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Abstract

In the very-high-energy range, both the low flux of cosmic gamma rays and their inability to
penetrate the atmosphere, limit direct observations of cosmic phenomena. Over the past three
decades, the Imaging Atmospheric Cherenkov Technique has become a powerful tool in the very-
high-energy gamma-ray astronomy. As their name implies, Cherenkov telescopes observe gamma
rays indirectly by capturing short flashes of Cherenkov light produced in the cascade of secondary
particles in the atmosphere. Although an integral part of the detector, the atmosphere is also a
source of systematic uncertainties. The scattering and absorption of Cherenkov light by aerosols
and clouds result in the loss of Cherenkov photons that would otherwise trigger the telescopes,
reducing the Cherenkov light yield and effective area.

To investigate the cloud-related effects on the reconstruction of gamma-ray-induced air showers
observed with the Cherenkov Telescope Array, the next-generation observatory for very-high-energy
gamma-ray astronomy, an extensive database of dedicated Monte Carlo simulations was generated.
The transmission profiles were obtained using the MODerate resolution atmospheric TRANsmission
band model algorithm. The effects of clouds were evaluated by analyzing the simulated data and
calculating the instrument response functions for two different analyses, depending on the Monte
Carlo simulations used to build Random Forest models for classifying the parent particle of the
detected air shower and estimating its energy and direction: the adaptive Monte Carlo simulations
that include clouds and the standard Monte Carlo simulations for clear sky conditions.

The effects of clouds on performance parameters such as energy resolution and energy bias can
be reduced to the level of standard systematic uncertainties for observations in a clean atmosphere
using adaptive Monte Carlo simulations. At the same time, it is important to note that clouds
inevitably increase energy threshold and degrade effective area and differential sensitivity. This
cannot be corrected even by applying adaptive simulations, as it is impossible to reconstruct events
that are not detected. Using standard Monte Carlo simulations in the sample to create Random
Forest models further degrades the performance of the Cherenkov Telescope Array and leads to
significant energy bias and poor energy resolution. In such cases, the effective area and differential
sensitivity are further decreased (by up to 50% compared to adaptive Monte Carlo simulations).
Nevertheless, for La Palma, where most clouds are located at an altitude of more than 8 km above
sea level, their influence on the angular resolution is of minor importance (. 10%), as no significant
differences are observed between standard and adaptive Monte Carlo simulations.

The method of adaptive Monte Carlo simulations was also tested on the Crab Nebula data taken
during the joint observations of the LST-1 and MAGIC telescopes in the presence of clouds. The
results show that the method can reconstruct the spectrum of the Crab Nebula with an accuracy
of . 10% above 100 GeV. By precise modeling of the atmospheric conditions and including
them in the simulation chain, systematic uncertainties can be minimized to the level of clear sky
observations.

Keywords:

Cherenkov Telescope Array; clouds; Crab Nebula; Imaging Atmospheric Cherenkov Technique;
LIDAR; LST-1 Telescope; the MAGIC telescopes



Prošireni sažetak na hrvatskom jeziku

U području vrlo visokih energija, dva čimbenika ograničavaju izravna opažanja kozmičkih pojava
teleskopima na površini Zemlje: niski tok kozmičkog gama-zračenja i nemogućnost prolaska
gama-zračenja kroz cijelu atmosferu. Tijekom posljednja tri desetljeća atmosferska Čerenkovljeva
tehnika pokazala se kao moćni alat u astronomiji visokoenergijskog gama-zračenja. Kao što samo
ime govori, Čerenkovljevi teleskopi opažaju gama-zrake posredno, detektirajući kratke bljeskove
Čerenkovljevog zračenja emitiranog u pljuskovima sekundarnih čestica u atmosferi nastalim pri
interakciji primarnih gama-zraka i atmosferskih molekula. Kao sastavni dio detektora, atmosfera
je takod̄er izvor sistematskih pogrešaka. Ekstinkcija Čerenkovljevog zračenja na aerosolima i
oblacima vodi gubitku Čerenkovljevih fotona koje bi teleskopi detektirali u uvjetima čiste atmosfere,
smanjujući prinos Čerenkovljeve svjetlosti i efektivnu površinu. Kao rezultat toga, rekonstruirana
energija i tok gama-zračenja najčešće su podcijenjeni.

Kako bi se istražili učinci oblaka na rekonstrukciju pljuskova čestica induciranih gama-
zračenjem teleskopima CTA, opservatorija za gama-zračenje vrlo visokih energija sljedeće gen-
eracije, generirana je opsežna baza podataka namjenskih Monte Carlo simulacija. Transmisijski
profili u prisustvu oblaka potrebni za Monte Carlo simulacije modelirani su pomoću računalnog
paketa MODTRAN. Učinci oblaka evaluirani su analizom simuliranih podataka i računanjem
funkcija odziva instrumenta za dvije različite analize, ovisno o Monte Carlo simulacijama ko-
rištenim za izradu Random Forest modela (koji se koriste za klasifikaciju primarne čestice koja
je inducirala detektirani pljusak sekundarnih čestica te procjenu njezine energije i smjera): pri-
lagod̄ene Monte Carlo simulacije koje uključuju oblake i standardne Monte Carlo simulacije za
atmosferu bez oblaka.

Istraživanje je pokazalo da se u prisustvu oblaka broj detektiranih dogad̄aja smanjuje, napose u
niskoenergijskom dijelu spektra (i do 90% u usporedbi s opažanjima u čistoj atmosferi), što značajno
povećava energijski prag (za faktor 2 ovisno o karakteristikama oblaka i zenitnom kutu opažanja).
Uporaba prilagod̄enih Monte Carlo simulacija u uzorku za generiranje Random Forest modela daje
energijsku razlučivost usporedivu s onom za čistu atmosferu, što govori da se energija primarne
gama-zrake u prisustvu oblaka može rekonstruirati s jednakom (ne)pouzdanošću kao pri visokoj
atmosferskoj transparentnosti. Med̄utim, dogad̄aji koji nisu detektirani ne mogu se rekonstruirati
niti oporaviti, tako da su efektivna površina, a time i diferencijalna osjetljivost teleskopa, neizbježno
narušene čak i kada se koriste prilagod̄ene Monte Carlo simulacije. Opažanja slabijih izvora postaju
veći izazov kada se suočavamo s gustom (transmisija � 75%) i niskom (� 9 km nadmorske visine)
naoblakom. U takvim uvjetima, diferencijalna osjetljivost je smanjena da na faktor 4 u usporedbi s
onom koja se postiže u uvjetima visoke atmosferske transparentnosti.

Uporaba standardnih Monte Carlo simulacija u uzorku za generiranje Random Forest modela
degradira odziv CTA te uzrokuje znatno podcjenjivanje energije i smanjenu energijsku razlučivost.
U takvim slučajevima dodatno se smanjuju efektivna površina i diferencijalna osjetljivost (čak i za
dodatnih 50% u odnosu na slučaj prilagod̄enih Monte Carlo simulacija). Ipak, za La Palmu gdje se
većina oblaka nalazi iznad 8 km nadmorske visine, oblaci nisu od velike važnosti kada je u pitanju
kutna razlučivost budući da je utjecaj oblaka na rekonstrukciju smjera . 10%, pri čemu nisu uočene



zna�cajne razlike izmēdu standardnih i prilagōdenih Monte Carlo simulacija.

Mo�emo se zapitati do koje mjere je sigurno koristiti standardne Monte Carlo simulacije, a

da bi se pritom postigle performance Random Forest modela na razini sistematskih pogrešaka

pri �cistoj atmosferi. Odgovor na ovo pitanje nije jednostavan s obzirom na veliki broj varijabli,

ali se mo�e dati uz odrēdena ograni�cenja. Kako bismo odgovorili na ovo pitanje, procijenili smo

kako se mijenja rekonstruirana energija istog detektiranog (simuliranog) dogad̄aja u ovisnosti o

tome koriste li se standardne ili prilagod̄ene Monte Carlo simulacije za produkciju Random Forest

modela. Dobivena razlika u rekonstruiranoj energiji uspored̄ena je s CTA zahtjevom A-PERF-2050

koji navodi da sistematske pogreške u mjerenju apsolutnog intenziteta�Cerenkovljevog zra�cenja

moraju biti manje od 8%. Za niske oblake izmed̄u 5 km i 7 km iznad razine mora, sistematske

pogreške u mjerenju energije uvijek su iznad 8% za oblake s transmisijom ni�om od 95%. U slu�caju

visokih oblaka (� 13km iznad razine mora), standardne Monte Carlo simulacije mogu se sigurno

koristiti za energije iznad 150 GeV bez obzira na transmisiju oblaka te na cijelom energijskom

rasponu za transmisije� 80%. Ispod navedene energije u�cinci oblaka obi�cno su ja�ci, a sustavne

nesigurnosti rastu iznad 8%. Što su oblaci viši, to se u više slu�cajeva mogu koristiti standardne

Monte Carlo simulacije, naravno u ovisnosti o energiji gama-zrake. Tako se na primjer standardne

simulacije mogu sigurno koristiti samo za energije iznad 1 TeV i 10 TeV za oblake na 11 odnosno

9 km iznad razine mora.

Metoda prilagōdenih Monte Carlo simulacija testirana je na podacima Maglice Rakovica priku-

pljenima pri zajedni�ckim opa�anjima teleskopa LST-1 i MAGIC u uvjetima slabe do jake naoblake,

pri �cemu su popratna LIDAR mjerenja korištena za identi�kaciju oblaka i modeliranje atmosferskih

pro�la potrebnih za Monte Carlo simulacije. Razli�citi parametri, uklju�cujući osnovne parametre

koji opisuju sliku u kameri, usporēdeni su izmēdu Monte Carlo simulacija i stvarnih podataka

potvrd̄ujući dobro slaganje. Takōder su izra�cunati osnovni parametri koji karakteriziraju odziv

teleskopa. Studija je pokazala da se za opa�anja pri niskom zenitu osjetljivost sustavno smanjuje pri

energijama do 1 TeV - za faktor 3 na energijskom pragu ili manje pri višim energijama, u usporedbi

s osjetljivoš́cu u �cistoj atmosferi. Unato�c tim u�cincima, odziv teleskopa ostaje na prihvatljivoj

razini u skladu sa zahtjevima konzorcija CTA ili�cak na razini usporedivoj s promatranjima za�cistu

atmosferu. Prilagōdene Monte Carlo simulacije daju realisti�cne spektralne parametre i dobiveni

spektar dobro se sla�e s referentnim spektrom. Naprotiv, u slu�caju kada se standardne Monte Carlo

simulacije koriste za generiranje Random Forest modela, spektar je zna�cajno podcijenjen�cak i pri

najvišim energijama (do� 40%).

Va�no je napomenuti da ovakav pristup zahtijeva velike ra�cunalne resurse. U najboljem slu�caju

razli�cite Monte Carlo simulacije moraju se generirati na dnevnoj bazi, a naj�ceš́ce i na bazi jednog

opa�a�ckog ciklusa (u trajanju od 20 minuta). U mnogim slu�cajevima metode korekcije mogu dati

usporedivu izvedbu te bi se trebale koristiti ako za to postoje indikacije. Med̄utim, prilagōdene

Monte Carlo simulacije nezaobilazan su alat u slu�cajevima kada se opa�aju varijabilni izvori u

uvjetima promjenjive naoblake, na primjer oblaci koji prolaze kroz vidno polje teleskopa�cija je

varijabilnost kráca od varijabilnosti vremenskih uvjeta. U takvim slu�cajevima teško je razlikovati

u�cinke oblaka od intrinzi�cne varijabilnosti izvora te se klasi�cnim metodama korekcije ne mo�e

rekonstruirati stvarni spektar. Zbog trajanja simulacija i ograni�cenih ra�cunalnih resursa prilagōdene



Monte Carlo simulacije nisu zamišljene kao dio standardne analize, već bi se trebale izvoditi

na zahtjev korisnika (voditelja opa�a�cke smjene, osobe zadu�ene za analizu na licu mjesta, tzv.

onsiteanalizu, ili drugih) u slu�cajevima kada se ocijeni da klasi�cna metoda korekcije podataka nije

primijenjiva. U takvom je slu�caju jedini nestandardni ulazni parametar za Monte Carlo simulacije

odgovarajúci atmosferski pro�l izveden iz, na primjer, LIDAR mjerenja.

Klju �cne rije�ci:

atmosferski�Cerenkovljevi teleskopi; CTA; LIDAR; Maglica Rakovica; oblaci; teleskop LST-1;

teleskopi MAGIC
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SBG . . . . . . . . . . . . . . . . . . starburst galaxy

SED . . . . . . . . . . . . . . . . . . spectral energy distribution

SNR . . . . . . . . . . . . . . . . . . supernova remnant

SR . . . . . . . . . . . . . . . . . . . synchrotron radiation

SSC . . . . . . . . . . . . . . . . . . synchrotron self Compton

SST . . . . . . . . . . . . . . . . . . Small-Sized Telescope

TIB . . . . . . . . . . . . . . . . . . . Trigger Interface Board

US1976 . . . . . . . . . . . . . . . . . U.S. Standard Atmosphere 1976

UV . . . . . . . . . . . . . . . . . . . ultraviolet

VHE . . . . . . . . . . . . . . . . . . very-high-energy

WIMP . . . . . . . . . . . . . . . . . Weakly Interacting Massive Particle





Foreword

This thesis aims to quantify the effects of clouds on the Imaging Atmospheric Cherenkov Technique

in general and the Northern Cherenkov Telescope Array, the future ground-based observatory

for very-high-energy gamma-ray astronomy, in particular. In recent years, several research have

been carried out to investigate the effects and role of the atmosphere in the Imaging Atmospheric

Cherenkov Technique. A few studies have investigated the effects of clouds and aerosols on the

performance of Cherenkov telescopes. However, the previous studies were mainly conducted

with relatively crude and simple cloud models. While these models served as valuable tools for

initial investigations, they lacked the comprehensive depth and precision required for a detailed

understanding of the effects of clouds on the Imaging Atmospheric Cherenkov Technique. What dis-

tinguishes this work from others is the careful integration of clouds into the simulations of extensive

air showers by precise modeling of atmospheric transmission pro�les (including clouds) needed

for Monte Carlo simulations, a valuable and unavoidable tool in the analysis of the Cherenkov

telescope data. This approach not only re�nes the accuracy of the study but also extends the scope

of our understanding and paves the way for a method that allows reliable reconstruction of data

even in the presence of low cloud layers with low transmission. The Monte Carlo simulations

and the transmission pro�les can be tuned to realistic conditions during the observations if the

observations are accompanied by appropriate atmospheric transmission measurements. Therefore,

the performance of the joint observations of LST-1 and MAGIC telescopes in the presence of clouds

is evaluated by analyzing the Crab Nebula data. For this purpose, dedicated transmission pro�les

were created based on the simultaneous measurements of atmospheric transmission with the Light

Detection and Ranging system.

The thesis is structured as follows:

• Chapter 1 brie�y introduces the reader to the �eld of cosmic rays and ground-based very-

high-energy gamma-ray astronomy. The detection technique used in the thesis is explained in

detail and the instruments used for the observations on which the work is based are described.

• Chapter 2 describes the atmosphere in general and its in�uence on the measurements with

the Imaging Atmospheric Cherenkov Technique. The reader is introduced to the state-of-

the-art band model algorithms and atmospheric pro�le modeling, presenting atmospheric

conditions modeled for this work. An overview of previous studies on the in�uence of clouds
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on the Imaging Atmospheric Cherenkov Technique is given.

• Chapter 3 gives an introduction to the software used to produce Monte Carlo simulations of

extensive air showers and telescope response and provides the speci�c parameters used for

the simulations.

• Chapter 4 provides a comprehensive overview of the analysis technique used and the

results of the analysis aimed at investigating the in�uence of clouds on the reconstruction

of the arrival direction and primary energy of gamma-ray-induced air showers detected by

the Northern Cherenkov Telescope Array. The analysis is compared between two types

of Random Forest models: one created with the standard Monte Carlo simulations (clear

atmosphere) and the other created with the adaptive Monte Carlo simulations (including

clouds).

• Chapter 5 presents a comparative analysis between adaptive Monte Carlo simulations

(generated based on the knowledge of atmospheric conditions from the Light Detection and

Ranging system measurements) and the real data. The performance of the joint observations

of LST-1 and MAGIC in the presence of clouds is evaluated by analyzing data from the Crab

Nebula. The chapter concludes with a comprehensive spectral and temporal analysis of the

Crab Nebula data taken in the presence of clouds.



CHAPTER 1

The atmosphere as a detector

The universe is a complex web of high-energy phenomena in which astrophysical sources release

colossal amounts of energy that exceed the limits of conventional understanding of electromagnetic

radiation. Gamma rays reaching into the teraelectronvolt and even petaelectronvolt range offer

unique insights into the most extreme and cataclysmic events in our universe. In this opening chapter,

we explore very-high-energy gamma rays and the Imaging Atmospheric Cherenkov Technique,

which has revolutionized our understanding of these cosmic messengers.

1.1 Cosmic rays

In 1785, the French physicist Charles-Augustin de Coulomb presented a report on a series of

experiments which proved that a spontaneous discharge of isolated electri�ed bodies was not due

to poor insulation but to an external cause (de Coulomb, 1785). In 1879, William Crookes, a

British chemist and physicist, observed that the rate at which an electroscope loses its charge

decreases with decreasing pressure (Crookes, 1879). Later, at the beginning of the 20th century,

radioactivity and its ability to ionize the air were discovered by Henri Becquerel, Marie Sk�odowska

Curie, and Pierre Curie (Becquerel, 1896; Sherman, 1970; Curie, Curie and Bémont, 1898). These

groundbreaking discoveries prepared the base for a more detailed study of the conductivity of air,

but also erroneously supported the view that ionizing radiation originates in the Earth's crust.

In 1901, Charles Wilson, a Scottish physicist, suggested that the origin of ionization might be

extremely penetrating extraterrestrial radiation (Wilson, 1901). Although this idea was dropped for

many years because Wilson's experiments failed, subsequent experiments by the Italian Domenico

Pacini and the Austrian Victor Hess led to the discovery of the radiation now known as cosmic

rays (CRs). Pacini investigated, among other things, the rate of ionization both on land and

underwater. He shielded an electroscope in a copper box and submerged it 3 m under water. He

found that the ionization rate decreased by 20% (Pacini, 1909, 1911, 1912). The result argued

for an extraterrestrial origin. Between 1911 and 1913, Hess made a series of balloon �ights and

discovered that the ionization rate was many times higher at an altitude of several kilometers than

on the ground. One particularly important �ight took place on April 17, 1912, during a total

solar eclipse, in the time of which the ionization rate did not decrease (Hess, 1912, 1913). Hess

concluded that the radiation had to come from above. His discoveries were con�rmed in 1925 by

Robert Millikan, who coined the term cosmic rays.
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(a) (b)

Figure 1.1: a) The �uxes of the main primary CRs nuclei as obtained from different experiments (Beringer
et al., 2012). b) The energy spectrum of cosmic rays. Credits: 10.5281/zenodo.2360277.

Since then, considerable progress has been made in understanding various properties of CRs

such as their extensive energy range, composition, and �ux. However, some questions remain

unanswered or only partially answered, including the sources and origin of ultra-high-energy CRs

and the acceleration mechanisms. Understanding the origin and acceleration mechanisms of CRs is

important for expanding our knowledge of the universe and has practical implications, such as the

development of new technologies for space exploration and radiation protection.

1.1.1 Spectrum and chemical composition

Cosmic radiation at the top of the atmosphere consists of primary and secondary particles. Primary

CRs, such as protons, helium nuclei, electrons, and other nuclei produced in stars, e.g., carbon,

oxygen, and iron, are the particles accelerated in astrophysical sources. In addition, CRs can interact

in accelerating regions, producing secondary charged and neutral particles such as neutrinos, gamma

rays, and nuclei such as lithium, beryllium, and boron (Figure 1.1a). A small fraction of antiprotons

and positrons is probably of secondary origin as well. Electrons and positrons must be of galactic

origin because they cannot reach intergalactic distances due to energy loss by Compton scattering.

It is interesting to note that the measured positron-electron ratio (Figure 1.2a) increases at energies

above 10 GeV. This ATIC peak (from Advanced Thin Ionization Calorimeter (Wefel, 2001)),

observed between 0.1 TeV and 1 TeV, could possibly be explained by the presence of nearby

pulsars or the decay of dark matter (Chowdhury, Vempati and Jog, 2011). A similar phenomenon is

observed for the antiproton-to-proton �ux ratio (Figure 1.2b): above 20 GeV a plateau is reached,

which is dif�cult to explain with the currently available knowledge.

The relative abundance of CRs at the top of the atmosphere, which is remarkably similar to the

chemical composition of the solar system but also has important differences, is shown in Figure 1.3.
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(a) (b)

Figure 1.2: a) The inset shows the positron-to-electron �ux ratio measured at the top of the atmosphere (the
PAMELA experiment) compared to the expected decrease (shaded area) (Beringer et al., 2012). The main
plot presents the differential spectrum of electrons and positrons folded by� 3. b) The antiproton-to-proton
�ux ratio at the top of the atmosphere (Picozza and Sparvoli, 2011).

The peak in C, N, O, and Fe composition indicates that many of the CR nuclei must be of stellar

origin. An even-odd effect related to the relative stability of the nuclei according to their atomic and

mass numbers is visible in both the cosmic and solar chemical compositions. The excess of (Li, Be,

B) and (Sc, Ti, V, Mn) in the chemical composition of CRs compared to their relative abundance

in the solar system is due to the spallation of (O and N) and (Fe and Ni) nuclei, respectively. The

relative underabundance of H and He is not yet fully understood, but it could either re�ect the

primordial composition of the sources of CR or be due to the fact that heavier elements are more

readily ionized (Bergström and Goobar, 2006).

At energies up to� 10 TeV, the �ux of CRs is suf�cient to perform direct observations. Above

these energies, and especially above 1 PeV, the composition of CRs is determined by indirect

observations. The �ux of CRs decreases steeply with energy, ranging from 1 particle m� 2 s� 1 at

109 eV to 1 particle m� 2 yr� 1 at1015 eV to 1 particle per century per km2 at1020 eV. The energy

spectrum of CRs, which spans over 13 decades in energy, is described by a broken power law:

d#
d�

/ � � U– (1.1)

with the spectral indexU being dependent on the energy region:

U=

8>>>>><

>>>>>
:

2•65– � Ÿ 1016 eV–

3•10– 1016 eV Ÿ � Ÿ 1018 eV–

2•70– � ¡ 1018 eV•

(1.2)

Different slopes indicate three distinct regions in the CRs spectrum, i.e., two transition points

(Figure 1.1b): the �rst, calledknee, at energies of� 1015 eV, and the second, theankle, at energies

of � 1019 eV. Particles with energies below and around the knee of the CR spectrum are thought to
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Figure 1.3: The relative abundance of CRs at the top of the atmosphere compared to the chemical composition
of the solar system.

be accelerated primarily in astrophysical objects within our galaxy, such as supernova remnants

(De Angelis and Mallamaci, 2018). The ankle, on the other hand, is considered a transition region

between galactic and extragalactic acceleration sources. The changes in the spectral index in the

knee region suggest that there are at least two distinct sources of cosmic rays. While it stands to

reason that the bulk of the particles are galactic in origin, the particles with the highest energies must

be extragalactic, since there are no such strong sources in the Milky Way galaxy and their arrival

directions are highly isotropic. However, it is a puzzle how these particles can travel enormous

distances without being subject to the Greisen-Zatsepin-Kuzmin cutoff (Greisen, 1966; Zatsepin

and Kuz'min, 1966).

The chemical composition of the cosmic radiation of the highest energies (¡ 1 EeV) is almost

completely unknown given the extremely low �ux of only one particle per 100 km2 per century.

Low-energy CRs originating from outside the solar system are modulated by the solar wind, which

slows them down and partially excludes them from the spectrum. Hence, CRs below 10 GeV must

originate from the Sun. In addition, the �ux of low-energy CRs is modulated by solar activity

within the 11-year solar cycle and is affected by the geomagnetic �eld. Therefore, the intensity

of the individual components of the CRs in the GeV range depends on both the location and the

timing of the measurement. Above 30 GeV, where the in�uence of the geomagnetic and solar

magnetic �elds is small, due to diffusive propagation in the galactic magnetic �eld the CRs arrive

isotropically to the Earth (Beringer et al., 2012).

1.1.2 Acceleration of cosmic rays

The characteristic shape of the CR spectrum associated with the extraordinary energies contradicts

any explanation that these energies are due to thermal phenomena. This suggests that the observed

cosmic rays have undergone an acceleration process. Most likely, CRs are accelerated in the



1.1 Cosmic rays 7

electromagnetic �elds surrounding astrophysical sources or the interstellar medium (Bell, 2013).

Second-order Fermi acceleration

In 1949, Enrico Fermi proposed a mechanism in which CR particles of mass< are scattered by

randomly moving magnetic mirrors of mass" � < (Fermi, 1949; Gaisser, Engel and Resconi,

2016; De Angelis and Pimenta, 2018). Magnetic mirrors correspond to irregularities in the galactic

magnetic �elds due to clouds of interstellar matter (i.e., plasma) whose density is greater than the

density of the surrounding material. The particles gain energy in head-on interactions and lose

energy in tail-on interactions. When a magnetic mirror moves isotropically with an average velocity

E, the average energy gain per collision (in statistically more frequent frontal collisions) is:

�
� �
�

�
/

�
E
2

� 2

– (1.3)

where2 is the speed of light in vacuum. The mechanism is known as second-order Fermi accelera-

tion. Although the mechanism explains well the power-law shape, the predicted energy gain is slow

( E
2 Ÿ 10� 4 typically), and the mean free path length is of the order of 0.1 pc1, too small to explain

the observed CR spectrum.

First-order Fermi acceleration

An inherent limitation of Fermi's initial concept lay in the gradual and inef�cient acceleration it

offered, providing only$ ¹E2º energy gains at each collision, which hindered its effectiveness. A

more ef�cient mechanism, the �rst-order Fermi acceleration or diffuse shock acceleration, was

introduced by Fermi in 1954 and discussed by many other authors (Gaisser, Engel and Resconi,

2016; De Angelis and Pimenta, 2018; Axford, 1981). The acceleration is based on the propagation

of strong shock waves through the interstellar medium at supersonic speeds. Two regions are

considered: theupstream region, which is the medium ahead of the shock front that is not perturbed

by the shock, and thedownstream region, which is a perturbed region behind the shock front. Due

to accretion in the upstream region, the shock front is faster than the downstream region.

The particles are accelerated when they cross the shock front. Suppose the shock front is

moving through the medium with velocityE. In the rest frame of the shock front, the upstream

gas moves toward the shock front with velocityE1 = jEj, while the downstream gas recedes with

velocity E2. The relationship between these two velocities isE2 = 0•25� E1. When observed from

reference frames in which either the upstream or downstream gas is at rest, the gas in the opposite

region appears to be moving toward the shock front with a velocity of0•75� jEj. After a charged

particle from the upstream region enters the shock and passes the shock front, it is scattered by the

magnetic �eld inhomogeneities in the downstream region. The particles leaving the downstream

region also leave the acceleration process and contribute to the CR spectrum. Particles that re-cross

the shock front experience further acceleration. In the rest frame of the particle, as the particle

crosses the shock front from downstream to upstream, it approaches the upstream region with a

velocity of0•75� jEj. Consequently, the particle always gains energy as it crosses the shock front.

1The parsec (pc) is the distance at which 1 astronomical unit (au) subtends an angle of one arcsecond.
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Figure 1.4: The Hillas plot with constraints due to geometry and radiation losses for a) 10 TeV protons and
b) 10 TeV iron nuclei, with the following abbreviations: central parsecs (AD) of active galaxies: Seyfert
galaxies (Sy), radio galaxies (RG) and blazars (BL); knots (K); hot spots (HS) and lobes (L); gamma-ray
bursts (GRB); neutron stars (NS); anomalous X-ray pulsars and magnetars (AXP); supermassive central
black holes (BH). (Ptitsyna and Troitsky, 2008)

The particle experiences an increase in energy proportional toE
2 :

�
� �
�

�
/

E
2

• (1.4)

In astrophysical environments, �rst-order Fermi acceleration is thought to play a crucial role

in the acceleration of cosmic rays. These are high-energy particles that travel through space and

interact with the magnetic �elds of stars and galaxies. The most probable sites of acceleration are

non-relativistic shocks produced by supernova explosions and their remnants (Ptuskin, Zirakashvili

and Seo, 2010). This mechanism is also thought to play a role in the acceleration of particles

in solar �ares and in the production of relativistic jets from active galactic nuclei. According to

Ptitsyna and Troitsky (2008), a particle accelerator should satisfy several general conditions:

• the particle is accelerated only if it is in the acceleration region of the source,

• the source should have the required amount of energy to accelerate the particle,

• the radiation and interaction energy losses should not exceed the energy gain,

• the ensemble of sources should reproduce the observed CR spectrum.

The maximum energy that can be achieved during acceleration can be estimated using simple

principles. The particles will escape when their gyroradiusAexceeds the physical size' of the

accelerator. This maximum energy� that can be reached during acceleration is calculated using

the Hillas criterion (Hillas, 1984)� � @� � � ' , where@is the particle charge and� is the magnetic

�eld of the accelerating region. The Hillas plot (Figure 1.4) shows the size of potential CRs sources

as a function of the strength of the magnetic �eld.
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Figure 1.5: Most signi�cant processes for the production of gamma rays and extensive air showers.Top
panels, from left to right: Compton scattering, synchrotron radiation, bremsstrahlung.Bottom panels, from
left to right: pair production, pion decay.

Photons have proven crucial for probing the most extreme cosmic phenomena, as charged

particles are de�ected by galactic and intergalactic magnetic �elds, losing directional information.

Other possible astronomical messengers include neutrinos and gravitational waves. Neutrinos are

uncharged but weekly interacting particles that require an enormous amount of dense material to

be detected, while gravitational waves require extremely sensitive detectors and are dif�cult to

detect, making gamma rays the most suitable information carrier to date. Gamma rays span 16

orders of magnitude in the energy spectrum (from 105 eV to 1020 eV), more than the rest of the

electromagnetic spectrum. Different techniques and instruments are therefore required to study

gamma rays in detail. In the very-high-energy (VHE,& 100GeV) range both the low �ux of gamma

rays and the high atmospheric opacity makes direct observations dif�cult. Therefore, researchers

rely on indirect detection methods such as the Imaging Atmospheric Cherenkov Technique (IACT),

air shower arrays or Water Cherenkov detectors (see e.g. Bose et al. (2021) or Sitarek (2022) for a

review).

1.2 Gamma rays production mechanisms

The basic concepts of gamma rays production mechanisms (Figure 1.5) can be divided into two

main groups:Bottom-up models, in which the generation of gamma rays is due to the acceleration

of charged particles from astrophysical sources (Weekes, 2003; Grieder, 2010), andtop-down

models, in which gamma rays are attributed to the decay of exotic particles (Bertone et al., 2007;

De Angelis and Mallamaci, 2018).
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1.2.1 Bottom-up scenarios

Inverse Compton scattering

Inverse Compton scattering (IC) is the process by which a low-energy photon is scattered by a

high-energy electron. The process is called inverse because, unlike the standard Compton effect,

the electrons lose energy, not the photons. The process is important when low-energy photons

interact with high-energy electrons. Two regimes can typically be distinguished:

1. the Thomson regime when the energy of the photon is less than the energy of the rest mass

of the electron< 4, i.e. W�W¹1� E
2 cos\ º Ÿ < 422:

f ) =
44

6cn0< 2
424

– (1.5)

2. the Klein-Nishina regime when the energy of the photon exceeds the energy of the rest mass

of the electron in the rest frame of the electron, i.e.� W¡ < 422:

f  # =
3
4

f )

�
1¸ G
G3

�
2G¹1¸ Gº

1¸ 2G
� log¹1¸ 2Gº

�
¸

1
2G

log¹1¸ 2Gº �
1¸ 3G

¹1¸ 2Gº3

�
– (1.6)

wheren0 = 8•854� 10� 12 F m� 1 is the vacuum permittivity,2 = 3� 108 m s� 1 is the speed of light,

G= �a
< 422 , Wis the relativistic Lorentz factor of the electron, and� Wis the initial energy of a photon.

At low energies (G� 1), the effective cross-section for the inverse Compton process asymptotically

approaches the Thomson regime. The energy of the scattered photon is given by:

� ' 6•5
�

� 4

1 TeV

� 2 � W

MeV
GeV• (1.7)

The Thomson regime applies in general to the interactions of electrons with the photons of the

cosmic microwave background radiation (Grieder, 2010).

Synchrotron radiation

Charged particles moving at relativistic speeds and driven by magnetic �elds emit electromagnetic

radiation known as synchrotron radiation (SR) as they orbit around magnetic �eld lines. A

continuous spectrum of radiation is emitted in a conical pattern with an angle of\ = 1
W, whereWis

the Lorentz factor. The rate of energy loss due to SR is given by:

�
d�
dG

=
244

3< 2
424

W2� 2 ergs cm� 1– (1.8)

where4= 1•602�10� 19 C is the elementary charge,< 4 = 9•109�10� 31 kg is the mass of an electron,

� is the strength of the magnetic �eld, and2 is the speed of light. The SR emission spectrum falls

off steeply beyond a critical frequency,l 2:

l 2 =
3
2

4�
< 42

W2sin\• (1.9)
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The critical frequency of SR depends on the rest mass of the particle as1•< 3. Therefore, the

observed SR is generally considered to be leptonic. However, the classical SR is not capable of

producing high-energy gamma rays unless it is from sources with extremely strong magnetic �elds,

such as pulsars, and it serves as a target for other processes. The energy emitted by an electron

from SR is (De Angelis and Mallamaci, 2018):

� = 0•2
�

10 ` G

�
� 4

1 TeV

� 2

eV– (1.10)

where� 4 is the rest energy of an electron. There is another similar process called curvature radiation.

Here the radiation is emitted by electrons following the curved magnetic �eld lines. Both SR and IC

can occur in the same astrophysical source. Speci�cally, in such a source, ultra-relativistic electrons

are accelerated in a magnetic �eld, resulting in the emission of photons in a broad spectrum ranging

from the infrared to the X-ray band. These emitted photons subsequently interact by Compton

scattering with the electrons responsible for their production, leading to an increase in their energy.

This process is called Synchrotron Self Compton (SSC).

Pion decay

Hadronic processes, such as?? collisions or?Winteractions, can also lead to the emission of

photons through the production of neutral pions. Neutral pionsc0 are unstable particles with a

lifetime of 8•4� 10� 17 s that can decay into gamma rays. The primary decay mode of a neutral pion

(with a branching ratio of 0.98823) is:

c0 ! W̧ W– (1.11)

and the second most common decay mode (with a branching ratio of 0.01174):

c0 ! W̧ 4¸ ¸ 4� • (1.12)

1.2.2 Top-down scenarios

Another mechanism responsible for the production of gamma rays would be the annihilation of dark

matter particles (DM), such as weakly interacting massive particles2 (WIMPs). Such gamma rays

could have sharp spectral features, such asWWor /W annihilation lines. However, since WIMPs are

electrically neutral, these processes are loop-suppressed and therefore likely rare. Another process

implies the annihilation of two WIMPs to form quark or lepton pairs, which could give rise to

secondary neutral pions. The expected �ux of gamma rays from annihilation processes is given by

(De Angelis and Mallamaci, 2018):

� =
1

4c
hf annai

2< 2
DM

d#
d�

¹

�

d2

DMd;¹
 º– (1.13)

2A WIMP is a hypothetical particle with a large mass (10 or 100 times the mass of a proton) that interacts by
gravitational force but interacts only weakly with ordinary matter and moves through it without being decelerated.
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Figure 1.6: Images of quasar Mrk 231 (left), GRB 190114C (center, artist's impression) and SBG NGC 253
(right). Credits: European Space Agency, National Aeronautics and Space Administration.

wherehf annai is the annihilation rate (i.e. the velocity-weighted annihilation cross section) of DM

particles of mass< DM , d#
d� is the differential gamma-ray �ux per annihilation event,d2

DM is the

boost factor (i.e., the line-of-sight integral of squared DM density).

1.3 Astrophysical gamma-ray sources

The processes described in section 1.2 can occur in different astrophysical sources. The following

sections give a brief overview of the identi�ed gamma-ray sources, sorted according to their

extragalactic (Figure 1.6) or galactic (Figure 1.7) nature.

1.3.1 Extragalactic sources

Active Galactic Nuclei Active galactic nuclei (AGNs) consist of a central supermassive black

hole and an accretion disk composed of gas and dust. The disk is enveloped by a dust torus, a

donut-shaped region known as the obscuring torus. Above and below the accretion disk are two

absorption regions: theBroad Line Regionand theNarrow Line Region, which are extended regions

of broad and narrow emission lines from different parts of the AGN core. The conversion of

gravitational energy into the kinetic energy of accreting material leads to the ejection of matter in

the form of two, highly collimated relativistic jets of plasma. A typical non-thermal broadband

spectrum of an AGN shows two bumps (Maraschi, Ghisellini and Celotti, 1992; Dermer and

Schlickeiser, 1993; Maraschi and Tavecchio, 2003; Ghisellini, Tavecchio and Ghirlanda, 2009):

the low-energy bump (from the optical band to the X-ray band), modeled by synchrotron emission

from relativistic electrons in the jets, and the high-energy bump (from X-rays to VHE gamma

rays), which is explained by IC of low-energy photons, either by SSC or, alternatively, the photons

originate from an external radiation �eld, a model known as external Compton (EC). Hadronic

models have also been proposed to explain the VHE radiation from AGNs (Cerruti et al., 2015).

The brightest AGNs exceed the combined light of the billions of stars in the galaxies.

Starburst galaxies Starburst galaxies (SBGs) are a type of galaxy characterized by a very high

star formation rate (� 103 times higher than in normal galaxies like the Milky Way). They are

formed by collisions of galaxies or by the disturbance of the dynamical equilibrium of interstellar

gas. Radiation from such objects is dominant in the optical and infrared regions, indicating high

concentrations of gas and radiation in localized regions. Observations show hadronic-dominated
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Figure 1.7: Left: Image of Crab Nebula SNR taken by the Hubble telescope. Credits: European Space
Agency, National Aeronautics and Space Administration.Right: Image of a binary system PSR B1259-63
taken by the Chandra X-Ray observatory (upper panel is an artistic impression of a binary system). Image
taken from:https://chandra.harvard.edu/photo/2015/psrb1259/ .

gamma-ray emission up to several TeV, with gamma-ray emission originating mainly from??

interactions between CRs and the particles of the surrounding gas and the subsequent decay of

neutral pions. Although hadronic processes dominate gamma-ray emission, there is also some

contribution from bremsstrahlung and IC emission of primary and secondary electrons. To date,

two SBG VHE gamma-ray sources have been discovered: NGC 253 (Abramowski et al., 2012;

Abdalla et al., 2018) and M 82 (Acciari et al., 2009).

Gamma-ray bursts Gamma-ray bursts (GRBs) are the brightest known sources of electromag-

netic radiation in the universe. They are sudden bursts of radiation lasting from milliseconds to

thousands of seconds. The emission from GRBs occurs in two phases, a short, prompt emission

phase that typically lasts tens of seconds, and a second, longer afterglow phase. During the af-

terglow, the shock-like out�ow produced by the interaction between the ejected material and the

circumburst medium slows down, resulting in a gradual decrease in brightness. GRBs typically

emit most of their energy in the form of gamma rays with energies in the keV to MeV range, but a

few photons with energies of tens of GeV have also been detected by space-based instruments. The

�rst TeV emission from GRB was announced in 2019 by the HESS collaboration (Abdalla et al.,

2019), and followed by the MAGIC collaboration (Acciari et al., 2019).

1.3.2 Galactic sources

Supernova remnants A supernova is the explosion of a massive star in which a collapsed stellar

core forms a neutron star or black hole, while the outer layers of stellar material are ejected into

interstellar space, forming a supernova remnant (SNR). The ejected material, which expands as a

result of the explosion, penetrates the interstellar material and creates a shock wave. Under typical

interstellar conditions, where the density is about 1 protoncm� 3, it takes about a millennium for 10
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solar masses of material moving at a speed of 5000 km s� 1 to accumulate an equivalent mass of

interstellar material. This period corresponds to the characteristic duration of supernova expansion,

during which most of the particle acceleration takes place. In the context of �rst-order Fermi

acceleration and these conditions, the highest achievable particle energy is limited to less than

I � 30TeV at a magnetic �eld strength of 3̀G in the interstellar medium (Weekes, 2003; Dermer

and Powale, 2013). This process yields a power-law energy spectrum with a spectral index of

� 2•0, consistent with the intrinsic spectrum, given the effects of cosmic-ray propagation within

the galaxy, which can lead to a slight steepening of the spectral index, around� 0•6, resulting in a

�nal observed index of� 2•7 for the local cosmic-ray spectrum. Cosmic ray ions and electrons can

interact with target particles (the ejected mass, the suspended mass, or the gas of the interstellar

medium) to produce gamma rays by secondary nuclear production or bremsstrahlung (Weekes,

2003). In addition, relativistic electrons can shift photons of the surrounding radiation �elds into

the gamma-ray region by Compton scattering.

Pulsars and pulsar wind nebulae Pulsars are very compact, highly magnetized (108-1011 T),

and rapidly spinning neutron stars formed from the collapse of the core of exploding massive stars.

As the neutron star spins, charged particles are ripped away from its surface and accelerated along

the magnetic �eld lines. This creates intense electromagnetic radiation, ranging from radio to

gamma rays. Due to the misalignment of the magnetic and rotational axes, the radiation beam

emanating from a particular region in the magnetosphere sweeps across the line of sight in a regular

pattern, causing the observed pulsations. These pulses can occur at incredibly large frequencies,

sometimes up to hundreds of times per second, making pulsars some of the most accurate natural

clocks known to science. The primary radiation mechanism is synchrotron and curvature radiation

produced by relativistic electrons and positrons trapped in the magnetosphere of the pulsar, near

the magnetic poles (Ruderman and Sutherland, 1975; Daugherty et al., 1982), or in the outer

gaps (Arons et al., 1979; Harding et al., 2008; Hirotani, 2008; Cheng et al., 1986). The �rst

pulsar emitting in the VHE gamma-ray region was con�rmed by the observations of the MAGIC

collaboration in 2008 (Aliu et al., 2008). Driven by the rotational energy of the rapidly spinning

pulsar, a strong, ultra-relativistic stream of particles is ejected from the young pulsar. When these

particles collide with the surrounding medium, a Pulsar Wind Nebula (PWN) is formed. The

point of interaction serves as the birthplace of violent shock waves that lead to the acceleration of

particles to energies of several hundred TeV, mainly through the process of IC scattering involving

electrons with energies from 1 to 100 TeV. The �rst detection of photons of highest energy beyond

100 TeV from the Crab Nebula in 2019 by the ASWobservatory in Tibet (Amenomori et al., 2019)

opened the possibility that sub-PeV electrons may scatter from the low-energy cosmic microwave

background (CMB) photons in the Crab Nebula.

Binary systems Binary systems detected in the VHE range can be divided into four classes

(Dubus, 2015; Chernyakova and Malyshev, 2020): Gamma-ray binaries driven by the rotation of

a pulsar, microquasars driven by the accretion of matter onto a black hole or neutron star, novae

where the energy results from the thermonuclear runaway of a white dwarf, and colliding wind
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Figure 1.8: Schematic of the development of electromagnetic (left) and hadronic (right) air showers. Note
that a hadronic shower consists of hadronic, muonic and electromagnetic components.

binaries, where the energy is produced by the stellar winds of massive stars. By October 2023,

a total of 11 binary systems have been discovered. Unlike microquasars, where the non-thermal

emissions are caused by relativistic jets, the radiative output of pulsar binaries is triggered by

the interaction between the pulsar wind and the stellar wind emanating from a main sequence

companion star. The best-known example of a pulsar binary system is PSR B1259-63 (Aharonian

et al., 2005; Chernyakova and Malyshev, 2020), a pulsar in a 3.4-year orbit around a massive Be

star LS 2883. The system emits gamma rays only during the periastron passage when the pulsar

crosses the disk of the star.

1.4 Extensive air showers

Extensive Air Showers (EASs) are cascades of secondary particles produced by high-energy CRs

interacting with the atmosphere. When a CR enters the atmosphere, it collides with molecules

and produces a shower of secondary particles, including electrons, positrons, photons, and various

types of mesons (Figure 1.8) (Stanev, 2010). These secondary particles continue to interact with

molecules in the atmosphere, producing more secondary particles that can spread over large areas

and reach the ground. EAS events can be detected and studied by their effects on the atmosphere and

by ground-based detectors. Depending on the type of particles that triggered an EAS, a distinction

is made betweenhadronicandelectromagneticshowers. Before we get into the details of their

development, let us describe the relevant interaction processes and some frequently used terms.

Screening energy The screening is the dumping of the Coulomb �eld of the nuclei by the atomic

electrons. At very low energies, screening can be safely neglected, while at higher energies it

becomes more effective. At energies� � scr, the screening is considered complete and de�ned as:

� scr =
< 422

U/ 1•3
– (1.14)
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where< 422 = 0•51MeV is the rest mass energy of the electron,U= 1
137 is the �ne structure constant,

and/ is the atomic number of the medium. In the air, for which/ ' 7•4 holds on average, the

screening energy is 36.5 MeV.

Critical energy At low energies, electrons in the medium lose their energy mainly by ionization.

The critical energy� crit is at which an electron loses equal amounts of energy per unit of radiation

length through ionization and radiation. For� Ÿ � crit the most important mechanisms of the

multiplication processes are Compton scattering and collisions, which produce electron-ion pairs of

very low energy. In gaseous media, the critical energy is given by:

� crit �
710

/ ¸ 0•92
– (1.15)

expressed in units of MeV, where/ is the atomic number. In air,� crit = 84MeV.

Bremsstrahlung Bremsstrahlung or braking radiation is electromagnetic radiation emitted by

free electrons that are accelerated in the Coulomb �eld of the atomic nucleus. The electron

traveling through matter is de�ected by the nucleus. This de�ection causes a deceleration of the

electron which, at the expense of its kinetic energy, emits a photon. In air� crit ¡ � scr, complete

screening applies. In the case of complete screening and for very high energies, the bremsstrahlung

cross-section as a function of the energy: of the emitted photon is (Tsai, 1974; Grieder, 2010):

df br

d:
=

4UA2
4

:

� �
4
3

�
4
3

H¸ H2
� �

/ 2¹! A03 � 5¹/ ºº ¸ / ! 0
A03

�
¸

1
9

¹1� Hº¹/ 2 ¸ / º
�
– (1.16)

whereH= :
� 4

is the fraction of electron's energy� 4 transferred to the photon,U is the �ne structure

constant,/ is the atomic number,A4 is the classical radius of the electron,5¹/ º is the Coulomb

correction:

5¹/ º = U2/ 2
�

1
1¸ U2/ 2

¸ 0•20206� 0•0369U2/ 2 ¸ 0•0083U4/ 4 � 0•002U6/ 6
�
– (1.17)

and:

! A03 = ln
�
184•15
/ 1•3

�
– !0A03 = ln

�
1194
/ 2•3

�
• (1.18)

A simpli�ed expression can be found by calculating the average energy loss of an electron due to

bremsstrahlung and neglecting the second term in curly brackets forH� 1:

�
�

d�
dG

� �
�
�
�
br

=
4UA2

4# �

�

�
/ 2¹! A03 � 5¹/ ºº ¸ / ! 0

A03

�
� =

�
- 0

– (1.19)

where# � is Avogadro's number,� is the mass number of the medium, and- 0 is the radiation

length. Substituting equation (1.19) in equation (1.16), the cross section becomes:

df br

d:
=

�
- 0# � :

�
4
3

�
4
3

H¸ H2
�
– (1.20)
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The differential probability,i br¹Hº, for an electron to undergo bremsstrahlung per unit radiation

length,- 0, is given by (Grieder, 2010):

i br¹HºdH=
�
1¸ ¹ 1� Hº2 � ¹ 1� Hº

�
2
3

� 21
� �

dH
H

– (1.21)

where

1 =
1

18 ln184•15 / � 1•3
= 0•0122 in air• (1.22)

The differential probability,i br¹Hº, depends only on the fractional energy,H, carried away by the

photon, while the amount of energy loss is proportional to the energy of an electron. The minimum

energy required by an electron to emit gamma ray by bremsstrahlung is twice the energy of the

resulting gamma ray.

Pair production The basic mechanism of the creation of EAS above tens of MeV is pair

production. Pair production occurs when a photon (of energy at least twice the energy corresponding

to the electron rest-mass, i.e.& 1•052MeV) radiated by an electron interacts with a virtual photon

in the Coulomb �eld of a nucleus to form an electron-positron pair. In the ultrarelativistic regime

and in the case of complete screening, the differential cross-section is de�ned as:

df pp

dG
=

�
- 0# �

�
1�

4
3

G¹1� Gº
�
– (1.23)

whereG= �
: the fractional energy transferred to electron (positron) and- 0 is the radiation length.

The differential probability for an incident photon of energy� 8 to produce an electron-positron

pair per unit radiation length,- 0, in air with energy fractionsG�8 and¹1� Gº� 8, respectively, for

complete screening is given by (Grieder, 2010):

i pp¹GºdG=
�
G2 ¸ ¹ 1� Gº2 ¸

�
2
3

¸ 21
�
G¹1� Gº

�
dG– (1.24)

where1 is given by equation (1.22).

Compton scattering Compton scattering is an interaction between a photon and an electron in

which the incident photon of wavelength_8 is scattered by the electron of mass< 4 at scattering

angle\ , resulting in a wavelength shift given by:

� _ = _ 5 � _8 =
�

< 42
¹1� cos\ º– (1.25)

where_ 5 is the �nal wavelength of the photon and� = 6•626� 10� 34 m2 kg s� 1 is Planck's constant.

The differential cross-section is described by the Klein-Nishina formula (Klein and Nishina, 1929):

df KN

d

=

A2
4

2
1

¹1¸ n¹1� cos\ ºº2

�
1¸ cos2 \ ¸

n2¹1� cos\ º2

� ¸ n¹1� cos\ º

�
– (1.26)
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wheren = � W

< 422 andA4 is the classical electron radius. At very low energies the Compton cross

section reduces to the Thomson cross section:

df T

d

=

A2
4

2
¹1¸ cos2 \ º• (1.27)

1.4.1 Electromagnetic showers

The wordelectromagneticitself indicates that the cascades are initiated by high-energy electrons

(positrons) or gamma rays (Figure 1.8). The primary mechanisms driving the evolution of elec-

tromagnetic cascades are4� pair production and bremsstrahlung. Compton scattering plays some

role in the later stages of cascade development when the energy of secondary particles falls below

� 10 MeV (Grieder, 2010) and contributes to the �ux of low-energy electrons.

Heitler's toy model for electromagnetic showers

A simple approach, the toy model introduced by Walter Heitler in 1936 (Heitler, 2010), can be

used to describe the longitudinal development of electromagnetic showers. An electromagnetic

shower begins when a cosmic gamma ray of energy� 0 enters the atmosphere and interacts with the

nuclei of molecules in the atmosphere. The primary gamma ray can trigger a cascade by producing

e� pairs at the atmospheric nuclei if the photon energy is at least 20 MeV. The Heitler model

assumes that after the distance3 = - 0 � ln2, where- 0 is the radiation length, e� pair is produced,

each particle carrying half of the primary gamma-ray energy,� 0•2. Note that in air,- 1A = 37 g

cm� 2 and- ? ? = 47 g cm� 2, i.e., - ? ? = 9
7 - 1A. Thus, the approximation- ? ? � - 1A = - 0 is valid.

Produced e� pair undergoes bremsstrahlung process, after traversing the same distance3, emitting

photons each with an energy of� 0
4 . After = splittings, the cascade consists of 2= secondary particles,

each with mean energy� 0
2= , assuming that energy is equally divided between e� pair production and

the consequent bremsstrahlung. The production of secondary particles continues until the average

energy of the particles reaches the critical value of� 84 MeV (Matthews, 2005). Below critical

energy� e
crit, the ionization losses (losses due to collisions with atmospheric molecules) overcome

radiative energy losses. For gamma rays, the critical energy is where Compton scattering overcomes

pair production. In the atmosphere, for instance, a photon of 24 MeV has an equal probability for

Compton scattering and e� pair production (Grieder, 2010). The cascade reaches its maximum

when all particles have energy equal to critical energy� 0 = # <0G � � 2, after=2 splittings:

=2 =
ln � 0

� e
crit

ln2
– (1.28)

at the atmospheric depth- <0G:

- <0G = - 0 � ln
� 0

� e
crit

• (1.29)

The Heitler model of electromagnetic showers does not give correct quantitative predictions

for several reasons. First, the model does not take into account atmospheric extinction, thus

overestimating the total number of secondary particles. Furthermore, according to the model,
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Figure 1.9: The longitudinal pro�les of gamma-ray air showers of different energies calculated with the
Greisen equation(1.31). The plotted red lines show the respective shower age parameters, from left to right:
B2 »0•4–0•7–1–1•3¼.

the fraction of the number of electrons in the cascades is� 2•3 # <0G. In reality, through the

bremsstrahlung process, several photons may be emitted, thus the ratio of the number of electrons

to the number of gamma rays is overestimated. Even though, the model predicts two important

properties of EAS: (1) the number of secondary particles in the shower is proportional to the

primary energy:# max / � 0, (2) the altitude of the shower maximum is inversely proportional to the

logarithm of primary energy:- max / ln � 0.

Longitudinal development of electromagnetic air showers

Rossi and Greisen (1941) gave an analytical expression for the differential energy spectra of

electrons and photons at atmospheric depthCin the units of radiation length (rl):

C=
-
- 0

�
- air

- 0 � cosi
� exp�

�
� 0

– (1.30)

using two sets of simplifying assumptions calledApproximation AandApproximation B, where� 0

is the primary energy of a photon,- air = 1013 g cm� 1 is the air column height at ground,� 0 = 8 km

is the scale height andi is the incident angle of shower. In approximation A, only pair production

and bremsstrahlung are considered, while electron energy losses due to collisions are neglected.

However, these approximations are not practical for everyday use. In his review paper, Greisen

(1960) introduced a more practical expression for calculating the shower size as a function of the

primary energy� 0 andCwhen# 4 is large, i.e. at distances several radiation lengths away from the

point of the �rst interaction (Figure 1.9):

# e¹� 0– � e
crit–Cº '

0•31
q

ln ¹� 0• � e
critº

exp
�
C
�
1�

3
2

ln ¹Bº
� �

– (1.31)

whereBis the shower age:

B� 3C
�
Ç 2 ln

� 0

� e
crit

� � 1

• (1.32)
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Theyoung showers(B Ÿ1) are those that haven't yet reached their maximum at a speci�c observation

level, whereasold showers(B ¡ 1) are those that have progressed beyond their peak (Grieder, 2010).

The rate at which the position of the shower maximum in the atmosphere changes with primary

energy is called the elongation rate:

� ' em =
d- <0G

d¹ln � 0º
– (1.33)

or expressed per decade of primary energy:

� ' em
10 =

d- <0G

d¹log10 � 0º
• (1.34)

The shower �uctuations (without the �uctuation of the �rst interaction height), which are intrinsi-

cally large, are described by the following term:

� # e¹Bº '
9
14

¹B� 1� 3 lnBº � # e¹Bº• (1.35)

Lateral structure of electromagnetic air showers

Another dif�cult problem in the description of electromagnetic air showers is the lateral spread of

the shower particles. Air showers develop along the direction of the primary particles. However,

the secondary particles are not emitted exactly in the direction of the primary particle because

the average transverse momentum is on the order of the electron mass and many low-energy

electrons are de�ected from their primary direction due to Coulomb scattering. The opening

angles of electron-positron pairs and the emission angle of photons in bremsstrahlung contribute

insigni�cantly compared to the angles of multiple scattering. The density of electrons and positrons

d4¹Aº as a function of the perpendicular radial distanceAfrom the shower axis is given by the

Nishimura-Kamata-Greisen (NKG) function (Kamata and Nishimura, 1958; Greisen, 1960) (Figure

1.10):

d¹Aº =
# e

2cA2
"

�
A

A"

� B� 2 �
1¸

A
A"

� B� 4•5 � ¹4•5� Bº
� ¹Bº� ¹4•5� 2Bº

– (1.36)

where� ¹Bº is a gamma function andBit the shower age. The Moliére radius is given as:

AM = - 0
� scatt

� e
crit

– (1.37)

where� scatt= < 422
q

4c
U ' 21•1 MeV. In the airAM ' 9.5 g cm� 2 (or ' 79m) at the sea level. About

99% of the shower energy is contained within3•5�AM (Wagner, 2006).

1.4.2 Hadronic showers

Hadronic showers result from the reaction of charged cosmic rays with the atmospheric nuclei,

produced by the strong interaction (Figure 1.8). In these interactions, pions make up most of the

secondary particles produced (90%), but there are also kaons (10%), protons, antiprotons, neutrinos,
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Figure 1.10: The lateral pro�les of gamma-ray air showers of different energies calculated with the NKG
equation (1.36) at the shower maximum (B= 1, A" = 200m).

and antineutrinos. The fragments and nuclei produced form new interactions until the energy per

nucleus is less than the threshold for pion production (� 1 GeV). Charged pions can decay into

muons and neutrinos, while neutral pions decay into gamma rays that induce electromagnetic

subshowers. Muons interact primarily by ionization and rarely decay before reaching the Earth's

surface. Muons with large transverse momentum can signi�cantly diverge from the shower axis.

Heitler's toy model for hadronic showers

This model of hadronic showers was developed by Matthews (2005) based on Heitler's description

of electromagnetic showers. Imagine the atmosphere as a set of layers of �xed thickness_int ln2,

where_int is the interaction length of the particles and in the air is� 120 g cm� 2. After passing

through such a layer, pions are produced. Since the probability of production of positively charged,

negatively charged and neutral pions is about equal, there are# c = # ch charged pions carrying two-

thirds of the initial energy� 0 and # ch
2 neutral pions carrying one-third of the energy. The process

of particle production continues until the critical energy� c
crit is reached, assuming that all charged

pions decay into muons. The value of the critical energy varies slowly with the primary energy,

from � 30 GeV at1014 eV to � 10 GeV at1017 eV. After = interactions, there are# c = ¹# chº=

charged pions, each with an energy of� 0 � ¹3•2# chº� =. The number of interactions required to

reach the critical energy is given by:

=2 =
ln ¹� 0• � c

critº

ln
�

3
2# ch

� ' 0•8 log10

�
� 0

� c
crit

�
• (1.38)

From (1.38) one can read the number of muons in the shower (with# ` = # c ):

ln # ` = =2 ln # ch =
ln # ch

ln 3
2# ch

� ln
� 0

� c
crit

= 0•85� ln
� 0

� c
crit

• (1.39)
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(a) (b)

Figure 1.11: Fluctuations in the longitudinal pro�le of 10 individual air showers from a vertical a) gamma
ray b) proton of energy 105 GeV. The squares show the averages of 100 air showers (Stanev, 2010).

Calculating the depth of the shower maximum for hadronic showers- p
max with a simple model is

more complicated than for electromagnetic showers. Accurate determination of the depth of the

shower maximum requires careful summation of the individual subshowers generations from their

individual origins, taking into account their attenuation both near and after they reach their maxima.

For simplicity, only the �rst generation of electromagnetic subshowers is used to determine shower

maximum depth. Although using only the �rst interaction- p
max underestimates the depth of the

shower maximum, because subsequent subshowers are neglected, it provides a reliable measure

of the elongation rate. The �rst interaction begins at an atmospheric depth of_int ln2. During this

�rst interaction, # ch
2 neutral pions are produced, leading to# ch photons. Each photon triggers an

electromagnetic shower with energy� 0
3# ch

, which evolves simultaneously. The depth of the shower

maximum is then given by:

- p
max = _int ln2¸ - 0 ln

� 0

3# ch� e
crit

• (1.40)

Rewriting the equation (1.29) as:

- p
max = _int ln2¸ - 0 ln

� 0

� e
crit

� - 0 ln ¹3# chº– (1.41)

and differentiating it bylog10 � 0 yields:

d- p
<0G

d¹log10 � 0º
=

d
�
- 0 ln � 0

� e
crit

�

d¹log10 � 0º
¸

d¹_int ln2� - 0 ln ¹3# chºº
d¹log10 � 0º

• (1.42)

The �rst term on the right-hand side is the elongation rate of the electromagnetic shower� ' 10 =

� ' em
10 , therefore the �nal equation is given as:

� ' p
10 = � ' em

10 ¸
d¹_int ln2� - 0 ln ¹3# chºº

d¹log10 � 0º
• (1.43)

Figure 1.11 shows �uctuations in the longitudinal pro�le of electromagnetic and hadronic air

showers and the average pro�le of 100 such showers.
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Superposition model

The superposition model (Matthews, 2005) provides a simpli�ed perspective on the interaction

between a cosmic ray nucleus and the Earth's atmosphere. In this model, a nucleus characterized

by atomic number� and total energy� is conceptually decomposed into� individual nucleons,

each with energy� • � and acting independently. The resulting air shower is then considered to

be the sum of� individual proton air showers, all emanating from the same point. To analyze

and quantify the observable properties of the showers, the reduced primary energy is substituted

into the previously derived expressions for proton showers. Then� of such proton showers are

combined. The resulting properties of the nuclear-initiated showers are easily expressed in terms of

the equivalent quantities of a proton shower with the same total energy� :

# �
` = # ` � 0•15– (1.44a)

- �
max = - p

max� - 0 ln �– (1.44b)

� 0 = 0•85 GeV¹# e ¸ 25# ` º• (1.44c)

1.5 Atmospheric Cherenkov radiation

Cherenkov light is a form of electromagnetic radiation emitted by medium when charged particles

in the air shower (mainly electrons and protons) travel at a speed greater than the velocity of light

in the air. When a charged particle travels through a dielectric medium, a polarization of nearby

electric dipoles occurs. The excited molecules of the dielectric medium quickly return to their

ground state and emit excess energy in the form of electromagnetic radiation. According to the

Huygens principle, the radiated electromagnetic waves are emitted in a spherical shape with a

velocity that corresponds to the phase velocity of the medium. If the velocity of the particle is

less than the speed of light in the medium, the symmetry in the alignment of the dipoles around

the position of the charged particle is such that there is no net effect at long distances, i.e. there

is no radiation. The wavefronts are slightly bundled in the direction of motion, but there is no

interference. If the charged particle moves at a speed greater than the speed of light in the medium,

the induced dipoles are no longer radially aligned with the position of the particle. Instead, a net

induced dipole emerges in the direction of the particle. The emitted waves interfere constructively

and result in coherent radiation at a certain angle\ relative to the trajectory of the particle (Figure

1.12):

cos\ =
1

=V
– (1.45)

where= is the index of refraction andV= E
2 is the ratio of the speed of the particle and the speed of

light in the vacuum. The Cherenkov condition, i.e. the minimum speed of a particle to produce

Cherenkov radiation isVmin = =� 1. Obviously, the maximum of the emission angle occurs when

the particle travels at ultrarelativistic speed:V= 1. The energy threshold for a charged particle with
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Figure 1.12: Schematic representation of the process leading to the emission of Cherenkov radiation.
Left: The charged particle travels with a velocity less than the phase velocity of the medium, therefore no
Cherenkov radiation occurs.Right: When a charged particle is traveling faster than the phase velocity of the
medium, a net induced dipole is formed in the direction of the particle and Cherenkov light is emitted.

rest mass< 0 to emit Cherenkov light is set by the Cherenkov condition:

� =
< 022

q
1� V2

min

• (1.46)

1.5.1 Spectrum and lateral spread of Cherenkov light

The number of Cherenkov photons emitted per unit length traveled by the particle per wavelength

is given by Frank and Tamm (1937):

d2#
dGd_

=
2cUI

_2
�
�
1�

1
V2=2¹_º

�
– (1.47)

whereU is the �ne structure constant, andI is the charge in units of4. In the wavelength range

between 300 nm and 600 nm forV= 1, about 500 Cherenkov photons are emitted per GeV of

primary gamma-ray energy in the electromagnetic shower (Wagner, 2006). Cherenkov light, of

course, like any other form of electromagnetic radiation, is subject to atmospheric attenuation,

i.e., it is absorbed by molecules and scattered by aerosols and clouds. The difference between the

spectrum of Cherenkov light at 10 km above sea level (a.s.l.) and that at ground level is shown in

Figure 1.13. More information on this topic will be given in Chapter 2.

Due to the change of atmospheric density with altitude, the Cherenkov angle increases from

� 0•2� at an altitude of 30 km to� 1•2� at 2200 m a.s.l. Therefore, each charged particle emits a

Cherenkov light cone, which produces a ring-shaped pattern on the ground, while the contribution

of all particles involved results in the Cherenkov light pool, which typically has a size of 0.05

km2 (Figure 1.14). Figure 1.15a illustrates the lateral distribution of Cherenkov photons on the

ground. The light intensity appears to be uniformly distributed in the central region of the light

pool (where the radius is approximately less than 150 meters). The density of the Cherenkov light
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Figure 1.13: Cherenkov spectrum from a vertical gamma-ray-induced air shower at 10 km a.s.l. (solid lines)
and at ground level (2200 m a.s.l., dashed lines) (Wagner, 2006).

Figure 1.14: Cherenkov light pool for 1 TeV gamma rays, 1 TeV protons, and 10 TeV iron-induced air
showers. Gamma rays produce a homogeneous single pool consisting mainly of electrons and positrons. The
Cherenkov light produced by hadronic showers originates from the electromagnetic subshowers and muons,
and therefore hadronic showers yield multiple Cherenkov pools (Nöthe, 2020).

pool is closely related to the energy of the primary gamma rays. As the energy of the primary

gamma rays increases, the number of particles produced in the cascade also increases, leading to a

proportional increase in the Cherenkov photon density. In hadronic showers which produce more

subshowers, many Cherenkov pools are formed. After 150 m from the core of the shower, there

is a visible hump. The hump is a result of a change in the refractive index and a change in the

Cherenkov angle (the so-called focusing effect).

1.5.2 Time spread of Cherenkov light

The variations in the arrival time of photons at the ground can be attributed to two main factors.

First, it is because charged particles within the shower travel at a speed exceeding that of light.

Consequently, near the axis of the shower, photons emitted at lower altitudes reach the detector

earlier than those emitted at higher altitudes. Second, at greater distances from the shower axis,
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