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Abstract

Gamma-Ray Bursts (GRBs) are among the most energetic transients in the Universe and candidate sources of
Ultra-High-Energy Cosmic Rays (UHECRs). A clear confirmation from UHECR measurements is however
challenging, as the directional information of cosmic rays is partially lost due to deflection by (inter-)galactic
magnetic fields. Alternatively, in a multi-messenger approach, the presence of UHECRs in an astrophysical
object is indicated by neutrino or photon signatures produced in nuclear interactions. The absence of these
signatures in turn imposes a limit on the nuclear interaction efficiency. This allows to indirectly set an upper
limit on the amount of cosmic rays in a source: For instance, the lack of detected High-Energy (HE) neutrinos
that could be associated with known GRBs challenges the most simple UHECR-GRB scenarios that predict a
high neutrino flux.
This dissertation examines the prompt phase of GRBs as potential source of UHECRs, HE neutrinos and
Very-High-Energy (VHE) photons by means of numerical radiation modelling. For this purpose we adapt
the lepto-hadronic code AM3 to model particle spectra in the dense, high 𝐵-field environments realised in
GRBs. AM3 is further validated by comparison to results obtained by other leading research groups.
Our simulations are carried out in the framework of the internal shock scenario. In this model, the GRB jet
is discretized as a series of plasma layers (’shells’) of varying velocities. Particle acceleration and emission
take place in shocks induced as shells of different velocities collide with each other. In multi-zone internal
shock models collisions between shells occur over a range of radii, allowing to account for different emission
regions along the jet. We demonstrate that for such a model the population of GRBs can still describe UHECR
data without violating neutrino limits for a wide range of initial Lorentz factor configurations of the outflow
that reflect in the gamma-ray light curves. We discuss the implications of an increasingly pure UHECR
composition at the highest energies and the amount of energy transferred to non-thermal baryons (quantified
as baryonic loading) necessary to power the observed UHECR flux.
Neutrino limits may alternatively be met in low-luminosity objects, where the neutrino production efficiency
is typically low. We present leptonic radiation models of the sub-class of low-luminosity GRBs in the internal
shock model. In this context we evaluate how the amount of energy transferred to the magnetic field impacts
a leptonic VHE inverse Compton component potentially observable by Imaging Air Cherenkov Telescopes
(IACTs) and determine maximal energies of different cosmic-ray nuclei.
The baryonic loading may further be constrained from hadronic signatures in the photon spectra. We explore
this approach in lepto-hadronic models of high-luminosity bursts. Our results illustrate the effect of the
secondary particle cascade on multi-wavelength spectra as well as the impact of intermediate muon and pion
cooling on neutrino peak energies. We further critically review the conditions necessary to reproduce typical
GRB spectra within our model. Finally, the applicability of these findings to observed events is demonstrated
at the example of GRBs detected by the Fermi-LAT.





Kurzzusammenfassung

Gammastrahlenblitze (Gamma-Ray Bursts, GRBs) gehören zu den energiereichsten transienten Ereignissen
im Universum und werden als mögliche Quellen von ultra-hochenergetischen kosmischen Strahlen (Ultra-
High-Energy Cosmic Rays, UHECRs) gehandelt. Eine eindeutige Bestätigung durch UHECR-Messungen ist
jedoch schwierig, da die Richtungsinformation der kosmischen Strahlen während ihrer Ausbreitung aufgrund
von Ablenkung durch Magnetfelder teilweise verloren geht. In einem alternativen multi-messenger Ansatz
wird die Anwesenheit von kosmischen Strahlen in einem astrophysikalischen Objekt durch Neutrino- oder
Photon-Signaturen angezeigt. Auf der anderen Seite kann die Abwesenheit dieser Signaturen die Effizienz
von nuklearen Wechselwirkungen begrenzen. Damit kann indirekt eine Aussage über die Obergrenze an
kosmischen Strahlen in einer Quelle getroffen werden: So werden die einfachsten UHECR-GRB-Szenarien
durch den Mangel an gemessenen hoch-energetischen (High-Energy, HE) Neutrinos, die mit bekannten
GRBs assoziert werden konnten, ausgeschlossen.
Diese Dissertation untersucht Gammastrahlenblitze mithilfe von Strahlungsmodellierungen als mögliche
Quellen von UHECRs, HE Neutrinos und sehr hochenergetischer (Very-High-Energy, VHE) Photonen.
Hierfür wird der lepto-hadronische Code AM3 angepasst, um Teilchenspektren in dichten Umgebungen mit
starken Magnetfeldern (wie in GRBs) simulieren zu können. Zusätzlich validieren wir AM3 durch Abgleich
mit Ergebnissen anderer führender Arbeitsgruppen.
Unsere Simulationen werden im Rahmen des Internal-Schock-Szenarios ausgeführt. In diesem Modell
wird der GRB-Jet als Reihe von Plasma-Schichten (’Schalen’) diskretisiert. Teilchenbeschleunigung und
-emission finden in Schocks statt, die induziert werden, wenn Schalen verschiedener Geschwindigkeiten
miteinander kollidieren. In Multi-Zonen-Modellen ereignen sich diese Kollisionen über verschiedene Radien,
wodurch verschiedene Emissionszonen entlang des Jets erfasst werden können. Wir zeigen, dass für ein
solches Multi-Zonen-Modell die Quellklasse von GRBs nach wie vor UHECR-Daten beschreiben kann, ohne
Neutrinolimits zu verletzen. Dies gilt für eine große Vielfalt von initialen Lorentz-Faktor-Konfigurationen
des Jets, die sich in den Gammastrahlen-Lichtkurven spiegeln. Wir diskutieren weiterhin die Implikationen
einer zunehmend reinen UHECR-Zusammensetzung bei den höchsten Energien und die Energiemenge, die
an nicht-thermische Baryonen übertragen werden muss (quantifiziert als baryonische Ladung), damit der
UHECR-Fluss gespeist werden kann.
Alternativ können die Neutrinolimits in Objekten niedriger Leuchtkraft, in denen die Neutrinoproduk-
tionseffizienz gering ist, eingehalten werden. Wir präsentieren leptonische Strahlungsmodellierungen für
die Unterklasse von GRBs niedriger Leuchktraft im Internal-Schock-Modell. In diesem Zusammenhang
evaluieren wir, wie die an Magnetfelder abgegebene Energiemenge eine leptonische inverse-Compton
VHE Komponente beeinflusst (die mit Imaging Air Cherenkov Telescopes beobachtet werden könnte) und
bestimmen die maximalen Energien verschiedener Atomkerne der kosmischen Strahlung.
Die baryonische Ladung kann alternativ mithilfe hadronischer Signaturen in Photonspektren eingeschränkt
werden. Wir erforschen diesen Ansatz in lepto-hadronischen Modellen für GRBs mit hoher Leuchtkraft.
Unsere Resultate illustrieren sowohl den Effekt der induzierten sekundären Teilchenkaskade auf Spektren
in allen Wellenlängen als auch die Auswirkung des Abkühlens von Zwischenprodukten wie Myonen und
Pionen auf Neutrinospektren. Wir diskutieren kritisch, welche Bedingungen erfüllt sein müssen, damit
typische GRB-Spektren reproduziert werden können. Schließlich demonstrieren wir anhand von GRBs,
die mit dem Fermi-LAT-Teleskop detektiert wurden, dass unsere Ergebnisse auf beobachtete Ereignisse
anwendbar sind.
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Introduction 1
The oldest document proving the human fascination with the stars of
the night sky is probably the Nebra Sky Disk, dated 3700 - 4100 b.C. (see
picture on the right). For the longest time, astronomical observations
were conducted solely by bare eye. The exploration of the sky beyond
the visible spectrum and through other particle species became possible
only during the last century, marking the beginning of multi-messenger
astronomy.

The first additional messenger discovered more than 100 years ago were
cosmic rays, charged particles reaching earth from space [1]. The discovery
was an unexpected one, as Victor Hess was originally investigating the
radioactivity of the earth. It proved to be fruitful though and paved the
way to an entirely new field of study with profound implications both
for astrophysics as well as particle physics (such as the later discovery of
the muon [2] and pion [3] particles).
The advances in observational cosmic-ray physics in the following
decades were complemented by breakthroughs in other astronomical
disciplines: First, radio- to gamma-ray telescopes made 25 orders of
magnitude of the electro-magnetic spectrum accessible [4, 5]. Second, al-
ready shortly after their theoretical introduction, the history of neutrinos
became closely linked to astrophysics. For example, the fact that neutrinos
carry a non-zero mass was first deduced from solar neutrino experiments
[6]. In contrast to these early discoveries, neutrinos of cosmological origin
were detected only a few years ago [7]. The most recent breakthrough
was the long-awaited detection of gravitational waves, which opened an
entirely new window to the universe to us [8].
The numerous advances in observational techniques achieved over the
last centuries lay the base for modern technologies. Ground-based de-
tector arrays like the Pierre Auger Observatory [9] and the Telescope
Array [10] now provide precision measurements of cosmic rays up to
extreme energies. Even more novel instruments, like the kilometer-scale
IceCube observatory in the South Pole [11], allow us to detect some of the
high-energy neutrinos that are emitted through cosmic-ray interactions
in the cosmos. These instruments are helping us achieve the long-sought
goal of unveiling the sources of the cosmic rays and the astrophysical
processes behind their production.
Nonetheless, the sources of high-energy cosmic rays and neutrinos still
are one of the big mysteries of modern astronomy. And although some
questions still remain to be answered experimentally, there also is a gap
that has to be bridged by theorists.

One possible way of constraining sources of high-energy particles on
a theoretical level is by simple analytical estimates. For example, in
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order to be accelerated by a source, a particle should be confined by the
source magnetic field [12]. From this requirement alone many objects
can be ruled out as potential origin of Ultra-High-Energy Cosmic Rays
(UHECRs) with energies above 1018 eV. Among the remaining source
candidates are the centers of active galaxies (Active Galactic Nuclei,
AGN), winds in starburst galaxies and Gamma-Ray Bursts (GRBs, that
are the focus of this thesis).
GRBs are short, energetic outbursts in X-rays to gamma-rays that release
the energetic equivalent to a supernova over the course of a few seconds.
They emerge after the merger of two compact objects or the cataclysmic
death of a supermassive star where in either case a relativistic jet is
launched. In principle, GRBs could provide the energy budget to power
the UHECR flux and the magnetic field to confine high-energy particles
[13].
Naively one may expect that the GRB-UHECR connection could simply
be confirmed by spatial and temporal association of a measured cosmic
ray with a detected GRB. In reality, a clear association from cosmic-ray
measurements is challenging, as cosmic-ray directions are blurred by
magnetic fields during propagation. An alternative approach considers
secondary particles such as neutrinos and photons produced in nuclear
interactions with in-source photon fields. Those neutral particles are not
magnetically deflected on their way to earth and may serve as evidence
for the presence of cosmic rays in an astrophysical object. Indeed, an
accompanying astrophysical neutrino flux from GRBs due to in-source
cosmic-ray interactions was predicted e.g. in [14]. However, as of now
no detected High-Energy (HE) neutrino could be associated with a
known GRB [15, 16]. This puts rather strong limits on the efficiency of
nuclear interactions in GRBs and rules out the most simple GRB-UHECR
scenarios.
Still, certain parts of the parameter space remain unconstrained (e.g. [17]).
This establishes the necessity of refined models to obtain better constraints
on the actual role of GRBs as UHECR sources. Such models can include
spatially resolved emission zones (as in [18]) and/or a self-consistent
treatment of cosmic-ray, photon and neutrino spectra. The latter opens
the additional possibility of limiting the cosmic-ray interaction efficiency
by examining the impact on photon observables.

Following this idea, this thesis will explore GRBs as potential sources of
UHECRs, HE neutrinos and HE radiation by means of state-of-the-art
numerical radiation modelling. Our modelling will be carried out in
the framework of the internal shock scenario for the prompt phase of
the event. In this phenomenological model, the relativistic outflow of a
GRB is approximated as a series of discrete layers (’shells’) of varying
velocities. Particle acceleration and emission occur in collisionless shocks
induced as shells of different velocities collide. Multi-zone internal shock
scenarios allow to account for different emission regions along the jet and
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to simulate complex patterns in source observables like the photon light
curves (that represents the photon flux as a function of time). Within this
approach we will investigate which processes can lead to a HE gamma-
ray component, whether observed photon spectra are compatible with
cosmic-ray interactions in the jet and under which conditions GRBs can
account for UHECR measurements while obeying other multi-messenger
constraints.

This thesis is structured as follows: We commence with an introduction
to the field of multi-messenger astronomy in Chapter 2. An overview of
photons, neutrinos, cosmic rays and gravitational waves as astrophysical
messengers will be followed by an in-depth discussion of the properties
and detection of particles of the highest energies. We further review
potential sources and the current status of multi-messenger astronomy.
Following this, Chapter 3 recapitulates the radiation processes at play
in environments relevant for high-energy astrophysics. Leptonic and
hadronic processes are introduced making use of scenarios of the
Hadronic Code Comparison Project (HCCP). The HCCP is a recent
initiative that I am part of, which aims to compare the numerical methods
used in cosmic-ray simulations by today’s leading research groups. The
results are also compared to analytical estimates.
Chapter 4 introduces GRBs as high-energy sources with a special focus
on the prompt phase of the event. The framework of the internal shock
model will be introduced (in two different formalisms) in Chapter 5.
The chapter also reviews the impact of modified collision dynamics on
multi-messenger predictions and presents a fit to the UHECR energy
spectrum and composition as measured by the Pierre Auger Observatory.
The fit will be performed by doing a systematic scan over initial Lorentz
factor distributions of the jet which reflect in the observed light curve.
This will allow to connect the light curve structure with the abundance
of different nuclear species at the base of the jet.
In Chapter 6, we turn to Low-Luminosity GRBs (LL-GRBs) as potential
sources of Very-High-Energy (VHE) gamma-rays and UHECRs. We
present time-resolved simulations of LL-GRBs within the internal shock
model at the example of three prototypes representing different GRBs of
the population. From our leptonic radiation modelling we deduce the
maximal energies attainable for different cosmic-ray nuclei and discuss
whether LL-GRBs are viable UHECR source candidates.
Finally, in Chapter 7 we assess lepto-hadronic radiation models of stan-
dard high-luminosity GRBs. At a simple, academic GRB dubbed ’ed-
ucative example’ we first review the impact of modelling choices and
parameter sets in a leptonic scenario. The same educative example is
employed to investigate neutrino and electro-magnetic signatures of
proton interactions in lepto-hadronic scenarios. In this context we further
study the impact of secondary pion and muon cooling on neutrino
spectra. From our educative example we turn to GRBs detected in HE
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gamma-rays by the Fermi-LAT. Simulating GRBs with properties similar
to two bursts of this sample, we evaluate whether the behaviour found for
the educative example is reproduced in prototypes closer to real events.
We close with our conclusions and outlook in Chapter 8. The main text is
complemented by a description of the radiation code that I co-developed
and applied in the GRB simulations in Appendix A. We further pro-
vide additional material for the multi-collision internal shock model in
Appendix B.
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Astrophysical objects can emit diverse particle species: Electromagnetic
radiation of different frequencies, cosmic rays, neutrinos and gravitational
waves. While each of these messengers carries unique information,
probably most enticing is the combination of all observational possibilities.
The comparatively new field following this approach is called multi-
messenger astronomy and will be introduced in this chapter.

In Section 2.1 we will give an overview of the different cosmic messen-
gers: Their properties, how we measure them and what the combined
observation of them can tell us about the universe. The focus of this
part will be on particles of the highest energies. We will further discuss
potential sources of high-energy particles in Section 2.2 and review recent
advances in multi-messenger astronomy in Section 2.3.

2.1 Our Universe in multiple messengers

As of today, we experience our Universe through photons, cosmic rays,
neutrinos and gravitational waves. Before turning to particles of the highest
energies, which due to their special importance for this thesis will be
covered in more detail, we give a brief general introduction to each of
the four messengers:

∗ Photons
Until today, photons of different wavelengths remain the main
source of information in astronomy and astrophysics. Overall,
observed spectra of astrophysical sources are classified as thermal
or nonthermal. Thermal (or black-body) spectra, as for example the
emission from stars like our Sun, are generated by the motion of
hot particles. Their spectral energy density 𝑢𝜈 (per unit frequency
𝜈) can be calculated with Planck’s Law:

𝑢𝜈 =
4𝜋
𝑐

· 2ℎ𝜈3

𝑐2 · (𝑒
ℎ𝜈
𝑘𝐵𝑇 − 1)−1 , (2.1)

where ℎ is the Planck constant, 𝑐 the speed of light, 𝑘𝐵 the Boltz-
mann constant and 𝑇 the temperature of the black body.
Non-thermal spectra, which will be the focus of this thesis, often
have energy densities that can be described by power laws. They
are typically produced by distributions of accelerated particles.
Additional sources of radiation are e.g. the Cosmic Microwave Back-
ground (CMB, created by the decoupling of matter and radiation
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Figure 2.1: Gamma-ray horizon: Mean
free path 𝑑 at which the optical depth
equals 1/𝑒 as a function of photons ob-
served energy 𝐸, reproduced with data
from [19].

[1]: Hess (1912), “Über Beobachtun-
gen der durchdringenden Strahlung bei
sieben Freiballonfahrten”

Table 2.1: Observed cosmic-ray fluxes F
at different energies

𝐸 [eV] F [(cm2 s sr GeV)−1]
1011 5.2 · 10−2

1015 1.8 · 10−12

1019 1.3 · 10−24

during the cooling of the universe in its early phase) or emission
lines from excited nuclei.
As photons are uncharged particles they are not deflected by
magnetic fields as they propagate through space. However they
interact with other particles on their way to earth: Namely, the
photon background fields (for example the CMB) limit the mean
free path of high-energy photons.
Indeed, photons with energies above a few TeV can only travel
as far as a few kpc, which we illustrate with the mean free path
of photons as a function of energy in Figure 2.1. At these highest
energies photons are thus no adequate carriers of information
about far-away objects.
The detection technology strongly depends on the photon energy:
As the atmosphere is transparent to the radio and optical spectrum,
those photons can be observed with ground-based telescopes.
In contrast, other wavelengths like X-ray, gamma-ray and Ultra-
Violet (UV) are detected with instruments aboard satellites. At
the highest energies the low flux demands large detector volumes.
Additionally, high-energy photons may not deposit their energy
entirely in the small volume of space-based detectors. Consequently,
large ground-based observatories detect air showers initiated by
photon interactions with the atmosphere.

∗ Cosmic Rays
Charged nuclei with extraterrestrial origin called cosmic rays were
first discovered by Victor Hess during his balloon flights in 1912
[1]. The overall cosmic-ray composition is dominated by protons
(86%). Helium and heavier nuclei only account for 11% and 1%,
respectively. The remaining 2% are electrons and a small fraction
of anti-protons and positrons. The exact composition varies with
observed energy 𝐸 and is, as we will see, an important variable to
constrain potential sources.
The flux of cosmic rays follows a power-law approximately ∝ 𝐸−2.7

which is evidence for a non-thermal particle population. The steep
decay of observed flux with energy is illustrated in Table 2.1, where
we list the cosmic-ray fluxes at 1011, 1015 and 1019 eV .
The flux dependence on energy has observational implications:
While at the lower energies, direct detection with small space-
based instruments is feasible, at the highest energies only indirect
detection of hadronic air showers initiated by interactions of cosmic
rays with the atmosphere is possible.
Due to their charge, cosmic rays are deflected by intergalactic and
galactic magnetic fields on their way to earth; in addition they also
interact with the photon background fields. As a result, the arrival
directions of cosmic rays can only limitedly be used to identify
their origin.
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∗ Neutrinos
In the context of beta decays Wolfgang Pauli proposed the existence
of neutral, weakly-interacting particles [20]. The corresponding
theory was built up by Encrico Fermi, who named them "neutrinos"
[21] – however, they were not discovered until the mid 1950s.
Their importance for astrophysics was demonstrated around 30
years later when neutrinos from supernova 1987A were detected [22,
23]. Later solar and atmospheric neutrinos played an important
role in discovering neutrino oscillations and hence the finding
that neutrinos have a non-zero rest-mass. They are produced in
environments containing hadrons, which means that they can be
unique identifiers of acceleration sites of cosmic rays.
Neutrinos participate only in the weak interaction and in gravity,
however their rest masses are so low that the latter can mostly
be neglected. As a result, they can travel large distances without
interacting or being deflected – on the other hand detection is
extremely challenging. For astrophysical neutrinos this is nowadays
mostly realised through large Cherenkov detectors either in water
or ice. Those catch the radiation emitted by secondaries produced
in interactions of neutrinos in the medium.

∗ Gravitational waves
Any body moving with a non-vanishing quadrupole moment cre-
ates distortions in space-time that travel as gravitational waves.
As an observer is encountered by these waves he will again expe-
rience space-time distortions. The gravitational wave amplitude
and frequency depend on the properties of the generating object
or system. Overall, the length scales and sensitivities of current
instruments limit the potential sources we may discover. Due to the
relative weakness of the gravitational force we can only observe
gravitational waves produced by very massive objects.
The first indirect detection was on the occasion of the orbital decay
of a binary pulsar [24] which led to the Nobel Prize in 1993. The
direct detection finally had its breakthrough with the observation
of the merger of two black holes by the Laser Interferometer
Gravitational-Wave Observatory (LIGO) in 2015 [8]. The Michelson
interferometers of current observatories like LIGO are sensitive in a
frequency range that corresponds to the merger of compact objects
like neutron stars or black holes. The proposed Laser Interferometer
Space Antenna (LISA) [25] would be an interferometer in space
with 2.5 million km arm length (in comparison to LIGO’s 4 km).
Among other science objectives it would extend the observable
mass range for mergers and the list of accessible sources.

In multi-messenger astronomy, different particle species are combined in
order to gain insights about astrophysical sources and our Universe but
also about particle physics. There is a special connection between gamma-
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https://gcn.gsfc.nasa.gov/
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[29]: Horandel (2007), “Cosmic rays from
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rays, cosmic rays and neutrinos which comes from the production of
energetic neutrinos and photons through photo-pion production. It may
be illustrated by the Δ+(1232) resonance produced in the interaction of a
proton 𝑝 and a photon 𝛾:

𝑝 + 𝛾 → Δ+ →
⎧⎪⎪⎨⎪⎪⎩
𝑝 + 𝜋0 , 2/3 of all cases

𝑛 + 𝜋+ , 1/3 of all cases
. (2.2)

For a detailed review of photo-hadronic interactions we point to Chapter 3.
The produced pions in Eq. 2.2 are unstable and decay into two photons (in
the case of the 𝜋0) or neutrinos and leptons (in the case of the 𝜋+). While
photons may be produced in a variety of processes, neutrinos thus allow
to pinpoint photo-hadronic interactions as unique identifiers. In this
sense, photons, cosmic rays and neutrinos together reveal microscopic
properties of the emitting plasma like the composition and the particle
acceleration mechanism. On the other hand, gravitational waves contain
information about macroscopic object properties such as the mass and
(angular) momentum. They are however not within the focus of this
thesis and will thus not be discussed in more detail.

With the objective of detecting different messengers from the same source,
observatories coordinate their searches. In the most simple form, this
is carried out by real-time alerts for ’promising’ events measured with
high spatial accuracy. GCN/TAN alerts are widely used, additionally
observatories have their own specified work flows (e.g. for high-energy
neutrinos see [26]). On top of providing access to this simple alert system,
the Astrophysical Multimessenger Observatory Network (AMON) [27]
aims at identifying sources that are sub-threshold for single observa-
tories but will exceed the threshold significance if different signals are
combined.

After giving this brief overview and introduction we will now discuss
the most energetic particles (cosmic rays, neutrinos and photons) in more
detail.

(Ultra-)High-Energy Cosmic Rays

In Figure 2.2 we show the spectral flux of high-energy cosmic rays 𝐹(𝐸)
multiplied by 𝐸2.6 for better visibility of the spectral features at which
the spectral slope changes.
The first steepening at the knee and 2nd knee (1015 - 1016 eV ) is usually
linked to the transition from galactic to extragalactic sources. It may
either be due to the energetic limitations of galactic accelerators such as
supernovae or due to particles escaping the Galactic plane as they can
no longer be confined by the Galactic magnetic field [29]. The spectrum
becomes harder at the ankle (∼ 1018.5 eV) until finally it is strongly

https://gcn.gsfc.nasa.gov/
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Figure 2.2: High-energy cosmic-ray spec-
trum as a function of observed energy
𝐸, with data from different observato-
ries. The UHECR region above 1018 eV is
marked with a red box. Figure from [28]

[30]: Greisen (1966), “End to the cosmic
ray spectrum?”
[31]: Zatsepin et al. (1966), “Upper limit
of the spectrum of cosmic rays”

[32]: Puget et al. (1976), “Photonuclear
Interactions of Ultrahigh-Energy Cos-
mic Rays and their Astrophysical Conse-
quences”

[34]: Abeysekara et al. (2017), “The
2HWC HAWC Observatory Gamma Ray
Catalog”

suppressed at ∼ 5 · 1019 eV. This cut-off was first theoretically predicted
by Greisen [30], Zatsepin and Kuz’min [31]. Within their picture, the
so-called GZK cutoff arises because the mean free path of protons is
limited by interactions with background photon fields such as the CMB
(see Eq. 2.2). As those photon fields peak at low energies, the interaction
threshold can only be surpassed by particles of the highest energies.
For heavier nuclei the dominating interaction is photo-disintegration
instead of photo-pion production (as described by Eq. 2.2 for protons).
The resulting expected maximal energy is however around the same
energy [32].

Figure 2.3: Illustration of a cosmic-ray
initiated air shower, with the hadronic
(red), muon (green) and 𝑒±/𝛾 (blue) com-
ponents. Figure adjusted from [33].

For high-energy cosmic rays above 1015 eV the low particle fluxes demand
large ground-based facilities for detection. These detect not the primary
cosmic rays but the extensive air showers that are created by the interac-
tion of primary cosmic rays in the atmosphere: If a nucleus interacts with
atmospheric molecules, a cascade of secondary particles is initiated. This
shower, illustrated in Figure 2.3, contains three main components that
differ in horizontal spread. The innermost core is hadronic, surrounded
by a muon and finally an 𝑒±/𝛾 component. As the cascade develops, the
shower spreads horizontally until the energies of secondary particles are
too small for further interactions. Overall, the shower front remains intact
throughout the shower evolution since the particles move with velocities
close to the speed of light. In consequence, the difference in arrival
time between particles at the shower front can be used to determine the
incindent direction of the primary cosmic ray.

A range of detection techniques is employed by different observatories.
For the purpose of illustration we introduce a few, ordered by increasing
primary cosmic-ray energy that can be observed.
The High-Altitude Water Cherenkov Gamma-Ray Observatory (HAWC)
[34] in Mexico at 4100 m altitude is sensitive to cosmic rays and photons
between 1011 eV and 1014 eV. As suggested by the name, it detects the
Cherenkov radiation from air-shower particles as they pass through the
tanks filled with purified water. Distinction between primary photons/
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cosmic rays is possible by the lateral particle distribution.
The KArlsruhe Shower Core and Array DEtector (KASCADE, later up-
graded to KASCADE-Grande [35, 36]) is a scintillator array designed to
measure the 𝑒±/photon and muon shower components for cosmic-ray
energies between 1014 eV and 1017 eV. This technique enabled the first
precision measurements of the knee for different element groups.
Between 1997 and 2006, High Resolution Fly’s Eye (HiRes) [37] de-
tected the blue fluorescence light that is created as atmospheric nitrogen
molecules excited by air shower particles return to their ground state.
The instrument was sensitive to primary cosmic rays above ∼ 1017 eV.
Although limited to observation in moonless nights (which translates to
10% duty cycle), HiRes established the cut-off of the cosmic-ray spectrum
around ∼ 1020 eV [38].
Today, both the Pierre Auger Observatory (PAO, in Argentina) [9] and the
Telescope Array Project (TA, in the US) [10] are hybrid detectors which
combine large ground arrays (water Cherenkov tanks in the case of PAO
and scintillators in the case of TA) with fluorescence detectors. At PAO
1600 water tanks of the Surface Detector (SD) cover an area of 3000 km2. In
addition, 4 stations with 6 telescopes each overlook the field, constituting
the Fluorescence Detector (FD). With a smaller area of only 762 km2 (filled
by 507 SDs and three FDs), TA reaches roughly 1/10 of the PAO statis-
tics. Both observatories are currently being upgraded: AugerPrime adds
scintillators to the SD stations and upgrades the instruments within the
tanks [39], complemented by an upgrade of the radio antenna network
[40]. With TAx4, TA is extending its area to approximately 3000 km2,
though still slightly smaller than PAO [41] . While the SDs which measure
the muon and electron components of the shower at ground level have
almost 100% duty cycle, the FDs observe again only ∼ 10% of the time.
Nevertheless, the FD measurements are an important complement to the
SD results, since ’hybrid’ events (detected by both SD and FD) enable
energy calibration. Additionally, FD measurements allow to reconstruct
the shower development within the atmosphere.
Indeed, the vertical position where the shower achieves its maximal
lateral spread (called 𝑋max ) is an important measurement variable that
allows to draw conclusions on the mass of the primary cosmic ray. On
average, the interaction probability with atmospheric molecules increases
with mass. Hence, protons traverse longer paths in the atmosphere before
their first interaction than heavier nuclei and consequently have larger
𝑋max. Thus at a given observed energy 𝐸 the mean 𝑋max (denoted ⟨𝑋max⟩)
can give insights about the mean mass of primary cosmic rays at this
energy. To determine the purity of the composition at a given energy
another measurement variable is used: the spread of 𝑋max (denoted
𝜎(𝑋max)). Generally, lighter elements have larger fluctuations in their
first point of interactions, thus larger 𝜎(𝑋max). Also, a mixed composition
(composed of equal parts of iron and protons, for example) results in
a large spread of 𝑋max measurements. On the other hand, if the flux is



2.1 Our Universe in multiple messengers 11

17.0 17.5 18.0 18.5 19.0 19.5 20.0
lg(E/eV)

600

650

700

750

800

850
X m

ax
  [

g/
cm

2 ]
 

proton

iron

±  syst.

[

[
[

[
[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

EPOS-LHC
Sibyll2.3c
QGSJetII-04

data ± stat

1018 1019 1020
E[eV]

17.0 17.5 18.0 18.5 19.0 19.5 20.0
lg(E/eV)

10

20

30

40

50

60

70

(X
m

ax
)  

[g
/c

m
2 ]

[

[

[

[

[

[

[

[ [

[

[

[ [

[

[

[

[

[

[

[

[

[

[

[ [

[ [
[

[

[

[

[ [

[ [

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

1018 1019 1020
E[eV]

Preliminary Preliminary
Figure 2.4: ⟨𝑋max⟩ and 𝜎(𝑋max) as a func-
tion of observed energy, measured by the
Pierre Auger Observatory. Figure from
[42]
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dominated by a single element or mass group, the 𝑋max measurements
will cluster around the same point without much spread.

Overall, the composition of UHECR is an object of debate. While TA
favours a light (helium and proton) composition [43], the findings of
PAO suggest a heavy composition (up to iron) at the highest energies.
This is illustrated with the current ⟨𝑋max⟩ and 𝜎(𝑋max) as observed by
PAO in Figure 2.4 from [42]. While around 1018 eV the PAO results are
compatible with a proton dominated composition, the measurements
demand a heavier composition at the highest energies. We point out that
interpretation of ⟨𝑋max⟩ and 𝜎(𝑋max)measurements relies on shower
simulations which are informed by hadronic interaction models. These
however impose one of the major uncertainties, as can be inferred from the
spread between theoretical predictions (for the EPOS-LHC, SYBILL2.3c
and QGSJETII-04 interaction model) in Figure 2.4.

A prime way of pinpointing UHECR sources would be through spatial
correlations of arrival directions with specific objects or object classes. For
low rigidity (particle energy 𝐸 divided by charge number 𝑍) the initial
direction is strongly blurred because of deflections due to magnetic fields.
On the other hand, at the highest rigidities only small deflections of less
than ten degrees are expected. Indeed, both TA and PAO report arrival-
direction anisotropies in the northern and southern sky respectively.
PAO observes a large-scale dipole for 𝐸UHECR > 8 · 1018 eV centered 125◦

from the Galactic center, which provides evidence for an extragalactic
origin at these energies [44]. The strongest deviation from isotropy at
intermediate scales was found for 𝐸UHECR > 5.4 · 1018 eV in the direction
of the radio galaxy Centaurus A [45]. A more recent study has found 4 𝜎

evidence for correlation of intermediate scale anisotropy with starburst
galaxies and 2.7 𝜎 for gamma-ray bright Active Galactic Nuclei (AGN)
[46]. Although constraining the list of potential UHECR sources these
anisotropy measurements alone cannot reveal the origin of UHECR.
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High-Energy Neutrinos

High-energy neutrinos above ∼ 10 GeV are a smoking gun signature of
hadronic interactions in astrophysical environments, see Eq. 2.2. They
are thus recognised as a key messenger to identify cosmic-ray sources.

The requirement of km-scale detectors for sufficient high detection rates
despite the low interaction probability of neutrinos was formulated
early on [47]. It is supported by the upper Waxman-Bahcall bound on
the neutrino flux [48] which assumes that neutrinos and cosmic rays
are produced in the same sources and predicts an upper flux limit of
𝐸2
𝜈Φ𝜈 < 2 ·108 GeV cm−2 s−1 sr−1 for neutrinos between 1014 eV to 1016 eV.

The widely used detection technique is based on catching the Cherenkov
light that is emitted as energetic particles (created in weak neutrino
interactions in the medium) propagate through water or ice. The largest
observatory today is the IceCube Neutrino Observatory [11] at the South
Pole. Other detectors to be mentioned are Astronomy with a Neutrino
Telescope and Abyss environmental RESearch project (ANTARES) [49]
by the Mediterranean Coast in Toulon, France and BAIKAL-GVD [50] at
lake Baikal in Russia (still under construction). Also in the building phase
is KM3Net [51] with two detection sites in the Mediterranean Sea.

We will from here on restrict ourselves to discussing the IceCube detector
and related results, as it is the instrument with the highest (current)
sensitivity. Its predecessor and proof-of-concept was the Antarctic Muon
And Neutrino Detector Array (AMANDA) [52], operating from the mid-
90s until 2006. In December 2010, after five years of construction, IceCube
was completed to its full size of 1 km3 of instrumented ice. To ensure good
optical properties of the ice, the detector system lies 1450 m below the
ground. The hexagonal setup is filled by 86 strings (125 m apart and of
1 km length), which carry 60 Digital Optical Modules (DOMs) each. The
DOMs are the heart of the detector: A glass pressure sphere containing
the PhotoMultiplier Tube (PMT) and the electronics that finally convert
the Cherenkov light into a measurable current. The setup is supplemented
by a surface array, IceTop, to detect cosmic rays [53] and a denser in-fill
array called DeepCore [54] to extend the observable neutrino energy
range to lower energies. The proposed next generation system, IceCube
Gen2 [55] aims at increasing the number of detected events by a factor 10
by means of enlarging the detector volume to 7.9 km3.

The energetic secondaries detected by IceCube are created in Deep
Inelastic Scatterings (DIS) of neutrinos with nuclei in the ice: In Charged
Current (CC) interactions, a charged lepton (of the same flavour as the
incoming neutrino) is created through a 𝑊±-Boson exchange with the
nucleus. This is in contrast to Neutral Current (NC) interactions through a
𝑍0-Boson exchange where the nucleus remains intact. Electron neutrinos
can additionally scatter on the electrons in the ice. Due to its small cross
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Figure 2.5: Illustration of the IceCube
veto system and event classification. Fig-
ure from [58]

Table 2.2: IceCube power-law spectral
fits to the different samples: High-Energy
Starting Events (HESE) [59], Through-
Going Muon tracks (TGM) [60], cascade
[61] and preliminary results of a com-
bined TGM and cascade fit [62]

Sample 𝛾astro

HESE 2.87+0.20
−0.19

TGM 2.37−0.09
+0.09

Cascade 2.53 ± 0.07
TGM + Cascade 2.37

[7]: Aartsen et al. (2013), “Evidence for
High-Energy Extraterrestrial Neutrinos
at the IceCube Detector”

section, this process is mostly negligible. An exception is the Glashow
resonance, where the energy of the incoming 𝜈̄𝑒 is such that the center of
mass energy equals the mass of the𝑊−-Boson (𝐸𝜈̄𝑒 = 𝑚2

𝑊
/2𝑚𝑒 ∼ 6.3 PeV).

A particle cascade corresponding to this process was observed recently
[56].

Depending on the process (NC or CC) and the flavour of the created
lepton (𝑒, 𝜇 or 𝜏), the signal in the detector varies: Due to their larger
mass muons traverse large paths before decaying or interacting and
produce a muon-track of Cherenkov radiation in the ice. Those track
events are characterised by their good angular resolution. On the other
hand, electrons interact on very short lengthscales, initiating a cascade of
secondary particles that appear as a cascade Cherenkov signal. A similar
signal is expected from NC reactions where part of the neutrino energy
is transferred to the nucleus. As the events usually are fully contained
in the detector, the energy resolution is high. Tau neutrinos create a
double-bang signal: The first cascade is produced with the initial CC-
interaction, the second one as the tau decays into a lighter lepton. Due to
the short lifetime of the tau, both signals can potentially be captured by
the detector. However, the two cascades are only distinguishable for the
highest-energy taus, otherwise the signal may resemble a simple cascade.
The first clear identification of tau neutrinos through a double-bang
signature was announced in 2020 [57].

For neutrino energies below ∼ 300 TeV a main challenge for detection is
the high background rate from atmospheric muons and neutrinos which
are created in cosmic-ray air showers. To filter out these backgrounds,
three different techniques are employed: (i) The Through-Going Muon
track (TGM) sample selects up-going track-like events (for illustration see
Figure 2.5). This implies that the the earth is used as a shield against
atmospheric muons. Atmospheric and astrophysical neutrinos may be
discriminated by energy: While the first follow a power-law ∝ 𝐸−3.7, the
latter are expected to have a harder energy spectrum close to the parent
cosmic-ray spectrum of ∼ 𝐸−2. (ii) For High-Energy Starting Events (HESE)
the neutrino interaction takes place inside the detector, thus excluding
the contribution of muons from atmospheric showers. This is ensured
by using the outer region of the detector as a veto system. The sample
in principle contains cascade and track-like events, however tracks are
usually not fully contained within the detector. (iii) A third method
is to consider only electron and tau neutrino induced showers. Since
atmospheric neutrinos are predominantly of muon flavour, these cascade
events are less contaminated by atmospheric contributions.

The discovery of an astrophysical neutrino flux by IceCube was an-
nounced in 2013, using a HESE sample of 3.5 years [7]. In lack of
unambiguous distinct spectral features, the data is usually fit by a single
power-law of index 𝛾astro. We report the most recent results for the differ-
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Figure 2.6: Arrival directions of the most
energetic neutrinos detected by IceCube
in galactic coordinates. The earth’s equa-
torial plane is marked as a dashed line,
in the (dark) blue region the earth’s ab-
sorption hinders neutrinos of the highest
energies from reaching the detector. Red
circles mark the TGM sample(⊙), pur-
ple ones the HESE tracks (⊗) and HESE
cascades (⊕). For the green circles (⊙),
public multi-messenger alerts were sent
out. The star indicates the location of the
blazar TXS0506+056. Figure from [63]
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ent samples (HESE [59], TGM [60], cascade [61] and preliminary results
for a combined fit of through-going and cascade [62]) in Table 2.2.

As neutrinos are not deflected during propagation, their sources could po-
tentially be revealed by spatial correlations with known objects. Figure 2.6
shows the arrival directions of the most energetic IceCube neutrinos, in
galactic coordinates with the equatorial plane as x-axis. The dashed line is
the projection of the equatorial plane, in the (dark) blue regions IceCube
becomes increasingly blind to neutrinos above ∼ 100 TeV due to the
earth’s absorption. Symbols mark the different samples: Red circles for
through-going muon tracks from the northern hemisphere (⊙), purple
ones for the HESE tracks (⊗) and cascades (⊕). The green circles (⊙)
highlight events sent out as public alerts for multi-messenger searches.
Finally, the location of the neutrino source candidate blazar TXS 0506+056
is indicated with a star. Overall, the arrival directions of high-energy
neutrinos are consistent with isotropy.
Correlation searches between arrival directions of high-energy neutrinos
and catalogues of high-energy photon sources such as blazars [64, 65],
gamma-ray bursts [15, 16] or starburst galaxies [66] find their contribu-
tions to be subdominant at most. More general limits for minute-scale
transients are provided in [67]. It is mostly the contribution of less lu-
minous sources such as non-blazar active galactic nuclei that are less
constrained [68]. Another possible solution are multi-component fits with
contributions by different source classes [69, 70]. The few events where
a potential electromagnetic counterpart of IceCube neutrinos could be
identified will be introduced in Section 2.3.
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(Very-)High-Energy Photons

The identification of high-energy photon sources is essential for multi-
messenger studies. However, similar to cosmic rays, the astrophysical
photon flux decays steeply with energy. As a result, satellite based
instruments are feasible until up to a few GeV only. The first instrument
to establish gamma-ray astronomy in space was NASAs SAS-2, a satellite
equipped with a spark-chamber and operating for a short period between
November 1972 and June 1973 [71]. Nowadays, the instrument with the
highest sensitivity is the Large Area Telescope (LAT) onboard the Fermi
satellite [72], detecting photons between 20 MeV and 300 GeV. With a large
field of view covering roughly 20% of the sky it can survey the complete
sky in approximately 3 hours. It works in analogy to high-energy physics
instruments on earth through the principle of pair conversion: As an
incoming gamma-ray interacts within the detector, an electron-positron
pair is created. For reconstruction of the parent 𝛾 direction, the lepton
trajectories are tracked with silicon strips. Finally, the primary photon
energy is determined with a calorimeter.

At even higher energies, the low fluxes again demand large-area terrestrial
observatories. Similar to UHECR, VHE photons interact with atmospheric
molecules, initiating a cascade of secondary particles. In contrast to
hadronic showers, leptonic ones contain an electromagnetic component
only. As a result, they may observationally be distinguished by their
smaller horizontal shower spread. The Cherenkov radiation of shower
particles moving faster than the speed of light in air is detected by
Imaging Air Cherenkov Telescopes (IACTs). Their large concave mirror
planes (of∼ 10 m diameter) focus the light on a centrally mounted camera,
as illustrated in Figure 2.7.
The first of its kind was WHIPPLE on Mount Hopkins in Arizona,
constructed in 1968. Nowadays, IACTs usually consist of a handful of
telescopes, which enables better reconstruction of the primary photon
direction and increases the effective area. Currently operating are the
WHIPPLE successor VERITAS [73], the High Energy Stereoskopic System
(H.E.S.S.) in Namibia [74] and MAGIC on the Canary island of La Palma
[75]. The next-generation instrument will be the Cherenkov Telescope
Array (CTA) [76], composed of a mix of Large, Medium and Small Size
Telescopes (LST, MST and SST) and with one observation site on the
southern, one on the northern hemisphere. Overall, it will consist of over
100 telescopes.
At higher energies even arrays of IACTs cannot cover sufficient area to
compensate the low flux. Here, large water-Cherenkov tank arrays like
HAWC (introduced as UHECR observatory earlier) or LHAASO [77] are
employed.

The list of objects detected in HE gamma-rays is extensive. They are
collected in catalogues like the LAT point source catalogue [78], or even

http://wwwiexp.desy.de/groups/astroparticle/de/archive/hess/pages/hes_overview.html
http://wwwiexp.desy.de/groups/astroparticle/de/archive/hess/pages/hes_overview.html
http://wwwiexp.desy.de/groups/astroparticle/de/archive/hess/pages/hes_overview.html
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Figure 2.8: Energy flux of the isotropic
gamma-ray background (as measured by
Fermi, data from [80]), high-energy neu-
trinos (IceCube data per flavour from the
through-going muon track sample [81])
and UHECR (as measured by the Pierre
Auger Observatory, data from [42]).
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[12]: Hillas (1984), “The Origin of
Ultrahigh-Energy Cosmic Rays”

source class specific catalogues dedicated only to GRBs or AGN detected
also in other wavelengths. In the same sense, for example H.E.S.S. pub-
lished a catalogue of VHE gamma-ray sources in the galactic plane [79]
and has a catalogue of detected sources available on their website.

On the common sources

While UHECRs, HE neutrinos and (V)HE photons individually prove
acceleration of particles to the highest energies within their sources, it is
not guaranteed that they originate from the same astrophysical objects.
An intriguing argument for their common origin is that of comparable
energy budget, illustrated in Figure 2.8: The differential energy flux
of the isotropic gamma-ray background (measured by Fermi), IceCube
astrophysical neutrinos and UHECRs is surprisingly equal. Indeed, for
gamma-ray transparent sources there is a direct connection between VHE
photons and neutrinos, as they are produced by the same interaction
(Eq. 2.2). Contrary to neutrinos, VHE photons loose their energy in
interactions with background photon fields. Eventually, they will reach
earth with energies only above 10 GeV and contribute to the Fermi-LAT
background shown in Figure 2.8. An equal discussion can be made for
UHECRs, for more details we point to [82].

2.2 Potential UHECR sources

In addition to targeted multi-messenger correlation searches, the list
of potential UHECR sources can be constrained by analytical estimates.
The most simple energetical requirement (dubbed Hillas criterion) was
proposed by Hillas in 1984 [12]: In order to be accelerated, particles need
to be confined within the acceleration region. In other words, the particle
Larmor radius 𝑅L should not exceed the size of the region 𝑅. In the most
general form the Hillas criterion for the maximal cosmic-ray energy 𝐸max

achievable within the outflow reads

𝐸max = 𝑞𝐵𝑅 , (2.3)
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Original Hillas Plot (1984) Updated Hillas Plot (2019)

Figure 2.9: Left side: Original Hillas plot (from [12]) showing the parameter space of magnetic field and size, with expected parameter
space regions of different source candidates. On the dashed (solid) line, Eq. 2.4 is satisfied for a 1020 eV proton (iron) nucleus for a shock
of velocity 𝛽 = 1. The dotted lines mark the results for the same 1020 eV proton, however with decreasing shock velocity 𝛽.
Right side: Updated version of the Hillas plot (from [83]). The characteristic radial size 𝑅 is written as the product of the comoving size
with the Lorentz factor of the emitting material, Γ. Note that the magnetic field is in the comoving frame of the source. On the dashed
(solid) lines, cosmic rays of 1020 eV can be confined at a shock of 𝛽 = 0.01 (𝛽 = 1), the colours mark the results for different nuclei (blue
for iron, red for protons).

[83]: Alves Batista et al. (2019), “Open
Questions in Cosmic-Ray Research at
Ultrahigh Energies”

where the Larmor Radius was calculated as 𝑅L = 𝐸
𝑞𝐵 for a particle of

energy 𝐸 and charge 𝑞 in a magnetic field 𝐵. In the more specific case of
acceleration at a shock front of velocity 𝛽𝑐, the formula is modified to

𝐸max = 𝛽𝑞𝐵𝑅 . (2.4)

The𝐵 -𝑅 parameter space occupied by different source classes is displayed
in the Hillas Plot in Figure 2.9. The left side shows the original version,
whereas the right side shows an updated version produced 35 years later
[83]. The lines mark where Eq. 2.4 is satisfied for a proton/iron nucleus
of the indicated energy. Thus, a potential accelerator needs to be to the
upper right of the line in order to confine the aforementioned particles.
Comparing the two plots we observe that some source classes such as
SuperNova Remnants (SNR)/SuperNovae (SNe) are excluded in both.
For others like Active Galactic Nuclei (AGN), the parameter space has
been updated and again others like Tidal Disruption Events (TDEs) were
not yet discovered at the time of Hillas.

In the following, we will biefly introduce the most promising candidates
from Figure 2.9, see also the review and list of references in [83].

∗ Pulsars
Fastly spinning, strongly magnetised neutron stars called pulsars
are long-standing UHECR source candidates whose large magnetic
fields may enable cosmic-ray acceleration to the highest energies.
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Originating from the death of massive stars and often ocurring in
regions with enhanced star formation, their surrounding material
may be rich in heavy elements. This is compatible with the heavy
composition claimed by the Pierre Auger Observatory.

∗ Active Galactic Nuclei (AGN)
Supermassive black holes at the center of galaxies that are the
source of luminous, broad-band radiation are called active galactic
nuclei. The black hole in the center is encircled by an accretion disk
which in around 10% of cases powers a pc-scale relativistic jet. The
system may additionally be surrounded by a dust torus and/or
molecular clouds above the disk. The observed properties depend
on the orientation of the AGN jet/system with respect to the line of
sight and are classified according to the AGN unification scheme
[84]. Of special importance for high-energy astrophysics are blazars,
which are radio-loud AGN where the jet is pointed towards earth.
They can be sub-divided into Flat Spectrum Radio Quasars (FSRQs,
with broad atomic emission lines) and BL-Lacertae objects (BL-Lacs,
without prominent line features). Proposed particle acceleration
sites are knots (small-scale blobs along the jet observed in X-rays),
lobes (kpc-scale, un-collimated extension of the jet) and hotspots (in
the termination region with the external medium). For illustration
see the radio-image of Cygnus A in Figure 2.10.

Figure 2.10: Radio image of Cygnus A
with possible particle acceleration sites.
Original image from NRAO/AUI.

∗ Gamma-Ray Bursts (GRBs)
Gamma-ray bursts are flashes of gamma-rays with durations rang-
ing from a few ms to 100 s and an energy release comparable to
supernovae. Their prompt emission is believed to originate from
high Lorentz factor jets that are formed at the creation of a compact
object (neutron star or black hole) after the merger of two compact
objects or the violent death of a super-massive star. In addition to
the prompt phase, cosmic-ray acceleration may also take place as
the jet interacts with the circumburst medium, creating the longer
lasting afterglow. While multi-messenger constraints put rather
stringent limits on the UHECR content of standard high-luminosity
GRBs, low-luminosity GRBs have recently been discussed as a
distinct source class that may account for the observed UHECR
flux. They are however less well understood, due to the low number
of detected events (as of now, only about 20).

∗ Starburst Galaxies
Starburst galaxies exhibit an enhanced star-formation rate com-
pared to normal galaxies like the Milky Way. Consequently, they
contain a comparatively large amount of hot gas which may be
accelerated in their large, magnetised winds. They reside in the
lower right part of the 𝑅-𝐵 parameter space and there is some con-
troversy if they indeed fulfil the necessary conditions to accelerate
UHECR, see for example [85].
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∗ Tidal Disruption Events (TDEs)
A star with circular orbit close to a black hole may be torn apart by
the tidal forces due to the strong gravitation of the central black
hole. As parts of the stellar material are accreted to the black hole,
they emit bright thermal emission that can be observed for weeks to
months. In a few percent of the cases, a jet is additionally launched
[86]. The phenomenology of these jetted events may be understood
in a unified model depending on the viewing angle (similar to
AGNs) [87]. UHECR acceleration may be possible in jetted TDEs.
However, due to the low number of detected events (70 events as of
July 2021 [88]) it remains unclear whether the population of TDEs
can indeed power the UHECR flux.

Fermi acceleration

The Hillas criterion of confinement is a necessary but not sufficient condi-
tion. To find out if particle acceleration to the highest energies will indeed
occur, detailed models of acceleration are required. Focussing again on
simple analytical arguments, we will here only discuss the principle of
Fermi acceleration. Relying on collisionless plasmas where accelerated
particles do not loose energy in interactions with other particles, this
acceleration mechanism is widely believed to be the leading particle
acceleration mechanism. Overall, it describes the scattering of particles
at shock fronts (1st order Fermi acceleration) and between magnetised gas
clouds (2nd order Fermi acceleration) in collisionless plasmas:

Figure 2.11: Schematic representation of
1st order Fermi acceleration.

∗ Diffusive shock acceleration (1st order Fermi)
Shock waves passing through plasmas are frequent phenomena
occurring in numerous astrophysical environments like supernova
remnants, termination shocks or GRBs. Overall, they convert the
upstream (unshocked) ram pressure into thermal/internal energy
of the downstream (shocked) compressed plasma. In proximity to
the shock, magnetic field turbulences are expected. The diffusive
acceleration of particles at shock fronts is illustrated in Figure 2.11:
A particle from the upstream region crosses the shock boundary
to the downstream and then (through multiple scatterings due to
magnetic turbulences) enters back to the upstream. If the shock
moves at velocity 𝑢 = 𝛽𝑐, the energy gain per shock crossing is
proportional to 𝛽 (hence the term 1st order Fermi acceleration).
For a particle distribution undergoing multiple scatterings and
escaping the shock region at a fixed probability, eventually a power-
law distribution will form :

d𝑁(𝐸)
d𝐸

∝ 𝐸−𝑝 , (2.5)
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with the spectral index 𝑝 ∼ 2.
∗ Stochastic acceleration (2nd order Fermi)

The original idea of Fermi [89] referred to particles scattering
between randomly moving ’magnetic mirros’, for example gas
clouds in the InterGalactic Medium (IGM). On average the energy
gain for head-on collisions is larger than the loss for tail-on ones,
so over many scatterings the particle energy will be increased.
If the clouds move at mean speed ⟨𝑣⟩ = 𝛽𝑐, the energy gain is
proportional to 𝛽2 (thus 2nd order Fermi acceleration).

A thorough overview (including alternative mechanisms like magnetic
reconnection) can be found in [90]. The theoretical concepts are verified by
current (Relativistic-)Magneto-HydroDynamic (RMHD), Particle-in-Cell
(PIC) or combined simulations. For comprehensive recent reviews on
this lively field we point to [91–93]. Overall, simulation results reveal
that acceleration on shocks indeed does occur, however may be inhibited
e.g. in relativistic shocks. With increasing computational possibilities,
substantial advances in this field are to be expected within the next
decade. As of now, important limitations remain. For example, due to
the computationally expensive setups, it is not possible to cover the full
range of scales between the scale on which acceleration occurs up to the
astrophysical scales of jets. Additionally, parameter space regions like
mildly relativistic shocks are only recently being explored.

2.3 Status of multi-messenger astronomy

Figure 2.12: Top: Fermi GBM light curve
(50 keV) of GRB 170817A. Bottom: Time-
frequency map of the gravitational wave
event. Figure adapted from [94]

Finally, we review the current status of multi-messenger astronomy and
the recent highlights of the field. As of now, no detection combining all
three direct, uncharged messengers (gravitational waves, neutrinos and
photons) has been made. We will cover three multi-messenger aspects:
The joint photon and gravitational detection of GW 170817/GRB 170817A
that was the first breakthrough, the statistical associations of the blazar
TXS 0506+056 and TDE AT2019dsg with IceCube neutrinos and some
recent advances in multi-wavelength observations. We point out that
this compilation does not claim to be complete and focuses on events
relevant also for the following chapters.

The photon - gravitational wave connection: GW
170817/GRB 170814A

Shortly after Advanced Virgo joined the 2nd observation run of Advanced
Ligo on August 1st 2017, the first gravitational wave signal of the merger of
two neutron stars was observed on August 17th. An automatic comparison
to Gamma-ray Burst Monitor (GBM, onboard the Fermi satellite) notices
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within the GCN revealed a short GRB (GRB 170817A) in temporal and
spatial proximity [94]. Although the theory of short GRBs emerging from
the merger of two compact objects is long-standing and supported by
wealthy indirect evidence, this was the first time the nature of short GRBs
could directly be confirmed. After the initial detections, an extensive multi-
wavelength campaign was triggered and revealed a kilo/macronova on
top of the GRB afterglow [95, 96].
In Figure 2.12 we show the GRB light curve (detected by the GBM) between
50 an 300 keV and the time-frequency map of the gravitational wave
event. The black vertical time marks the time of merger, the grey vertical
line the onset of the GRB. A range of answers to the natural question of
What happened in the 1.7 s between merger and GRB? have been given. The
delay may for example be related to the low luminosity of the GRB when
compared to the sample of observed GRBs. This low luminosity may be
explained either by an intrinsically weak jet or by a normal jet observed off-
axis [97]. Indeed, long-term multi-wavelength coverage seem to support
a structured jet observed off-axis [98]. Alternative theories include e.g.
the time it took to successfully launch a jet and the jet propagation time
to the emission radius.
Additionally, the kilonova associated emission uncovered the synthesis
of elements heavier than iron (like gold and platinum) through neutron
capture (r -process) [99, 100]. This is another puzzle piece in the search for
the origin of heavy elements in our Universe which are not produced in
the life cycle of stars.

The photon - neutrino connection : TXS 0506+056 and
TDE AT2019dsg

The first association of an IceCube high-energy neutrino with a known
gamma-ray source was on 9th of September 2017 with the bright BL-
Lac blazar TXS 0506+056. This source is generally characterised by
strong temporal variations of gamma-ray flux. Interestingly, during
the time of 2017 neutrino emission the blazar was in a flaring state of
enhanced flux [101]. A re-analysis of archival data revealed a flare in 2015
of 13 ± 5 neutrinos from the same source, though during a quiescent
gamma-ray state [102]. While the 2017 event is comparatively easy to
accommodate in lepto-hadronic emission models of blazars, the 2015 flare
remains challenging [103, 104]. Despite this single neutrino association,
the contribution of blazars to the IceCube diffuse flux still remains very
limited (≲ 11% in [70]).
The second event that could statistically be associated with an IceCube
neutrino was the tidal disruption event AT2019dsg [105]. As a result,
TDEs are hotly discussed UHECR source candidates and may contribute
non-negligibly to the observed neutrino flux. However, the number of
observed TDEs is still rather small (order of 100) and it is not clear if
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the IceCube TDE is representative for the population. This issue is to be
tackled by current and future survey instruments such as the Zwicky
Transient Facility (ZTF) [106], Vera Rubin Observatory (former LSST)
[107] and Ultraviolet Transient Astronomy Satellite (ULTRASAT) [108]
which will significantly increase the number of detected TDEs.

Recent highlights in multi-wavelength astronomy

As detailed before, (very-)high-energy photons from astrophysical objects
guide the search for cosmic-ray sources. There is, for example, the attempt
to identify Pevatrons (sources of PeV particles and cosmic rays below
the knee) within our Galaxy with IACTs. A prominent potential source
is the H.E.S.S. Pevatron in the galactic center region [109] but also
other observatories like HAWC or Tibet-AS𝛾 have announced Pevatron
candidates [110, 111].

In the same sense extragalactic TeV photon sources may reveal the origin
of UHECRs. Indeed, the UHECR source candidate Centaurus A has
been observed at TeV gamma-ray energies [112]. Recently the H.E.S.S.
collaboration was able to provide the first spatially resolved analysis
of this source which proved an extended VHE emission site consisting
of the inner core region and the kpc-scale jet [113]. This is a valuable
information for UHECR acceleration and emission models as it constrains
the size and properties of UHECR production regions. Recently, also
LHAASO has announced the observation of TeV gamma-ray sources (e.g.
[114, 115]).

Another breakthrough was the observation of VHE photons from GRB
afterglows first by the H.E.S.S. and later by the MAGIC collaborations in
GRBs 180720B, 190114C, 190829A, 201015A and 201216C [116–121]. The
exact mechanism producing the gamma-rays remains a topic of debate:
While the modelling seems to favour a two component model for the
MAGIC GRB 190114C, a single component one may explain the H.E.S.S.
GRB 180720B. Alternative scenarios also involve hadronic signatures that
may produce the VHE emission [122].
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Numerical modelling is a powerful tool in astrophysics connecting
observations to source models. In a complete picture these source models
include both the macroscopic properties as well as the microphysical
processes. While the macroscopic parameters strongly depend on the
source class or individual object, particle interactions are more universal.
Hence, before turning to specific objects, this chapter will review the
basic radiation processes that are at play in high-energy astrophysics.

After introducing some basic concepts in Section 3.1, we will give a
summary of the basic leptonic and hadronic processes that shape the
observed multi-wavelength spectra in Section 3.2 and Section 3.3. This will
however not include a full derivation of the cross sections and formulas
and thus may be viewed as a more qualitative summary. Finally, in
Section 3.4 we introduce special scenarios including non-linear feedback
loops.
We illustrate the different processes with results obtained in the Hadronic
Code Comparison Project (HCCP) [123]. This initiative compares different
numerical codes currently available in high-energy astrophysics with
the aim of estimating the uncertainties due to numerical approaches. I
participated in this project on behalf of the development team of the
AM3 code [124] (for details on the code see Appendix A). Furthermore,
the results will be compared with analytical estimates that I derived from
the literature.
We note that this section does not claim to be comprehensive as we limit
ourselves to non-thermal sources and certain processes will be neglected
due of their low impact on the observed spectra. Among those are
electron-positron pair annihilation, neutron decay and photon-Compton
down-scattering.

3.1 Basic concepts

Numerical models solve the coupled differential equations of different
particle species. This section introduces the general form of these equa-
tions and provides insights to some basic concepts as well as terms that
will be used later on.

General form of equations

In a homogeneous, isotropic plasma we can write the Partial Differential
Equation (PDE) for a particle density 𝑛𝑖 =

𝜕2𝑁
𝜕𝐸𝜕𝑉 of species 𝑖 as
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𝜕𝑡𝑛𝑖(𝐸, 𝑡) = 𝑄𝑖(𝐸, 𝑡) − 𝛼𝑖(𝐸, 𝑡)𝑛𝑖(𝐸, 𝑡)
− 𝜏𝑖 ,esc(𝐸, 𝑡)𝑛𝑖(𝐸, 𝑡) − 𝜕𝐸(𝐸𝑖

̇ (𝐸.𝑡)𝑛𝑖(𝐸, 𝑡)) , (3.1)

where we have used the notation 𝜕𝑋 = 𝜕/𝜕𝑋. In this equation, 𝑄𝑖(𝐸, 𝑡)
is the injection term which is composed of both external and interaction-
induced injection (particles being created as secondaries, in decays, etc.).
We further identify 𝛼𝑖(𝐸, 𝑡) as the sink term (e.g. particles disappearing
as they interact) and 𝜏𝑖 ,esc(𝐸, 𝑡) as the escape rate due to the finite size of
the system which is usually simply given by the light crossing time of the
region (of size 𝑅, 𝜏𝑖 ,esc(𝐸, 𝑡) = 1

𝑅/c ). Finally, 𝐸̇ = 𝑑𝐸/𝑑𝑡 is the continuous
loss term accounting for cooling.
We point out that the PDEs of different particle species are coupled
through the interaction-induced injection terms and the corresponding
sink terms. This creates a system of coupled PDEs.

Steady-state solutions
For 𝜕𝑡𝑛𝑖(𝐸, 𝑡) = 0 the particle distribution is in a steady state. In this case
we may find some approximate behaviors that will help understanding
more complex scenarios later:

1. In the case of a mono-energetic energy injection term 𝑄𝑖(𝐸, 𝑡) =
𝑄0𝛿(𝐸 − 𝐸0) and neglecting escape and sink terms the solution for
𝑛𝑖(𝐸) takes the form of

𝑛𝑖 ∝
⎧⎪⎪⎨⎪⎪⎩

1/𝐸̇ , 𝐸 < 𝐸0

0 , 𝐸 > 𝐸0
. (3.2)

This means that if the cooling scales as 𝐸̇ ∝ 𝐸𝛾cool the particle
distribution is 𝑛𝑖(𝐸) ∝ 𝐸−𝛾cool .

2. For continuous power-law injection (𝑄𝑖(𝐸, 𝑡) = 𝑄0𝐸
−𝑝), again with

𝐸̇ ∝ 𝐸𝛾cool and omitting all other processes we easily find that

𝑛𝑖 ∝ 𝐸−𝑝−𝛾cool+1 . (3.3)

Although these scenarios are simplified ones, they may help us to develop
an intuition for the final particle spectra in dependence of the injection
and loss terms.

The steady state equilibrium may be reached relatively fast if energy
losses and radiation processes act on timescales much smaller than
dynamical time of the system. However, there are also scenarios in
which the radiation processes operate on timescales comparable to the
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dynamical timescale of the system; hence we do not expect a steady-state
system in objects with fast time variability such as GRBs.

Characteristic timescales
For each energy loss process in Eq. (3.1), we can define the cooling
timescale over which particles loose their energy as

𝑡cool =

(︃
𝐸̇

𝐸

)︃−1

, (3.4)

with the corresponding cooling rate 𝑡−1
cool. Cooling rates may depend on

energy and are a characteristic measure for particle interactions. The
dominant energy loss mechanism can be found by comparing the cooling
times/rates of different processes. Furthermore it is possible to calculate
the maximal particle energy by balancing the total loss rate (adding up
all cooling rates) with the acceleration rate. From here on we will assume
the acceleration timescale for a particle of charge number 𝑍 in a magnetic
field 𝐵 (with Larmor radius 𝑅L) as

𝑡acc =
1
𝜂
𝑅L
𝑐

=
1
𝜂

𝐸

𝑐𝐵𝑍𝑒
. (3.5)

Here, we additionally introduced the acceleration efficiency 𝜂 which will
be equal to one for our models if not noted otherwise.

Shape of accelerated particle distribution
Non-thermal accelerated particle distributions are often of power-law
shape (see e.g. Fermi acceleration in Section 2.2). The injection term
in Eq. 3.1 is then characterised by a power law (of index −𝑝) above a
minimum energy 𝐸min with exponential cutoff at a maximum energy
𝐸max:

d𝑁
d𝐸

∝
⎧⎪⎪⎨⎪⎪⎩

0 , 𝐸 < 𝐸min

𝐸−𝑝 · 𝑒−𝐸/𝐸max , else
. (3.6)

For relativistic particles it can equally be described in terms of Lorentz
factor 𝛾 = 𝐸/𝑚, where 𝑚 is the particle mass.

The Hadronic Code Comparison Project

The association of an IceCube neutrino to the blazar TXS 0506+056
triggered a community-wide effort to model the same source and provide
theoretical interpretations for the observation. With this, the question of
compatibility of the predictions given by different numerical schemes
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and codes naturally arose. The HCCP is an initiative to compare sev-
eral codes currently available for numerical modelling of high-energy
astrophysical phenomena. The aim of the project is to quantify the un-
certainties introduced by different numerical approaches. Participating
in the comparison are two steady-state codes (B13 [125] and Le-Ha Paris
[126], which calculate only the steady-state solution of the system) and
two time-dependent codes (AM3 [124] and ATHE𝜈A [127–130], which
follow the evolution of particle densities dynamically). The results are
complemented by analytical estimates of neutrino fluxes.

Inspired by TXS 0506+056, the assumed source type for the comparison
was a ’knot’ in an AGN jet. In a simplified scenario this region is modelled
as a spherical emission region (characterised by a comoving radius 𝑅′

with corresponding volume 𝑉′ = 4
3𝜋𝑅

′3), a Doppler factor 𝛿 and a
magnetic field 𝐵′. The distance to earth is specified by the redshift 𝑧.

The implementation of specific particle interactions was tested comparing
cooling rates and/or the injection rates of created secondaries. To quantify
the impact on observational predictions we compared the Spectral Energy
Distribution (SED) 𝜈𝐹𝜈 . In the following we will limit ourselves to sharing
the different results for the observable quantities (𝜈𝐹𝜈 and slope of 𝐹𝜈).

List of symbols
We briefly summarise the main parameters/quantities relevant for the
HCCP with corresponding symbols. The introduced notations/conven-
tions will also be used in the other parts of this thesis.

Table 3.1: List of symbols and notation
conventions for the HCCP and presenta-
tion of radiation models.
We point out that particle Lorentz fac-
tors 𝛾, although not primed, are always
reported in the comoving frame. For all
other quantities (frequencies, energies,
magnetic fields etc.), we will indicate the
comoving quantities as primed ones.

Symbol Quantity

so
ur

ce
pr

op
er

tie
s

𝑧 redshift
Γ Lorentz factor
𝛿 Doppler factor
𝑅 size of region
𝑉 volume of region
𝐵 magnetic field

pa
rt

ic
le

di
st

rib
ut

io
ns

𝐸 particle/ photon energy
𝛾 particle Lorentz factor 𝛾 = 𝐸′/𝑚
𝑝 slope of particle distribution 𝑛(𝛾) = d𝑛

d𝛾 ∝ 𝛾−𝑝

𝜈 photon frequency 𝜈 = 𝐸𝛾/ℎ
𝜖 dimensionless photon energy 𝜖 = 𝐸𝛾/𝑚𝑒 𝑐

2

ob
se

rv
ed

qu
an

tit
ie

s 𝐹𝜈 Differential energy Flux 𝐹𝜈 =
𝜈d𝑁

d𝜈d𝐴d𝑡
𝛼 slope of 𝐹𝜈 ∝ 𝜈𝛼

𝜈𝐹𝜈 Spectral Energy Distribution (SED) 𝜈𝐹𝜈 = 𝜈2d𝑁
d𝜈d𝐴d𝑡

′ (primed) comoving quantities
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3.2 Leptonic processes

This section introduces the most relevant processes for leptons in photon
fields: Synchrotron radiation due to motion in magnetic fields, (inverse)
Compton scattering processes between photons and electrons, as well as
the concept of Synchrotron Self-Compton spectra and photon-photon pair
annihilation. We will not derive the full cross-sections and spectra (for this
we point to comprehensive works like [131–133]), but only recapitulate the
main formulas and illustrate the processes using results of the HCCP.

Synchrotron radiation and inverse Compton scattering

Synchrotron radiation
If a charged particle is accelerated radially in a magnetic field due to the
Lorentz force, it emits synchrotron radiation.
Of course, synchrotron emission is emitted by all charged particles in
magnetic fields. The energy loss of a particle of Lorentz factor 𝛾𝑖 (energy
𝐸𝑖), charge number 𝑍𝑖 and mass 𝑚𝑖 in a magnetic field 𝐵 is given by

−d𝐸𝑖

d𝑡
=

𝜎T
6𝜋𝑐

𝑍4
𝑖

(︃
𝑚𝑒

𝑚𝑖

)︃4

𝐸2
𝑖 ∝ 𝐸2

𝑖 /𝑚
4
𝑖 . (3.7)

Hence light particles radiate more and cool faster by synchrotron radiation.
In the following we will discuss the synchrotron emission of electrons as
lightest particles and most efficient synchrotron emitters (recall, e.g. that
𝑚𝑝/𝑚𝑒 ≃ 1.8 · 103).

The spectrum 𝐹′
𝜈 emitted by a single electron of Lorentz factor 𝛾𝑒 in a

magnetic field of strength 𝐵′ peaks at a frequency 𝜈′sy ≃ 0.29𝜈′𝑐 , where
the critical frequency 𝜈′𝑐 = 𝛾2

𝑒
3
2 sin𝜃 𝜈′

𝐿
can be calculated with the Larmor

frequency 𝜈′
𝐿
= 𝑒𝐵′

2𝜋𝑚𝑒 𝑐
. The angle 𝜃 is the pitch angle between the electron

velocity 𝑣′⃗ and the magnetic field 𝐵′⃗. Below the peak, the spectrum is
well approximated by a power-law of index 1/3, above by an exponential
decay (proportional to 𝑒−𝜈

′/𝜈′𝑐 ). While this formulas still invoke the pitch
angle, we will now move to pitch-angle averaged models and simply
approximate 𝜈′sy ≃ 𝛾2

𝑒 𝜈
′
𝐿
.

This simple shape emitted by a single electron can lead us to the 𝐹′
𝜈 spec-

trum from by a power-law distribution of electrons of index −𝑝 between
𝛾𝑒 ,min and 𝛾𝑒 ,max. In principle, this photon spectrum is the superposition
of the synchrotron spectra of all emitting electrons. Integrating over the
emission of all electrons between 𝛾𝑒 ,min and 𝛾𝑒 ,max one finds that the
resulting photon spectrum is a power law of index 𝛼 = − 𝑝−1

2 between
𝜈′min = 𝛾2

𝑒 ,min𝜈
′
𝐿

and 𝜈′max = 𝛾2
𝑒 ,max𝜈

′
𝐿
. In this region, the electron and

synchrotron slopes are thus directly related. Above 𝜈′max the photon spec-
trum follows the emission of the electrons at 𝛾𝑒 ,max and 𝐹′

𝜈 ∝ 𝑒−𝜈
′/𝜈′max .
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In steady state an electron distribution ∝ 𝛾−2
𝑒 forms below 𝛾𝑒 ,min (since

the cooling rate 𝐸′̇ ∝ 𝐸′2, see Eq. (3.2)). This tail produces synchrotron
radiation of slope 𝛼 = −(2 − 1)/2 = −1/2.

To predict the characteristic synchrotron energy 𝜖′sy for a power-law
distribution of electrons, two basic considerations can be of help: (1) Since
the emitted synchrotron power scales with 𝛾2

𝑒 , the synchrotron spectrum
will be dominated by electrons at 𝛾′

𝑒 ,min if the electron slope 𝑝 > 2 and
by electrons at 𝛾𝑒 ,max if the electron slope 𝑝 < 2. (2) The photon energy
𝜖′ corresponding to a electron Lorentz factor 𝛾𝑒 is approximately given
by 𝜖′ ≃ 𝛾2

𝑒𝐵
′/𝐵crit with 𝐵crit ≃ 4.4 · 1013G. Overall, the spectral peak will

thus be at

𝜖′sy ≃ 𝐵′/𝐵crit

⎧⎪⎪⎨⎪⎪⎩
𝛾2
𝑒 ,max , 𝑝 < 2

𝛾2
𝑒 ,min , 𝑝 > 2 .

(3.8)

The counter-effect to synchrotron radiation is synchrotron absorption: In a
magnetic field, electrons can re-absorb photons. This leads to a depletion
in the photon spectrum and a corresponding additional break at 𝜈′𝑎 . For a
power-law distribution of electrons above 𝛾𝑒 ,min (which emit synchrotron
radiation of frequency 𝜈′min), the spectrum below 𝜈′𝑎 scales as 𝜈′ 5

2 (𝜈′2) if
𝜈′𝑎 < 𝜈′min (𝜈′𝑎 > 𝜈′min). In more complex systems, the real self-absorption
slope and frequency can only be obtained by integrating over the photon
and electron distributions.

Inverse Compton scattering
The scattering process between free charged particles and photons is
called Compton scattering. Again, all charged particles in principle can
take part in this process. Similar to synchrotron radiation the loss rate
scales with 1/𝑚4, which means that the process is strongly suppressed
for all particles heavier than electrons. In the following we will only
discuss the results for electrons.
In the classical Compton scattering an incoming photon transfers a part of
its energy to an electron at rest. However, astrophysical plasmas contain
highly relativistic electrons. Those may transfer parts of their energy to
the photon if their energy is greater than the energy of the incoming
photon. This process is called inverse Compton scattering. It may occur
either in the Thomson regime (if the photon energy in the electron rest
frame is much smaller than the electron rest mass energy, 𝛾𝑒 ℎ𝜈′ ≪ 𝑚𝑒 𝑐

2)
or in the Klein-Nishina regime (if 𝛾𝑒 ℎ𝜈′ ≳ 𝑚𝑒 𝑐

2).

In the Thomson regime the electron recoil can be neglected. The energies
of outgoing particles can be derived in a simple way treating the process
as a particle-particle scattering in the electron rest frame. In principle
also this process depends on the angle between two initial particles,
but we will again only consider angle-averaged results. In this case, the
final photon energy 𝜖′

𝑓
(in the approximation of 𝛾𝑒 ≫ 1) is given by
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SSC (Thomson regime) SSC (Klein-Nishina regime)

Figure 3.1: Synchrotron-Self Compton spectrum in the Thomson regime (left) and in the Klein-Nishina regime (right), for input parameters
see Table 3.2. The upper panels show the spectral energy distribution 𝜈𝐹𝜈 as a function of observed photon frequency 𝜈, the lower panels
the corresponding spectral indices of 𝐹𝜈 . Results of different codes of the HCCP are marked with different colours. We indicate analytical
estimates for the following characteristic energies 𝜖′: (1) The synchrotron peak energy 𝜖′syn = 𝛾2

𝑒 ,max 𝐵
′/𝐵crit, (2) the Thomson inverse

Compton energy 𝜖′IC, TH = 𝛾4
𝑒 ,max 𝐵

′/𝐵crit and (3) the Klein-Nishina inverse Compton maximal energy 𝜖′IC, KN max = 𝛾𝑒 ,max, see text for
details. They are converted into observed quantities with 𝜈 = 𝜖′ 𝑚𝑒 𝑐

2 𝛿/ℎ(1 + 𝑧).
For the spectral index we indicate the slope expected for synchrotron self absorption (𝛼SSA) and for synchrotron and self-Compton
radiation of a particle distribution of slope 𝑝e (𝛼 = −(𝑝e − 1)/2). On the dotted line 𝜈𝐹𝜈 is minimal/maximal.

𝜖′
𝑓
∼ 𝛾2

𝑒 𝜖
′
𝑖
(where 𝜖𝑖 is the initial photon dimensionless energy). Similar

to synchrotron cooling, the electron cooling scales as 𝐸′̇ ∝ 𝐸′2.
In the Klein-Nishina regime quantum effects and the electron recoil have
to be taken into account. Again without deriving the exact formulas we
just report that the overall result is a suppression of the cross section
and that the scaling of the electron cooling in pure Klein-Nishina regime
is 𝐸′̇ = cst. For an electron distribution extending over a wide range of
energies the cooling timescale will smoothly transition between 𝐸̇ ∝ 𝐸′2

at low energies (Thomson regime) to 𝐸′̇ = cst at high energies (Klein-
Nishina regime). Energy conservation implies that the maximal photon
energy after the scattering is limited by 𝜖′

𝑓
≲ 𝛾𝑒 .

Synchrotron Self-Compton

Observed spectra of many astrophysical sources are well-described by
so-called Synchrotron Self-Compton (SSC) spectra. These are a natural
product of accelerated particles in a magnetic field: First, relativistic
particles generate a synchrotron spectrum which then serves as a target
photon field for inverse Compton scatterings with the same electron
population. The result is the typical double-hump 𝜈𝐹𝜈 spectrum in which
the first peak is generated by synchrotron radiation, the second one by
inverse Compton radiation.
To illustrate these SSC scenarios Figure 3.1 shows show the predicted
steady-state SED 𝜈𝐹𝜈 (upper panel) and the corresponding spectral
indices of 𝐹𝜈 (lower panel) for an AGN in the Thomson and Klein-
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Nishina regime. We account for injection, synchrotron radiation, inverse
Compton radiation and escape (with 𝑡′esc = 𝑅′/𝑐 for all particles). All
particle cooling mechanisms except escape are neglected. The inverse
Compton scatterings occur in the Thomson (left plot) and in Klein-
Nishina regime (right plot), see Table 3.2 for the corresponding input
parameters. Injected particles follow a power law with exponential
cut-off (defined in Eq. 3.6) between 𝛾min and 𝛾max. Their injection rate
𝑄′

𝛾 = d𝑁/d𝛾d𝑡′d𝑉′ ∝ 𝛾−𝑝inj is normalised to the injected power 𝑃′
inj

via

𝑃′
inj = 𝑉′

∫ 𝛾max

𝛾min

𝛾𝑚𝑐2𝑄′
𝛾d𝛾 . (3.9)

Table 3.2: Input parameters for the SSC-
scenarios

Regime TH KN
𝑧 0.01
𝛿 30

𝑅′ [cm] 1015

𝐵′ [G] 0.01 0.1
𝛾𝑒 ,min 1 1
𝛾𝑒 ,max 104 108

𝑝𝑒 ,inj 1.9 1.9
𝑃′
𝑒 ,inj [erg/s] 1.56 · 1040 3.03 · 1040

The curves show the predictions of the different HCCP codes. With
maximal deviations of around 30 % (and even less at the peaks), the
overall agreement for the SED in the upper panel is very good. We point
out that B13 sets the escape rate to 3

4𝑅
′/𝑐, which we corrected for in the

Figure. Further, both LeHa-Paris and B13 apply a geometrical averaging
factor of 3

4 to the synchrotron spectrum (when calculating the target
photon spectrum for inverse Compton scatterings). This reduces the flux
in their inverse-Compton component, as can be inferred from the Figure.
In addition to the numerical results we indicate analytical estimates for
the synchrotron and inverse Compton peaks:
(1) Since all cooling effects except escape are neglected, the electron
slope remains −𝑝𝑒 = −𝑝𝑒 ,inj = −1.9. From Eq. 3.8 we thus calculate the
characteristic synchrotron energy with the maximum electron Lorentz
factor as 𝜖′syn = 𝛾2

𝑒 ,max
𝐵′
𝐵crit

.
(2) If inverse Compton scatterings occur in the Thomson regime, photon
energies are increased by a factor 𝛾2

𝑒 ,max. Thus 𝜖′IC, TH = 𝛾4
𝑒 ,max

𝐵′
𝐵crit

.
(3) In the Klein-Nishina regime the maximal energy of inverse Compton
photons is given by 𝜖′IC, KN max = 𝛾𝑒 ,max.
As these are derived in the comoving frame, they are here cited as
primed quantities. The vertical lines in Figure 3.1 correspond to these 𝜖′

Doppler-boosted and redshifted into observed energies. Overall, we find
that these are acceptable estimates of the peak positions/the upper limit.
The lower panel shows the spectral slopes of 𝐹𝜈, including theoretical
predictions for the asymptotic behavior. At the lowest energies, the
Synchrotron Self-Absorption (SSA) slope is reached for ATHE𝜈A and
AM3 which include the effect in their calculations. The spectral slope of
the synchrotron spectrum is predicted as 𝛼 = −(𝑝𝑒 − 1)/2 = −(𝑝𝑒 ,inj −
1)/2 = −0.45. This spectral slope reproduced by all codes and also
(approximately) conserved below the inverse Compton peaks.
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Figure 3.2: Photo-photon cross sec-
tion (normalised to the Thomson cross-
section, 𝜎T) as a function of 𝜖′1𝜖

′
2

1−cos𝜃
2

with 𝜖′ = ℎ𝜈′/(𝑚𝑒c2), calculated follow-
ing [133]

Photon-photon pair annihilation

In dense, non-thermal plasmas two energetic photons of frequency 𝜈′1
and 𝜈′2 might annihilate into a 𝑒± pair if the invariant rest frame energy
𝑠 = ℎ2𝜈′1𝜈

′
2(1 − cos𝜃) is larger than the rest mass energy of the two

leptons:

ℎ2𝜈′1𝜈
′
2(1 − cos𝜃) > 2(𝑚𝑒c2)2 . (3.10)

Again, 𝜃 is the angle between the colliding photons. The cross section
(illustrated in Figure 3.2) rises sharply at the threshold. It reaches it
maxiumum at ≈ 4𝑚2

𝑒 c4 before decaying steeply.
As a consequence, most interactions occur close to the threshold (in
the interaction frame). This allows for a simple estimate of the typical
energy carried by leptons created by interactions of photons of a given
energy: A photon of dimensionless energy 𝜖′1 = ℎ 𝜈′1/(𝑚𝑒c2) will interact
predominantly with photons of dimensionless energy 𝜖′2 = 1

𝜖′1
. Assuming

the two leptons receive equal parts of the total energy in the plasma
frame 𝐸tot = (𝜖′1 +

1
𝜖′1
)𝑚𝑒c2 ≃ ℎ 𝜈′1 implies that each lepton carries the

energy ℎ 𝜈′1
2 .

To illustrate the importance of photon-photon pair annihilation for (very-
)high-energy gamma-ray astrophysics, we calculate the threshold energy
of photons that will interact with the CMB and an X-ray source, with
characteristic photon energies of 6.6 · 10−4 eV and 1 keV respectively: For
the CMB, photons above 3.9 · 1014 eV can participate in photon-photon
pair annihilation, for the X-ray source the threshold photon energy is
only 2.6 · 108 eV.

3.3 Hadronic processes

After capturing leptonic processes we will now introduce the interactions
of non-thermal hadrons in astrophysical photon fields. Of course, as any
other charged particle, hadrons also synchrotron radiate and participate
in (inverse) Compton scatterings. As detailed above, these interactions
are mostly subdominant due to the larger mass of nuclei compared to
electrons; additionally they can be described within the same framework
as for electrons. We will further neglect nucleon-nucleon collisions, since
they are subdominant in dense photon fields where photo-pion and photo-
pair production are the most relevant processes. For nuclei heavier than
protons we additionally have to account for photo-disintegration.

In principle, photo-pion and photo-pair production are similar for protons
and heavier nuclei. The main difference is the relative importance of
the two processes: While for protons, photo-pion production is the
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dominating loss process above its interaction threshold, photo-pair
production gains importance for heavier nuclei. We will not discuss
photo-disintegration of nuclei in this section.

Again we give a brief introduction of the processes, following [132, 134].
For useful approximations we point to [127].

Photo-pion production

If a nucleus 𝑁 interacting with a gamma-ray 𝛾 of energy 𝐸′
𝛾 produces a

pion 𝜋, this is called photo-pion production. The produced pion can be a
neutral 𝜋0, where the nucleus’ charge does not change, or a charged 𝜋±,
where the nucleus charge is changed by one. For the sake of simplicity,
we continue discussing the process at the example of cosmic-ray protons
(characterised by their Lorentz factor 𝛾𝑝).

Figure 3.3: Photo-pion cross section as a
function of photon energy in the proton
rest frame, 𝜖𝑟 . Figure taken from [135]

The reaction may be realised through different channels. They are visu-
alised in Figure 3.3 as function of photon energy in the proton rest frame
𝜖𝑟 = 𝛾𝑝 · 𝐸′

𝛾 and will shortly be summarised:

(a) The most simple production channel is direct production of the
outgoing particles. Due to Isospin, all channels except 𝑝𝛾 → 𝑛𝜋+

are strongly suppressed. Direct production dominates between the
𝜋+ production threshold of ∼ 0.15 GeV and ∼ 0.25 GeV and then
contributes 30 % of the total cross section up to 1 GeV.

(b) Resonance production of Δ+(1232) is the overall leading contribution
to the cross section peaking at 𝜖𝑟 ≃ 0.32 GeV. Following Eq. 2.2,
outgoing𝜋0 and𝜋+ are produced in a ratio of 2:1. The smaller peaks
at higher energies in Figure 3.3 correspond to the subdominant
contribution of heavier resonances.

(c) Multi-pion production defines the high-energy tail of the cross
section at 𝜖𝑟 ≳ 1 GeV.

The produced pions are unstable and decay through the following
interactions:

𝜋0 → 2𝛾 , (3.11)

𝜋+ → 𝜇+ + 𝜈𝜇 → 𝑒+ + 𝜈𝑒 + 𝜈̄𝜇 + 𝜈𝜇 , (3.12)

𝜋− → 𝜇− + 𝜈̄𝜇 → 𝑒− + 𝜈̄𝑒 + 𝜈𝜇 + 𝜈̄𝜇 . (3.13)

We estimate the energies of the outgoing particles (𝛾, 𝑒 and 𝜈) with
two simple steps: (1) We assume the cross-section to be a 𝛿-Function at
𝜖𝑟 ∼ 320 MeV (the peak of the Δ+ resonance). If the target photon field
has a characteristic energy 𝐸′

𝛾,target this allows to calculate the Lorentz
factor of the proton participating in the interaction. (2) The inelasticity
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Figure 3.4: Distribution of secondary lep-
tons from photo-pair (dashed) and photo-
pion (dash-dotted) productions, for inter-
actions of mono-energetic protons (with
energies indicated in the plot) with the
CMB. Figure from [134]

Table 3.3: Mean energies of photo-pion
and photo-pair produced leptons from
interactions of monoenergetic protons
with the CMB. They are obtained as
⟨𝐸e± ,BH⟩ =

𝐸𝑝
𝑚𝑝

· 𝑚𝑒 and ⟨𝐸e+ ,𝜋⟩ =

0.05 · 𝐸𝑝 .

𝐸𝑝 [eV] ⟨𝐸e± ,BH⟩ [eV] ⟨𝐸e+ ,𝜋⟩ [eV]
6.4 · 1019 3.5 · 1016 3.2 · 1018

1020 5.4 · 1016 5 · 1018

3 · 1020 1.6 · 1017 1.5 · 1019

of this process is 0.2, which means that the proton looses 20 % of its
energy. We assume the pions to decay instantaneously and the energy to
be distributed equally among the outgoing particles. Consequently the
two photons receive 10 % of the initial 𝐸′

𝑝 = 𝑚𝑝𝛾𝑝 in the 𝜋0 decay and
each of the four outgoing particles receives 5 % of 𝐸′

𝑝 in the 𝜋+ decay.
The outgoing particle energies thus are

𝐸secondaries,𝜋0 ≃ 30 GeV
𝐸′
𝛾,target [GeV]

, (3.14)

𝐸secondaries,𝜋+ ≃ 15 GeV
𝐸′
𝛾,target [GeV]

. (3.15)

We point out that this formula relies on the assumption that protons
of all energies are available. If instead the interaction is dominated by
particles with Lorentz factor 𝛾′

𝑝 , the energies of outgoing particles can be
calculated easily with

𝐸secondaries,𝜋0 ≃ 93.8 · 𝛾𝑝 MeV , (3.16)

𝐸secondaries,𝜋+ ≃ 46.9 · 𝛾𝑝 MeV . (3.17)

Photo-pair production (Bethe-Heitler)

Below the threshold of photo-pion production, the main interaction
channel between photons and protons is photo-pair production (Bethe-
Heitler pair production in the rest frame of the proton): An incident
photon produces a 𝑒± pair in the Coulomb field of the nucleus. For
this the photon energy in the nucleus’ rest frame must exceed twice the
electron rest mass. The threshold condition thus reads

𝛾𝑝ℎ𝜈
′ > 2𝑚𝑒 𝑐

2 . (3.18)

In [127] it has been argued that under the assumptions that the interactions
occur predominantly around the interaction threshold, the leptons will
have approximately the same Lorentz factor as the initial proton. In a
more realistic picture the final lepton distributions have a bell shape with
a rather broad peak around 𝛾𝑒 ∼ 𝛾𝑝 [134].

This broad shape as well as the relative importance of photo-pair and
photo-pion production are illustrated in Figure 3.4. The Figure shows the
𝑒± distributions from proton interactions with the 2.7 K CMB obtained
by [134]. In their calculations intermediate particles in Eq. 3.13 decay
instantaneously and without any energy losses. This assumption is
justified if magnetic fields are comparatively low. In objects with high
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magnetic fields such as GRBs, synchrotron losses of intermediate particles
should not be neglected.
Figure 3.4 displays the lepton distributions for three different proton
energies (listed in Table 3.3). We compare the results with analytical
estimates: As detailed above, the Bethe-Heitler pairs form a broad peak
around ⟨𝐸e± ,BH⟩ =

𝐸𝑝

𝑚𝑝
· 𝑚𝑒 . The ⟨𝐸e± ,BH⟩ values for the three proton

energies are listed in Table 3.3 and agree reasonably well with the
center of the broad bell-shape distribution in Figure 3.4. To calculate the
characteristic energy of electrons from photo-pion production we follow
Eq. 3.17 and find ⟨𝐸e+ ,𝜋⟩ = 0.05 · 𝐸𝑝 . Again, the values obtained with
these simplified approach listed in Table 3.3 are roughly consistent with
the position of the peak.
The relative heights of the photo-pair and photo-pion produced lepton
distributions reflect the relative importance of the two processes. For
𝐸𝑝 = 6.4 · 1019 eV, the threshold for photo-pion production is only
just surpassed and the process is subdominant compared to photo-
pair production. With increasing proton energy photo-pion production
becomes more efficient and for𝐸𝑝 = 1020 eV is the dominating production
mechanism of leptons.

A complete lepto-hadronic scenario

Table 3.4: Input parameters for the
hadronic scenario

𝑧 0.01
𝛿 30

𝑅′ [cm] 1015

𝐵′ [G] 10
𝑒− 𝑝+

𝛾min 1 1
𝛾max 103 108

𝑝inj 1.9 1.9
𝑃′

inj [erg/s] 1.6 · 1037 1.6 · 1043

We illustrate the impact of hadronic processes on the SED in a full lepto-
hadronic AGN model (for the input parameters see Table 3.4).
The escape time is set as 𝑡′esc = 𝑅′/𝑐 for all particles and photon-photon
annihilation is neglected. The injected particles follow a power law
with exponential cut-off (Eq. 3.6) and are normalised through Eq. 3.9.
Only three codes provided results for this scenario (AM3, ATHE𝜈A and
Le-Ha Paris), their predictions are shown in Figure 3.5. This time, we
corrected for the geometrical averaging factor of 3

4 that is used in the
Paris code. The left plot of the Figure shows the photon SED 𝜈𝐹𝜈 (upper
panel) and the spectral slope of 𝐹𝜈 (lower panel). We complement this by
the all-flavour neutrino SED on the right plot, including the analytical
prediction from the HCCP.
All three codes predict similar spectral slopes for the photon SED: At
the lowest energies, they approach the synchrotron self-absorption slope
𝛼SSA. Further, both below the first and the second peak a slope of − 𝑝inj−1

2
is reported for all codes. The SEDs differ at most 30 % around the first
two peaks generated by primary synchrotron radiation (which is in
agreement with the findings for the SSC scenarios). We observe larger
deviations in the high-energy part of the spectrum and in the neutrino
SED. Both of these are generated by secondaries created in hadronic
interactions.
At this point an explanation of the different implementations of hadronic
processes may be due.
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Photon spectrum Neutrino spectrum

Figure 3.5: Left: Photon SED 𝜈𝐹𝜈 and corresponding spectral indices of 𝐹𝜈 as a function of observed photon frequency 𝜈 for the
lepto-hadronic scenario (input parameters in Table 3.4). Different colours mark the predictions of the HCCP codes available for this
scenario.
We indicate analytical estimates for the following characteristic energies 𝜖′: (1) Primary electron synchrotron peak 𝜖′sy = 𝛾2

𝑒 ,c𝐵
′/𝐵crit,

(2) primary proton synchrotron peak 𝜖′sy,p = 𝛾2
𝑝,max 𝑚𝑒/𝑚𝑝 𝐵

′/𝐵crit, (3) photo-pair synchrotron peak ⟨𝜖′sy,BH⟩ = 𝛾2
𝑝,max𝐵

′/𝐵crit, (4)
synchrotron peak from 𝑒+ from 𝜋+ decays 𝜖′sy,𝜋±→e± = (0.05 𝛾𝑝,max 𝑚𝑝/𝑚𝑒 )2𝐵′/𝐵crit, (5) peak from 𝛾s from 𝜋0 decays 𝜖′

𝛾,𝜋0→𝛾
=

0.1 𝛾𝑝,max 𝑚𝑝/𝑚𝑒 , see text for details.
For the spectral index we indicate the slope expected for synchrotron self absorption (𝛼SSA) and for synchrotron radiation of a particle
distribution of slope 𝑝inj (𝛼 = −(𝑝inj − 1)/2).
Right: All-flavour neutrino SED as a function of frequency 𝜈 for the three codes and the analytical estimate from the HCCP. We
additionally indicate the characteristic energy of the secondary neutrinos as (6) 𝜖′

𝜈,𝜋+→𝜈
= 0.05 𝛾𝑝,max 𝑚𝑝/𝑚𝑒 .

All comoving energies are converted into observed quantities with 𝜈 = 𝜖′ 𝑚𝑒 𝑐
2 𝛿/ℎ(1 + 𝑧).

[136]: Protheroe et al. (1996), “Propaga-
tion of ultrahigh-energy protons over
cosmological distances and implications
for topological defect models”

[137]: Mucke et al. (2000), “SOPHIA:
Monte Carlo simulations of photo-
hadronic processes in astrophysics”
[138]: Hummer et al. (2010), “Simplified
models for photohadronic interactions
in cosmic accelerators”

The broad peak around 9 · 1024 Hz is generated by synchrotron radiation
from photo-pair produced leptons. Its normalisation and shape (which
differ largely for the three codes) are thus defined by the implementation
of photo-pair production in the numerical schemes. While AM3 and
Le-Ha Paris follow [134] for this, ATHE𝜈A uses tabulated results from
[136]. ATHE𝜈A predicts roughly 80 % higher luminosity in this regime
than the other two codes. We find an overproduction of lepton pairs
also in other scenarios, however less pronounced. It is hence unclear
whether this is a feature originating from the specific implementation.
The VHE peak at ∼ 7 · 1031 Hz is generated from the decay of 𝜋0 and
hence depends on the implementation of photo-pion production. All
three codes rely on the SOPHIA event generator [137], a Monte-Carlo code
for photo-hadronic interactions. ATHE𝜈A uses tabulated SOPHIA results.
AM3 follows [138] who also provide tabulated SOPHIA results, however
optimised for fast computations of power-law spectra. In contrast to this,
Le-Ha Paris explicitly runs SOPHIA for every single SED calculation -
which is also the reason why their SED is so spiky. For this process we
report better agreement with deviations below ∼50%. The lower photon
production rate from 𝜋0 of ATHE𝜈A compared to the other codes could
systematically be reproduced in examples with fixed external radiation
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fields. It may thus be an imprint of the different implementations.
Finally, the spectrum at intermediate energies around 7 · 1028 Hz and
the neutrinos are generated from charged pion decays. Those are im-
plemented through the same procedures as the neutral pions discussed
above. Here, Le-Ha Paris clearly predicts a lower energy flux. We also
validated this by comparing the injection rate of lepton pairs that is 30%
to 40% lower in comparison to the other codes. We point out that this
could not be reproduced in simulations with fixed, external radiation
fields. It may be related to differences in the electron synchrotron flux,
which serves as a target for the photo-hadronic interactions, but the exact
origin so far remains undetermined. In agreement with this, Le-Ha Paris
also predicts a 40% lower all-flavour neutrino flux than the other two
codes. On the other hand, the analytical estimates from the HCCP exceed
the numerical results by a factor of 2.
Overall we find that the deviations in the hadronic parts of the photon
SED are below 80% and for the neutrino SED below 50%. The predic-
tions agree reasonably well around the prominent peaks and the largest
differences are found in the photo-pair dominated regime. We stress that
for this scenario photon-photon annihilation (both in the source and due
to extragalactic background fields) is neglected. If accounted for, this
process would suppress the high-energy spectrum such that only the
neutrinos could serve as probes of hadronic interactions.

In addition to the HCCP results we provide simple analytical estimates
for the position of the following prominent SED features: (1) The primary
electron synchrotron peak, (2) the primary proton synchrotron peak, (3)
the mean synchrotron energy of photo-pair leptons, (4) the characteristic
synchrotron energy of leptons from 𝜋+ decays, (5) the energy of photons
from 𝜋0 decays and (6) the energy of neutrinos from 𝜋+ decays.
(1) For the characteristic synchrotron energy of primary electrons, we
need to estimate the Lorentz factor of electrons that contribute most. Due
to the high(er) magnetic field in the current scenario, synchrotron cooling
effects cannot be neglected: The critical Lorentz factor 𝛾𝑒 ,c =

6𝜋𝑚𝑒 𝑐
2

𝜎𝑇𝐵′2𝑡′esc
is

defined as the electron Lorentz factor above which synchrotron cooling
dominates above escape. This means that a cooling break forms from
𝑝𝑒 = 1.9 (below to 𝛾𝑒 ,c, the spectral index does not change) to 𝑝𝑒 = 2.9
(synchrotron cooling reduces the spectral index by one). The synchrotron
peak will thus be dominated by electrons around 𝛾𝑒 ,𝑐 and be located at
𝜖′sy = 𝛾2

𝑒 ,c
𝐵′
𝐵crit

.
(2) The second peak in this scenario is produced by proton synchrotron ra-
diation. Its characteristic energy can be calculated as 𝜖′sy,p = 𝛾2

𝑝,max
𝑚𝑒

𝑚𝑝

𝐵′
𝐵crit

.
(3) Bethe-Heitler pair production is dominated by protons at 𝛾𝑝,max, thus
⟨𝛾′

e,BH⟩ = 𝛾𝑝,max and ⟨𝜖′sy,BH⟩ = 𝛾2
𝑝,max𝐵

′/𝐵crit.
(4) Photons are most abundant around the synchrotron self-absorption
frequency of 𝜈SSA ∼ 1011 Hz (read off from plot). This corresponds to a
comoving energy of 𝜖SSA ≃ 2.6 · 10−11 and would thus would require
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[139]: Longair (2011), High Energy Astro-
physics

protons of Lorentz factor of 𝛾𝑝 ∼ 1013 to reach the 𝜖𝑟 = 320 MeV where
the cross section for photo-pion production is maximal. This is orders of
magnitude higher than 𝛾𝑝,max and photo-pion production is thus domi-
nated by protons at 𝛾𝑝,max. Secondary leptons from 𝜋+ decays receive
5 % of the proton energy will hence have a Lorentz factor of 1

20 𝛾𝑝
𝑚𝑝

𝑚𝑒
and

produce synchrotron radiation of energy 𝜖′sy,𝜋±→e± =

(︂
1
20 𝛾𝑝,max

𝑚𝑝

𝑚𝑒

)︂2
𝐵′
𝐵crit

.
(5) If the photons produced by𝜋0 decays receive 10 % of the proton energy
their frequency is equal to 𝜖′

𝛾,𝜋0→𝛾
= 1

10 𝛾𝑝,max
𝑚𝑝

𝑚𝑒
.

(6) Additionally we can estimate the peak of the neutrino spectrum as
𝜖′𝜈,𝜋+→𝜈 =

1
20 𝛾𝑝,max

𝑚𝑝

𝑚𝑒
.

Overall, this simple estimates agree reasonably well with the numerical
results. Of course they do not provide insights on the relative importance
of the different processes and/or the exact shape of the photon spectrum
– They may still prove useful when estimating the importance of these
processes on spectra in specific energy regimes.

3.4 Special scenarios

Within the HCCP non-linear feedback processes like the inverse Compton
catastrophe and hadronic feedback loops could only be captured by
the time-dependent AM3 and ATHE𝜈A codes. Those scenarios are
realised in very specific regions of the parameter space and thus of
limited relevance for the most common source models. However, as
they represent somewhat extreme scenarios, they can prove that even in
extreme conditions the numerical approaches yield the same results.

Inverse Compton Catastrophe (ICC)

The term ’inverse Compton catastrophe’ [139] refers to scenarios in
which the luminosity in the inverse Compton component is dramatically
increased and even may outshine the synchrotron emission. It can be
realised if the energy density in photons exceeds the energy density
of the magnetic field such that inverse Compton cooling becomes the
dominating energy-loss process for electrons.

Closely related is the concept of multiple inverse Compton generations:
The first generation inverse Compton photons are generated by elec-
trons up-scattering the synchrotron photons. From there on, the 𝑖 + 1th
generation is generated by inverse Compton up-scattering the 𝑖th gen-
eration. The leptons participating in the up-scattering are always the
same primary electron population. Over multiple generations, energy
may be transferred efficiently from lower energies to the high-energy
regime, until it is finally limited by Klein-Nishina suppression around
the maximal energy of electrons.
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Figure 3.6: SED 𝜈𝐹𝜈 and corresponding
spectral slope of 𝐹𝜈 for the inverse Comp-
ton catastrophe. We show the results for
the steady state (’final’) and after one and
two dynamical timescales 𝑡′dyn = 𝑅′/𝑐.

[140]: Readhead (1994), “Equipartition
brightness temperature and the inverse
Compton catastrophe”
[141]: Tsang et al. (2007), “The inverse
Compton catastrophe and high bright-
ness temperature radio sources”
[142]: Petropoulou et al. (2015), “Spec-
tral signatures of compact sources in the
inverse Compton catastrophe limit”

[143]: Kirk et al. (1992), “X-ray flares from
runaway pair production in active galac-
tic nuclei”
[144]: Petropoulou et al. (2014),
“Hadronic supercriticality as a trigger
for 𝛾-ray burst emission”

The ICC was first proposed to explain the (observed) upper limit in
brightness temperatures of radio sources (early on e.g. [140], more recently
[141]). In a broader source context it was explored in [142].
The scenario can be realised for a high-density mono-energetic electron
distribution. For numerical reasons this is mimicked by 𝛾𝑒 ,min = 101.9

and 𝛾𝑒 ,max = 102.1 in the HCCP (see Table 3.5 for the full list of input
parameters). The escape time was again set to 𝑡′esc = 𝑅′/𝑐. Overall, the
setup approximately corresponds to the highest density scenario in
Figure 6 of [142].
The simulated photon spectra are shown in Figure 3.6. The particle
distributions are evolved until 𝑡′ = 10 𝑡′dyn = 10 𝑅′/𝑐 where the system is
in steady state. To illustrate the temporal evolution we additionally show
the spectra at 𝑡′ = 𝑡′dyn and 𝑡′ = 2 𝑡′dyn. As indicated in the Figure, the
first peak is generated by synchrotron radiation. The second and third
peak are identified as 1st and 2nd generation inverse Compton peaks.
The evolution of the SED in Figure 3.6 illustrates how the luminosity in
the synchrotron peak is reduced as photons are Compton up-scattered to
higher energies as the system evolves from 1 𝑡′dyn to the steady state.
We find that the ATHE𝜈A and AM3 results differ only little. The largest
deviations of ∼ 10 % are observed at the 2nd generation inverse Compton
peak.

Table 3.5: Input parameters for the in-
verse Compton catastrophe

𝑧 0.01
𝛿 10

𝑅′ [cm] 1016

𝐵′ [G] 10
𝛾𝑒 ,min 101.9

𝛾𝑒 ,max 102.1

𝑝𝑒 ,inj 2
𝑃′
𝑒 ,inj [erg/s] 4.6 · 1045

Pair-Production Synchrotron (PPS) loop

The idea of a runaway process initiating an abrupt, dramatic increase of
photon densities due to secondaries from hadronic interactions was first
introduced in the 90s (e.g. [143] for AGN X-ray flares). They were later
dubbed ’hadronic supercriticalities’ and have since then been studied
anaytically and numerically in a range of contexts (among other [144]).
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Figure 3.7: Photo-Pair Synchrotron (PPS)
compactness 𝑙𝛾 as a function of simula-
tion time 𝑡′ (divided by the cosmic-ray
escape time 𝑡′CR) for different proton in-
jection compactness(𝑙𝑝 , marked by dif-
ferent colours) for AM3 and ATHE𝜈A
(solid and dashed lines respectively).

[145]: Mastichiadis et al. (2020), “A
roadmap to hadronic supercriticalities:
a comprehensive study of the parame-
ter space for high-energy astrophysical
sources”

A broad examination of the parameter space in which they can occur
complemented by an educative review was published recently in [145].

The phenomenon can be realised in a pure hadronic scenario: First
the primary protons build up a target photon field for photo-hadronic
interactions by proton synchrotron radiation. Then, if the proton densities
exceed a critical value, the system enters a supercritical regime in which
photo-hadronic interactions are strongly enhanced. As a result, secondary
leptons are generated at large rates. Their synchrotron radiation further
builds up the target photon fields, again increasing the rate of photo-
hadronic interactions. This runaway process leads to an exponential
increase of the photon densities and an efficient energy transfer from
protons to photons.
The supercriticality can be realised both via photo-pair and photo-pion
production. In the case of photo-pion production the photon densities
are enhanced by synchrotron radiation of secondary lepton pairs from
𝜋±. Additional contributions come from gamma-rays produced in 𝜋0

decays and the secondary lepton cascades generated as these gamma-rays
photon-photon annihilate. In photo-pair scenarios the radiation densities
rise through synchrotron radiation of the produced lepton pairs.

Table 3.6: Input parameters for the Photo-
Pair Synchrotron (PPS) loop

𝑅′ [cm] 1015

𝐵′ [G] 31.6
𝛾𝑝,min 100.1

𝛾𝑝,max 105

𝑝𝑝,inj 2
𝑃′
𝑝,inj [erg/s] 5.4 · 1044

1.1 · 1045

2.1 · 1045

4.3 · 1045

So far, systems in supercritical regime were only explored with ATHE𝜈A.
To confirm that they are not a non-physical result of numerical instabilities,
we examined a Photo-Pair Synchrotron (PPS) loop in the HCCP. The
corresponding parameters are summarised in Table 3.6. To reach high
enough proton densities, the escape time is increased to 𝑡′CR = 1000 𝑅′/𝑐
for protons. This way they are practically trapped, while all other particles
escape over 𝑡′esc = 𝑅′/𝑐. All processes except photo-pair production,
synchrotron radiation and escape are neglected.

For the following we will measure the density of photons and primary
protons by their compactness. For the primary protons and the energy
density of photons 𝑢′

𝜖′ (𝜖′ = 𝐸′/(𝑚𝑒 𝑐
2)) with this dimensionless quantity
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is defined as

𝑙p =
𝜎T𝑃

′
inj

4𝜋𝑅′𝑚𝑝𝑐3 , (3.19)

𝑙𝛾 =
𝜎T𝑅

′

3
𝑢′
𝜖′ =

𝜎T𝑅
′

3

∫ (︃
𝜖′

d𝑁
d𝜖′d𝑉′

)︃
d𝜖′ . (3.20)

We explore four different proton injection luminosities (expressed as
proton injection compactnesses). The resulting comoving photon com-
pactness as a function of simulation time 𝑡′ divided by cosmic-ray escape
time 𝑡′CR are shown in Figure 3.7. For the lowest proton injection com-
pactness, the system never enters the supercritical regime. For the other
three values of 𝑙p the PPS loop is initiated: As the system surpasses the
critical point, the photon density increases exponentially until the pho-
tons abruptly cool the protons. From this, the system enters an oscillating
state (with decreasing amplitude and periodicity). After a number of
cycles a steady state is reached - with a photon compactness almost four
orders of magnitude higher than without the PPS loop.
The onset, amplitude and periodicity depend on the particle compact-
nesses in the source. Overall, for high compactness the onset is earlier, the
amplitude larger and the periodicity smaller. Consequently, the steady
state is reached earlier.
This trend (as well as the general phenomenon) is reproduced both by
ATHE𝜈A and AM3. Also the values of 𝑙𝛾 at the peaks and the change of
photon compactness as a function of time (d𝑙𝛾/d𝑡) are similar. Differences
remain in the onset time of the PPS loop and the period length.
Overall, these results confirm that the PPS loop is not a numerical artefact.
As it is realised in an extreme parameter regime, small differences of the
numerical solver and in the implementation of photo-pair production
(that manifested already in our earlier tests) impact the onset and period-
icity of the loop. The absolute photon densities however are on a similar
level.
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Gamma-ray bursts (GRBs) are among the most energetic events observed
in our universe and fancied as high-energy particle sources. A wide range
of scientific questions is posed by these luminous transients (recall, for
example, their connection to gravitational wave astrophysics) – we will
however focus on the initial bright gamma-ray flash called the prompt
phase.
After the general introduction to radiation processes in Chapter 3, this
chapter lays the base to radiation modelling of GRBs (and more partic-
ular, their prompt phase) as specific objects by introducing their main
properties. For this purpose we first give a brief historical introduction in
Section 4.1 which is followed by an overview of the stages a GRB is going
through in Section 4.2. Turning to the prompt phase of the event, we
discuss possible energy dissipation mechanisms and radiation models in
Section 4.3 and Section 4.4. We close this chapter by reviewing GRBs as
potential sources of UHECRs and HE neutrinos in Section 4.5.

4.1 A historical introduction

Figure 4.1: Histogram of durations (𝑇90)
of BATSE detected Gamma-Ray Bursts.
Figure from [146]

The United States VELA satellites were launched in the early 1960s to
monitor Russian activities in space (or, more particularly their obedience
to the Nuclear Test Ban Treaty). Though they did not uncover any nuclear
weapon test, they unveiled a new astrophysical phenomenon called
gamma-ray bursts. The discovery was only made public a few years later,
after the detection of a dozen events which reassured scientists that the
signals were indeed of astrophysical origin [147]. A huge research interest
in those mysterious events arose.
Few basic conclusions could soon be drawn: To reconcile the extreme
observed luminosities with realistic source energy budgets, the emission
was proposed to originate from a collimated jet. Furthermore, in order
not to be opaque to its own radiation, this jet had to move at relativistic
velocities and Lorentz factors of Γ ∼ 100.
Nevertheless, the initial years were characterised by sparse data that
had little potential in limiting the wealth of theories. A new era began
with the launch of the Compton Gamma-Ray Observatory (CGRO) in
1991 with the Burst Alert and Transient Source Experiment (BATSE)
on board. Over the course of its lifetime, BATSE detected about 2700
GRBs, finally enabling the study of a larger event sample. This led to
important milestones: First, the division in the two populations of short
and long GRBs with durations below and above 2s respectively [146]. The
bi-modal distribution of durations that lay the base for this is shown in
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Figure 4.1. Second, the universal empirical ’Band’-function was developed
to describe the spectra [148]. Third, it was now possible to fully appreciate
the wealth of different light curves of this population and better resolve
their time variability. Finally, the isotropic distribution of events further
supported an extra-galactic origin [149]. With the first detection of a
multi-wavelength GRB afterglow in 1997 [150] and the first determination
of a GRB redshift soon after, the cosmological origin could be settled
without any doubts.
Today, the most important observatories are the Swift and Fermi missions.
Swift is equipped with optical to X-ray instruments, and its Burst Alert
Telescope (BAT) in the hard X-ray band between 15 and 50 keV detects
100 GRBs per year [151]. Fermi on the other hand aims at higher photon
energies: The Gamma-Ray Burst Monitor (GBM, sensitive between 8 keV
and 40 MeV) records 250 GRBs yearly [152]. Only a few (about 8 per
year) are also seen by the Large Area Telescope (LAT) that covers an even
higher energy range of 20 MeV to 300 GeV [72].

Even though scientists can now access a wealth of data, GRBs remain
mysterious events. For example, it is yet unclear which radiation processes
generate the early, bright emission during the prompt phase and what
the underlying energy dissipation mechanism is. Interestingly it is most
often the few bursts with wealthy and precise data that have the largest
potential in constraining models.
Due to the large amounts of energies they release, GRBs have also
long been discussed as potential UHECR sources (early on e.g. in [13]).
However, this paradigm is challenged by the absence of high-energy
neutrinos that could be associated with known GRBs [15, 16]. Additional
constraints come from the energy budget required to power the UHECR
flux and the high amount of energy that consequently needs to be
transferred to non-thermal baryons.

It can be expected that advances in (R)MHD jet modelling and Particle-In-
Cell (PIC) simulations of particle acceleration can provide useful insights
that may help to constrain the mechanisms at play in the next years. For
example, the energy dissipation mechanism could be constrained by jet
launching simulations that give insights on the amount of energy carried
by magnetic fields.

4.2 The complete picture

The canonical GRB picture can be divided in three main stages: (1) The pre-
burst phase: From the death of the GRB precursor (either a supermassive
star or a compact binary system) a new compact object is formed. This
freshly born central engine launches an energetic astrophysical jet that
accelerates to relativistic velocities. (2) This jet generates a short and
intense photon flash in X-rays and gamma-rays, the prompt phase.
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Figure 4.2: Schematic view of the prompt and afterglow phase of a GRB in the internal shock model with the central black hole engine
towards the left. The relativistic jet (propagating towards the right) is initially opaque to its own radiation, due to the high density of the
plasma. As the jet expands, the density drops and it becomes optically thin at the so-called photosphere. At this point the first photon
signal in form of low-energy gamma-rays is expected. In the internal shock model, the bulk of the prompt emission is then generated as
faster parts of the ejecta (called shells) catch up with slower ones and internal shock waves form. Finally, the afterglow arises from the
interaction of the jet with the ambient medium. Note that the length scales on this schematic picture are not representative.
Image credit: NASA’s Goddard space flight center
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(3) As the jet starts to decelerate due to its interaction with the ambient
medium, a multi-wavelength signal sets in. This afterglow fades over
the duration of days to weeks or even months. Phase (2) and (3) of this
time line of events are visualised in Figure 4.2 in the fireball internal
shock model. The fireball model [153] captures the processes after the
jet launching: The hot plasma released by the central engine at an initial
radius 𝑅∗ and with Lorentz factor Γ0 is optically thick and dominated
by radiation. As it expands under the radiation pressure, the energy of
lepton pairs and photons is transferred to the baryons contained in the
outflow. Finally, at the saturation radius 𝑅sat, baryons and leptons carry
equal amounts of energy and the acceleration stops. From this point on,
the jet is called ’matter dominated’. During its further expansion the
optical depth decreases until it is equal to one at the photospheric radius
𝑅PH. Above this radius, the prompt phase emission starts. Finally, at the
deceleration radius 𝑅dec the Lorentz factor starts to decrease and the
afterglow sets in. The evolution of Lorentz factor with radius and the
characteristic radii are depicted in Figure 4.3. The theoretical picture may
of course differ in case of a Poynting flux dominated jet.

Figure 4.3: Sketch of the evolution of the
fireball Lorentz factor with radius.

In the following, we briefly introduce the main characteristics of the three
phases complemented by an overview of the corresponding theories.

(1) The pre-burst phase
GRB progenitors differ by sub-class: Long GRBs originate from the
cataclysmic death of supermassive stars. Evidence for this comes from
associated supernova observations and their high occurrence rate in
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star-forming regions. In short GRBs the central engine is formed after
the merger of two compact objects (neutron stars or black holes). After a
long period of indirect hints, this was unambiguously confirmed by the
association of a short GRB to the Ligo/Virgo detection of a neutron star
merger in 2017 [94].
The subsequent jet launching is a complex question on its own. Magnetic
fields are usually assumed to play an essential role, as already highlighted
in early analytical works like [154, 155]. Over the last decades numerical
RMHD simulations have contributed to a better understanding. Overall,
they confirm that jet launching occurs in the vicinity of compact objects
through magnetohydrodynamic effects and accretion (see reviews [156,
157]). We point out that most simulations are performed for AGN-like
systems, whereas (long) GRBs require the special setup of jet launching
in an ambient medium, as e.g. in [158].
Even if during the launch the jet is Poynting flux dominated, mechanisms
like impulsive acceleration may convert the magnetic energy of the
outflow such that in the end the jet is matter dominated, e.g. [159, 160].

(2) The prompt phase
The prompt phase is usually characterised by a light curve and a spectrum.
The light curve of detected photons is highly irregular with temporal
fluctuations that go down to the ms-scale. Single pulses can often be
described by a Fast-Rise-Exponential-Decay (FRED) profile. The duration
of the prompt phase is mostly measured as 𝑇90, the time interval during
which 90% of the total energy is detected. Overall, a large variety of light
curves is observed in the population (illustrated by two BATSE light
curves in Figure 4.4).
In contrast to this, the non-thermal 𝜈𝐹𝜈 spectra are surprisingly simi-
lar and mostly have peak energies 𝐸peak = ℎ𝜈peak in the keV to MeV
range. Their photon spectrum 𝑁(𝐸) ∝ 𝐹𝜈/𝜈 can be fitted well by the
phenomenological Band-function [148], a smoothly broken power law:

𝑁(𝐸) = 𝐴

⎧⎪⎪⎨⎪⎪⎩
(︁

𝐸
100 keV

)︁𝛼
𝑒−𝐸/𝐸0 , if𝐸 ≲ (𝛼 − 𝛽)𝐸0(︂

(𝛼−𝛽)𝐸0
100 keV

)︂𝛼−𝛽 (︁
𝐸

100 keV
)︁𝛽

𝑒𝛽−𝛼 , if𝐸 > (𝛼 − 𝛽)𝐸0
. (4.1)

The break energy 𝐸b is related to the peak energy through 𝐸peak =

(2 + 𝛼)𝐸b. Typical values for the indices are 𝛼 ∼ −1.0 and 𝛽 ∼ −2.2 [161].
This means that GRB peaks are narrower than the spectra of other sources
like AGNs [162, 163].
In lack of the exact jet opening angle, the total energy output of the
prompt phase is usually reported in the isotropic equivalent gamma-ray
energy 𝐸𝛾,iso. It is defined as the total energy released in the energy range
of 1 keV to 10000 keV in the source frame (redshift-corrected).
A range of possibilities that have been proposed for the jet energy

https://gammaray.nsstc.nasa.gov/batse/grb/lightcurve/index.html
https://gammaray.nsstc.nasa.gov/batse/grb/lightcurve/index.html
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dissipation will be introduced in Section 4.3, followed by the radiation
processes that could create the prompt spectra in Section 4.4.

(3) The Afterglow
Once the jet has swept up a mass comparable to its own, it decelerates.
This is the onset of the afterglow. It is usually well explained by a
blast-wave scenario in which an external shock propagates through
the ambient medium. In principle, the afterglow light curve is just a
power-law decaying with time. In some bursts, X-ray flares or plateaus
manifest, mostly during the early afterglow.
It is also during the afterglow that an observer will for the first time
actually experience the effect of the jet opening angle 𝜃𝑒 . During the
prompt phase, the emission is relativistically beamed in a cone of angle
1
Γ

that is smaller than the jet opening angle 𝜃𝑒 . For any observer it is thus
impossible to distinguish between jetted or isotropic emission. As the jet
decelerates, the relativistic beaming angle becomes wider. Finally, when
1
Γ
= 𝜃𝑒 , the emission from the complete jet can be observed. This point

introduces a monochromatic jet break in the afterglow light curve. This
feature (that allows to determine the jet opening angle and thus the true
GRB energy) is observed for some but not all GRBs; see e.g. [164] who
find a jet break in 55 out of 99 GRBs.

4.3 Prompt phase energy dissipation mechanism

A major riddle in GRB theories is that of energy dissipation, i. e. how the
jet energy is transferred to plasma particles.
A broad range of theories is discussed in the literature. We here limit
ourselves to the internal shock model, magnetic energy dissipation
and neutron collisions while referring to reviews as [165] for more
alternatives. We conclude by reviewing some recent results of 3D (M)HD
jet simulations for context.

The internal shock scenario
The internal shock model was proposed in the 1990s [166–168]. It relies on a
central engine emitting an unsteady outflow of variable velocity. As faster
parts of the ejecta catch up with slower ones, shock waves form. These
shocks convert kinetic energy of the outflow into plasma internal energy.
Through turbulent magnetic fields around the shock front, particles can be
accelerated e.g. by the Fermi mechanism. However, particle acceleration
at mildly relativistic shocks is still poorly understood, and the regime is
only recently been explored in Particle-In-Cell simulations (e.g. [169]).
In a simplified description, the outflow is often approximated as a series
of plasma shells of finite width. Each light curve pulse/spike can then
be attributed to an interaction between two of such shells. This way the
variety of observed light curves and their short time variability can easily
be explained.
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The main criticism of the internal shock model is that of low energy
conversion efficiency: In a typical setup, only about 10% of the fireball
kinetic energy are dissipated. This means that the fireball is still very
energetic when it produces the afterglow – which means that a bright
afterglow signal incompatible with observations is expected.
The model will be introduced in more detail in Chapter 5.

Magnetic energy dissipation
The part of the jet energy stored in magnetic fields can be measured by
the magnetisation 𝜎. For a plasma of magnetic field 𝐵, mass density 𝜌 and
the Lorentz factor Γ it is defined as the ratio between Poynting flux and
matter flux:

𝜎 =
𝐹B

𝐹matter
=

𝐵2

4𝜋Γ𝜌𝑐2 =
𝐵′2

4𝜋𝜌′𝑐2 , (4.2)

where primed quantities again refer to the comoving frame of the plasma.
If the magnetisation is high (𝜎 ≳ 1), magnetic fields carry the bulk of
jet energy. In this case, magnetic energy dissipation through magnetic
reconnection or current-driven instabilities may be significant. A range
of models invoking magnetic reconnection have been proposed (among
others [170, 171]. The exact mechanism of particle acceleration in those
models is poorly understood. A combined magnetic reconnection and
internal shock scenario that naturally explains the short time variability
was presented in the ICMART model [172]. Here, subsequent collisions of
magnetised plasma shells distort the plasma until magnetic reconnection
is enabled at large distances from the central engine.

Neutron collisions
Various progenitor scenarios predict a neutron-rich outflow. Although
initially in equilibrium through inelastic collisions, protons and neutrons
decouple at a certain distance to the central engine. If this happens
during the fireball acceleration phase (thus before reaching the coasting
phase of final Γ), protons and neutrons end up travelling at different
speeds because neutrons are no longer accelerated with the plasma. This
difference in velocity enables proton-neutron collisions in which pions
are produced. The leptons generated through pion decays have typical
Lorentz factors of 𝛾𝑒 ∼ 300.
As the cross-section for proton-neutron collisions is smaller than the
Thomson cross-section, the decoupling radius of protons and neutrons is
below the photosphere.

Results from (M)HD simulations
A series of 3D simulations of intermittent and continuous jets with
no/low magnetisation propagating through a stellar envelope have been
performed in [173–176]. From jet interaction with this surrounding ma-
terial, a cocoon of shocked stellar and jet material forms around the
jet edges. In all scenarios, a photospheric model was assumed for the
prompt phase (for more details on this mechanism see Section 4.4).
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Table 4.1: Overview table (M)HD simulations of GRB jets, reproduced from [176]. Findings in contradiction with observations are
marked red. For each setup, we list the source of baryon mixing (head-like or at the Jet-Cocoon-Interface boundary), the source of
temporal variability (due to turbulences in the mixing regions or from an intermittent engine), the variability timescale, the efficiency of
converting the jet energy into radiation and if dissipative processes are available that could broaden the thermal spectrum such that it is
compatible with observations.

Jet type Continuous HD Continuous MHD Intermittent HD Intermittent MHD
Reference [173] [174] [175] [176]

Mixing source
(head/boundary)

both
(boundary dominates) stable head head

Variability source
(mixing/engine) mixing none both engine

Variability timescales ∼ ms none set by engine & mixing set by engine
Efficiency high high ≲ 1% high

Spectrum broadening by shocks unlikely no no possible

[158]: Bromberg et al. (2016), “Relativistic
MHD simulations of core-collapse GRB
jets: 3D instabilities and magnetic dissi-
pation”

They find that a substantial mixing of jet and cocoon material increases
the baryonic loading in the boundary of the Jet-Cocoon-Interface (JCI).
The turbulent structures responsible for this mixing may produce ef-
ficient temporally variable signatures in hydrodynamic jets [173]. For
intermittent hydrodynamic jets, the mixing is strongly enhanced through
additional mixing regions at the head of each ’active’ period. This type of
mixing will be called ’head’-like in the following. In their view, the result-
ing heavy baryon loading likely inhibits any photospheric gamma-ray
production mechanism [175]. We point out that this limitation may be
overcome by hadronic contributions to the photon emission – although
the details of a possible baryon acceleration close to the photosphere
are unclear. Overall, mixing with the cocoon is suppressed for mildly
magnetised jets but can occur at the heads of active periods for intermit-
tent jets [176]. For continuous, magnetised jets there is thus no source of
short-time variability [174].
As mentioned above, photospheric emission was considered as source of
the prompt gamma-ray signal. In order to reproduce observed spectra,
some additional energy dissipation process that can broaden the spectra
such that they deviate from pure thermal ones is necessary. One possibil-
ity are shocks which were only found for intermittent, magnetised jets.
[176]
The basic findings are summarised in Table 4.1, where we mark features
in conflict with observations red. Overall, intermittent, mildly magne-
tised jets are the ones that have least trouble in explaining the prompt
emission.

For highly magnetised jets, [158] find that small-scale internal kink
instabilities could dissipate half of the magnetic energy into heat.

4.4 Prompt phase radiation models

After the plasma particles are heated and/or accelerated due to the
energy dissipation process, they generate the prompt emission.
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Overall, the radiation processes may operate either in optically thin or
in optically thick regime, depending on whether the optical depth to
Thomson scatterings 𝜏TH = 𝜎T𝑛𝑒 𝑙 (with the number density of electrons
𝑛𝑒 and the path length 𝑙) is below or above unity. Following [177], in
GRBs the 𝜏TH experienced by photons at a distance 𝑅 propagating until
infinity is given by

𝜏TH =
𝑍±𝑀𝑝

̇ 𝜎T

4𝜋𝑅Γ2𝑚𝑝𝑐
, (4.3)

where Γ the Lorentz factor of the outflow, 𝑀𝑝
̇ the proton mass outflow

rate and 𝑍± the number of electrons and positrons per proton.

Optically thin regime

In the optically thin regime, populations of accelerated non-thermal
particles participate in the interactions introduced in the last chapter.

We first consider a primary population of electrons characterised by a
minimum Lorentz factor 𝛾𝑒 ,min and power-law slope −𝑝𝑒 . Motivated by
GRB observed spectra, we assume 𝑝𝑒 > 2.
For simplicity, we only account for synchrotron and adiabatic cooling due
to the expansion of the plasma (with corresponding cooling timescale
𝑡′ex = 𝑅

Γ 𝑐 ). At the critical Lorentz factor 𝛾𝑒 ,c, the synchrotron and adiabatic
cooling timescales of electrons are equal:

𝛾𝑒 ,c ≡
6𝜋𝑚𝑒 𝑐

𝜎𝑡𝐵′2𝑡′ex
. (4.4)

In the following, we denote the characteristic synchrotron frequencies
in the observers frame of electrons with Lorentz factors 𝛾𝑒 ,min (𝛾𝑒 ,c) as
𝜈m (𝜈c). Additionally, 𝜈𝑎 is the synchrotron self-absorption frequency
and will in the following assume that 𝜈𝑎 < min(𝜈𝑐 , 𝜈𝑚). In this case, the
synchrotron-self-absorption spectrum scales as 𝜈2 [178].
We will describe the spectra as a series of power-laws representing
different regimes. Note that in reality the reported slopes are only
reached at a certain distance from the break frequencies, as the breaks
are smooth. Two regimes were identified in [179] which we connect to
the findings of Chapter 3:

Fast cooling regime: 𝛾𝑒 ,c < 𝛾𝑒 ,min

At the lowest energies, synchrotron self-absorption results in a spectrum
proportional to 𝜈2. Between the synchrotron absorption break at 𝜈𝑎 and
𝜈𝑐 the spectrum in this range is just the sum of all synchrotron tails
of electrons and thus a power-law ∝ 𝜈1/3. Between 𝛾𝑒 ,c and 𝛾𝑒 ,min, an
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Figure 4.5: Spectrum 𝐹𝜈 (lower panel)
and 𝜈𝐹𝜈 (upper panel) for the syn-
chrotron spectrum of a fast-cooling elec-
tron distribution with initial power-law
index −𝑝𝑒 = −2.5.

Figure 4.6: Spectrum 𝐹𝜈 (lower panel)
and 𝜈𝐹𝜈 (upper panel) for the syn-
chrotron spectrum of a slow-cooling elec-
tron distribution with initial power-law
index −𝑝 = −2.5.

electron distribution of slope −𝑝𝑒 = −2 is formed (as synchrotron cooling
scales as 𝛾2, see Eq. 3.2). This distribution produces a photon spectrum
of 𝛼 = −(2− 1)/2 = −1/2. Above 𝛾𝑒 ,min, the initial electron distribution is
modified from spectral slope −𝑝𝑒 to −𝑝𝑒 + 1 due to synchrotron cooling
(see Eq. 3.3). The corresponding photon spectrum has spectral slope
𝛼 = −(𝑝𝑒 + 1 − 1)/2 = −𝑝𝑒/2.
Overall, the spectrum is thus approximated by

𝐹𝜈

𝐹𝜈,max
=

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

( 𝜈𝑎𝜈𝑐 )
1/3( 𝜈

𝜈𝑎
)2 , 𝜈 < 𝜈𝑎

( 𝜈
𝜈𝑐
)1/3 , 𝜈𝑎 < 𝜈 < 𝜈𝑐

( 𝜈
𝜈𝑐
)−1/2 , 𝜈𝑐 < 𝜈 < 𝜈𝑚

( 𝜈𝑚𝜈𝑐 )
−1/2( 𝜈

𝜈𝑚
)−𝑝/2 , 𝜈𝑚 < 𝜈

. (4.5)

This 𝐹𝜈 spectrum is illustrated in Figure 4.5 (with the corresponding SED
𝜈𝐹𝜈 in the upper panel), assuming an injected electron distribution of
slope −𝑝𝑒 = −2.5.
In this regime, all primary electrons efficiently cool via synchrotron
cooling. The spectrum 𝐹𝜈 peaks at 𝜈𝑐 , whereas the peak of the SED (that
is the peak of 𝜈𝐹𝜈) is at 𝜈𝑚 .

Slow cooling regime: 𝛾𝑒 ,c > 𝛾𝑒 ,min

Again, at the lowest energies the spectrum is defined by synchrotron
self-absorption and the synchrotron tail of all electrons. Between 𝛾𝑒 ,min

and 𝛾𝑒 ,c, electrons cool predominantly via adiabatic cooling which leaves
the power-law index of electrons unchanged. The synchrotron spectrum
thus has slope 𝛼 = −(𝑝𝑒 − 1)/2. Above 𝛾𝑒 ,c, synchrotron cooling is more
efficient than adiabatic cooling and the electron power-law index is
increased by one. The synchrotron spectral index is then again given by
𝛼 = −𝑝𝑒/2.
The approximate spectrum thus reads

𝐹𝜈

𝐹𝜈,max
=

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

( 𝜈𝑎𝜈𝑚 )
1/3( 𝜈

𝜈𝑎
)2 , 𝜈 < 𝜈𝑎

( 𝜈
𝜈𝑚

)1/3 , 𝜈𝑎 < 𝜈 < 𝜈𝑚

( 𝜈
𝜈𝑚

)−(𝑝−1)/2 , 𝜈𝑚 < 𝜈 < 𝜈𝑐

( 𝜈𝑐𝜈𝑚 )
−(𝑝−1)/2( 𝜈

𝜈𝑐
)−𝑝/2 , 𝜈𝑐 < 𝜈

. (4.6)

We illustrate this 𝐹𝜈 spectrum in Figure 4.6 (with the corresponding SED
𝜈𝐹𝜈 in the upper panel), assuming an injected electron distribution of
slope −𝑝𝑒 = −2.5.
In this regime, only primary electrons above 𝛾𝑒 ,c efficiently cool via
synchrotron cooling. Hence, while the flux 𝐹𝜈 peaks at 𝜈𝑚 , the peak of
𝜈𝐹𝜈 is at 𝜈𝑐 .
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Open issues
The long-standing criticism on a synchrotron origin of the observed
spectra mostly revolves around the photon index 𝛼 (of the power-law
index of the photon spectrum 𝐹𝜈/𝜈) below 𝜈𝑚 : With pure synchrotron it
is only possible to achieve 𝛼 = −3/2 or 𝛼 = 2/3. This was pointed out
to be in conflict with observations already early on (e.g. [180, 181]. Also
current GRB catalogues find values of 𝛼 that differ from pure synchrotron
predictions [161, 182]). On the other hand, [183] argue that it is indeed
possible to fit the large majority of burst with synchrotron spectra.
Further, for the slow-cooling regime, the radiative efficiency (defined as
𝑓rad = 𝑢𝛾/𝑢𝑒 , energy density of photons divided by the energy density
of injected non-thermal electrons) is low. This is especially problematic
for models like the internal shock scenario which suffer from a low
dissipation efficiency. The problem may be alleviated by the marginally
fast cooling regime [184], where 𝛾𝑒 ,min ≃ 𝛾𝑒 ,c. Here, low-energy spectral
slopes of −1 < 𝛼 < −2/3 can be realised despite a moderate radiative
efficiency. This scenario is supported by [185] who found a small ratio of
the spectral peak energy and the cooling break frequency when fitting
the sample of prompt GRB spectra observed down to ∼ 0.5 keV energies
by two low-energy power laws. It has further been explored in [186], with
a focus on optical fluxes.

An additional criticism arises from the position of the synchrotron peak
which in the observers frame is proportional to Γ𝐵′𝛾2

𝑒 ,min. First, with
𝐵′, Γ and 𝛾𝑒 ,min varying between different GRBs, a large variety of peak
energies can be realised. This is in contradiction to the observed narrow
distribution of 𝐸peak. Second, if in simple internal shock models all
electrons are assumed to be accelerated, 𝛾𝑒 ,min is relatively low. This
results in low 𝐸peak incompatible with observations. A possible solution
is to set the number fraction of accelerated electrons low, such that high
𝛾𝑒 ,min and high peak energies can be realised. Overall, fine-tuning of
parameters is thus required to reproduce the observed 𝐸peak.

Beyond synchrotron radiation
For a full calculation of the spectra, additional processes should be
accounted for:

1. Thermal radiation of particles that are not accelerated to high-energy
power laws may contribute at lower energies.

2. Inverse Compton radiation introduces a second component at high
energies. Additionally, the spectral shape below the peak may be
affected by inverse Compton scatterings in Klein-Nishina regime
resulting in harder low energy spectral slopes [184, 187, 188]: If
electrons below the peak cool predominantly through Compton
scatterings in Klein-Nishina regime, their cooling rate will not scale
as 𝛾2

𝑒 . This reflects in the electron spectral slope and, consequently,
in the synchrotron power-law index of these electrons.



4.4 Prompt phase radiation models 51

[189]: Asano et al. (2007), “Prompt GeV-
TeV Emission of Gamma-Ray Bursts Due
to High-Energy Protons, Muons and
Electron-Positron Pairs”
[190]: Asano et al. (2011), “Spectral-
Temporal Simulations of Internal Dissi-
pation Models of Gamma-Ray Bursts”

[191]: Asano et al. (2009), “Prompt
High-Energy Emission from Proton-
Dominated Gamma-Ray Bursts”
[192]: Ghisellini et al. (2020), “Pro-
ton–synchrotron as the radiation mecha-
nism of the prompt emission of gamma-
ray bursts?”
[193]: Florou et al. (2021), “A marginally
fast-cooling proton–synchrotron model
for prompt GRBs”
[144]: Petropoulou et al. (2014),
“Hadronic supercriticality as a trigger
for 𝛾-ray burst emission”
[194]: Florou et al. (2021), “An expanding
hadronic supercritical model for 𝛾-ray
burst emission”
[195]: Pe’er et al. (2017), “Photospheric
Emission in Gamma-Ray Bursts”
[165]: Zhang (2018), The Physics of Gamma-
Ray Bursts
[177]: Beloborodov et al. (2017), “Photo-
spheric Emission of Gamma-Ray Bursts”
[196]: Murase et al. (2012), “The Role of
Stochastic Acceleration in the Prompt
Emission of Gamma-Ray Bursts: Appli-
cation to Hadronic Injection”
[197]: Drenkhahn et al. (2002), “Efficient
acceleration and radiation in Poynting
flux powered GRB outflows”
[198]: Giannios et al. (2007), “Spectral
and timing properties of a dissipative
GRB photosphere”
[199]: Beloborodov (2010), “Collisional
mechanism for GRB emission”
[200]: Vurm et al. (2011), “Gamma-ray
bursts from magnetized collisionally-
heated jets”
[201]: Lazzati et al. (2009), “Very high
efficiency photospheric emission in long
duration gamma-ray bursts”
[202]: Lazzati et al. (2013), “Photospheric
emission as the dominant radiation
mechanism in long-duration gamma-ray
bursts”

3. 𝛾𝛾-annihilation is possible for high photon densities. The secondary
lepton pairs are expected to contribute via synchrotron radiation at
low energies (and therefore may reshape the spectrum below the
synchrotron peak) and inverse Compton radiation (at intermediate
energies) [189, 190].

Hadronic models
Three categories of hadronic scenarios complement the leptonic ones:
(1) Leptonic models where hadrons are co-accelerated, (2) proton syn-
chrotron models and (3) hadronic supercriticality models.
In (1), the bulk of the radiation is still explained by leptonic processes. As
a result, the hadronic emission is required to not outshine the emission
of primary leptons. This can put constraints on the energy transferred
to non-thermal baryons (see [191] and Chapter 7). Contrary to this, the
full spectrum is dominated by protons in (2) where the peak is generated
by proton synchrotron radiation [192]. Recently, [193] have shown that
marginally fast cooling proton scenario is likely to be in tension with
optical constraints unless the outflow has very high Lorentz factors
(Γ ≳ 1000). Finally, in (3) a hadronic feedback loop in the supercritical
regime (see Section 3.4) enhances the photon luminosities. This was
proposed as a potential mechanism powering GRB emission in [144].
Corresponding light curves were recently explored in [194].

Optically thick regime

In photospheric models, the observed spectrum originates from the point
where the plasma becomes optically thin. In the most simple scenarios,
this radiation is purely thermal. Although thermal components should
accompany the non-thermal ones [195], they cannot reproduce Band-like
spectra. Thus, dissipative processes below or at the photosphere are
required to broaden the spectra. A range of mechanisms have been
proposed (for a complete list see [165, 177] and references therein):
Internal shocks just below the photosphere could heat electrons contained
in the plasma (either directly or through hadronic cascades [196]). Mag-
netic dissipation through reconnection is possible for a striped-wind-like
magnetic field configuration as expected for magnetars. The exact for-
malism and corresponding photon spectrum has been presented e.g. in
[197, 198]. As outlined above, neutron collisions naturally occur below
the photosphere if the outflow is neutron-rich. The secondary lepton
pairs of those collisions may produce a spectrum compatible with GRB
observations [199, 200]. Finally, collimation shocks are induced as the jet
breaks out of the stellar material, heating the material and contributing
to an efficient photosphere [201, 202].
All these mechanisms may heat the plasma and accelerate plasma parti-
cles. For the latter, it is important to keep in mind that shocks operating
in optically thick regime are radiation mediated, and particle acceleration
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may thus differ from the classical Fermi picture [177]. Nevertheless, the
spectrum may be broadened through bulk Comptonisation of photons or
energetic secondary leptons created in hadronic interactions. Additional
broadening may come from geometrical effects [203, 204].

Overall, dissipative photosphere models usually explain well the narrow
distribution of peak energies as they have less free parameters. Also, they
can account for the hard spectra (with large 𝛼 below the peak) of some
GRBs. This was recently shown in a direct fit in [205].
On the other hand, very soft 𝛼 are hard to explain. Finally, also these
models only work in a certain region of the parameter space and thus
require some fine-tuning of jet parameters.

Discussion

The validity of a model is often evaluated through its compatibility
with either Band-function or cut-off power-law fits reported in GRB
catalogues. However, those fits are purely empirical and cannot capture
more complex spectral shapes. Indeed, models that invoke a thermal
component or a second break energy below the peak have been proposed
to better explain data (among others [206, 207]). Moreover, the spectral
slopes of the fits are very sensitive to the functional fitting range (and the
position of 𝐸peak in the latter) which is informed by the sensitivity of the
experiments.
For those reasons, several authors have instead argued that a direct
comparison of forward-folded model and data is required. Indeed, if
this is performed, the ’physical’ models often explain data better than
anticipated [183].

Additionally, it might just be the case that ’one size fits all’ does not
work for GRBs and depending on the properties of the individual event,
different mechanisms are at work. This has been explored e.g. in [208],
who find five clusters of GRBs in the GBM sample, out of which they
suggest three to be dominated by photospheric emission and two by
synchrotron radiation.

4.5 GRBs as UHECR and HE neutrino sources

The possibility of UHECR originating from GRBs was first explored in
[13], who argued that GRB internal shocks may fulfil the Hillas criterium
as well as provide the energy budget to power the UHECR flux. Equally
focussing on cosmic rays of the highest energies, this idea was further
explored in publications such as [17, 209–211]. A dedicated fit to the
UHECR spectrum and composition was presented in [212], who also
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compared to multi-messenger constraints such as the Fermi-LAT diffusive
gamma-ray background and IceCube neutrino limits.

Indeed, it was pointed out early that baryon-loaded GRB jets naturally
imply the production of secondary neutrinos [14]. However, as of now
there has been no association of an IceCube detected HE neutrino with a
known GRB. The resulting neutrino limits strongly constrain the baryonic
loading in the most simple models [15, 16]. [17] reported that an UHECR
fit from GRBs may still be viable in the parameter-space region of low
luminosities or large radii where the neutrino production efficiency is
low. This regime could be realised for the sub-class of low-luminosity
GRBs (see Chapter 6) or in magnetic reconnection scenarios. Further,
[18] showed that multi-zone models decouple the production regions
of different messengers along the jet: While (HE) neutrinos originate
from close to the source, UHECR are produced at intermediate and
gamma-rays at large radii. Indeed, they find that multi-zone models
generally predict lower neutrino fluxes and may still allow for a large
amounts of energy transferred to non-thermal baryons.

Further constraints may come from the photon spectra: For example [191,
213] conclude that for high baryonic loadings the photon spectra may
be distorted by the secondary particle cascade initiated from hadronic
interactions. We point out that their models assume a single radiation
zone representative for the complete burst and point to Chapter 7 for a
more in-depth discussion.

Overall, GRBs are thus not unambiguously ruled out as UHECR sources;
the multi-messenger constraints are however fairly strong.
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Due to the large amounts of energy they release, GRBs are among the
oldest UHECR source candidates. However, the absence of IceCube high-
energy neutrinos that could be associated with detected GRBs challenges
the most simple UHECR-GRB scenarios. In this chapter, we introduce
multi-zone internal shock models that may help to reconcile GRBs as
UHECR sources with current neutrino limits.

For this we first discuss two different formalisms that were both devel-
oped in the mid 90s in Section 5.1. The section further connects these
descriptions to our radiation modelling procedure. In Section 5.2 we in-
troduce alternative collision models and their impact on multi-messenger
predictions, based on [214]. During my master thesis, I implemented
modified collision dynamics in our fireball code. This was extended
during my PhD by examining a sample of 100 (random) initial Lorentz
factor distributions of the outflow. Further, we verified the feasibility of
modified collision dynamics through shock-tube simulations with the
(RM)HD code Pluto, where I implemented a simple energy dissipation
mechanism. Finally, in Section 5.3 we review the results of our fit to
the UHECR spectrum and composition performed in a systematic scan
over different initial jet Lorentz factor distributions (’engine realisations’),
presented in [215]. Here, I contributed to the model development and
analysis of the results.

5.1 Two internal-shock formalisms

The idea of an unsteady outflow in which interactions of fast and slow
parts release energy through collisionless shocks was introduced in [166].
The exact formalism describing the outflow as a succession of discrete
’shells’ (or ’layers’) was described around at the same time by [167,
168]. Although in principle following the same idea, subtle differences
between the two models remain. Here we will introduce the main ideas
and formulas and explain how they lead to a full fireball evolution and
can be used to calculate the corresponding radiation.

The Kobayashi, Piran and Sari model

In [167], an engine with active (’up’) and inactive (’down’) times (of
duration 𝑡up and 𝑡down, respectively) emits a series of discrete plasma
shells. The initial shells thus have widths Δ = 𝑐𝑡up and are separated
by distances 𝑑 = 𝑐𝑡down (all in the source frame). Their initial Lorentz
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Figure 5.1: Setup of the internal shock
model as proposed by [167]: The jet is
approximated as a series of plasma shells
(released during engine ’up’ times 𝑡up
and separated by engine ’down’ times
𝑡down). For the initial setup (here rep-
resented as function of initial Radius
𝑅initial divided by 𝑐) shell Lorentz fac-
tors are often assumed to be distributed
randomly in log-space.

factors Γ are often assumed to follow a random distribution in log or
normal space. Such an initial setup is illustrated in Figure 5.1.
Throughout the evolution of the system, shells are characterised by their
width Δ, mass 𝑚 and Lorentz factor Γ. At a distance 𝑅 from the central
engine, the comoving shell volume is given by 𝑉′ = 4𝜋𝑅2Δ · Γ (where
primed quantities again refer to the comoving frame). The initial setup is
often chosen such that all shells share the same mass, energy or mass
density.

As the shells propagate, fast shells catch up with slower ones. A collision
between a fast (subscript 𝑓 ) and a slow (𝑠) shell at a radius 𝑅C creates a
new merged (𝑚) shell that continues in the fireball.
(a) The merged shell
From momentum and mass conservation the merged shell mass and
Lorentz factor are calculated as

𝑚𝑚 = 𝑚 𝑓 + 𝑚𝑠 , (5.1)

Γ𝑚 =

√︄
𝑚 𝑓 Γ 𝑓 + 𝑚𝑠Γ𝑠

𝑚 𝑓 /Γ 𝑓 + 𝑚𝑠/Γ𝑠
. (5.2)

(b) During the collision
From energy conservation we can calculate the internal energy produced
in the collision process as

𝐸int = 𝑚 𝑓 Γ 𝑓 + 𝑚𝑠Γ𝑠 − 𝑚𝑚Γ𝑚 . (5.3)

During the encounter, a forward and a reverse shock (FS and RS) develop
that propagate through the slow and fast shell respectively. Their shock
speeds can be calculated as

ΓFS(RS) ≃ Γ𝑚

√︄
Γ𝑠( 𝑓 ) + 2Γ𝑚
2Γ𝑠( 𝑓 ) + Γ𝑚

. (5.4)

With the corresponding velocities 𝛽FS(RS) ≃
√︂

1 − Γ−2
FS(RS) one can calculate

the merged shell width after the compression of the two shells due to the



5.1 Two internal-shock formalisms 57

[168]: Daigne et al. (1998), “Gamma-ray
bursts from internal shocks in a relativis-
tic wind: temporal and spectral proper-
ties”

[216]: Daigne et al. (2000), “Gamma-ray
bursts from internal shocks in a relativis-
tic wind: an hydrodynamical study”

hydrodynamic shocks:

Δ𝑚 = Δ𝑠

𝛽FS − 𝛽𝑚
𝛽FS − 𝛽𝑠

+ Δ 𝑓

𝛽𝑚 − 𝛽RS

𝛽 𝑓 − 𝛽RS
. (5.5)

This allows also to calculate the (comoving) density of the shocked shell
as

𝜌′𝑚 =
𝑚𝑚

4𝜋𝑅CΔ𝑚Γ𝑚
. (5.6)

Additionally, the shock crossing times are given by

𝑡RS =
Δ 𝑓

𝑐(𝛽 𝑓 − 𝛽RS)
, (5.7)

𝑡FS =
Δ𝑠

𝑐(𝛽𝑠 − 𝛽FS)
. (5.8)

At both shock fronts particles are accelerated and radiate. Particle emission
occurs over the shock crossing time of the forward shock:

𝛿𝑡em = 𝑡FS . (5.9)

Two timescales govern the plasma evolution: The escape time for free
streaming particles 𝑡′esc and the adiabatic cooling timescale due to the
expansion of the system 𝑡′ad. They are given by

𝑡′esc =
ΓΔ𝑚

𝑐
, (5.10)

𝑡′ad =
𝑅C
𝑐Γ

. (5.11)

The Daigne and Mochkovitch model

In contrast to this discrete shell model, [168] assume a steady outflow
(’wind’) that is discretised as a series of layers. Each layer (from here on
also called ’shell’) has the width Δ = 𝑐d𝜏, where d𝜏 is the discretisation
time of the engine active time 𝑡eng (for illustration see Figure 5.2). The
initial Lorentz factors are usually assumed to follow a smooth distribution
connecting fast and slow parts of the outflow. The model aims at capturing
the evolution of plasma properties (such as mass and energy density
and Lorentz factor) as shock waves pass through the outflow and was
validated in hydrodynamic simulations in [216].
(a) The merged shell
Again, a merged shell is formed in a collision between a fast and a slow
shell. The merged shell Lorentz factor and mass are described by the
same Equations 5.1 and 5.2.
(b) During the collision
For calculating the plasma properties during the collision it is assumed
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Figure 5.2: Setup of the internal shock
model as proposed by [168]: A steady
wind of varying Lorentz factor is discre-
tised as a series of shells emitted during
time intervals d𝜏. We again display the
initial Lorentz factor distribution as func-
tion of initial radius 𝑅initial divided by 𝑐.

that most of the energy is released as the less massive of the two shells
sweeps up a mass comparable to its own. Then the Lorentz factor of the
plasma Γ𝑟 and the internal energy 𝐸int simplify to

Γ𝑟 =

√︂
Γ𝑠Γ 𝑓 , (5.12)

𝐸int = 𝑚(Γ𝑠 + Γ 𝑓 − 2Γ𝑟) , 𝑚 = min(𝑚𝑠 , 𝑚 𝑓 ) . (5.13)

The total mass of the shocked plasma is thus

𝑀 = 2𝑚 , 𝑚 = min(𝑚𝑠 , 𝑚 𝑓 ) . (5.14)

Assuming that all internal energy is dissipated, it is conventional to
further define the comoving dissipated energy per unit mass as

𝜖′diss =
𝐸′

int
𝑀

≃ (
√
𝜅 − 1)2

2
√
𝜅

𝑐2 , (5.15)

where 𝜅 = Γ 𝑓 /Γ𝑠 . The comoving plasma density is often re-expressed as
a function of wind luminosity 𝐿wind ejected by the central engine

𝜌′ =
𝑀

𝑉′ ≃
𝐿wind

4𝜋𝑅2
CΓ

2
𝑟 𝑐

3
, (5.16)

where it was assumed that the comoving volume is given by 𝑉′ =

4𝜋𝑅2
CΓ𝑟d𝜏𝑐 and 𝑀 = 𝐸

Γ𝑐2 ≃ 𝐿windd𝜏
Γ𝑟 𝑐2 . The statements above are valid for a

discretisation scheme in which the contrast of Lorentz factors and masses
between neighbouring shells is small. In Appendix B.1 we show that the
results are independent of the discretisation d𝜏 as long as the number
of initial shells is large enough to adequately capture the evolution of
plasma parameters. In this model, the shell width is an artificial parameter
resulting from the discretisation and hence does not represent a physical
timescale. Instead, the characteristic timescale of the system is identified
as the shell expansion time

𝑡′ex =
𝑅C
Γ𝑟 𝑐

. (5.17)

This timescale can also be identified as potential escape time for free
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Kobayashi, Piran and Sari Daigne and Mochkovitch
Collision parameter Symbol Equation Symbol Equation

Mass 𝑚C 𝑚𝑚 Eq. 5.1 𝑀 Eq. 5.14
Lorentz factor ΓC Γ𝑚 Eq. 5.2 Γ𝑟 Eq. 5.12
Mass density 𝜌′ 𝜌′𝑚 Eq. 5.6 𝜌′ Eq. 5.16

Dissipated energy 𝐸diss 𝐸int Eq. 5.3 𝐸int Eq. 5.13
Free-streaming timescale 𝑡′esc 𝑡′esc Eq. 5.10 𝑡′ex Eq. 5.17

Adiabatic cooling time 𝑡′ad 𝑡′ad Eq. 5.11 𝑡′ex Eq. 5.17

Table 5.1: Conversion Table for colli-
sion properties for the Kobayashi, Piran
and Sari [167]/ Daigne and Mochkovitch
[168] models. The plasma during a col-
lision is characterised by its mass 𝑚C,
Lorentz factor ΓC and mass density 𝜌′

and may be heated by the dissipated en-
ergy 𝐸diss. The evolution of the plasma is
further governed by the free-streaming
timescale 𝑡′esc (that is also the dynamic
timescale of the system 𝑡′dyn) and the adi-
abatic cooling time 𝑡′ad.

streaming particles.

The complete fireball evolution and application to
radiation modeling

In both models, the evolution of a system of shells is fully determined from
the configuration of initial shells. In the end, the fireball is represented as
a set of collisions and the overall fireball emission is obtained by adding
the contributions of all single collisions.
A collision occurring at time 𝑡𝐶 in the source frame is characterised by
its radius 𝑅C, Lorentz factor Γ𝐶 , dissipated energy 𝐸diss, mass 𝑚C and
mass density 𝜌′. Two characteristic timescales govern the system: The
escape time for free-streaming particles ( 𝑡′esc, that we also identify as the
dynamic time of the system 𝑡′dyn) and the adiabatic cooling time (𝑡′ad).
Table 5.1 summarises how these quantities can be obtained in the two
models introduced above; we will from here on use unified symbols
while referring to the Table for conversion from single models. For a
source located at redshift 𝑧 the, a collision occurring at 𝑡C, 𝑅C starts to be
observed at

𝑇obs = (1 + 𝑧)(𝑡C − 𝑅C
𝑐
) . (5.18)

For single-collision radiation calculations it is useful to define the comov-
ing energy density of the shocked plasma as

𝑢′
E′ ,diss ≡

𝜌′𝐸′
diss

𝑚C
. (5.19)

Conditions in the shocked plasma
In ignorance of the complicated reality of (mildly) relativistic shocks, the
physical conditions in the shocked plasma are often described by the
microphysics parameters:

𝜖 the fraction of energy transferred to different particle species and
the magnetic field 𝐵.
For a comoving volume 𝑉′, the magnetic field can be calculated
from 𝜖𝐵 as

𝐵′ =
√︂

8𝜋𝜖𝐵𝑢′
E′ ,diss . (5.20)
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With the fraction of energy going into non-thermal cosmic rays
(𝜖𝐶𝑅) and electrons (𝜖𝑒 ) it is often convenient to define the baryonic
loading as

𝑓𝑝 = 𝜖𝐶𝑅/𝜖𝑒 . (5.21)

𝜁 the number fraction of accelerated particles (per particle species).
𝑝 the power-law slope of the accelerated particle distributions (per

particle species).

Non-thermal particle distributions
From the conditions in the shocked plasma, the characteristics of non-
thermal (power-law) particle distributions can be calculated. They are
characterised by the maximal/minimal particle Lorentz factors (𝛾𝑖 ,min

and 𝛾𝑖 ,max) and power-law slope (−𝑝𝑖) and the time over which energetic
particles are injected, 𝑡′inject.
For each particle species 𝑖, the number fraction of accelerated particles
and the minimum Lorentz factor are related through

𝛾𝑖 ,min =
𝑝𝑖 − 2
𝑝𝑖 − 1

𝜖𝑖
𝜁𝑖

𝑚𝑝

𝑚𝑖

𝑢′
𝐸′ ,diss

𝜌′𝑐2 , (5.22)

which is obtained by setting the total particle density 𝑛𝑖 ,acc (integrated
over 𝛾𝑖) equal to 𝜁𝑖

𝜌′

𝑚𝑝
. To change the minimum Lorentz factor of a

distribution, one can thus either adjust 𝛾𝑖 ,min directly, or indirectly set it
through the fraction of accelerated particles 𝜁𝑖 . If particles are injected
over a timescale 𝑡′inject, we calculate the normalisation 𝑛𝑖 ,0 of the injection
term 𝑄𝑖 =

d𝑛𝑖

d𝑡′d𝛾𝑖 = 𝑛0𝛾
−𝑝𝑖
𝑖

𝑒−𝛾𝑖/𝛾𝑖 ,max from the energy density as

𝜖𝑖𝑢
′
E′ ,diss = 𝑚𝑖𝑐

2
∫ 𝑡=𝑡′inject

𝑡=0

∫ 𝛾i,max

𝛾i,min

d𝛾𝑖d𝑡
(︂
𝑛𝑖 ,0 · 𝛾−𝑝𝑖+1

𝑖

)︂
. (5.23)

From the injection terms, the time evolution/the steady state of particle
spectra can be obtained by solving the coupled differential equations of
all particle species (taking into account all loss processes), see Section 3.1.
We point out that for charged particles confined by magnetic fields,
additional assumptions on the escape mechanism are typically required
to calculate emitted spectra.

Adiabatic cooling
In addition to the radiation processes introduced in Chapter 3, charged
particles in GRBs suffer from adiabatic cooling due to the expansion of the
plasma. The corresponding loss term 𝐸′̇ is given by

𝐸′̇ = − 𝐸′

𝑡′ad
. (5.24)

As this cooling process scales with 𝐸′−1, it leaves the particle power-law
index unchanged (see Section 3.1).
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Figure 5.3: Sketch of the collision process
in the standard internal shock model (3a)
and ultra-efficient shock scenario (3b).

[217]: Kobayashi et al. (2001), “Ultra effi-
cient internal shocks”

[214]: Rudolph et al. (2020), “Impact
of the Collision Model on the Multi-
messenger Emission from Gamma-Ray
Burst Internal Shocks”

5.2 Modified collision dynamics and impact on
multi-messenger predictions

A long-standing criticism on the internal shock model is that of low
energy dissipation efficiency i. e. that only a low fraction of the fireball
kinetic energy is converted into radiation. Indeed, already [167] point out
that efficiencies of ∼ 25 % require a random Lorentz factor distribution
between Γmin = 20 and Γmax = 1000. A possible solution was presented
with the ultra-efficient shock scenario [217] that is a modification of the Sari,
Piran and Kobayashi model introduced above. In the proposed scenario
shells bounce off each other instead of merging when they collide (for
illustration see Figure 5.3).
During the collision process the merged shell is described by the same
formulas as above (Eq. 5.1 to Eq. 5.9), with the only modification that
the dissipated energy is reduced by a factor 𝜂diss (𝐸diss = 𝜂diss𝐸int).
The remaining internal energy is reconverted into kinetic energy of the
plasma such that the post-collision (marked with a ∗) Lorentz factors in
the center-of-mass frame are given by

Γ′∗𝑓 = (𝑀2 + 𝑚∗2
𝑓
− 𝑚∗2

𝑠 )/2𝑚∗
𝑓 𝑀 , (5.25)

Γ′∗𝑠 = (𝑀2 + 𝑚∗2
𝑠 − 𝑚∗2

𝑓
)/2𝑚∗

𝑠𝑀 , (5.26)

with 𝑀 = (𝑚 𝑓 Γ 𝑓 + 𝑚𝑠Γ − 𝜂diss𝐸int/𝑐) and the post-collision masses
𝑚∗

𝑓
= (1 − 𝛿)𝑚 𝑓 and 𝑚∗

𝑠 = 𝑚𝑠 + 𝛿𝑚 𝑓 . In the source frame, the Lorentz
factors after the collision are given by

Γ∗𝑓 = Γ𝑚Γ
′∗
𝑓 −

√︂
(Γ′∗2

𝑓
− 1)(Γ2

𝑚 − 1) , (5.27)

Γ∗𝑠 = Γ𝑚Γ
′∗
𝑠 +

√︂
(Γ′∗2𝑠 − 1)(Γ2

𝑚 − 1) . (5.28)

After being compressed by the shock during the collision, the shells are
assumed to recover their pre-collision widths.

Impact on fireball evolution
We study the impact on the fireball evolution for this collision model,
summarising our findings of [214]. The initial shells are set out with
Lorentz factors Γ𝑘 following a random log-normal distribution defined
by

ln
(︃
Γ𝑘 − 1
Γ0 − 1

)︃
= 𝐴 · 𝑥 , (5.29)

where 𝑥 follows a Gaussian distribution 𝑃(𝑥)𝑑𝑥 = exp(−𝑥2)/
√

2𝜋𝑑𝑥, and
Γ0 = 500 and 𝐴 = 1.0. Initially, all shells share the same mass and same
width and are separated by a distance equal to their width. The system
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Figure 5.4: Density map showing the dis-
tribution of collisions as a function of col-
lision radius 𝑅C and dissipated energy
𝐸diss for (left) the standard internal shock
model and (right) the ultra-efficient shock
model, obtained from 100 realisations of
the initial Lorentz factor distribution.
Figures adapted from [214] Reference Ultra-efficient shock model

[218]: Kino et al. (2004), “Hydrodynami-
cal effects in internal shock of relativistic
outflows”

[219]: Mignone et al. (2007), “PLUTO:
A Numerical Code for Computational
Astrophysics”

of shells is set out above a minimum radius 𝑅min = 108 cm and occupies
a total space of 20𝑐s.

Table 5.2: For the reference (’Ref’)
and ultra-efficient shock model (’Ultra-
eff.’): Input parameters (single colli-
sion dissipation efficiency 𝜂diss, num-
ber of initial shells 𝑁 initial

shells and initial
width and separation Δinitial

shells ) as well
as the mean number initial fireball ki-
netic energy (𝐸kin,initial), the mean num-
ber of collisions (𝑁coll) and the mean
fireball dissipation efficiency (𝜀diss ≡
𝐸diss,tot/𝐸kin,initial) for 100 random en-
gine realisations.

Ref. Ultra-eff.

𝜂diss 1.0 0.5

𝑁 initial
shells 1000 125

Δinitial
shells 0.01𝑐 s 0.08𝑐 s

𝐸kin,initial
1054erg

1.75±0.07 1.76±0.22

𝑁coll 970.1±3.3 1107±220

𝜀diss [%] 35.8±1.4 36.0±4.3

All scenarios are normalised such that they release the same isotropic
gamma-ray energy in the optically thin regime and produce light curves
of the same duration 𝑇90 (time interval in which 90% of the energy is
observed) and time variability (𝑡𝜈 = 𝑇90

𝑁coll
, where 𝑁coll is the total number

of collisions). The corresponding number and widths of initial shells and
average initial fireball kinetic energy (for 100 realisations) for the standard
(dubbed ’reference’) and ultra-efficient shock scenario are summarised
in Table 5.2. The Table further lists the average number of collisions and
overall dissipation efficiency of the system (𝜀diss ≡ 𝐸diss,tot/𝐸kin,initial).
Figure 5.4 displays a density map of the distribution of collisions in
the parameter space of dissipated energy per collision 𝐸diss and colli-
sion radius 𝑅C for 100 random realisations of the initial Lorentz factor
distribution (Eq. 5.29). In the dark (light) shaded regions, all (some)
collisions are in the optically thick regime, defined as the region where
the optical depth to Thomson scatterings 𝜏𝑇 ≳ 1. In the ultra-efficient
shock scenario, the system thermalises as shells repeatedly bounce off
each other. Therefore, each shell undergoes more collisions than in the
standard scenario and the same number of total collisions can be realised
with less initial shells (see Table 5.2). Late collisions (occurring at large
radii) are between shells that already have collided several times and
whose Lorentz factors converge to the same value. The colliding shells
hence have little difference in Γ, which leads to comparatively small
amounts of energies being released. In Figure 5.4 this is represented by
the bulk of collisions moving to the lower right corner of the plot.
The main promise of the ultra-efficient shock scenario is that of increased
efficiency. Indeed, although per collision only 50 % of the internal energy
are dissipated (𝜂diss = 0.5), the system reaches the same overall efficiency
as the reference scenario. However, as also pointed out by [218], a two-
shell post-collision state is only realised for very specific pre-collision
shell parameters. We verify this by performing shock-tube simulations of
two-shell encounters with Pluto [219], scanning over a parameter range
of pre-collision masses and Lorentz factor ratios. Due to the expected
impact of energy dissipation on shock evolution, we include a simple
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Figure 5.5: Neutrino fluxes for 100 real-
isations of different collision dynamics
(10 in realisations for the Pluto model).
The all-sky quasi-diffuse 𝜈𝜇 + 𝜈̄𝜇 flux
𝐽𝜈𝜇 is calculated from the neutrino flu-
ence 𝐹𝜈𝜇 from one GRB through 𝐽𝜈𝜇 =

𝐹𝜈𝜇 𝑁̇(4𝜋)−1 ( assuming a rate of 𝑁̇ = 667
GRBs per year located at 𝑧 = 2). Shaded
areas show the range of fluxes obtained,
curves the corresponding average. For
comparison, we show the GRB stacking
limit from [220].
Figure from [214]

[17]: Biehl et al. (2018), “Cosmic-Ray and
Neutrino Emission from Gamma-Ray
Bursts with a Nuclear Cascade”

[221]: Baerwald et al. (2013), “UHECR
escape mechanisms for protons and neu-
trons from GRBs, and the cosmic ray-
neutrino connection”

energy dissipation scheme in Pluto. We find that a two-shell final states
is less probable if energy dissipation is accounted for; for details see
Appendix B.2.

Impact on neutrino predictions
From these findings we proceed to evaluate how the difference in fireball
evolution reflects in multi-messenger predictions. For this, we evalu-
ate four collision models: (1) The reference scenario of Sari, Piran and
Kobayashi, (2) the reduced efficiency scenario that follows the same de-
scription, but with 𝜂diss = 0.5, (3) the ultra-efficient shock scenario with
𝜂diss = 0.5 and finally (4) the PLUTO model where each two-shell en-
counter is simulated in Pluto, also with 𝜂diss = 0.5 (full description in
Appendix B.2). These findings were also presented in [214].
Again, we compute 100 realisations of random initial Lorentz factors (10
for the Pluto model due to computational limitations) and assume 1000
initial shells for models 1,2,4 and 125 initial shells for model 3. Similar to
before, each realisation is normalised to the same gamma-ray output.
For the radiation calculations we assume 𝜖𝑒 = 𝜖𝐵 = 1/12 and 𝜖𝑝 = 5/6
for all collisions. We further pre-define a photon spectrum d𝑁′

𝛾/d𝐸′
𝛾

resembling observations, i. e. with spectral slopes 𝛼 = −1 and 𝛽 = −2
below and above the peak located at comoving energy𝐸′

peak = 1 keV. With
this target photon field we evolve the system until steady state with the
Neucosma code [17] that includes photo-pair and photo-pion production,
synchrotron and adiabatic losses. The injected proton distribution is set
to a power-law with exponential cut-off (Eq. 3.6 with −𝑝 = −2). For the
calculation of the maximal proton energy 𝐸′

𝑝,max NeuCosmA balances all
hadronic loss processes with the acceleration timescale 𝑡′acc = 𝐸′/(𝑐𝐵′𝑒)
(Eq. 3.5). Finally, to retrieve the emitted particle spectra we assume that
neutrinos and neutrons are free streaming while protons can only escape
from the boundaries [221]. The emitted particle spectra of the full burst
are given by the superposition of all single-collision contributions.

The all-sky quasi diffuse neutrino fluxes for the four models are shown
in Figure 5.5, where bands show the maximum/minimum fluxes of the
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[220]: Aartsen et al. (2017), “Extending
the search for muon neutrinos coincident
with gamma-ray bursts in IceCube data”

[212]: Globus et al. (2015), “UHECR ac-
celeration at GRB internal shocks”

[215]: Heinze et al. (2020), “Systematic
parameter space study for the UHECR
origin from GRBs in models with multi-
ple internal shocks”

100 engine realisations and lines the obtained average.
We point out that several assumptions impact the overall normalisation
of the diffuse flux: First, the baryonic loading of 𝑓𝑝 = 𝜖𝑝/𝜖𝑒 = 10 is an
ad-hoc choice. Although in consistency with other UHECR-GRB studies,
this baryonic loading would not suffice to power the UHECR flux. As
the flux of emitted neutrinos scales with the baryonic loading, a higher
𝑓𝑝 compatible with the observed flux of UHECR would increase the
neutrino flux. Second, to convert the neutrino fluence of one GRB to a
quasi-diffuse flux, we assume a rate of 𝑁̇ = 667 GRBs per year located at
𝑧 = 2. This is in consistency with the stacking analysis (and hence with
the shown IceCube limits from [220]), but of course also a somewhat
arbitrary choice that directly reflects in the normalisation. Finally, also
the gamma-ray observables that were chosen for the normalisation were
selected somewhat ad-hoc.
While the exact values should thus be taken cautiously, we can more
robustly say that the collision model (within our assumptions of compa-
rable gamma-ray observables) has little impact on the predicted neutrino
flux: The ultra-efficient shock model, which has the lowest neutrino
fluxes, is just a factor of 2 below the reference model that predicts the
highest neutrino fluxes.

5.3 UHECR fit for different GRB engine
realisations

An enticing characteristic of the internal shock model is that it can easily
explain a variety of light curves by linking them to the initial Lorentz
factor distribution (that, in turn, reflects the engine activity).
While it was shown in [212] that GRBs in principle may still describe
UHECRs, the study only explored a smooth initial Lorentz factor dis-
tribution that did not account for any short-time light-curve variability.
Aiming at a larger phase space we performed a systematic parameter
scan over initial Lorentz factor distributions (’engine realisations’) while
fitting to UHECR data in [215]. In the following we introduce selected
findings of this study.

We modify two assumptions of the Kobayashi, Sari and Piran model:
(1) The Lorentz factor of the plasma during the collision is chosen as
Γ𝑚 = Γ𝑟 (Eq. 5.12, as in the Daigne and Mochkovitch model) and (2) after
the initial compression during the collision, the merged shell continues
in the fireball with width Δ𝑚 = Δ 𝑓 = Δ𝑠 .

Exploring different engine realisations
To characterise different engine realisations we decompose the initial
Lorentz factor distribution into two components:
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[18]: Bustamante et al. (2017), “Multi-
messenger light curves from gamma-ray
bursts in the internal shock model”
[167]: Kobayashi et al. (1997), “Can in-
ternal shocks produce the variability in
GRBs?”

1. Ramp-up
A smooth Lorentz factor distribution between a maximum and
minimum Lorentz factor (Γmax and Γmin). For the 𝑘th shell of a total
of 𝑁shells emitted by the central engine, the Lorentz factor is given
by

Γ0,𝑘 =

⎧⎪⎪⎨⎪⎪⎩
Γmax−Γmin

2 − Γmax−Γmin
2 cos( 𝑘𝜋

0.4𝑁shells
) , if 𝑘 ≤ 0.4𝑁shells

Γmax , if 𝑘 > 0.4𝑁shells
.

(5.30)

2. Stochasticity
Random fluctuations defined by Eq. 5.29 are added on top of this
deterministic distribution, characterised by their spread 𝐴Γ.

Overall, our initial Lorentz factor distribution is thus characterised by
three parameters: Γmax, Γmin and 𝐴Γ. In all models we assume 1000 initial
shells set out with a minimum radius 𝑅min = 108 cm and initial shell
widths Δ = 𝑐 · 0.002 s and separations 𝑑 = 𝑐 · 0.002 s.
In the upper panel Figure 5.6 we introduce three realisations of initial shell
distributions, ordered by increasing stochasticity from ’SR-0S’ (Strong
Ramp-up -0 Stochasticity) through ’WR-MS’ (Weak Ramp-up -Medium
Stochasticity) to ’WR-HS’ (Weak Ramp-up -High Stochasticity).

In the middle panel of Figure 5.6 we illustrate how the Lorentz factor
distributions reflect in the predicted light curve. As before, the pre-set
photon spectrum is a broken power law of indices 𝛼 = −1.0, 𝛽 = −2.0 and
𝐸′

peak = 1 keV. The fireball kinetic energy is normalised to a total gamma-
ray output of𝐸𝛾,tot = 1053 erg (counting both sub- and super-photospheric
collisions). For each collision the time-dependent photon flux is calculated
following [18, 167] who describe the temporal behaviour as a ’Fast-Rise-
Exponential-Decay’ profile, in agreement with observations. Comparing
the initial Lorenz factor distribution with the light curve, one can see
that the stochasticity and ramp-up intensity of the engine realisation are
mirrored in the light-curve shape.
As a next step, we perform a fit to the UHECR energy spectrum and
⟨𝑋max⟩ as observed by the Pierre Auger Observatory for each engine
realisation. The free fit parameters are the baryonic loading ( 𝑓𝑝 = 𝜖𝐶𝑅/𝜖𝑒 )
and the injection luminosities of different isotope groups at the base of
the jet, defined as

𝐼𝐴 ≡

∞∫
1 GeV

𝑑𝑁′

𝑑𝐸′
CR
𝐸′

CR𝑑𝐸
′
CR∑︁

𝐴

∞∫
1 GeV

𝑑𝑁′
𝑑𝐸′

CR
𝐸′

CR𝑑𝐸
′
CR

(5.31)

per element group 𝐴. The injected isotope groups are Hydrogen (H),
Helium (He), Nitrogen (Ni), Silicon (Si) and Iron (Fe).
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Figure 5.6: Exploring different engine
realisations.
Top panel: Initial (input) Lorentz factor
distribution as a function of initial ra-
dius.
Middle panel: Corresponding light
curve from super-photospheric collisions
(for a representative redshift 𝑧 = 2).
Bottom panel: Fraction of different el-
ement groups injected at the jet base
determined by the fit to the UHECR en-
ergy spectrum and ⟨𝑋max⟩ as observed
by the Pierre Auger Observatory for the
respective engine setup.
Figures adapted from [215]

SR-0S WR-MS WR-HS

[222]: Heinze et al. (2019), “A new view
on Auger data and cosmogenic neutrinos
in light of different nuclear disintegration
and air-shower models”
[223]: Wanderman et al. (2010), “The lu-
minosity function and the rate of Swift’s
Gamma Ray Bursts”
[224]: James et al. (1975), “Minuit: A Sys-
tem for Function Minimization and Anal-
ysis of the Parameter Errors and Correla-
tions”

We first compute the source spectra for each engine realisation. For
efficient computation we perform the simulations separate by isotope
and superimpose them after the fit. This has no impact on our results as
nucleon-nucleon interactions are inefficient compared to photo-nuclear
ones (and not accounted for) and the nuclear feedback on photon spectra
is neglected. Again, the injected cosmic rays follow a power law with
exponential cut-off (Eq. 3.6 with 𝑝− = −2, 𝐸′

min = 1 GeV and 𝐸′
max deter-

mined by balancing acceleration and losses). The comoving spectra are
computed with NeuCosmA and extracted after one dynamical timescale
𝑡′dyn = 𝑡′esc. A bell-shape escape rate for cosmic rays is assumed that
effectively acts as a high-pass filter. As our method cannot represent
sub-photospheric collisions, they are excluded from the calculations. As
a second step, those source spectra are propagated using the PriNCe
code [222] adopting the cosmological GRB distribution derived by [223].
Finally the fit is performed with the Minuit fitting framework [224].
The fit-determined injection luminosities at the base of the jet for the
three example cases are shown in the lower panel of Figure 5.6. A high
level of engine stochasticity induces collisions close to the central engine.
As the shell volume scales with 𝑅−2

C , these collisions have high plasma
densities. This enables efficient hadronic interactions and nuclear disinte-
gration. Thus, for larger stochasticity, the injected composition is usually
heavier and light isotopes are generated by photo-disintegration. On
the other hand, the survival rate of heavy nuclei is high in models with
low stochasticity. These two tendencies reflect in the low 𝐼H for the two
stochastic engines and the low 𝐼Si and 𝐼Fe for SR-0S in Figure 5.6.
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Figure 5.7: Left: Parameter scan result for engines characterised by Γmin, Γmax and 𝐴Γ for the fit to the UHECR energy spectrum and
⟨𝑋max⟩ as observed by the Pierre Auger Observatory. The orange, green and blue lines correspond to the 1, 2 and 3𝜎 regions (for 1
d.o.f. in a Gaussian likelihood). For each two-dimensional plot, Δ𝜒2 is minimised over the third parameter. The grey shaded areas is
excluded from our results because >60 % of the energy is dissipated in the optically thick regime. We further indicate the positions of
the examples from Figure 5.6.
Right: Corresponding post-dicted single-flavour neutrino fluxes. The shaded region shows the range from the 3𝜎 region, the lines
indicate the neutrino fluxes of the examples introduced before. For comparison we show the current IceCube GRB stacking limit [220]
and the predicted IceCube Gen2 limit (for 5000 bursts) [225].
Figures adapted from [215]

Parameter scan result an post-dicted neutrino fluxes
Finally, we move to the full parameter scan over Γmin, Γmax and 𝐴Γ, shown
in the left plot of Figure 5.7. For each engine realisation we follow the
procedure described earlier and calculated the baryonic loading and
composition that provide the best fit to the UHECR energy spectrum
and ⟨𝑋max⟩. In principle we find a very broad parameter-space region
where the observables can be described well. Indeed, both stochastic
examples introduced before lie within the 3𝜎 region. Overall, engines
with medium stochasticity and a bulk Lorentz factor of ∼ 350 such as
WR-MS are preferred. The required baryonic loading 𝑓𝑝 = 𝜖CR/𝜖𝑒 is of
the order 50 -100 ( 𝑓𝑝 = 60 for WR-MS which roughly corresponds to the
best fit of our parameter scan).
If 𝜎(𝑋max)were included in the fit, the preferred region would move to
engines with low stochasticity. The reasoning behind this is as follows:
The 𝜎(𝑋max)measurements of the Pierre Auger Observatory indicate
that the increasingly heavy composition at the highest energies is re-
alised through a smooth transition between neighbouring mass groups,
without much overlapping contributions of different mass spectra. This
is difficult to reproduce with stochastic engines where the contributing
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collisions (with spectra extending to different 𝐸′
max) are distributed more

randomly. In contrast, the smooth succession of collisions with little
nuclear disintegration in low stochasticity engines is better suited to
explain 𝜎(𝑋max)measurements.
We compare to the typical variability of GRB light curves: Variability
studies of the GRB prompt phase have mostly focused on the Minimum
Variability Timescale (MVT) [226–228] instead of the average inten-
sity of the variability with respect to broader light curve peaks. [228]
report a broad distribution of MVT with respect to the observed 𝑇90

(see their Figure 7), which suggests that smooth light curves without
stochasticity are not representative for the population. In this sense,
the 𝜎(𝑋max)measurements as currently reported by the Pierre Auger
Observatory may strongly constrain the contribution of GRBs to the
UHECR flux.

The right plot of Figure 5.7 shows the corresponding post-dicted single-
flavour source neutrino fluxes. The bands represent the fluxes from
the 3𝜎 region of the fit, we further indicate the neutrino fluxes of the
three examples. Here, stochastic engines with a high level of nuclear
interactions naturally produce higher neutrino fluxes. In this sense,
the light-curve stochasticity is an indicator for the neutrino production
efficiency. All scenarios in the 3𝜎 region are below current IceCube limits
[220], but in reach of the predicted IceCube Gen2 limit [225].

Overall, our results indicate that GRBs can not generally be ruled out
as UHECR sources. However, a number of issues remain: First, our fit
requires 𝑓𝑝 ∼ 50 − 100. It is unclear if these high 𝑓𝑝 would be compatible
with observed photon spectra in the sense that hadronic contributions
should not distort the spectra. Studying these effects however requires
detailed radiation models as e.g. in [191], see also Chapter 7. Second, it is
difficult to reconcile 𝜎(𝑋max)measurements with stochastic engines. We
point out that similar effects are expected for a superposition of sources
with different ejection spectra instead of assuming a redshift distribution
of identical GRBs. Finally, we require initial engine kinetic energies of
1055 − 1056 erg per GRB. This is a rather extreme energetic requirement
and may not be realised in a typical long GRB. We point out that this
is a general issue for UHECR fits: In order to power UHECRs, a local
emissivity of ∼ 1044 erg Mpc−3 yr−1 is necessary. For a local GRB rate of
approximately 1 Gpc−3 yr−1 this means that roughly 4 · 1053 erg per GRB
have to be emitted in UHECRs [229]. With standard assumptions like the
injection spectrum extending down to 1 GeV, a high engine kinetic energy
is thus unavoidable. For GRBs, it is unclear if these kinetic energies would
be compatible with the afterglow energy budget: If a the fireball is still
very energetic when producing the afterglow, a signal brighter than the
typical detected afterglow may be produced. On the other hand, analysis
like [230, 231] and recent VHE observations (e.g. [116, 232]) indicate that
afterglow energy budgets may be higher than previously thought.
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The strong neutrino constraints that limit the baryonic loading of (con-
ventional) high-luminosity GRBs have led to increased interest in Low-
luminosity GRBs (LL-GRBs) with 𝐿iso ≲ 1049 erg/s. Although less than
20 events of this sub-class have been detected, they are explored as
potential sources of UHECRs and HE neutrinos in a number of recent
publications.

In this chapter we present time-dependent radiation models of LL-GRBs
within the internal shock model. In this context, we study LL-GRBs as
potential sources of VHE gamma-ray emission and UHE cosmic rays. For
overview we first introduce the population of LL-GRBs (and our selection
of three representative examples) in Section 6.1 and review the current
state of models in Section 6.2. Our modelling procedure and parameter
choices are described in Section 6.3. Finally, we show the results of our
leptonic radiation modelling in Section 6.4 and calculate the maximal
energies of cosmic-ray nuclei in Section 6.5.
The chapter closely follows and summarises the findings of [233]. For this
project I adapted AM3 such that it can treat leptonic GRB models (for a
summary of code adaptations see Appendix A). I further coupled the code
to the fireball simulation code described previously and implemented a
framework for time-dependent predictions that takes into account the
curvature of the emitting surface. In collaboration with Daniel Biehl we
self-consistently determined the maximal energies of different nuclei
with NeuCosmA using the results of the radiation and fireball modelling
as input.

The applied procedure and parameter choices in this chapter rely on
optically thin synchrotron models that have been shown to reproduce the
observed properties of high-luminosity GRBs in [184, 234, 235]– In this
sense we do not explore the impact of modelling choices derived in those
papers but rather explore whether the framework is equally applicable
to low-luminosity GRBs.

6.1 The population of LL-GRBs and selection of
representative examples

Due to their low fluences only a handful of LL-GRBs have been detected
so far. Additional challenges arise in the classification since follow-up
observations are equally difficult. Restricting ourselves to events with a
strong supernova association (that strengthens the GRB interpretation)
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Table 6.1: LL-GRBs with associated supernovae. We list the isotropic equivalent emitted energy 𝐸𝛾,iso, the observed duration 𝑇90, the
redshift 𝑧, and the reported peak energy 𝐸peak. We further derive 𝐿𝛾,iso ≡ 𝐸𝛾,iso(1 + 𝑧)/𝑇90. The GRBs which will serve as references for
our prototypes are marked bold, and the prototype names are listed in the last column. Table adapted from [233].

GRB 𝐸𝛾,iso [erg] 𝐿𝛾,iso [erg/s] 𝐸peak [keV] 𝑇90 [s] 𝑧 SN Reference Prototype

980425 1.6 · 1048 4.6 · 1046 122 34.9 0.0085 1998bw [242, 243] GRB-SP
031203 1.2 · 1049 3.6 · 1047 291 37 0.105 2003lw [242, 243]
060218 4.3 · 1049 2.1 · 1046 4.7 2100 0.0335 2006aj [243, 244]
100316D 3.9 · 1049 3.2 · 1046 30 1300 0.0591 2010bh [237, 245] GRB-UL
120121B 1.4 · 1048 7.7 · 1046 92 18.4 0.017 2012ba [246]
120422A 4.5 · 1049 1.1 · 1049 53 5.4 0.283 2012bz [247]
120714B 5.9 · 1050 5.2 · 1048 101 159 0.3984 2012eb [248] GRB-HL
130702A 6.6 · 1050 1.3 · 1049 15 59 0.145 2013dx [249, 250]
161219B 8.5 · 1049 1.4 · 1049 106 7 0.1475 2016jca [251]
171205A 2.2 · 1049 1.2 · 1047 125 190 0.0368 2017iuk [252]
190829A 1.9 · 1050 1.7 · 1049 11 11 0.0785 2019oyw [119, 253]
201015A 1.1 · 1050 1.6 · 4950 10 10 0.426 AT2020wyy [120]
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we list the entire sample that to our knowledge was identified as LL-GRB
in Table 6.1.
A few properties distinguish the population from high-luminosity GRBs:
First, in comparison to high-luminosity events, LL-GRBs occur at a higher
local rate of 𝜌0 ∼ 200 Gpc−3 yr−1. Second, the estimated Lorentz factors
of the order of Γ ≲ 50 are relatively low; the same is true for the reported
peak energies 𝐸peak ≲ 100 keV [236, 237]. In addition, some LL-GRBs
have characteristics that deviate from known correlations: For example,
GRB 980425 and GRB 031203 are outliers to the 𝐸iso - 𝐸peak correlation
(established in [238]). Also, some LL-GRBs have unusually long durations
of the order of 103 s [239–241].

Reference GRBs and prototypes
We select three events as benchmark scenarios that represent different
sub-classes of LL-GRBs: GRB 980425, GRB 100316D and GRB 120714B.
Those GRBs will guide our simulations in the sense that our prototypes
will have (approximately) the same 𝐸𝛾,iso, 𝑇90, 𝐸peak and light curve
structure. We explicitly do not aim at exactly reproducing the events.
Below, we summarise the main characteristics for the three events and
connect them to our prototypes.

Our first prototype GRB-SinglePeak (GRB-SP) is based on GRB 980425,
which has a smooth single peaked light curve of 𝑇90 ≃ 35 s and a rela-
tively high time-integrated peak energy of 𝐸peak = 122 ± 17 keV (from
a fit of ’Comptonisation’ photon model to BATSE LAD data [243]). For
comparison, [254] perform a Band-function fit to BeppoSAX GRBM data
and find 𝐸peak = 68 ± 40 keV and a spectral index below the peak of
𝛼 = −0.78 ± 0.27. The event was explored in an internal-shock context in
[255].
For our second prototype, GRB-UltraLong (GRB-UL), we use the observed
properties of GRB 100316D which is one of the two ultra-long GRBs
in our table. Most studies instead use GRB 060218 as a proxy for the
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population of ultra-long LL-GRBs. However, for GRB 060218 the black-
body component comprises 13 % of the prompt spectrum. In contrast,
GRB 100316D has a sub-dominant black-body component contributing
only 3 % to the the X-Ray flux (0.3 - 10 keV, [245]). In our view, this
makes it a more suitable candidate for the internal shock model than
GRB 060218. The non-thermal radiation origin is further supported by
its higher peak energy of ≈ 30 keV. The light curve (of overall duration
𝑇90 ≃ 1300 s) comprises multiple peaks with maximal photon fluxes
decreasing with time. The spectral index below the peak (for a cut-off
power-law fit) is found to be 𝛼 ≈ −1.4 [245], which is comparable to
the one for GRB 060218 ([243] find 𝛼 = −1.44 ± 0.006). For this GRB,
optical constraints are available: Swift-UVOT reported non-detection in
the 𝑢-band for three different time-intervals (of exposure times 35 s, 194 s
and 36 s with mid-times 324 s, 440 s and 634 s after the BAT trigger) [245].
In [256] Figure 4, these are translated into time-averaged limits between
1.9 · 10−13 erg/cm2/s and 6.3 · 10−13 erg/cm2/s, where absorption in our
own and the host galaxy are accounted for.
Finally, our third prototype GRB-HighLuminosity (GRB-HL) will approxi-
mately reproduce the observed characteristics of GRB 120714B. This GRB
has one of the highest luminosities of the sample, which strengthens the
case for an engine-driven scenario [257]. The Swift-BAT power-law fit
finds a peak energy of 101 keV and a photon index of 𝛼 = −1.52 ± 0.17
[258]. The light curve is simple and single-peaked, with 𝑇90=159 s. With
a redshift of 𝑧 = 0.3964 it is also among the most distant events of the
sample and will enable us to study the impact of EBL absorption on VHE
spectra.

6.2 LL-GRB models

It is still unclear whether LL-GRBs can be accommodated within the same
theoretical framework as high-luminosity events. Three main scenarios
are being discussed: Off-axis scenarios attribute the low luminosity to
usual GRBs observed at large viewing angles [259, 260]. We point out
that this model predicts very bright afterglow possibly in conflict with
observations [255]. Weak jet models also use the same framework as for
standard GRBs, but impose mildly relativistic jets and mildly energetic
outflows [255] [257, 261, 262]. Finally, in the shock-breakout model ([263–
266], introduced below in more detail) the jet is choked and dissipates its
energy in the progenitor environment. The prompt emission is produced
as the jet-induced shock breaks out of the surrounding material.

The shock-breakout scenario
The low kinetic energy connected to the low luminosity may imply a
jet too weak to break out of the surrounding material: It cannot fully
penetrate the envelope and is choked. From its head, a mildly relativistic
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Figure 6.2: Sketch of the shock-breakout
scenario where the surrounding mate-
rial consists of a dense core and a less
dense extended mass. Figure adapted
from [266].

[253]: Chand et al. (2020), “Shock-
breakout and central engine activities
in H.E.S.S. detected GRB 190829A”

shock propagates through the medium and finally breaks out at a radius
𝑅ext ∼ 1014 cm. The breakout emission has been proposed as origin of the
LL-GRB radiation. The breakout is almost spherical and creates a signal
whose properties are fully determined by the breakout radius 𝑅ext. This
allows to relate the (observed) breakout time 𝑇SB to the released energy
(that defines 𝐸𝛾,iso) and the temperature (that defines the observed 𝐸peak)
[265]:

𝑇SB = 20 · (1 + 𝑧) 9+
√

3
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1046 erg

)︃ 1
2
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3
4
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Figure 6.1: Shock breakout duration 𝑇SB
(from Eq. 6.1) vs. reported𝑇90 for the sam-
ple for LL-GRBs from Table 6.1. We in-
dicate the three representative examples
identified in Section 6.1. On the dashed
line 𝑇SB = 𝑇90.

where we included the conversion of observed quantities into the source
frame through the redshift 𝑧.
In Figure 6.1 we show the calculated𝑇SB vs. the reported𝑇90 for the sample
of LL-GRBs listed in Table 6.1. The dashed line indicates where 𝑇SB = 𝑇90.
Some GRBs are very close to this line, for others𝑇SB is orders of magnitude
higher than 𝑇90. From this we conclude that the shock-breakout scenario
may explain only a sub-set of LL-GRBs. From our sample of reference
GRBs (indicated by red symbols) 𝑇90 and 𝑇SB differ most for GRB 120714B.
The validity of the shock-breakout scenario can further be tested by
comparing the jet breakout time 𝑡jet,BO to the engine active time (that
is approximately given by 𝑡eng = 𝑇90/(1 + 𝑧)): If 𝑡jet,BO > 𝑡eng, the jet
likely does not fully penetrate the progenitor environment and a shock-
breakout scenario seems plausible. We point out that the estimates on
𝑡jet,BO depend on the mass of the surrounding material that is usually
not well constrained.

A unified picture for GRBs was proposed in [266]. In this model (illus-
trated in Figure 6.2), the surrounding material is composed of a dense
core and a less dense extended mass. For LL-GRBs, the jet does leave the
core but is then choked in the extended mass. For high-luminosity GRBs
jets fully penetrate all surrounding material in absence of an extended
mass.

An interesting example potentially connecting the different scenarios
is GRB 190829A which is among the few events observed at late times
during the afterglow phase by H.E.S.S. at very-high (> 100 GeV) energies.
The double-peaked light curve with a quiescent phase in between has
been proposed to be a combination of a shock breakout and a collimated
emission episode [253]. In this sense, both the breakout and the jetted
emission may be realised in the same GRB, depending on the properties
of a particular progenitor.
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s 𝐸𝛾,iso [erg] 1.6 · 1048 3.9 · 1049 5.9 · 1050

𝑇90 [s] 35 1300 159
𝐸peak [keV] 122 30 101

𝑧 0.0085 0.059 0.3984
GRB-SP GRB-UL GRB-HL
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s Γinitial

min , Γinitial
max 10, 40 10, 40 20, 80

𝐿wind [erg/s] 2.5 · 1048 5.8 · 1048 3 · 1050

𝑁 initial
shells 1000 1000 1000

𝑡eng [s] 40 1000 130

Table 6.2: Observed properties for the ref-
erence GRBs (isotropic equivalent emit-
ted gamma-ray energy 𝐸𝛾,iso, redshift
𝑧, observed duration 𝑇90 and reported
peak energy 𝐸peak), as well as input pa-
rameters to our model used to repro-
duce alike events GRB-SP, GRB-UL and
GRB-HL (maximum and minimum of
the initial Lorentz factor distribution
Γinitial

max , Γinitial
min ), wind luminosity 𝐿wind,

engine active time 𝑡eng and the number
of initial shells 𝑁 initial

shells ).
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6.3 Methods and parameter choices

Following [255] we assume that LL-GRBs can be explained within the
same internal shock model as HL-GRBs but with mildly relativistic jets
and mildly energetic outflows and apply the Daigne and Mochkovitch
internal shock model introduced in Section 5.1 [168].
We thus characterise the outflow by the wind luminosity 𝐿wind, the engine
active time 𝑡eng, the number of initial plasma shells 𝑁 initial

shells (that define
the discretisation as d𝜏 = 𝑡eng/𝑁 initial

shells ) and the initial Lorentz factor
distribution. The latter is chosen such that the light curve structure of the
three reference events is reproduced (single peaked for GRB-SP and GRB-
HL and multi-peaked with decreasing maximal flux for GRB-UL). We
summarise the observational characteristics and wind parameters for the
three prototypes in Table 6.2 and the initial Lorentz factor distributions
in Figure 6.3. The fireball evolution of plasma parameters as a function
of collision radius is illustrated for GRB-SP in Figure 6.4. Figure 6.3: Initial Lorentz factor distribu-

tions for the three LL-GRB prototypes.

Microphysics parameters and injected electron spectrum
For all bursts and realisations we assume 𝜖𝑒 = 1/3 (as suggested for
relativistic shocks [267]) and set the power-law slope of injected electrons
−𝑝𝑒 = −2.5 (that reproduces the typical GRB high-energy photon index of
𝛽 = −2.25). In the following, we will adjust the microphysics parameters
𝜁𝑒 (the number fraction of accelerated electrons) and 𝜖𝐵 such that a
given, observed peak energy 𝐸peak is reproduced. [234] give the observed
synchrotron peak energy of a single collision between two plasma shells
for a GRB at redshift 𝑧 as

𝐸syn ≃ 17 eV
1

1 + 𝑧

(︃
ΓC
10

)︃ (︃
𝐵′

100 G

)︃ (︂𝛾𝑒 ,min

1000

)︂2
. (6.2)

The minimum Lorentz factor can be re-expressed in terms of microphysics
parameters (see Eq. 5.22 in the last chapter). As in [235], we assume
that the fraction of accelerated electrons is proportional to the dissipated
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Figure 6.4: Evolution of plasma properties with collision radius 𝑅C for GRB-SP: The Lorentz factor ΓC, the comoving mass density
𝜌′, the dissipated energy per unit mass 𝜖′diss and the magnetic field 𝐵′ (for 𝑓𝐵 = 3 · 10−1). We further indicate the radius where 𝜖′diss is
maximal as 𝑅phot peak.

[234]: Bosnjak et al. (2009), “Prompt high-
energy emission from gamma-ray bursts
in the internal shock model”

energy per unit mass 𝜖′diss (𝜁𝑒 = 𝜁𝑒 ,0𝜖′diss/𝑐
2 ). This allows to re-write

𝛾𝑒 ,min (that remains constant throughout the fireball evolution) as

𝛾𝑒 ,min =
𝑝𝑒 − 1
𝑝𝑒 − 1

𝜖𝑒
𝜁𝑒 ,0

𝑚𝑝

𝑚𝑒
. (6.3)

We combine Eq. 6.2 and Eq. 6.3 to create a relation between 𝐸syn, 𝜖𝐵 and
𝜁𝑒 ,0:

𝜁𝑒 ,0 =

[︃
8.5 · 10−10 𝑝𝑒 − 1

𝑝𝑒 − 1
𝑚𝑝

𝑚𝑒

√︂
𝑢′

E′ ,diss
𝜖𝑒ΓC

(1 + 𝑧)

]︃ 1
2

· 𝐸− 1
2

syn𝜖
1
4
𝐵
, (6.4)

where we have calculated the comoving magnetic field following Eq. 5.20.
For a fixed fireball evolution (that sets √𝑢E′ ,diss and ΓC) and pre-defined
𝜖𝑒 and 𝑝𝑒 , this Equation thus describes how the synchrotron peak (in a
single collision) is controlled by 𝜁𝑒 ,0 and 𝜖𝐵. For our radiation modelling
we set 𝜁𝑒 ,0 and 𝜖𝐵 such that for the collision where 𝜖′diss is maximal (with
corresponding ΓC |𝜖′diss,max

and 𝑢′
E′ ,diss |𝜖′diss,max

) the predicted peak energy
matches the one of the reference event, 𝐸syn = 𝐸peak in Eq. 6.4. Releasing
the highest amount of energy, this collision can be expected to dominate
the observed photon spectrum; we label the corresponding collision
radius as 𝑅phot,peak (see Figure 6.4). The pairs of 𝜁𝑒 ,0 and 𝑓𝐵 = 𝜖𝐵/𝜖𝑒 used
for our radiation models are listed in Table B.2.

Radiation modelling and conversion to observed quantities
From the fireball evolution and microphysics parameters we calculate the
comoving spectra of each collision with AM3 [124]. The code (introduced
in Chapter 3 and Appendix A) includes all relevant leptonic processes
such as synchrotron, synchrotron self-absorption, inverse Compton scat-
terings (in the Klein-Nishina and the Thomson regime), 𝛾𝛾-annihilation
and adiabatic cooling of charged particles. Secondary particles (e.g. lep-
ton pairs from 𝛾𝛾-annihilation) are treated the same way as primary
electrons.
For the injected particle distribution we follow [234] and assume that
particles are accelerated on timescales much smaller than the dynamical
time of the system. This corresponds to a 𝛿-injection in time in Eq. 5.23,
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which leads to the normalisation of the injected, initial electron density
distribution 𝑛(𝛾𝑒) = d𝑛

d𝛾𝑒 = 𝑛𝑒 ,0𝛾−𝑝𝑒 at 𝑡′ = 0 through

𝜖𝑒𝑢
′
E′ ,diss =

∫ 𝛾𝑒 ,max

𝛾𝑒 ,min

𝑑𝛾𝑒𝑛(𝛾𝑒 , 𝑡
′ = 0)𝛾𝑒𝑚𝑒 𝑐

2 . (6.5)

The maximal electron Lorentz factor 𝛾𝑒 ,max is determined balancing
adiabatic and synchrotron loss rates with the acceleration rate.
From this initial state we evolve the system until 𝑡′ = 𝑡′dyn = 𝑡′ex. As this
corresponds to the adiabatic cooling time, all initial electrons have cooled.
The final, emitted spectrum 𝑢′

𝐸′ ,emitted is then given by

𝑢′
𝐸′ ,emitted = 𝑢′

𝐸′(𝑡′dyn) . (6.6)

Within this approach we expect (roughly) same results as if an escape
term with 𝑡′esc = 𝑡′dyn were included. However, a full treatment of photon
escape (integrating over all escaped photons) would capture the temporal
evolution of the spectrum, which is not the case here.

The full fireball emission is obtained by adding the contributions of all
single collisions. For the calculation of time-dependent quantities (light
curves and time-resolved spectra), we take into account the curvature of
the emitting surface following [268]. We define 𝜃 as the angle between
the emitting material and the 𝑧-axis that is pointing towards the observer,
see illustration on the side. For a cylindrical coordinate system with
𝜇 = cos𝜃, photons emitted at a radius 𝑅 and time 𝑡 are observed at
a time 𝑇 = (1 + 𝑧)(𝑡 − 𝑅𝜇

𝑐 ) and their comoving energy is converted as
𝐸′ = 𝐸Γ(1 − 𝛽𝜇)/(1 + 𝑧) ≡ 𝐸Λ/(1 + 𝑧). Then, the differential flux 𝐹𝐸(𝑇)
is given by

𝐹𝐸(𝑇) =
1

2𝐷2

∫ 1

−1
d𝜇

∫ ∞

0
d𝑅 𝑅2 𝑃

′(𝐸′, 𝑅, 𝑇
1+𝑧 +

𝑅𝜇
𝑐 )

(1 + 𝑧)2Λ2 , (6.7)

where 𝑃′
𝐸′ can be calculated as 𝑃′

𝐸′ = 𝑗𝐸′/4𝜋 from the comoving differ-
ential emissivity 𝑗𝐸′ . In [132] the emissivity of a thin shell is defined as

𝑗𝐸′ =
𝑐𝑢′

𝐸′

Δ′ , (6.8)

where Δ′ = 𝑉′
C/4𝜋𝑅′2

C is the comoving shell width.

We follow a simplified approach where the emission from the thin shell is
approximated to be released from a single surface at 𝑅C. For calculations
that invoke only a single radiation zone this over-simplification would
severely impact the observed profile. In our case of ∼1000 collisions, the
emission profile is dominated by the fireball evolution and our simplified
approach will not impact the predictions significantly.
For a given collision (with radius 𝑅C, emission time 𝑡C, Lorentz factor
ΓC and width Δ′

C) we thus calculate the photon flux per second (𝐹(𝑇),
in photons/s/cm−2 in a observational energy interval 𝐸min, 𝐸max) and
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the energy flux (𝐸𝐹(𝑇), in energy/s/cm−2 and integrated over the full
energy range) as

𝐹(𝑇) = 1
2𝐷2

∫ Λ(1+𝑧)𝐸max

Λ(1+𝑧)𝐸min

d𝐸′ 𝑅C𝑐

(1 + 𝑧)Λ2

𝑢′
𝐸′ ,emittedΔ

′
C

𝐸′ , (6.9)

𝐸𝐹(𝑇) = 1
2𝐷2

∫
d𝐸′ 𝑅C𝑐

(1 + 𝑧)Λ2 𝑢
′
𝐸′ ,emittedΔ

′
C , (6.10)

where Λ = ΓC

[︂
1 − 𝑐𝛽C

𝑅C

(︁
𝑡𝐶 − 𝑇

1+𝑧
)︁ ]︂

. The time-integrated differential flu-
ence F𝐸 between two observed times 𝑇1 and 𝑇2 is given by

F𝐸 =
1

2𝐷2

∫ 𝑇2

𝑇1

d𝑇̂
𝑐𝑅CΔ

′
C

(1 + 𝑧)
𝑢′
𝐸′ ,emitted(Λ(𝑇̂)𝐸)

Λ2(𝑇̂)
, (6.11)

where Λ(𝑇̂) = ΓC

[︂
1 − 𝑐𝛽C

𝑅C

(︂
𝑡𝐶 − 𝑇̂

1+𝑧

)︂]︂
varies as a function of observed

time 𝑇̂.

For spectra integrated over the full duration of the burst we apply a
simplified procedure: The (differential) observed Fluence F𝐸 of a single
collision is simply given by

𝐸F𝐸 = 𝑢′
𝐸′ ,emitted𝑉

′
C

ΓC𝐸
′

4𝜋(1 + 𝑧)𝐷2 , (6.12)

with the comoving distance 𝐷 and comoving volume 𝑉′
C .

Finally, we calculate the absorption due to interactions with the Extra-
galactic Background Light (EBL) with the open-source gammapy-package
[269, 270], selecting the model of [271].

6.4 VHE gamma-ray predictions from a leptonic
radiation modelling

The small impact of EBL absorption due to their low redshifts makes LL-
GRBs potential targets for IACTs like H.E.S.S., MAGIC or the upcoming
CTA observatory. Since in our model the sub-MeV peak is generated by
synchrotron radiation, inverse Compton scatterings are a natural con-
tender for VHE emission. For SSC scenarios in the Thomson regime, the
ratio of luminosities of the inverse Compton and synchrotron components
is labelled ’Thomson-𝑌 parameter’:

𝑌TH =
𝐿IC, TH

𝐿syn
. (6.13)
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GRB-SP GRB-UL GRB-HL

Figure 6.5: Simulated spectra for the three prototypes, exploring 𝑓𝐵 ∈ {3 · 10−1 , 3 · 10−2 , 3 · 10−3 , 3 · 10−4}.
Upper panels: Simulated spectra 𝐸obsF𝐸obs for different values of 𝑓𝐵 . The vertical lines mark the reported peak energies 𝐸peak for the
corresponding reference event, the shaded regions indicate the energy range of the observing instrument. For GRB-HL, we show the
results without EBL absorption as thin lines.
Lower panels: Photon index (defined as spectral index of F𝐸obs/𝐸obs). We indicate the synchrotron predictions for the slow- and
fast-cooling regime (−2/3 and −1.5) and the synchrotron spectral slope of a primary distribution −𝑝𝑒 = −2.5 that has cooled to
−𝑝𝑒 ,cool = −3.5 (−2.25). The solid line corresponds to a photon index of −2, where 𝐸obsF𝐸obs is maximal/minimal.

[184]: Daigne et al. (2011), “Reconciling
observed GRB prompt spectra with syn-
chrotron radiation ?”

In the internal shock model, this parameter is simply given by 𝑌TH =
𝑝−2
𝑝−1

𝜖𝑒
𝜖𝐵

∝ ( 𝑓𝐵)−1 [184]. Although the inverse Compton efficiency deviates
from 𝑌TH in the Klein-Nishina regime, this simple relation emphasises
the importance of the microphysics parameters for a potential VHE
component induced by inverse Compton scatterings.

Motivated by this, we vary 𝑓𝐵 in order to examine under which conditions
inverse Compton radiation generates a VHE component potentially
observable by IACTs and will explore 𝑓𝐵 ∈ {3·10−1 , 3·10−2 , 3·10−3 , 3·10−4}
(corresponding to 𝜖𝐵 ∈ {10−1 , 10−2 , 10−3 , 10−4} for our choice of 𝜖𝑒 = 1/3).
From the definition of the comoving magnetic field (Eq. 5.20) we see
that large (small) 𝑓𝐵 correspond to large (small) magnetic field strengths.
As outlined in Section 6.3, for each choice of 𝑓𝐵 we adjust 𝜁𝑒 ,0 (that is a
proxy for the constant minimal Lorentz factor of electrons 𝛾𝑒 ,min) such
that the observed peak energy of the reference event is approximately
reproduced.

We show the simulated time-integrated spectra 𝐸obsF𝐸obs for the three
prototype GRBs in Figure 6.5. The energy range of the X-ray instruments
that provided the initial detection of the reference events are marked as
grey bands, the vertical lines mark the reported peak energies of Table 6.1.
Our model is constructed such that synchrotron emission of primary
electrons generates the sub-MeV peak, and the fireball wind luminosities
are chosen to reproduce the fluence of the reference events. This naturally
implies that the spectra around the sub-MeV peak are largely independent
of 𝑓𝐵. The exception are the results obtained for 𝑓𝐵 = 3 · 10−4, where
the fluences at the synchrotron peak are much lower than for the other
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choices of 𝑓𝐵 and may be in disagreement with the observed fluences
of the reference events. In principle the fluences in this case could be
enhanced by imposing a higher wind luminosity, however at the cost of
a reduced comparability to the other results due to changed dynamical
properties of the outflow. However, as we show in Appendix B.3, for
𝑓𝐵 = 3 · 10−4 the physical conditions in the shocked plasma correspond
to the slow cooling regime for the majority of collisions of the fireball
evolution. This implies that throughout most of the jet evolution, the
energy transferred to non-thermal electrons is not converted efficiently
into radiation. As this further aggravates the efficiency problem of the
internal shock model, we suggest that 𝑓𝐵 = 3 · 10−4 is not a realistic
parameter assumption for our LL-GRB prototypes. We will show the
corresponding results in the following only for completeness.

First and foremost, we report a systematic dependence of the VHE
fluences on 𝑓𝐵 (low 𝑓𝐵 lead to high VHE fluences and vice versa). This
behaviour is common to all prototypes. We identify two additional probes
of 𝑓𝐵:

Table 6.3: Ratio of optical fluence Foptical
(560 - 730 nm, the 𝑟 band of ZTF) and
UV fluence FUV (220-280 nm, the en-
ergy range of ULTRASAT) for GRB-SP
for different choices of 𝑓𝐵 .

𝑓𝐵 Foptical/FUV

3 · 10−1 1.24
3 · 10−2 1.11
3 · 10−3 1.04
3 · 10−4 0.93

∗ Low-energy fluence: A systematic dependence of Low-Energy (LE)
fluences (in optical/UV regime) on 𝑓𝐵 complements the behaviour
in the VHE regime: For low 𝑓𝐵 we find low LE and high VHE
fluences, for high 𝑓𝐵 vice versa. The depletion in the LE regime is
attributed to two effects: First, low peak-energy spectra generated in
late collisions that are in the (marginally) fast-cooling regime, and
second the effect of IC scatterings occurring in Klein-Nishina regime
for low 𝑓𝐵 (see Appendix B.3 and [184]). Beyond the absolute fluence,
also the ratio of fluences in the optical and UV band (Foptical/FUV)
changes for the different magnetic field strengths and could be
employed to discriminate between scenarios, as illustrated for GRB-
SP in Table 6.3.
This will however require LL-GRBs to be within the sensitivity
range of instruments. For context we compare the optical flux
(calculated as the fluence divided by a duration of 1300s) of GRB-
UL to Swift-UVOT 𝑢-band limits reported for GRB 100316D. Out
of our scenarios, only 𝑓𝐵 = 3 · 10−4 is not in tension with the most
stringent limit of 1.9 · 10−13 erg/cm2/s. For the least stringent Swift-
UVOT limit both 𝑓𝐵 = 3 · 10−3 and 𝑓𝐵 = 3 · 10−4 are not ruled out.
We point out that limits were obtained for observation intervals
with exposure times much shorter than the burst duration. They
should thus be taken cautiously for the scenario of a temporally
variable source (as GRB-UL). Further, the limits were obtained
assuming a certain absorption in the host galaxy and our own
Galaxy. Especially the former is often not well determined from
measurements. Nonetheless, these results illustrate how the LE
regime could be a useful diagnostic of 𝑓𝐵 independent of VHE
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emission that is subject to EBL absorption. It may constrain the
magnetic field strength and can potentially help with the rejection
of models and parameter sets (as recently also shown in [186, 272]).

∗ Low-energy photon index 𝛼: The lower panels of Figure 6.5 show
the spectral index of F𝐸obs/𝐸obs (called the photon index). In Sec-
tion 4.4, the photon index below the peak was predicted as −2/3
(in the slow-cooling regime)/ −3/2 (in the fast-cooling regime).
For our prototypes, the photon indexes below the peak reach the
fast-cooling prediction for high 𝑓𝐵. Similar to [184] we find that
inverse Compton scatterings in the Klein-Nishina regime can result
in values of 𝛼 up to −1 for low 𝑓𝐵, where the photon index sys-
tematically increases with lower 𝑓𝐵. This systematic dependence
on 𝑓𝐵 is common to all prototypes. From this we conclude that
in our framework the photon index below the peak may be used
as a second complementary probe of 𝑓𝐵. We point out that the
spectral slope changes as a function of energy, which means that
the fit energy range will have a large impact on the fit result – an
effect which should be taken into account when comparing these
predictions to data.

From our sample GRB-HL is the only event that is affected noticeably
by EBL absorption. For this prototype we show the spectra without
EBL absorption as transparent lines. We infer from the Figure that for
its redshift of 𝑧 = 0.39 emission above ∼ 0.1 TeV is attenuated and this
prototype could not be observed by IACTs. An in-depth investigation of
the maximal redshift at which this prototype may be observed by IACTs
will be presented below.

Light curves
From Eq. 6.9 we calculate the light curves for our three prototypes in
different energy bands, displayed in Figure 6.6. All simulations reproduce
the light curve structure of the reference event. The results for the soft
gamma-ray and HE regime are mostly independent of 𝑓𝐵 (except for
𝑓𝐵 = 3·10−4, for reasons outlined above). In agreement with Figure 6.5 low
𝑓𝐵 generate the highest photon fluxes in the (V)HE regimes. Despite the
absolute normalisation, we predict a delayed onset of the VHE emission
that increases with decreasing 𝑓𝐵.
It may be explained the following way: The early signal in a single-peaked
light curve is related to collisions close to the source. These are subject
to strong internal 𝛾𝛾-absorption, which suppresses the high-energy
component [18, 273]. This suppression could potentially be slowed by
continuous up-scatterings of photons which contribute to a high-energy
component. For this, however, relativistic electrons need to be present
in the region. As we don’t consider a steady injection term but instead
follow a cooling electron distribution, this may be realised if electron
cooling timescales are long. This is the case for low 𝑓𝐵 scenarios, where
the synchrotron cooling timescale is long; it is in fact the dominating
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GRB-SP GRB-UL GRB-HL

Figure 6.6: Simulated light curves for the three prototypes, exploring 𝑓𝐵 ∈ {3 · 10−1 , 3 · 10−2 , 3 · 10−3 , 3 · 10−4}. We show the results
for different energy bands: 50 - 300 keV (corresponding to a typical soft gamma-ray instrument like Fermi-GBM), 100 MeV - 20 GeV
(corresponding to a typical gamma-ray instrument like Fermi-LAT), 10 GeV - 50 GeV and 100 GeV-1 TeV (somewhat similar to the CTA
Large-Sized Telescope, LST and Medium-Sized Telescope, MST).
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cooling timescale for high-energy electrons for low 𝑓𝐵 scenarios. Another
way of preventing an early suppression of the high-energy flux due to
𝛾𝛾-absorption may be a continuous injection of accelerated particles
(ensuring the continuous presence of relativistic electrons in an emission
region). The latter could be fuelled by either a slow enough acceleration
process or by the injection of relativistic electrons from (neighbouring)
collisions and plasma layers. To summarise, for weak magnetic fields an
early and strong HE-peak (> 10 GeV) is predicted, it will become wider
and peak later in time with increasing 𝑓𝐵. This larger peak width for high
𝑓𝐵 might be connected to the high(er) efficiency in late collisions further
away from the source for strong magnetic fields.

Redshift study
We study the impact of EBL absorption by placing the same source
prototype (GRB-HL) at different redshifts. The corresponding time-
integrated spectra are shown in Figure 6.7. Note that the observed
duration scales with (1 + 𝑧) (see Eq. 5.18); for the smallest redshift of
𝑧 = 0.01 we calculate a duration of ∼ 150 s.
The Figure further presents the differential sensitivity of CTA assuming
an observation interval of 150s. The latter is defined as the minimum
fluence that can be detected with > 5𝜎 significance for a given energy
range. To derive the sensitivity for the Northern site of CTA we use
ctools [274]. We use instrument response functions optimised for short
(30 minutes) observations at zenith angles of 20◦. The position of the



6.5 Maximal energies of cosmic-ray nuclei 81

Figure 6.7: Simulated spectra placing the
same source prototype (GRB-HL with
𝑓𝐵 = 3 · 10−3) at different redshifts. The
solid lines include EBL absorption, the
thin lines are without. We additionally
indicate the 150 ms time-integrated sen-
sitivity of CTA.
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putative source is displaced by 0.5◦ from the centre of the field of view
of the instrument.
From the Figure we can inter that the observable emission above 1 TeV is
strongly attenuated for redshifts of 𝑧 > 0.5. In this sense, the detection
of a VHE component requires events to be located at 𝑧 < 0.5. This
requirement may be fulfilled for a comparatively large rate number of
LL-GRBs which have a high local rate compared to high-luminosity
events [239].

6.5 Maximal energies of cosmic-ray nuclei

An increased interest in LL-GRBs has recently risen within a multi-
messenger context due to the strong constraints on the amount of non-
thermal baryons in conventional long GRBs from neutrino limits. These
constraints may be alleviated in the parameter-space region of low lu-
minosities or large emission radii, which typically yield a low neutrino
production efficiency [17]. In the context of ultra-long LL-GRBs it is
further unclear if neutrino limits are applicable to events with durations
longer than 100s (where atmospheric background reduction is difficult,
see [67]). With this in mind, LL-GRBs have been proposed as potential
sources of UHECRs and/or HE neutrinos in [210, 275–279].
On the other hand [272, 280] argue that cosmic-ray nuclei cannot reach
the high energies demanded by UHECR fits in LL-GRBs. We point out a
few limitations of their approach: First, the modelling is simplified in the
sense that they consider a single radiation zone representative for the
complete bust. However past studies such as [18] find that different parti-
cle species (UHCERs, neutrinos, gamma-rays) originate from different
emission sites along the jet. Second, [272] do not reproduce the observed
spectrum of GRB 060218 although using it as a proxy for the population.
Third, this GRB is one of the ultra-long GRBs of the sample and it remains
questionable whether it can be representative of the complete population.
Finally, the limits are obtained under the assumption that LL-GRBs
power the UHECR flux, while fixing the fraction of energy that escapes
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Figure 6.8: Maximal energies of cosmic-
ray nuclei (in the source frame) as a func-
tion of collision radius for GRB-SP (upper
panel) and GRB-UL (lower panel). For
both prototypes we explore 𝑓𝐵 = 3 · 10−1

and 𝑓𝐵 = 3 · 10−3 . Each ’dot’ represents
one collision. For all scenarios we indi-
cate the radius of maximal photon emis-
sion as 𝑅phot,peak (defined as maximum
of 𝜖′diss, see Figure 6.4). For GRB-SP and
𝑓𝐵 = 3 · 10−1 we mark the radii where
iron nuclei reach the highest/lowest en-
ergies as 𝑅min E and 𝑅max E.
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as UHECRs to 10%. This implies a relatively high total luminosity of the
bursts that naturally may reflect in high optical fluxes in contradiction
with observational constraints.
In reference to their findings and methods, we calculate the maximal
energies of different cosmic-ray nuclei for each collision using the sim-
ulated photon spectra and fireball evolutions presented earlier. Our
procedure is still similar to [272, 278–280]: We balance the acceleration
rate (𝑡′−1

acc = 𝑐/𝑅′
L, see Eq. 3.5) with the energy losses (photo-hadronic

cooling, photo-disintegration cooling, synchrotron cooling and adiabatic
cooling) with NeuCosmA.
In contrast to [272] our approach thus accounts for different emission
regions along the jet (represented by different collisions). We further
explicitly reproduce the observed properties of our reference models.
Finally, our results are independent of the baryonic loading 𝑓𝑝 = 𝜖CR/𝜖𝑒
as long as the photon fields are not perturbed by hadronic processes;
note that proton-proton interactions are not taken into account given
their comparatively low efficiency in these environments.

We limit ourselves to studying GRB-SP (representing normal duration,
single-peaked LL-GRBs) and GRB-UL (representing the sub-class of
ultra-long GRBs studied in [272]). We proceed similar to before and
impose different magnetic field strengths (set by 𝑓𝐵) that will impact the
target photon fields but also the acceleration efficiency and synchrotron
cooling rate. The maximal energies of different cosmic-ray nuclei for
the two prototypes are shown in Figure 6.8, where each dot represents
one collision and each colour an element group. We further indicate
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Figure 6.9: Interaction rates (in the co-
moving frame) for proton and iron nuclei
for GRB-SP ( 𝑓𝐵 = 3 · 10−1) for the colli-
sion where iron nuclei reach the high-
est/lowest energies (𝑅min E/𝑅max E), see
also Figure 6.8.

[272]: Samuelsson et al. (2020), “Con-
straining Low-luminosity Gamma-Ray
Bursts as Ultra-high-energy Cosmic Ray
Sources Using GRB 060218 as a Proxy”
[280]: Samuelsson et al. (2019), “The Lim-
ited Contribution of Low- and High-
Luminosity Gamma-Ray Bursts to Ultra-
High Energy Cosmic Rays”

the collision radius where the energy dissipated per unit mass 𝜖′diss is
maximal as 𝑅phot,peak. For GRB-SP and 𝑓𝐵 = 3 ·10−1 this is complemented
by the radii where iron nuclei reach the highest/lowest energies, labelled
as 𝑅min E and 𝑅max E.
We find that iron nuclei (protons) can reach energies up to ≃ 1011 GeV
(1010 GeV), where high 𝑓𝐵 (which increase the acceleration rate) yield
higher maximal energies. The largest maximal energies are typically
found at intermediate to large collision radii above 𝑅phot,peak. This again
questions the validity of one-zone models where typically the parameters
of the collision at 𝑅phot,peak are considered to be representative of the
complete burst.
At low collision radii, the maximal energies of nuclear species heavier
than protons are low. This can be understood by comparing the loss
rates for different processes shown in Figure 6.9 for iron and proton
nuclei at 𝑅min E and 𝑅max E for GRB-SP and 𝑓𝐵 = 3 · 10−1: The plots
demonstrate that iron nuclei are subject to efficient disintegration at
𝑅min E. This process is experienced by all nuclei heavier than protons,
which is the reason for their low maximal energies at small radii. For
protons, which suffer pion-generation losses but no photo-disintegration,
the radial dependence is not as pronounced. At large radii low target
photon densities make adiabatic cooling the dominating energy loss
process for all nuclei.

We close this chapter by putting our results in context with literature and
the results of the leptonic radiation modelling:
Overall, our findings are compatible with earlier studies (considering that
the assumptions and parameters used differ slightly). First we compare to
[272, 280]: [280] found that the “highest obtainable energies are < 1019 eV
and < 1020 eV for protons an iron respectively, regardless of the model”
for LL-GRBs. This is in agreement with our results for 𝑓𝐵 = 3 · 10−1

for both prototypes. [272] argue that optical constraints for GRB 060218
limit the maximal energies to even lower values. Indeed, for GRB-UL
the optical limits from Swift-UVOT non-detection also may favour a
low- 𝑓𝐵 scenario (as detailed above). This low 𝑓𝐵 scenario would however
imply low(er) maximal cosmic-ray energies. [272] further report that for
a number fraction of accelerated electrons 𝜁𝑒 < 10−2 and a Lorentz factor
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of Γ ≃ 30 their method cannot constrain UHECR acceleration – which
however corresponds to the parameter-space region explored by our
models.
A fit to UHECR data (spectrum and composition measured by the Pierre
Auger observatory) from LL-GRBs are explicitly was presented in [278,
279]. The best fit of [279] requires a comoving maximum silicon energy of
𝐸′

max ≃ 109.7 GeV (see their Fig. 2, left panel). This is in consistency with
the maximal silicon energy of our 𝑓𝐵 = 3 · 10−1 examples (at large enough
distances to the source). We thus infer that under the assumption of
efficient acceleration, the maximal energies suffice to describe UHECRs.
Connecting the findings of this section with the leptonic radiation mod-
elling we conclude that a LL-GRB can either have a leptonic SSC VHE
component in the photon spectrum (for low 𝑓𝐵) or accelerate cosmic rays
to the highest energies (for high 𝑓𝐵). We point out that a VHE spectral
component could alternatively be introduced by hadronic processes.
Finally, to test whether LL-GRBs can power the UHECR flux in spite of
multi-messenger observations, the maximal baryonic loading compatible
with both neutrino limits and photon spectra should be tested. This may
be addressed in a future study including self-consistent lepto-hadronic
radiation models.
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In addition to neutrinos, hadronic signatures in the electromagnetic
spectrum could provide evidence for the presence of cosmic rays in GRB
outflows. A typical and clear signature would be a peak from neutral pion
decays at the highest energies, but also secondary particle cascades can
reshape multi-wavelength spectra. Their signatures may be visible at low
to intermediate energies that are not subject to strong EBL absorption.

Examining these possible signatures, this chapter focuses on lepto-
hadronic radiation models for a multi-zone internal shock scenario. Our
methods and the characteristics of an academic example GRB referred to
as ’educative example’ are introduced in Section 7.1. On leptonic scenarios
for this educative example we study the impact of parameter choices in
Section 7.2 before turning to lepto-hadronic scenarios in Section 7.3. We
complement these results by reviewing secondary pion/muon cooling
and its impact on neutrino spectra in Section 7.4. Hadronic signatures
have been explored as the origin of a high-energy component observed
for some GRBs by the Fermi-LAT. Following this idea, we introduce
the sample of Fermi-LAT detected bursts in Section 7.5 and select two
reference events. We present prototypes with characteristics similar to
these events in Section 7.6 and discuss whether the results obtained for
our educative example are valid in a larger parameter-space region.
The results presented in this section are part of an upcoming publication
prepared in collaboration with Maria Petropoulou, Željka Bošnjak and
Walter Winter. Furthermore, my collaborator Shan Gao implemented
pion/muon cooling and quantum synchrotron emission in AM3 (for
details see Appendix A), which are necessary for the numerical modelling
of hadronic interactions in GRBs. I then verified these modifications of
AM3 by applying the code to a lepto-hadronic GRB model and comparing
the results to the literature.

While we followed the simulation procedure proposed in the literature
in Chapter 6, this chapter explicitly examines the impact of modelling
assumptions and parameter sets. This will allow to critically review
the fine-tuning of parameter choices necessary to accommodate typical
observational characteristics within a multi-collision model for the GRB
prompt phase.

7.1 Methods

We apply the internal shock model of Daigne and Mochkovitch to the
outflow. The full description of a collision between a fast (subscript 𝑓 )
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and slow (subscript 𝑠) shell can be found in Section 5.1. We modify this
model such that the full dissipated energy per collision is accounted
for (instead of assuming that the majority of energy is dissipated as the
lighter of the two shells sweeps up a mass comparable to its own). The
mass and density of the plasma during the collision are then given by

𝑚𝐶 = 𝑚 𝑓 + 𝑚𝑠 , (7.1)

𝜌′ =
𝑚𝐶

𝑉′ =
𝑚𝐶

4𝜋𝑅2
𝐶
Γ𝐶 𝑐 d𝜏

, (7.2)

and the dissipated energy as

𝐸diss = 𝑚 𝑓 Γ 𝑓 + 𝑚𝑠Γ𝑠 − 𝑚𝐶Γ𝐶 . (7.3)

Here we have used the collision parameter symbols from Section 5.1.

Again, our simulations will be guided by gamma-ray observables, namely
the isotropic emitted gamma-ray energy 𝐸𝛾,iso and the peak energy 𝐸peak

of the 𝐸obsF𝐸obs spectrum. In our leptonically dominated radiation model,
the observed flux around the peak is powered by synchrotron radiation
of accelerated electrons. Hence, we normalise to a fixed total energy
transferred to non-thermal electrons (𝐸𝑒 ,tot =

∑︁
𝜖𝑒𝐸diss, summing over

all collisions) to reproduce a given 𝐸𝛾,iso. When varying the magnetic
field strength (through 𝜖𝐵) and/or the fraction of energy transferred
to non-thermal baryons (through 𝜖𝑝), we have to keep in mind that
energy conservation dictates 𝜖p + 𝜖𝑒 + 𝜖𝐵 ≲ 1. From this constraint
and the normalisation to 𝐸𝑒 ,tot it is consistent to relate the microphysics
parameters 𝜖𝐵 and 𝜖𝑝 to 𝜖𝑒 : 𝑓𝐵 = 𝜖𝐵/𝜖𝑒 and the baryonic loading 𝑓𝑝 =

𝜖𝑝/𝜖𝑒 . From the overall dissipation of the fireball (𝜀 = 𝐸diss,tot/𝐸kin,initial),
we can calculate the minimal initial kinetic energy of the fireball as

𝐸kin,min =
1
𝜀
(1 + 𝑓𝐵 + 𝑓𝑝)𝐸𝑒 ,tot . (7.4)

This is the minimal initial kinetic energy as it does not include the energy
transferred to thermal particles. The minimal wind luminosity can be
calculated as 𝐿wind,min = 𝐸kin,min/𝑡eng. In each collision the magnetic field
is given from the energy density of non-thermal electrons 𝑢′

ele,NT = 𝜖𝑒𝑢′
𝐸′

as

𝐵′ =
√︂

8𝜋 𝑓𝐵𝑢
′
ele,NT . (7.5)
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Figure 7.1: Evolution of fireball parameters with collision radius 𝑅C for our educative example. From left to right we show the energy
transferred to non-thermal electrons 𝐸′

ele,NT = 𝜖𝑒𝑢′𝐸′𝑉
′
C (which remains equal for all choices of 𝑓𝐵 and 𝑓𝑝 , in the comoving frame), the

comoving magnetic field 𝐵′ for 𝑓𝐵 = 1 and 𝑓𝐵 = 10−3, the Lorentz factor ΓC and the observed time 𝑇obs.
We indicate the collision where the dissipated energy is maximal with a star symbol; it will also be labelled ’representative collision’ in
the following.

[281]: Brainerd (1987), “Quantum Syn-
chrotron Spectra from Semirelativistic
Electrons in Teragauss Magnetic Fields”

Radiation modelling

The radiation modelling is performed with AM3. In contrast to earlier
versions of the software, the applied code accounts for muon and pion
synchrotron radiation/ cooling and adiabatic cooling of charged par-
ticles. Furthermore, quantum synchrotron radiation was implemented
following [281]; for more details see Appendix A.
For an injection time 𝑡′inject of primary particles, we evolve the comoving
spectra until 𝑡′final = 𝑡′inject + 𝑡′dyn (where 𝑡′dyn = 𝑡′esc is the dynamical
timescale of the system). It is reasonable to believe that after this time
the comoving particle spectra will not be subject to substantial change,
as the bulk of particles has either cooled or escaped.
In contrast to before, we further account for escape of neutral particles
(charged particles remain confined). For an escape timescale 𝑡′esc, the
spectrum of particles escaped until a simulation time 𝑡′ can be calculated
from the time-dependent comoving energy density 𝑢′

𝐸′(𝑡′) as

𝑢′
𝐸′ ,escaped =

1
𝑡′esc

∫ 𝑡 ′̂=𝑡′

𝑡 ′̂=0
𝑢′
𝐸′(𝑡 ′̂)d𝑡 ′̂ . (7.6)

Consequently, the full time-integrated emitted spectrum 𝑢′
𝐸′ ,emitted (of a

single collision) is given as

𝑢′
𝐸′ ,emitted =

1
𝑡′esc

∫ 𝑡 ′̂=𝑡′final

𝑡 ′̂=0
𝑢′
𝐸′(𝑡 ′̂)d𝑡 ′̂ + 𝑢′

𝐸′(𝑡′final) . (7.7)

For these spectra we follow the same procedure outlined in Section 6.3 for
the calculation of observed quantities (such as light curves and spectra
in the observers frame).

Introducing an educative example

Before moving to more complex setups, we will examine the impact of
modelling choices and hadronic signatures at a simple, academic GRB,
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dubbed the ’educative example’. We choose a burst with a relatively high
photon luminosity, for two reasons: First, a high kinetic energy of the
outflow is advantageous to power the UHECR flux (from simple energy
requirements, see discussion in Section 5.3). Second, Fermi-LAT detected
events (that will be examined later on in this chapter) populate the
upper range of the 𝐸𝛾,iso distribution. For simplicity, we further assume
a smooth single-peaked light curve without stochastic engine behaviour.
The initial Lorentz factor distribution is thus given by the same profile as
for GRB-SP and GRB-HL in Chapter 6 Figure 6.3 and can be characterised
by its maximum and minimum Lorentz factor and the engine active 𝑡eng.
The observational burst characteristics and fiducial fireball parameters
of our educative example are summarised in Table 7.1 (complemented by
Table B.2).

Table 7.1: Characteristics of the educa-
tive example.
Burst characteristics: Isotropic emitted
gamma-ray energy 𝐸𝛾,iso (between 1
and 10000 keV), redshift 𝑧, peak energy
𝐸peak and approximate observed dura-
tion 𝑇dur.
Fiducial fireball parameters: Total en-
ergy transferred to non-thermal electrons
𝐸e,tot, fireball efficiency 𝜀, minimum and
maximum Lorentz factor of the initial
shell distribution (Γinitial

min , Γinitial
max ), num-

ber of initial plasma shells 𝑁 initial
shells and

engine active time 𝑡eng.

Burst characteristics

𝐸𝛾,iso 1054 erg

𝑧 2

𝐸peak 400 keV

𝑇dur 15 s

Fiducial fireball parameters

𝐸e,tot 1.3 · 1054 erg

𝜀 7.8 %

Γinitial
min , Γinitial

max 200, 700

𝑁 initial
shells 1000

𝑡eng 5 s

7.2 Educative example: Leptonic models

Within a purely leptonic radiation model we explore the impact of the
following parameter assumptions and modelling choices: (a) The injection
timescale of accelerated particles, (b) the scaling of the number fraction of
accelerated electrons throughout the fireball evolution, (c) the maximum
and minimum (initial) Lorentz factor of the outflow, (d) the magnetic
field strength (set through 𝑓𝐵) and (e) EBL absorption. This will allow to
critically review the parameter and model choices generally applied in
GRB radiation models. The simulated spectra examining these aspects
are shown in Figure 7.2.

(a) Injection timescale of accelerated particles
In Chapter 6 (guided by the model applied in [184, 234, 235]), the
injection timescale of primary electrons (for each single-collision radiation
calculation) was infinitesimally small. Simply spoken this corresponds to
separate acceleration and radiation zones, and means that no assumptions
on the details of the acceleration process are made. On the other hand it
is unclear how the radiation zone can be filled on an infinitesimally small
timescale without any particle interactions. To scrutinise the implications
of different choices of the injection timescale, we show the simulated
spectra for 𝑡′inject = 𝑡′dyn and 𝑡′inject = 0.01𝑡′dyn (labelled as 𝛿𝑡′inject → 0) in
Figure 7.2.
We find that the results for the two injection timescale agree well for
strong magnetic fields (high 𝑓𝐵). For low 𝑓𝐵, several differences between
the results for the two injection timescales manifest: The most noticeable
one is the lower fluence around the keV synchrotron peak for 𝑡′inject = 𝑡′dyn.
We further report a more intense (V)HE component and enhanced low-
energy fluences for 𝑡′inject = 𝑡′dyn. Finally, the systematic dependence of
the low-energy photon index reported for LL-GRBs and for 𝛿𝑡′inject → 0
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Figure 7.2: Educative example leptonic scenarios: Simulated spectra exploring the impact of (left) the injection timescale of accelerated
particles 𝑡′inject, (middle) the scaling of the number fraction of accelerated electrons 𝜁𝑒 throughout the fireball evolution and (right) the
minimum and maximum Lorentz factors of the initial Lorentz factor distribution (Γinitial

min , Γinitial
max ). In all scenarios we study the impact of

the magnetic field strength by setting different 𝑓𝐵 = 𝜖𝐵/𝜖𝑒 .
Upper panels: Simulated spectra 𝐸obsF𝐸obs . The vertical lines mark the chosen peak energy of 400 keV, the shaded regions indicate the
energy ranges of the Fermi-GBM and Fermi-LAT. Thin lines correspond to the results without EBL absorption.
Lower panels: Photon index (defined as spectral index of F𝐸obs/𝐸obs). Dashed lines indicate the synchrotron predictions for the slow-
and fast-cooling regime (−2/3 and −1.5); the solid line corresponds to a photon index of −2, where 𝐸obsF𝐸obs is maximal/minimal.

cannot be reproduced in the case of a long(er) injection timescale. As
these effects increase with decreasing 𝑓𝐵, we attribute them to inverse
Compton scatterings that are more efficient in case of low 𝑓𝐵. The exact
reason for these behaviours will be examined later; for now we state that
high- 𝑓𝐵 synchrotron-dominated models are robust against variations of
the injection timescale of energetic particles, whereas low- 𝑓𝐵 scenarios
are sensitive to the choice of 𝑡′inject.

(b) Evolution of the number fraction of accelerated electrons 𝜁𝑒
GRB synchrotron models within the internal shock scenario commonly
set the number fraction of accelerated electrons proportional to the
dissipated energy per unit mass (𝜁𝑒 ∝ 𝜀′diss). The intention is to keep
the minimum Lorentz factor of electrons 𝛾𝑒 ,min constant throughout the
fireball evolution (see Eq. 6.3) which is thought to result in narrow(er)
spectra. In the middle panel of Figure 7.2, we show the results of for
𝜁𝑒 ∝ 𝜀′diss and 𝜁𝑒 = cst., under the assumption that 𝑡′inject = 𝑡′dyn (for
parameters see Table B.2). Independent of 𝑓𝐵 the simulations with 𝜁𝑒 =

cst. are different in two main points: First, the synchrotron peak is
broadened and reduced in energy fluence. Second, the low-energy and
high-energy fluences are enhanced. The broad synchrotron peak reflects
in the photon indexes, which are relatively flat around the peak. With
values that are overall below −1.5, it is questionable whether 𝜁𝑒 = cst.
can produce narrow spectra compatible with observations.
We conclude that 𝜁𝑒 ∝ 𝜀′diss (which yields a constant minimum Lorentz
factor of electrons 𝛾𝑒 ,min throughout the fireball evolution) is necessary
to reproduce spectra compatible with observed ones within a multi-



90 7 Lepto-hadronic GRB models and application to Fermi-LAT detected events

collision model. We point out that this is a somewhat fine-tuned choice
and should be confirmed by simulations of particle acceleration in (mildly)
relativistic shocks for a broad range of shock strengths and comoving
energy densities.

(c) Initial jet Lorentz factor
Next, we examine the impact of the jet Lorentz factor. We choose three dif-
ferent initial Lorentz factor distributions, characterised by their minimal
and maximal Γ:

(Γinital
min , Γinital

max ) ∈ {(100, 500), (200, 700), (400, 900)} .

For the sake of simplicity, we only show the results for 𝑓𝐵 = 1 and
𝑓𝐵 = 10−3. We find that for a synchrotron-dominated scenario with
negligible inverse Compton contributions ( 𝑓𝐵 = 1), the results are robust
against variations of the initial Lorentz factor distribution. However,
the 𝑓𝐵 = 10−3 scenario with dominant inverse Compton contributions
shows strong dependence on the Lorentz factor distribution: The lower
the Lorentz factors, the stronger the distortions of the spectrum. A
natural explanation for this behaviour is the impact of lepton pairs
produced in 𝛾𝛾-annihilation, which are produced in dense environments
and distort the spectrum by synchrotron radiation at low energies and
inverse Compton radiation at high energies. For low Lorentz factors,
the comoving densities are higher (due to smaller collision radii and a
smaller effect of boosting). Consequently, the 𝛾𝛾-annihilation efficiency
is increased and a large number of pairs reshape the spectrum.

(d) Magnetic field strength
We proceed by reviewing the impact of the magnetic field strength
(through 𝑓𝐵 = 𝜖𝐵/𝜖𝑒 ), which we varied for all scenarios presented above.
In Chapter 6, we found a systematic dependence of the VHE and LE
fluence as well as the low-energy photon index on 𝑓𝐵.
Overall, we confirm the dependence of the (V)HE fluence on 𝑓𝐵 that is
common to all parameter and modelling choices. Also the LE (optical and
UV) fluences are generally enhanced with respect to the sub-MeV peak
for low values of 𝑓𝐵. However, as outlined above, we cannot generally
confirm the systematic dependence of the photon index below the peak
on 𝑓𝐵.

(e) EBL absorption
The high redshift of 𝑧 = 2 assumed for our educative example further
allows to study the impact of EBL absorption on (V)HE spectra. In
Section 6.4, we found a suppression of the VHE fluence for 𝑧 > 0.5. This
is in agreement with our results in Figure 7.2 where the fluence above
108 keV = 1011 eV is EBL-absorbed. We thus conclude that for 𝑧 > 2, any
signatures beyond the energy range of the LAT will not be observable.

From here on we will use 𝑡′inject = 𝑡′dyn and 𝜁𝑒 ∝ 𝜀′diss in all simulations.
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Figure 7.3: Decomposed spectra and photon indices for the educative example, with parameter choices indicated above the single plots.
We show the synchrotron (SY) and inverse Compton (IC) contributions of primary electrons and secondary lepton pairs from 𝛾𝛾-pair
annihilation.
Upper panels: Simulated spectra 𝐸obsF𝐸obs . The shaded regions indicate the energy ranges of the Fermi-GBM and Fermi-LAT.
Lower panels: Photon index (defined as spectral index of F𝐸obs/𝐸obs). Dashed lines indicate the synchrotron predictions for the slow-
and fast-cooling regime (−2/3 and −1.5); the solid line corresponds to a photon index of −2, where 𝐸obsF𝐸obs is maximal/minimal. For
the sake of simplicity, we show only the spectral indices of the synchrotron components and the overall photon index.

[184]: Daigne et al. (2011), “Reconciling
observed GRB prompt spectra with syn-
chrotron radiation ?”

[234]: Bosnjak et al. (2009), “Prompt high-
energy emission from gamma-ray bursts
in the internal shock model”

We further neglect the effect of EBL absorption for the remainder of this
section.

Decomposition into emission processes

Our results for 𝑡′inj = 𝑡′dyn do not reproduce the low-energy photon index
of up to 𝛼 ≃ −1 found in Chapter 6 and reported e.g. in [184]. For further
investigation we decompose the spectra by emitting particle species
(primary electrons or secondary lepton pairs from 𝛾𝛾-annihilation) and
radiation process (synchrotron or inverse Compton). The inverse Comp-
ton component of a particle distribution is defined as the emission
produced by those particles scattering on the complete photon distribu-
tion. Figure 7.3 shows the decomposed simulated spectra 𝐸obsF𝐸obs for
𝑓𝐵 = 1 and 𝑓𝐵 = 10−3 (for 𝑡′inject = 𝑡′dyn and 𝛿𝑡′inject → 0).
For 𝑓𝐵 = 1 inverse Compton of primary electrons and the contribution of
secondary leptons are negligible and the observed spectrum is dominated
by synchrotron radiation of primary electrons.
In contrast to this, the radiation of secondary lepton pairs as well as
inverse Compton emission of primary electrons produce distinct spectral
features for 𝑓𝐵 = 10−3. It is noteworthy to report that contributions of
secondary lepton pairs (at low and high energies) have not been captured
by past publications such as [234]. In this sense, those studies may not
have provided accurate results for these energy ranges for parameter sets
and scenarios with a high 𝛾𝛾-annihilation efficiency.
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The injection timescale 𝑡′inj affects the normalisation of the sub-MeV
synchrotron peak: For 𝛿𝑡′inj → 0, the fluence around the peak is similar
to high- 𝑓𝐵 scenarios, for 𝑡′inj = 𝑡′dyn it is lower. This may be related to
the dominating energy loss mechanism of primary electrons at 𝛾𝑒 ,min:
For 𝛿𝑡′inj → 0, energetic primaries are present only at early 𝑡′. However,
at this point the photon spectra are just building up and cannot serve
as target fields for inverse Compton scatterings. Consequently, the effi-
ciency of inverse Compton scatterings is low(er) and primary electrons at
𝛾𝑒 ,min predominantly cool through synchrotron emission. For 𝑡′inj = 𝑡′dyn,
high-energy electrons are available for longer times, facilitating efficient
inverse Compton scatterings and reducing the synchrotron cooling and
emission of electrons at 𝛾𝑒 ,min.
The shape of the primary electron synchrotron spectrum is very similar
for both injection timescales and the primary synchrotron photon index
(lower panel of Figure 7.3) deviates from the synchrotron fast-cooling
prediction at low energies. However, for 𝑡′inj = 𝑡′dyn, the synchrotron
contribution of secondary leptons effectively softens the spectrum to a
photon index of ≃ −1.5. In this sense, our results remain compatible with
the findings of [184, 187, 188], who predicted a low-energy photon index
of up to 𝛼 ≃ −1 due to inverse Compton scatterings in the Klein-Nishina
regime. The presented results however highlight the importance of a
complete radiation treatment invoking also secondary particles and their
emission, that can reshape the photon spectra.

Comoving evolution of the representative collision
For a better understanding of the physical processes shaping the multi-
wavelength spectra we examine the collision in which most of the energy
is dissipated (the ’representative collision’, marked with a star symbol (★)
in Figure 7.1). For this collision we show the emitted (decomposed) spec-
trum and the loss rates for leptons and photons in Figure 7.4, for 𝑓𝐵 = 1
(upper panel) and 𝑓𝐵 = 10−3 (lower panel). The relative contributions
of the single components to the emitted spectra of the representative
collision (left plots of Figure 7.4) are similar to the full time-integrated
spectrum. This underlines that despite the contributions of other colli-
sions, the results for this collision are somewhat representative for the
complete burst.
The middle and right plots of Figure 7.4 show the loss rates for pho-
tons and electrons. For photons we further indicate the emitted pho-
ton spectrum on the right 𝑦-axis, for electrons the injected primary
distribution. Loss rates of time-dependent processes are shown at
𝑡′ ∈ {0.25, 0.5, 0.75}𝑡′dyn with different line styles. Naturally, the weaker
magnetic field for 𝑓𝐵 = 10−3 demands a larger minimum Lorentz factor to
reproduce the same synchrotron peak energy (recall that 𝐸syn ∝ 𝛾2

𝑒 ,min𝐵
′).

However, as the synchrotron cooling rate scales with 𝐵′−2, in this scenario
electrons can be accelerated to higher Lorentz factors. Consequently, the
primary electron distribution is shifted to higher energies. We further
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Figure 7.4: Examining the representative collision in a leptonic scenario for 𝑡′inject = 𝑡′dyn and 𝑓𝐵 = 1 (top)/ 𝑓𝐵 = 10−3 (bottom).
Left: Decomposed emitted spectrum with synchrotron (SY) and inverse Compton (IC) contributions of primary electrons and secondary
lepton pairs from 𝛾𝛾-annihilation.
Middle and right: Loss and acceleration rates 𝑡′−1 for photons and electrons. For processes evolving with time we show the results at
0.25𝑡′dyn (dotted), 0.5𝑡′dyn (dash-dotted), 0.75𝑡′dyn (dashed), 1.0𝑡′dyn (solid). The second 𝑦-axes show the emitted photon spectrum and the
distribution of injected primary electrons.
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notice that while inverse Compton scatterings are sub-dominant for all
times and energy ranges for 𝑓𝐵 = 1, they are the dominating energy loss
mechanism for low- to medium-energy electrons for 𝑓𝐵 = 10−3. Indeed,
the electrons around 𝛾𝑒 ,min cool predominantly through inverse Compton
scatterings for 𝑡′ ≳ 0.25𝑡′dyn. The scaling of the cooling rate which differs
from the synchrotron one reflects in the shape of the cooled electron
spectrum. This spectrum, in turn, is reflected in the photon index – as
shown in Figure 7.3, where for the primary synchrotron emission photon
indices of up to ∼ −1 were achieved.
The photon fields are shaped by synchrotron self-absorption at the lowest
and 𝛾𝛾-annihilation at the highest energies, where both loss rates evolve
little with simulation time. The position of the spectral breaks can be
inferred from the intersection of the respective loss rates with the escape
rate.

7.3 Educative example: Lepto-hadronic models

To power the UHECR flux from GRBs, UHECR fits usually demand a
relatively high baryonic loading 𝑓𝑝 . For example, the fit presented in
[215] (summarised in Chapter 5) required a baryonic loading of the order
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Figure 7.5: Simulated photon and
all-flavour neutrino spectra for the
educative example, exploring different
𝑓𝑝 for (left) 𝑓𝐵 = 1 and (right) 𝑓𝐵 = 10−3.
Upper panels: Simulated spectra
𝐸obsF𝐸obs for different values of 𝑓𝑝 .
Shaded regions indicate the energy
ranges of the Fermi-GBM and Fermi-LAT,
the vertical line marks the chosen peak
energy of 400 keV.
Lower panels: Photon index (defined as
spectral index of F𝐸obs/𝐸obs). Dashed
lines indicate the synchrotron predic-
tions for the slow- and fast-cooling
regime (−2/3 and −1.5); the solid line
corresponds to a photon index of −2,
where 𝐸obsF𝐸obs is maximal/minimal.
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of 50-100. This is in consistency with the findings of other publications
such as [212] and the 𝑓𝑝 ≃ 25 estimated in [233]. Within a self-consistent
model, a crucial puzzle piece confirming the validity of GRB UHECR fits
is thus to prove that typical 𝑓𝑝 are compatible with observed spectra.
In this context, [189, 191] explored internal shock models with 𝑓𝑝 > 0
in a steady-state models. The results were extended in time-dependent
models in [282, 283]. While those studies self-consistently calculate
the keV-range observed spectrum from primary electrons, [213, 284]
studied hadronic interactions on a more generic spectrum motivated by
observations (i. e. a Band function or grey body).

In [282, 284], hadronic signatures were explored as potential origin of a
HE component that was in some cases observed by the Fermi-LAT. In the
same spirit as those studies, we investigate lepto-hadronic scenarios of
our educative example paying special attention to a HE component.
In our leptonic study, no HE enhancement was found for the synchrotron
dominated scenario of 𝑓𝐵 = 1. In contrast to this, low- 𝑓𝐵 scenarios showed
an increased HE fluence due to inverse Compton scatterings of primary
and secondary leptons. Motivated by these findings, we select 𝑓𝐵 = 1 and
𝑓𝐵 = 10−3 to investigate the impact of the magnetic field strength on a
potential HE component in a lepto-hadronic model. We impose again
𝑡′inject = 𝑡′dyn and 𝜁𝑒 ∝ 𝜀′diss) and explore 𝑓𝑝 ∈ {0, 10, 30, 100}.
For all realisations we choose a minimum Lorentz factor of protons of
𝛾𝑝,min = 10 and determine the maximal proton Lorentz factor 𝛾𝑝,max

by balancing acceleration (in the Bohm limit, as for electrons) with all
hadronic loss processes at each timestep of the radiation calculations.

The simulated photon and neutrino spectra are shown in Figure 7.5.
For 𝑓𝐵 = 1, we report two main effects on the SED: First, a wing-like
broadening of the sub-MeV peak which increases with 𝑓𝑝 . This feature
was also found in other publications [213, 283, 284]. The second feature
is a VHE bump (which we attribute to 𝜋0 decays) that again scales with
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𝑓𝐵 = 1, 𝑓𝑝 = 30 𝑓𝐵 = 10−3, 𝑓𝑝 = 100

Figure 7.6: Decomposed lepto-hadronic spectra 𝐸obsF𝐸obs for lepto-hadronic scenarios of the educative example.
We show contributions of the following particle species: primary electrons, photo-pair produced 𝑒± (labeled as Bethe-Heitler, BH),
secondary 𝑒± from 𝛾𝛾-annihilation, 𝑒± from pion decays, primary protons and photons from neutral pion decays. For charged particles
we indicate the synchrotron (SY) and inverse Compton (IC) emission; dominant contributions are shown as solid lines, sub-dominant
contributions as dotted lines.
Shaded regions indicate the energy ranges of the Fermi-GBM and Fermi-LAT.
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𝑓𝑝 in intensity. The neutrino peak energies are shifted to slightly lower
energies with respect to this high-energy peak, the neutrino fluxes also
scale with 𝑓𝑝 in intensity.
For 𝑓𝐵 = 10−3, only the spectrum above the sub-MeV peak is affected.
Here, 𝑓𝑝 = 100 is the only case for which a significant deviation from the
purely leptonic scenario is found in the Fermi-LAT range. Both the VHE
peak and the neutrino peak are at lower energies than for 𝑓𝐵 = 1, and the
cut-off in the neutrino spectrum is close to the photon spectrum cut-off.
In both scenarios, the VHE peak is absorbed due to interactions with
the EBL. In this sense, only secondary cascade emission up to the LAT
energy range or neutrinos could serve as probes of hadronic interactions.
From here on, we will again show results without EBL absorption.

Decomposition into emission processes

We follow the same procedure as for the leptonic scenarios and first
decompose the full time-integrated spectra by emission process in Fig-
ure 7.6 (for 𝑓𝐵 = 1, 𝑓𝑝 = 30 and 𝑓𝐵 = 10−3, 𝑓𝑝 = 100). The Figure shows
contributions of the following particle species: primary electrons, photo-
pair produced 𝑒± (labelled as Bethe-Heitler, BH), secondary 𝑒± from
𝛾𝛾-annihilation, 𝑒± from pion decays, primary protons and photons from
neutral pion decays. For charged particles we indicate the synchrotron
(SY) and inverse Compton (IC) emission; dominant contributions are
shown as solid lines, sub-dominant contributions as dotted lines.
For 𝑓𝐵 = 1, we can clearly identify the mechanism responsible for the
broadening of the sub-MeV peak as synchrotron emission of lepton pairs
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Figure 7.7: Top: Decomposition of the
emitted spectrum of the representative
collision for 𝑓𝐵 = 1, 𝑓𝑝 = 30 . For pho-
tons we show only the dominant con-
tributions identified in Figure 7.6. The
neutrino spectra are shown per flavour
(𝜈𝜇, 𝜈̄𝜇, 𝜈𝑒 , 𝜈̄𝑒 ) and all-flavour (dashed).
Bottom: Loss and acceleration rates
for photons and protons. For processes
evolving with time we show the results at
0.25𝑡′dyn (dotted), 0.5𝑡′dyn (dash-dotted),
0.75𝑡′dyn (dashed), 1.0𝑡′dyn (solid). The
second 𝑦-axes show the emitted photon
spectrum and the distribution of injected
primary protons at 𝑡′ = 𝑡′dyn.
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from 𝛾𝛾-annihilation. The flat synchrotron spectrum is produced by
secondary lepton pairs following a 𝑛(𝛾𝑒) ∝ 𝛾−3

𝑒 distribution. A secondary
particle distribution of that shape is equally found in [284] and may be
interpreted as a common phenomenon in these environments. The VHE
peak is confirmed to be produced by 𝜋0 decays; at intermediate energies
primary proton synchrotron emission is visible.
For 𝑓𝐵 = 10−3, the synchrotron radiation of 𝛾𝛾-annihilation produced
leptons dominates only at the lowest energies. The sub-MeV peak is
(as in all scenarios) produced by primary synchrotron, with the steeper
slope reported also for the leptonic scenario. Pairs from 𝛾𝛾-annihilation
further enhance the fluence above the peak through inverse Compton
scatterings, outshining the primary inverse Compton emission. The VHE
peak, which is less intense and at lower energies compared to the high- 𝑓𝐵
scenario, is again produced by decays of neutral pions.

Evolution of comoving quantities for the representative collision
Again proceeding similarly to the leptonic models we move from the full,
time-integrated spectrum to the representative collision.
We first discuss the 𝑓𝐵 = 1-scenario: The emitted spectrum and the photon
and proton loss rates and comoving distributions are shown Figure 7.7.
For the photon spectra we indicate only the dominant contributions
identified in Figure 7.6; the neutrino spectra are shown as all-flavour and
per-flavour (𝜈𝜇, 𝜈̄𝜇,𝜈𝑒 , 𝜈̄𝑒 ). In concordance with the full-burst spectra in
Figure 7.5, the neutrino spectra peak at lower energy with respect to the
𝜋0-decay photons. The neutrino peak energy and spectral shape differ
by species, where 𝜈𝜇 have the highest peak energies. The 𝜈̄𝜇 spectrum
extends to equal energies as the 𝜈𝜇 spectrum, but peaks at a lower energy.
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The two electron neutrino spectra are similar to each other and have peak
energies similar to the 𝜈̄𝜇 spectrum – although not extending to similarly
high energies.
We attribute the lower peak energies of neutrinos with respect to the
𝜋0-decay peak in the photon SED to two effects:

∗ Cooling of intermediate pions and muons: Charged intermediate sec-
ondaries are subject to adiabatic and synchrotron cooling. For
the high magnetic fields in our 𝑓𝐵 = 1 scenario, both species
synchrotron-cool before decaying. This introduces a cooling break
in the neutrino spectra [285] and reduces their energy with respect
to the parent proton energy. The longer decay time of muons and
their larger synchrotron cooling rate enhance this effect on the
spectra of electron neutrinos (produced in muon decays). This
effect and its manifestation throughout the fireball evolution will
be discussed in detail in Section 7.4.

∗ Attenuation of photons vs. neutrinos: Neutrinos as free-streaming
particles reflect the in-source distribution throughout the complete
evolution. This is different for photons, which are subject to 𝛾𝛾-
annihilation. In a single collision, VHE photons can escape more
easily at small 𝑡′ (when the radiation densities are low), see dotted
cooling rates in Figure 7.7. At these early 𝑡′, the low radiation
densities also result in a low pion-production efficiency. This in
turn enables large proton maximal energies, which evolve to lower
energies as the densities increase (see proton spectra and photo-
pion rates in Figure 7.7). Thus, the escaping VHE photon spectrum
is dominated by early in-source spectra with high maximal pro-
ton energies, whereas the neutrino spectra capture the complete
evolution up to late 𝑡′ when the maximal proton energies are lower.

We now move the the 𝑓𝐵 = 10−3 results, displayed in Figure 7.8. As
acceleration is less efficient for weak magnetic fields, proton energies are
now equally limited by adiabatic cooling and photo-pion production (see
loss rates in Figure 7.8). This has two implications: First, the maximal
proton energy remains almost constant throughout the simulation time.
Second, photo-pion production is inefficient compared to adiabatic
cooling which implies that protons cannot efficiently convert their energy
into secondaries. This may be the reason why the photon spectra in the
keV-regime are less distorted.
We further point out that the neutrino spectra are not shifted to lower
energies with respect to the 𝜋0-decay photons. Staying in the same line
of argumentation as before, this can easily be explained: First, cooling
effects of pions and muons are negligible since the low magnetic field
strengths reduce the synchrotron cooling rate and the lower maximal
proton energies result in low-energy secondaries which do not cool before
decaying. We again point to Section 7.4 for an in-depth discussion of these
effects. Second, the (almost) constant maximal proton energies imply
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Figure 7.8: Same as Figure 7.7, but for
𝑓𝐵 = 10−3, 𝑓𝑝 = 100.

that the neutrino spectra do not evolve to lower energies throughout
the evolution. We conclude that for low 𝑓𝐵, the low maximal proton
energies inhibit efficient photo-pion production and hence enable larger
𝑓𝑝 without affecting the keV spectrum. The lower maximal energies
further shift the pion-decay photons to lower energies.

Time-dependent signatures

Besides the question at which energy hadronic signatures show up,
one may ask when they appear. To investigate this aspect, we show the
time-dependent energy fluxes for 𝑓𝐵 = 1, 𝑓𝑝 = 30 and 𝑓𝐵 = 10−3, 𝑓𝑝 = 100
in Figure 7.10, calculated with Eq. 6.10. The decomposition into emission
processes is similar to before, for better overview we show dominant
contributions only. EBL absorption was neglected. We normalise the
energy flux for each component by dividing by the maximum energy flux
of that component max(𝐸obs𝐹(𝑇obs)); we further recall from Figure 7.1
that small 𝑇obs correspond to small collision radii 𝑅C and small shell
volumes 𝑉′/ large densities.

We first discuss the results for 𝑓𝐵 = 1, 𝑓𝑝 = 30: The first peak is from
synchrotron radiation by secondary lepton pairs from 𝛾𝛾-annihilation.
This early emission originates from close to the source where radiation
densities are high, which naturally enhances the efficiency of density-
dependent processes such as 𝛾𝛾-annihilation. The primary electron
synchrotron peaks at 𝑇∗ (which is when most energy is transferred to
primary electrons). Finally, the photons produced by 𝜋0 decays peak a
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Figure 7.9: Decomposed simulated energy fluxes 𝐸obs𝐹(𝑇obs) (not accounting for EBL absorption) for the educative example, for (left)
𝑓𝐵 = 1, 𝑓𝑝 = 30 and (right) 𝑓𝐵 = 10−3, 𝑓𝑝 = 100. We normalise the energy flux of each component by dividing by the maximum energy
flux of that component max(𝐸obs𝐹(𝑇obs)). We show only dominant contributions identified in Figure 7.6. The all-flavour neutrino energy
fluxes are shown as black, dashed lines.
The dashed vertical line indicates the observed time of the representative collision.
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little later, when lower radiation densities decrease the suppression due
to in-source 𝛾𝛾-annihilation. The neutrino spectra also peak at relatively
early times when high densities enable efficient photo-pion production.
This is in agreement with findings e.g. in [18], where neutrinos were
shown to originate from small and VHE gamma-rays from large radii.
From this, we move to the results for 𝑓𝐵 = 10−3, 𝑓𝑝 = 100: Here again, the
synchrotron and inverse Compton emission from secondary lepton pairs
generated in 𝛾𝛾-annihilation peak at early times when the densities are
high. By construction the primary synchrotron emission again peaks at𝑇∗.
The most noticeable differences arise for the secondaries from photo-pion
production: Neutrinos and photons from 𝜋0-decays peak substantially
earlier than for the 𝑓𝐵 = 1 scenario. We attribute this effect to the lower
maximal proton energies in this scenario which limit the photo-pion
production efficiency. Close to the source, magnetic fields are stronger
and protons can reach higher energies. This increases the photo-pion
production efficiency and subsequently the flux of secondaries.

Dominance of secondary emission in the Fermi-GBM and
LAT band

The maximum baryonic loading 𝑓𝑝 compatible with observed spectra has
been studied in a range of publications such as [191, 213, 283]. A summary
of their findings can be found in [213] Figure 11, as a function of comoving
photon compactness 𝑙𝛾 (defined as 𝑙𝛾 =

𝜎T𝐿𝛾

4𝜋𝑅2
CΓ

4
C𝑚𝑒 𝑐2 ). Please note that this

quantity depends on all parameters that affect the comoving density (like
the observed luminosity, the collision radius and the Lorentz factor).
Overall, they conclude that for low compactness (𝑙𝛾 = 0.1) the baryonic
loading should be below 𝑓𝑝 ≲ 101.5 ≃ 30, whereas in high-compactness
scenarios (𝑙𝛾 = 100) the baryonic loading is limited to 𝑓𝑝 ≲ 100.25 ≃ 1.8.
Extending this work, we review the impact of 𝑓𝑝 on spectra in the Fermi-
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Figure 7.10: Ratio of fluencesFprimary (SY)
and Fseconday (SY) (without accounting
for EBL absorption). We calculate the
fluence in the energy bands of the Fermi-
GBM (10 keV to 10 MeV, marked as dia-
monds) and the Fermi-LAT (20 MeV to
300 GeV, marked as crosses) from Eq. 7.8
for different values of 𝑓𝑝 and primary pro-
ton power-law indices 𝑝𝑝 . In all examples
we chose 𝑓𝐵 = 1, the solid line indicates
where Fprimary (SY) = Fsecondary (SY)).

GBM and LAT energy ranges for our educative example. For the first
time we explicitly study the impact of different primary proton power-
law indices −𝑝𝑝 . For equal energy budget of non-thermal protons and
minimum proton Lorentz factor 𝛾𝑝,min, 𝑝𝑝 defines the energy transferred
to protons at the highest energies: The lower 𝑝𝑝 , the larger the amount of
energy transferred to high-energy protons.
In order to study for which parameters emission from secondary particles
outshines the primary electron synchrotron radiation, we show the ratio
of synchrotron fluences of primary electrons Fprimary (SY) and secondary
leptons from 𝛾𝛾-annihilation Fsecondary (SY) in the Fermi-GBM and -LAT
range for different ( 𝑓𝑝 ,𝑝𝑝)-pairs in Figure 7.10. For all scenarios we
choose 𝑓𝐵 = 1 and neglect EBL absorption. The Fluences are obtained by
integrating the differential F𝐸obs in the energy ranges of the Fermi-GBM
(10 keV to 10 MeV, marked as diamonds) and the Fermi-LAT (20 MeV to
300 GeV, marked as crosses):

F=

∫ 𝐸min

𝐸min

F𝐸obs d𝐸obs . (7.8)

The horizontal line indicates where Fprimary (SY)= Fsecondary (SY); noticeable
distortions of the primary synchrotron spectrum may be expected for
Fsecondary (SY)/Fprimary (SY) ≳ 0.5.
Due to the larger luminosity in high-energy protons, the secondary
emission outshines the primary emission already for low 𝑓𝑝 for −𝑝𝑝 =

−1.5. With increasing 𝑝𝑝 , larger 𝑓𝑝 can be sustained. The linear increase
(in log-log space) is common to all choices of 𝑝𝑝 and may therefore be
interpreted as a general feature. From the Figure we conclude that in
our example, for a typical proton index of −𝑝𝑝 = −2.0 the secondary
emission outshines the primary one for baryonic loadings of 𝑓𝑝 ≳ 30.
We point out that the results presented here are sensitive to the comoving
particle/photon densities, and may deviate e.g. for different Lorentz
factors of the outflow. On the other hand, the fact that overall similar
results were obtained in [213] with more generic sub-MeV photon fields
indicate that our results can be generalised for other target photon
spectra.
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7.4 Secondary pion/muon cooling and relevance
for neutrino spectra

We close the study of our educative example by assessing charged pion
and muon cooling and its impact on neutrino spectra in detail. For a
particle of species 𝑖 and Lorentz factor 𝛾 (with corresponding mass
𝑚𝑖 , charge number 𝑍𝑖 and rest-frame lifetime 𝜏0,𝑖) the synchrotron and
adiabatic cooling time and the decay time in the plasma rest frame are

𝑡′sy,i(𝛾) =
6𝜋
𝑍4
𝑖
𝜎𝑡

𝑚𝑖𝑐
2

𝑐

(︃
𝑚𝑖

𝑚𝑒

)︃2 1
𝐵′2𝛾

, (7.9)

𝑡′ad,i = 𝑡′ad , (7.10)

𝑡′dec,i(𝛾) = 𝜏0,𝑖𝛾 , (7.11)

with corresponding loss rates 𝑡′−1
sy,i(𝛾), 𝑡′−1

ad,i and 𝑡′−1
dec,i(𝛾).

We label the energies at which the timescales of two different processes are
equal as critical energies; they mark the intersections of timescales/loss
rates in the respective plots. Three processes imply three critical energies:
𝐸′

c,ad/dec (where 𝑡′ad = 𝑡′dec), 𝐸
′
c,sy/dec (where 𝑡′sy = 𝑡′dec) and 𝐸′

c,ad/sy (where
𝑡′ad = 𝑡′sy). Decay (with 𝑡′−1

dec ∝ 𝛾−1 can be assumed to be the dominating
loss process at the lowest energies. Depending on the relative importance
of the three processes, two cases (visualised in the left panel of Figure 7.11)
are possible:

(1) Synchrotron cooling dominates at the highest, adiabatic cooling at
intermediate and decay at the lowest energies.
It is realised if 𝐸′

c,ad/dec < 𝐸′
c,sy/dec < 𝐸′

c,ad/sy.
(2) Adiabatic cooling is subdominant. At high energies, particles cool

via synchrotron cooling, at lower energies decay dominates. In a
GRB/astrophysical context, this was examined e.g. in [285].
It is realised if 𝐸′

c,ad/sy < 𝐸′
c,sy/dec < 𝐸′

c,ad/dec.

Pion/muon cooling in the representative collision

We study the cooling of pions and muons first at the example of the
representative collision. Given that the synchrotron cooling rate scales
with 𝐵′2 we select 𝑓𝐵 = 1 and 𝑓𝐵 = 10−3 to evaluate the impact of the
magnetic field strength. The loss rates for pions and muons are shown in
the right panel of Figure 7.11, calculated from Eq. 7.9 to Eq. 7.11.
For 𝑓𝐵 = 10−3, pions are only just in case (2) while for muons adiabatic
cooling dominates at intermediate energies (corresponding to case (1)).
For 𝑓𝐵 = 1, synchrotron cooling and acceleration are more efficient and
adiabatic cooling is sub-dominant at all energies (corresponding to case
(2)). Independent of 𝑓𝐵 the longer decay time of muons shifts their critical
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Figure 7.11: Left: Illustration of cooling
cases for pions and muons:
(1) 𝐸′

c,ad/dec < 𝐸′
c,sy/dec < 𝐸′

c,ad/sy. At
the highest energies, synchrotron cool-
ing dominates, at intermediate ones adi-
abatic cooling and at low energies parti-
cles decay without prior cooling.
(2) 𝐸′

c,ad/sy < 𝐸′
c,sy/dec < 𝐸′

c,ad/dec. Adi-
abatic cooling is always subdominant,
high-energy particles synchrotron cool
before decaying.
Right: Pion and muon loss rates 𝑡′−1

loss
for the representative collision, for (top)
𝑓𝐵 = 10−3 and (bottom) 𝑓𝐵 = 1. The bot-
tom panel shows the evolution of (comov-
ing) maximal proton energies obtained
throughout the radiation calculations un-
til 𝑡′dyn.

energies to lower energies compared to pions.
The Figure further displays the maximum proton energies as a function
of 𝑡′/𝑡′dyn (recall that the injection time was set to 𝑡′inj = 𝑡′dyn). For 𝑓𝐵 =

1, the maximal energies decrease with simulation time. This can be
understood as follows: Initially, the maximum proton energies are limited
adiabatic cooling (cf. Figure 7.7). As the photon fields build up, photo-
pion production becomes efficient and reduces the maximal proton
energies. For 𝑓𝐵 = 10−3, the maximum proton energy is dominated by
adiabatic cooling until almost 𝑡′dyn and remains approximately constant
(cf. Figure 7.8).
We compare the maximum proton energies to the pion and muon loss
rates: For 𝑓𝐵 = 1, secondaries are produced at high enough energies to
cool prior to their decay. In contrast to this, in the 𝑓𝐵 = 10−3 scenario only
the secondary muons cool before decaying.

Cooling regimes during the fireball dynamical evolution

From the representative collision we move to the complete fireball
dynamical evolution. We define the critical energy as

𝐸′
c = min{𝐸′

c,sy/dec , 𝐸
′
c,ad/dec} . (7.12)

It may be understood as the energy below which particles do not cool
prior to their decay.
The evolution of critical energy as a function of collision radius for our
educative example is shown in Figure 7.12. The colour-coding further
indicates if above the critical energy, adiabatic or synchrotron cooling
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𝑓𝐵 = 1 𝑓𝐵 = 10−3

Figure 7.12: Critical energies 𝐸′
c (Eq. 7.12)

as a function of 𝑅C for pions and muons,
for (left) 𝑓𝐵 = 1 and (right) 𝑓𝐵 = 10−3. The
number indicates if particles are in case
(1) or (2) of the left panel of Figure 7.11.
For reference we further indicate the max-
imal proton energies obtained by balanc-
ing acceleration with adiabatic and syn-
chrotron losses (in contrast to Figure 7.11
where also photo-pion and photo-pair
production were taken into account).
The dashed line indicates the radius of
the representative collision.

dominates (corresponding to case (1) and (2) in the left panel of Figure 7.11).
For comparison we further indicate the maximal proton energy obtained
by balancing synchrotron and adiabatic losses with acceleration. We point
out that this is an upper limit on 𝐸′

𝑝,max since photo-pair or photo-pion
production may further reduce the maximal energy attainable.
For 𝑓𝐵 = 1, pions and muons are in case (1) for almost all collisions.
Further, the critical energies lie several orders of magnitude below 𝐸′

p,max.
In this scenario we thus predict a strong impact of pion and muon cooling
throughout the complete fireball evolution.
For 𝑓𝐵 = 10−3, pions are partially in case (1), partially in case (2). Muons
are always in case (2). In this scenario, the maximum proton energies are
smaller than the pion critical energies for all collisions. Pions will thus
not cool before decaying. Muon critical energies are below 𝐸′

𝑝,max for
some part of the fireball evolution, the difference in energy is however
one order of magnitude at most.
We conclude for strong magnetic fields (high 𝑓𝐵) pions and muons
synchrotron-cool prior to their decay. This introduces a spectral break
and reshapes the energy distribution of secondaries such as lepton pairs
and neutrinos. For weak magnetic fields (low 𝑓𝐵) on the other hand, the
maximal proton energies are too low to enable pion cooling prior to
their decay. Muons may cool adiabatically before their decay. Overall, the
cooling effects of pions and muons hardly impact secondary lepton and
neutrino spectra.

Impact on neutrino spectra

Finally, we illustrate the impact of muon and pion cooling on neutrino
spectra of the representative collision for 𝑓𝐵 = 1 and 𝑓𝑝 = 30 (as in
Figure 7.6 and Figure 7.7). We show the evolution of comoving photon
and neutrino spectra as a function of 𝑡′ until 𝑡′final = 2𝑡′dyn in the left
plot of Figure 7.13. Throughout the evolution, neutrino spectra peak
at lower energies than the high-energy photons from 𝜋0-decays. The
right plot shows the evolution of neutrino spectra (1) with full treatment
of pions/muons, (2) without pion and muon cooling and (3) for an
infinitesimally small decay time of muons and pions (which implicitly
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Figure 7.13: Left: Evolution of comoving
photon and neutrino spectra until 𝑡′final =
2𝑡′dyn for the representative collision and
𝑓𝐵 = 1, 𝑓𝑝 = 30.
Right: Evolution of comoving neutrino
spectra examining the effect of muon
and pion cooling. We run the following
scenarios: (full) full treat of pions/muons,
(no cool) no pion and muon cooling and
(inst. decay) assuming an infinitesimally
small decay time of muons and pions.
The latter implicitly means that pion and
muon cooling are not accounted for.

[287]: Ajello et al. (2019), “A Decade of
Gamma-Ray Bursts Observed by Fermi-
LAT: The Second GRB Catalog”

means that pion and muon cooling are not accounted for).
For the first snapshot at 𝑡′ = 0.2𝑡′dyn, the scenarios with/without pion and
muon cooling are little different and do not extend to the highest energies.
If however, pions and muons are assumed to decay instantaneously
(dotted lines in the right plot), energies comparable to the photons from
𝜋0-decays are reached. This means that at early times 𝑡′ the maximal
energies of neutrinos are limited by the longer decay times of high-energy
pions and muons (recall the dependency of the decay time on particle
Lorentz factor, Eq. 7.11). As the system evolves, the decay time of high-
energy particles is smaller than 𝑡′ and the dash-dotted and dotted lines in
Figure 7.13 extend to similarly high energies. We point out that the effect
of the decay timescale is not as relevant if pion and muon cooling are
accounted for: By cooling down, particles move to shorter decay times.
Overall, Figure 7.13 confirms that the lower peak energies of neutrino
spectra for 𝑓𝐵 = 1 can be attributed to cooling effects of intermediate
pions and muons.

7.5 The sample of LAT-detected bursts and
reference events

From our educative example we now move to prototypes inspired by real
GRBs. This way, we will verify that our results obtained before are valid
also for parameter choices reproducing the properties of real events. As
detailed above, the HE-emission observed by the Fermi-LAT that was
reported for a number of bursts has been proposed to be of hadronic
origin in a range of publications. Following this idea, we will study the
sample of GRBs detected by the Fermi-LAT and select reference events for
which an internal dissipation origin is likely – in contrast to those events
where the LAT detection most surely can be attributed to the afterglow
of the event.

The second Fermi-LAT GRB catalogue [287] spans 10 years of opera-
tion between 2008 and 2018 and lists 186 GRBs. Only 34 (19%) have
measured redshifts that allow to calculate source-frame properties. To
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LAT-GRB redshift sample GRB 131108A light curve GRB 170214A light curve

Figure 7.14: Left: Sample of Fermi-LAT detected bursts with measured redshift in the 𝑧-𝐸𝛾,iso -plane. The colour-coding represents the
ratio of the LAT onset time 𝑇0,LAT and the observation time interval during which 90 % of the photons were detected by Fermi-GBM
(𝑇90,GBM). For GRBs symbolised by black dots, the LAT onset was after the GBM 𝑇90. We further indicate our selected reference events.
Right: Light curves in different energy bands for the reference events, produced with ThreeML [286] and Gtburst. We show the brightest
GBM NaI detector (sensitive between a 8 keV and 900 keV), the brightest GBM BGO detector (sensitive between 250 keV and 40 MeV),
the LAT Low-Energy extension (LLE, 30 MeV-100 MeV) and the conventional LAT (100 MeV-300 GeV). The dashed vertical line indicates
the reported GBM 𝑇90.

[288]: Bloom et al. (2001), “The prompt
energy release of gamma-ray bursts us-
ing a cosmological k-correction”
[289]: Kovacs et al. (2012), “Cosmol-
ogy with Gamma-Ray Bursts Using k-
correction”

Table 7.2: Reported properties of the
two reference GRB: Band-function fit pa-
rameters (𝛼, 𝛽, 𝐸peak), observed Fluence,
𝑇90, isotropic emitted gamma-ray energy
𝐸𝛾,iso (between 1 and 10000 keV) and
redshift 𝑧.

GRB 131108A
𝛼 −0.91 ± 0.02
𝛽 −2.46 ± 0.19

𝐸peak [keV] 367 ± 16
Fluence [erg/cm2] (3.56 ± 0.01) · 10−5

𝑇90 [s] 18.18 ± 0.57
𝐸𝛾,iso [erg] 5.37 · 1053

z 2.4
GRB 170214A

𝛼 −0.98 ± 0.009
𝛽 −2.51 ± 0.01

𝐸peak [keV] 481 ± 11
Fluence [erg/cm2] (1.8 ± 0.001) · 10−4

𝑇90 [s] 122.8 ± 0.7
𝐸𝛾,iso [erg] 2.9 · 1054

z 2.53

[290]: Ajello et al. (2019), “Bright 𝛾-Ray
Flares Observed in GRB 131108A”
[291]: Giuliani et al. (2014), “A prompt
extra component in the high energy spec-
trum of GRB 131108A”

study potential candidates for a internal dissipation origin, we select
these 34 GRBs and study their Fermi-LAT onset time 𝑡0,LAT with respect
to the Fermi-GBM/Konus-Wind 𝑇90 (a internal dissipation is favoured
for 𝑡0,LAT < 𝑇90). The result is shown in Figure 7.14 which contains a
representation of these bursts in the 𝑧-𝐸𝛾,iso plane. The emitted isotropic
energy was calculated with the reported GBM Band-function fit and ob-
served fluence, accounting for 𝑘-correction [288, 289]. The colour-coding
represents the ratio of the LAT onset time 𝑇0,LAT and the Fermi-GBM
𝑇90,GBM. Bursts for which 𝑇0,LAT > 𝑇90,GBM are marked black. As can be
inferred from the Figure, a relatively high 𝐸𝛾,iso is common to all events
of the sample
We further indicate our selected reference events. In addition to an early
LAT onset time, those two GRBs exhibit temporal variability in both
the LAT and GBM band that supports an internal-shock origin of the
LAT emission. Their photon light curves (in different energy bands) are
shown in the middle and right plot of Figure 7.14, other observational
and spectral characteristics are summarised in Table 7.2. We discuss their
properties and temporal structure qualitatively:

∗ GRB 131108A directly triggered both the LAT and the GBM. The
first bright pulse is followed by smaller peaks/oscillations, for
which [290] fit a double peaked cut-off power law. In the same
paper, the first bright peak is described by a single power law,
the late time emission by a band function. The burst was also
observed by the AGILE satellite, with spectral properties pointing
to a multi-component SED [291].
The GBM time integrated spectral analysis reports a Band function
fit with a high 𝛼 = −0.91, a low-energy photon index of 𝛽 = −2.51
and 𝐸peak = 367 keV.

∗ GRB 170214A is a multi-peaked burst with short-time variability on
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[292]: Tang et al. (2017), “Evidence of
an Internal Dissipation Origin for the
High-energy Prompt Emission of GRB
170214A”

[236]: Ghirlanda et al. (2018), “Bulk
Lorentz factors of Gamma-Ray Bursts”

[293]: Hascoet et al. (2013), “Prompt ther-
mal emission in gamma-ray bursts”

[294]: Sari et al. (1999), “Predictions for
the very early afterglow and the optical
flash”
[295]: Molinari et al. (2007), “A direct
measurement of the relativistic expan-
sion velocity of gamma-ray burst fire-
balls”
[296]: Ghisellini et al. (2009), “A unifying
view of Gamma Ray Burst Afterglows”
[297]: Ghirlanda et al. (2012), “Gamma
Ray Bursts in the comoving frame”
[298]: Nava et al. (2013), “Afterglow
emission in Gamma-Ray Bursts: I. Pair-
enriched ambient medium and radiative
blast waves”
[299]: Nava et al. (2014), “Clustering of
LAT light curves: a clue to the origin
of high-energy emission in Gamma-Ray
Bursts”
[300]: Daigne et al. (2002), “The Expected
thermal precursors of gamma-ray bursts
in the internal shock model”
[273]: Hascoet et al. (2012), “Do Fermi-
LAT observations imply very large
Lorentz factors in GRB outflows ?”
[18]: Bustamante et al. (2017), “Multi-
messenger light curves from gamma-ray
bursts in the internal shock model”

top of an underlying structure of longer-timescale peaks. Between
0 − 53 s, no LAT detection was reported while the GBM light curve
is pulsed with temporal variability. A broad joint peak is observed
around 60 s, with some pulsed structures afterwards.
A analysis of the combined GBM and LAT spectra has been pub-
lished in [292], where no deviation from a single-component Band
function was found. The time-integrated GBM Band function fit
reports 𝛼 = −0.98, 𝛽 = −2.51 and a peak energy of 𝐸peak = 481 keV.

Bulk Lorentz factor estimates

As discussed before, the Lorentz factor of the outflow can have a cru-
cial impact on multi-wavelength spectra shaped by density-dependent
processes relevant for low- 𝑓𝐵/high- 𝑓𝑝 scenarios. The observational con-
straints on the Lorentz factor of the outflow mostly refer to the bulk
Lorentz factor Γ0, that approximately represents the mean Lorentz factor.
Bulk Lorentz factor estimates usually rely on the peak time of the after-
glow 𝑇p and the density profile of the medium surrounding the GRB. A
summary of different approaches has been provided in [236]. We calcu-
late the Lorentz factor from the methods introduced in that publication,
extended by the method of [293]. The exact value of 𝑇p is not reported
for our reference GRBs. We restrict the possible range for Γ0 by taking
into account the upper limit on 𝑇p (given by the first observation of the
associated afterglow) and the lower limit on 𝑇p (given by the first peak of
the prompt phase). We calculate Γ0,min and Γ0,max following [294] (’SP99’),
[295] (’M07’), [296] (’G10’), [297] (’G12’), [298] (’N13’), [299] (’N14’) and
[293] (’H14’).
For the external medium we consider a wind-like density profile (𝜌(𝑟) =
𝜌0 ·𝑟−2 where 𝑟 is the distance from the source) and a constant density pro-
file (𝜌(𝑟) = 𝜌0 ·𝑟0). The profiles are normalised as follows: 𝜌0 = 1cm−3 ·𝑚𝑝

for the constant profile and 𝜌0 = 𝑀̇/(4𝜋𝑣𝑤) with 𝑀̇ = 10−5M⊙/yr and
𝑣𝑤 = 103km/s for the wind-like profile.
The most conservative upper limit on the attainable Lorentz factor comes
from setting the acceleration radius equal to the transparency radius
[300]. As we study GRBs with Fermi-LAT detection, we can find an
additional lower limit from the transparency condition for HE photons
[273]. For this, we take use the most energetic photon associated with
the prompt phase. The method allows to account for emission radii of
the bulk of the prompt emission (𝑅0) and the high-energy emission (𝑅e)
which might be decoupled (see also e.g. [18]).
The results for the different methods are shown in Figure 7.15, for an
upper limit of the onset time of 1147 s (10935 s) and a lower limit of
0.075 s (16 s) for GRB 131108A (GRB 170214A), all redshift-corrected. For
the lower limit from the transparency emission we chose an exemplary
emission radius of 𝑅e = 1017 cm for the 7.6 GeV LAT photon and an
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GRB 131108A GRB 170214A

Figure 7.15: Limits for the bulk Lorentz
factor Γ0 of our two reference events.
We show the range between the up-
per and lower limit derived following
[294] (’SP99’), [295] (’M07’), [296] (’G10’),
[297] (’G12’), [298] (’N13’), [299] (’N14’)
and [293] (’H14’), for a wind-like and
constant-density medium (blue and red
shading). This is complemented by the
upper limit from the transparency radius
[300] and the lower limit from the trans-
parency condition [273].

[291]: Giuliani et al. (2014), “A prompt
extra component in the high energy spec-
trum of GRB 131108A”

exemplary bulk emission radius of 𝑅0 = 5 · 1015 cm for GRB 170214A.
For GRB 131108A, where the first, bright pulse is seen both by LAT and
GBM, we assume 𝑅0 = 𝑅e = 1015 cm for the 900 MeV photon observed
by LAT. Comparable results are obtained with the 100 MeV photon
observed 1 s after the trigger reported by the MCAL instrument onboard
the AGILE satellite [291]. We have verified that those radii are in both
scenarios compatible with the estimates of the deceleration radius (at
which the initial jet has swept up a mass comparable to its own). Note
that the obtained limits for this method may deviate if different emission
radii are chosen. The long duration of both GRBs favours a massive star
progenitor for both events and thus a wind-like medium surrounding
the bursts. We will consequently choose Lorentz factor distributions
approximately within the blue region in Figure 7.15. To ensure that the
outflow is optically thin during most of the internal shock phase, we
impose relatively high Lorentz factors close to the upper limit for our
prototypes.

7.6 Simulated results for the Fermi-LAT
inspired prototypes

Finally, we present the simulated results for the prototypes inspired by
GRBs 131108A and 170214A. Our parameters are chosen such that the
reported 𝐸peak, high-energy photon index 𝛽, fluence and light curve struc-
ture are reproduced. The fiducial fireball characteristics are summarised
in Table 7.3 (complemented by Table B.2) and the initial Lorentz factor
distributions are displayed in the left plot of Figure 7.16. As outlined
in the last section, we choose Lorentz factors close to the upper limit
obtained for the wind-like scenario in Figure 7.15. EBL absorption is
included in all calculations. We impose 𝑡′inject = 𝑡′dyn and 𝜁𝑒 ∝ 𝜖′diss in all
simulations and again study different choices of 𝑓𝐵 and 𝑓𝑝 while adjusting
𝜁𝑒 ,0 such that the observed peak is reproduced.
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Initial Γ distribution GRB 131108A-like GRB 170214A-like

Figure 7.16: Left: Initial Lorentz factor distributions for the two Fermi-LAT inspired prototypes.
Middle and right: Density plot of the distribution of collisions for the two prototypes in the parameter space of 𝐸NT,e (energy transferred
to non-thermal electrons, in the source frame) and 𝑅C (collision radius).

The middle and right plot of Figure 7.16 show a density map of the
distribution of collisions in 𝐸e,NT -𝑅C parameter space. In contrast to our
educative example, collisions of different pulses occur at the same radius
and the distribution of collisions deviates from the simple behaviour
displayed in Figure 7.1.

Table 7.3: Fireball characteristics for the
two Fermi-LAT inspired prototypes: Total
energy transferred to non-thermal elec-
trons 𝐸e,tot, fireball efficiency 𝜀, number
of initial plasma shells 𝑁 initial

shells , engine
active time 𝑡eng and primary electron
power-law index 𝑝𝑒 .

GRB 131108A-like
𝐸e,tot 5.94 · 1053 erg
𝜀 6.17 %

𝑁 initial
shells 1300
𝑡eng 4.41 s
𝑝𝑒 2.92
GRB 170214A-like

𝐸e,tot 3.52 · 1054 erg
𝜀 2.98 %

𝑁 initial
shells 1297
𝑡eng 34 s
𝑝𝑒 3.02

In Figure 7.17 and Figure 7.18, we show the simulated time-integrated
spectra and photon light curves (in energy ranges corresponding to dif-
ferent instruments, see plot description) for the two prototypes. Besides
the simulation results, we indicate the Band-function fit parameters (𝛼, 𝛽
and 𝐸peak) of the reference events.
We first discuss the results for the GRB 131108A-like prototype (Fig-
ure 7.17): By construction, the 𝑓𝐵 = 1 leptonic scenario reproduces the
peak energy and high-energy photon index 𝛽 of the reference event.
None of the parameter sets can reproduce the low-energy photon index
𝛼 reported for the reference GRB. For 𝑓𝐵 = 1, we find a wing-like broad-
ening for the lepto-hadronic scenarios. This is also mirrored in the light
curves, where the fluences in all wavelength bands increase with 𝑓𝑝 . For
𝑓𝐵 = 10−3, only the fluences above 𝐸peak vary with 𝑓𝑝 . This reflects also
in the light curves that show no dependence on 𝑓𝑝 for the low-energy
(ZTF, ULTRASAT and XRT) instrumental ranges. The light curve has two
peaks, with the first peak is more intense than the second one.
Let us now discuss the results for the GRB 170214A-like prototype (Fig-
ure 7.18): Again, the high-energy photon index 𝛽 and the peak energy
of the reference event are reproduced in the 𝑓𝐵 = 1 leptonic scenario
and none of the simulations reach the reported 𝛼. For 𝑓𝐵 = 1 we find
the usual wing-like broadening of the spectra with increasing 𝑓𝑝 . Again,
for 𝑓𝐵 = 10−3 the low-energy spectra are similar for all choices of 𝑓𝑝 .
The light curves exhibit short-time variability on top of an underlying
structure of broader peaks for all parameter choices. For 𝑓𝐵 = 10−3, the
low-energy light curves up to the XRT band are independent of 𝑓𝑝 ; for
higher energy bands the photon flux increases with 𝑓𝑝 . For 𝑓𝐵 = 1, the
photon flux increases with 𝑓𝑝 for all energy bands.
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Figure 7.17: Results for the GRB131108A-like prototype exploring different 𝑓𝐵 and 𝑓𝑝 .
Left: Simulated spectra 𝐸obsF𝐸obs as a function of observed energy. The vertical lines mark the reported peak energy of the reference event,
the shaded regions the energy ranges of the Fermi-GBM and Fermi-LAT. Thin lines correspond to the results without EBL absorption.
The lower panel shows the photon indexes (spectral slope of F𝐸obs/𝐸obs). We indicate the reported 𝛼 and 𝛽 for the reference event; the
dashed line corresponds to a photon index of −2, where 𝐸obsF𝐸obs is maximal/minimal.
Right: Photon light curve in energy bands corresponding to the ULTRASAT satellite (220 - 280 nm), the ZTF 𝑟-band (560 - 730 nm),
Swift-XRT (0.2 - 10 keV), Fermi-GBM (10 keV - 10 MeV), Fermi-LAT (20 MeV - 600 GeV) and CTA (20 GeV - 20 TeV).

Overall, the simulated spectra of the prototypes exhibit the similar be-
haviour as found for the educative example: For strong magnetic fields
( 𝑓𝐵 = 1), high 𝑓𝑝 introduce a wing-like broadening of the sub-MeV
peak. For weak magnetic fields (low 𝑓𝐵) high 𝑓𝑝 enhance the fluence
above the sub-MeV peak, whereas the LE fluence remains unaffected. In
those scenarios the pion decay and neutrino peaks are at lower energies
compared to the high- 𝑓𝐵 results. For high 𝑓𝐵, the neutrino spectra peak
at lower energies compared to the 𝜋0-decay photons. Finally, photon
signatures beyond the Fermi-LAT energy range are suppressed due to
EBL absorption. From this we infer that the general trends found for
the educative example are valid in a larger parameter-space region and
for bursts with properties inspired by real events, as well as temporally
variable light curves.
The simulated light curves exhibit similar temporal variability in all
energy ranges/wavelength bands. Thus, within our internal shock frame-
work, a time-variability in the LAT band tracing the GBM band is
strongly suggested for an internal dissipation origin of HE emission. For
the GRB 131108A-like prototype, the first broad peak is reproduced in all
energy bands, which is consistent with the direct LAT-trigger. For the
GRB 170214A-like prototype, the first peak is very weak in the LAT band
with respect to the GBM band, which may be interpreted as consistent
with the delayed LAT-detection onset for the reference event.

We conclude that by choosing adequate fireball parameters and micro-
physics parameters the peak energy 𝐸peak, the high-energy photon index
𝛽 and the light curve structure of given GRBs can be reproduced. As
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Figure 7.18: Same as Figure 7.17 for the GRB 170214A-like prototype.
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detailed in Section 7.2, this requires some fine-tuning of parameters
(e.g. 𝜁𝑒 scaling with 𝜀′diss). However, high 𝛼 ≃ −1 (as reported for both
reference events) are difficult to reconcile with our optically thin internal
shock scenarios. Here we again stress that we cannot reproduce the
hard 𝛼 found for low 𝑓𝐵 that was reported past numerical studies [184].
Additionally, both low- 𝑓𝐵 and high- 𝑓𝑝 scenarios are found to increase
the high-energy spectral photon index 𝛽 which results in broad spectra
around 𝐸peak.
From our selected reference GRBs, the combined Fermi-GBM and LAT
spectrum of GRB 170214A was fitted with a single power-law in [292]. In
principle, all our simulations do not predict a double-peaked structure
and would be in agreement with this; however high 𝑓𝑝 and/or low
𝑓𝐵 are incompatible with the reported 𝛽. In this sense, our modelling
favours a high- 𝑓𝐵/low- 𝑓𝑝 scenario for that burst. On the other hand, a
two-component scenario has been proposed for GRB 131108A. Within
our modelling, this may point to a low- 𝑓𝐵 and low- 𝑓𝑝 scenario.
We point out that these results are sensitive to the bulk Lorentz factor
of the outflow. This underlines the importance of accurate bulk Lorentz
factor estimates which rely on measurements of the afterglow peak time
𝑇p.
Out of other LAT-detected GRBs discussed in the literature, GRB 09092B
is an interesting example. For this event, the Fermi-LAT spectrum was fit
by a power law of index 1.94. The burst further exhibited excesses both
at high and low energies. As pointed out in [284], these features can be
explained well within a lepto-hadronic scenario wing-like structure as
also found in our simulations.
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Conclusion and Outlook 8
Only a handful of objects in the Universe are believed to be powerful
enough to accelerate particles to ultra-high energies. Among the few
candidates are GRBs, which we have examined as a potential source of
UHECRs and (V)HE radiation in this thesis. Focussing on the prompt
phase of the event, we have applied the internal shock model to the
relativistic outflow and calculated particle interactions and spectra with
numerical codes. Our aim was to assess under which conditions GRBs
can account for UHECR measurements while obeying multi-messenger
constraints, which radiation processes may induce a (V)HE gamma-ray
component and which multi-wavelength signatures are introduced by
hadronic interactions.
Our radiation modelling was mainly carried out with the time-dependent
numerical code AM3. As the code was originally designed for AGN,
this required software modifications such as the inclusion of adiabatic
cooling, pion and muon cooling and quantum synchrotron emission. I
implemented and tested the numerical calculation of these processes in
collaboration with Shan Gao. Additionally, I implemented a framework
to calculate time-dependent quantities from different regions of the jet
taking into account the curvature of the emitting surface.
We briefly summarise the main findings, ordered by chapter:

For context, Chapter 3 reviewed leptonic and hadronic processes relevant
for high-energy astrophysics using scenarios that I developed as part
of the Hadronic Code Comparison Project, HCCP. For the examined
scenarios, all participating codes predicted comparable multi-wavelength
and neutrino spectra even in extreme parameter-space regions like
the inverse Compton catastrophe and the photo-pair synchrotron loop
(also referred to as hadronic supercriticality). The results were further
compared with analytical estimates.

Two different frameworks of the internal shock scenario for the relativistic
outflow in GRBs were introduced in Chapter 5. Testing the robustness of
multi-messenger predictions against model variations, we showed that
modified collision dynamics within the internal shock scenario do not
impact neutrino predictions (under the assumption of similar gamma-ray
observables).
We further presented a fit to the UHECR energy spectrum and composi-
tion as observed by the Pierre Auger Observatory that was performed in
a scan over different initial Lorentz factor distributions of the outflow,
dubbed ’engine realisations’. A comparable GRB-UHECR-fit had previ-
ously been presented in [212], but here we introduced the possibility of a
variable engine setup. This allowed the model to predict light curves with
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multi-timescale variability, closer to the stochastic behaviour observed
in real GRBs. Our results indicate that GRBs can describe UHECRs for
a large range of engine realisations. Generally, this however requires
large engine kinetic energies and a high percentage of the energy being
transferred to non-thermal cosmic rays. The latter was quantified by the
baryonic loading 𝑓𝑝 = 𝜖CR/𝜖𝑒 , the energy transferred to non-thermal
cosmic rays divided by the energy transferred to non-thermal electrons;
our UHECR fit required 𝑓𝑝 ∼ 50 − 100. The post-dicted neutrino fluxes
were shown to be below current IceCube limits but in reach of future
neutrino experiments like the planned IceCube Gen2.
We pointed out that a pure, heavy composition as demanded by 𝜎(𝑋max)
measurements is challenging to reproduce with stochastic engine setups.
This may be in contradiction with typical observed variability timescales
as investigated in [228]. A caveat of our study is further the assumed
redshift distribution of identical GRBs that does not represent the wealth
of observed events. However, in a more realistic setup of non-similar
sources contributing to the overall flux, a pure composition as suggested
by 𝜎(𝑋max)measurements may even be challenging to reproduce for
smooth light-curve/engine setups.

While the aforementioned results did not include self-consistent calcula-
tions of the photon spectra, in Chapter 6 we demonstrated the applicability
of AM3 to GRBs using the example of low-luminosity events. Within
a purely leptonic radiation modelling we found that a VHE inverse
Compton component can be realised if a small part of the dissipated
energy is transferred to magnetic fields. The latter was quantified by
𝑓𝐵 = 𝜖𝐵/𝜖𝑒 , the energy transferred to magnetic fields divided by the
energy transferred to non-thermal electrons. Given the high local rate
of LL-GRBs, this VHE component makes LL-GRBs a potential target
for IACTs. We demonstrated that LE fluence and photon index may be
additional probes of 𝑓𝐵.
As a next step, we used the results of the radiation modelling and the
fireball evolution to calculate the maximal energies attainable for different
cosmic-ray nuclei with NeuCosmA. We demonstrated that high cosmic-
ray energies compatible with UHECR fits from LL-GRBs in the literature
are possible if a large part of the energy is transferred to magnetic fields
(large 𝑓𝐵). We thus conclude that within our framework, a LL-GRB may
either accelerate cosmic rays to the highest energies or produce a leptonic
VHE component potentially observable by IACTs. We emphasize that
a (V)HE component induced by hadronic processes and the maximal
baryonic loading compatible with photon and neutrino observations
remain to be addressed in a future study.

Finally, in Chapter 7 we presented lepto-hadronic radiation models of
high-luminosity GRBs invoking both primary electrons and protons. We
first examined the contribution of different radiation processes and the
impact of parameter choices on observed spectra at an simple academic
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GRB referred to as ’educative example’. For SSC scenarios with high
inverse Compton efficiency realised for low 𝑓𝐵, inverse Compton emission
of lepton pairs from 𝛾𝛾-annihilation was shown to enhance the fluence in
the Fermi-LAT band. In contrast to this, primary electron inverse Compton
was subdominant and showed up at higher energies. In high- 𝑓𝐵 scenarios
with a baryonic loading 𝑓𝑝 ≳ 10, synchrotron radiation of secondary
lepton pairs introduced a wing-like broadening of the sub-MeV peak.
This feature had previously been reported in the literature, including
for setups with generic sub-MeV target photon fields [213, 284] – which
indicates that the feature is not specific to our synchrotron model for the
sub-MeV peak. For our educative example, 𝑓𝐵 = 1 and a fiducial proton
power-law index of −𝑝𝑝 = −2.0 we found an upper limit on the baryonic
loading of 𝑓𝑝 ≲ 30 if synchrotron emission of the secondary particle
cascade should not outshine the primary electron synchrotron emission
in the GBM/LAT band. For high 𝑓𝐵 we demonstrated that secondary
pion and muon cooling effects reduce the neutrino peak energy and
reshape the spectra of secondaries.
We further review the conditions necessary to reproduce narrow spectra
similar to observed ones: First, a narrow synchrotron peak can only be
generated if the minimum Lorentz factor of electrons remains constant
throughout the fireball evolution. This can be realised by setting the
number fraction of accelerated electrons 𝜁𝑒 as 𝜁𝑒 ∝ 𝜖′diss. Second, both
low 𝑓𝐵 and high 𝑓𝑝 result in a broadening of the sub-MeV synchrotron
peak. In this sense, the pure synchrotron is the narrowest spectrum that
can be produced. Here we note that the low-energy photon index 𝛼 ≃ −1
for low 𝑓𝐵 reported in [184] could only be reproduced if electrons are
injected into the radiation zone on a timescale much shorter than the
dynamical timescale of the system. We point out that the spectra of
low- 𝑓𝐵/high- 𝑓𝑝 scenarios that have large contributions of secondaries
from 𝛾𝛾-annihilation strongly depend on the bulk Lorentz factor of
the outflow. To summarize, our optically thin SSC model requires some
fine-tuning of parameters in order to be compatible with observations.
From the educative example we turned to real GRBs with a high-energy
component detected by the Fermi-LAT. Selecting two events of this
sample, we showed that the behaviour found for the educative example
was also reproduced for prototypes with observed properties similar
to detected GRBs. Within our models, it was challenging to reproduce
the low-energy photon index 𝛼 ≃ −1 reported for the selected reference
events. As detailed above, the narrowest spectra were found for scenarios
dominated by primary electron synchrotron radiation.

In the remainder of this conclusion, I provide an outlook on future devel-
opments, putting our results in context of selected scientific questions:

Do these findings imply that GRBs cannot be UHECR sources? Our results
suggest that within the internal shock model it is indeed questionable
whether the high baryonic loading of order 10-100 demanded by UHECR
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fits is compatible with observed spectra. However, this does not mean that
GRB jets are generally excluded to be baryon-loaded; in fact, it may simply
be the case that they are not the sole sources of the UHECRs. This would
entail a multi-component model for UHECRs, as presented e.g. in [301]
or [302]. We further point out that UHECR fits often assume a generic
baryonic loading common to all events. However, in the context of AGN
it has been demonstrated that a fit to the UHECR spectrum compatible
with IceCube neutrino limits is possible if the baryonic loading is high
only for low-luminosity sources [303]. For GRBs a similar conclusion may
be drawn from the strong constraints on the baryonic loading derived
for selected bright events [304, 305]. This would strengthen the case for
LL-GRBs as UHECR sources, as discussed in Chapter 6.
We stress that from source physics a certain baryon contamination of the
jet may be reasonable, especially for long GRBs that originate from heavy
stars containing nuclei up to iron (see e.g. [173]).

How can theoretical models be improved? For more robust constraints, lepto-
hadronic GRB models should be tested within a broader variety of
models including photospheric or reconnection scenarios. This could
be complemented by multi-epoch studies from early photospheric to
afterglow emission as e.g. in [306]. In the context of cosmic rays, one
should further include nuclei heavier than protons into the full radiation
calculations (given that UHECR fits require nuclear masses up to iron),
where also the maximal energies attainable for different nuclear species
should be carefully reviewed.
Finally, the presented models would benefit from a closer connection to
(R)MHD jet simulations that provide a more realistic picture of the 3D
plasma conditions. In a cosmic-ray and neutrino context such a combined
model was presented in [307]. A first step may be to invoke a more
complex, although still parametrised geometry of the jet (e.g. structured
jets, as also favoured from afterglow measurements of GRB 170817A
[98]).

What can we learn from comparing our models to multi-wavelength data?
An emphasis of our modelling lies on electromagnetic (V)HE and LE
signatures. Our results underline the importance of state-of-the-art
radiation models that fully account for the emission of secondary particles.
For example, lepton pairs produced in (source-internal) 𝛾𝛾-annihilation
shine in low-energy (optical to UV) and high-energy (MeV to GeV) bands.
Both those signatures are not attenuated due to EBL absorption and may
also be observed at higher redshifts. In this sense, our models may be
tested by comparing to multi-wavelength data down to low energies.
An apparent issue of our optically thin internal shock models are the
spectral shapes which are difficult to reconcile with the low-energy
photon indexes 𝛼 ≃ −1 reported in (some) Band-function fits and the
generally narrow spectra [162, 163]. We point out that a direct comparison
to data would be an essential next step: [183] showed that by forward-
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folding of synthetic spectra with detector response, GRB prompt spectra
may be fitted well by a synchrotron model. This implies that a comparison
to (over-)simplified Band-function fits can not unambiguously rule out
models. A further caveat of these fits is their sensitivity to the position of
the peak energy 𝐸peak within the energy range of the instrument.
As pointed out in [208], the energy dissipation and radiation mechanism
at play may differ between GRBs. In this sense, the narrow spectra of some
GRBs may point to a photospheric origin of their prompt emission while
broader spectra may be accommodated in optically-thin internal-shock
models.

Which experimental advances may contribute to constraining multi-messenger
GRB prompt phase models? First, a neutrino signal from GRBs from fu-
ture experiments such as IceCube Gen2 [55] could evidently confirm
a baryonic loading of GRB jets. Further constraints may come from
multi-wavelength coverage. As detailed above, lepto-hadronic models
predict an enhancement of the LE flux due to cascade-produced sec-
ondary leptons. In this energy range, a variety of experiments have been
recently launched, and even more are scheduled for future deployment.
Without claiming completeness, we list the Zwicky Transient Facility
(ZTF) [106], Vera Rubin Observatory (former LSST) [107] and Ultraviolet
Transient Astronomy Satellite (ULTRASAT) [108]. A challenging aspect
of optical and UV measurements/limits is that they have to be corrected
for absorption in the host galaxy which is often poorly constrained.
Despite these challenges, already data from current experiments such as
Swift-UVOT can constrain the mechanisms at play during the prompt
phase, as shown e.g. in [186]. For close-by objects such as LL-GRBs, this
could be complemented by future IACTs like CTA [76]; objects at larger
distances rely on HE measurements by instruments like Fermi-LAT –
which is however still lacking a successor mission. Finally, precision
measurements of the composition at the highest energies will further
slim the list of potential UHECR sources. Here we point out that a major
uncertainty comes from hadronic interaction models that are an input for
air-shower reconstruction and in-source interaction models. A recent dis-
cussion highlighting those uncertainties is the ’cosmic-ray muon puzzle’
(e.g. [308]), a deficit of predicted muons in air showers with respect to
measurements. Advances in air-shower modelling in the upcoming years
may be expected from new experimental data of nuclear interactions,
e.g. by including oxygen and lead in LHC Run 3 and Run 4 [309]. This
will be complemented by more accurate measurements of the muon and
electron components by the upgraded Auger Prime Observatory [39].

All things considered, both new experimental data and theoretical ap-
proaches are expected to bring real progress in the next years and decades.
Together they will reveal more and more about the nature of the mysteri-
ous events called gamma-ray bursts – and possibly unveil whether they
are sources of high-energy cosmic rays and neutrinos.
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code . . . . . . . . . . . . . . 147
Below we describe the main characteristics of the AM3 code. All calcula-
tions are performed in the plasma comoving frame (that we will for the
following chapter refer to, although not using primed symbols).
Originally, the code was designed for efficient computation of lepto-
hadronic SEDs of AGN. For this purpose, AM3 solves the (coupled)
kinematic equations of electrons, positrons, photons, protons, neutrinos,
neutrinos, muons and pions for a constant, comoving volume. Secon-
daries are added to the particle distributions and undergo the same
interactions as the primaries. We rewrite the differential equation Eq. 3.1
for each particle species 𝑖 as

𝜕𝑡𝑛𝑖(𝛾, 𝑡) = −𝜕𝛾[𝛾𝑖̇ (𝛾, 𝑡)𝑛𝑖(𝛾, 𝑡) − 𝜕𝛾(𝐷𝑖(𝛾)𝑛𝑖(𝛾, 𝑡))/2]
−𝛼𝑖(𝛾, 𝑡)𝑛𝑖(𝛾, 𝑡) +𝑄𝑖(𝛾, 𝑡) . (A.1)

Here, we define𝛼𝑖 ,𝑄𝑖 𝛾𝑖̇ and𝐷𝑖 as the sum over all processes 𝑗 for species 𝑖
(𝛼𝑖 =

∑︁
𝑗 𝛼

𝑗

𝑖
etc.). We identify𝛼 as escape/sink term,𝑄 as source/injection

and 𝛾̇ as cooling/advection term. For electrons, positrons and photons
we calculate the dimensionless energy as 𝛾 = 𝐸/(𝑚𝑒 𝑐

2). In contrast, the
arrays of protons, neutrons, pions and muons are defined on an energy
grid of dimensionless 𝛾 = 𝐸/(𝑚𝑝[GeV]).
The difficulties in the numerical modelling arise from processes that
couple the PDEs of single particle species to each other, like a reaction
of type 𝑎 + 𝑏 → 𝑐 + 𝑑. At such a process we illustrate the necessary
steps to retrieve the injection rate of particles of species 𝑐 𝑄𝑐,inj with
Lorentz factor 𝛾𝑐 (following the description in [124]). In principle 𝑄𝑐,inj

is obtained by integrating over distribution of particle species 𝑏:

𝑄𝑐,inj =

∫
𝑅(𝑏 → 𝑐)𝑛𝑏(𝛾𝑏)d𝛾𝑏 , (A.2)

where 𝑅(𝑏 → 𝑐) is again an integral over the distribution of particles of
type 𝑎:

𝑅(𝑏 → 𝑐) =
∫

𝑅(𝑎, 𝑏 → 𝑐)𝑛𝑎(𝛾𝑎)d𝛾𝑎 . (A.3)

For this last step, the differential cross section𝑅(𝑎, 𝑏 → 𝑐) can be obtained
by solving

𝑅(𝑎, 𝑏 → 𝑐) = 𝑐

2

∫
(1 − 𝜇) d𝜎

d𝛾𝑐d𝜇
(𝛾𝑐 , 𝛾𝑏 , 𝛾𝑎 , 𝜇)d𝜇 . (A.4)

Here, 𝜇 = cosΘ can be obtained from the reaction angle Θ between 𝑏

and 𝑐.
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[310]: Vurm et al. (2009), “Time-
dependent modelling of radiative pro-
cesses in hot magnetized plasmas”

The computation of the injection rates for each energy thus involves
several integrals and is typically computationally expensive. Approaches
that allow for efficient computation have been presented for example in
[138] for photo-pion production on power-law target photon fields.

For the computation Eq. A.1 is re-expressed on a logarithmic energy grid
of 𝑥 = ln 𝛾:

𝜕𝑡𝑛(𝑥, 𝑡) = −𝜕𝑥[𝐴(𝑥, 𝑡)𝑛(𝑥, 𝑡)−𝐵(𝑥, 𝑡)𝜕𝑥𝑛(𝑥, 𝑡)]−𝛼(𝑥, 𝑡)𝑛(𝑥, 𝑡)+𝜖(𝑥, 𝑡) ,

with the (differential) number density 𝑛(𝑥) = 𝛾𝑛(𝛾). The 𝑥-grid is equally
spaced in linear space (thus ln-space for 𝛾). The densities are normalised
to 𝜎3/2

𝑡 (electrons, positrons and photons) and cm3 (protons, neutrons,
pions, muons, neutrinos). The system is evolved in linear 𝑡, with timesteps
defined as fractions of a pre-set dynamical time of the system, 𝑡dyn.
The 𝐴, 𝐵, 𝛼, and 𝜖 terms can be calculated from the initial, physical
quantities in Eq. A.1 as

𝐴(𝑥) = 𝛾̇

𝛾
− 𝜕𝛾

[︃
𝐷(𝛾)

2𝛾

]︃
, 𝐵(𝑥) = 𝐷(𝛾)

2𝛾
, 𝜖(𝑥) = 𝛾𝑄(𝛾) , 𝛼(𝑥) = 𝛼(𝛾) .

The following physical processes are implemented as functions of 𝛼, 𝜖
and 𝐴 (omitting 𝐵 terms which contribute only marginally):

1. injection (inj,𝜖inj, arbitrary distribution) and escape (esc, 𝛼esc) for
all particles

2. adiabatic cooling (ad, 𝛼ad, 𝐴ad for all charged particles)
3. synchrotron

∗ synchrotron radiation from all charged particles (syn, 𝐴syn
e± ,

𝐴
syn
p , 𝐴syn

𝜋± , 𝐴syn
𝜇± , 𝜖syn

𝛾 from 𝑒±, 𝜋±, 𝜇± and 𝑝)
∗ synchrotron-self absorption(ssa, 𝛼ssa

𝛾 )

4. inverse Compton radiation from 𝑒± and 𝑝 (ic, 𝐴ic
e± ,s 𝛼ic

𝛾 , 𝜖ic
𝛾 )

5. photon-photon annihilation (pp, 𝛼pp
𝛾 , 𝜖pp

e± )
6. photo-pion production

∗ proton-photon pion production (𝑝𝛾𝜋, 𝛼p𝛾𝜋
𝛾 ,𝜖p𝛾𝜋

𝛾 , 𝛼p𝛾𝜋
p ,𝜖p𝛾𝜋

p ,
𝜖

p𝛾𝜋
𝜋 )

∗ neutron-photon pion production (𝑛𝛾𝜋, 𝛼n𝛾𝜋
𝛾 ,𝜖n𝛾𝜋

𝛾 , 𝛼n𝛾𝜋
n ,𝜖n𝛾𝜋

n ,
𝜖

n𝛾𝜋
𝜋 )

7. proton-photon (Bethe-Heitler) pair production (BH, 𝛼BH
𝛾 , 𝐴BH

p , 𝜖BH
e± )

8. pion and muon decay kinematics and neutrino production (dec,
𝛼dec
𝜇± , 𝛼dec

𝜋± , 𝜖dec
𝑒± , 𝜖dec

𝜇± , 𝜖dec
𝜈 )

The exact treatment of processes 1. - 5. for leptons, positrons and protons
is described in [310], [124]. Since then, the synchrotron kernels have
been updated and now also include quantum synchrotron radiation of
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electrons (following [281]) which may be relevant for strong magnetic
fields. In contrast to the description in [124], Bethe-Heitler pair production
is calculated following [134].

The kinematic equations (Eq. A.5) are solved with a Crank-Nicolson
differential scheme in time 𝑡 and a Chang & Cooper scheme on energy
𝑥. To increase efficiency, a semi-analytical approach is chosen for the
highest energies. With full optimizations the code simulates a leptonic
SED and light curve in a few CPU seconds and a few tens of seconds for
a hadronic case.

A.1 Changes to the original code

Below, we briefly summarise the main additions to the code since [124]
relevant for this thesis.

Cooling of muons and pions
As mentioned above, pions and muons are treated as separate species
which participate in synchrotron emission/cooling and cool adiabati-
cally (if they have a non-zero charge). Inverse Compton scatterings are
neglected. The escape time is equal to that of all other particles species.
Finally, their decay time (in the particle restframe) is 𝜏0,𝜇 = 2.2 · 10−6 s
and 𝜏0,𝜋 = 2.8 · 10−8 s.

Adiabatic Cooling
The adiabatically expanding outflow causes charged particles to cool
with 𝛾̇ = − 𝛾

𝑡ad
. In Eq. A.5, this corresponds to constant cooling term of

𝐴 = 𝑡ad.

Adaptive time-stepping
For a decaying particle distribution it is convenient to not keep the
timestep 𝛿𝑡 constant, but instead define 𝛿𝑡 such that the cooling of the
highest-energy particles (located at gridpoint 𝑖max) can be resolved at
each computational time:

𝛿𝑡 = − Δ𝑋

𝐴max(𝑖max)
. (A.5)

Here Δ𝑋 is the spacing of the energy grid and 𝐴max(𝑖max) the largest
cooling term 𝐴 (taking into account synchrotron, inverse Compton and
adiabatic cooling) of particles at 𝑖max. This requirement is also known
as the Courant-Friedrichs-Lewy (CFL) condition [311] with a Courant
number 𝐶 = 1.
In our calculations an exponential cut-off was assumed for the particle
distributions. Thus, in lack of a sharp cut-off, we locate the gridpoint
𝑖max that corresponds to the highest-energy particles as follows: After
identifying the maximum energy density of the distribution max(𝑢𝐸), we
iterate from the high-energy end of the grid backwards until 𝑖max where
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𝑢𝐸(𝑖max) = 10−10max(𝑢𝐸). The timestep is then calculated from Eq. A.5.
The code further re-evaluates the boundary between the matrix and the
analytic solver automatically at each timestep.
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We extend the results of Chapter 5 by four aspects: First, we test the impact
of the discretisation d𝜏 = 𝑡eng/𝑁 initial

shells for the Daigne and Mochkovitch
internal shock scenario. Second, we examine the probability of a two-
shell post-collision configuration (as predicted by the ultra-efficient shock
scenario) through Pluto simulations. Third, we review the parameter
space for the inverse Compton Klein-Nishina and fast-cooling regime
for LL-GRBs. Finally, we provide additional model parameters for our
GRB-radiation modelling such as the used 𝑓𝐵-𝜁𝑒 ,0 sets.

The results were partially presented in [214, 233].

B.1 The discretisation time in the Daigne and
Mochkovitch model

Table B.1: Parameters for the different
resolutions/discretisation times of the
Daigne and Mochkovitch model.

resolution
high medium low

d𝜏 [𝑐] 0.02 0.04 0.184
𝑁 initial

shells 1994 996 216
𝑁coll 1171 582 121

To ensure that our results obtained within the Daigne and Mochkovitch
model for GRB internal shocks [168] are independent of the discretisation
time d𝜏, we examine the impact of different d𝜏 (labelled as ’high’,
’medium’ and ’low’ resolution) on the fireball evolution and collision
parameters; for the exact parameters see Table B.1.
We choose a non-trivial initial Lorentz factor (shown in Figure B.1,
upper left plot) and calculate the fireball evolution for three different
discretisation times, imposing equal wind luminosity 𝐿wind = 1.86 ·
1055 erg/s. From the initial number of shells the initial shell distribution
was calculated by an automated routine; we point out that for the largest
discretisation time, the total wind duration is slightly smaller.
In the upper panel we display the comoving dissipated energy 𝐸′

diss
and rest mass density 𝜌′. 𝐸′

diss decreases with higher resolution (that
corresponds to a low d𝜏). This can easily be explained by the lower
contrasts of Lorentz factor of the colliding shells which reduce the single-
collision dissipation efficiency for low d𝜏/ high resolution. We verified
that for all three scenarios the total dissipated energy of the fireball (in
the source frame) remains unaffected by the resolution/discretisation.
On the other hand, the comoving mass densities 𝜌′ are higher for high
resolution (low d𝜏). This is in accordance with expectations, as for equal
wind luminosity, 𝜌′ ∝ d𝜏.
In the lower left plot of Figure B.1, we show the mass of the merged
post-collision shell. Independent of resolution, the same behaviour is
reproduced. We further verified that the merged shell Lorentz factors
also reproduce the same behaviour. These two aspects imply that the
overall dynamical evolution of the fireball is independent of d𝜏.
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Figure B.1: Testing the intial resolution/discretisation width d𝜏 for the Daigne and Mochkovitch model. For parameters of the three
resolution schemes see Table B.1, the assumed wind luminosity was 𝐿wind = 1.86 · 1055 erg/s.
Upper panel: (Left) Initial Lorentz factor distribution, (middle) comoving dissipated energy 𝐸′

diss and (right) rest mass density 𝜌′ as a
function of collision radius 𝑅C.
Lower panel: (Left) merged post-collision shell mass 𝑚m, (middle) comoving energy density 𝑢′

𝐸′ and (right) the comoving magnetic field
strength 𝐵′ (for 𝜖𝐵 = 0.1) . All as a function of collision radius 𝑅C.

[217]: Kobayashi et al. (2001), “Ultra effi-
cient internal shocks”

The left and right plot of the lower panel show parameters that are
important for the radiation modelling: The comoving energy density
𝑢′
𝐸′ and magnetic field strength 𝐵′. For the calculation of the comoving

energy density (𝑢′
𝐸′ =

𝐸′
diss𝜌

′

𝑚𝑚
) the differences in the comoving mass density

and dissipated energy cancel out and the same evolution is reproduced
independent of discretisation. As the magnetic field depends solely on 𝑢′

𝐸′

and 𝜖𝐵 it also remains unaffected by the discretisation time/resolution.
These results indicate that the radiation modelling is independent of the
discretisation scheme.

We conclude that the choice of discretisation time does not affect the
fireball evolution nor the radiation modelling and its results, as long as
the fireball evolution can be computed with high enough accuracy. In
our examination this was not the case for the low resolution scenario,
where the low collision sampling especially around the first peak may
lead to different results.

B.2 Probability of two-shell post-collision states

In [217], a 1D RHD simulation of a two-shell encounter is presented that
supports a two-shell final state as proposed by the ultra-efficient shock
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model. However, the simulation was just performed for a single set of
collision parameters. In light of the questionable representativeness of
this simulation, we perform a shock-tube simulations in a parameter-scan
over Γ 𝑓 /Γ𝑠 and 𝑚 𝑓 /𝑚𝑠 of the colliding shells (as presented in [214]).
Different choices of Γ𝑠 were examined but showed little impact. The
simulations are performed with the modular RMHD code Pluto v4.2
[219]. Given the context of the internal shock model we neglect magnetic
fields, for studies that invoke magnetisation see e.g. [312, 313].
We apply the Relativistic-Hydro-Dynamics (RHD) physics module of
Pluto. Further settings are an ideal equation of state, Cartesian geometry,
a linear reconstruction, Hancock time-stepping and the CD-restoring
HLLC approximate Riemann solver. For better resolution of the shock,
we perform the simulations in the rest frame of the Contact Discontinuity
(CD, also noted as primed frame in this section). The gas adiabatic index
is set to 𝛾̂ = 4/3 (relativistic) if the Lorentz factor of the fast shell in
the CD frame is larger than two (Γ′𝑟 > 2) and 𝛾̂ = 5/3 (non-relativistic)
else.

In difference to earlier studies, we further invoke a simple energy dissi-
pation scheme given by

𝜕𝜌 𝑒

𝜕𝑡
=

⎧⎪⎪⎨⎪⎪⎩
−𝜒 · 𝜌 𝑒 , 𝐸diss,total ≤ 𝜂∗diss𝐸int,th

0 , else
, (B.1)

where 𝜌 is the rest mass density, 𝑒 the internal energy per unit mass
(thus 𝜌𝑒 is the internal energy density) and 𝜒 a freely chosen parameter.
Further, 𝜂∗diss controls the total dissipated energy by relating it to 𝐸int,th,
the dissipated energy as predicted by the internal shock model (Eq. 5.3).
In all simulations we set 𝜒 = 10 𝜂∗/𝑡′shock and 𝜂∗diss = 𝜂diss (which is the
dissipation efficiency of single collisions introduced in the multi-collision
modelling).
Simply spoken, this implementation means that energy is dissipated
proportionally to the available internal energy until a given threshold is
reached.

To evaluate the probability of a two-shell final state, we scan over the
parameter space of mass and Lorentz factor ratios of the colliding shells
(𝑚 𝑓 /𝑚𝑠 and Γ 𝑓 /Γ𝑠). The results are shown in Figure B.2. The upper left
and two lower plots correspond to equal shell widths in the source frame
(Δ 𝑓 = Δ𝑠), in the upper right plot we set Δ 𝑓 = 0.1Δ𝑠 . In the upper panel
no energy dissipation is included in Pluto, in the lower panel we set
𝜂diss = 0.2 (left) and 𝜂diss = 0.5 (right). The lines further indicate where
𝑚 𝑓 = 𝑚𝑠 and 𝐸 𝑓 = 𝐸𝑠 are true (in the source frame).
The contours measure the depth of the dip created between the two shells
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Figure B.2: Depth of the dip 𝑑dip (see
Eq. B.2) between the post-collision shells,
scanning over different mass ratios and
Lorentz factor ratios of the colliding
shells (𝑚 𝑓 /𝑚𝑠 and Γ 𝑓 /Γ𝑠 ). On the red
(black) line, the colliding shells have
equal mass (energy).
In the upper left and two lower plots, the
colliding shells share the same width in
the source frame (Δ 𝑓 = Δ𝑠 ), in the up-
per right plot we set Δ 𝑓 = 0.1Δ𝑠 . While
in the upper panel, energy dissipation
is not included in PLUTO, we examine
𝜂diss = 0.2 and 𝜂diss = 0.5 in the lower
panel.
In white regions, we could not identify
two separate post-collision shells.
Figures adapted from [214]

[218]: Kino et al. (2004), “Hydrodynami-
cal effects in internal shock of relativistic
outflows”

𝑑dip, defined as

𝑑dip =
𝜌max − 𝜌min

𝜌max
, (B.2)

where 𝜌max is the maximum density of the less dense post-collision shell
and 𝜌min the density at the dip between the two peaks. Overall, 𝑑dip thus
measures how deep the decrease in density is that separates the two final
shells and large values of 𝑑dip correspond to well-separated post-collision
shells. In the white areas of the plots, we could not identify two separate
post-collision shells.

[218] studied post-collision shell configurations by means of analytical
estimates for the hydrodynamical timescales governing the system. They
find that depending on the ratio of shock-crossing and rarefaction-
wave crossing times for the fast and slow shell, single to triple peaked
profiles can theoretically be realised. However, in reality the triple-peaked
configuration will mostly appear as double-peaked.
Overall, they favour an equal-mass scenario with largeΓ 𝑓 /Γ𝑠 (forΔ 𝑓 = Δ𝑠)
for a two-shell post-collision state. This is in agreement with our findings
in Figure B.2; the center of the triangle-shaped distribution of dip depth
lies however at slightly larger mass ratios of 𝑚 𝑓 /𝑚𝑠 ≃ 1.5. ForΔ 𝑓 = 0.1Δ𝑠 ,
the distribution is flipped horizontally, with a much narrower distribution
and centered around 𝑚 𝑓 /𝑚𝑠 ≃ 0.6. This behaviour may be explained by
the change of shock crossing times for different shell widths.
For our simulations that include energy dissipation (shown in the lower
panel of Figure B.2), the parameter-space region for a two-shell post-
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collision state moves up to the right corner of the plot, hence to larger
Γ 𝑓 /Γ𝑠 and 𝑚 𝑓 /𝑚𝑠 . Especially for 𝜂diss = 0.5, in the largest part of the
parameter space only one post-collision shell can be expected.
We conclude that a two-shell post-collision setup is only realised in a
specific part of the parameter space and cannot be generally assumed. The
parameter-space region may be reduced by effects of energy dissipation
on the shock evolution.

For the full fireball simulations were we couple Pluto shock-tube simu-
lations to our radiation models, i. e. we evolve each two-shell encounter
with Pluto). For this we set 𝑑dip = 0.3 as a threshold for a two shell-final
state and impose 𝜂diss = 0.5. The post-collision shell(s) are calculated
from the post-collision PLUTO configuration such that the energies and
masses are conserved, for more details see [214].

B.3 Radiation regimes in LL-GRBs

As an addition to the LL-GRB results presented in the main text, we
investigate different radiation regimes realised during the jet dynamical
evolution that may impact the photon spectra, as presented in [233].
In analogy to the results of Chapter 6 we examine a parameter space
of 𝑓B (𝑥-axis of Figure B.3). The fireball evolution is represented as
different collisions between single layers in the GRB evolution, assuming
the same fireball evolution that is set by 𝐿wind and the Lorentz factor
distribution for each GRB. For each 𝑓𝐵, we adjust 𝜁𝑒 ,0 such that the
observed synchrotron peak remains constant. We then evaluate for each
single collision (numbered chronologically by the time they occur in
the source frame on the 𝑦-axis of Figure B.3) and 𝑓𝐵 the following two
conditions:

1. Fast-cooling regime
Following Section 4.4, this regime is realised if the critical Lorentz

GRB-SP GRB-UL GRB-HL

Figure B.3: Parameter space (see text) for the fast-cooling (blue) and Klein-Nishina inverse Compton (purple) regime as a function of 𝑓B
for GRB-SP, GRBl-long and GRB-HL for a fixed fireball evolution (Lorentz factor distribution and wind luminosity). The dark purple
region marks the overlap of both regimes. Vertical lines correspond to the choices for 𝑓B considered for the SED modelling.
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factor is smaller than 𝛾𝑒 ,min: 𝛾𝑒 ,c < 𝛾𝑒 ,min. In the fast-cooling
regime the complete distribution of primary electrons cools on the
dynamical timescale. This implies that primary electrons efficiently
convert their energy into non-thermal radiation.
The region in the parameter space fulfilling this criterion is marked
blue in Figure B.3.

2. Inverse Compton scatterings occurring in the Klein-Nishina regime
This regime (identified in [184, 187]) is realised if 𝜂1/3

m ≤ 𝑌Th ≤ 𝜂3
m

holds. The Compton-𝑌-parameter can be calculated directly as
𝑌Th ≃ [(𝑝𝑒−2)/(𝑝𝑒−1)] 𝑓 −1

𝐵
, where𝜂m ≃ 100 (𝛾𝑒 ,min/100)3(𝐵′/3000G).

The region in the parameter space fulfilling this criterion is marked
purple in Figure B.3.

The region where both criteria are met is depicted as dark purple.
We first review the parameter space for the fast-cooling regime: Due to
the low luminosity of the events, large magnetic fields (corresponding to
large 𝑓𝐵) are required for collisions to be in the fast cooling regime. This
is especially true for GRB-UL, where even for 𝑓𝐵 = 3 · 10−1 this condition
is not satisfied in all collisions. We find that for all three prototypes the
majority of the collisions are in the slow-cooling regime for 𝑓𝐵 = 3 · 10−4

which we consequently suggest to be disfavoured energetically. We
conclude that 𝑓𝐵 ≳ 10−3 should be chosen and 𝑓𝐵 = 3 · 10−4 is not a
realistic parameter assumption.
The Klein-Nishina inverse Compton regime is generally realised for lower
values of 𝑓𝐵.

B.4 Additional parameter tables for the
radiation modelling

For completeness we list the 𝑓𝐵-𝜁𝑒 ,0 pairs used in our GRB radiation
models in Table B.2. The Table further includes the corresponding
minimum Lorentz factor of electrons 𝛾𝑒 ,min as well as the number fraction
of accelerated electrons 𝜁 and the magnetic field strength 𝐵′ at the peak
of the simulated burst (for the models where 𝜁 ∝ 𝜖′diss was assumed). In
the case where we explored 𝜁 = cst. we instead list 𝛾𝑒 ,min and 𝐵′ at the
peak.
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Table B.2: Parameters for the GRB radiation modelling: Parameter sets of 𝑓𝐵 and 𝜁𝑒 ,0 used for the radiation modelling as well as the
minimum electron Lorentz factor 𝛾𝑒 ,min (that remained constant for 𝜁𝑒 ∝ 𝜖′diss. We further list the following parameters at the maximum
of the pulse (the ’peak’, which is defined as the collision where 𝜖′diss and 𝐸diss are maximal): the fraction of accelerated electrons 𝜁𝑒 ,peak

and the magnetic field 𝐵′. We define 𝜁𝑒 = min
{︃
𝜁𝑒 ,0 ·

𝜖′diss
100MeV/proton , 1

}︃
.

The top two tables tables contain the parameters for the LL-GRBs, for the educative example and the Fermi-LAT inspired prototypes, all
with the fiducial setup of 𝜁𝑒 ∝ 𝜖′diss. The bottom table lists the parameters for the additional models of the educative example where we
explored the impact of modelling assumptions. For the constant-𝜁𝑒 model, we list the minimum electron Lorentz factor at the maximum
of the pulse.

GRB-SP GR-UL GRB-HL

𝑓𝐵
𝜁𝑒 ,0
10−4

𝛾𝑒 ,min
104

𝜁𝑒 ,peak
10−4 𝐵′

peak [G] 𝜁𝑒 ,0
10−4

𝛾𝑒 ,min
104

𝜁𝑒 ,peak
10−4 𝐵′

peak [G] 𝜁𝑒 ,0
10−4

𝛾𝑒 ,min
104

𝜁𝑒 ,peak
10−4 𝐵′

peak [G]

3 · 10−1 7.3 3.0 5.8 300 9.2 2.8 7.6 91 5.7 3.6 6.0 126

3 · 10−2 4.1 5.3 3.2 94 5.2 5.0 4.3 29 3.2 6.4 3.4 40

3 · 10−3 2.3 9.4 1.8 30 2.9 8.9 2.4 9 1.8 11.3 1.9 13

3 · 10−4 1.3 16.8 1.0 9 1.6 15.9 1.4 3 1.0 20.1 1.0 4

educative example GRB 131108A-like GRB 170214B-like

𝑓𝐵
𝜁𝑒 ,0
10−3

𝛾𝑒 ,min
104

𝜁𝑒 ,peak
10−6 𝐵′

peak [G] 𝜁𝑒 ,0
10−3

𝛾𝑒 ,min
103

𝜁𝑒 ,peak
10−4 𝐵′

peak [G] 𝜁𝑒 ,0
10−3

𝛾𝑒 ,min
104

𝜁𝑒 ,peak
10−4 𝐵′

peak [G]

1 1.8 1.2 5.1 1657 2.3 9.3 3.7 2713 2.1 1.5 2.3 3768

10−1 1.0 2.1 1.9 524 – – – – – – – –

10−2 0.8 3.6 1.6 165 – – – – – – – –

10−3 0.4 6.5 0.9 52 0.4 52.5 0.65 85 0.4 8.6 0.4 119

educative example

constant 𝜁𝑒 (Γinital
min , Γinital

max ) = (100, 500) (Γinital
min , Γinital

max ) = (400, 900)

𝑓𝐵
𝜁𝑒

10−6
𝛾𝑒 ,min,peak

104 𝐵′
peak [G] 𝜁𝑒 ,0

10−3
𝛾𝑒 ,min

103
𝜁𝑒 ,peak

10−5 𝐵′
peak [G] 𝜁𝑒 ,0

10−4
𝛾𝑒 ,min

104
𝜁𝑒 ,peak

10−6 𝐵′
peak [G]

1 4.9 1.2 1657 3.6 6.1 1.3 8702 9.6 2.3 1.5 319

10−1 2.8 2.1 524 – – – – – – – –

10−2 1.6 3.8 165 – – – – – – – –

10−3 0.9 6.7 52 0.6 34.3 0.2 275 1.7 12.7 0.3 10
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