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Abstract
The High Energy Stereoscopic System (H.E.S.S.) experiment uses the Imaging Atmospheric
Cherenkov Technique (IACT) to study very-high-energy (VHE) γ-ray astrophysics. Its
southern location provides the best opportunity to observe the Galactic Centre region. The
Galactic Centre hosts many violent astrophysical objects and molecular gases. The diffuse
TeV γ-ray emission in the Central Molecular Zone (CMZ) reveals the existence of powerful
cosmic-ray (CR) accelerator(s) in the Galactic Centre. In particular, various studies postulated
a PeV accelerator (PeVatron) continuously injecting CR protons to the ambience, resulting in
a complex γ-ray morphology and absence of cutoff signature in the diffuse γ-ray spectrum.
This study, using 11 years of H.E.S.S. data and an advanced 3D maximum-likelihood analysis
method, re-establishes and constrains the diffuse γ-ray emission nature at 0.4 – 100 TeV. CR
propagation is modelled and diffuse emission templates for the analysis are built accordingly,
by assuming a hadronic origin in the Galactic Centre. This study unveils a CR energy cutoff
at couple hundreds of TeV, opposing the postulation of a PeVatron existing in the Galactic
Centre. Apart from the scenario of a continuously CR injecting source, an impulsively
injecting source cannot be ruled out.

Kurzfassung
Das High Energy Stereoscopic System (H.E.S.S.) basierend auf der Imaging Atmospheric
Cherenkov Technique (IACT) untersucht die Astrophysik der sehr hoch energetischen γ-
Strahlung. Die Lage in der südlichen Hemisphäre bietet die besten Voraussetzungen um die
Region des Galaktischen Zentrums zu beobachten. Das Galaktische Zentrum beherbergt
viele emissionsstarke astrophysikalische Objekte und eine starke Anhäufung molekularen
Gases. Die diffuse TeV γ-Strahlung in der zentralen molekularen Zone (CMZ) weist auf
die Existenz leistungsstarker Beschleuniger für kosmische Strahlung (CR) im Galaktischen
Zentrum hin. In unterschiedlichen Studien wurde die Existenz eines PeV-Beschleunigers
(PeVatron) postuliert, der kontinuierlich CR-Protonen in seine Umgebung ausstößt, was zu
einer komplexen γ-Strahlungsmorphologie und dem Fehlen einer Cutoff-Signatur im diffusen
γ-Strahlenspektrum führt. In dieser Studie wird mit H.E.S.S.-Daten, aufgenommen innerhalb
von 11 Jahren, und der fortschrittlichen 3D-Maximum-Likelihood-Analysemethode die Natur
der diffusen γ-Strahlung im Energiebereich 0,4 – 100 TeV neu bestimmt und eingegrenzt.
Die Propagation der CRs wird modelliert und Templates für die zu erwartende diffuse γ-
Strahlung werden unter der Annahme eines hadronischen Ursprungs im galaktischen Zentrum
erstellt. Diese Studie enthüllt eine CR-Energieschwelle bei einigen Hundert TeV, die der
Annahme eines PeVatrons im Galaktischen Zentrum widerspricht. Neben dem Szenario einer
kontinuierlich CRs injizierenden Quelle kann auch eine impulsiv injizierende Quelle nicht
ausgeschlossen werden.
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“I,

a universe of atoms,

an atom in the universe.”

Richard P. Feynman

Chapter 1

Motivation

Day and night, our Earth is exposed to a �ux of highly isotropic particles called cosmic-rays

(CRs). These particles are highly energetic, yet they are also non-thermal. It is believed that

these CRs are energised by a non-thermal mechanism at acceleration sites in the Universe,

and are isotropised during the propagation in Galactic magnetic �eld [80]. To locate these

acceleration sites without the in�uence from the magnetic �eld, very-high-energy (VHE)

gamma-rays (g-rays) can be used for indirect observation.

One of the popular candidates for the origin of energetic CRs, by no surprise, is the

Galactic Centre. The Galactic Centre hosts many astrophysical objects, including the super-

massive black hole, supernova remnants and pulsar wind nebulae. In addition, this region is

surrounded by a large amount of gas which is called the central molecular zone (CMZ) [1].

If a source in the Galactic Centre is the production site of CRs, these CRs will diffuse and

interact with the large-scale gases, producing the VHEg-rays. Through the study of diffuse

g-ray emission in the CMZ, the diffusion nature of CRs as well as the locations of CR

accelerators could be revealed.

Previous studies discussed the possible existence of a Galactic central accelerator that

might be responsible for the diffuseg-ray emission in the CMZ [56, 57, 116, 24]. This

accelerator might even be able to accelerate CRs to the PeV energy regime, sources of which

are known as PeVatrons. This study, using a state of the art 3D analysis method and increased

data from H.E.S.S., aims to study the diffuseg-ray emission in the CMZ from 0.4 – 100

TeV using a physically motivated template approach. This work will unveil possible CR

injection scenarios and discuss possible CR accelerators. Both continuous and impulsive CR

injection scenarios will be covered, assuming a hadronic origin in the vicinity of the Galactic

Centre. With this advanced analysis technique and modelling, the previous postulation on

the existence of a PeVatron in the Galactic Centre is challenged.

1



2 Motivation

This thesis will start with a prologue ong-ray astronomy in Chapter 2, followed by an

introduction of the imaging atmospheric Cherenkov technique with H.E.S.S. in Chapter 3

which is used forg-ray detection. A detailed methodology of the 3D maximum-likelihood

analysis will be explained in Chapter 4. The building of the 3D diffuseg-ray emission

templates will be elaborated in Chapter 5. These are used for the analysis of the diffuseg-ray

emission in the CMZ, which will be shown in Chapter 6. At the end in Chapter 7, a summary

of this work will be presented.



“From the ashes a �re shall be woken,

A light from the shadows shall spring.”

J.R.R. Tolkien

The Fellowship of the Ring

Chapter 2

Gamma-Ray Astronomy

The discovery of CRs can be traced back to the early 19th century through the phenomenon of

electroscope discharge. Their astrophysical origin was later con�rmed in balloon experiments

of Victor Hess in 1912, which unveiled the existence of ionising radioactive sources outside

the atmosphere of Earth [80]. These ionising particles, CRs, are mainly protons (� 85%),

helium nuclei (� 12%), electrons (� 2%) with some heavier nuclei (� 1%) [80]. The CR

particles arrive at Earth with a rather smooth power-law spectrum with energies of up to

1020 eV [51]. This legitimately arouses curiosity about the acceleration mechanism of these

non-thermal high-energy particles, since their energies are beyond the capabilities of thermal

emission mechanisms, and their origin. The latter is a giant challenge due to de�ection of

their travelling path in the turbulent Galactic magnetic �eld on the way to Earth, washing the

information of their origin away. Yetg-rays produced from the interactions of CRs with the

interstellar medium (ISM) or photon �elds have opened the door tog-ray astronomy in the

past few decades, revealing the non-thermal universe. In particular, a number of possible CR

origins have been identi�ed.

This chapter provides an introduction to CRs, including their energy spectrum as detected

on Earth and well-accepted postulations of their acceleration mechanism, followed by an

explanation ofg-rays production from CRs. Finally, possible CR sources from theg-ray sky

will be discussed. With this starter, hopefully the importance ofg-ray observation in relation

with CRs can be perceived, which is one of the main purposes and cornerstone of this thesis.

2.1 Cosmic-Rays

CRs are a mixture of charged particles. When they propagate from their production site, the

light elements like Lithium, Beryllium and Boron are enriched through interactions with

cold interstellar matter, leading to an overabundance of these elements with respect to Solar

3



4 Gamma-Ray Astronomy

System abundances [80]. By studying the measured CR energy spectrum, the nature and

acceleration mechanism of these puzzling CRs are unveiled.

2.1.1 Energy Spectrum

Figure 2.1 All-particle spectrum of CRs over eleven decades of energy from various experi-
ments. The dashed line denotes aE� 3 spectrum. (Taken from [51])

CR particles diffuse from the interstellar space towards Earth through the out�owing

Solar Wind [95]. The �uxes of low-energy particles decrease during periods of high solar

activity (and vice versa) due to the disturbance in the interplanetary magnetic �eld, which

impedes the propagation of particles with low energies [80]. This phenomenon is called

solar modulation. By taking into account the effects of solar modulation, the observed CR

spectrum can be roughly described by power-law distributions withN(E)dE µ E� GdE as

shown by the various experiments in Figure 2.1, whereG= 3 in this case. The �ux of CRs,

after the correction from the solar modulation, is constant in time. Its energy density is

comparable to the energy density of both the thermal gas and magnetic �eld in the ISM

(wCR � 1 eV/cm3) [40].
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The observed CRs show a smooth energy distribution despite the existence of numerous

different astrophysical sources in the universe. This suggests that only certain astrophysical

object populations are able to accelerate CRs, and they probably involve the same acceleration

mechanism [119]. Apart from the �attening of the spectrum below 10 GeV, which is due to

both the solar modulation and low-energy CRs interacting strongly with ISM via ionisation

processes [119], there are four more prominent features in the spectrum that deviate from a

smooth distribution.

The �rst kink is at the CR 'hip', where there is a break at rigidityR= 300GV1. This

break is more pronounced for protons and heavier elements. The break is caused by a change

of the behaviour in the particle transportation, a change of the source(s) contribution to the

spectrum, and features in the local properties of the source(s) [119].

The spectrum from1011 � 1015 eV diverges from the �tted line withG� 2:7. The

kink which appears at around3� 5� 1015 eV is called the 'knee' and con�rmed by the

KASCADE-Grande experiment [6]. The spectrum steepens toG� 3:2 from this point. The

existence of the knee is related to a distinct intensity cutoff in the light component of CRs,

assuming a rigidity-dependent knee [52]. This postulation is supported by the measurements

from KASCADE-Grande and IceTop+IceCube when comparing the knee of the proton

spectrum (E � (3� 5) � 106 GeV) and heavy iron spectrum (E � 80� 106 GeV) as shown

in Figure 2.2.

Figure 2.2 The energy spectra of light and heavy particles as measured from knee to ankle
region by different observatories. Distinction in the spectra is observed. (Taken from [119])

1Rigidity is calculated asR= pc=Ze, wherep is the momentum,c is the speed of light andZeis the particle
charge.
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There is, however, another kink at around5� 1018 eV, called the 'ankle'. The spectrum is

hardened toG� 2:65. It is generally believed that CRs with energies above the ankle have an

extragalactic origin, thus the region between knee to ankle represents the transition between

the galactic and extragalactic sources [11]. This will be discussed more in Section 2.3.

Finally, there is a sudden drop at around4� 1019 eV in the spectrum. There are lot of

disagreements on the exact position of this drop in various experiments, but this high-energy

cutoff is believed to be related to the Greisen–Zatsepin–Kuzmin (GZK) effect, which is a

rapid fragmentation from the interaction of the CRs with the cosmic microwave background at

energies beyond this regime [119]. This cutoff sets a theoretical upper limit to the maximum

energy of the CR �ux.

2.1.2 Acceleration Mechanisms

Ionised plasma in the Galaxy has extremely high conductivity. In astrophysical environments

with large-scale magnetic �elds, the net electric �eld is zero due to the drifting of the free

charges [119]. To create a Lorentz force for particle acceleration, either plasma instabilities

or motion of magnetic �elds is needed [99].

In the following, second-order and �rst-order Fermi acceleration related to particle

interaction with the magnetised plasma will be discussed. The magnetic reconnection

associated with the induction of electric �elds from the rearrangement of magnetic �eld lines

will also be explained. In particular, the �rst-order Fermi acceleration has been the most

promising theory of the CR acceleration mechanism. This section refers to the publication

from Malcolm Longair [80].

Second-Order Fermi Acceleration

In 1949, Enrico Fermi proposed that particles can be accelerated to high energies by a colli-

sion with clouds in the ISM. This can be done by �rst considering massive and magnetised

plasma clouds acting as "magnetic mirrors" due to irregularities in the Galactic magnetic

�eld. These mirrors move randomly with a certain velocityV. When charged particles collide

with these mirrors, they gain energy stochastically via re�ection with the average energy gain

per collision �
DE
E

�
=

8
3

�
V
c

� 2

; (2.1)

and therefore the average rate of energy increases as

dE
dt

=
4
3

�
V2

cL

�
E = a E (2.2)
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if the average time between collisions is2L=c. The resulting spectrum can be determined

from the diffusion-loss equation

dN
dt

= DÑ2N +
¶

¶E
[b(E)N(E)] �

N
t esc

+ Q(E); (2.3)

whereN is the number density of the particle,D is the diffusion coef�cient,b is the

energy loss rate of the particles,t esc is the spallation lifetime of the particle andQ is the rate

of injection of particles per unit volume. In the case of steady-state and no presence of the

sources, Equation 2.3 becomes

0 = �
d

dE
[a EN(E)] �

N(E)
t esc

: (2.4)

By rearranging the equation, one can eventually derive the energy spectrum

dN(E)
dE

= �
�

1+
1

at esc

�
N(E)

E
(2.5)

The second-order Fermi acceleration provides a prediction of power-law feature in the

CR energy spectrum, however, several problems remain. The most prominent problem is

the very small and slow energy gain by the particles due to the low velocity of the clouds

in comparison with the speed of light in the second orderO(V=c)2. This also indicates that

some collisions will result in energy loss, and large mean free paths of the scattering. This

problem was later solved by the postulation of �rst-order Fermi acceleration, where the

diffusive shock is taken into account.

First-Order Fermi Acceleration

In the late 1970s, the proposal, e.g. from Bell (1978), that particles can be ef�ciently acceler-

ated in strong shock waves has dominated among the rest of CR acceleration postulations.

This diffusive shock acceleration pictures particles bounce back and forth in the upstream and

downstream regions of the strong shock wave and always approach gases moving towards

them. This means particles will always gain energy due to the everlasting head-on collision

with gases.

Shock waves can be generated from vigorous events like supernova explosions. These

shock waves propagate through the ISM with a velocity greater than the speed of sound and

Alfvén speed2, which are associated with the magnetic �eld strength and mass density of the

ISM. These shock waves can provide a source of acceleration for particles as indicated in

2Alfvén speed is calculated asvA � B=
p

m0r , whereB is the magnetic �eld strength,m0 is the permeability
of the vacuum andr is the mass-density.
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Figure 2.3 The dynamics of high-energy particles in the vicinity of a strong shock wave. (a)
Observer frame, (b) reference frame of the shock, (c) reference frame of the upstream gas
and (d) reference frame of the downstream gas. (Taken from [80])

Figure 2.3. Consider a shock wave with speedU traversing a �ux of high-energy particles

(Figure 2.3 (a)). These particles propagate close to the speed of light, and they are present in

front of (upstream, light gray) and behind (downstream, dark gray) the shock front with a

gyroradius much larger than the thickness of the shock. In the reference frame (Figure 2.3

(b)), the shock front is at rest and the upstream gas �ows with the velocityv1 = jUj towards

the shock front and leaving with the velocityv2 in the downstream. Mass conservation leads

to the continuity equation,

r 2

r 1
=

v1

v2
=

g+ 1
g� 1

= 4; (2.6)

whereg is the ratio of speci�c heat capacities of the gas. A monatomic gas hasg = 5=3,

which givesv2 = ( 1=4)v1 in the limit of very strong shocks. Therefore particles in the

reference frame of the upstream or downstream region (Figure 2.3 (c) and (d)) will always

see gas approaching with the same velocityV = jv1 � v2j = ( 3=4)U from the opposite sides.

These particles can thus always obtain a small increase of energy whenever they cross the

shock front with the head-on collision, and never lose energy through the crossing. They

are then scattered elastically in the region behind the shock front so that their velocity

distributions become isotropic with respect to that �ow. A round trip across the shock and

back allows the average energy gain of

�
DE
E

�
=

4
3

�
V
c

�
: (2.7)
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The derivation of the energy spectrum is different from that of the second-order Fermi

acceleration. In this case, one needs to consider there areN = N0Pk particles with energy

E = E0b k afterk collisions, whereP is the escape probability for particles being swept away

in the downstream andb is the fraction of energy gain in a round trip. By eliminatingk,

these two relations can be written up into

N = N0

�
E
E0

� lnP=lnb

: (2.8)

A typical escape probability from the classical kinetic theory givesP = 1� (U=c) and

from Equation 2.7 we knowb = 1+ hDE
E i = 1+ ( U=c) when considering one collision only.

This eventually leads to an energy spectrum

dN
dE

µ E� 2 (2.9)

that is close to the observed CR spectrum, which has index� 2.7 below the knee. There

is however a limit to the energy by using this acceleration mechanism alone, which is

Emax � 1014 eV [76]. Energies beyond this point up to1018 � 1020 eV can be obtained by

considering non-linear feedback from the back-reactions of the particles on the magnetic

�eld [ 119], leading to a strongly ampli�ed magnetic �eld in the shocks of astrophysical

sources like supernova remnants and pulsars. The spectral index on the other hand, can even

go as steep as 2.2� 2.4 [21]. This will be further elaborated in Section 2.3 when discussing

the origin of CRs.

Magnetic Reconnection

In 1950, James Dungey introduced the theory that electric �elds generated from spatially

rearranged magnetic �eld lines can provide a source of energy for solar �ares [36]. In this, a

magnetic �eld is convected along a plasma with high electrical conductivity with individual

�eld lines. In �nite resistivity, two �eld lines are coming closer until they cut at some

point and are being reconnected, changing the topology of the global �eld line [16]. In the

reconnection region where a DC electric �eld is created, once the velocity of a charged particle

exceeds a critical velocity, the particles can accelerate without impediment (i.e. without

deceleration from collision with the plasma) [16]. This is called runaway. Though the

magnetic reconnection is subject to the limit of �ow of charge and the streaming instabilities,

this should still be considered in some astrophysical environments with strong magnetic

shear, for example the pulsar wind nebulae [26]. The pre-acceleration of particles during the
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magnetic reconnection could potentially solve the injection problem in the �rst-order Fermi

acceleration [119].

2.2 Cosmic-Rays to Gamma-Rays

Figure 2.4 The schematics of leptonic (bremsstrahlung, inverse Compton and synchrotron)
and hadronic (pion decay)g-ray production mechanisms. (Taken from [68])

The origin of CRs can be identi�ed through their interactions with gases or photon �elds,

which cause non-thermal continuumg-radiation. When CRs diffuse out from a source, they

either undergo inelastic collision with the ambient matter or interaction with radiation �elds,

resulting in the production of pions via

pp! å p � ;0

pg !

8
<

:
D+ ! pp0=np+

å p � ;0
;

(2.10)

whereå is the multi-pion production andD is the Delta resonance [119]. These pions

then decay into neutral secondaries (gnn̄)
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p0 ! gg

p+ ! m+ + nm ! (e+ nen̄m) + nm

p � ! m� + n̄m ! (e� n̄enm) + n̄m

(2.11)

that allow tracing back to their origins. The emission ofg-rays can be divided into

hadronicg-ray emission and leptonicg-ray emission where synchrotron radiation, inverse

Compton scattering and bremsstrahlung are involved, as visualised in Figure 2.4. The

hadronic emission from thep0-, also the subdominanth -, decays are the essential building

blocks for the construction of the diffuseg-ray emission template in Chapter 5. The following

Sections 2.2.1 and 2.2.2 refer to the publications [70, 119, 18, 105].

2.2.1 Hadronic Gamma-Ray Emission

The p0 decay shown in Equation 2.11 contributes to the majority of the hadronicg-ray

emission. The kinetic energy threshold for thep0 production isEp = ( gp � 1)mpc2 � 280

MeV in the laboratory frame, wheregp is the Lorentz factor of the non-resting proton [93].

The energy of both the secondary photons isECM
g = mp=2 � 67:5 MeV in the centre of mass

frame (CM), whereas the energy in the laboratory frame is

Eg = gp(ECM
g + bp pCM

g cosqCM
g ) =

1
2

mpgp(1+ bpcosqCM
g ); (2.12)

wheregp is the Lorentz factor ofp0, bp is the ratio ofp0 velocity to the speed of light

andqCM
g is the angle of the scattering [105]. In the case whereg-rays are emitted in the

direction of motion, consequence energy boundaries are

Ep(1� bp)
2

� Eg �
Ep(1+ bp)

2

!
mp

2

s
1� vp=c
1+ vp=c

� Eg �
mp

2

s
1+ vp=c
1� vp=c

:
(2.13)

In the log-log representation, theg-ray spectrum is therefore symmetric at the centre of

this boundary, which ismp=2 � 67:5 MeV. This distinct bell-type feature, the pion bump, is

expected only from hadronic interactions. Its exact location depends on the spectral index of

the parent proton, which typically can be found at an energy between 100 MeV to a few GeV.

In particular, this bump disappears completely when the proton index is< 2 [130].

Though the production rate is smaller,h are also produced during the CR interaction

with the gas apart from thep0 [93, 70], result in theg-ray emission via
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(a) (b)

Figure 2.5 (a) Energy spectra ofg-rays from p-p interactions, including the partial contri-
butions fromp0 andh decays. (Taken from [70]) (b) Energy spectra ofg-rays (solid) and
parent protons (dashed) with different proton spectral index.

(pp! pN� (1535) ! pph ) ! h !

8
>>>>><

>>>>>:

2g

3p0 ! 6g

p+ p � p0 ! 2g+ ::

p+ p � g ! g+ ::

(2.14)

To derive the hadronicg-ray emission spectrum, in particular of interest energy range in

above 100 GeV in this thesis, one can make use of Monte Carlo simulations. Open-source

codes likeSIBYLLandQGSJETcan provide a precise parameterization for high-energy

spectra ofg-rays based on proton-proton interactions, as adapted by Kelner et. al. (2016) [70].

Their result is also applied in this thesis for building the diffuseg-ray emission model (in

Chapter 5). Based on their calculation, the energy spectrum of theg-ray in the energy interval

(Eg;Eg + dEg) can be derived from the proton spectrumdNp=dEp using

dNp

dEp
!

dNg

dEg
= cnH

Z ¥

Eg

s inel(Ep)
dNp

dEp
Fg(

Eg

Ep
;Ep)

dEp

Ep
; (2.15)

wherec is the speed of light,nH is the hydrogen gas density,s inel(Ep) is the cross-section

of inelastic proton-proton interactions andFg( Eg
Ep

;Ep) is the number of photons in the interval

( Eg
Ep

; Eg
Ep

+ dEg
Ep

) per collision. Fg ands inel are parameterized from the above-mentioned

simulation.
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