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Titre : La Galaxie au-dela du TeV avec HESS-2 et CTA

Court résumé :

L'origine des rayons cosmiques galactiques est un probleme centenaire qui peut
étre abordé en étudiant les propriétés de I'émission de rayons provenant de
sources astrophysiques. Les usines galactiques a rayons cosmiques, également
connues sous le nom de PeVatrons, devrait accélérer les particules jusqu'a au
moins quelques PeV (1 PeV = 10 15 eV). lls peuvent donc étre révélé au moyen
d'observations de rayons a des énergies dépassant les dizaines et centaines de
TeV, c'est-a-dire autour de la transition entre les trées hautes énergies (VHE) et
bandes de rayons a ultra haute énergie (UHE). Dans cette these, nous avons
analysé les données du systeme stéréoscopique a haute énergie (H.E.S.S.),

un réseau de télescopes a rayons y VHE situé en Namibie, pour localiser le
meilleur PeVatron candidats dans le ciel des rayons y du Sud. Nous avons
largement utilisé la technique d'analyse 3D, récemment adopté en astronomie
des rayons y VHE, pour obtenir des informations sur la physique

propriétés des objets galactiques en utilisant des modeles paramétriques
spatiaux et spectraux. Les les résultats présentés dans cette these ont été
obtenus a I'aide de Gammapy, le logiciel officiel de I'observatoire Cherenkov
Telescope Array (CTA). Dans un premier temps, nous avons réalisé une étude
détaillée de la source non identifiée HESS J1702-420. Cette nous a conduit a
conclure que, sous I'hypothese que les collisions inélastiques entre les rayons
cosmiques relativistes et les protons du gaz cible sont a I'origine de son émission
de rayons , HESS J1702-420 abrite probablement des protons PeV. HESS J1702-
420 devient donc un excellent candidat PeVatron, méme si les scénarios
d'émission leptonique n'ont pu étre exclus. En prolongeant les mémes techniques
d'analyse, nous avons ensuite effectué une recherche a I'aveugle pour les
sources de rayons détectées de maniere significative par H.E.S.S. au-dessus de
20 TeV, ce qui a entrainé un nouveau catalogue de 14 objets appelé le H.E.S.S.
high-Energy Galactic Plane Survey (HEGPS). Cela constituera un héritage
précieux pour les futures expériences de pointage telles que en tant que CTA,
soutenant potentiellement un choix raisonné dans la stratégie d'attribution du
temps pour le projet scientifique clé PeVatron. Nous avons en outre réalisé des
performances basées sur la simulation. mance des études pour le CTA, en se
concentrant sur les capacités de détection et de modélisation de PeVatron

du futur tableau.

Résumé substantiel:

La découverte des rayons cosmiques par Victor Hess remonte a
1912. Aujourd’hui, nous savons que les rayons cosmiques sont
des particules chargées d’origine extra-terrestre, atteignant le
sommet de I’atmosphere a une vitesse fixe (qui dépend de leur
énergie) et générant des pluies importantes de particules ultra-
relativistes dans I’atmosphere. En termes de de composition, ils
sont majoritairement constitués de hadrons (98%), c’est-a-dire de
nucléons et de noyaux dépouillés de leurs électrons, avec une
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contribution sous-dominante (2%) d’électrons et des positrons.

Les PeVatrons dans notre Galaxie, capable de accélérer les protons
(c’est-a-dire I’essentiel des particules cosmiques) jusqu’a des énergies
d’au moins PeV, n’ont pas encore été découverts, principalement en
raison de la présence de turbulences galactiques qui isotropisent les
trajectoires des rayons cosmiques, éliminant ainsi toute information sur
leurs trajectoires.

Cette situation appelle des stratégies de détection plus indirectes,
basées par exemple sur la recherche de signaux de rayons gamma ou de
neutrinos provenant des sources galactiques.

Dans cette these,ous avons décrit la recherche des usines de rayons
cosmiques galactiques, appelés PeVatrons, en utilisant les données de
H.E.S.S., un réseau de télescopes gamma-ray VHE situé en Namibie.
Pour la premiere fois dans I’histoire de H.E.S.S., la technique d’analyse
3D a été utilisée pour dériver des informations sur les propriétés
physiques des objets galactiques en utilisant des modeles
parameétriques spatiaux et spectraux.

Nous avons également contribué au développement de Gammapy, I’outil
logiciel officiel de I’Observatoire Cherenkov Telescope Array (CTA). En
utilisant Gammapy, nous avons créé un pipeline d’analyse qui nous a
permis d’identifier des candidats PeVatron prometteurs dans le sud de
I’Europe, a observer en priorité par les instruments de la future
génération tels que CTA et SWGO.

Nus nous sommes d’abord concentrés sur une source particuliere
appelée HESS J1702-420. Le site L’analyse 3D nous a permis de séparer
de I’ensemble de HESS J1702-420 une nouvelle source de petite taille,
appelée HESS )J1702-420.

HESS J1702-420A, pour laquelle nous avons trouvé des preuves
d’émission de rayons gamma jusqu’a 100 TeV. gamma jusqu’a 100 TeV.
HESS J1702-420A a une forme symétrique, et un indice spectral de
rayons gamma remarquablement dur de 1.53. Sur la base des données
disponibles, il n’a pas été possible d’établir si ce nouvel objet est
indépendant des autres objets. d’établir si ce nouvel objet est
indépendant du reste de HESS J1702-420, ou s’il s’agit simplement
d’une zone d’émission a haute énergie dans une source a la
morphologie complexe. Dans I’un ou I’autre cas, notre étude nous a
permis de conclure que, si elle est alimentée par des processus
hadroniques, I’émission de rayons gamma de

HESS J1702-420A est probablement associée a la présence de protons
de PeV. Ce scénario n’a cependant pas pu étre confirmé en raison de
I’absence d’une corrélation claire corrélation entre la morphologie de
HESS J1702-420A et les images de distribution du gaz, ce qui laisse une



interprétation leptonique pour cette nouvelle source de rayons gamma
encore possible.

Le site nature de HESS J1702-420, et en particulier de HESS J1702-420A,
reste insaisissable, mais notre analyse nous a permis de l'identifier
comme un candidat au PeVatron et une cible de haute priorité pour les
futures études VHE et UHE. pour les futures installations de rayons
gamma VHE et UHE.

Apres une étude aussi détaillée consacrée a HESS J1702-420, I’étape
logique a suivre était I’application d’une approche d’analyse similaire.
était I’application d’une approche d’analyse similaire a un ensemble
plus large de sources.

Nous avons donc adopté les mémes ingrédients de base (gammapie,
IRFs optimisés a haute énergie et modélisation 3D) pour mettre en
place une méthode d’analyse similaire. et modélisation 3D) pour mettre
en place un pipeline d’analyse complet. Cet effort nous a conduit a la
production de la version préliminaire d’un catalogue H.E.S.S. high-
Energy Galactic Plane Survey (HEGPS).

Il s’agit d’une collection de 14 sources significativement détectées par
H.E.S.S. au-dessus de 20 TeV. Les trois d’entre eux ayant la plus grande
signification de détection sont HESS )J1825-137, HESS J0835-455 (Vela X)
et HESS J1702-420. Remarquablement, ces trois mémes sources ont été
confirmées comme étant les plus brillantes au-dessus de 20 TeV par une
analyse croisée, et les trois seuls objets pour lesquels H.E.S.S. a détecté
une émission significative de rayons gamma au-dessus de 50 TeV. au
dessus de 50 TeV. lls deviennent donc des cibles prioritaires pour les
futurs télescopes VHE et les télescopes UHE.

Pour la premiere fois, la technique d’analyse 3D nous a permis de
séparer I’émission de rayons gamma au-dessus de 20 TeV associée au
PWN de PSR J0855-4644 de la coquille du SNR Vela Jr, qui est peu visible
a des énergies aussi élevées. L’indice spectral du PWN, 1.75, est
extrémement dur et remarquablement similaire a celui de HESS J1702-
420A, ce qui pourrait indiquer un mécanisme d’émission commun.

Une autre réalisation a été la détection de I’émission de rayons gamma
au-dessus de 20 TeV du systeme binaire LS 5039, pour lequel toutes les
mesures existantes s’arrétent en dessous de 20 TeV. pour lequel toutes
les mesures existantes s’arrétent en dessous de 20 TeV.

Nous avons comparé le HEGPS avec les catalogues les plus récents de
HAWC et LHAASO, dans la région d’observation qui se chevauche. la
région d’observation qui se chevauche. Nous avons constaté que toutes
les sources UHE détectées par les WCTs sont des sources VHE au-dessus
de 20 TeV, alors que seulement la moitié des sources UHE détectées par
les WCTs ont des contreparties VHE (H.E.S.S.) au-dessus de 20 TeV.



Nous avons également comparé la distribution spatiale des sources
HEGPS avec celle des pulsars galactiques puissants connus. Sur les 25
objets H.E.S.S., 16 ont un pulsar a spin-down luminosity élevé a
proximité (moin de 0.5 deg offset). Les 9 autres sources (plus 6 autres
qui ont des pulsars puissants mais pas clairement associés a proximité)
constituent naturellement une liste héritée de H.E.S.S. de candidats
PeVatron hadroniques.

Dans le Dans le futur, le travail de HEGPS sera entierement vérifié en
utilisant une configuration d’analyse alternative. configuration. Cela
nous permettra de valider les résultats de I’analyse, d’exporter les
données DL4 (jeux de données) et DL5 (catalogue) au format FITS et de
les publier dans I’esprit de I’approche scientifique open source.

Dans le dernier chapitre, nous avons discuté des perspectives
d’identification du PeVatron pour la future réseau CTA. Tous les
résultats sont préliminaires, puisque les IRFs du réseau final ne sont
pas encore disponibles, et doivent étre considérés comme une preuve
de concept plutét que comme une réelle estimation du le potentiel du
CTA. Néanmoins, il est intéressant de voir que, sur la base de la
version actuellement disponible des IRF de la CTA, les résultats sont les
suivants actuellement disponible, le futur réseau sera capable de
détecter et de modéliser correctement au moins les sources les plus
brillantes ou a plus petite échelle jusqu’a 100 TeV, et de faire des
prédictions sur la détectabilité des sources par les installations

UHE.

la détectabilité des sources par les installations UHE telles que SWGO et
LHAASO. Ce type d’interaction entre les télescopes Cherenkov a eau
UHE, avec leur bonne sensibilité mais faible résolution angulaire au-
dessus de 100 TeV, et CTA, avec son excellente sensibilité et PSF
jusqu’a 100 TeV, sera I’un des nouveaux éléments les plus importants
du domaine dans les années a venir.

En ces temps passionnants, nous sommes peut-étre sur le point
d’identifier, comme nous I'attendions depuis longtemps, les puissantes
usines du cosmos. l’identification tant attendue des puissantes usines a
rayons cosmiques de la Galaxie.

Mots clefs : rayons gamma, rayons cosmiques, gammapy,
H.E.S.S., CTA, PeVatron
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Abstract :

The origin of Galactic cosmic rays is a century-old problem that can be
tackled by studying the properties of the y-ray emission from astrophysical
sources in the Galactic plane. The Galactic cosmic ray factories, also
known as PeVatrons, are expected to accelerate particles up to at least
few PeV (1 PeV = 10 15 eV). They may therefore be revealed by means of
y-ray observations at energies exceeding tens and hundreds of TeV, i.e.
around the transition between the very-high energy (VHE) and
ultra-high-energy (UHE) y-ray bands. In this thesis we analyzed data from
the High-Energy Stereoscopic System (H.E.S.S.), a VHE y-ray telescope
array located in Namibia, to pinpoint the best PeVatron candidates in the
Southern y-ray sky. We made large use of the 3D analysis technique,
recently adopted in VHE y-ray astronomy, to derive information on the
physical properties of Galactic objects using spatial and spectral
parametric templates. The results presented in this thesis were obtained
using Gammapy, the official software tool of the Cherenkov Telescope
Array (CTA) Observatory. First, we performed a detailed study of the
unidentified source HESS J1702-420. This led us to conclude that, under
the assumption that inelastic collisions between ultra- relativistic cosmic
rays and target gas protons are at the origin of its y-ray emission,

HESS J1702-420 likely harbors PeV protons. HESS J1702-420 therefore
becomes an excellent PeVatron candidate, even if leptonic emission
scenarios could not be ex- cluded. Extending the same analysis
techniques, we then performed a blind search for y-ray sources
significantly detected by H.E.S.S. above 20 TeV, which resulted in a new
catalog of 14 objects called the H.E.S.S. high-Energy Galactic Plane Survey
(HEGPS). This will constitute a valuable legacy for future pointing
experiments such as CTA, potentially supporting a reasoned choice in the
time allocation strategy for the PeVatron key science project. We have
additionally made simulation-based perfor- mance studies for CTA,
focusing on the PeVatron detection and modeling capabilities

of the future array.

Keywords : gamma rays, cosmic rays, gammapy, H.E.S.S., CTA,
PeVatron
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Chapter 1

Galactic cosmic rays and their
sources

1.1 Introduction

The discovery of cosmic rays by Victor Hess dates back to 1912 [1]. With electroscope
measurements carried out during high-altitude baloon rides, V. Hess measured a
correlation between the height of flight and the level of ionization of air particles in
the atmosphere. He correctly attributed this effect to a continuous flux of charged
particles from outer space, penetrating the Earth’s atmosphere with ionizing effects.

Today, we know that cosmic rays are charged particles with extra-terrestrial origin,
reaching the top of the atmosphere at a fixed rate (that depends on their energy) and
generating extensive showers of ultra-relativistic particles in the atmosphere. In terms
of composition, they are mostly made of hadrons (= 98%), i.e. nucleons and nuclei
stripped of their electrons, with a subdominant (a 2%) contribution from electrons
and positrons. The hadronic component is dominated by ionized hydrogen nuclei
(protons, =~ 87%), while helium (=~ 12%) and other heavier elements (= 1%) account
for the remaining hadronic flux [2]. The most energetic cosmic rays ever detected
reach energies up to 102°eV (~ 16.J), which is an amazing amount of energy for
an elementary particle. For example, it corresponds to the kinetic energy of a 57g
tennis ball moving at the speed of 85km/h. However, the majority of cosmic rays
have energies much lower than that, and in fact the bulk of cosmic rays is made of
GeV energy protons. Figure shows the cosmic ray spectrum measured at Earth,
which extends over more than ten orders of magnitude in energy and thirty in flux
with a remarkably smooth profile. At PeV energies, the knee break in the cosmic
rays flux marks a transition betweeen an extremely smooth power lauﬂ regime, with
energy-dependence x E~27, and a slightly steeper power law oc E~3. The knee takes
place around 3 —5PeV, as measured by the KASCADE-Grande collaboration [SIH
The knee also marks a transition in terms of chemical composition, with a trend for
cosmic rays to become more dominated by heavy nuclei beyond the knee. A natural

1Throughout this thesis, the term power Ilaw refers to the functional form
dN/dE(E) = ®(E/Eo)~", where ® is the spectral normalization at the reference energy Eo
and I is the spectral slope. The reference energy is often chosen to correspond with the so-called
pivot energy, which minimizes the statistical uncertainties on the spectral parameters.

2We notice that this estimate refers to the all-particle cosmic ray spectrum. The PAMELA
experiment has shown that below the knee the individual hydrogen and helium spectra experience a
hardening break, and have slightly different slopes |4].
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FIGURE 1.1: A compilation of local cosmic ray flux measurements,
from various experiments. Image credit: [7]

explanation for this might involve a rigidity-dependent acceleration scenari(fl If the
maximum energy of the accelerated particles is inversly proportional to their rigidity,
then the knee in the heavy element (charge Ze) spectra should be found at Z times
the energy of the hydrogen knee. For example, the knee in the iron spectrum should
occur at & 26 times higher energy than the proton knee. The KASCADE-Grande
collaboration measured the iron knee at 80 PeV, which is in the expected range for a
proton knee at 3 —5PeV [5]El

More than a century has passed since cosmic rays were discovered, and yet there are
some fundamental questions that still remain unanswered. Namely: where do they
come from, and how are they accelerated? Possible answers to the second point will
be discussed in section [[.2] Regarding the first question, today we know that the
cosmic rays have extra-solar origin. This is proven by the fact that the measured
cosmic ray flux is anti-correlated in time with the intensity of the Sun’s activity,
and drastically lowered below ~ 1GeV by the interaction with the magnetized solar
wind (solar modulation). We also know that the most energetic cosmic rays have
extra-Galactic origin, while the bulk of lower-energy particles are accelerated inside
the Galaxy. In particular, the transition is believed to take place somewhere around
10'® eV, where the particle gyroradii in the typical interstellar medium (ISM) magnetic
field (~ 3 uG) become comparable with the thickness of the Galactic disk (= 360pc),
meaning that particles can no longer be confined within the Galaxy [§]. This implies

3The rigidity of an ultra-relativistic particle, usually measured in Volts, is defined as the ratio
between its energy and charge. For example, a 10TeV hydrogen (helium) nucleus has a rigidity of
10TV (5TV). The larger the rigidity (i.e. the larger the particle energy or the smaller its charge)
the harder it is for the magnetic field to bend the particle trajectory.

“We note that these findings are in tension with other experiments, which in some cases even
report a sub-PeV knee for both proton and helium spectra [6].
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that the Galaxy should harbor the sources of all cosmic rays with energy < 10'8eV.
Such sources must in particular accelerate protons (i.e. the bulk of cosmic particles)
up to at least PeV energies (1PeV = 10%eV), hence they are called PeVatronsﬂ
Whether the knee spectral feature at PeV energies is due to a change in the nature
of the cosmic ray acceleration sites or a change in the propagation regime of cosmic
rays, such as a break in the energy-dependent escape time [9, 10|, remains an open
question. The PeVatrons in our Galaxy have not yet been discovered, mainly due
to the presence of turbulent Galactic magnetic fields which isotropize the cosmic ray
trajectories washing out all information on their original acceleration sites. This calls
for more indirect detection strategies, based for example on the search for ~-ray or
neutrino signals from Galactic PeVatrons (see section [1.3)).

The residence time of cosmic rays in the Galaxy depends on their energy as [11]:
Tesc(E)O(E_éa (11)

where the normalization constant has units of [time] and the slope § = 0.3 +0.6 can
be obtained from measurements of the ratio between the fluxes of cosmic boron (syn-
thesized in large amount by spallation) and carbon. Equation modulates the
injection spectrum (Qcr(E) o< E~%, units of [energy !time~!]) to the one that is
measured at Earth (For(E) o< E~F, units of [energy~!]) as:

FCR(E) = QCR(E) X TeSC(E) . (1.2)

Using I' = 2.7 (valid below the knee), one obtains that the sources of cosmic rays up
to the knee must accelerate a particle spectrum with slope of a =1"—0 =2.1+2.4.
Remarkably, this kind of injection spectrum is close to the prediction of the theory
of particle acceleration at astrophysical shocks (see sections .

From measurements of the residence time of cosmic rays in the Galaxy, it is also
possible to estimate that their sources must provide a power of Pcgr ~ 10*'ergs™!
to maintain the cosmic ray flux at the observed levels [12]. Due to the absence
of pronounced features in the cosmic rays spectrum below the knee, it is generally
believed that a single source (class) provides most of this power in our Galaxy. The
main argument for this is that it seems unlikely (although not impossible) that the
combined contribution of different source classes adds up to such a neat power law.

The rest of this chapter is dedicated to a brief overview of the physics of Galactic
cosmic rays and their sources, which is meant to provide the broad context and
motivations for the PeVatron quest. Section [I.2] describes the most important cosmic
ray acceleration mechanisms, while section discusses the link between cosmic ray
and 7-ray physics. Finally, section [I.4] describes the main PeVatron candidates that
have been proposed so far. The contents of this chapter were inspired by the books [2,
13| [14], along with the in-line references provided in the text.

1.2 Cosmic ray acceleration mechanisms

Given the extremely high conductivity of ionized plasmas, electric fields are quickly
short-circuited by the motion of free charges. Therefore, the total net electric field is

5Throughou‘c this thesis, unless otherwise specified, this term refers to hadronic particle accelera-
tors only.
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FIGURE 1.2: Geometry of the head-on collision (6§ < 90°) between an
ultra-relativistic particle and a slowly-drifting magnetized cloud.

always zero (in the plasma reference frame), which means that a simple electrostatic
accelerator (dp/dt =7 eE) accelerate particles, and neither can static magnetic fields.
But since we unambiguously observe non-thermal phenomena in the Universe, there
must be some other way to accelerate particles. So far, two mechanisms have been
proposed to solve this issue:

e the Fermi processes, based on the idea that particles are accelerated by the
differential motion of highly magnetized plasmas;

e the sudden re-arrangement of magnetic field lines, called magnetic reconnection,
which generates strong electric fields capable of efficiently transfering magnetic
energy to charged particles.

In the following sections, these two acceleration mechanisms are briefly discussed.

1.2.1 Fermi-type acceleration

The foundations of the field were laid in 1949 by Enrico Fermi |15]. In his idea,
purely based on relativistic kinematics, a charged particle interacting with a moving
magnetized object experiences, in its own reference frame, an induced electric field.
This theory, called second order Fermi acceleration, is summarized in the next sec-
tion. Later on we will describe its modern reformulation known as first order Fermi
acceleration or diffusive shock acceleration (DSA)H

Second order Fermi acceleration

Let’s take a charged particle with initial energy E; and momentum p; (in the lab-
oratory frame), which is already ultra—relativisticﬂ The particle scatters elastically
on a magnetized cloud, slowly drifting in the laboratory frame at V < ¢, at an angle
0 € [0,7] (see figure [[.2). The cloud is assumed to be much more massive than the
particle and to act as a perfect magnetic mirror, meaning that the exit angle of the
particle from the cloud is the same as the entering oneﬂ Then, the initial particle

SWe will limit the discussion to the non-relativistic case.

"The particle extraction from a thermal distribution and boost up to relativistic speeds is still an
open issue.

81f instead the cloud was considered as real scattering center, allowing for different exit angles,
the conclusions of this section would be unchanged, modulo a factor 1/2 in eq.
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energy in the center of mass (or cloud) frame can be written as:
EM =~y (E; + Vp; cos) (1.3)
Since the scattering is elastic, EzCM = EJ(;M Moving back to the particle’s frame:
Ef:’yV(EJgM—foCOSQ) . (1.4)

Then, using pycost) = —p;cost, p; = vE;/c* and substituting into (with the
approximations vy ~ 1+2V?2/c? and v ~ ¢), one obtains:

E;—FE;, AE _V Vv
——— = =2 — . 1.
i3 T - (cos@—{— c> (1.5)

After each collision the particle may gain or lose energy, depending on whether the
collision is head-on (cos@ > 0) or tail-on (cosf < 0). This is a stochastic process, but
it is possible to show that the net energy change resulting from a large number of
subsequent collisions is non-null and in fact positive. The scattering probability along
a given direction 6 is proportional to the relative velocity in that direction:

P(cosf) x (v+V cosf) o (1+ K(3039) (1.6)
c

From the condition f_llP(cosﬁ)dcose =1 one can obtain the normalization factor
1/2, which means that (using[1.5)

AE L AE 2
<> 8V (1.7)
cosf

Z = 71?(0089)P(00s6’)dcos9: 32
Equation [I.7] shows that the average energy change is positive, yielding a net particle
acceleration. This is due to the fact that head-on collisions are favoured with respect
to tail-on collisions, due to the cloud’s motion. However, since V <« ¢, this acceleration
mechanism is not efficient, because at each collision the energy gain has a second order
dependency on the cloud’s speed. A modified version of this theory, called diffusive
shock acceleration (DSA) or first order Fermi mechanism, is discussed in section

As already noticed by Fermi, one of the most appealing features of this theory is that it
naturally predicts a power law spectrum of accelerated cosmic rays. The main reason
is that the ratio between the particle’s pre and after-collision energy is independent
of the particle energy (see equaton [L.7): (AE/E)(E) = . If the initial distribution
contains Ny particles with the same energy Ej, and we define P as the probability
that a given particle remains within the acceleration site after one collision, then after
k collisions there will be N = NoP* particles with energy E = Ey(1+ 8)*. Then, by
comparing k from the last two equations, one can compute the number of particles
with energy > E after k collisions:

In P/1In(1+43) InP/In(1+8)—-1
B ) dN ( E ) (1.8)

N=nN, (£ N (=
0(]30 = a8 “\ &

This theory, however, does not predict a spectral slope for the power law distribution
of the accelerated particles.
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First order Fermi acceleration

The inefficiency of the original Fermi mechanism is essentially due to the presence of
tail-on collisions. If particles were somehow forced to bounce back and forth between
two converging clouds, than all the collisions would be head-on. This configuration
is actually realized across astrophysical shock waves, where particles are (partially)
confined by the presence of magnetic turbulence on both sides of the shock. There,
they repeatedly cross the shock with a net energy gain at each cycle, until eventually
escaping in the interstellar medium when the shock is no longer able to confine them.
By renormalizing the probability [[.6]and re-computing equation [I.7] between cos = 0

and 1, one obtains
AFE 2V
=27 1.
< E >c0s9 3¢ ( 9)

This process, having now a first order dependency on the (small) cloud’s velocity,
can efficiently accelerate cosmic rays. In 1978, A. R. Bell computed the return prob-
ability to the shock in this converging-walls configuration |16]. This way, under the
assumption of strong shocks, he found that the spectrum of accelerated particles has
a ungversal (i.e. independent of the details of the acceleration process) power law
index of:

a=-2. (1.10)

The theory of first-order Fermi acceleration of cosmic ray particles can be treated in
two ways:

e in the so-called test particle or linear approximation, the cosmic ray feedback on
the shock is neglected. In this case, one can solve the coupled mass, momentum
and energy conservation equations for particles across the shock surface, taking
into account the presence of magnetic fields. Alternatively, with a more formal
approach, one can solve the transport equation of cosmic rays across the shock
surface. Either way, the main conclusions are that that the passage of a strong
shock heats and compresses (by a factor ~ 4) the swept-up ISM material, which
is then towed along with the shock in the form of a thin radiative shell;

e in the non-linear theory, the dynamical reaction of cosmic rays on the accel-
eration process is also taken into consideration. The non-negligible pressure of
ultra-relativistic particles slows down the upstream plasma (in the shock refer-
ence frame), creating a so-called precursor. The precursor decreases the com-
pression factor of the swept-up gas, which in turn implies a steepening of the
spectrum with respect to £~2. This is true only for low and intermediate-energy
particles, that do not feel the full velocity jump across the shock. High-energy
particles instead have such large gyroradii that they can probe regions further
upstream of the shock, thus experiencing larger compression factors. This leads
to more efficient acceleration and harder spectra with respect to E~2, at high
energies. Therefore, the particle spectrum assumes a concave shape, ended by
a high-energy cutoff at the maximum energy attainable by the system [17].
Another important effect caused by the particle feedback on the shock is the
emergence of strongly amplified magnetic fields. This aspect will be further
discussed in section [L4.1]
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1.2.2 Magnetic reconnection

The concept of magnetic reconnection was originally introduced to explain the fast
energy outbursts observed during solar flares and in the Earth’s magnetosphere [18|
19]. It consists of the acceleration of particles by an electric field induced by the
spatial re-arrangement of magnetic field lines. Perhaps the simplest configuration
associated with magnetic reconnection is the X-point, where the magnetic field lines
of opposite orientantions meet in a X-shaped way, and then break and re-arrange
with a different topology. This can efficiently dissipate magnetic energy into particle
kinetic energy. Reconnection is more likely to occur in regions characterized by strong
magnetic shear, i.e. where the magnetic field direction changes abruptly over short
distances. In section [I.4.2] we will describe an application of this concept, together
with the expected spectrum from simulations, to the case of highly magnetized winds
of electron-positron particles surrounding rapidly spinning neuton stars.

1.3 Non-thermal radiation: from cosmic rays to y-rays

Below the knee, the level of anisotropies in the arrival directions of cosmic rays is
extremely low (=0.1% [20]). Indeed, being charged particles, during their journey
toward the Earth cosmic rays interact with the turbulent Galactic magnetic field,
which isotropizes their arrival directions washing out all information on their original
acceleration sites. Therefore, in order to find the sources of Galactic cosmic rays,
we have to rely on secondary non-charged messengers. These are produced by the
interactions of cosmic rays with matter, radiation or magnetic fields, which can occur
inside or nearby their accelerators. The most important examples of such messengers
are neutrinos and ~y-rays, which, being electrically neutral, point back directly to
their production sites. This thesis is focused entirely on the ~-ray channel.

According to Plank’s law, which governs the physics of thermal blackbody radiation,
typical astrophysical objects with surface temperatures of ~ 10% — 10* K mostly radi-
ate in the visible energy band (see e.g. |2], figure 1.1). Instead, some of the hottest
objects ever observed in the Universe, like the accretion discs around compact ob-
jects, ~ 10" K, can radiate up to the X-ray band (= few keV). This means that any
radiation observed in the «-ray domain (2 MeV) must have been produced by non-
thermal radiative processes, based on the interaction of ultra-relativistic cosmic rays
with diffuse matter or electromagnetic radiation. In particular, we will focus in this
section on those proceses that can yield y-ray emission in the very-high energy (VHE;
0.1TeV < E, $100TeV) band. Such processes are classified as hadronic (section|[L.3.1)
or leptonic (section , depending on the species of particles involved.

1.3.1 Hadronic processes

The inelastic scattering of cosmic ray hadrons off the ISM can explain most of the
~-ray emission observed from the Galactic disk. In the simplest case, an ultra-
relativistic proton hits and disrupts an ISM proton. Subsequent QCD processes then
lead to the production of charged and neutral pions, as in:

p+p—p+p+n. (1.11)
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Then, the pion decay leads (with ~ 98.8% branching ratio [21]) to the production of
two photons:
70— 2y, (1.12)

both having the same energy EgM =m,0/2~67.5MeV in the center of mass (or pion)
frame. In the laboratory frame, if the pion speed is v, the photon energies become

2
%%(H%cosam) . (1.13)

E, = 'yv(Ech + vaM cos M) ~
Assuming a mono-energetic distribution of pions, the resulting y-ray spectrum in the
laboratory frame is limited to the range Fyin < Ey < Fyax, where

mpo [1—v/c
2 \1+v/c

oM mgo |14+v/c
Erax = Ey(cos0™ =1) = 277“1—1)/0‘

This interval is centered (in log-scale) around v/Ein Emax = Mo0/2. It can be shown
that, between Ey,in and Epy,, the spectrum has a flat value o< 1/E 0 |22]. Therefore,
for an arbitrary distribution of pion energies, the resulting ~y-ray spectrum takes the
shape of a superposition of boxes, all centered around m,o/2 and having widths
inversly proportional to their heights. This gives rise to the characteristic pion bump
at 67.5MeV.

Epin= E»Y(COSGCM =-1)=
(1.14)

To describe the shape of the hadronic ~-ray spectra, [23] developed an analytical
approximation for the 7° production cross section o0 (Ep) in a wide energy range,
from the kinematic threshold (280MeV ) up to PeV energies. This was achieved by
combining experimental data, for proton energies E, < 2GeV, with theory-driven
Monte Carlo simulations, for E, > 2GeV. Then, the differential y-ray production
cross section do./dE,(Ey,E,) was parametrized as a function of o,0(E,), for an
arbitrary proton energy distribution of the form

dN,

L ) o< expl (B 5] (1.15)

The resulting y-ray flux, produced by the interaction of the proton spectrum [1.15
with the ISM and measured at a distance d from the interaction point, is [23]:

dN,

nygc [ do dN,
) =" [ (5, B) S (EE, | (1.16)
Y

d? Bmin dE, aE,
where ng is the volume density of target protons. Figure (left panel) shows
an example y-ray spectrum computed using equations and (black curve),
assuming o =2, =1 and Egu“’ff = 10TeV. The pion bump at E, ~ 67.5MeV,
indicated by the dashed red line, is clearly visible in the y-ray spectrum. The blue
curve in the figure represents a simple y-ray power law with exponential cutoff, of the
form

dN,

S0 (B,) o B exp[— (B, /B (117)
dE,
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FIGURE 1.3: 7-ray spectrum (left) and SED (right) for hadronic inter-
actions. The blue curves correspond to simple analytic approximations
of the complete phenomenological model (black curves), while the ver-
tical red line indicates the pion bump.

Away from the pion bump peak, equation[I.17] provides a good approximation of
assuming that:

o' =20 (=a) (1.18)
B'=0.62 (<) (1.19)
EMT = 1TeV (= ES1/10) (1.20)

Equation [I.18] tells us that the y-ray spectral index closely mimics the one of the par-
ent proton distribution, while equation [1.19| means that the spectrum of secondary
~-rays undergoes a slower cutoff with respect to the parent proton distribution. Fi-
nally, equation [T[.20] tells us that the cutoff energy of the y-ray distribution is 10 times
lower than in the proton one. In fact, by means of numerical simulations, [24] proved
the general validity of the rule of thumb E, = E,/10.

When multiplied by E%, the y-ray spectrum assumes the form shown in figure
(right panel). This is a common way to display spectra in 7-ray astronomy, not ex-
clusive to hadronic spectra, because it enhances features with respect to the steep
dN,/dE, plots. The quantity Engy /dE.,, equivalent to the vF, used in radio as-
tronomy, is called the spectral energy distribution (SED). As the name suggests, the
SED allows one to assess how the energy is distributed across the ~v-ray spectrum.
To see this, one can compute the total «-ray energy carried in the spectrum:

Emax dN
= E,—1dE, . 1.21
w B 'YdEm/d Y ( )

Assuming, to simplify, that the 7-ray spectrum is a simple power law (dN,/dE,

E~1), then yields

Bmax E2T _p2-T 1o
W E)"VdE, { max ~ Eunin » ' 7 (1.22)
Emin ln(Emax/Emin)a F = 2

T <2 (I>2), then W & Epax (W & Epin), which means that most of the energy
is carried by particles at the highest (lowest) end of the spectrum. In particular, for
spectra much harder (steeper) than I' = 2, the energy bulk is stored almost exclusively
in the form of particles at the energy cutoff (threshold).
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Another useful quantity is the particle cooling time due to inelastic p — p interactions
in the ISM [25]:
-1
Np
~6x10° [t : 1.23

Trp (100cm—3> v (1.23)
Equation [1.23] which is valid for protons with energies between 1GeV and few hun-
dreds TeV, is energy-independent. This means that, for any given freshly-accelerated
proton distribution, the shape of the resulting ~-ray spectrum is not modified with
time (modulo a scaling factor) by energy-dependent proton losses. This is not true
for leptons, as discussed in the next section.

Finally, we note that charged pions (7t and 7~) are also produced in inelastic p—p
interactions, with roughly equal probability to the 7 channel:

p+p—prptat T
n (1.24)
p+p—pt+tn+m’.
They decay into muons and neutrinos ﬂ as in
™ =+, /v, (1.25)
and muons decay in turn into electrons and neutrinos:
pE = et v Ve v/, (1.26)

This establishes an important connection between hadronic «-rays and neutrino as-
tronomy. In particular, if a y-ray source is accompanied by a neutrino signal, a
hadronic interpretation for the origin of its «-ray emission is considered strongly fa-
vored.

1.3.2 Leptonic processes

Relativistic electrons can produce VHE ~v-rays through the inverse-Compton up-
scattering of diffuse low-energy photon fields:

et + YCMB/ISRF — e +VHE - (1.27)

Here, CMB indicates the cosmic microwave background, which can be treated as a
black-body distribution with energy density of ecyp = 0.261eVem™ and tempera-
ture of Tomp = 2.73K. The ISRF (short for interstellar radiation field) is instead
a combination of starlight and dust re-emission, which permeates (with large en-
ergy density variations) the interstellar space. The starlight (dust) emission peaks
in the near (far) infra-red, with a typical energy density €gpars =~ 1eVem ™ (€qust &
0.5eVem™3) and temperature Tyars =~ 3000 K (Tyust ~ 30K). Thanks to [26) 27], the
ISRF in the Galaxy has been mapped in a full 3D model, which has been made
publicly available online. In addition to the CMB and ISRF, another possible tar-
get field for the inverse-Compton process is the lower energy radiation generated by
the interaction of the same electron population with magnetic fields (synchrotron
self-Compton, or SSC).

Depending on the electron energy, inverse-Compton scattering may occur in the non-
relativistic (Thompson, oy, ~ 66.5fm?) or ultra-relativistic (Klein-Nishina) regime.

9With ~ 99.99% branching ratio [21].
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FIGURE 1.4: ~-ray spectrum (left) and SED (right) resulting from
leptonic interactions. The blue and red curves correspond to sim-
ple analytic approximations of the complete phenomenological model
(black curves), while the vertical red line indicates the Klein-Nishina
break.
In the latter case, the scattering cross-section is suppressed as
In4k

where k = Fy,q X E. is the product of the photon and electron energies. The resulting
energy spectrum of up-scattered ~-rays, assuming a power law electron distribution
(T'e =2), is shown by the black curve in ﬁgure in terms of differential flux (left) or
SED (right). The ~-ray spectrum has a clear high-energy break, from the relatively
hard power law spectral slope

Fe+1

Iy==5— (=15), (1.29)

shown by the blue curve, to a steep power law
I'y=Tc+1(=3) (1.30)

at the highest energies, shown by the red curvelﬂ This break marks the transition be-
tween the Thomson and Klein-Nishina regimes, at Esreak R mgc4 /Eyaq. For the CMB,
whith an energy of F,q = kT ~0.235meV, the break occurs at Esreak(CMB) ~1.1PeV
(see the red line in figure . In more realistic cases, one has also to consider the
ISRF target photons, for which much lower break energies are found: E};reak(s‘uars) R
1TeV, El;’reak(dust) ~ 100 TeV. We note that in real astrophysical applications it might
sometimes be hard to distinguish between the Klein-Nishina spectral break and an
intrinsic cutoff of the underlying electron distribution, due to a lack of statistics at
high energy.

The spectra described until now are affected by the energy-dependent radiative losses
of electrons, due to their interaction with the ambient radiation and magnetic fields.
The electron cooling time due to synchrotron emission in a magnetic field B is

~3><105( Ee )1( ‘5 )_1 r (1.31)
TSyn ™ 1TeV leVem—3 e '

where e oc B? is the energy density of the magnetic field [28]. This expression is valid

01y equation we neglected a multiplicative (In E, + constant) factor |14].
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both in the Thomson and Klein-Nishina regimes, provided that the magnetic field
value is not extreme (B < 10'2G) [29]. In the Thomson regime, the inverse-Compton
up-scattering off a given seed photon field (e.g. the CMB, starlight or dust emission)
results in an electron cooling time which does not depend on the spectral distribution
of target photons but only on their total energy density. It can be expressed in the
same form as equation with the substitution eg — €.aq [28]:

a3 x10° ( Ee >_1 ( rad )_1 (1.32)
T ~ T. .
10 1TeV leVem—3) ¥

In the Klein-Nishina regime instead this is not the case, but for the standard scenario
of a black-body target photon field one has [30] [T}

E. r -1
N ~10° < ) ( Crad > VI . (1.33)

1TeV leVem—3

This cooling time-scale is significantly higher than the in the Thomson regime (see
equation [1.32)), due to the Klein-Nishina suppression of the Compton scattering cross-
section (equation |1.28)).

In steady state, radiative losses modify the electron spectrum as:
FE(EG) = Qe(EE) X Tloss(Ee) ) (134)

where Q. and F, respectively are the injected and cooled electron spectra (with units
of [energy !time™!] and [energy~!]), while 7, is combination of the synchrotron
and inverse-Compton cooling times. To understand the impact of this modulation
on the resulting y-ray spectra, we can assume Q.(FE.) oc E;'¢ and distinguish two
extreme cases |28, 31, [32]:

o If g > €159 (i.e. inverse-Compton losses are negligible), then Tjoss = Tgyn and

equation yields F, x E. (Let1) Using and and assuming again

I'c = 2, one obtains in this case a broken ~-ray power law with a low-energy

part
re+2
T, = e; (=2) (1.35)
and a high-energy end
I'y=Tc+2(=4). (1.36)

In both regimes, and in particular above the Klein-Nishina break, the spectrum
is significantly steepened with respect to the un-cooled case;

e if instead ep < €44, the situation is a bit more complex [33|. Since the inverse-
Compton losses in the Thomson regime have the same form as the synchrotron
ones, at low energies the resulting y-ray spectral slope is steepened as in equa-
tion [T.35] But in the Klein-Nishina regime, according to equation the
electron cooling time is directly proportional to the energy. Therefore, the elec-
tron spectrum hardens to F, oc E;Te*! which in turn reflects into a hardening

1o obtain the formula [1.33] we converted the equation (13) from [30] to the same units as
equation , and approximated Eg 7 with Ee.
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of the ~-ray spectrum{ %}
I'y=T.(=2). (1.37)

This effect can potentially compensate and wash out the Klein-Nishina break
in the photon spectrum, leading to hard leptonic «-ray spectra up to tens or
hundreds of TeV [2§].

1.4 The sources of Galactic cosmic rays

As discussed in section [I.3] there is a tight connection between cosmic ray physics
and v-ray astronomy. In particular, the powerful PeVatrons that are (or have been
in the past) active in our Galaxy are also expected to be bright +-ray sources. At
TeV energies, the y-ray sky is crowded with bright sources, such as supernova rem-
nants (SNRs) and pulsar wind nebulae (PWNe), which are now established to be
accelerators of non-thermal particles. However, their possible contribution up to the
knee (i.e. their PeVatron nature) is still debated. A few ~-ray binaries have also been
detected (= 5), but they generally have steep ~-ray spectra measured only up to few
hundreds GeV [34-36], with the exception of LS 5039 that has been detected up to
<20TeV by H.E.S.S. [37].

The H.E.S.S. Galactic Plane Survey (HGPS) [38] is the most comprehensive scan
of the Galactic plane from [ = 250° to 65°, with data taking completed in 2013
and published in 2018 by the H.E.S.S. Collaboration (see section 2.3). It lists 78
VHE ~-ray sources, 31 of which were firmly identified with known SNRs, PWNe,
plerions and ~-ray binaries. Other 36 objects, for which at least one possible coun-
terpart was found, were classified as associated but not clearly identified sources.
Finally, 4 objects were found to be spatially close with unidentified Fermi-LAT GeV
sources, while for the remaining 7 no multiwavelength counterpart was found. They
are HESS J1702-420, J1708-410, J1729-345, J1741-302, J1828-099, J1832-085 and
J1457-593. These objects, that are bright only in the VHE ~-ray range, are called
dark sources [39, [40]. Whether the physical processes powering their VHE ~-ray
emission are hadronic or leptonic is unknown, and they still remain unidentified. It
seems plausible that some of them are evolved PWNe, as in the case of other pre-
viously unassociated VHE sources. For example, the sources HESS J1303-631 and
HESS J1825-137, detected in the early days of H.E.S.S. and originally unidentified |41,
42|, were later associated with old PWNe based on the discovery of energy-dependent
morphology and compact X-ray counterparts [43,44]. There are also dark sources that
may be associated with molecular clouds illuminated by nearby SNRs, for example
HESS J1457-593 and HESS J1729-345 [38]. In the part [LI of this thesis, we will dis-
cuss in detail the case of one of the most puzzling dark TeV sources, HESS J1702-420.
In particular, we will try to find out whether this source is a PeVatron.

In order to look for PeVatron candidates in the y-ray sky, we may try to define a
(tentative) list of their expected spectral characteristics:

e their y-ray power law spectral index should be hard, i.e. not much steeper than
oc E72. Such spectrum, if produced via hadronic processes (section [1.3.1]), has
the same slope of the parent cosmic ray distribution. Therefore the modulation

12Hovvever, no matter how small the ratio eg/ Z i eiad, at sufficiently high energies the synchrotron
losses will always dominate and rapidly cool down the electron spectrum inducing a high-energy cutoff

in the final ~-ray spectrum.
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by the energy-dependent escape from the Galaxy (equation |1.2]) would allow to
reproduce the measured cosmic ray slope oc E~27 at Earth;

e the ~-ray spectrum has to extend at least up to several tens of TeV, without
a sharp high-energy cutoff. Ideally, hadronic ~-ray emission detected up to
E, ~100TeV would imply the presence of E, =10 x E, ~ 1PeV protons (see

section |1.3.1));

We note however that such requirements are in most cases not sufficient to prove
the PeVatron nature of an object, because leptonic processes can also produce sim-
ilar spectra. Until recently one could often hear the argument that ~-ray emission
above few tens of TeV must be hadronic, due to the Klein-Nishina suppression of the
inverse-Compton cross section at high energies (see e.g. [45]). However, it is becom-
ing increasingly clear that this is a crude simplification that does not hold in many
situations. For example, as already discussed in section [28] have pointed out
that hard high-energy electron spectra yielding 100 TeV ~v-rays are possible, if the
inverse-Compton electron cooling dominates over synchrotron losses. Also, recent
observations have shown that y-ray emission above 100TeV is often associated with
powerful pulsars, which are mostly leptonic accelerators, rather than SNRs (see [46,
47] and also the discussion in section .

The rest of this chapter is dedicated to a brief description of all the sources that have
been proposed, throughout the years, as PeVatron candidates.

1.4.1 Supernova remnants

In 1934 Baade and Zwicky introduced the concept of super-novae (SNe) and advanced
the hypothesis that they could be the sources of cosmic rays |48} |49]. This posed the
bases for the so-called SNR hypothesis, which has been until recent years the standard
paradygm for the origin of Galactic cosmic rays. The main supporting arguments are
two:

e energetically, SNe (of any type) exploding in our Galaxy at a rate vgy of ~ 3
per century and liberating a kinetic energy (in the form of ejecta bulk motion)
of Egn ~ 10°1 erﬁ can provide the power necessary to support the observed
cosmic ray flux, Pocr ~ 10* ergs™!. Namely, if each SN uses a ~ 10% fraction
of its kinetic energy to accelerate particles, the total power transferred by SNe
to cosmic rays is

1

Psnoser = 10% Esnvgy ~ 10" ergs™ = Pog (1.38)

e the previous argument is strengthened by the fact that the SN remnants are
associated with strong collisionlesﬂ shock waves propagating through the ISM
ahead of the expanding ejecta. This, together with the presence of magnetic
turbulences clearly seen in the X-ray images of SNRs, make them the perfect
places for the emergence of first-order Fermi acceleration (see section .

BHere, it is implicitly assumed that all SNe transfer a fraction 1% of their total gravitational energy
(=~ 10%3 erg) into kinetic energy of the ejecta, while the rest is released in the form of neutrinos.

1SNR shocks are not mediated by particle collisions (as for the shocks created by supersonic
aeroplanes in the atmosphere) but rather by electromagnetic interactions.
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The SNR shock expands in the ISM as
Rghock ta, Ushock X et (139)

This allows to divide the SNR lifetime into three phases:

Free expansion (ejecta-dominated) phase: at first the blast wave of SN ejecta
expands unhindered into the surrounding ISM, traveling at supersonic speed
(Vshook = 101 kms™ > ISM | where ¢>™M < 102kms™!). It is a case of ballistic
expansion, with o = 1. This phase lasts until the mass of swept-up ISM material
(heated, compressed and towed behind the shock) becomes comparable with
the ejecta mass. This occurs a few centuries after the SN explosion when the
shock radius is of the order of few pc, with the precise values depending on
the (typically asymmetric) ISM density profile. At this point, the swept-up
material accumulated behind the shock increases the shock inertia and starts
decelerating its expansion;

Sedov-Taylor (adiabatic) phase: the shock slows down, o < 1. For example, a
uniform ISM density profile yields a = 2/5 (the original solution found by Sedov
and Taylor in the late '40s and ’50s for the case of bombs). Instead, a stellar
wind density profile decreasing quadratically from the star position yields a less
pronounced deceleration: « = 2/3. In this phase the expansion is adiabatic,
meaning that total energy is still roughly conserved. The kinetic energy of the
ejecta is stored as internal energy of the shocked ISM and used to accelerate
particles at the shock, and all radiative energy dissipations are still negligible
compared with the bulk inertia of the ejecta. But since the temperature drops
with time (7 oc t=6/%), at some point the shocked ISM nuclei start emitting a
significant amount of thermal X-ray emission [50];

Radiative (snow plough) phase: eventually (=~ 10°yr after the explosion), the
plasma temperature becomes low enough (< 10*K) to allow the recombina-
tion of atoms. This becomes now the dominant process of energy dissipation,
which makes the shell glow from the ultra-violet to the near infra-red bands and
slows down the shock to o = 1/4. After < 10%yr, the ejecta speed eventually
reaches the speed of sound in the ISM. At this point, the shock disappears and
the SNR finally merges with the ISM.

Throughout the SNR lifetime, particles from the swept-up ISM interact with the
magnetic field turbulence around the shock and are accelerated via DSA (see sec-
tion . Part of these particles are continuously advected toward downtream
infinity, while those that remain tied to the shock are released into the ISM as a
non-thermal spectrum when the shock ultimately dissipates. However since the high-
est energy particles may escape upstream of the shock at earlier times, at ¢t = oo
the SNR spectra can be steeper than the standard DSA prediction (equation .
Significant particle escape starts taking place during the Sedov-Taylor phase, when
the shock slows down and is no longer able to confine (and therefore also accelerate)
the highest-energy particles. This means that the maximum particle energy EGR™ is
reached at the beginning of the Sedov-Taylor phase.

The EER* can be determined in varous ways [51, |52]. In all cases, for a shock size
Rshock and velocity vghock one finds

E& x Repock V0 BZ (1.40)
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where B = 3 uG is the typical ISM magnetic field strength upstream of the shock and
Z is the cosmic ray charge. Under realistic conditions, equation yields EER* <
10'3eV for protons, which is clearly insufficient to explain the cosmic ray spectrum
up to the knee. However, if one considers also the non-linear DSA effects, plasma
instabilities driven by the cosmic rays themselves can arise, leading to dynamo effects
which efficiently (= x100) amplify the magnetic field ahead of the shock (see e.g. [53]).
According to equation this could bring the maximum proton energy up to the
knee. X-ray observations of young SNRs provide indirect evidence of strong magnetic
field amplification with resopect to the typical B ~ 3 uG ISM value. For example, well-
known SNRs like Tycho and Cassiopea A exhibit narrow X-ray filaments that clearly
outline the shock profile. Assuming that they result from the sudden synchrotron cool
down of electrons in the strongly amplified magnetic field near the shock, one can
estimate a B ~ 100 uG (see e.g. [54]) El Also, the observation of fast time variability
(on a yearly time scale) of synchrotron X-ray hot spots in the shells of young SNRs
seems to confirm the presence of strong (altough in this case localized) magnetic
fields, reaching B ~ 1mG [56, [57].

Today, y-ray observations have established that SNRs actually operate as cosmic ray
accelerators. For example, the remnant W28 (G6.4-0.1) is firmly associated with -
rays emitted by a nearby molecular cloud. However, there is no known SNR that
unambiguously accelerates protons up to the knee. In most cases, a possible leptonic
contribution to the y-ray emission cannot be ruled out (e.g. [58]). Moreover, all
known TeV-bright SNRs have steep spectra with maximum 7-ray energies around 10-
20TeV [59]. This poses the question whether SNRs can actually operate as PeVatrons,
and casts a doubt on the standard SNR hypothesis for the origin of Galactic cosmic
rays. It might be argued that, since the acceleration of particles at EggE* ~ 1PeV
occurs in a very limited period of the SNR lifetime (at the beginning of the Sedov-
Taylor phase), we are just not looking at the right time to see a PeVatron SNR.
However, recent studies have showed that only SNRs resulting from exceptionally
powerful (Egx 2> 4 x 10°!erg) and rare (vsy ~ 1/10%yr) core-collapse SNe, for which
low ejecta mass < fewMs and dense progenitor winds anticipate the beginning of the
Sedov-Taylor phase to few years after the explosion, may accelerate light nuclei such
as hydrogen and helium up to the knee [60]. In this scenario, the chances of ever
detecting SNR PeVatrons are extremely faint.

1.4.2 Pulsar wind nebulae

Pulsars are rapidly-spinning (period of P ~ 1072 —10's) and highly magnetized
(Bsurface ~ 107 —10%° G) neutron stars, with masses similar to the Sun but packed into
~ 10km radius compact objects. Their total spin-down luminosity is emitted in the
form of pulsed electromagnetic radiation (=~ 1%) and a magnetized wind of electron-
positron pairs created by electromagnetic cascades in the pulsar magnetosphere. The
pulsar slow-down from the initial period P is characterised by the braking index n
(for ideal magnetic dipole emission, n = 3):

Q=—kQ", (1.41)

where Q(t) = 2w /P(t). Assuming Py > P(t), one can use equation to derive the
so-called spind-down age of the pulsar, which provides a rough estimate for its true

15We note that other interpretations for these X-ray filaments are possible (see e.g. [55]).
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meridional plane equatorial plane

F1GURE 1.5: Diagram of the pulsar’s current sheet geometry, at r >
ric. Adapted from [61].

age:
P

2P
The magnetic field lines co-rotate rigidly with the pulsar, up to the distance at which
they would reach the speed of light (light cylinder):

(1.42)

Tspin-down —

P
e = — . (1.43)
27
For millisecond (typical P ~ 1s) pulsars, the light cylinder has a radius of rp,¢c ~ 50km

(5000 km).

Beyond the light cylinder, the magnetic field lines open and the field topology smoothly
changes from a dipolar geometry (r < rc) to a monopolar (radial) one (r > ric),
giving rise to the so-called pulsar striped-wind [62} 63| (see ﬁgure. In this region,
the wind assumes a split-monopole geometry in the equatorial (rotation) plane, in
which two archimedean spirals r(¢) o« ¢ of magnetic field lines with opposite polarity
alternate, separated by a current sheet in which B =0. The current sheet is confined
to a wedge /2 —x <0 <m/2+ x, where x is the angle between the rotation and
magnetic field axes of the pulsar, and carries away the pulsar’s wind in the form
of particles and Poynting flux. The wind magnetization o, is defined as the ratio
between the magnetic energy and particle energy:
B2

=—. 1.44
T Mo (144)

Eventually, the particle density n, (oc7~2) drops to a level which is insufficent to
maintain the current sheet, at which point the magnetic field lines reconnect and
the wind terminates. There, a roughly standing termination shock (TS) is created
(Rrs ~ 10"cm for the Crab pulsar) [64]. At the TS, the wind ram pressure is
balanced by the confining external (shocked) medium, and the isotropized plasma is
dispersed outward leading to the formation of a PWN, which usually evolves inside a
SNR (plerion, or composite SNR). PWNe can be crushed by the SNR reverse shock,
or sometimes (in cases of high pulsar kick velocity) be left to fade away without a
central engine. The sizes of PWNe, determined by the length scale of the region
in which electrons accelerated at the TS are advected outwards by the wind flow,
strongly depend on their age, but typically are of the order of few pc. Outside the
nebula, leptons propagate diffusively into the ISM and can create diffuse halos which
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FIGURE 1.6: Synchrotron (inverse-Compton) emission from electrons
with energy 30 < E, <40TeV (10 < E. <20TeV ), shown by the green
dotted (dashed) curves. The black curves indicate instead the full
spectra obtained from a power law electron spectrum oc E; 2.

have been recently discovered as a new source class in TeV ~-ray astronomy [65].

Pulsed emission from pulsars, attributed to synchrotron-curvature radiation in their
magnetospheres |66, is generally detected only up to few tens of GeV F_gl At TeV en-
ergies, the detected «-ray emission is instead non-pulsed and due to particles (mainly
leptons) in the PWN region. Particles can be accelerated in different ways by pulsars,
essentially depending on their (upstream) wind magnetization level [69, [70]. Multi-
dimensional particle-in-cell (PIC) simulations have shown that, for an upstream wind
magnetization g, > 1, most of the magnetic field energy is transferred to particles
via magnetic reconnection (see section upstream of the T'S. Reconnection is
triggered by the formation of X-points at the boundaries of isolated plasmoids, or
magnetic islands, that rapidly grow and coalesce until the striped structure of the
wind is disrupted at the TS. This process yields the formation of hard downstream
electron spectra, I'c &~ 1.2 — 1.5. The highest-energy particles from reconnection pop-
ulate a steep high-energy tail with slope I'c &~ 2.5, created by relativistic E| first order
Fermi acceleration at the TS. Instead, for moderately magnetized winds (o & few) the
reconnection spectra are somewhat steeper, I', =~ 2.0 —2.5. We also notice that, based
on recent simulation studies, millisecond pulars might be capable of accelerating ions
(e.g. protons) in the magnetosphere up to PeV energies and beyond (see |71] and
references thereis). This means that such objects might operate as PeVatrons, and
also be responsible for part of the diffuse TeV emission (of hadronic origin) measured
around the Galactic center region [72].

The non-thermal electrons accelerated by reconnection and/or shock acceleration at
the TS can radiate via synchrotron emission (mainly in the X-ray, typically up to

16With remarkable exceptions such as the Crab pulsar, for which pulsed emission up to TeV energies
has been detected by MAGIC [67|. H.E.S.S. has also detected, thanks to its largest telescope called
CT5 (see section , pulsed emission from the Vela pulsar in the 20 — 100GeV range [6§]. A
follow-up H.E.S.S. Collaboration paper on Vela, announcing the detection of pulsed emission up to
~ 40TeV with a remarkably hard power law spectrum (I' & 1.3), is currently in preparation.

"Due to the high bulk speed of the wind.
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tens of MeV) and inverse-Compton scattering off ambient photon fields in the multi-
GeV and TeV v-ray bands. The type and amount of radiation emitted by PWNe,
together with their spatial dimensions, depends strongly on their age |73]. Figure
illustrates that, assuming a typical magnetic field B ~ 10 uG and CMB up-scattering,
the electrons that are responsible for synchrotron X-ray emission at 1keV (green
dotted curve) are more energetic than those emitting inverse-Compton ~-rays at 1 TeV
(green dashed curve). This, together with the fact that radiative losses scale like
o E;1 (see section , implies that electrons emitting in the X-ray band are
cooled down faster than those emitting in the TeV range. Therefore, for old PWNe,
the emission near (far away from) the pulsar is mainly found in the X-ray (TeV ~-ray)
band. At the same time, the y-ray spectrum is expected to steepen as a function of
the distance from the pulsar’s position, because only the lowest-energy particles can
travel large distances without being quickly cooled down. This means that PWNe
are typically characterized by energy-dependent morphologies, which is one of the
arguments that have been used in the past to associate dark TeV sources (see the
introduction of section with evolved PWNe.

1.4.3 Diffuse emission around the Galactic center

The H.E.S.S. Collaboration (see chapter [2)) has found evidence for the acceleration
of PeV protons in the central molecular zone (CMZ) within 200 pc from the super-
massive black hole at the center of our Galaxy, Sgr A* |74, [75].

The central v-ray source HESS J1745-290, positionally coincident with Sgr A*, has a
~-ray spectral cutoff around ~ 10TeV. It is still unclear whether it is actually asso-
ciated with Sgr A* or with a PWN on the same line of sight |76|. Searches for the
variability of this source, that would constrain the PWN scenario, have been per-
formed without leading to a detection by VERITAS |[77], and are currently underway
in H.E.S.S..

The ~-ray spectrum of the CMZ around Sgr A*, measured by H.E.S.S. up to ~40TeV,
is compatible with hadronic emission from a cosmic ray proton distribution with a
cutoff at E;utOH ~ 1PeV [75]. Also, the estimated o r~! spatial distribution of cosmic
rays in the CMZ is consistent with continuous particle injection in the region [74].
However, the level of this emission is too low to sustain the flux of PeV cosmic rays
observed at Earth. This means that if sources in the CMZ (e.g. Sgr A*, star clusters,
supernova remnants, millisecond pulsars) are responsible for the acceleration of all
cosmic rays up to the knee, then the past activity in the region must have been much
higher than today. Recent searches for a high-energy cutoff in the ~-ray spectrum
of the diffuse emission around Sgr A* have led to unclear conclusions, with MAGIC
reporting a 2¢ hint for a spectral turnover around ~ 20TeV and VERITAS measuring
a straight power law up to 40 TeV (77, 78§].

1.4.4 Young massive stellar clusters

Young (< 100Myr) and massive (> 10* M) stellar clusters (YMSCs) harbor plenty
of powerful stars, whose interacting winds and SNR shocks can carve superbubbles
in the ISM and produce eff