse of a massive star will be a degenerate core mainly composed of neutrons,
thus a Neutron Star (NS). If the mass of the NS is below the Oppenheimer-Volkov limit,
around 2-3 M⊙, neutron degeneracy can counterbalance gravity, otherwise no degenerate
state can win over the gravitational force, and the core collapses into a black hole.

Neutron stars are the densest objects in the universe, with average values of radius
and mass of R ≃ 10 km and M ≃ 1.5 − 2 M⊙ that lead to densities of the order of
ρ ∼ 1014 g/cm3. Other two characteristic features are the high rotational speed and high
magnetic field, due to the conservation of angular momentum and magnetic flux during
the collapse. NSs can show pulsed emission at different wavelengths, from radio to γ
rays, and they can be classified based on the primary mechanism supporting the emis-
sion: neutron stars primarily fueled by rotation are known as Rotation-Powered Pulsars
(RPPs), those mainly supported by their magnetic fields are classified as Magnetars,
then Isolated Neutron Stars (INSs) are powered by the latent heat of the neutron star’s
matter, and Accretion-Powered Neutron Stars by the accretion from a companion [48].
In this work, the focus will be on Rotation-Powered Pulsars only and, from now on, they
will simply be addressed as Pulsars.

3.1.2 Period and classification of pulsars

Two parameters can be used to classify pulsars into families: their period P and its
derivative Ṗ . P tends to slowly increase with the age of the pulsar since radiation is
emitted at the expense of rotation. The neutron star fastly rotates around its axis and so
does its magnetic field, generating a strong electric field responsible for the production
of the light cones and, as more and more energy is radiated away, the slower the rotation
will be (i.e. the longer the period will be). The P -Ṗ plot, which can be seen as the
counterpart of the Hertzsprung-Russell diagram for non-degenerate stars, is reported in
Figure 3.1, where the two main families of pulsars are clearly visible.

Ordinary pulsars are the ones with periods usually ranging between ≃0.1 and ≃1 s
and period derivatives clustered around Ṗ ∼ 10−15 s/s. They usually enter the diagram
from the upper-left corner and, as they age, they move towards the bottom-right part
following their contour line of magnetic field. The evolution continues for 106-107 years
until the period increases to values larger than 1 s and the rotation becomes so slow that
it cannot support the emission anymore, making the pulsar unobservable.
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Figure 3.1: P and Ṗ diagram for different types of pulsars, listed in the legend. RRAT
stands for Rotating Radio Transient, a peculiar family of pulsars discovered in recent years,
which shows single isolated radio pulses with high variability. CCO stands for Central Compact
Object, a kind of pulsar observed mainly in the soft X-rays and linked to SNRs. The plot also
shows the contour lines for characteristic age and spin-down power. Taken from [48].

Nevertheless, there is an exception regarding pulsars inside binary systems. If these
objects start accreting matter from the companion, the rotational speed will increase
and they will be able to emit radiation again, even if their magnetic field is low (B ∼ 108

G), due to the angular momentum conservation. These pulsars are known as Millisecond
Pulsars (MSP), because of the period of the order of milliseconds despite their old age,
or recycled pulsars, and they are located in the bottom-left corner of Figure 3.1.

The upper-right corner of Figure 3.1 is populated by magnetars, characterised by
extreme magnetic fields of the order of B ∼ 1014 − 1015 G and a much slower rotational
speed when compared to ordinary pulsars.

The period and its derivative are useful to estimate three characteristic parameters
of pulsars: spin-down power, age, and magnetic field. To do so, however, one must
adopt the oblique rotator model (developed by Pacini [45] and Gold [49]) for which the
magnetic field axis of the neutron star is not aligned with the rotational one.
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3.1.2.1 Spin-down power

Assuming that the pulsed emission is fueled by rotation, i.e. the neutron star emits
radiation at the expense of its rotational energy, then one can define the spin-down
power (or spin-down luminosity) as:

−dErot

dt
= Ė = INSΩΩ̇ = INS4π

2 Ṗ

P 3
(3.1)

where INS is the pulsar moment of inertia, Ω = 2π/P the angular frequency and Ω̇
its derivative. The typical values for the spin-down power of pulsars lie in the range
Ė ∼ 1030 − 1038 erg/s.

3.1.2.2 Characteristic age

The oblique rotator model predicts the following relation: Ω̇ = −kΩn, where n is called
braking index (in the case of dipole emission, as predicted by the model, n ≃ 3) and k is
a proportionality constant.

Introducing the initial spin period of the pulsar P0, it is possible to define the age of
the pulsar as:

τ =
P

(n− 1)Ṗ

[
1−

(
P0

P

)n−1]
(3.2)

with n ̸= 1. Assuming that the emission is of dipole origin, i.e. n = 3, and that P0 ≪ P
one can infer the characteristic age of the pulsar:

τc =
P

2Ṗ
(3.3)

However, one must remember this is not the exact age of the pulsar and usually τc
overestimates the real value. For example, in the case of the Crab pulsar, the character-
istic age is τc ≃ 1240 yr, but the supernova explosion is dated to 1054 AD, leading to a
real age of 969 yr; the discrepancy increases even more for younger pulsars. More details
on the topic can be found at [50].

3.1.2.3 Surface magnetic field

Assuming again that the radiation is of dipole origin, one can obtain the expression for
the surface magnetic field as a function of P and Ṗ :

B ≃ (1039PṖ )1/2 ≃ 3.2 · 1019(PṖ )1/2 (3.4)

The accurate computations to obtain the relation are reported in [51].
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Figure 3.2: Close-up of the pulsar magnetosphere and all its components. Taken from [52].

3.1.3 Magnetosphere

The oblique rotator models, such as the one by Pacini, predicted that the neutron star,
because of its strong gravitational field, must be surrounded by a vacuum region. Gol-
dreich and Julian in 1969 [52] were able to prove that the previous conclusion was wrong
and that pulsars are surrounded by a region filled with plasma, the magnetosphere. To
simplify the computations, they assumed that the magnetic field axis is aligned to the
rotational one, even if it is not true for most pulsars.

The neutron star can be seen as a perfect conductor and the charges on its surface
are able to induce an electric field that is parallel to the magnetic field and, thus, per-
pendicular to the star surface. The strength of the field is high enough to strip charges
from the surface despite the gravitational attraction of the neutron star, and they are
free to escape and build the magnetosphere, also known as the near zone (Figure 3.2).
Because of the neutron star rotation, the magnetic field lines follow its motion and tend
to co-rotate with it at the same speed Ω; this is the reason why this region is known
as the co-rotating magnetosphere. Because Ω cannot be larger than the speed of light,
the co-rotating magnetosphere is bounded by the light cylinder, an imaginary cylindrical
surface defined by:

RLC · Ω = c (3.5)

By substituting the definition of Ω, one can obtain RLC ≃ 5 · 109 P (cm), where
P is the period of rotation of the neutron star. All the particles that stream along the
magnetic field lines of the co-rotating magnetosphere are forced to rigidly rotate with the
neutron star, but if the magnetic field line crosses the light cylinder, then particles are
able to escape the rigid motion. All the lines that do not close within the light cylinder
constitute the open magnetosphere.

Inside the co-rotating magnetosphere, the space-charge density of particles, later
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renamed as Goldreich-Julian density, is:

ρGJ =
Ω ·B
2πc

−→ nGJ = 7 · 10−2BzP
−1 cm3 (3.6)

where Bz is the parallel component of the magnetic field B to the rotational axis (ex-
pressed in G). In the open magnetosphere, instead, because particles can escape the
motion, the charge density decreases and a strong electric field can be produced; as a
consequence, particle acceleration can take place.

Outside of the magnetosphere, the space is filled by the pulsar wind. This region, also
known as the wind zone, is located between the light cylinder and the termination shock
of the supernova cavity around the pulsar. Inside, the most important sources of the
magnetic field are the currents produced by the charges escaping outside the light cylinder
through the open field lines. A particular line which is reported in Figure 3.2 is the critical
line: the electric potential along this line is the same as the one of the ISM outside of the
shell of the SNR; electrons tend to escape following higher-latitude lines, while protons
along lower-latitude lines [52].

Because of the assumption of Goldreich and Julian model, the neutron star emits as
a dipole and this implies there are two magnetic field components, one toroidal and the
other poloidal. In the wind zone, the toroidal component dominates over the poloidal
one, while the opposite is true for the magnetosphere.

3.2 γ-ray pulsars

SAS-2 was the first telescope, in the early 1970s, to observe γ-ray emission from pulsars.
Not only it detected both the Crab [53] and the Vela [54] pulsars, but it was able to
recover γ-ray emission from an unidentified source [55] that later on was recognised to
be Geminga.

The knowledge of γ-ray pulsars improved step by step during the decades. In the
same years as the first SAS-2 results, the Polar Cap model (see § 3.2.1) for the high-
energy emission of pulsars was proposed. Once COS-B was launched and the first data
were published, different models (Slot Gap and Outer Gap models, see § 3.2.1) came out
to explain the newly observed features, such as the high yield of γ-ray emission in both
the Crab and the Vela pulsars.

The following operative satellite was EGRET, on board the Compton Gamma Ray
Observatory, and the main result it found was that most γ-ray pulsars show double-
peaked light curves and a power law spectrum with a high energy cutoff. Still, it was
not possible to clearly discriminate between the different models, which predict different
kinds of cutoffs, because of the limited sensitivity at the highest energies of the instrument
that did not allow to fully explore the range where the cutoffs should be observed. The
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Figure 3.3: Galactic distribution of the pulsars discovered by Fermi -LAT during the Second
Pulsar Catalog, divided by category. Taken from [56].

presence of two peaks in the light curve was an important feature in testing how the
models for γ-ray emission could reproduce it. In general, Polar Cap models prefer to
have nearly aligned rotators, while the opposite is true for Outer Gap models; the Slot
Gap model, instead, could be adapted to several inclination angles of the magnetic axis
with respect to the rotation one.

The turning point for γ-ray pulsars was the launch of Fermi -LAT in 2008. In the
first year of operations, it detected approximately 50 pulsars and, among them, some
Millisecond Pulsars, which were not expected to be γ-ray emitters given their age. The
spectra of all the discovered pulsars could be fitted with a power law with an exponential
cutoff, meaning that the Polar Cap model (that predicts a super-exponential cutoff, see
§ 3.2.1) should be probably ruled out. The Second Pulsar Catalog of 2013 [56] collected
∼120 γ-ray pulsars (Figure 3.3) and identified three main classes of objects: young radio-
quiet, young radio-loud and millisecond pulsars. Moreover, it reinforced the results of
the previous Catalog. More details on the history of γ-ray pulsars are reported in [57].

3.2.1 Models for the γ-ray emission

As previously reported, particle acceleration takes place in the outer magnetosphere, but
the specific site location changes from model to model (Figure 3.4). The most popular
theories are:

• Polar Cap (PC) model

It was proposed for the first time by Sturrock in 1971 [59]. According to this model,
particle acceleration takes place near the neutron star surface (at a distance lower
than one stellar radius) and close to the magnetic poles. The accelerated charges
move along the open magnetic field lines and they emit γ rays thanks to curvature
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Figure 3.4: Schematic representation of the magnetosphere and the possible regions where
acceleration can take place. The acceleration of particles for the Polar Cap model takes place
very close to the neutron star surface, in the polar regions of the magnetic field. In both the
case of the Slot Gap and Outer Gap models, particles are accelerated far from the neutron star,
inside the outer region of the magnetosphere. Taken from [58].

radiation. This model predicts a spectrum of the γ-ray radiation characterised by a
power law emission with a sharp super-exponential cutoff at energies of a few GeV.
Recent observations tend to rule out the PC model in most of the cases because
the predicted sharp cutoff has not been observed (one example for the Crab pulsar
is shown in Figure 3.5) and, moreover, the model has some problems explaining
both the origin of the double-peak pulse profiles of most pulsars and the separation
between the two peaks (Figure 3.6).

• Slot Gap (SG) model

As previously reported, the results of COS-B led to the development of new models
to explain the observed γ-ray emission. The first one was the Slot Gap model,
theorised by Aarons in 1983 [61]. It was developed as an extension of the Polar
Cap model, based on the previous studies by Scharlemann et al. [62], who were
able to prove that a large potential gap could be present close to the last open
magnetic field lines (Figure 3.4). Aarons proposed that particle acceleration could
happen in this region. When compared to the PC model, in this scenario, particle
cascades are produced at a larger distance from the neutron star surface and can
reach higher energies.

• Outer Gap (OG) model

The Outer Gap model was proposed by Cheng et al. in 1986 [63]. They proved
that a low-latitude vacuum gap can exist and its boundaries are defined by the
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Figure 3.5: Crab pulsar spectrum, taken from [60]. In the plot are reported the flux points
from different facilities, along with the three best-fit functions (blue, red, and green lines) and
PC, OG, and SG models curves (orange, purple, and blue lines). From this spectrum, it is
clear that the Polar Cap model cannot explain the emission from the Crab.

last closed field line, the so-called null surface (defined by the equation Ω ·B = 0
and where the Goldreich-Julian density changes sign), the light cylinder, and an
open magnetic field line which is limited by pair creation (Figure 3.4). In this
case, emission takes place far from the surface, where the magnetic field is weaker
than around the polar caps, and the model predicts a power law trend with an
exponential cutoff. The OG model and its extensions can reproduce the typical
double-peaked profile of the vast majority of γ-ray pulsars (Figure 3.6). This is
one of the reasons why they are the most promising theories to explain the γ-ray
emission from pulsars, even though they are not able to fully explain all the features
of the γ-ray pulsars’ spectra.

• Wind model

Another possibility is that the acceleration takes place in the wind zone outside
of the pulsar magnetosphere, according to the model by Aharonian that was de-
veloped to explain the emission of the Crab pulsar above tens of GeV [65]. The
mechanism at the basis of the VHE emission would be the Inverse Compton scat-
tering by the “cold” ultra-relativistic wind: the X-ray photons, either produced by
the magnetosphere or by the neutron star surface, are upscattered by the ultra-
relativistic electrons and positrons of the wind. This model, however, still has some
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Figure 3.6: Predictions on the pulse profile for different theoretical models (Polar Cap, Slot
Gap, and Outer Gap). RAD stands for “radio model”, the classical theory to describe radio
emission. Taken from [64].

problems with the definition of the extension of the acceleration region, but some
variations (such as a slower and continuous acceleration instead of a quick one)
could be applied to fit the observed data.

All the previously listed models are purely analytical and they were the most com-
monly adopted ones due to the limitations in terms of computational time of the sim-
ulated models. In the last decade, thanks to the huge improvements in technology,
Particle-in-Cell (PIC) simulations have been able to prove the existence of some regions
where the electric field is screened and where particle acceleration can take place. These
regions are known as current sheets, since particle flow along them, and the ones crossing
the spin equator of the neutron star are dubbed separatrixes due to the fact they separate
the magnetic field lines of the two opposite poles. These models are still time-consuming
and new technologies are needed to improve them.

In order to carry out a complete study on the VHE emission from pulsars, good quality
data of up to 100 GeV, or more, are needed. For now, this can only be accomplished for
two main γ-ray pulsars, the Crab and the Vela, even though for the latter the results
are yet to be published. Nevertheless, with the development of the CTAO, more pulsars
will be observed and, likely, the number of sources that can be analysed in depth in the
VHE will increase.

3.3 Geminga

Geminga (RA=06h 33m 54.15s, DEC=+17◦ 46’ 12.91”), also known as PSR J0633+1746,
is a radio-quiet γ-ray pulsar located in the Gemini constellation at a distance of ≃ 157
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pc, according to Caraveo et. al. [66], or of ≃ 250 pc, as obtained by Faherty et. al. [67];
the two measurements were performed independently with two different instruments,
even though they were both based on parallax observations. Its period is P=237 ms,
with a derivative of Ṗ = 1.1 · 10−14 s/s, and the estimated characteristic age is ∼300 ky,
making it one of the most interesting examples of a close middle-aged γ-ray pulsar.

Figure 3.7: Picture of Geminga obtained by combining X-ray data from Chandra
(the blue-purple emission, with lighter colours pointing at a higher intensity in the X-
rays) and IR data from Spitzer (the background stars of the field of view). Source:
https://www.nasa.gov/chandra/images

3.3.1 History of the detection

Geminga was first detected in 1972 by SAS-2 as a strong but unidentified γ-ray source
called γ195+5 [55]. Due to the instrument limitations, it was not sure if the emission
came from a compact or an extended object. Only many years later and thanks to the
observations carried out by more advanced satellites, researchers were able to prove the
emission was coming from a compact source [68, 69]. Still, the nature of this object was
unknown.

For a decade, no clear multiwavelength counterpart was found. A first hint of an
X-ray counterpart came from the detection of a nearby source detected both by UHURU
and HEAO-1, even though no strong associations with γ195+5 had been found. Indeed,
in the latter case, the confidence error box was of the order of 1.4 deg2 and the X-ray
counterpart was compatible only at 9% with the γ-ray source [70]. Finally, in 1983, the
instruments on board Einstein Telescope registered the signal coming from a soft X-ray
source, identified as 1E0630+178, compatible with the position of the object observed
by its predecessors (the 90% confidence regions were of the order of 3”) and without
any optical counterpart [71]. From the studies of the thermal emission, the distance was
estimated to be of the order of hundreds of pcs, one kpc at most.

After the detection of this possible X-ray counterpart of Geminga, a more accurate
search for the optical one began. The first candidate, named G, was found with the
Canada-France-Hawaii Telescope (CFHT), but it was soon discarded in favour of two

https://www.nasa.gov/mission_pages/chandra/images/index.html
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fainter objects dubbed G′ and G′′. The study of the colours of these optical sources was
fundamental in identifying the counterpart of Geminga: while G and G′ did not show
any particular characteristic, G′′ seemed to be bluer than the others. Additional studies
on the colour of G′′ confirmed that it was the best candidate for the optical counterpart
of Geminga. Because of the analogies with the Vela pulsar in the luminosity values of
the optical, X-ray and γ-ray bands, researchers proposed that 1E0630+178 could be a
pulsar, even though they did not detect any radio signal [72].

The combined results of ROSAT, operating in the X-ray band, and EGRET, focused
on the γ rays, proved once and for all that 1E0630+178 was a neutron star and the X-ray
counterpart of Geminga, which became the first radio-quiet pulsar discovered through its
high energy emission. ROSAT detected a soft X-ray pulsed emission with a period of 237
ms [73] and, thanks to EGRET observations [74], the most accurate measurements of
the period and its derivative were obtained: P = 237.0974531 ms and Ṗ = 1.0976 · 10−14

s/s. From these, the estimates for the characteristic age, magnetic field and spin-down
power could be obtained: τ ∼ 3 · 105 yr, B ∼ 1.6 · 1012 G, and Ė ∼ 3.5 · 1034 erg/s.

In the same years, the study of the proper motions of G′′ allowed Caraveo et al. to
constrain the distance of Geminga to d = 157+59

−34 parsecs. Furthermore, by combining
the information on the proper motions and the γ-ray observations, it was also possible
to confirm that the object G′′ was indeed the optical counterpart of Geminga [66].

Focusing in particular on the X-ray and γ-ray emission, it was possible to observe
the change of the pulse profile with the energy, as Figure 3.8 depicts. In the soft X-rays,
where the emission is linked to thermal radiation, the pulse is single and broad. When
the emission becomes harder, transitioning towards a non-thermal synchrotron, the pulse
tends to split in two. In the γ-rays, instead, the two peaks are well defined and separated
by a ∆Φ ≃ 0.5 and the emission can be explained with curvature radiation.

The last electromagnetic band where Geminga was detected is that of the VHE γ rays.
The very first results by VERITAS [76] and MAGIC [77] Collaborations resulted in a non-
detection of any emission above 100 and 50 GeV, respectively. However, ground-based
facilities, such as HAWC [78], discovered a TeV halo around Geminga. The breakthrough
happened in 2020 when MAGIC Collaboration detected a pulsed emission in the energy
range 15-75 GeV, and Geminga became the third VHE pulsar ever discovered by IACTs2.
The results of this paper are presented in § 3.3.2.

After forty years since the first detection of this pulsar, no radio signal has been
detected from it. A recent study of its pulsed radio emission yielded an upper limit
for the average flux density of 0.4-4 mJy at a frequency of 111 MHz [80]. This makes
Geminga a classic example of a radio-quiet γ-ray pulsar. For more details on the history
of the detection, refer to [81].

2A preliminary result on a fourth VHE pulsar, PSR B1706-44, has been obtained by H.E.S.S. Col-
laboration in 2019, but the significance of the signal was below the 5σ threshold usually adopted for the
detection of a source (§ 4.3.1). Source: [79].
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Figure 3.8: Geminga pulse profile in three ranges of the soft X-rays (detected with XMM-
Newton), in the hard X-rays (detected with NuSTAR), and in the γ rays (detected with Fermi -
LAT). It is clear how the pulse profile and location change depending on the energy range, which
is linked to different emission mechanisms. Taken from [75].
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3.3.2 Current picture of the γ-ray emission

The γ-ray emission from Geminga is characterised by a two-peaked light curve, where the
first peak is known as P1 and the second as P2, with a phase separation of the order of
0.5. The first spectra obtained after EGRET detected the γ-ray pulsed emission featured
a sharp cutoff at energies of the order of 2 GeV that was interpreted as evidence of
curvature radiation [82]. In addition, they also observed that the luminosity ratio P1/P2
was decreasing when energy increased. Similar conclusions were found by analysing the
very first Fermi -LAT data, but better results were obtained when a larger data sample
was fitted with a power law with a sub-exponential cutoff model [83]. Also, the decreasing
trend of P1/P2 with energy was observed. The Second Pulsar Catalog of 2013 reinforced
these results, implying that acceleration probably takes place in the outer gap sites rather
than near the magnetic poles.

Figure 3.9: P2 spectrum of Geminga including MAGIC (blue points) and Fermi -LAT (black
points) observations. In the plot, are also reported the best-fit results for the different spectral
models that have been tested: the power law on MAGIC only (blue dashed line with the
associated error region), the power law with exponential cutoff (black dotted line) and the
power law with sub-exponential cutoff (solid black line). The orange dashed line, instead,
represents the modified Outer Gap model compared to the observations.

As reported in § 3.3.1, MAGIC Collaboration detected Geminga for the first time in
the VHE in 2020 [84]. They observed the pulsar for a total of 80 hours of good-quality
data with a cut in the zenith at 25◦ to keep the energy threshold as low as possible.
They were able to detect P2 in the energy 15-75 GeV energy interval with a significance
of 6.3σ, while P1 was not detected because the significance of the signal was only 0.3σ.
Then, they performed a fit of P2 data using a power law spectral model that returned a
best-fit value of the index of Γ = 5.62 ± 0.54. To carry out a more detailed statistical
study of the possible spectral models, they also performed a joint likelihood fit of MAGIC
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and Fermi -LAT data and they were able to rule out both the power law with exponential
and sub-exponential cutoff. From the joint fit of MAGIC and Fermi -LAT data above
10 GeV, they also found that the log-parabola spectral model is not preferred over the
simple power law.

Lastly, they compared their observation with the theoretical predictions of a modified
version of the Outer Gap model. Curves with a different inclination angle between the
magnetic field and the rotational axis, a different magnetic dipole, and a different viewing
angle were tested. The most compatible curve is shown in Figure 3.9 along with the other
tested models. The main issue with the OG solution they used is that it under-predicts
the Fermi -LAT flux at energies of a few GeV.

All in all, MAGIC Collaboration’s results proved that the best model to fit the data
in the energy range [15, 75] GeV was a power law, highlighting the presence of Inverse
Compton scattering and proving that classical pulsar models (§ 3.2.1) should be modified
to explain the VHE emission of Geminga. However, more studies are needed to shed light
on the process at its basis.





Chapter 4

LST-1 data analysis of Geminga
observations

In this Chapter, the process of the LST-1 data analysis, both at the low and high level,
is discussed in detail, starting from the selection of the sample and going through the
data reduction chain. The main software libraries that have been employed are version
v0.9.13 of cta-lstchain [85], version v0.20.1 of gammapy [86], and version v0.9.3 of PINT
[87], a recently developed Python package for high-precision pulsar timing analysis.

4.1 Observations and data selection

Geminga was first observed by LST-1 at the end of December 2022, and regular daily
observations were performed in the following months. The telescope was programmed to
take data with the wobble mode [88], a technique commonly used by IACTs that has the
main advantage of allowing the telescope to observe at the same time the source (located
at the centre of the ON region) and the background (inside the OFF region1). For LST-1,
as for other IACTs, the wobble mode consists of pointing the telescope in such a way that
the source is located at ∼0.4◦ from the centre (Figure 4.1). Then, every ∼20 minutes,
the position of the source is rotated to another part of the camera and the observation
begins again. In this way, it is possible to reduce the potential inhomogeneities of the
camera.

The analysed sample of observations starts on the 20th of December 2022 and ends
on the 24th of March 2023, for a total amount of 41.50 hours of collected data, corre-
sponding to 146 wobble runs. A run can be considered the standard unit of measure for
observations, equivalent to a pointing of ∼20 minutes. Every run can be divided into
sub-runs, which include ∼53000 events, i.e. between ∼6 and ∼10 seconds of observations.

1Usually, more than one OFF region is used to better estimate the background signal.
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Figure 4.1: Example of the setup of a wobble mode with three OFF regions. Taken from [89].

4.1.1 Data selection process

For the selection of good-quality data, the standard cta-lstchain procedure, which
starts from the datacheck files of the DL1 stage, has been adopted. These files are
produced after the stage where the raw data coming from the camera are converted into
DL1 and their purpose is to allow the users to inspect the quality of the observations
before starting the data reduction chain. They consist of five tables:

• runsummary, including one row for each run of the selected day with the values of
different parameters related to it, such as the ID, time duration, altitude of the
telescope, and others;

• pixwise runsummary, with one row for each run containing the information on
some pixel-wise run-averaged quantities. Examples of quantities of this table are
the fraction of all pulses brighter than 10 p.e. (or 30 p.e.) in cosmics (or pedestals),
the mean pixel charge (in p.e.) in the flatfield events, or the standard deviation of
the pixel charge in interleaved flatfield events (in p.e.);

• cosmics, flatfield, and pedestals, which are made of one row per each sub-
run and include the same information as the runsummary, but related to the three
different kinds of events.

All the DL1 datacheck files missing one or more of the tables were excluded by the anal-
ysis since it was not possible to thoroughly study the quality of the acquired data during
those runs. When these tables are missing it means, in general, that some problems with
the data acquisition were present; for example, the flatfield events can be missing if
the calibration box is not working properly.

The main steps of the data quality selection process can be summarised as follows:

1. Select only the runs related to the object of interest by picking out the wobble
pointings at a certain angular distance from the source position;
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2. Apply a zenith angle cut depending on the energy threshold requested by the
analysis (see § 4.1.1.1 for more information on how the zenith cut affects the data
sample);

3. Study the Moon and Sun position to check if there is some contamination of the
signal caused by their light;

4. Remove the runs with both too high Night Sky Background and Moon contamina-
tion by applying a cut in the camera-averaged pedestal charge standard deviation,
which is the parameter used to study the level of background;

5. Remove the runs for which telescope or weather problems were noticed by applying
cuts on the cosmics rates and the average pixel rates;

6. Check the behaviour of other parameters, such as the rate of interleaved events or
the intensity of the muon rings2, to see if some other problems are present.

For the data analysis of Geminga, standard values of the cuts were adopted. In
particular:

• an angular distance within the range 0.35◦-0.45◦ to select the wobble runs;

• a maximum pedestal charge standard deviation of 2 photoelectrons (p.e.) because
the FoV around Geminga is not particularly bright. The standard value is taken
as 2 p.e. and not zero because some background signal must always be included in
the selection. For brighter fields, higher values must be adopted depending on the
value of the NSB;

• a cosmics rate above 3000 events/s (Figure 4.2);

• an average pixel rate of the cosmics events with pulses above 10 p.e. of 30 events/s
(Figure 4.3a) and of 4 events/s for pulses above 30 p.e. (Figure 4.3b). These
are additional parameters used to assess the quality of the data and to check if
additional problems with the telescope are present.

No particular problems appeared when the muon rings and the interleaved events
were analysed (Figure 4.4). Concerning the mean zenith angle of the observations, a cut
at 25◦ was chosen; more details are reported in § 4.1.1.1. After applying all these cuts,
the sample was reduced to 23.48 hours of good-quality data.

2The typical image on the camera of a muon shower is a ring [90].
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Figure 4.2: Cosmics rates as a function of the run number, coloured by mean zenith angle.
The selected cut of 3000 events/s is highlighted in red. The last runs show a lower rate due to
their shorter duration caused by some errors of the telescope, and they were excluded with the
following cuts.

(a)

(b)

Figure 4.3: Average pixel rate for pulses above 10 p.e. (a) and above 30 p.e. (b) as a function
of the run number, coloured by mean zenith angle. In red it is highlighted the selected cut of
30 events/s for (a) and of 4 events/s for (b).
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Figure 4.4: Rate of the interleaved events (flatfield events in blue and pedestals in orange)
as a function of the run number. Both are correctly distributed around 100 events/s (100 Hz).
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Figure 4.5: Distribution of the mean zenith angle as a function of the run number before the
cut in zenith. The vertical lines pinpoint the month of the observations, the horizontal line
highlights the 25◦ zenith cut subsequently applied to the data.

The most important cut for the data selection process is the one in the zenith angle,
mainly because it affects the γ-ray events that IACTs collect from the ground. If a
shower is observed at a large zenith distance, i.e. closer to the horizon, then the particles
must cross a larger portion of the atmosphere and this implies that the shower maximum
shifts at higher altitudes from the ground and the radius of the Cherenkov pool increases,
leading to a lower photon density. Conversely, the geometrical radius is smaller for low
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zenith showers, but the photon density is higher. All in all, the effect is an increase in
the energy threshold of the detected particles with increasing zenith angles.

In particular, the dependence on the rate on the zenith angle goes like cosα(zd), where
α is a generic exponent usually dependent on the considered zenith range, and this is
why the slight decrease in the rates as the zenith angle increases is an expected trend.

For the study of Geminga, a first cut at 35◦ in zenith was applied. After studying
the mean zenith angle distribution of the data (Figure 4.5), it was clear that cutting
at 25◦ would not affect the results since the number of runs above that value was not
particularly significant. Moreover, by lowering the zenith angle of the observations, the
energy threshold of the observations would also be reduced.

4.1.2 Additional issues

After completing the standard quality selection process, the data sample had to be further
reduced because of two extra issues that have been encountered: a humidity patch on
the camera cover and a time mismatch problem in March 2023 data.

4.1.2.1 Humidity patch on the camera

The first issue was the presence of a humidity patch on the plexiglass cover of the LST-1
camera, which affected all the runs from the 20th to the 26th of February 2023. Figure
4.6 shows the evolution of this patch for one of the interested nights.

Figure 4.6: Evolution of the humidity patch during the night of the 24th February 2023. The
color bar on the right represents the value of the mean charge for the flatfield events.

It was not possible to detect this issue while performing the quality selection because
the telescope was correctly operating, thus the involved runs were excluded from the
final list by hand, leaving a 21-hour data sample for the analysis.
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4.1.2.2 Time mismatch

The second issue that affected the data and that was not possible to detect with the
quality selection process was a time mismatch in the time column of the event list. This
problem was caused by a power cut in the observatory at the beginning of March 2023
that generated a loss of synchronization between the telescope clocks that define the
photon arrival times. The mismatch was solved at the beginning of April 2023 with
a reboot of the White Rabbit device responsible for time synchronization, but all the
affected data had to be corrected.

The mismatch was first noticed because of an unusual trend in the significance of the
signal and the excess counts (computed as the difference between the observed counts
and the level of background obtained from the OFF region) after the end of February. An
example of the peculiar trend of the excess counts for the second peak of the phaseogram
is depicted in Figure 4.7a: it is clear that, after ∼16 h, i.e. the number of hours observed
until the 14th of February 2023, the trend is constant as if the telescope did not observe
any signal. Because the origin of the unusual behaviour of the signal was unknown at
the beginning of the analysis process, a first study using only the data until the 14th of
February 2023, the last day when the humidity patch was not present, was performed.
The total amount of hours of the data sample was 16.4 hours.

(a) (b)

Figure 4.7: Trend in time of the number of excesses for P2, before (a) and after (b) the
correction for the time mismatch.

Once the nature of the problem was found and the mismatch was computed to be
∆τ = −76.039 ms, it was possible to correct the time column of the events and perform
the analysis on the complete dataset. Figure 4.7b shows the same excess counts trend as
a function of time for P2 as Fig. 4.7a but after applying the correction: the trend after
16 hours is not constant anymore and it follows the expected linear increase with time.
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4.2 Low-level analysis

Figure 4.8: Pipeline for LST-1 low-level data reduction, along with the software used for
the steps. All the stages until the DL2, for both real and simulated data, are performed
by the LST On-Site Analysis lstosa [91]. Source: https://cta-observatory.github.io/

cta-lstchain/

As anticipated in Section 2.4.1, each step of the data reduction chain is associated with a
specific data level. The low-level chain (Figure 4.8) begins with the DL0 files, a calibrated
and gain-selected reduced version of the data directly coming from the camera DAQ
system, and it continues with the DL1 files. This data level is split into two sub-levels:
DL1a and DL1b. The formers include the integrated charge and peak position of the
waveform for each of the 1855 camera pixels, along with the estimated arrival time for
the photons. Then, by applying a parametrization of the images inside DL1a files, one
can obtain the final DL1b. The standard parametrization was formulated by Hillas [92]:
the image of a γ-initiated shower can be represented as an ellipse and, from the study
of the most important parameters of its shape, listed in Figure 4.9, one can reconstruct
the direction and the energy of the primary γ ray.

To fully reconstruct the image, one needs to introduce an additional parameter called
gammaness, representing the probability of an event to be γ-originated rather than of
hadronic nature. The gammaness definition requires using Random Forest (RF) models
on DL1 data, which must be trained and tested on Monte Carlo simulated data. Both
simulated hadrons and γ rays are used to train the RF (MC Train chain), and then
the trained models are applied to different simulated γ rays to test their performances
(MC Test chain) and get the simulated DL2 files. The same RF models are applied
to the DL1b files to derive the data DL2, including the reconstructed energy, direction
and gammaness of each event and the DL1b image parameters. For LST-1 analysis, the
trained models are provided by lstMCpipe [93].

To complete the DL1 to DL2 stage, one can choose between two different approaches:

a) Source independent

The real sky position of the source is not known, thus the parametrization will be
based on the square of a parameter called ϑ that represents the angular distance

https://cta-observatory.github.io/cta-lstchain/
https://cta-observatory.github.io/cta-lstchain/


4.2. Low-level analysis 51

Figure 4.9: Basic image parameters. The ellipse is the fit of the γ-ray event, its width is
a measure of the lateral development while its length is connected to the longitudinal devel-
opment. The centroid (or Centre of Gravity, CoG) is the average centre position, Ψ is the
rotation angle of the ellipse with respect to the x-axis, and Φ is the polar coordinate of the
CoG. The parameter α is the angle between the assumed source position and the image axis.
Source: https://github.com/cta-observatory/descriptive-hillas

between the reconstructed and the real positions of the source. This will be the
standard approach for CTA analysis.

b) Source dependent

In this case, the parameter α, which is based on the assumption that the source
position in the sky is known, is used. α is defined as the angle between the ellipse
axis and the source position. This approach is usually adopted for point-like sources
and it is the approach chosen for the analysis of Geminga.

The last step of the low-level analysis is the production of the event list of the γ-ray
candidate events, i.e. the DL3 files. To this goal, one has to define some efficiency
cuts based on the level of accuracy in discriminating between cosmic and γ rays that
one wants. The same cuts are applied to the data DL2 to obtain the data DL3 and to
the simulated DL2 to get the Instrument Response Functions (IRFs). They provide a
mathematical description that links the measured quantities of an event to the physical
quantities of the incident photon. IRFs include:

• Point Spread Function: it describes the probability of measuring a γ ray of a
given true energy and true position at a certain reconstructed position;

• Effective Area: it is proportional to the γ ray efficiency of detection and it is
computed as a function of the true energy and position;

https://github.com/cta-observatory/ctapipe/issues/1078
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• Energy Dispersion Matrix: it is the ratio of the reconstructed energy over the
true energy as a function of the true energy (see § 4.3 for more information on the
two energies).

The data DL3 together with the IRFs make up the final DL3 stage.

4.2.1 DL1 to DL2

Even though lstosa provides the DL2 files to the users, the low-level data reduction
for Geminga started from the DL1 stage of the selected runs. As previously stated, it
is necessary to rely on Monte Carlo (MC) simulated showers and RF models to obtain
the final list of γ-like events. The RF models are trained on a particular declination
line in the sky because all the sources sharing the same line have the same path in
the sky. Then the contribution of the Night Sky Background is added by studying its
effect on the emission of the observed source. For this study, the trained models were
obtained for the declination line at 22.76◦, with the NSB tuned on Geminga, and using a
source-dependent configuration (production ID: 20230124 src6 dec2276 tuned). After
defining the RF models to apply to the DL1 files, the script to produce the DL2 files
provided by cta-lstchain was used.

4.2.2 DL2 to DL3

This stage is divided into two parallel sub-steps: the first one is producing the Instrument
Response Functions (IRFs) from the MC simulated DL2 data, then the IRFs are added
to the data DL2 to obtain the DL3 stage.

4.2.2.1 DL2 to IRF

The simulated DL2 data coming from the MC Test chain, provided by lstMCpipe are
obtained assuming particular telescope pointings, called nodes. The complete list of the
nodes with their zenith and azimuth angles is reported in [94]. For the production of
the IRFs, one has to take into account both the zenith and the azimuth of the telescope
pointing because the shower parameters are influenced by the geomagnetic field of Earth
(dependent on the azimuth angle) and by the airmass (a parameter that measures the
amount of atmosphere crossed by the light and it is dependent on the cosine of the zenith
angle). The nodes are commonly displayed in a plane where the y-axis is the cosine of
the zenith angle and the x-axis is the sine of the parameter δ. The latter is defined as
the angular separation between the magnetic field component at the telescope location
and the position where the telescope is pointed; the magnetic field components for the
Observatorio del Roque de los Muchachos were computed for the 29th of November 2021
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Table 4.1: Zenith and azimuth angles for the nodes used in the analysis.

Node ID Zenith (deg) Azimuth (deg)

Node 1 10.0 102.2
Node 2 10.0 248.1
Node 3 14.98 175.2
Node 4 23.6 100.8
Node 5 23.6 259.3
Node 6 32.1 248.1
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Figure 4.10: Distribution of all the available Monte Carlo nodes (with the ones used in the
analysis highlighted in orange) and of the runs in the sin(δ)-cos(zd) plane. Only five out of six
of them are visible because of a superposition in this plane of the first two nodes.

and at 10 km a.s.l. through an online calculator3.
All the available nodes for LST-1 are shown in Figure 4.10 (black points) along with

the ones selected for the analysis of Geminga (orange points) and the runs (blue points).
In total, six nodes have been selected and their coordinates in zenith and azimuth are
reported in Table 4.1.

Then, for each of the nodes, the dedicated cta-lstchain script for the production of
IRFs was used, adopting a source-dependent approach and applying the following cuts:

• intensity cut above 50 p.e.: this was necessary to make the simulated data more
realistic by considering some level of background signal;

3https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml

https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml
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• energy-dependent cuts applied to the angle between the ellipse axis and the source
position (α in Figure 4.9) and gammaness based on a 70% cut in efficiency.

In particular, the cut in efficiency was obtained from the MC Test simulations and
represents the fraction of the γ-like events that the Random Forest models are able to
recognise. An x% efficiency means that x% of the simulated γ rays will be identified by
the model as so. Given the definition, a reliability-versus-completeness issue is present:
a lower efficiency implies that the RF will recognise more events, but the data will
have lower quality (more contamination by hadronic events); a higher efficiency, instead,
means fewer events will be identified but their quality will be higher. The value of 70%
is always taken as the standard efficiency in γ-ray analysis, but different percentages can
be adopted to test the systematics of the analysis.

4.2.2.2 DL2 to DL3

To obtain the final list of the γ-like events, the DL3 files, one has to apply to the DL2
files exactly the same cuts that have been used for the IRF production, so that the two
will be compatible and the response of the instrument will be correctly included in the
production of the final list.

In this regard, the runs have been divided into groups to match them with the right
IRF. The chosen criterion for the division was the minimum distance in the sin(δ) −
cos(zd) plane. For every run, the distance from each one of the six selected nodes has
been computed and, afterwards, the minimum distance between the six was derived.
At the end of the process, two of the nodes (nodes 1 and 5) have been discarded since
none of the runs was at the minimum distance from them. In the end, the dedicated
cta-lstchain has been used to produce the DL3 files according to the groups.

4.2.3 DL3 to DL3 pulsar

The last step of the low-level analysis for a pulsar study is to add the column containing
the information on the rotation phase, defined as the number of turns completed by
the neutron star since a particular reference time, to the DL3 files. To this goal, it is
necessary to define a model for the pulsar rotation, i.e. the pulsar ephemeris.

The rotational frequency of the pulsar at a generic time t with respect to the initial
time t0 can be described with a Taylor expansion, considering the variation of the period
in time:

ν(t) = ν0 + ν̇0(t− t0) +
1

2
ν̈0(t− t0)

2 +
1

6

...
ν 0(t− t0)

3 + ... (4.1)

From this equation it is easy to derive the phase:

Φ(t) =

∫ t

t0

ν(τ)dτ = Φ0 + ν0(t− t0) +
1

2
ν̇0(t− t0)

2 +
1

6
ν̈0(t− t0)

3 + ... (4.2)
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The pulsar ephemeris is then defined as a set of estimates of (ν0, ν̇0, ν̈0, ...) at an arbitrary
reference time t0. Some discrepancies between the model and the observations can be
present if the pulsar experiences glitches4, but Geminga, being a middle-aged pulsar, has
a stable structure and the issue of glitches is not relevant. The parameters inside the
ephemeris files can change from pulsar to pulsar, but the most important ones are the
initial time t0 in MJD, the frequency and its derivatives, the position of the pulsar in
RA-DEC, and the reference time and frequency in order to have Φ0 = 0.

The ephemeris file employed for this analysis5 was kindly provided by Dr. Giovanni
Ceribella and it was derived using Fermi -LAT data, starting on the 6th of August 2008
and ending on the 30th of April 2023. The file includes the standard parameters of an
ephemeris and the values of the second derivative of the frequency as a function of time.
These values are usually included when one has to deal with glitches, but for Geminga
it is used to reduce the high phase drift which affects the pulsar. Basically, to simplify
the computations, “local” ephemerides relative to a time span of about 100 days are
smoothly put together to build the total. A complete discussion on how the ephemeris
was obtained can be found in Appendix A of [95].

After defining the ephemeris, the phase was computed and added to the DL3 file by
using a script of the open-source Python package called PulsarTimingAnalysis [96],
based on gammapy and PINT. The very last step of this stage was to build the index file
for the final list of runs in order to run the following steps of the high-level analysis with
gammapy.

4.3 High-level analysis

The high-level analysis (Figure 4.11) performed with the open-software Python package
gammapy for γ-ray astronomy starts from the list of γ-ray candidate events, the DL3 files,
along with their corresponding IRFs. Once a certain geometry for the region of interest
in the sky has been chosen, one can extract the signal from that area and perform a
reduction by binning the data in energy. To properly perform the binning, two energy
axes must be introduced: the true energy Etrue and the reconstructed energy Ereco. This
is due to the fact that the instrument is not perfect and, when it measures a certain
energy (Ereco), the value does not exactly correspond to the real one of the emitted
photon (Etrue). The two axes are also taken into consideration for the next step so that
the discrepancies between the real and measured energy values are smoothed during the
fit procedure. The binned data define the DL4 stage and the sub-package employed for
the reduction is called Makers.

4Discontinuities in the P − Ṗ related to sudden decreases of the period. They are more common in
young pulsars, where the structure is not fully stable. They can also be related to accretion.

5https://www.mpp.mpg.de/~ceribell/geminga/index.php

https://www.mpp.mpg.de/~ceribell/geminga/index.php
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Figure 4.11: Analysis flow and corresponding sub-package (folder icon) structure of gammapy.
Source: https://gammapy.org/.

The founding approach of the last stage (DL4 to DL5) of the high-level analysis is
known as the forward folding method. It is based on the definition of a certain spectral
model with several parameters, which is then convolved with the instrument response to
obtain the so-called folded model, which can be interpreted as the initial model corrected
by the response of the instrument. This is why the axes Ereco and Etrue were defined.
Then, the folded model is fitted to the data to obtain the best-fit values of the parameters
and the relative correlation matrix. The fitting is based on a likelihood method, which for
gammapy is the Li&Ma Likelihood (§ 4.3.1), and the sub-packages employed are Modeling
and Estimator, where the last one can be used to estimate the spectral flux points (or
their upper limits, if the signal is low) for every energy bin. The final products (DL5)
are usually sky maps, Spectral Energy Distributions (SEDs) and light curves, and they
can be further analysed with additional statistical tools.

4.3.1 Li&Ma likelihood

The forward fitting in gammapy is based on the likelihood ratio test method theorised
by Li and Ma in 1983 [97], the so-called Li&Ma likelihood. The method is based on
the hypotheses testing, for which Wilks’s theorem [98] holds. Given an observed sample
X = (x1, x2, ..., xn), a set of unknown parameters Θ = (E, T ) = (ϵ1, ϵ2, ..., ϵr, τ1, ..., τs)

https://gammapy.org/
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and the statistical hypotheses E = E0 = (ϵ10, ϵ20, ..., ϵr0) (the “null hypothesis”) and
E ̸= E0 (alternative hypothesis), themaximum likelihood ratio between the two is defined
as:

λ =
L(X|E0, T̂c)

L(X|Ê, T̂c)
=

Pr(X|E0, T̂c)

Pr(X|Ê, T̂c)
(4.3)

where L(X|Θ′) is the likelihood function of n observed values X given the parameters
Θ = Θ′, i.e. the probability of experimental results X given Θ = Θ′; Ê and T̂ are the
maximum likelihood estimates of the parameters E and T , and T̂c are the conditional
maximum likelihood estimates for E = E0 [98]. The theorem states that if E = E0 is
true, then the quantity −2 lnλ will follow a χ2 distribution with r degrees of freedom.

For γ-ray astronomy, the instrument observes the source (ON region) for a certain
time ton detecting Non photons, and observes the background (OFF region) for a time
toff counting Noff photons. One can define the estimate of the number of background
counts NB and the number of source counts NS as:

NB = αNoff NS = Non − αNoff (4.4)

where α = ton/toff and is in general different from one. Then, the two tested hypotheses
are the null hypothesis < NS >= 0, i.e. all the observed photons are due to the back-
ground, and the actual presence of a signal from an astrophysical source < NS ≯= 0.
The maximum likelihood ratio defined in eq. 4.3 becomes:

λ =
L(X|E0, T̂c)

L(X|Ê, T̂ )
=

[
α

α + 1

(
Non +Noff

Non

)]Non
[

1

1 + α

(
Non +Noff

Noff

)]Noff

(4.5)

Then the significance of the detected signal can be estimated as:

S =
√
−2 lnλ (4.6)

The conventional value of the significance threshold for the detection of a signal in γ-ray
astronomy is usually set at a 5σ level: S > 5σ.

Another application of the likelihood ratio test is to compare two different models to
see if one is statistically favoured over the other. The only constraint for this test is
that the two models must be nested, otherwise Wilks’s theorem cannot be applied. Two
nested models are, for example, the power law and the power law with exponential cutoff,
since the former can be obtained by the latter by considering a cutoff energy tending to
infinity.

4.3.2 DL3 to DL4

The DL4 stage is just an intermediate step from the initial to the final product and
the basic task is a data reduction of the DL3 files to obtain binned data in x, y, and
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energy. First, the DataStore object of gammapy was created. This consists of a list of the
selected γ-ray events along with their arrival time, reconstructed energy and coordinates.
To properly bin the list in energy, the ON region, usually a circular region around the
source coordinates, from where to extract the source signal had to be defined. For
Geminga a radius of 0.1◦ for the circular region was chosen.

The gammapy class performing the binning of the DataStore objects is called Makers
and, as previously reported, it the true and reconstructed energy axes have to be defined.
For the present work, they were chosen as follows:

1. Etrue: [0.003, 50] TeV, nbin=100;

2. Ereco: [0.01, 10] TeV, nbin=40.

The values of the boundaries for both Etrue and Ereco are arbitrary since the analysis
should be independent of the chosen binning. The only attention is that the Etrue axis
should be chosen slightly larger than Ereco.

Then, an empty Dataset object was created based on the geometry of the ON region
and the true energy axis, and was subsequently filled by using the methods of the Makers
class to produce the final DL4, which comprises both the binned information on the
source and from the background. In particular, for the background region, the usual
practice is to define the OFF regions where to measure the signal, but for pulsars one
can choose to follow a phase-resolved approach. If one chooses the latter, the class
PhaseBackgroundMaker should be used to estimate the background signal in the same
observed ON region as the source, but in the OFF-phase region (i.e. the phase interval
where there is no signal from the pulses). This approach was used for Geminga and the
phase regions were defined as

P1 = [0.056; 0.161] P2 = [0.550; 0.642] OFF = [0.700; 0.950]

same as MAGIC and Fermi -LAT Collaborations. Depending on which peak was studied,
the ON region could be either P1 or P2.

4.3.3 DL4 to DL5

Following the forward folding fitting method, the first thing was to define the spectral
model. For gammapy, the user can choose between a spectral, a spatial, a temporal model,
or all of the three combined, but for the analysis of Geminga, only spectral components
have been included. To obtain the final science products, two approaches are available
for the analysis:

a) Joint analysis

Each Dataset object obtained at the end of the previous stage is handled singularly
even for the likelihood fit procedure. The software applies the fit on the individual
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Dataset and computes the associated likelihood, and only at the end the single
objects are piled up together to compute the total fit statistic and the flux points.

b) Stacked analysis

After obtaining the Dataset object for every observation, they are stacked into a
single object, a SpectrumDatasetOnOff including the information on both the ON
and the OFF regions for all the observations piled up together. Then, the fit is
applied to the stacked object and the likelihood is derived. Stacking can be useful
to reduce computational time, but it should be applied only when the events come
from the same instrument and have the same geometry.

For both the fits performed for the present work, the LST-1 only analysis and the joint
one with Fermi -LAT and MAGIC data, the joint analysis method has been adopted. In
the first case, the amount of data to be analysed was not too extended to require the use
of the stacked analysis. Instead, in the case of the joint fit, a stacked analysis could not
be carried out since data were not coming from the same instrument and were of different
natures (MAGIC and Fermi -LAT data were directly in the form of flux points and, to
perform a stacked fit, the correlation matrix of the data would have been needed).

The first analysis was the one on LST-1 data only. The model chosen for the fit was
a power law, PowerLawSpectralModel in gammapy, defined as:

f(E) = f0

(
E

E0

)−Γ

(4.7)

Before applying the likelihood fit, the method stat sum() of gammapy was used to esti-
mate the likelihood of the null hypothesis L0, i.e. the likelihood assuming that the signal
is only due to background fluctuations. The same method has been run after the fitting
procedure to estimate the likelihood of the fitted model L. In addition, to be able to
produce the final SED, the flux points were estimated using the Estimator sub-package.

Lastly, to carry out the joint fit, a Datasets had to be created. Datasets in gammapy

are collections of Dataset objects, which can be different and can even come from different
instruments. The one for this analysis was built by adding Fermi -LAT flux points,
MAGIC flux points, and the SpectrumDatasetOnOff of LST-1 points, previously created
by stacking the Dataset of LST-1 observations. The two tested models were a power
law with an exponential cutoff and with a sub-exponential cutoff, both described by the
gammapy model ExpCutoffPowerLawSpectralModel:

f(E) = f0

(
E

E0

)−Γ

exp

[
−

(
E

Ec

)β]
(4.8)

where the β parameter is free to vary in the case of the sub-exponential and frozen to
β = 1 for the exponential cutoff.
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Both spectral shapes have been fitted to the Datasets object to obtain the value of
the likelihood L that is used to perform the likelihood ratio test between the two models.

4.3.4 Production of the phaseogram

A phaseogram is a histogram of the observed events binned in phase and is commonly
used for pulsar analysis since it provides information on the emission regions and the
viewing geometry. The package PulsarTimingAnalysis has been employed again to
obtain all the phaseograms of the present work. The package can also compute the
Li&Ma statistic of the peaks and the results of other statistical tests (see § 4.3.5) and
add them to the final phaseogram. To produce the plot, a configuration file was used to
provide the values of all the parameters needed for the setup:

• Phase binning: [0, 2], nbin = 60;

• Energy binning: [15, 75] GeV, nbin = 6. This setting allowed the production of
the phaseogram for different energy ranges. The width of the energy bins, as one
will notice in the next Chapter, is not uniform because they are represented on a
logarithmic scale;

• Evolution in time computed every half an hour.

As in the case of the energy axes for the DL4 production, all the binnings are arbitrary
and this setup has been chosen only to optimize the appearance of the final plot.

4.3.5 Additional statistical tests

To assess the quality of the results, some additional statistical tests have been included
in the analysis of the phaseogram. In particular:

• χ2 test, which is a classical test used to statistically verify if the observed data is
compatible with the expectations, taking into account the errors:

χ2 =
n∑

k=1

(Ok − Ek)
2

σ2
k

(4.9)

where Ok are the observed data, Ek the expected values, and σk the errors as-
sociated to the observations. For this analysis, the expected values are obtained
assuming the null hypothesis is true.

• Z2
m-test, developed by Buccheri et al in 1983 [99] for the study of pulsars and

based on the sum of the Fourier powers of m harmonics. Given the phase value ϕj



4.4. To sum up 61

in the interval [0,1], with j = 1, ..., Ni and Ni the number of photons used in the
case of the ith pulsar, the Z2

m statistic is defined as:

Z2
m =

2

Ṅi

m∑
k=1

(
Ni∑
j=1

cos kϕj

)2

+

(
Ni∑
j=1

sin kϕj

)2

(4.10)

where m is the number of harmonics used to compute it. Z2
m has the same prob-

ability density function of a χ2 with 2m degrees of freedom. Usually, the value
m = 2 is the one chosen for optimal performances, but a default value of m = 10
is adopted in the package PulsarTimingAnalysis.

• H-test, developed by de Jager et al in 1989 [100] and revised in 2010 [101], which
aims at the detection of a periodic signal inside a data sample, even if the light
curve shape is not known or variable in time. The fundamental statistic is the
same as the Z2

m test, but the value of m is usually chosen optimally based on the
analysed data. The H statistics is defined s:

H = max
1≤m≤20

(Z2
m − 4m+ 4) = Z2

M − 4M + 4 (4.11)

where M is a particular value of m that minimizes an estimator of the mean
integrated square error. The probability distribution of the test statistics is an
exponential function with a parameter λ = 0.398:

P(> H) = exp(−λH) = exp(−0.398H) (4.12)

For each one of the tests, the associated significance of the periodic signal detection
has been computed by finding the p-value associated with χ2, Z2

m or H.

4.4 To sum up

In this Chapter, the complete analysis procedure of LST-1 data has been explained step
by step. First, the low-level analysis of the data from the DL1 to the DL3 pulsar level
has been treated, along with all the specific cuts and the nodes adopted in the analysis
of Geminga data. Then, the high-level analysis from the DL3 pulsar files to the final
science products has been discussed. All the steps have been applied to the Geminga
dataset used for this thesis work in order to obtain the phaseogram and the spectrum of
the second peak of the light curve. From the first, the significance of the signal and the
FWHM of the peak profile of P2 have been derived. The spectrum, instead, was useful
to study the emission mechanism generating the detected γ rays. All the results of the
analysis are presented in the next Chapter, along with the final discussion.





Chapter 5

Results

In this Chapter, the final results of this thesis are discussed: first, the ones related to
the analysis of the data until the 14th of February 2023, then the complete analysis and
the following interpretation of the results will be treated.

5.1 Analysis of the data sample taken before the

14th of February 2023

Initially, the analysis started with a reduced data sample excluding those observations
affected by the timing issue. The problem was solved just in a second moment: as
explained before, it took a few weeks to identify and provide a solution to the problem.
The ending date of the data sample was chosen to be the 14th of February, which is the
last night before March when the problem of the humidity patch (see § 4.1.2.1) was not
observed. For this dataset, consisting of 16.4 hours of observations, both the phaseogram
of Geminga and the spectrum of P2 were derived.

5.1.1 Phaseogram

The phaseogram of Geminga, along with the results of the associated statistical tests (§
4.3.5) and the trend of the excess counts and the significance with time, were obtained
with the use of the software PulsarTimingAnalysis. In Figure 5.1 the phaseogram
is shown, with the phase regions of P1, P2 and the OFF phase (a priori defined as
reported in § 4.3.2) highlighted in different colours. The values of the significance of
both peaks and the result of the statistical tests are also reported. The second peak, P2,
was detected with a significance of 7.6σ, while the significance of P1 was below the 5σ
threshold for detection, reaching only a value of 2.6σ, which makes it compatible with
statistical fluctuations. These results, even though not obtained from the analysis of the
complete sample, are already better in terms of significance than the ones obtained by
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the MAGIC Collaboration that found 6.3σ for P2 and only 0.3σ for P1 with 80 hours of
good-quality observations [84].

Figure 5.1: Geminga phaseogram of the data until the 14th of February 2023, along with the
results of the statistical analysis (Li&Ma statistics and χ2, Z10 and H tests statistics, see §
4.3.5). The ON phase regions of P1, P2 and the OFF phase region are highlighted in different
colours and the horizontal line defines the averaged level of background counts extracted from
the OFF phase region.

Figure 5.2 shows the trend of the excess counts with time for both of the peaks
individually and together. The excesses, as mentioned in § 4.1.2.2, are computed as
the difference between the observed and the background counts obtained from the OFF
phase region. They are expected to follow a linear trend with time and this is verified
for both P1 and P2 and also for P1+P2.

Figure 5.2: Trend of the excess counts of P1, P2 and P1+P2 as a function of time, for the
data until 14th of February 2023. The best-fit results of the linear modelling are also reported.

Figure 5.3, instead, displays the trend of the significance σ of the signal, computed
as the Li&Ma significance of the excess counts of the peak with respect to the level of
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background, as a function of time. σ is expected to follow a σ ∝
√
t trend with time

and this is verified, on average, for both P1 and P2 and also for P1+P2. The signal of
P1 does not reach the 5σ level and this is why the fluctuations are more evident in the
trend.

Figure 5.3: Trend of the significance of P1, P2 and P1+P2 as a function of time, for the data
until 14th of February 2023. The best-fit results of the curves are also reported.

5.1.2 Spectrum of P2

After obtaining the phaseogram, the spectrum of P2 in the energy range [15, 75] GeV
was derived. The upper boundary was chosen to be 75 GeV in order to extend the
analysis to higher energies and compute an upper limit on the differential flux in the last
energy bin. Indeed, as it is shown in the phaseograms per energy bin reported in § 5.2.1,
the signal of P2 is detected up to ∼55 GeV: there is no detection in the last energy bin
and only an upper limit on the differential flux can be obtained. On the other hand, the
lower edge of 15 GeV was chosen after computing the energy threshold of the analysis.
By studying the simulated MC data with a zenith angle of 10◦, which is the lowest value
between the ones of the nodes employed in the analysis, it was possible to derive an
energy threshold of ∼10 GeV. The value increased for the other nodes at higher zenith.
In order to be sure to be above the threshold, the lowest boundary of 15 GeV for the
spectrum was chosen. The spectrum of P1 could not be derived because the significance
of its signal was below the 5σ threshold.

The employed spectral model for the fitting was a power law spectral model (see eq.
4.7). The seed values for the fitting routine were taken from the MAGIC Collaboration
(Table 5.1, first row). The free parameters of the model were the amplitude f0 and the
index Γ, while E0, dubbed pivot or reference energy, was frozen to the same value as
MAGIC. The results of the likelihood fit of LST-1 data are reported in Table 5.1. As one
can see, the error on the amplitude f0 is larger than the value itself. This is probably
due to the low number of observation hours and it will be solved with the analysis of
the complete dataset. For this reason, the error bar associated with the fit could not be
properly plotted.
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Table 5.1: Best-fit values of the power law spectral model for both MAGIC (reference model
taken from [84]) and LST-1, with the associated statistical errors.

Model f0 (cm−2 s−1 TeV−1 ) Γ E0 (GeV)

MAGIC (2.28 ± 0.74) · 10−9 5.62 ± 0.54 32.15
LST-1 (1.9 ± 2.0) · 10−9 5.8 ± 1.3 32.15

5.2 Complete analysis of the data sample

After the time mismatch correction was accomplished, it was possible to obtain the
analysis results of the complete sample, consisting of 21 hours of observations. As in the
previous case, the final products of the analysis are the phaseogram and the spectrum
of P2, but a Gaussian fit of P2 was also performed.

5.2.1 Phaseogram

Figure 5.4: Final Geminga phaseogram, along with the results of the statistical analysis
(Li&Ma statistics and χ2, Z10 and H tests statistics, see § 4.3.5). The ON phase regions of
P1, P2 and the OFF phase region are highlighted in different colours and the horizontal line
defines the averaged level of background counts extracted from the OFF phase region.

Figure 5.4 depicts the final phaseogram of Geminga, obtained when analysing the com-
plete data sample with PulsarTimingAnalysis. The significance of P2, thanks to the
correction for the time mismatch and the higher observational time, increased to 7.9σ,
which is close to the ∼ 7.7σ value predicted by the best-fit curve of the time evolution
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of the significance in Figure 5.3. On the other hand, P1 still cannot be considered as
detected since its signal reaches a significance of 2σ, compatible with statistical fluctua-
tions. The phaseogram was also obtained for each of the six defined energy bins (see §
4.3.4). As one can see from Figure 5.5, there is still a robust detection of P2 until ∼55
GeV, while the signal drops in the last energy bin and becomes undetected.

(a)

(b)

(c)
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(d)

(e)

(f)

Figure 5.5: phaseograms for each of the chosen energy bins. In these plots, only the signifi-
cance of the peaks is reported.

In Figure 5.6 the behaviour of the excess counts for P1, P2 and P1+P2 as a function
of time is reported. From these plots, it is clear that the correction for the time issue was
successful since the trend of P1, even though is still not properly linear, is compatible
with the fit within the error bars. The non-linear behaviour of the last observational
hours could be related to the increase of the mean zenith angle in March, other than to
statistical fluctuations. Indeed, if one plots the time evolution of the excess counts for
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the zenith range [0◦, 15◦], it is possible to see a proper linear trend also for P1 (see §
5.2.1.2 for more details).

Figure 5.6: Trend of the excess counts of P1, P2 and P1+P2 as a function of time for the
complete data sample. The best-fit results of the curves are also reported.

Figure 5.7 shows the time evolution of the significance of both peaks individually and
together, along with the respective fit functions. As for the excess counts, the trend of
P1 does not properly follow the expected σ ∝

√
t behaviour, but the signal is compatible

with statistical fluctuations so, on average, the expectations are satisfied.

Figure 5.7: Trend of the significance of P1, P2 and P1+P2 as a function of time for the
complete data sample. The best-fit results of the curves are also reported.

5.2.1.1 Gaussian fit of P2

Thanks to the higher statistical significance of the P2 signal with respect to MAGIC
Collaboration, a study on the pulse shape could be performed for the first time at Very
High Energies. The easiest curve describing the peak of the phaseogram is a symmetric
Gaussian plus a constant that fits the background level; the study for this thesis started
with such model. The available photon statistics, however, did not allow the use of
more complicated functions. The fit has been performed in one energy bin from 15 GeV
to 57 GeV, which corresponds to the whole energy range where P2 shows a signal not
compatible with statistical fluctuations. The mean µ, the standard deviation σ, and the
background level, which were considered free parameters of the fit, have been derived.
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The final goal was to obtain the Full Width at Half Maximum (FWHM), defined as

FWHM = 2
√
2 ln 2σ (5.1)

and cross-check its value with the results obtained at lower energies in order to have an
idea of the location of the acceleration site of the particles. The fit results are reported
in Table 5.2 and the best-fit curve is shown in Figure 5.8. The error on the FWHM has
been derived by applying the error propagation rules on eq. 5.1.

Table 5.2: Results of the Gaussian fit on P2 in the energy range [15, 57] GeV, where the
signal is above the detection threshold.

Mean σ FWHM Background counts

0.597 ± 0.003 0.018 ± 0.003 0.042 ± 0.006 (67.42 ± 0.04) · 103
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Figure 5.8: Gaussian fit of P2 in the energy range [15, 57] GeV, where the signal is detected.
The phase regions of P1 and P2 are highlighted in different colours.

The modelling of the FWHM at these energies was never achieved before and previous
Fermi -LAT results on the FWHM at MeV energies taken from [83] have been considered
to study the global evolution of the FWHM with the energy; the results are shown in
Figure 5.9. Fermi -LAT Collaboration already found a slightly decreasing trend with the
energy, and the point added with the analysis of LST-1 observations is compatible with
this trend, highlighting the fact that the peak gets narrower with increasing energy.
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From the shift in the best-fit peak position of the Fermi -LAT and LST-1 data, it
was possible to derive the time delay between the MeV-GeV and GeV-TeV emission by
using the relation between the phase shift ∆Φ and the time delay ∆t:

∆Φ(deg) = 360◦ · 1
P

·∆t (5.2)

Considering the best-fit value of the peak position of Fermi -LAT data µ = 0.638±0.003,
one finds ∆t = 27µs. This value suggests a similar acceleration site for the two energy
ranges, where absorption of TeV photons is unavoidable, but without the analysis of the
systematics it is not possible to draw conclusions.
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Figure 5.9: Evolution of the FWHM of P2 as a function of the energy, including Fermi -LAT
points from [83].

5.2.1.2 Observational time for the detection of P1

The results of the analysis show that the first peak of the Geminga light curve, P1,
was not detected by LST-1 since its significance is below the 5σ threshold. However,
from the best-fit curve computed with the software, it is possible to derive an estimate
of the number of hours needed to reach a 5σ detection. This exercise was done by
considering only the fitting results of the 0◦-15◦ zenith range that guarantees a lower
energy threshold. It has been already observed that the time evolution of P1 significance
does not exactly follow the expected behaviour due to the higher mean zenith angle of
the latest observations, but if one focuses on the range [0◦, 15◦] the excesses, on average,
increase linearly with time (Figure 5.10). The significance is expected to follow a trend
proportional to

√
t and, considering the fact that the signal is basically background noise,
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the curve can be considered compatible with the expectations. In particular, the best-fit
curve for σ can be reversed to estimate the number of hours to detect P1:

tP1 =

(
σ

A

)2

=

(
5

A

)2

≃ 69h (5.3)

Figure 5.10: Excess counts for P1 in the
zenith range [0◦, 15◦].

Figure 5.11: Significance of P1 for the
zenith range [0◦, 15◦].

The same computation can be repeated using the best-fit result for the time evolution
of the P1 significance extending the zenith range up to 25◦ (Figure 5.7) and the estimate
would be tP1 ≃ 84.5h. This result is important because it shows that, with future
observations and in a reasonable amount of hours, it could be possible to detect the first
peak of the light curve for the first time at VHEs. The detection of P1 at these energies
would allow the production of the spectrum for both peaks as well as the study of the
pulse profiles and, in turn, to have a more complete picture of the emission of Geminga
at VHEs.

5.2.2 Spectrum of P2

As for the previous case, despite the fact that no signal is detected above 55 GeV, the
energy range for the spectral analysis was extended up to 75 GeV to be able to compute
at least one upper limit on the differential flux above 55 GeV. The spectral model that
has been tested is a power law with the MAGIC Collaboration best-fit results as reference
values for the free parameters and with E0 fixed to 32.15 GeV. The results are summarised
in Table 5.3; it is clear that they are compatible, within the associated errors, with what
MAGIC Collaboration obtained. The spectrum and its associated residuals are shown in
Figure 5.12. The large errors associated with the parameters obtained with the LST-1
analysis could be related to the narrow energy range considered, which does not allow a
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fit with high precision. The energies analysed are close to the threshold of the telescope
and the energy resolution is not very accurate.

Table 5.3: Final best-fit values of the power law spectral model for both MAGIC (reference
model) and LST-1, with the associated statistical errors.

Model f0 (cm−2 s−1 TeV−1 ) Γ E0 (GeV)

MAGIC (2.28 ± 0.74) · 10−9 5.62 ± 0.54 32.15
LST-1 (2.2 ± 1.7) · 10−9 5.5 ± 1.1 32.15

Due to a problem with its definition in gammapy, the error bar on the fitting func-
tion was defined by hand by considering the errors on f0 and Γ. In particular, four
combinations of the function have been defined:

dN

dE
= (f0 ± σf0)

(
E

E0

)−(Γ±σΓ)

(5.4)

where σf0 and σΓ are the 1σ errors obtained with gammapy. Then, the fitting results were
used to compute the flux points, which have been represented in a plot along with their
TS profiles (Figure 5.13). The plot shows that the signal is significant up to ∼55 GeV,
in agreement with what has been found when studying the phaseogram per energy bin.
In the last energy bin, where the signal is not detected, an upper limit has been derived
assuming the same spectral slope as the model. This is not constraining since the upper
limit is still compatible with the extrapolation of the model up to 75 GeV, so it is not
possible to understand if the power law is extended to higher energies or if a cutoff is
present.

It is worth mentioning that the non-uniformity of the energy bins’ length is related
to how gammapy defines the energy binning: the software takes into account the excess
events in each of the bins and the width will be inversely proportional to the value. So,
if the excess counts in a certain energy range are low, the bin must be wider.

The obtained fitting parameters are correlated among them and the level of correla-
tion is shown in Figure 5.14. In this thesis work the effect of the systematics was not
treated and it is one of the main future improvements for the study of Geminga.
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Figure 5.12: Differential flux of the second peak of Geminga, along with the best-fit curve
and its error (upper panel), and its residuals (bottom panel).

Table 5.4: Flux points in dN/dE format, along with the associated statistical errors and the
energy bins’ lower (Elow) and upper (Eup) limits. The upper limit on the last energy bin is not
reported in the table.

Eref (GeV) Elow (GeV) Eup (GeV) dN/dE (TeV−1 · cm−2 · s−1)

16.8 14.1 20.0 (10 ± 3) · 10−8

21.8 20.0 23.7 (2.6 ± 0.5) · 10−8

28.2 23.7 33.5 (4.5 ± 0.8) · 10−9

39.8 33.5 47.3 (5 ± 2) · 10−10

51.6 47.3 56.2 (4.2 ± 1.2) · 10−10
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Figure 5.13: Flux points for the power law spec-
tral model (orange points) with the respective Test
Significance profile (blue area).

Figure 5.14: Correlation ma-
trix of the power law parameters
f0, Γ, and E0.

5.2.2.1 Different reference energies

From Table 5.3 it is clear that the error associated with LST-1 points is around a factor
two higher than the one obtained by MAGIC, for both the amplitude f0 and the index
Γ. To further investigate this problem, as well as the high correlation between the two
parameters, lower reference energies E0 have been used in the fit.

Table 5.5: Best-fit results for different reference energies E0. In the table, there is also the
relative error on the amplitude f0, the value of the likelihood ratio test, and the value of the
correlation between Γ and f0.

E0 (GeV) f0 (cm−2 s−1 TeV−1 ) ∆f0/f0 Γ Correlation

25.00 (9 ± 4) · 10−9 44% 5.5 ± 1.0 -98%
20.00 (3.0 ± 0.8) · 10−8 27% 5.5 ± 0.9 -92%
18.00 (5.3 ± 1.0) · 10−8 19% 5.5 ± 0.9 -81%
15.00 (1.4 ± 0.1) · 10−7 7% 5.5 ± 0.9 15%

The value of the decorrelation energy1 was found to be 15.3 GeV: this is extremely
close to the lower boundary of the energy range where the fit is applied and it is still
not clear why. However, as expected, the reduction of the reference energy to values
progressively close to the decorrelation energy lowers the correlation between the pa-
rameters and the relative error on the amplitude, even though the error on the index

1The energy at which the correlation between the parameters is zero.
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is not affected. Both these issues, the low decorrelation energy and the error on the
spectral index, will be investigated more in-depth in the future, also collaborating with
the software developers.

5.3 Joint fit of P2 with MAGIC and Fermi -LAT

data

In order to have a clearer picture of the mechanism at the basis of the γ-ray VHE
emission, it is important to include Fermi -LAT data in the analysis to extend the γ-ray
range to a lower edge at MeV energies. In particular, it is crucial to understand if the
radiation in the VHE comes from the same region and if the emission mechanisms are
the same as the one detected by Fermi. To reach this goal, a joint fit of Fermi -LAT
and LST-1 points is performed. In addition to the above-mentioned datasets, MAGIC
spectral points are considered in the fit and they are not expected to change the final
results. The Fermi -LAT spectral points were provided by Dr. Marcos López-Moya and
they were the result of the analysis of more than ten years of observations, starting
from the 4th August 2008 and ending on the 16th January 2023; the MAGIC spectral
points, instead, are the ones reported in [84]. Given the wider energy range of the joint
analysis (from 100 MeV to 100 GeV) with respect to the fit of the VHE points only, two
spectral models were tested, the power law with an exponential (dubbed PLEC) and
with a sub-exponential cutoff (dubbed PLSEC), both described by the gammapy function
ExpCutoffPowerLawSpectralModel, which is defined as:

f(E) = f0

(
E

E0

)−Γ

exp[−(λE)β] (5.5)

This form is slightly different than the usual definition of the power law with an expo-
nential cutoff (eq. 4.8): the parameter λ = 1/Ec is used instead of the cutoff energy Ec.
For the power law with the exponential cutoff, the parameter β was frozen to 1 while,
in the other case, it was free to vary. The seed values for the fitting were taken from the
best-fit results of the joint fit performed in [84] (Table 5.6). The best-fit results of the
joint fit with LST-1, MAGIC and Fermi -LAT, along with their statistical errors and the
value of the likelihood after the fit, are reported in Table 5.7, and the plot is shown in
Figure 5.15.



5.3. Joint fit of P2 with MAGIC and Fermi-LAT data 77

Table 5.6: Best-fit values of the joint likelihood fit of MAGIC and Fermi -LAT data for both
the power law with the exponential (PLEC) and the sub-exponential (PLSEC) cutoff models.
These values were taken from [84] and have been used as a reference for the fitting procedure.

Model f0 (cm−2 s−1 TeV−1) E0 (GeV) Γ Ec (GeV) β -2log(L)

PLEC (0.357 ± 0.002) · 10−3 1.00 1.089 ± 0.003 2.88 ± 0.02 1 388.2
PLSEC (0.552 ± 0.019) · 10−3 1.00 0.910 ± 0.013 1.44 ± 0.08 0.738 ± 0.013 51.6

Table 5.7: Best-fit values (with their statistical errors) of the joint likelihood fit of LST-1,
MAGIC and Fermi -LAT data for both the power law with the exponential (PLEC) and the
sub-exponential (PLSEC) cutoff models. gammapy uses λ as the spectral parameter, instead of
the cutoff energy Ec and this is why both of them are reported in this table.

Model f0 (cm−2 s−1 TeV−1) E0 (GeV) Γ λ (GeV−1) Ec (GeV) β -2log(L)

PLEC (3.50 ± 0.01) · 10−4 1.00 1.102 ± 0.003 0.341 ± 0.002 2.933 ± 0.002 1 506.8
PLSEC (5.09 ± 0.03) · 10−4 1.00 0.94 ± 0.01 0.62 ± 0.03 1.60 ± 0.03 0.76 ± 0.01 119.6

10 1 100 101 102

Energy [GeV]

10 14

10 13

10 12

10 11

10 10

10 9

E2  d
N/

dE
 [e

rg
 c

m
2  s

1 ]

Geminga P2 SED, joint fit

PL Subexponential fit
PL Exponential fit
Power law fit
Power law fit error
Fermi-LAT data
MAGIC data
LST-1 data

Figure 5.15: P2 SED from 100 MeV to 100 GeV including Fermi -LAT (blue), MAGIC (green)
and LST-1 (orange) points. The points from LST-1 are fitted from 15 to 75 GeV with the power
law spectral model (solid line) with its error bar (grey area). The dashed and dot-dashed lines
represent the power law with exponential and sub-exponential spectral models.

The correlation matrix between the parameters of the two models has been derived
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and is shown in Figure 5.16 for the power law with exponential cutoff and in Figure 5.17
for the power law with sub-exponential cutoff, respectively.

Figure 5.16: Correlation matrix of the
parameters of the power law with the ex-
ponential cutoff model.

Figure 5.17: Correlation matrix of the
parameters of the power law with the sub-
exponential cutoff model.

A different parametrization for the power law with the sub-exponential cutoff has
also been tested. The model function has been developed for Fermi -LAT analysis to
improve the fit results of the usual models adopted for pulsar analysis and reduce the
correlation between the parameters [102]. The function is defined as follows:

dN

dE
= K

(
E

E0

) a
γ2

−Γ1

exp

[
a

γ2
2

(
1−

( E

E0

)γ2)]

= K

(
E

E0

)−Γ1−a
2
ln E

E0
−aγ2

6
ln2 E

E0
−aγ22

24
ln3 E

E0

for

∣∣∣∣∣γ2 ln E

E0

∣∣∣∣∣ < 10−2

(5.6)

In gammapy it is known as SuperExpCutoffPowerLaw4FGLDR3SpectralModel.
The results are similar to the expected parameters and the function perfectly overlaps

with the other parametrization of the power law with sub-exponential cutoff. The value
of the likelihood test was also the same as for the other model. The main advantage
of this more complex parametrization is that the correlation between the parameters is
significantly reduced, as one can see from Figure 5.18.
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Table 5.8: Reference values, which were provided without the associated statistical errors,
and best-fit results for the joint fit using the Fermi parametrization of the power law with
sub-exponential cutoff.

Model K (cm−2 s−1 MeV−1) Γ1 E0 (MeV) γ2 a

Ref 0.573 · 10−10 2.24 1670 0.775 0.808
Results (1.12 ± 0.03) · 10−11 1.728 ± 0.003 1670 0.76 ± 0.01 0.599 ± 0.003

Figure 5.18: Correlation matrix for the power law with the sub-exponential cutoff using the
Fermi -LAT parametrization.

The likelihood ratio test has been employed to compare the two models (PLEC and
PLSEC) to see if one could be discarded in favour of the other. The test could be
performed because the models are nested. In particular, the ratio was found to be ∆TS
= 387.2 and it was possible to rule out the power law with exponential cutoff with a
confidence level of 19.7σ. For what concerns the power law with a sub-exponential cutoff,
it was not possible to exclude it using the tools available in gammapy.

To test if new emission mechanisms are in place other than the curvature radiation
responsible for the Fermi -LAT emission and explained with the Outer Gap models,
different models need to be fitted to the data. A possibility can be the PLSEC plus a
power law, which would highlight the presence of an Inverse Compton tail after a certain
value of energy. This kind of spectrum has not been tested for the present work, but it
will be studied in the future.

5.3.1 Outer Gap modelling

The Outer Gap models are the most commonly adopted ones when trying to theoreti-
cally model the γ-ray emission from pulsars and they are based on the assumption that
curvature radiation is responsible for the observed γ rays.
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For the LST-1 observations of Geminga, the results of the analysis have been com-
pared with a theoretical model produced by Hirotani [84], which consists of a modified
version of the Outer Gap model (see § 3.2.1). This variation takes into account the
viewing angle ζ of the pulsar from the Earth, the magnetic moment µ and the angle
α between the rotation axis and the magnetic field. The three values can be changed
to obtain a curve which is most compatible with the data. For the present work, the
model using µ = 1.4µd (where µd is the value of the magnetic moment assuming dipole
radiation), α = 30◦, and ζ = 95◦ was found to be the most compatible one (Figure 5.19).

Concerning the energy range taken into account for LST-1 observations, i.e. [15, 75]
GeV, the OG theoretical predictions lie inside the error bar of the power law. However,
the model fails at reproducing the Fermi -LAT curve in the whole interval from 100 MeV
to tens of GeV, highlighting the limitations of the Outer Gap model in explaining the
VHE emission of Geminga.
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Figure 5.19: P2 SED from 100 MeV to 100 GeV including Fermi -LAT, MAGIC and LST-1
points (fitted with the power law from 15 to 75 GeV). The dashed and dot-dashed black lines
represent the power law with exponential and sub-exponential spectral models, while the purple
solid line is the theoretical prediction from the Outer Gap modelling assuming a viewing angle
of ζ = 95◦.
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5.4 Discussion of the results

This analysis resulted in the detection of the second peak of the Geminga phaseogram
with a significance of about 8σ with 21 hours of good-quality observations. Both MAGIC
and LST-1 observed Geminga at a zenith angle lower than 25◦ and using the so-called
analogic sum trigger, which is able to lower the energy threshold of the analysis: the
analogic signals are summed before being digitized and sent to the trigger system, so
that even the smallest signals, thus the ones at the lowest energies, can survive the
selection. Despite these similarities, the outcome of the analysis of LST-1 data is striking
considering that the MAGIC Collaboration reached a significance of 6.3σ with a sample
of 80 hours of observations obtained with an array of two telescopes. LST-1 is a single
telescope and, with one-fourth of the MAGIC observational hours, the final significance of
P2 was significantly higher. On the other hand, P1 was not detected either by MAGIC or
LST-1, but under the assumption that P1 emits up to a few tens of GeV, the LST-1 will
be able to detect it for the first time at VHEs with at least 60 hours of observations at a
zenith distance smaller than 15◦. Given the very stringent zenith range, this is achievable
in one single observation period if the weather conditions are really favourable. If it is
still not detected in 60 hours, then it can be possible to constrain the cutoff energy
anyway.

The results of this thesis proved that the LST-1 has excellent capabilities in study-
ing the very low boundary of the VHE band of γ rays with an energy threshold of the
standard trigger which is as good as the analogic sum trigger of the MAGIC. This is a
crucial point for the science verification of the LST-1 and, in turn, of the Northern Array
of the CTAO.

The results of this thesis work confirm what the MAGIC Collaboration found in 2020:
the VHE emission originates far from the neutron star surface, in the outer region of
the magnetosphere, and the most probable acceleration mechanism for the particles
emitting in the VHE is Inverse Compton scattering, which is responsible for the power
law spectrum of P2. Not only the MAGIC results were confirmed, but it was also possible
to fit the P2 pulse profile for the first time at these energies, thanks to the higher statistic
of LST-1 observations. After fitting with a symmetric Gaussian, a model implying that
the pulses have the same time when rising and descending, the FWHM of the peak
was derived and the value was compared to the ones obtained by Fermi -LAT at lower
energies. The decreasing trend of the FWHM with the energy that Fermi -LAT found
was confirmed. This study also allowed the derivation of the time delay between the P2
emission at a few GeV and tens of GeV. It was found to be 27 µs, indicating a similar
acceleration site for the particles emitting the observed γ rays at a few and tens of GeV
energies.

From the joint fit with Fermi -LAT and MAGIC data, the power law with an expo-
nential cutoff model was discarded and this is compatible with the previous results of
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both MAGIC and Fermi -LAT. This means that the classic versions of Outer Gap mod-
els for sure is not able to explain the VHE emission of Geminga. The power law with
sub-exponential cutoff, instead, could not be discarded yet. In the future, additional
statistical tests for non-nested models, such as the PLSEC plus the power law, can be
used to better understand what the dominant model is.

A qualitative comparison with the theoretical predictions of a modified Outer Gap
model showed good compatibility with the data in the LST-1 energy range, but the
Fermi -LAT flux is underpredicted by the model. This shows the limitations of the
modified OG models to fully explain the γ-ray emission from Geminga from MeV to
GeV energies.

This thesis was mainly aimed at the science verification of the instrument and, with
respect to the MAGIC Collaboration results, only the analysis of the FWHM was added.
In general, more observations are needed to increase the statistics of the study and only
by combining a more refined analysis including a larger sample of hours with Fermi -
LAT results then it will be possible to obtain better results. More hours of observations
will allow for increasing the statistic of P2, improving the uncertainties on the spectral
parameters and refining the upper limit on the last energy bin. The latter improvement
is relevant because it would provide a better constraining of the spectral cutoff at higher
energies. Determining if a cutoff at energies of ∼100 GeV is present would be a turning
point: the extension of the emission at higher energies would highlight the presence of
additional mechanisms inside the magnetosphere, such as the Inverse Compton scattering
between the accelerated particles and the soft X-ray photons coming from the neutron
star surface. Not only that, but more observational hours are essential for the detection
of P1 at VHEs: this has not been done before and it would be important to derive a
spectrum for the first peak to carry out a more complete study on the emission.

It is worth noticing that all the results shown in this thesis were obtained only con-
sidering the statistical errors and, for a full study, the systematics should be taken into
account. They include all the possible variations in the measurements that do not vary
randomly from one point to the others. Examples of systematic effects that should be
investigated in this context are the mismatches between the MC simulated data and
the real data, the different weather conditions, the flat fielding of the camera and the
mispointings of the telescope. They cannot be reduced just by increasing the observing
time; to limit their effect one should, for example, improve the matching between the
MC and real data, or simulate different weather conditions to study the response of the
instrument. Systematics can play a fundamental role in determining the final values
of the associated errors with the parameters and their study will be completed in the
future.



Conclusions

This thesis was developed in the context of Very-High Energy astrophysics, a field that
has been gaining more importance in the last couple of decades and that can be consid-
ered as the crossroad between astronomy and particle physics.

The VHE domain of γ rays is typically assumed to start at around 50 GeV and end
at around 100 TeV. The most relevant emission mechanisms producing photons at these
energies are synchrotron and curvature radiation, the process linked to the emission of
γ-ray pulsars, Inverse Compton scattering, commonly observed in Blazars, neutral pion
decay, particularly relevant for the air showers, and, in some cases, bremsstrahlung. Un-
like usual high-energy observations, the TeV band is mainly explored from the ground
due to the strong limitations of space telescopes in observing such energetic photons. γ
rays, when they enter Earth’s atmosphere, interact through pair production with parti-
cles and generate electromagnetic showers of electrons, positrons and secondary photons
travelling at a speed larger than that of light inside the atmosphere. As a consequence,
the shower particles emit Cherenkov radiation that is observed as a nanoseconds-long
beam of optical blue light. Ground-based facilities are able to indirectly detect γ-rays
by studying the electromagnetic showers they produce since their features are strictly
linked to the main characteristic of the γ ray that initiated them. Two main approaches
can be used: either a direct detection of the particles or by studying the Cherenkov
light produced by the shower in the atmosphere. In particular, the latter technique is
at the basis of the functioning of Imaging Atmospheric Cherenkov Telescopes (IACTs).
IACTs are made of one or more optical mirror dishes coupled with a pixelized camera,
usually composed of Photomultiplier Tubes (PMTs) to guarantee a high temporal reso-
lution to the instrument. Single Cherenkov telescopes are quite limited in reconstructing
the image of an atmospheric shower and, for this reason, the stereoscopic technique has
been developed. Following this method, several IACTs are placed together in an array
so that they observe the same shower and the reconstruction is more accurate. The
three currently operating IACT arrays, MAGIC, H.E.S.S. and VERITAS, proved the
technique to be extremely useful in studying the VHE band, even though these instru-
ments still have limited performances and can only reach energies up to a few tens of
TeV. The upcoming facility for the ground-based detection of γ-rays is the Cherenkov
Telescope Array Observatory (CTAO) and it is expected to boost the knowledge of the
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VHE band thanks to its improved performances (see Chapter 2 for more details) and to
the large energy coverage from 20 GeV to 300 TeV, a range never covered before by a
single facility. To reach this goal, the two arrays (one in the Northern and the other in
the Southern hemispheres) of CTAO will be composed of telescopes with three different
designs and dimensions. The Large-Sized Telescope (LST) is the largest of the three,
with a diameter of 23 meters, and it is the one optimised for the lowest energy range,
between 20 GeV and 200 GeV. Moreover, it can be repointed in only 20 seconds from
any alert coming from other worldwide facilities. For these reasons, it will be focused
on extragalactic sources, transient, and pulsars. The first LST of the Northern Array,
the so-called LST-1, has seen its first light in 2019 and already shows the potentialities
of the future CTAO. This thesis contributed to the analysis of the LST-1 performance
when working at the very lowest boundary of VHEs, in addition to the scientific aim of
studying VHE pulsars.

The Very-High Energy sky is populated by more than 250 sources, half of them
Galactic and the other half extragalactic. Among them, one can find pulsars, Pulsar
Wind Nebulae, Supernova Remnants, Active Galactic Nuclei, and Gamma Ray Bursts.
In particular, this thesis is focused on pulsars, which were discovered to be γ-ray emitters
a few decades ago and at the moment around 300 neutron stars are known to show γ-ray
pulses. Several models have been proposed to explain the detection of pulses in the γ
rays, and the majority of them rely on the assumption of curvature radiation at the main
emission mechanism. Observations with Fermi -LAT found that, in the vast majority of
the cases, pulsars are characterised by a double-peaked light curve and a power law
spectrum with an exponential cutoff at a few GeV. This led to the rejection of Polar Cap
models, which predicted a spectrum characterized by a sharp super-exponential cutoff
(see Chapter 3). Nowadays, the most accepted theory on the γ-ray emission of pulsars
is the so-called Outer Gap model, which locates the acceleration site in the outer region
of the magnetosphere and predicts a power law spectrum with an exponential cutoff.
Concerning the VHE emission of γ-ray pulsars, a significant amount of uncertainties are
in place: only three sources have been detected and none of the traditional models, not
even the Outer Gap, seems to be able to fully explain the observations from MeV to
TeV energies. Additional mechanisms, such as the Inverse Compton scattering, could
contribute at energies higher than a few tens of GeV, but additional studies with more
advanced instruments are needed to prove it.

The object of study of this thesis is Geminga, a middle-aged (τc ∼ 3 · 105 yr) γ-ray
pulsar discovered for the first time in 1972. It was detected thanks to its high energy
emission, both in the γ rays and in the X-ray band, due to the absence of radio pulses
(recent results at a frequency of 11 MHz returned an upper limit to the average flux
density of 0.4-4 mJy) and it is between the most studied γ-ray pulsars. Its high-energy
emission is characterised by different pulse shapes depending on the energy, reflecting the
different emission mechanisms at play: the light curve changes from a single broad pulse
in the soft X-rays (thermal emission from the neutron star) to a double-peaked curve in
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the hard X-rays and γ-rays (non-thermal synchrotron). In 2020, Geminga became the
third γ-ray pulsar ever detected at VHE, thanks to the results of the MAGIC Collabo-
ration; it is also the second pulsar detected by the LST-1 after the Crab. The telescope
detected it in December 2022 and regular observations followed in 2023. Understanding
more about the VHE emission of Geminga is relevant due to the fact that it is one of the
only three pulsars known to emit at these energies. Since the mechanisms responsible
for the detection of VHE pulses are not well understood, the more studies carried out
on the topic the more knowledge can be derived. Not only that, but Geminga is also a
middle-aged pulsar, much older than the Crab and the Vela pulsars, and by studying its
VHE emission and comparing it to the results for the other two one could try to see if
and how the radiation in the γ rays evolves with the age of the neutron star.

The dataset analysed in this work consists of 21 hours of good-quality data with a
zenith cut at 25◦, a value chosen to guarantee the lowest possible analysis energy thresh-
old. Indeed, when a shower is observed closer to the zenith, the layer of atmosphere that
it must cross is smaller; as a consequence, the photon density of the Cherenkov pool on
the ground becomes higher and the energy threshold is lower when compared to a shower
observed closer to the horizon. The analysis of the data resulted in the computation of
both the phaseogram, the histogram of the phases, and the spectrum of the second peak
of the light curve (P2). The study of the peaks and their geometry is relevant in order to
have an idea of the acceleration site of the particles emitting the radiation and to see if
there are differences with respect to the other electromagnetic bands. Instead, the spec-
tral analysis of the peaks allows the identification of the emission mechanism generating
the radiation and the discrimination between the different theoretical models.

The analysis of the phaseogram allowed the estimation of the detection significance
of the signal: P2 was detected at an 8σ significance, while the first peak P1, with a
significance of 2σ, remained undetected. The MAGIC Collaboration previously detected
P2 with a 6.3σ significance analysing 80 hours of data cut at 25◦ zenith angle [84]. The
result of this thesis is striking and it represents evidence of the excellent performance of
the LST-1 when working at the lowest edge of the VHE band: with one-fourth of the
hours and using just one telescope, the significance of P2 was higher than that obtained
by MAGIC. Thanks to the high significance of the P2 signal, it was also possible to fit
the pulse profile to derive the FWHM for the first time at VHE. Obtaining the value of
the FWHM was a significant step ahead because, when compared to the same result at
different energies, one can have a better idea of the acceleration site of the particles. The
comparison of the FWHM of the LST-1 analysis with previous Fermi -LAT data at lower
energies returned a very small value of the delay ∆τ , suggesting similar acceleration sites
for the particles emitting γ rays at a few GeV (Fermi -LAT) and at tens of GeV (LST-1).

The spectral analysis of P2 showed that the best model to fit the LST-1 data is
a power law with a spectral index Γ = 5.5 ± 1.1, compatible with what the MAGIC
Collaboration found. A joint fit with Fermi -LAT and MAGIC data was performed to
better understand the mechanism at the basis of the emission; the power law with an
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exponential cutoff (PLEC) spectral model was excluded at the 19.7σ level in favour of a
power law with a sub-exponential cutoff (PLSEC), hence excluding the classical Outer
Gap models in favour of more complicated modified versions of this theory which imply
that the acceleration sites are even farther away from the neutron star surface. The low
energies at play made it not possible to draw conclusions on the emission mechanism
responsible for the detected VHE emission; additional statistical tests for non-nested
models will be used in the future to understand if the PLSEC model or others, such
as the PLSEC plus a power law, can explain the observed emission. These new tests
will be crucial since the presence of a power law tail would suggest the need for a new
mechanism, probably Inverse Compton scattering, emerging above a certain value of
energy.

This thesis has several future prospects to improve the study of Geminga at VHEs.
First of all, additional observations will be of crucial importance for the analysis. By
increasing the number of observational hours, the statistics of the study will improve:
this will lower the statistical errors associated with the parameters of the tested spectral
models2 and will increase the significance of both P1 and P2. An improved significance of
P2 implies that more complicated curves can be tested in the fit of the pulse profile; one
example could be an asymmetric Gaussian highlighting different times during the rise
and the descending of the pulse. As previously shown, in ∼70 hours of observations with
the mean zenith angle lower than 15◦, P1 could be detected for the first time at these
energies and this would allow a more complete picture of the emission at VHEs since the
same study performed on P2 could be repeated on P1 to derive the spectrum and the
FWHM of the pulse profile. Not only, but additional hours can help to understand if the
upper limit on the spectrum that was obtained with the current analysis is constraining:
by increasing the observing time, the upper limit can become a proper flux point and,
in this way, it will be possible to see if there is a cutoff around ∼100 GeV or if Geminga
can be observed at even higher energies.

Another essential point is to investigate the effect of systematics on the dataset. This
could not be carried out for this thesis because of the short time available, but the study
of systematics must be included to have a clear and complete picture of the uncertainties
in the analysis. It will be done in the future when more observations will be performed,
for example by applying different cuts in efficiency during the data reduction procedure.
When the systematics are analysed, a better comparison with the MAGIC Collaboration
results, which included the effect of systematic uncertainties, can be performed.

Some of the results of this thesis were presented at the 38th International Cosmic
Ray Conference in August 2023 and are included in the proceedings paper “First results
of pulsar observations with the LST-1” [103], along with the analysis of the Crab pulsar

2For now, it is not possible to estimate how much the error will improve because several factors, such
as the migration matrix describing the relation between Etrue and Ereco, can influence the statistical
errors.
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data. Moreover, Mr. A. Mas-Aguilar completed an independent analysis on the same
dataset as this thesis, obtaining consistent results with the ones presented here within
the errors. Both analyses will be used to cross-check the results for the internal review by
the CTA-LST Collaboration. After the data analysis including the future observations,
a paper including the complete study of Geminga will be published.

The field of VHE pulsars is still in development and more studies are needed to
understand if the mechanisms powering the emission at VHE are the same generating
the γ rays at lower energies or if additional processes are responsible for the radiation in
the TeV domain. With the advent of CTAO, in particular of the Northern Array that
will include 4 LSTs, more VHE pulsars are expected to be detected, but the number of
hours needed for the detection could change from object to object.

In conclusion, this first study of the VHE γ-ray emission of the Geminga pulsar
reinforced the previous MAGIC results and improved them, thanks to the better perfor-
mance of the LST-1 at low energies with respect to the MAGIC array. The usual Outer
Gap models, even when modified, are not able to fully explain the observed spectrum
from MeV to GeV energies and the low energies at play do not allow a clear distinction
between the available theoretical models. The incapability of OG models to explain
the spectrum points toward the presence of a new emission mechanism, most likely the
Inverse Compton scattering between the soft X-ray photons coming from the neutron
star surface and the relativistic particles accelerated inside the magnetosphere, but the
systematic uncertainty study and non-nested joint fit are needed to make such a claim.
Geminga is an intriguing γ-ray pulsar, emitting in the VHE despite its middle age and
without any significant radio emission, and deeper studies are required to shed more light
on the radiation processes producing the observed γ rays. The LST-1 brought significant
improvements when compared to its predecessors, and CTAO, in particular its Northern
Array, will be of fundamental importance in the next decades to increase the number of
known VHE γ-ray pulsars and finally understand the physics behind their emission.





Bibliography

[1] T.C. Weekes et al. “Observation of TeV Gamma Rays from the Crab Nebula Using
the Atmospheric Cerenkov Imaging Technique”. In: The Astrophysical Journal
342 (July 1989), pp. 379–395. doi: 10.1086/167599.

[2] M. S. Longair. High Energy Astrophysics. Third. Cambridge University Press,
2011. doi: 10.1017/CBO9780511778346.

[3] R. M. Wagner. “Measurement of Very High Energy Gamma-Ray Emission from
Four Blazars Using the MAGIC Telescope and a Comparative Blazar Study”.
PhD thesis. Technische Universität München, 2006.

[4] D. Heck et al. CORSIKA: a Monte Carlo code to simulate extensive air showers.
Feb. 1998.

[5] J. Matthews. “A Heitler model of extensive air showers”. In: Astroparticle Physics
22.5 (Jan. 2005), pp. 387–397. doi: 10.1016/j.astropartphys.2004.09.003.

[6] R. Engel, D. Heck, and T. Pierog. “Extensive Air Showers and Hadronic Interac-
tions at High Energy”. In: Annual Review of Nuclear and Particle Science 61.1
(Nov. 2011), pp. 467–489. doi: 10.1146/annurev.nucl.012809.104544.

[7] G. Moliere. “Theorie der Streuung schneller geladener Teilchen II Mehrfach-und
Vielfachstreuung”. In: Zeitschrift für Naturforschung A 3.2 (Feb. 1948), pp. 78–
97. doi: 10.1515/zna-1948-0203.

[8] P. A. Cherenkov. “Visible luminescence of pure liquids under the influence of γ-
radiation”. In: Dokl. Akad. Nauk SSSR 2.8 (May 1934), pp. 451–454. doi: 10.
3367/UFNr.0093.196710n.0385.

[9] J. V. Jelley. “Cherenkov radiation and its applications”. In: British Journal of
Applied Physics 6.7 (July 1955), pp. 227–232. doi: 10.1088/0508-3443/6/7/301.

[10] J. V. Jelley. “The Atmospheric Cherenkov Technique in γ -ray Astronomy: The
Early Days”. In: Philosophical Transactions of the Royal Society of London. Series
A, Mathematical and Physical Sciences 301.1462 (June 1981), pp. 611–614. url:
http://www.jstor.org/stable/37066.

89

https://doi.org/10.1086/167599
https://doi.org/10.1017/CBO9780511778346
https://doi.org/10.1016/j.astropartphys.2004.09.003
https://doi.org/10.1146/annurev.nucl.012809.104544
https://doi.org/10.1515/zna-1948-0203
https://doi.org/10.3367/UFNr.0093.196710n.0385
https://doi.org/10.3367/UFNr.0093.196710n.0385
https://doi.org/10.1088/0508-3443/6/7/301
http://www.jstor.org/stable/37066


90 Bibliography

[11] W.-M. Yao et al. “Review of Particle Physics”. In: Journal of Physics G: Nuclear
and Particle Physics 33.1 (July 2006). doi: 10.1088/0954-3899/33/1/001.

[12] W. Bednarek and M. Bartosik. “Gamma-rays from the pulsar wind nebulae”. In:
Astronomy & Astrophysics 405.2 (June 2003), pp. 689–702. doi: 10.1051/0004-
6361:20030593.

[13] S. Funk. “VHE Gamma-ray supernova remnants”. In: Advances in Space Research
41 (Jan. 2008), pp. 464–472. doi: 10.1016/j.asr.2007.04.076.

[14] H.E.S.S. Collaboration, F. Aharonian, et al. “First detection of a VHE gamma-ray
spectral maximum from a cosmic source: HESS discovery of the Vela X nebula”.
In: Astronomy & Astrophysics 448.2 (Mar. 2006), pp. L43–L47. doi: 10.1051/
0004-6361:200600014.

[15] F. Aharonian et al. “Evidence for TeV gamma-ray emission from Cassiopeia A”.
In: Astronomy & Astrophysics 370.1 (Apr. 2001), pp. 112–120. doi: 10.1051/0004-
6361:20010243.

[16] C. B. Adams et al. “Observation of the Gamma-Ray Binary HESS J0632+057
with the H.E.S.S., MAGIC, and VERITAS Telescopes”. In: The Astrophysics
Journal 923.2 (Dec. 2021), p. 241. doi: 10.3847/1538-4357/ac29b7.

[17] The Fermi-LAT Collaboration, A. A. Abdo, et al. “Gamma-Ray Emission Con-
current with the Nova in the Symbiotic Binary V407 Cygni”. In: Science 329.5993
(Aug. 2010), pp. 817–821. doi: 10.1126/science.1192537.

[18] V. A. Acciari et al. “Proton acceleration in thermonuclear nova explosions revealed
by gamma rays”. In: Nature Astronomy 6.6 (Apr. 2022), pp. 689–697. doi: 10.
1038/s41550-022-01640-z.

[19] H.E.S.S. Collaboration, F. Aharonian, et al. “Time-resolved hadronic particle ac-
celeration in the recurrent nova RS Ophiuchi”. In: Science 376.6588 (Mar. 2022),
pp. 77–80. doi: 10.1126/science.abn0567.

[20] MAGIC Collaboration, J. Albert, et al. “Observation of Gamma Rays from the
Galactic Center with the MAGIC Telescope”. In: The Astrophysical Journal Let-
ters 638.2 (Jan. 2006), pp. L101–L104. doi: 10.1086/501164.

[21] H.E.S.S. Collaboration, A. Abramowski, et al. “Acceleration of Petaelectronvolt
protons in the Galactic Centre”. In: Nature 531 (Mar. 2016), pp. 476–479. doi:
10.1038/nature17147.

[22] C. M. Urry and P. Padovani. “Unified Schemes for Radio-Loud Active Galactic
Nuclei”. In: Publications of the Astronomical Society of the Pacific 107.715 (Sept.
1995), pp. 803–845. doi: 10.1086/133630.

https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1051/0004-6361:20030593
https://doi.org/10.1051/0004-6361:20030593
https://doi.org/10.1016/j.asr.2007.04.076
https://doi.org/10.1051/0004-6361:200600014
https://doi.org/10.1051/0004-6361:200600014
https://doi.org/10.1051/0004-6361:20010243
https://doi.org/10.1051/0004-6361:20010243
https://doi.org/10.3847/1538-4357/ac29b7
https://doi.org/10.1126/science.1192537
https://doi.org/10.1038/s41550-022-01640-z
https://doi.org/10.1038/s41550-022-01640-z
https://doi.org/10.1126/science.abn0567
https://doi.org/10.1086/501164
https://doi.org/10.1038/nature17147
https://doi.org/10.1086/133630


Bibliography 91

[23] C. E. Fichtel. “High-Energy Gamma-Ray Observations of Active Galaxies”. In:
The Astrophysical Journal Supplement Series 90 (Feb. 1994), pp. 917–922. doi:
10.1086/191925.
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