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Abstract : The joint observation of gravitatio-
nal waves and the electromagnetic counterparts
of a binary neutron star merger and the com-
pelling evidence for a blazar being a source of
high-energy neutrino in 2017 ushered in the era of
multi-messenger astronomy. The real-time effects
of cosmic-messenger propagation on observable
multi-messenger signatures are investigated, whose
implications are derived and confirmed by numeri-

cal tools developed and improved in this thesis. In
addition, the holistic platform Astro-COLIBRI has
been developed for coordinating multi-messenger
campaigns, which facilitated the detection of the
most distant active galaxy with a very-high-energy
signal conducted within the thesis. The acquired
insights and developed tools contribute to impro-
ved coordination of multi-messenger campaigns.

Titel : Berücksichtigung von Echtzeiteffekten zur besseren Koordination von Multi-Messenger-
Kampagnen
Schlagwörter : Astrophysik, Multi-Messenger, Multi-Wellenlänge, Echtzeiteffekte, Hochenergie, Blazar

Abstrakt : Die gemeinsame Beobachtung von
Gravitationswellen und Photonen bei der Versch-
melzung eines binären Neutronensterns sowie der
stichhaltige Hinweis auf einen Blazar als Quelle
hochenergetischer Neutrinos im Jahr 2017 tru-
gen wesentlich dazu bei, die Ära der Multi-
Messenger-Astronomie einzuläuten. Die Auswir-
kungen von Echtzeiteffekten der Propagation
kosmischer Messenger auf beobachtbare Multi-
Messenger-Signaturen werden hergeleitet und mit

Hilfe der in dieser Arbeit entwickelten und ver-
besserten numerischen Tools bestätigt. Darüber
hinaus wurde die Plattform Astro-COLIBRI zur
Koordinierung von Multi-Messenger-Kampagnen
entwickelt, die den Nachweis der am weitesten
entfernten aktiven Galaxie mit einem sehr ener-
giereichen Signal im Rahmen dieser Arbeit ermö-
glichte. Die gewonnenen Erkenntnisse und entwi-
ckelte Software tragen zu einer verbesserten Koor-
dination von Multi-Messenger-Kampagnen bei.

Titre : Prise en compte des effets temporels pour une meilleure coordination des observations multi-
messagers
Mots clés : Astrophysique, multi-messager, multi-longueur d’onde, effets temporels, haute énergie,
blazar

Résumé : L’observation conjointe des ondes gra-
vitationnelles et des contreparties électromagné-
tiques de la fusion d’une étoile à neutrons binaire
et l’indice qu’un blazar est une source de neutrino
de haute énergie en 2017 ont inauguré l’ère de
l’astronomie multi-messagers. Les effets en temps
réel de la propagation des messagers cosmiques
sur les signatures multi-messagers sont étudiés,
dont les implications sont dérivées et confirmées

par des outils numériques développés et améliorés
dans cette thèse. De plus, la plateforme holistique
Astro-COLIBRI a été développée pour coordonner
les campagnes multi-messagers, ce qui a facilité
la détection d’une galaxie active la plus lointaine
avec un signal de très haute énergie réalisée dans
le cadre de la thèse. Les connaissances acquises et
les outils développés contribuent à une meilleure
coordination des campagnes multi-messagers.
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Chapter 1

Introduction

1.1 Scientific Drivers & Scope

Joint measurements of gravitational waves (GWs) [4] or neutrinos [89] and their elec-
tromagnetic counterpart provided recently deep insights into transient phenomena,
thus contributing significantly to ushering in the era of multi-messenger astronomy.
The temporal and spatial correlation of detections of one neutrino and gamma-rays
with 3σ significance hints at the source’s capability of creating high-energy cosmic
rays, another astrophysical messenger, which is a critical intermediate in producing
those neutrinos. Despite these breakthroughs, a complete understanding of particle
production, propagation, and escape within astrophysical sources of high-energy mes-
sengers is still missing. To further constrain analytical theories, extended observations
of transient phenomena are needed, which cover a wide range of the electromagnetic
spectrum in addition to neutrinos and GWs, as each messenger provides insights into
specific source regions and physical processes. In light of the lack of predictive capabil-
ities for transient phenomena, it is necessary to react spontaneously and immediately
to transient event alerts with follow-up observations. This thesis aims to improve the
coordination of follow-up campaigns with a twofold approach:

1. First, the thesis investigates real-time effects that improve the understanding of
timescales of transient phenomena. In this pursuit, the present study invokes
another layer of complexity in analytical and numerical modeling of transient
phenomena by explicitly considering the real-time propagation effects of messen-
ger in sources and their subsequent journey to Earth.

2. The development of Astro-COLIBRI as a holistic planning tool for follow-up
observations is presented. Its use in the High Energy Stereoscopic System
(H.E.S.S.) and its contribution to successfully detecting the most distant very-
high-energy (VHE) signal from an active galactic nuclei (AGN) are highlighted.
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This dissertation is based on my research in the context of my bi-nationally supervised
Ph.D. (Cotutelle) at the Ruhr-Universität Bochum and the Université Paris-Saclay.
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1.3 Structure

This thesis is structured as follows:

1. Introduction
Chapter 1 introduces this thesis’s scientific drivers and scope. This chapter also
serves to declare my work published in scientific journals. The present outline
structures the individual papers in the overall context of the thesis.

2. Real-Time Multi-Messenger Astrophysics
Chapter 2 shall introduce the concept of real-time multi-messenger Astrophysics.
This approach combines information about messengers from different source re-
gions in a holistic approach to provide a comprehensive picture of transient phe-
nomena. In the pursuit of this introductory chapter, the individual messengers
shall be introduced along with their specific set of physics that contribute to
the multi-messenger approach. Subsequently, transient astrophysical sources are
reviewed, whose nature is explored in multi-messenger campaigns. Finally, the
chapter concludes with an introduction to real-time effects that can explain tem-
poral variations of the observed transient phenomena.

3. Real-Time Multi-Messenger Tools
The first part of Chapter 3 summarizes tools used to plan and conduct multi-
messenger follow-up campaigns of transient events. This overview also serves to
illustrate the patchwork of different specific tools in the multi-messenger ecosys-
tem. The chapter discusses how the development of Astro-COLIBRI facilitates
the coordination of follow-up observations by providing a user-friendly platform.
The usage of Astro-COLIBRI is illustrated by the example of the detection of the
most distant very-high-energy AGN. The second part, Section 3.2, of the chapter
discusses numerical simulation codes, focusing on CRPropa and PropPy, as both
can resolve the difficult-to-evaluate trajectories of charged particles. Emphasize
is put on essential aspects for the study of multi-messenger signatures.

4. Cosmic-Ray Transport in Astrophysical Sources
Chapter 4 deals with the physics of charged particles in astrophysical sources.
The focus is on the transport properties of charged particles. The influence of
the source environment on the escape times and spectrum of charged particles
is illustrated. Inheritance of these properties to secondary particles has far-
reaching consequences for multi-messenger signals, including real-time effects,
and must therefore be considered in multi-messenger campaigns. In discussing
this aspect in detail, new analytical expressions for the expected escape times
of charged particles from source regions are derived and confirmed by numerical
simulations.

5. Journey of Messengers from Sources to Earth
The findings obtained in Chapter 4 are generalized for the transport from the
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sources to the Earth in Chapter 5. This includes the presentation of a criterion
for diffusive transport of charged particles depending on particle energies and
source distances. The study helps estimate at what energies cosmic rays may be
correlated with sources and thus potentially contribute to the multi-messenger
approach.

6. Conclusions & Outlook
Chapter 6 summarizes how the consideration of real-time effects and the usage
of Astro-COLIBRI improves the planning of multi-messenger campaigns. The
most important findings are elaborated on and provided with an outlook on
future work.





Chapter 2

Real-Time Multi-Messenger
Astrophysics

2.1 Multi-Messenger Approach

After decades of progress in observing techniques with significant breakthroughs in un-
derstanding the observable properties of astrophysical sources, a fundamentally new
research domain has recently revealed its first results: real-time multi-messenger astro-
physics. While observations by eye and basic telescopes were historically constrained
to optical-wavelength photons, we explore the Universe nowadays in its entire wealth
manifested in the complete electromagnetic spectrum and with complementary mes-
sengers. Combining these pieces of messenger information from different source re-
gions in a holistic approach yields a comprehensive picture. This approach is shown
schematically in Figure 2.1, where different messenger originating from a source can be
observed at Earth. An observatory, however, comes with characteristics rooted in the
underlying detector physics that allow for observations of only one messenger within
a constrained energy window. This aspect draws parallels to a Buddhist parable, in
which a group of blind men is supposed to examine an elephant. The analogy arises
from the fact that each of the blind men can study only one part of the elephant’s
body, similar to how an observatory can observe only one aspect of a transient phe-
nomena. This limitation within the realm of multi-messenger astrophysics requires the
observation of a transient event with several telescopes simultaneously, which coins the
phrase real-time multi-messenger astrophysics. To achieve simultaneous observations,
a sophisticated real-time communication between the observatories is necessary, whose
details shall see more emphasis in Chapter 3. Whereas the blind men in the parable
accuse each other of lying because of their different observations, multi-messenger as-
trophysics uses complementary observations to come to a conclusive overall picture of
the event. The multi-messenger astrophysics portfolio is introduced below.
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Figure 2.1: Schematic view of the non-thermal multi-messenger emission from astrophys-
ical particle sources. Taken from [24].

Cosmic Rays The term cosmic rays (CRs) encapsulates different types of charged
particles. The CR composition above GeV energies is dominated by protons sup-
plemented by a smaller contribution from heavier nuclei and a minor component of
electrons and positrons [189]. The acceleration of CRs up to energies from a few
GeV up to beyond 1020 eV is described by different acceleration mechanisms, includ-
ing both Fermi mechanisms. During Fermi-acceleration mechanisms, particles accu-
mulate energy in subsequent acceleration processes in turbulent magnetic fields in
e.g. collisionless shock fronts. This mechanism leads to a power-law energy spectrum
close to E−2. Deviations from this theoretical prediction in observations of the cosmic-
ray spectrum arise from complex plasma-physical effects during the transport and the
acceleration processes that modify the simplified Fermi-mechanism predictions (e.g.,
see mechanisms described in [26, 53]). The observed cosmic-ray energy spectrum
dN/dE = Φ(E) ∝ E−αCR above ∼ 10GeV can approximately be described as a
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broken-power law with three different regimes [24],

αCR ≈


2.67± 0.02 10 < E/GeV < 106.4

3.07± 0.07 106.4 < E/GeV < 109.7

2.33± 0.33 E/GeV > 109.7
. (2.1)

Figure 2.2 shows the cosmic-ray flux with indications of the so-called knee and ankle,
which label the transitions between the three regimes. Note that over the last years,
measurements with increasing resolution have shown that more spectral features are
present, such as a 2nd knee at energies around a few 105 TeV. The formation of

mass	groups

elements

knee

2nd	knee

ankle

Figure 2.2: Cosmic-ray flux scaled with E2.6 vs particle energy. Note that spectra from
different experiments have been multiplied by a constant to adjust them to a common
energy scale as described in [155] in more detail, where this figure is taken from.

these different regimes suggests an energy-related change in the origin of CRs. The
ankle marks the transition from Galactic to extragalactic CRs [24]. Possible reasons
for the knees include the acceleration by two different source types with different
maximum rigidities [32] and the rigidity-dependent transport around CR sources [177].
In addition, the transport of CRs through turbulent magnetic fields not only changes
their energy spectrum (see Section 2.3.2) and their escape times but is also responsible
for their isotropization. The resulting CR highly-isotropic arrival directions complicate
identifying CR acceleration sites. The observed weak large-scale an-isotropies can be
modeled by accounting for the source distribution and the relative motion of the Earth.
However, the observed small-scale an-isotropies may permit deductions about the local
turbulent magnetic field (see [11] for a comprehensive review).

A vital role in the quest for finding the CR origin plays the discussion about
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hadronic versus leptonic source models. Therefore, the generation of high-energy neu-
trinos is a clear sign for hadronic processes that require the existence of high-energy
CRs in astrophysical sources or emission regions.

High-Energy Neutrinos High-energy neutrinos come equipped with their very
unique set of physics. The small interaction cross section of neutrinos allows for deep
insights into the central areas of astronomical particle accelerators. Relativistically ac-
celerated CRs produce high-energy astrophysical neutrinos in interactions via different
production channels with the proton, and photon target densities in accelerator sites
[24]. Therefore, observations of high-energy neutrinos play an essential role in finding
CR sources. Consequently, the diffuse high-energy neutrino flux of up to PeV high-
energy neutrinos of astrophysical origin detected by IceCube [88] implies the existence
of source classes that produce high-energy neutrinos via (photo-)hadronic interactions.
The flux contains a significant extragalactic component [24]. Several potential associ-
ations of neutrinos with extragalactic objects have been identified with 3σ confidence,
with the blazar TXS 0506+056 being the first one. This source lies well within the
uncertainty region of the neutrino event reported by IceCube via the IceCube-170922A
alert. Fermi -LAT observed a flaring state of this source during the IceCube detection
and thus exhibits temporal and spatial correlation with a 3σ significance [89].

A 5σ detection of a high-energy neutrino source has not been announced yet by
this generation’s most sensitive neutrino detector, the IceCube observatory, nor by the
ANTARES and Baikal neutrino telescopes.

Photons Observations of photons from astrophysical sources cover the entire elec-
tromagnetic spectrum with energies ranging from the radio regime E = 10−6 eV up to
gamma rays above E = 1014 eV. Photon energies are related to their frequency ν via

E = hν ≈ 4.1
ν

1015Hz
eV, (2.2)

where h is the Planck constant.
Astronomy began with observing photons from the optical domain via the hu-

man eye. Since then, observations have been extended to the whole spectrum by
ground- and space-based telescopes. This extension of observations to the complete
electromagnetic spectrum is phrased as multi-wavelength astrophysics. The success
of observing this messenger stems from the ease of tracing the straight-line trajecto-
ries back to their origin, which facilitates finding their sources. Thus, observations
provide direct information about the sources, similar to neutrino observations. In con-
trast to neutrinos, photons can be detected much more easily, especially in the optical
range. However, interactions and absorptions of photons in source regions and our
atmosphere entail some disadvantages. For instance, X-rays require observation from
satellite-based telescopes, and some source environments are utterly opaque to high-
energy photons. Figure 2.3 gives an overview of the sensitivity of current and future



2.1. MULTI-MESSENGER APPROACH 11

Figure 2.3: Comparison of the sensitivity of current and future GeV and TeV observatories.
Figure slightly modified from [128].

GeV and TeV observatories, a range that is most relevant for the discussion in this
thesis.

Gravitational Waves The existence of gravitational waves (GWs) follows as pre-
dictions from the general theory of relativity, as these space-time waves are a solution
of the Einstein field equations

Rµν −
1

2
Rgµν + Λ gµν =

8πG

c4
Tµν , (2.3)

where R and Rµν denote the Ricci scalar and tensor, gµν the space-time metric, Λ
the cosmological constant, and Tµν labels the energy-momentum tensor. GWs are
predicted and observed to originate from particularly massive, strongly accelerated
objects, which include non-rotationally symmetric systems but also the merging or
asymmetric collapse of massive objects, such as black holes or binary neutron stars.
Interferometer-based GW observatories, such as LIGO and Virgo, have detected an
increasing number of such events over the last years [3, 6, 7].

GWs allow for deep insights into sources as they cannot be absorbed by matter and
pose an important constituent in the multi-messenger approach. These characteristics
open up new promising opportunities in multi-messenger campaigns. However, large
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uncertainties in the sky localization of current GW observatories impose challenges
to the search for multi-messenger and electromagnetic counterparts and associated
sources. Upcoming improvements of the Virgo and LIGO observatories will increase
their sensitivity. Furthermore, the KAGRA interferometer in Japan and LIGO-India
will join the global network [5] resulting in reduced localization uncertainties.

2.2 Transient Events
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Figure 2.4: Hillas plot taken from [24].

The study of transient phenomena in the sky is a novel and rapidly increasing field
of astronomy. Here, transient phenomena refer to astrophysical sources that show an
unpredictable temporal evolution that exhibits a flaring character in emitted messen-
gers caused by, e.g., explosions or mergers. Figure 2.4 shows a Hillas-plot that presents
an overview of astrophysical source properties and their ability to accelerate CRs up to
high energies. The maximum energies attainable in sources through acceleration are
given by the Hillas criterion [84], which states that particles are confined until their
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gyroradii rg exceed the source size R

rg =
E

qcB
≲ R. (2.4)

Source classes known for their transient character are introduced in the remaining
part of this subsection.

Active Galactic Nuclei Galaxies with a black hole in the center that actively ac-
cretes matter and forms jets perpendicular to their accretion disk represent systems
that can accelerate particles to extreme energies. These systems are called active galac-
tic nuclei (AGN). Extreme conditions prevail in AGN jets because of strong magnetic
fields, photon fields, and high mass densities. In relativistically accelerated plasmoids
with high target densities and strong magnetic field strengths moving along the jet
axis, secondaries are created through various mechanisms that include hadronic inter-
action processes [36, 86]. These moving plasmoids introduce variability of AGN jet
emission on different timescales and frequencies [39, 77, 82, 100].

The subclass of AGN that points with one jet towards Earth is called a blazar.
A blazar, TXS 0506+05, was the first extragalactic object from which a neutrino
was detected during its flaring state with a temporal and spatial correlation with the
significance of 3σ [89]. Figure 2.5 shows the broadband spectral energy distribution
(SED) of TXS 0506+05 within a period of 14 days of the IceCube-170922A detection.
This figure shows a typical blazar SED covering the electromagnetic spectrum with
two characteristic bumps demanding advanced multi-wavelength and multi-messenger
modeling with constraints from possible neutrino detections.

Gamma-Ray Bursts Gamma-ray bursts (GRBs) are powerful explosions that are
primarily observed as short but very intense pulses of high-energy radiation in the
sky. Subsequently, photons are emitted in the afterglow phase, posing an exciting
object for multi-wavelength observations. There exist two general GRB subclasses that
differ in their flare duration and result from different formation mechanisms. Whereas
both flares occur on short timescales and thus must originate from relatively compact
objects, the particularly short bursts last only a fraction of a second and are associated
with mergers of binary neutron stars. The longer GRBs that last a few seconds up
to minutes have been shown to originate from the collapse of a single massive star
to form a black hole or a neutron star and were found connected to (superluminous)
supernovae [185].

The list of open questions about GRBs is long. It contains aspects of their flare
time evolution, the maximum energy reached, the progenitor’s properties, the circum-
burst environment, and the dependencies of the jet opening angle. Rapid follow-up
observations across the electromagnetic spectrum are needed to answer these questions.
Combined multi-messenger observations that take GWs detections into account will
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Figure 2.5: Broadband SED for the blazar TXS 0506+056 observed within 14 days of
the detection of the IceCube-170922A event in comparison with archival data. Figure is
taken from [89] while modifying font sizes.

shed further light on the nature of GRBs, especially when caused by binary neutron
star mergers. Binary neutron star mergers cause both GRB and kilonovae [4].

GRBs also qualify as ideal objects for studying Lorentz invariance violations (LIV),
as the tiny effects accumulate into potentially noticeable effects over the long source-
to-earth trajectories. See an overview in the Appendix A of the study of LIV effects
using a multi-messenger, real-time approach.

Fast-Radio Bursts Fast-radio bursts (FRBs) are very short-flaring radio transients
caused by a not yet understood physical mechanism. The duration of the radio pulse
typically ranges from microseconds to milliseconds. A first multi-wavelength insight
was achieved by observing an FRB in coincidence with a short X-ray burst [116]. Be-
cause of the short burst durations, follow-up observations of the afterglows are crucial
since direct observation of the burst is typically not possible outside of coordinated
multi-wavelength campaigns. Figure 2.6 shows the number of FRB detections that are
publicly distributed through the transient name server (TNS).
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Figure 2.6: Statistic of publicly distributed FRB detections generated by evaluating data
stored in TNS for different telescopes. Displayed data is taken from the TNS website.
Note that the decrease since 2020 is caused by not all detections being distributed publicly
anymore e.g. from CHIMEFRB.

Tidal Disruption Events A Tidal Disruption Event (TDE) is believed to originate
from an orbiting star approaching its hosting supermassive black hole (SMBH) such
that the gravitational forces disrupt the infalling star. These events are accompanied
by long flares through the emission from the accretion of the stellar debris on the
SMBH. TDEs are sometimes accompanied by jets. The possible association of neutri-
nos with TDEs [170] triggered renewed interest in this research direction in the context
of a multi-messenger approach.

Flaring Stars Flares of stars are, by definition, events in which a sudden, substantial
increase in the photon flux of an object occurs. These events have been observed and
studied in the Sun for a long time. The knowledge gained from these investigations can
largely be transferred to flares of other stellar objects under the assumption of similar
underlying physical effects [129]. Furthermore, based on (semi-)empirical statistical
relation properties of the flare can be deduced from observed quantities [28, 44, 132].
It is also assumed that during stellar flares of M dwarfs, high proton energies up to
some GeV are possible – in extreme cases, even up to TeV [83, 129].

The study of these M-dwarf flares poses exciting insights into the propagation of
CRs from M dwarfs to estimate the potential radiation load on Earth-like planets in
their system. Thus, statements can be made as to how realistic it is to find life on
these planets and whether the radiation intensity could prevent possible life.
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Figure 2.7: Statistic of publicly distributed and classified SN generated by evaluating
data stored in TNS for different telescopes or brokers.

Novae A nova is a flare in a close binary system consisting of a white dwarf and
its companion star. This transient event is caused by the accretion and heating of
material from the companion star into the outer layer of the white dwarf. Exceeding
a critical temperature leads to a sudden thermonuclear explosion. H.E.S.S. [78] and
MAGIC [112] observed very-high-energy photons (≳ 100GeV) during the recurrent
nova RS Ophiuchi outburst in 2021. Theoretic interpretation suggests the acceleration
of charged particles to hundreds of GeV in the nova shock.

Supernovae Supernovae (SNe) are transient events caused by a powerful explosion
of a star. Such an event can be triggered by stars in their final life cycle or in a binary
system composed of a white dwarf and its companion star. The number of classified
SNe increased due to improved observatories and more sophisticated analysis pipelines.
Figure 2.7 presents the number of classified SNe as a function of time broken down to
the observatories with the most classified detections.

2.3 Real-Time Effects

Due to prevailing particle densities and magnetic fields, there are various interaction
and energy-loss processes of high-energy particles in transient astrophysical sources.
Section 2.3.1 explains these processes in more detail and highlights their influence in
the context of real-time multi-messenger astrophysics. Strong magnetic fields with tur-
bulent components also introduce transport effects on charged particles that influence
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their propagation and escape times, which in turn alter observable multi-messenger
signatures. This is explained in Section 2.3.2.

2.3.1 Particle Interactions

The influence of particle interactions on the real-time effects of transient phenomena
is complex. The challenge in multi-messenger astrophysics is to map the different
messengers to the correct production mechanisms. A key aspect here is the temporal
association of the signatures with the underlying physical processes. A related factor
is the determination of the production regions of individual signatures. Due to the
extended source regions, different processes may occur in other areas. One prominent
example is the emission of blazars, where the resolution of the production regions along
the jet is not possible through observations. Furthermore, there may be overlaps of
different processes which are not spatially separable by observations.

The nonlinear interplay of different particle interaction processes adds to the com-
plexity, especially in electromagnetic cascades. In addition to the primary particles, all
secondary particles also interact while serving as target material for other processes.

Considering the example of broad-band fits on observed SEDs introduced in Sec-
tion 2.1 shows the presence of numerous interaction processes from source regions.
In blazars, for example, dominant leptonic processes are invoked in the literature to
explain the observed SED [136, 148, 182]. Here, leptonic processes shape the first SED
bump, the so-called synchrotron bump, through charged particles gyrating in the mag-
netic field. Whereas the whole modeling of the SED, particularly the time-dependent
evolution during flares, is still subject to current research [25], the simultaneous obser-
vation of the flare in the electromagnetic spectrum with the neutrino observation is ex-
plainable by employing hadronic models. Note that the large proton and target photon
density required to produce neutrinos through photo- and hadron-hadron interactions
increase the γγ opacity [67, 79, 125]. A large γγ opacity introduces a reduced γ emis-
sion [100] resulting in a temporarily γ-suppressed jet. Figure 2.8 presents a schematic
overview of the different interaction processes involved in creating γ-transparent and
γ-suppressed jet states.

2.3.2 Particle Transport

CR transport is mostly investigated by means of the phase-space distribution function
n = n(t, r⃗, p⃗) of CRs (see [24] for a review) at a given position r⃗, momentum p⃗, and
time t. The relevant property-changing effects on n of relativistic charged particles
appear on shorter timescales than those on which magnetic fields change. Therefore,
magnetic fields are set to be stationary [61, 92]. This ansatz with predefined, stationary
magnetic fields simplifies studies in various astrophysical environments. Therefore, the
method pursued here corresponds to the test-particle approach since the feedback of
particles on the environment is neglected.
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Figure 2.8: Schematic overview of the different interaction processes for γ-transparent
and γ-suppressed jets. For example, large proton and photon target densities in the plas-
moid in the γ-suppressed jet state shown in the lower panel increase the γγ opacity and
temporarily reduce the γ-ray flux. On the other hand, the jet is transparent for γ-rays
without the large proton and photon target densities. For this γ-transparent jet state, the
neutrino production is assumed to be suppressed due to missing hadronic interactions, as
illustrated in the upper panel.
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Transport Equation The Parker-transport equation commonly describes the dy-
namics of the particle distribution function n of CRs in magnetic fields with near-
isotropy in momentum space (e.g. [24, 57, 101, 188])

∂n

∂t
= ∇ · (κ̂∇n)︸ ︷︷ ︸

Spatial diffusion

− u⃗ · ∇n︸ ︷︷ ︸
Advection

+
1

p2
∂

∂p

(
p2κpp

∂n

∂p

)
︸ ︷︷ ︸

Momentum diffusion

+
p

3
(∇ · u⃗)∂n

∂p︸ ︷︷ ︸
Ad. energy changes

+ S︸︷︷︸
Source

. (2.5)

Here, κpp is the momentum diffusion scalar, u⃗ is an advection speed, p is the mo-
mentum, and κ̂ is the spatial diffusion tensor. Note that interaction losses and drifts
(see [186] for a discussion about the influence of drifts in the Galaxy) are neglected in
this description governed by Equation (2.5) and that isotropy in momentum space is
assumed. Thus only the magnitude of p appears, and only the diagonal elements of
the spatial diffusion tensor κ̂ are considered.

The physical processes involved in the Parker-transport equation are discussed
shortly below, focusing on their real-time influence on observables.

• Spatial diffusion: The influence of spatial diffusion is dominant in many as-
trophysical systems. Neglecting all other terms of the Parker-transport equation
yields the diffusion equation

∂n

∂t
= ∇ · (κ̂∇n). (2.6)

The general solution of the diffusion equation for point sources at position xi

and an initial flare at t0 governed by the initial condition n(x, t = t0) = δ(x−xi)
yields a Gaussian distribution

n(xi, t) =
1

2
√
πκii

exp

(
− x2

i

4κiit

)
, (2.7)

where i indicates the three spatial directions. The diffusion coefficients κii are the
diagonal elements of the diffusion tensor and are considered to be constant here.
Computation of the second moment provides the definition of spatial diffusion

⟨(∆xi)
2⟩ =

+∞∫
−∞

dxi x
2
in(xi, t) = 2t κii, (2.8)

with the running diffusion coefficient

κii =
⟨(∆xi)

2⟩
2t

. (2.9)

These equations illustrate the influence of diffusion effects on the temporal evo-
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lution of charged particles in turbulent magnetic fields for a given diffusion coef-
ficient. Furthermore, the variation of system parameters in source environments,
such as radially decreasing magnetic field strengths, change the diffusion coeffi-
cients κii(B,E) and thus introduce complex time- and space-dependent dynamics
of particle transport that is not governed anymore by the simple solution given
in Equation (2.7) for constant diffusion coefficients. Therefore, the influence of
diffusion has profound effects on the residence time of CRs in source regions
with high particle and photon target densities and thus significantly influences
the intensity and variability of the secondaries produced in particle interaction
cascades.

• Spatial advection: This effect often describes a galactic wind, where charged
particles stream with a certain velocity represented by the term u⃗ · ∇n. Similar
to diffusion, but much easier to model, advection eventually also modifies the
escape times in sources [25].

• Momentum diffusion: Diffusive change in momentum is also governed by a
Markov process

1

p2
∂

∂p

(
p2κpp

∂n

∂p

)
. (2.10)

Here, isotropy in momentum space is assumed. This term is relevant for diffusive
reacceleration models such as the second-order Fermi acceleration that is caused
by moving magnetic irregularities [131].

• Adiabatic energy changes: Energy changes due to compressive flows are gov-
erned by the term

p

3
(∇ · u⃗)∂n

∂p
. (2.11)

This term models, for example, the first-order Fermi acceleration.

• Source: Sources and sinks of CRs modeled via the transport equation are taken
into account by a dedicated term S of the transport equation. This term describes
the source spectrum that contains the physics of the acceleration problem.

The Parker-transport equation can be extended by taking continuous and catastrophic
energy loss or gain processes into account (see e.g. [24]). Furthermore, the spatial
diffusion can be modified by including a term

τ
∂2n

∂t2
(2.12)
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to take the timescale τ into account on which the transport becomes diffusive. This
extension allows for the description of the initial ballistic transport phase, which shall
be explained in more detail in Section 3.2.2. In this thesis, the transport is called
diffusive1 when the diffusion coefficient remains constant, i.e., has reached its steady-
state value.

Leaky-Box Model The leaky-box model provides a simplified description of the
transport of CRs in a closed, box-like system with escaping particles (leak out) from
it. This model is applied in the description of the transport in galaxies but can also
be used in comparable systems that are subject to the following conditions:

1. The physical system is considered to be in steady-state,

∂n

∂t
= 0. (2.13)

2. Spatial diffusion of CRs is described solely through their escape times τesc from
the system via

∇ · (κ̂∇n) = − n

τesc
. (2.14)

The resulting steady-state transport equation for the leaky-box model yields

n(E) = τesc(E) · S(E), (2.15)

where these quantities depend on the particle energies. Note that other terms of the
Parker-transport equation could be considered by additional timescales such as τadv or
τcool that describe advection and energy-loss processes, respectively.

Escape times for a diffusion-dominated system with space-invariant properties, such
as constant magnetic fields, can be expressed via the average escape distances ⟨d⟩ and
their energy-dependent scalar diffusion coefficients κ(E) via

τesc =
⟨d2⟩
κ(E)

. (2.16)

Geometric considerations simplify Equation (2.16) to the extent that ⟨d2⟩ can be
replaced by system-specific quantities. For spiral galaxies, particles originated in the
galactic planes escape mostly perpendicularly to it after reaching the scale heights H

1Note that particle propagation in general turbulence, instead of the applied isotropic Kolmogorov
model, may also be subdiffusive or superdiffusive, for which the running diffusion coefficients decrease
or increase, respectively.
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so that ⟨d2⟩ ≈ H2 results in

n(E) =
H2

κ(E)
· S(E). (2.17)

In nearly spherically symmetric systems with central sources and average escape dis-
tances of R, Equation (2.17) yields

n(E) =
R2

κ(E)
· S(E). (2.18)

The assumption of source spectra following a power-law S(E) ∝ E−α in accordance
with observations and state of the art acceleration mechanisms leads to profound
conclusions concerning the particle spectrum in the leaky box

n(E) ∝ (κ(E))−1 · S(E) ∝ E−δ−α. (2.19)

Here, a power-law dependency of the diffusion coefficient on the energy, κ(E) ∝ Eδ, is
assumed following analytical theories and numerical simulations (see [69] and references
therein).

2.3.3 Time Delays of Messengers at Arrival at Earth

For most extragalactic sources, the source-to-Galaxy propagation time τs−MW domi-
nates the required total propagation time τtot = τesc + τs−MW + τMW ≈ τs−MW. Here,
τesc denotes the escape time in the source and τMW the residence time in the Milky
Way before reaching Earth. The time τs−MW mainly depends on two aspects:

1. Particle speeds: The time needed to cover the distance between the source
and the Galaxy depends largely on the particle speed.

2. Trajectory length: For rectilinear paths, the trajectory lengths correspond
to the distance between the source and the Galaxy. For charged particles, de-
flections in the magnetic field play an important role and increase the mean
trajectory lengths to values that can significantly exceed the distance.

Several effects influence these two quantities:

Relativistic Doppler Effect

The relative motion between the source and the Earth introduces time delays that
can be described by the relativistic Doppler effect. This effect can be visualized by
employing worldlines in 4D space-time. For simplicity and without the restriction of
generality, the 3D space can be reduced into one dimension by considering only the
distance between both objects as the relevant contribution in space. Figure 2.9 shows
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Figure 2.9: Space-time diagram of a blazar in which the plasmoid that moves relativisti-
cally along the jet axis is chosen as the reference system. Therefore, the worldline of the
plasmoid follows along the y-axis. The worldline of Earth is defined as t = x/v, where v
denotes the relative speed between the plasmoid and Earth. Diagonal lines represent the
worldlines of photons.

a space-time diagram of a blazar in which the plasmoid that moves relativistically
along the jet axis is chosen as the reference system. The Earth moves relative to the
plasmoid with speed v on the worldline t = x/v+t0, with t0 being an offset. During the
escape process, the Earth moves ∆x = v∆t relative to the plasmoid. With the time
needed for light to pass the distance ∆x = c (∆t− τesc) follows for the time ∆t passed
on Earth within the inertial system at the plasmoid ∆t = cτesc/(c− v). Applying the
effect of time dilation yields for the escape time observed from Earth:

τEarthesc = ∆t

(
1− v2

c2

)1/2

= τesc

(
1 + v/c

1− v/c

)1/2

, (2.20)

Consequently, this factor depends only on the relative speed between the source (here,
AGN jet plasmoid) and Earth and reduces the duration of the observable flare on
Earth when the plasmoids are moving towards Earth v < 0.

Mass-Related Effect

Massless messenger travel with the speed of light c. Highly relativistic particles with
energy E and non-vanishing, invariant mass m0 travel with slightly-reduced speeds

v = c ·
√

1− 1

γ2
= c ·

√
1− m2

0c
4

E2

E≫m2
0c≈ c− m2

0c
5

2E2
, (2.21)
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Figure 2.10: Time delay ∆t of messengers with different invariant masses for different
trajectory lengths according to Equation (2.22). The time delay is defined with respect to
the time photons need for trajectory lengths of d = 15Mpc and d = 3330Mpc, respectively.

where γ denotes the Lorentz factor. In the last step, the Taylor expansion around
m2

0c/E = 0 is applied. The deviations from c for high-energy particles are minor,
especially for neutrinos with tiny masses mν < 0.8 eV/c2 (90% CL) [95]. Figure 2.10
shows the time delay ∆t accumulated at different travel distances d as a function of
energy that is determined with respect to the speed of light

∆t =
d

c
− d

v
=

d

c

( c
v
− 1
) E≫m2

0c≈ dm2
0c

3

2E2
. (2.22)

The E−2 scaling is visible in Figure 2.10. For particle energies close to the rest energies,
this scaling breaks down.

Deflections in Magnetic Field

For the rectilinear trajectories of neutrinos, the trajectory length is equal to the dis-
tance from the source to the observer. On the other hand, charged particles deviate
from rectilinear trajectories due to deflections caused by the magnetic fields. How
much the trajectories are increased on average by this effect shall be investigated in
more detail in the following paragraph.

When CRs propagate ballistically, they move approximately rectilinearly. The
other uncharged messengers, e.g., GWs, photons, and neutrinos, move also rectilinearly.
In these cases, the propagation time is approximately τtot ≈ τs−MW ≈ d/v, where d
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denotes the distance between source and Galaxy and v the speed of the particle. The
temporal variation in the particles arriving at Earth is largely dictated by the temporal
evolution of the flare, as discussed in Chapter 4 and by the other effects discussed in
the present chapter.

In contrast, for diffusively propagating charged CRs, the transport phase from the
source to the Galaxy determines the arrival times at Earth. The time particles need
to travel from sources to Earth yields

τtot = τEarthesc + τs−MW + τMW . (2.23)

The individual timescales yield

τi ≈

{
d2i /(2κi) diffusive

di/v ballistic
, (2.24)

where di and κi denote the distances and diffusion coefficients that apply in each
environment along the particle trajectory, respectively.

Implications for Follow-Up Observations

The effects discussed before affect the observable signatures in different ways. The
following list describes the influence of the above effects on the required time from
the origin to the observation on Earth. Furthermore, the relevance and the impact on
transient events’ characteristics and observable multi-messenger signatures are pointed
out.

Photons The escape time of photons from sources depends on the optical depth and
the distance to be covered. Neither mass-related nor transport-related ef-
fects play a role. However, the escape of photons within the plasmoid that
moves relative to Earth is subject to the relativistic Doppler effect. There-
fore, the relativistic Doppler effect modifies the flare duration observed on
Earth.

Neutrinos Whereas no transport-related effects occur, the non-vanishing mass mod-
ifies the propagation time required on the rectilinear path between the
source and Earth. Relativistic Doppler effects are an additional factor.
However, these effects are negligible for current neutrino observations.
Therefore, the runtimes of neutrinos from sources towards Earth depend
exclusively on the distance to be covered.

CRs In each transport phase, CRs can be affected by various effects. The dom-
inant influence is caused by deflections in magnetic fields, especially if the
transport can be described diffusively. The other effects are also present
but can typically be neglected. Since CRs produce photons and neutrinos
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through interactions in sources, the influences of CRs on secondaries are
inherited. The dynamics of the CRs can therefore influence the shape of a
light curve of photons and their spectrum during a flare.

GWs The GW from the binary neutron star merger GW170817 [3] arrived ∼ 1.7 s
before the electromagnetic counterpart [4] was detected with Fermi GBM
and INTEGRAL SPI-ACS. These observations are compatible with the
assumption of propagation velocities of GWs at the speed of light [187].



Chapter 3

Real-Time Multi-Messenger Tools

The scope of this work outlined in Chapter 1 requires the use of tools that make ad-
vances in the observation of transients but also shed light on physical processes through
numerical simulations. The development of Astro-COLIBRI has facilitated the time-
consuming work of burst advocates and shift crews in H.E.S.S. and other observatories
to evaluate transient events. The overview of the real-time multi-messenger ecosystem
and Astro-COLIBRI as an overarching tool presented in Section 3.1 is based on the
few-author publications where I have contributed as lead or co-author,

• P. Reichherzer∗ et al., “Astro-COLIBRI—The COincidence LIBrary for Real-
time Inquiry for Multimessenger Astrophysics”, The Astrophysical Journal Sup-
plements Series, 256, 1, 2021 — doi: 10.3847/1538-4365/ac1517,

• H. Ashkar∗, ..., P. Reichherzer et al., “The H.E.S.S. gravitational wave rapid
follow-up program”, Journal of Cosmology and Astroparticle Physics, 3, 2020 —
doi:10.1088/1475-7516/2021/03/045,
where I contributed with Astro-COLIBRI developements,

as well as on the proceedings [141, 156]. Section 3.2, where simulation tools in the con-
text of real-time and multi-messenger aspects are discussed, is based on the following
publications that are either in the peer-review process or in preparation

• R. Alves Batista, ..., P. Reichherzer et al., “CRPropa 3.2 — an advanced frame-
work for high-energy particle propagation in extragalactic and galactic spaces”,
in preparation (2022),

• P. Reichherzer∗ and J. Becker Tjus, “PropPy — Correlated random walk prop-
agation of cosmic rays in magnetic turbulence”, Journal of Open Source Software,
7, 74, 2022 — doi:10.21105/joss.04243,

and the proceeding [17]. Table 3.1 gives an overview of my contribution statistics for
the software discussed in this chapter.

27
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Table 3.1: Contribution statistics for software tools during my Ph.D. thesis taken from
GitHub and Gitlab on February 22, 2022.

Software Contributed commits (all) Merges (all) Fixed issues (all)
Astro-COLIBRI 1448 (2770) 112 (240) 88 (243)

CRPropa3 148 (2418) 4 (129) 2 (231)
CRPropa3 notebooks 19 (102) 2 (10) –

PropPy 770 (770) 29 (29) 32 (32)
FLRW tool 4 (85) 1 (2) 0 (6)

3.1 Transient Follow-Up Tools

The field of astrophysics is experiencing several fundamental changes, such as the in-
creasing relevance of observations of transients, i.e., temporal variability of astronom-
ical sources such as supernova explosions, fast radio bursts (FRBs), and gamma-ray
bursts (GRBs). An increasing number of cosmic messengers provide crucial informa-
tion about these events. The detection of a diffuse flux of high-energy neutrinos [1]
and of gravitational waves from mergers of compact binaries [4] has started to supple-
ment electromagnetic observations. Combining these complementary messengers can
provide crucial insights into events in the transient sky. The advances in the multi-
messenger and multi-wavelength approach are driven by new next-generation instru-
ments dedicated to the study of the most violent phenomena in the Universe, as well as
by improving real-time alert and follow-up systems. In real-time multi-messenger as-
tronomy, to tackle the above-described rapid developments in observation mechanisms,
among others, an ecosystem of numerous complimentary services has been established
over the last decades. For a review of high-energy alerts in the multi-messenger era,
see [55].

The study of these extreme flaring events in the multi-messenger approach requires
real-time and, to a large extent, fully automated communication between telescopes
(see e.g. [19, 120]) and researchers to respond instantaneously to events with follow-up
observations to better understand the nature of these events through complementary
observational data. This information exchange uses different data formats, e.g., those
proposed by the International Virtual Observatory Alliance, and different communi-
cation channels for the dissemination of alerts. The Astro-COLIBRI tool acts as a
central platform that bundles and evaluates alerts from the various channels and fur-
ther automates the coordination of follow-up observations by providing and linking
detailed information through its graphical interface that is easily comprehensible for
humans. While the need for specialized tools hosted on various websites for certain
messengers is evident, users should not be expected to have familiarized themselves
with all of them in order to carry out meaningful multi-messenger astronomy. Astro-
COLIBRI supports users by providing links to webpages without the user having to
navigate through the ecosystem and manually search for the event each time.
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Figure 3.1: The multi-messenger pipeline from observations of transient events to the
user notification and its visualization in the Astro-COLIBRI app. Details of the Astro-
COLIBRI architecture are shown in Figure 3.5. Overview over alert creator, broker and
streams is given in Table 3.2. Services with event information are listed in Table 3.3.
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The overall workflow of transient events in the context of the real-time multi-
messenger approach outlined here is summarized in Figure 3.1. When a flare is ob-
served by a monitoring satellite or observatory, one or more alerts are sent to the
community via brokers. Tools that correlate sub-threshold signals from different ob-
servations or do other detailed offline analyses complement the alert streams. An
overview of alert creators, brokers, and streams is presented in Section 3.1.1. These
alerts may directly trigger observatories for follow-up observations.

An ecosystem of services that provide additional information on transient events
is introduced in Section 3.1.2.

Section 3.1.3 introduces Astro-COLIBRI as a holistic system with a user-friendly
graphical web interface that acts as a top layer of the specific service providers pre-
sented in Section 3.1.2 as well as information and alert streams discussed in Sec-
tion 3.1.1.

Section 3.1.4 presents possible automated follow-up pipelines but also outlines pro-
cesses that include an Astro-COLIBRI-based discussion until a manual follow-up ob-
servation can be approved. Here, the planning of follow-up observing campaigns with
Astro-COLIBRI in observatories is presented using the AGN Target of Opportunity
(ToO) program in the High Energy Stereoscopic System (H.E.S.S.) as a representative
example. This section employs ideas presented in

• P. Reichherzer∗ et al., “Astro-COLIBRI—The COincidence LIBrary for Real-
time Inquiry for Multimessenger Astrophysics”, The Astrophysical Journal Sup-
plements Series, 256, 1, 2021 — doi: 10.3847/1538-4365/ac1517.

Lastly, the detection of the most distant very-high-energy AGN is presented, which I
conducted as principal investigator and task-force leader. Here, Astro-COLIBRI has
facilitated the coordination.

3.1.1 Alert Systems, Streams & Brokers

The fundamental pillar of real-time multi-messenger astronomy is the monitoring of
satellites and observatories. These observatories cover the entire spectrum of de-
tectable messengers and continuously scan large parts of the sky. In the case of detec-
tion in the real-time analysis that meets telescope-, event-type-, and messenger-specific
criteria, further offline analyses are triggered, and alerts with basic event information
may be sent to the community to initiate rapid follow-up observations.
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Table 3.2: Overview over various alert creator, broker and streams. Astro-COLIBRI listens
to VOEvent alerts via various brokers, parses notifications from FlaapLUC alert mails and
notices from GCN, as well as from new confirmed SNs from various alert brokers distributed
via TNS.

Service Description
AMON [165] Real-time system searching through streams of sub-threshold events

from several multi-messenger facilities for correlations of spatial and
temporal coincidences.

AMPEL [127] Alert management, photometry, and evaluation of light curves (AM-
PEL) system. AMPEL combines the functionality of an alert broker
with a generic framework to host user-contributed analysis scripts.

ATel [150] Astronomer’s Telegrams (ATels) are human-written, web-based noti-
fications to report and comment on new astronomical observations of
transient sources.

FINK [123] Broker for automatized ingestion, annotation, selection, and redis-
tribution of transient alerts that provides real-time transient classi-
fication that is continuously improved by using deep learning and
adaptive learning techniques.

FlaapLUC [102] Detects relative flux variations in Fermi-LAT data of sources and
alerts users via emails. Based on the Science Tools provided by the
Fermi Science Support Center and the Fermi-LAT collaboration.

Four π sky [168] Decentralized and open infrastructure of open data-services based on
the VOEvent standardized message-format for distributing transient
alerts, such as a VOEvent broker and a DB that stores historical
transient alerts.

GCN-
Circulars [22]

The GRB Coordinates Network (GCN) distributes human-written re-
ports (named Circulars) about follow-up observations of GRBs. Fig-
ure 3.3 shows the number of GCN Circulars distributed in each year.

GCN-
Notices [22]

Machine-generated alerts about GRBs intended to trigger rapid
follow-up campaigns.

TNS1 The Transient Name Server (TNS) is the official International As-
tronomical Union mechanism for reporting new SN candidates and
naming spectroscopically confirmed ones. Brokers e.g. such as those
listed in the row named ZTF/LSST broker distribute alerts via TNS.

VOEvents [134] In order to use a standardized, machine-readable format, VOEvents
were officially adopted to report observations of transients in 2006 by
the International Virtual Observatory Alliance.

ZTF/LSST bro-
ker

There are dedicated brokers developed to handle large-scale astronom-
ical survey data from ZTF and LSST. Besides AMPEL and FINK,
there exist the brokers ANTARES [152], ALeRCE [62], Fritz2, Lasair
[164], MARS3, and Pitt-Google Broker4.

In real-time multi-messenger astronomy, alerts of transients and the assessment of
their relevance for follow-up observations to the respective observatories are of fun-

1https://www.wis-tns.org/
2https://github.com/fritz-marshal/fritz
3https://mars.lco.global/
4https://pitt-broker.readthedocs.io/en/latest/

https://www.wis-tns.org/
https://github.com/fritz-marshal/fritz
https://mars.lco.global/
 https://pitt-broker.readthedocs.io/en/latest/
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Figure 3.2: Latency of the distribution of VOEvents from different observatories during
the window between 2018/01/01 and 2021/06/22. VOEvents from Fermi GBM, Swift
BAT, Swift XRT, and VOEvents from the HAWC burst monitor are presented. All VO-
Events whose ivorn contain amon/icecube, ICECUBE_GOLD, ICECUBE_BRONZE, ICE-
CUBE_Cascade_Event, or NU_EM_Event are summarized in IceCube. Taken from Re-
ichherzer et al. (2021, [143]).

damental importance. There are several channels for notifications on different plat-
forms and different timescales. Various alert systems summarized in Table 3.2 include
VOEvents, GCNs (notices and circulars), TNS notifications, and The Astronomer’s
Telegram (ATel), which differ in their degree of machine or human-generated content
in the underlying communication technology, and the targeted scientific community.
The technologies involve the usage of databases, webpages, emails, and brokers and
require the community to make an effort to keep track of the ever-increasing amount
of relevant information.

Figure 3.2 shows the latency of VOEvent alerts for several monitoring observatories.
Note that an observatory may distribute multiple alerts for an event with varying
stages in the processing, ranging from preliminary event information within the first
few seconds to several minutes, hours, or even days for final analysis results. Some
outliers are not shown in the figure, which are beyond the time window shown, and
are caused by humans-in-the-loop due to errors of the otherwise automated analysis
pipelines.

The formation of bumps in the histogram can be explained by using the Fermi
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Gamma-ray Burst Monitor (GBM) as an example. Fermi GBM has been scanning
the sky for GRBs for more than a decade. During this time, around 3000 GRBs were
observed by the satellite. Each detection triggers a standard routine, where several
automated or human-written messages and alerts are sent to the community. The first
four steps are now fully automated (see [180] and references therein for details) with
improved localization information in each iteration:

1. GBM alert (automatic): First alert of transient with information about trigger
time, and trigger significance. These alerts are not shown in Figure 3.2 because
no information is included about the time of observation, and no latency can be
calculated.

2. GBM flight position (automatic): Onboard calculated localization. These
rapid alerts have latencies of a few seconds and are represented by the first
bump in Figure 3.2 at a few seconds. Fermi occasionally sends several updates
of this analysis, each of which has a latency of a few tens of seconds. These alerts
contribute to the extended bump in Figure 3.2 that ranges from ten seconds up
to a minute.

3. GBM ground position (automatic): Intermediate ground-based computed
localization. Slightly more delayed than the flight position alerts, with a latency
ranging from a few tens of seconds to a few minutes, with most arriving with a
latency of a minute. There may be several ground position alerts for one event.

4. GBM final position (automatic): Final localization and additional event in-
formation. Since early 2016, these alerts are generated based on the automated
localization algorithm RoboBA [73]. The latency of RoboBA-related alerts is
around 10 minutes and results in the peak in Figure 3.2 at this time. Before
2016 and afterward, in case of errors in the automatic RoboBA routine (≲ 20%
of cases), a human-in-the-loop generated final localization is used for the alert.
These alerts have larger latencies and scatter over several orders in the shown
latency times in Figure 3.2.

5. GBM GCN circulars (human-generated): Reports of follow-up observations
made by the observers that also contain the assigned name of the event. The
number of GCN circulars is shown in Figure 3.3. Fermi GCNs make up only a
small fraction, as most GCNs report follow-up observations at other wavelengths
from ground-based observatories around the globe that were triggered by Fermi,
Swift, or INTEGRAL alerts in the first place.

As a consequence of the outlined procedure, the largest variations in latencies are
caused by sending alerts according to differently elaborated algorithms at different
stages of the complete analysis pipeline and by interventions by humans caused by
errors in automated processes.



34 CHAPTER 3. REAL-TIME MULTI-MESSENGER TOOLS

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

20
20

year

0

500

1000

1500

2000

2500

3000

# 
of

 G
CN

 c
irc

ul
ar

s

total
GRB
optical
Fermi
Swift
INTEGRAL
LIGO/Virgo

Figure 3.3: The number of GCNs circulars has steadily increased over the last years. A
strong increase was due to the addition of GW observations as another messenger.

The median latencies of all alerts per quarter since 2014 for the final GRB VO-
Events of INTEGRAL, Fermi GBM, Swift BAT, and XRT are shown in Figure 3.4.
Note that the latencies caused by outliers are irrelevant, as can be seen by the constant
latency of GMB alerts through the use of RoboBA after 2016. Swift latencies are also
constant with different values for BAT and XRT. In the case of final offline INTE-
GRAL alerts, there is more variability caused by the low statistics of overall only 51
alerts, each of which is generated manually after interactive data analysis performed
by a duty scientist.

3.1.2 Detailed Event Info

The large number of types of different transients, messengers, and observing tele-
scopes has in the last decades created an ecosystem of different services that provide
specific information on various aspects relevant to real-time multi-messenger astro-
physics. Both the nature of the information and its distribution varies significantly.
Examples include displaying information via static or dynamic webpages, databases,
queryable Application Programming Interfaces (APIs), or interactive sky maps. Ta-
ble 3.3 summarizes important systems, each offering particular value for studying tran-
sient events. Note that most services focus on specific types of events and only when
combined with other services in the table provide a comprehensive view of transient
events.
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Figure 3.4: The median latencies of alerts per quarter since 2014 for the final VOEvents
of the types GBM_Fin_Pos, INTEGRAL#Offline, XRT_Pos, and BAT_GRB_Pos. The
vertical bar indicates approximately the start of the automated localization algorithm
RoboBA used for the GBM final position alerts.

Table 3.3: Astro-COLIBRI provides customized links to the following services for each
event and source (if available) to provide convenient access to specific, more detailed
information on demand.

Service Description
ASAS-SN5 All Sky Automated Survey for SuperNovae (ASAS-SN) is an au-

tomatic all-sky survey to detect SNs.
ALADIN [34] Displays sources from catalogues or databases (DBs) in a sky map.
BAT [99] Burst Alert Telescope (BAT) GRB event data processing report

includes detailed info, a flux summary, spectra, and light curves.
ESA [118] ESASky is an application that visualizes astronomical data in a

sky map.
FAVA [9] Fermi All-sky Variability Analysis (FAVA) for the selected position

observed by the Large Area Telescope (LAT).
FINK [123] Broker and science portal that provides source information about

transients.
Gaia [85] Gaia Photometric Science Alerts is an all-sky photometric tran-

sient survey, based on the repeated measurements of Gaia.
GBM6 Quicklook directory with near real-time (10-15 min after the Fermi

BAT trigger) infos of light curves and spacecraft pointing history.
GCN-c7 Gamma-ray Coordinates Network circulars (GCN-c) inform in

human-written reports about the observed event.
GCN-n8 GCN notices (GCN-n) deliver information about basic properties

of transient objects in automatically generated alerts.
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GraceDB9 Communications hub and DB with information about candidate
gravitational-wave events and related electromagnetic events.

IBAS [117] System for real-time detection of GRBs seen by INTEGRAL.
LAT-LCR10 DB of multi-cadence flux calibrated light curves for over 1500 vari-

able sources from the 10 year Fermi-LAT point source catalog.
NED [110] DB about galaxies and other extra-galactic objects, with more

details, photometry, spectra and further references/links.
STARRS [113] DB of images after analysis and processing obtained by the Pan-

STARRS telescopes.
SkyMapper
[130]

DB with a digital record of the entire southern sky, which stores
images and catalogs from SkyMapper’s Southern Survey.

SIMBAD [183] Provides additional information, cross-identifications, bibliography
and measurements of sources.

SSDC11 Display of Spectral Energy Distributions (SEDs) of astrophysical
sources from the Space Science Data Center (SSDC).

Swift12 High-level information on the Swift BAT or XRT observations and
links to other relevant references.

TeVCat [181] Source catalog for very high energy gamma-ray astronomy with
detailed source information and linked references.

TNS13 The Transient Name Server (TNS) provides discovery and classi-
fication reports of e.g. SNs and further info, e.g. spectra.

TOBY14 The Tool for Observation visiBilitY and schedule (TOBY) shows
event visibility and schedule for a variety of observatories.

XRT [59] Light curve, spectra, and comparison with other bursts provided
by Swift’s X-Ray Telescope (XRT).

3.1.3 Astro-COLIBRI

The various alert streams, which differ both in their level of the machine- or human-
generated content and in the underlying communication technology, e.g., emails, web-
sites, databases, and VOEvents, pose significant challenges for scientists to keep track
of transients in real-time. Astro-COLIBRI is a novel tool dedicated to this challenge
by evaluating and filtering transient alerts based on user-specified criteria across dif-
ferent alert streams described in Section 3.1.1. Through the fast generation of an
overview of transient events in the relevant phase space, Astro-COLIBRI contributes

5https://www.astronomy.ohio-state.edu/asassn/index.shtml
6https://heasarc.gsfc.nasa.gov/FTP/fermi/data/gbm/triggers/
7https://gcn.gsfc.nasa.gov/gcn/gcn3_archive.html
8https://gcn.gsfc.nasa.gov/
9https://gracedb.ligo.org/latest/

10https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
11https://tools.ssdc.asi.it/SED/
12https://swift.gsfc.nasa.gov/archive/grb_table/
13https://www.wis-tns.org/
14http://integral.esa.int/toby/

https://www.astronomy.ohio-state.edu/asassn/index.shtml
https://heasarc.gsfc.nasa.gov/FTP/fermi/data/gbm/triggers/
https://gcn.gsfc.nasa.gov/gcn/gcn3_archive.html
https://gcn.gsfc.nasa.gov/
https://gracedb.ligo.org/latest/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
https://tools.ssdc.asi.it/SED/
https://swift.gsfc.nasa.gov/archive/grb_table/
https://www.wis-tns.org/
http://integral.esa.int/toby/
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Figure 3.5: Architecture of Astro-COLIBRI comprises a REST API, both a static and a
real-time database, a cloud-based alert system, as well as a website and apps for iOS and
Android as clients. Public user interfaces are highlighted in green.

to an enhanced discovery potential of both serendipitous and follow-up observations
of the transient sky. To accommodate the growing range of services from the real-time
multi-messenger ecosystem described in Sections 3.1.1 and 3.1.2, Astro-COLIBRI is
modular in design and allows easy integration of additional third-party services. The
software’s architecture is shown in Figure 3.5 and comprises a Representational State
Transfer (REST or RESTful) API, both a static and a real-time database, a cloud-
based alert system, as well as user clients in the form of a website and apps for iOS
and Android. Details of the design, along with key functionalities of Astro-COLIBRI,
are presented in the following paragraphs.

Transients listener

The Astro-COLIBRI transient event listener is a background process permanently
running on an Amazon Web Services (AWS) server that listens to VOEvents, TNS no-
tifications, and GCNs. The VOEvent listener is building upon the Comet broker [173]
and evaluates incoming alerts from AMON, Fermi GBM, International Gamma-Ray
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Astrophysics Laboratory (INTEGRAL), SuperNova Early Warning System (SNEWS),
Swift BAT and XRT, as well as UTMOST. The analysis of GCN circulars and TNS
notifications is performed via a dedicated email parser. Alerts that align with the
Astro-COLIBRI science cases are directed to the API for further processing. The
API checks whether it is a new event or an update with more accurate information
on an existing event and merges the available data by also complementing the data
with third-party (e.g. TNS API) information. The Fermi GBM pipeline outlined in
Section 3.1.1 is an example where several subsequent alerts with updated information
must be merged and stored as one entry in the databases.

RESTful API as the central engine

The central engine in the overall Astro-COLIBRI architecture is the RESTful API
built within the Flask framework using Python as the programming language, which
allows the usage of well-established astronomy packages such as astropy [20] and astro-
query [71]. The API provides endpoints that can be accessed from the Astro-COLIBRI
clients and external services via GET and password-protected POST requests. The
latter are only accessible by the Astro-COLIBRI team and its collaborators as they
may modify the databases. The API performs the specified tasks and returns a JSON
file with the computed and collected information. To arbitrarily scale the computation
power and run on any cloud computing platform, the API runs in a Docker container.
Currently, instances of the API are hosted on the cloud-computing platforms Heroku
and AWS.

The API design is based on the model-view-controller (MVC) pattern with the follow-
ing structure:

• Controller: Responsible for understanding client requests and initiating the ap-
propriate calculations by calling the model functions.

• Models: Key functionality of the API is defined here in various classes and is
operated by the controllers through corresponding user requests.

• Views: The views contain all HTML and CSS files that display the static content
of the API website. The functionalities of Astro-COLIBRI and usage examples
are provided there. General information and news are also displayed.

Cone search

Cone searches are one of the main functions in Astro-COLIBRI and allow the represen-
tation of a transient event in the context of other already known events or sources in
the relevant temporal and spatial phase space. Cone searches around events of interest
display known sources and other transient events that correspond to the user-specified
filter criterion, such as time window and event types. The default radius of the cone
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searches is 10° and the default time window is one month. The cone search endpoint
of the API returns the list of all sources and transients found within the radius of 10°.
This result is processed and displayed in the frontend.

Databases

As the different transient event types come with different typical properties, Astro-
COLIBRI employs a non-Structured Query Language (NoSQL) data structure for
its databases, where the stored data structure is flexible. Astro-COLIBRI uses two
databases that are optimized for complementary tasks.

Astro-COLIBRI stores and continuously updates events in MongoDB via the API.
This information is used for API-related computations and evaluations of novel alerts.
This database is also used for cone-search queries.

In order to meet the real-time approach, Astro-COLIBRI also uses a Firebase
Firestore real-time database that provides a direct stream to all clients. This data
stream populates changes in the databases in real-time to the frontend devices without
the need to reload the web interface or application. This database is maintained
from the API to stay up to date. This configuration supports offline usage, as all
relevant data is saved locally on devices, and all changes are automatically synchronized
between the clients and the database when the device comes back online. Expressive
querying is possible through the support of combined and chained filters and queries
in combination with an efficient zig-zag merge join algorithm. This offers both high-
performance and flexible operation and is used for filtering by event type and time
interval of the latest transients.

Push notification stream

Alerts are filtered and classified in the transient listener and sent via the cloud-based
Firebase Cloud Messaging (FCM)15 service as cross-platform push notifications to the
users of Astro-COLIBRI. Users can decide the type of notifications they want to receive
by changing the user settings in the menu.

Frontend user-interface

The frontends provide a graphical representation with a summary of the relevant data
to allow for the fast identification of interesting phenomena along with an assessment
of observing conditions at a large selection of observatories around the world. The
sky map, where the events and sources are shown in the relevant phase space, can
be zoomed and panned. Sources and events can be selected directly from the map
or from the attached list. In the list, the sources and events contained in the cone
search are listed in ascending order according to the distance to the cone-search center.

15https://firebase.google.com/docs/cloud-messaging

https://firebase.google.com/docs/cloud-messaging
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Cone searches around events of interest display known sources and other transient
events corresponding to the user-specified filter criterion, such as time window and
event types. The observation uncertainty reported in the alert of the transient event
is visualized by the boundary matching the color of the marker. For the case of
gravitational waves, contours of different confidence levels are shown instead.

A key feature in the frontend is the listing of detailed information and customized
links that point directly to the selected event in services offered by the astronomical
community. This allows for direct access to supplementary information and allows the
use of Astro-COLIBRI as a single platform providing the user with an easy-to-access
overview of relevant information. Table 3.3 summarizes services that are currently
supported. A separate area in the frontends is dedicated to the display of the infor-
mation and the links. The visibility for user-specified or known telescope locations for
the transient is calculated in the API and also shown in this area.

3.1.4 Follow-Up Observations

After outlining the first steps of the pipeline presented in Figure 3.1 in the previous
subsections, this subsection is devoted to the triggering of the follow-up observations
to obtain a multi-messenger view of transient events. Follow-up observations can be
initiated automatically by alert pipelines or by burst advocates from observatories
manually. When deciding on the execution of follow-up observations, the timescales
of the expected flare, the telescope capabilities, and the visibility must be consid-
ered. In addition, the pointing pattern must be chosen to maximize the probability
of observing the associated multi-wavelength or multi-messenger counterpart emission
from the initially observed transient event, especially when its reported localization
uncertainty is large. Using efficient algorithms is essential for follow-up campaigns
of GW signals with larger uncertainty regions than the field-of-view of the triggered
observatories. Tiling strategies are discussed in [19] for finding a sequential order of
individual pointings of IACTs, with a focus on H.E.S.S.-follow-up campaigns.

In addition to automatic follow-up observations, manually triggered ones are of
great importance, especially when transients are detected at times that are not suitable
for observations of a telescope due to its visibility constraints. This is, for example, the
case for all alerts that are circulated during the day and can only be observed by IACTs
during dark time. Then there is still enough time to trigger manual observations with
an all-encompassing information overview given by e.g., Astro-COLIBRI.

AGN Follow-Up Observations with H.E.S.S.

The preceding discussion illustrates that transport-related physics introduces relevant
real-time effects in multi-messenger astronomy. Especially the strong turbulent mag-
netic fields in source environments induce transport effects, which affect the escape
times and spectra of the charged CRs. Interactions inherit these properties from CRs
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to secondaries. The specifics of various interaction and acceleration processes introduce
another layer of complexity.

The complexity and variety of processes and scenarios in transient phenomena
require observing these events with complementary messengers. The observation du-
ration should extend over the event-dependent characteristic timescales. Proper ori-
entation for the expected emission variation in the context of hadronic emission is the
escape times of protons from the source environment with high target density (see [25]
in the context of blazar flares). Since the escape times scale with the size of the envi-
ronment (quadratic for diffusive transport and linear for ballistic transport), estimates
depend heavily on this often unknown parameter. These uncertainties complicate the
analytical predictions for the further evolution of flares when a single measurement of
an elevated state of a source is observed from a monitoring satellite.

As a result, the decision for the necessity of follow-up observations frequently un-
dergoes evaluation by burst advocates based on pre-defined criteria and the current
observation data provided by the alert. The often unclear multi-wavelength picture re-
quires incorporating experience with similar historical events and the current visibility
of the event.

The H.E.S.S. AGN ToO program serves to illustrate this process.

Burst Advocates and Shift Crews There are two active burst advocates in the
H.E.S.S. AGN ToO, a monitoring person and a principal investigator (PI). The moni-
toring person monitors the information provided and shared by multi-wavelength ob-
servatories on the activity of sources that fall in the visibility window of H.E.S.S. and
responds to alerts from monitoring satellites. Astro-COLIBRI is ideally suited to sup-
port the burst advocates for this task, as, for example, it sends relevant alerts from the
FlaapLUC analysis [102] of Fermi sources used in H.E.S.S. directly to mobile phones
as push notifications. Then, the burst advocates can evaluate the relevance of the flare
directly in Astro-COLIBRI based on additional information provided in the interface.
Short- and long-term light curves, spectra, and links to further resources are accessi-
ble in Astro-COLIBRI. Furthermore, Astro-COLIBRI evaluates the event’s visibility
for the selected follow-up observatory, where the burst advocates can instantaneously
plan the observations. In case of a decision of the PI for follow-up observations, the
shift crew is instructed about the observation plan with the event and visibility info
provided by Astro-COLIBRI. Then, the shift crew will perform the observation.

Continuation of Follow-Up Observations After each observation night, the real-
time analysis of the H.E.S.S. observations, together with the current multi-wavelength
overview of the source will be discussed within the working group. Depending on
the status of the follow-up campaign, an extension of the observations is scheduled.
The follow-up observations can again be optimized with the visibility of the source of
H.E.S.S. provided by Astro-COLIBRI, considering the telescope-specific conditions.
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Figure 3.6: Website of Astro-COLIBRI providing necessary information for planning
follow-up observations of the selected source PKS 0346-27. At the top are setting and
filter options, on the left the map with the source position, and on the right detailed infor-
mation about the selected event. The middle panel from the website with a list of alerts
is removed in this figure. The right info area contains links to other websites with detailed
information, light curves, the spectrum, and at the bottom, detailed (and long-term) visi-
bility information for the specified observatory. Here H.E.S.S. is selected. Note that access
to FlaapLUC alerts within Astro-COLIBRI is restricted to H.E.S.S. members.

H.E.S.S. Detection of the most distant VHE AGN: PKS 0346-27 I acted as
a burst advocate throughout my Ph.D. One highlight is the detection of VHE emission
from PKS 0346-27 discussed here. Fermi -LAT observed an enhanced gamma-ray flux
from the flat-spectrum radio quasar PKS 0346-27 and issued on October 31 2021 a
ground-generated flare alert16. PKS 0346-27 is a distant blazar with a redshift z = 0.99
[21, 184], and thus an interesting object for EBL studies [18]. Therefore, the AGN
ToO within H.E.S.S. triggered follow-up observations with the H.E.S.S. observatory,
given the good visibility as shown in the Astro-COLIBRI web interface in Figure 3.6.

16https://gcn.gsfc.nasa.gov/other/1635691656_fermi.txt

https://gcn.gsfc.nasa.gov/other/1635691656_fermi.txt
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Figure 3.7: Significance (left) and excess (right) maps of the H.E.S.S. detection of PKS
0346-27 on November 3 accumulated over a total of ≈ 111 minutes observation.

The visibility plot on the bottom right shows the altitude of PKS 0346-27 as seen by
H.E.S.S. as a function of time during 24 hours. The detection in H.E.S.S. is during
the shown night.

The real-time analysis result showed the detection of the source during four obser-
vation runs on November 3, 2021, with a total of ≈ 111 minutes. The observation data
were subsequently analyzed with the H.E.S.S Model++ data calibration, and analy-
sis chain [48] using the H.E.S.S.I Stereo configuration. This configuration takes only
events into account that were recorded by at least two out of the four 12m-telescopes
(CT1-4). Furthermore, considering the distant source (redshift z ≈ 1) and the assump-
tion of a soft spectrum due to EBL absorption, a very loose cut is employed during
the analysis. This cut reduces the energy threshold compared to the standard case
and increases the fraction of events passing the cut [10].

The preliminary results of this analysis are shown in Figure 3.7. The left panel
shows the significance map, and the right panel shows the excess map during the four
runs. The significance and excess are elevated around the center of the source region
(central black dot).

The number of gamma-like events as a function of their squared-angular distance
Θ2 to the center of the source region is shown in the histogram in Figure 3.8. Here,
the ring background method (see [30] for details) is employed, exploiting the wobble
observation mode and classifying the gamma-like events (ON) in a central circular
region with radius rON around the camera center. The background gamma-like events
are labeled as OFF within a hollow circular disc, whose inner radius is larger than rON.
The acceptance in the ON and OFF region is the same, and only their geometrical
size is different. The α factor accounts for the different exposure of the ON and OFF
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Figure 3.8: Histogram of the squared angular distance of ON and OFF events. Latter
are scaled by the factor α and presented as data points with uncertainties.

region [104]. This factor scales the OFF events displayed in Figure 3.8. A clear excess
of the ON events over the rather constant number of OFF events is visible at the
source region (small Θ2), leading to a detection with a significance of 7.6σ.

This detection elevates the source PKS 0346-27 to the most distant very-high en-
ergy AGN, surpassing the blazar S3 0218+35 (z = 0.944) [12]. This finding was
communicated with an ATel #1502017 and is currently in preparation for publication.

17https://www.astronomerstelegram.org/?read=15020

https://www.astronomerstelegram.org/?read=15020
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3.2 Simulation Software

In Chapter 2, various transient phenomena were introduced. With the ever-increasing
amount of complementary information provided by observations of different messengers
and photon wavelengths during transient events, sophisticated theoretical models of
the underlying physical processes are required to explain the combined multi-messenger
and multi-wavelength signatures. While analytical models may describe the basic
properties of transient objects, details of the flaring character of transients remain
largely unresolved. To address this problem, numerous simulation software have been
developed and optimized for different applications. The software differ not only in their
degree of generality but also in their use case. For example, there is software that is
optimized for modeling AGN jets [25, 36, 43, 54, 66, 86]. Currently, it is not possible
to describe the entire transient event in detail, from potential jet generation (e.g. in
the case of GRBs [74]), to the generation of relativistic plasmoids, to the complex
and nonlinear transport and interaction dynamics of the particles within the rapidly
changing system. Therefore, software must focus on individual aspects of the overall
picture and take as input, or boundary conditions, findings from other simulations,
analytical theories, and observations.

With the observable multi-messenger signatures playing a key role in the scope of
this work, the following discussion focuses on modeling the nonlinear transport and
interaction properties of particles within systems of transient events. Due to this focus
and the limitation of current numerical simulations in the context of the currently
available computing power, components such as the magnetic field, external photon
fields, and matter densities are taken as input. Note that these components cannot all
be dynamically modeled self-consistently in one simulation at all astrophysical scales.
In the following, these input components are addressed sequentially.

3.2.1 Magnetic Fields in Simulations and Astrophysics

The transport properties of charged particles depend on the magnetic field structure
through which they move. Figure 3.9 presents a schematic overview of magnetic fields
that CRs encounter during their propagation from sources towards Earth. These mag-
netic field components have to be modeled in numerical simulations. The complexity
of the different regions can be broken down to the superposition of turbulent fields
and oriented background fields with a wide variety of scales and properties. These two
components are discussed in more detail below.

Magnetic turbulence Magnetic turbulence plays a crucial role in particle transport
and radiation processes in many astrophysical environments. Since turbulence is driven
on many scales, from system sizes to kinetic scales by cosmic rays themselves [29],
it affects particles of all energies up to ultra-high-energy CRs (UHECRs) in strong
magnetic fields. To account for these important effects on multi-messenger signatures,
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Figure 3.9: Schematic representation of magnetic fields that CRs encounter during their
propagation from sources towards Earth. Figure taken from [98].

the large dynamic scales of turbulence must be modeled as realistically as current
computing power allows in numerical simulations. The magnetic field dynamics are
negligible [61] when compared to the relevant timescales of transport effects of high-
energy CRs discussed in the present thesis, i.e., irregularities of the magnetic field
move at the Alfvén speed. These irregularities are thus much slower than particles that
move relativistically with ∼ c (see further details in [92]). For this reason, stationary
magnetic fields without electric fields will be considered in the following.

There are two fundamentally different approaches to generating stationary mag-
netic turbulence in astronomical environments. On the one hand, these can be gener-
ated by magnetohydrodynamic simulations. This approach includes further aspects of
the known properties of the turbulence and results in realistic descriptions of turbu-
lence. Note that this complexity may obscure the fundamental relationships between
the spectrum of turbulence and the transport behavior of the particles through the in-
troduction of additional effects. On the other hand, simple models based on analytical
considerations as well as direct and indirect measurements of magnetic turbulence can
be employed. These models characterize the energy spectrum and orientation of the
magnetic fluctuation (see [24] for a review). In this work, we follow the literature (see,
e.g., [42, 69, 166]) and focus on the 3D isotropic Kolmogorov turbulence with a 3D
spectral behavior of G(k) ∝ k−11/3 with k being the wavenumber, although many of
the findings are applicable to other models, such as the Kraichnan turbulence model.
Whereas magnetohydrodynamic turbulence is more realistic, the generated dynamical
scales are much smaller than possible with Kolmogorov models.

Technically, the generation of Kolmogorov turbulence for numerical simulations
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Figure 3.10: Slice plots of the synthetic Kolmogorov turbulence with δB = 1µG (left)
and its superposition with a background field with B0 = 1µG aligned in y-axis direction.
The grid-method with 5123 grid points is used for generating the field, which is sampled
using the linear interpolation routine. The outer scale lmax = 100 kpc and the minimum
fluctuations lmin = 1 kpc of the turbulence determine the correlation length lc ≈ 20 kpc.

can be implemented by means of the summation of planar waves with different wave
numbers, amplitudes, and directions. The generated turbulence can either be stored
as discrete magnetic field vectors on a large grid with N3

grid grid points by using a
discrete inverse Fourier transform in advance of the numerical simulation. At any
location, the magnetic field vector is computed via interpolating the surrounding grid
points (see e.g. [153]). Figure 3.10 shows a slice of the turbulence structure (left panel)
and compares it with its superposition of an ordered background magnetic field in y-
direction (right panel). Alternatively to storing the turbulence on a grid in advance,
the summation of different amplitudes, wavenumbers, and directions can be performed
at run time at the exact position needed (plane-wave (PW) turbulence) [69, 174]. See
[153] for a detailed comparison of both approaches.

In fact, findings on the transport behavior of charged particles in Kolmogorov tur-
bulence models constitute an important contribution to the field of multi-messenger
modeling, where substantial current work relies on Kolmogorov turbulence models.
Furthermore, it provides a useful stepping stone for studies with more realistic mag-
netohydrodynamic turbulence models.

Large-scale magnetic field In addition to turbulence, many astrophysical envi-
ronments have formed a directional, large-scale magnetic field. Examples of this are
the spiral field of the Milky Way and other galaxies, but also large-scale structures in
jets. The latter can be studied with general-relativistic magnetohydrodynamics simu-
lations. Figure 3.11 shows the large-scale 3D morphology of the M87 jet and disk from
a 3D general-relativistic magnetohydrodynamics simulation of a magnetically arrested
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Figure 3.11: Large-scale 3D morphology of the M87 jet (blue) and disk (red) from a 3D
general-relativistic magnetohydrodynamics simulation. The spiral magnetic field is shown
in yellow. Taken from [47] and slightly modified.

disk around a central black hole. The large-scale spiral magnetic field is displayed in
yellow.

The Galactic magnetic field is not only relevant for Galactic CRs, but also for
extra-galactic UHECRs. The Refs. [91] describe a popular magnetic field model of
the Milky Way. Ref. [96] is an updated model without violations of the magnetic
divergence constraint and an improved x-shaped poloidal halo field in the Galactic
disc. Combined with models for the Galactic center zone [76], the halo [176], and an
outer Archimedean spiral component [93], a realistic, large-scale model of the galactic
magnetic field can be used in numerical simulations.

3.2.2 Charged Particle Propagation Methods

Current simulation frameworks propagate charged particles through magnetic fields
either by ballistic codes solving the Lorentz force at each step or by using particle
distributions arising from the solution of the classical diffusion equation. Whereas the
former method accurately describes the particle trajectories using small step sizes, this
method is computationally expensive. Therefore, the accompanied simulation times
are substantial for low particle energies with small gyroradii that must be resolved.
The method based on the diffusion equation, on the other hand, is extremely fast
since the particle distribution is analytically given at each time point. But, by the
nature of the method, particles can only be described statistically. Nevertheless, for
applications in which statistical statements and averaging over many particles are
intended, this method is preferred in many areas of astronomy because of the short
simulation times, e.g., in the Galaxy. It is essential to note that the diffusion equation
guarantees a formal description of the particles only in the limit of infinitely large times.
Numerically, however, this approach can also be used as soon as a diffusive behavior
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occurs. This typically happens after a simulation time in the order of magnitude of
the mean-free paths divided by the speed (details are discussed in Chapter 4).

Solving the Equation of Motion

The Equation of Motion (EoM) is given by the Lorentz-Newton equation

dv
dt

=
q

mc
(v(r, t)× B(r, t)) , (3.1)

with the mass m, speed c, particle velocity v, magnetic field B, and charge q of
the particle. Integrating the EoM of charged particles in magnetic fields yields their
trajectory. Note that the local magnetic field vector B(r, t) must be known in each
integration step. There are many different algorithms available for computing the
particle trajectory. The Runge-Kutta type Cash-Karp (CK) method [41] and the
Boris-Push (BP) method [35] are two well-tested ones [17, 137]. Both algorithms
support adaptive step sizes. The BP method is intrinsically energy-conserving. The
BP method applies a leapfrog integration scheme.

The first order differential equation dv/dt = f(t,v) can be numerically solved with
an embedded nth order Runge-Kutta method via

vn+1 = vn + h
s∑

i=1

biki , (3.2)

with

k1 = f(tn, vn) ,

k2 = f(tn + c2h, vn + h(a21k1)) ,

...

ki = f

(
tn + cih, vn + h

∑
j=1

i− 1aijkj

)
.

Here, the error in an integration step is determined by comparing the nth-order formula
with different lower-order Runge-Kutta expressions. In order to limit the local error,
the step size can be adapted accordingly. A popular algorithm with adaptive step sizes
to integrate the EoM of charged particles in magnetic fields is the CK method. The
CK method does not conserve particle energy, even when only considering a charged
particle in a magnetic field without electric fields or other energy-loss processes. This
issue can be fixed by manually enforcing the conservation of energy. See the CRPropa
framework for an example of such an energy-conserving implementation. This fix in-
fluences the evolution of the momentum components and may cause numerical errors
over large simulation times. The issue of the missing energy conservation can alter-
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Figure 3.12: Charged particle trajectory in turbulence plus an ordered magnetic field
along the z-axis simulated with an EoM approach. The first gyrations (left panel) show
the initial ballistic character of the trajectory, while the diffusive behavior dominates in the
limit of large times (right panel). Taken from Reichherzer (2018, [146]).

natively be solved by choosing small step sizes that result in a good resolution of the
particle trajectory. In doing so, the local numerical error remains small. This ensures
an almost energy- and momentum-preserving behavior for the propagation of charged
particles in the magnetic field.

In contrast to implicit methods, explicit methods only evaluate the Lorentz-Newton
equation from the previous step, which requires smaller step sizes but improves the
simulation speed per step.

Figure 3.12 shows the trajectory of a charged particle in a large-scale magnetic field
along the x3(:= z)-axis plus a turbulent component. While both panels show the same
trajectory, only the first three gyrations are shown in the left panel. This initial phase is
dominated by the gyration motion caused by the directed field. After many gyrations,
the random-walk character caused by the turbulent component of the magnetic field
becomes dominant. This chaotic motion (right panel) can be statistically described by
a transport equation, leading to an efficient propagation routine, as described below.

Solving the Transport Equation

Besides solving the equation of motion of single particles, the dynamics of particles as
an ensemble can be described statistically via the Parker-transport equation introduced
in Section 2.3. This equation describes the temporal change in n by taking into account
spatial diffusion and advection, momentum diffusion, adiabatic energy changes as well
as sources and sinks.

The transport equation can be solved numerically either discretized in real and
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momentum space (e.g. [60, 171]), or by transformation into stochastic differential equa-
tions [119].

• Diffusion Equation: Assuming position-independent spatial diffusion as the
only transport mechanism and neglecting all other terms from the Parker-transport
equation results in the diffusion equation

∂n

∂t
=
∑
i

κi
∂2n

∂x2
i

, (3.3)

where i indicates the three spatial directions.

• Telegraph Equation: The telegraph equation modifies the diffusion equation
by taking the initial ballistic propagation phase into account by means of an
additional term [106–108, 175]

∂n

∂t
+ τdiff

∂2n

∂t2
=
∑
i

κi
∂2n

∂x2
i

, (3.4)

where τdiff is the timescale for particles to become diffusive. The relevant pa-
rameters of the correlated random walk (CRW) can be determined from the
diffusion coefficient. In contrast to the diffusion equation, the telegraph equa-
tion describes the particle density also during the initial ballistic transport. By
neglecting adiabatic focusing, the diffusion timescale yields [25, 106]

τdiff =
3v

8λ∥

1∫
−1

dµ

 µ∫
0

dµ′ 1− µ′2

Dµµ(µ′)

2

, (3.5)

where Dµµ denotes the pitch-angle Fokker-Planck coefficient [160]

Dµµ = (1− µ2)D . (3.6)

Here, for strong turbulent magnetic fields δB and weak ordered background
magnetic fields B0 (δB ≫ B0) yields in the quasi-linear approximation the pitch-
angle Fokker-Planck coefficient D ∝ |µ|q−1, with q = 1 [92, 106]. On the other
hand, the parallel mean-free path λ∥ yields

λ∥ =
3v

8

1∫
−1

dµ
(1− µ2)2

Dµµ(µ)
. (3.7)
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Therefore, τdiff can be expressed in the quasi-linear approximation with q = 1 as

τdiff =
λ∥

v
=

3κ∥

v2
. (3.8)

This equation is derived alternatively in Section 4.3 (see Equation (4.43)) using the
Taylor-Green-Kubo (TGK) formalism and exponentially decaying velocity correla-
tions. Note that the simple diffusion equation is obtained as a limit of τdiff = 0
from the telegraph equation. With this choice, particle transport is considered diffu-
sive from the beginning. This is inaccurate in the initial transport regime, as shown
in Figure 3.12.

Correlated Random Walk

The concept of the correlated random walk (CRW) has been discussed in various
contexts in the literature, such as when describing animal trails (see e.g. [45]). Cosmic-
ray propagation can also be described via a CRW [157] as will be demonstrated in the
following.

First, when considering only one dimension, particles can move in the positive
direction α, and in the negative direction β. In each propagation step of the CRW,
two substeps are performed. The particle changes its direction with the probability
ϵ = ξτs in the first substep. The second substep moves the particle along the direction
established in the first substep for a time interval τs.

Therefore, the particle distributions in both directions after one propagation step
yields

α(x, t+ τs) = (1− ξτs)α(x− χ, t) + ξτsβ(x− χ, t), (3.9)
β(x, t+ τs) = ξτsα(x+ χ, t) + (1− ξτs)β(x+ χ, t). (3.10)

The transport equation follows after a few computations described in e.g. [45] and
presented in the following. For convenience the definitions α(x, t) := α and β(x, t) := β
are introduced. Expanding Equations (3.9) and (3.10) for small propagation steps
τs, χ −→ 0 yields

∂α

∂t
= −v

∂α

∂x
+ ξ(β − α), (3.11)

∂β

∂t
= v

∂β

∂x
− ξ(β − α). (3.12)

Summing Equations (3.11) and (3.12) for each component yields

∂(α + β)

∂t
= v

∂(β − α)

∂x
. (3.13)
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The time derivative is
∂2(α + β)

∂t2
= v

∂2(β − α)

∂t ∂x
. (3.14)

Substracting component-wise Equation (3.11) from Equation (3.12) and derivating
with respect to x results in

∂2(β − α)

∂t ∂x
= v

∂2(α + β)

∂x2
− 2ξ

∂(β − α)

∂x
. (3.15)

Inserting Equation (3.15) into Equation (3.14) yields

∂2(α + β)

∂t2
= v2

∂2(α + β)

∂x2
− 2ξv

∂(β − α)

∂x
, (3.16)

while inserting Equation (3.13) into Equation (3.16) yields

1

2ξ

∂2(α + β)

∂t2
=

v2

2ξ

∂2(α + β)

∂x2
− ∂(α + β)

∂t
. (3.17)

Finally, with n = α + β, the following transport equation is derived:

1

2ξ

∂2n

∂t2
=

v2

2ξ

∂2n

∂x2
− ∂n

∂t
. (3.18)

In fact, assuming local homogeneity, this approach can be generalized for 3D into the
telegraph equation defined in Equation (3.4). As the statistics of particles that follow
CRW can be described by the telegraph equation [107, 175], both the initial ballistic
phase and the diffusive phase can be modeled. Therefore, the propagation mechanism
based on the correlation of the directions of motion from subsequent propagation
steps exhibits an enhancement of the classical random walk. The PropPy software
propagates charged particles by means of the CRW.

3.2.3 Modeling Interaction and Energy-Loss Processes

Software for the numerical investigation of transient phenomena must model not only
the transport of particles but also their interactions, as they influence the observed
multi-messenger signatures, as discussed in Section 2.2. Essential aspects that tools
have to cover are outlined in the following.

While individual interaction processes can be described analytically, realistic stud-
ies require numerical modeling of the nonlinear interplay of the different processes,
in which, in addition to the primary particles, all secondary particles also interact
with each other and serve as target material for other processes. Figure 3.13 shows
an overview of the relevant processes of the individual messengers. Different magnetic
fields, particle densities, and acceleration processes of high-energy particles in differ-
ent source types lead to different source-specific multi-messenger signatures through
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Figure 3.13: Schematic overview of various messengers and their relevant interaction and
energy-loss processes. Credit: Rafael Alves Batista.

interaction processes. But also, different sources in one source class may differ due to
varying conditions. Across different source types, the general discussion in the liter-
ature is centered on hadronic versus leptonic models, which may, in particular, shed
light on the question of the origin of cosmic rays.

A clear sign for hadronic processes is the generation of neutrinos. Given the ob-
served flux of high-energy neutrinos, there must be sources in which hadronic pro-
cesses play a role. Numerical simulations must, therefore, provide the ability to model
(photo-)hadronic interactions, where the production of pions play a key role18,

p p −→
∑

π±,0, (3.19)

p γ −→

{
∆+ −→ (p+ π0) / (n+ π+)∑

π±,0
, (3.20)

18Kaons can also contribute, in particular at higher energies. Hadrons with heavier quark content
can play a role in very dense environments [24]
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Figure 3.14: Visibility of transient events for different messengers. Figure taken from the
IceCube website19, which is based on Figure 2 in [23].

as they further decay:

π+ −→ µ+ + νµ −→
(
e+ + νe + ν̄µ

)
+ νµ, (3.21)

π− −→ µ− + ν̄µ −→
(
e− + ν̄e + νµ

)
+ ν̄µ, (3.22)

π0 −→ γ γ. (3.23)

Modeling these processes requires the availability of photon fields, e.g. from the accre-
tion disks, and matter distributions. Note that for hadronic models, the non-thermal
nuclei, protons, and electrons produce similar signatures in sources. For details about
leptonic continuum processes see e.g. [33, 151, 154].

Furthermore, photons from all astrophysical sources ranging across the electromag-
netic spectrum comprise the Extragalactic Background Light (EBL) that interacts with
high-energy particles during their source-to-Earth journey. Photon-photon absorption
reduces the fraction of the particles escaping from the source region that eventually
arrive at the observer. The effect is quantified by the optical depth τEBL, which pre-
dicts for τEBL = 1 a probability of 1/e with which a particle is not absorbed during
propagation. Figure 3.14 visualizes this effect by shedding light on the observability of
astrophysical sources in the multi-messenger approach with highlighting the drawback
of distant sources being opaque to high-energy photons due to EBL and gamma-ray at-
tenuation. In the propagation software CRPropa, work within this thesis contributed
to the correct usage of various EBL models as well as user-specific photon fields with
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Figure 3.15: Maximum photon energy from astrophysical sources as a function of the
redshift. The three curves indicate theoretical predictions of the photon energies from
different models for the optical depth τEBL of 1. Taken from [13] with modifications of the
plotting style.

two merged pull request2021. This contribution improves the study of the influence of
the photon fields on the particles as they travel from sources to the Galaxy. Fig-
ure 3.15 shows the detailed prediction of τEBL for different theoretical models for the
maximum photon energies as a function of the redshift of their sources. The dots show
the observed photons from the Fermi 4LAC data with the highest energies from sources
with the respective redshifts. These observations constrain the theoretical models. In
the future, CTA will allow observations of photons from more distant sources than is
possible with current ICTAs and will improve distinguishing between the models.

3.3 Summary

1. Novel tool for the planning of follow-up campaigns
Tools commonly used for planning follow-up observations constitute a patch-
work of disparate systems, data formats, communication techniques of relevant
information, and alerts of transient phenomena. Astro-COLIBRI acts as a com-
prehensive platform accommodating the information transmitted through this
ecosystem of real-time multi-messenger systems. The tool further automates the
coordination of follow-up observations by providing bundled event information

20https://github.com/CRPropa/CRPropa3/pull/366
21https://github.com/CRPropa/CRPropa3/pull/368
21https://icecube.wisc.edu/science/research/

https://github.com/CRPropa/CRPropa3/pull/366
https://github.com/CRPropa/CRPropa3/pull/368
https://icecube.wisc.edu/science/research/
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and linking detailed information through its graphical interface that is easily
understandable for humans.

2. Detection of most distant very-high energy AGN
The aspects discussed in the thesis are reconciled with detecting VHE signals
from a distant (z ≈ 1) AGN. The dynamical effects in the source region induced
variability on timescales that allowed follow-up observations of H.E.S.S. based
on an alert emitted by Fermi. Astro-COLIBRI has assisted in the coordination
of follow-up observations by providing helpful information and offering mobile
access, especially useful during the coordination over the weekends.

3. Enhancing propagation routines to study real-time effects
Physical processes in transient sources provide a variety of highly complex phe-
nomena with different timescales and temporal variations of multi-messenger
signatures. Their understanding requires performing numerical simulations with
realistic modeling of astronomical environments. Section 3.2 discusses these as-
pects, focusing on enhancements of the software tools CRPropa and PropPy in
the scope of this thesis that include more efficient propagation routines. These
improvements enable the efficient study of real-time effects in transient sources,
whose findings offer input for the planning process of follow-up observation cam-
paigns.





Chapter 4

Cosmic-Ray Transport in
Astrophysical Sources

In this chapter, the transient sources introduced in Section 2.2 are investigated in
detail. Emphasis is put on the transport- and interaction-induced temporal effects,
which lead to characteristic multi-messenger observables. These effects shape the par-
ticle spectra and the light curves during flares. Section 4.1 addresses the running
diffusion coefficients as statistical quantities that describe the transport behavior of
the particles. The key properties of the diffusion coefficients, already introduced in
Section 2.3.2, are revisited in the context of numerical simulations and compared with
analytical descriptions. The fundamental statements about diffusion coefficients are
largely based on the publication

• P. Reichherzer∗, J. Becker Tjus, E.G. Zweibel, L. Merten, and M.J. Pueschel,
“Turbulence-level dependence of cosmic ray parallel diffusion”, Monthly Notices
of the Royal Astronomical Society, 498, 4, 2020
— doi:10.1093/mnras/staa2533.

The comparison between numerical simulations and theoretical descriptions of the
running diffusion coefficients presented in Section 4.1 is based on studies conducted
along the development of PropPy [138]. The following discussion benefits from the
implementation of the Boris push as an improved and faster propagation code for
CRPropa in the merge request1. This improvement allows more efficient propagation
over large distances as discussed in the following. The work is mentioned in the
proceeding [17] and will be discussed in more detail in the upcoming CRPropa 3.2
paper. The details are described in the following publications:

• P. Reichherzer∗ and J. Becker Tjus, “PropPy — Correlated random walk prop-
agation of cosmic rays in magnetic turbulence”, Journal of Open Source Software,
7, 74, 2022 — doi:10.21105/joss.04243,

1https://github.com/CRPropa/CRPropa3/pull/222
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• R. Alves Batista, ..., P. Reichherzer et al., “CRPropa 3.2 — an advanced frame-
work for high-energy particle propagation in extragalactic and galactic spaces”,
in preparation (2022).

The running diffusion coefficient shows the transition from ballistic to diffusive
transport phase, which can be described through the telegraph equation. Section 4.2
explains this concept in more detail and illustrates its implications for transient sources
at the example of blazar jets. This work is based on my contribution to the following
article on the analytical theory that includes the development of an analytic expression
for the propagation time needed until a diffusive description is feasible

• J. Becker Tjus, ..., P. Reichherzer et al., “Propagation of cosmic rays in plas-
moids of AGN jets – implications for multimessenger predictions”, MDPI Physics,
4, 2, 473-490, 2022 — doi:10.3390/physics4020032,

and ideas presented in the ICRC 2021 proceeding [144].
In the case of the diffusive behavior of charged particles in environments with an or-

dered background field, it is particularly worthwhile to study the different components
of the diffusion tensor. Section 4.3 examines the relation between the diffusion coeffi-
cients perpendicular and parallel to the background field and explores their respective
diffusion timescales. This study is discussed in more detail in the publication

• P. Reichherzer∗, J. Becker Tjus, E. G. Zweibel, L. Merten, and M. J. Pueschel,
“Anisotropic cosmic-ray diffusion in isotropic Kolmogorov turbulence”, Monthly
Notices of the Royal Astronomical Society, 514, 2, 2022
— doi:10.1093/mnras/staa2533.

4.1 Running Diffusion Coefficients

The scalar diffusion coefficients introduced in Equation (2.9) shall be revisited here
and evaluated analytically. This is accomplished by solving the telegraph-transport
equation, which describes the particle transport in the ballistic as well as in the diffusive
phase. Recall that the diffusive phase in this work is defined by a steady-state diffusion
coefficient. The following calculation aims to provide an analytical expression that
determines the temporal evolution of the running diffusion coefficient and thus allows
statements about the particle transport at arbitrary times. The general telegraph
Equation (3.4) in a turbulent plus an oriented magnetic field along the x3-axis yields

∂n

∂t
+ τdiff · ∂

2n

∂t2
= κ∥

∂2n

∂x2
3

+ κ⊥

(
∂2n

∂x2
1

+
∂2n

∂x2
2

)
, (4.1)

where the parallel diffusion coefficient κ∥ describes the transport behavior along the
ordered background field and κ⊥ the behavior perpendicular to the x3-axis.
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Defining ξ1 := x1/
√
κ⊥, ξ2 := x2/

√
κ⊥, ξ3 := x3/

√
κ∥ and [174]

∇2 :=

(
∂2

∂ξ21
+

∂2

∂ξ22
+

∂2

∂ξ23

)
, (4.2)

yields
∂n

∂t
+ τdiff · ∂

2n

∂t2
= ∇2n . (4.3)

Furthermore, this equation can be converted into a Klein-Gordon-like equation(
τdiff · ∂2

∂t2
−∇2 − 1

4τdiff

)
η = 0 , (4.4)

if the definition of η := n · exp(t/(2τdiff)) is applied. The solution of the Klein-Gordon
equation [124, 175] can be used to solve Equation (4.4) and derive n for a point source
with n(x, t = 0) = δ(x− xi) and ξ =

√
ξ21 + ξ22 + ξ23 based on the expression:

n =
e−t/2τdiff

4πκ⊥
√
κ∥

[
δ (t− ξ

√
τdiff) · ξ−1 · I0

(
1

2

√
t2

τ 2diff
− ξ2

τdiff

)

+Θ(t− ξ
√
τdiff) ·

1

2τ 3/2
·
(

t2

τ 2diff
− ξ2

τdiff

)−1/2

· I1

(
1

2

√
t2

τ 2diff
− ξ2

τdiff

)]
.

(4.5)

Here, Θ(...) is the Heaviside step function and Iν(...) is the modified Bessel function.
The norm,

N =

∫
n d3r = 1− e−t/τdiff , (4.6)

may be interpreted as the number of particles propagating diffusively [25]. According
to this interpretation, no particles are diffusive at the beginning. With time, the num-
ber of diffusive particles increases exponentially until a steady-state value is reached.
Pursuing this interpretation, the running diffusion coefficient κ(t) is composed at time
t of N(t) particles that diffuse with properties governed by the steady-state diffusion
coefficient κ and thus yields

κ(t) = N · κ =
(
1− e−t/τdiff

)
· κ . (4.7)

In contrast, the description of the transport via the diffusion equation yields a
constant running diffusion coefficient κ(t) = κ as the norm is constant

Ndiff. eq. = 4π

∞∫
0

dr r2ndiff(r) = 4π

∞∫
0

dr
r2

(4πtκ)3/2
exp

(
− r2

4κt

)
= 1 . (4.8)
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Figure 4.1: Comparison of the norms defined in Equations (4.6) and (4.8) as functions
of time for the diffusion equation and the telegraph equation. The temporal evolution of
the norm for the telegraph equation is given in Equation (4.6). If the transport is described
via the diffusion equation, the constant norm is stated in Equation (4.8). Taken from
Reichherzer et al. (2021, [144]).

Figure 4.1 compares the norm for the diffusion equation and the telegraph equation.

4.1.1 Ballistic Phase

The initial ballistic propagation phase is characterized by weakly-perturbed particle
trajectories. Taking the limit of t ≪ τdiff of Equation (4.7) yields

κ(t) = κ · t

τdiff
. (4.9)

The behavior for t ≲ τdiff depends on whether there is an ordered background field
adjacent to the turbulence.

Pure turbulence: Without an ordered magnetic field, charged particles move on
weakly-perturbed rectilinear trajectories. The running diffusion coefficients follow ap-
proximately the description of Equation (4.9) until its transition towards the diffusive
phase at t ≈ τdiff .

Turbulence plus ordered magnetic field: With a directed background field, par-
ticles move along weakly-perturbed helical paths. The diffusion coefficient component
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Figure 4.2: Normalized running diffusion coefficient as a function of the number of gyra-
tion radii, which scale linearly with time due to constant particle speeds. The scaling with
t and t−1 during the ballistic phase are illustrated for the parallel and perpendicular com-
ponents, respectively. Simulated with CRpropa 3.1.7 using the numerical setup described
in [140].

κ∥ along the background field scales linearly with time and thus has a comparable
behavior as without an ordered background field:

κ∥(t) = κ∥ ·
t

τdiff
. (4.10)

The movement in a plane perpendicular to the background magnetic field is dominated
by the constant gyromotion with radius rg. After each gyration, charged particles
return to their origin, with minor deviations caused by deflections in the turbulent
magnetic field. This behavior causes local minima in the running perpendicular dif-
fusion coefficients κ⊥(t). This behavior is superimposed by the κ⊥(t) ∝ t−1 scaling
dictated by the distance ∆x⊥ oscillating in the range of −rg and +rg. For t ≫ rg/c
and t ≲ τdiff , the local maxima of κ⊥(t) scale as

κlocalmax,⊥(t) =
⟨∆x2

⊥⟩
2t

∝ t−1 . (4.11)

This behavior is illustrated in Figure 4.2.
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Figure 4.3: Schematic representation of the different transport regimes of charged par-
ticles in static magnetic fields with a turbulent component. An exemplary trajectory of a
charged particle (red line) along magnetic fields (blue lines) visualizes typical effects con-
tributing to a diffusive propagation behavior. Figure taken from [145] with modifications
in the QBR, where the schematic representation from [97] is applied.

4.1.2 Steady-State Phase

The previous section demonstrated analytically and numerically that the transport
behavior transitions from the initial ballistic to the final steady-state phase. In the
current section, the focus lies on the steady-state phase. First, the aspects that af-
fect the steady-state diffusion coefficient are described. As a general principle, the
transport has to be divided into different regimes, which arise analytically based on
the relation between the particle gyration radius and the correlation length of the
turbulence (see [140] for the derivations). Figure 4.3 shows the different regimes in
a schematic visualization of a particle trajectory (in red) in different astrophysical
environments, which are characterized by the blue magnetic field line. The field-line
thickness indicates the magnetic field strength. This, together with the particle energy,
influences the size of the illustrated gyroradii. The regimes shown in Figure 4.3 are
described in clockwise sequence, starting with the QBR regime:
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Quasi-ballistic regime (QBR): This regime is characterized by large gyration mo-
tions of the charged particles that span multiple correlation lengths lc of the turbulence
lc ≲ rg. The effects of the comparatively small turbulence scales are largely averaged
out. However, particles still experience small deflections due to the turbulence that
lead to a steady-state diffusion behavior after a long time. This can be understood by
employing a coherence-cell concept introduced by [97], where one effective small-angle
deflection appears in each cell (see schematic visualization in Figure 4.3). The average
deflection angle after n scatterings is given by [172]

⟨Θ2⟩ ≈ n

(
lc
rg

)2

. (4.12)

Diffusive behavior occurs as soon as ⟨Θ2⟩ ≈ 1 applies, which requires n = (rg/lc)
2

scatterings. Assuming one deflection on average in each correlated turbulence volume
interval, particles travel on quasi-rectilinear trajectories a distance d = n·lc = r2g/lc un-
til they become diffusive. At this point, the diffusion coefficient reaches approximately
the final value

κ =
⟨(∆x)2⟩

2t
=

d2

2d/v
=

r2gv

2lc
. (4.13)

Therefore, these steady-state diffusion coefficients in QBR scale quadratically with
the gyroradius and thus as κ ∝ E2 for fixed correlation lengths and magnetic-field
strengths. It is important to mention that the perpendicular component, on the other
hand, is energy independent in the QBR for low turbulence levels, as shown in [139].
The energy-independent perpendicular diffusion is caused by particles following field
lines because of their large diffusion timescales.

High-energy charged particles in the intergalactic magnetic field (IGMF) or tran-
sient sources are within the QBR, as they fulfill lc ≲ rg. While the gyroradii are large
due to the weak magnetic field strength in the IGMF, the correlation lengths are small
in transient sources.

Resonant-scattering regime (RSR): As soon as the gyroradii become smaller
than the correlation length of the turbulence, charged particles resonantly scatter off
the turbulence fluctuations. As shown in Figure 4.3, there are further effects that lead
to a diffusive behavior and modify the diffusion coefficients. The RSR is constrained
to the range lminB0/(lcπδB) ≲ rg/lc ≲ 5/(2π). The parallel diffusion coefficient scales
in the limit of low turbulence levels δB ≪ B0 as [140]

κ∥ = vlc

(
rg
lc

)1/3(
B0

δB

)2

∝ E1/3, (4.14)
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according to the quasi-linear theory (QLT). The isotropic components scale for high
turbulence levels δB ≫ B0, which is reffered to as the Bohm limit [27]

κ =
rgv

3
∝ E . (4.15)

Between both turbulence-level limits, a transition occurs, which is discussed in detail
in [140]. Diffusion coefficients in the RSR and the QBR are shown in Figure 4.4 as
functions of rg/lc for different turbulence levels. The energy scaling yields approxi-
mately κ∥ ∝ E2 and κ⊥ ∝ E0 in the QBR. In the RSR, the expected transition from
Bohm-diffusion scaling towards QLT predictions is observable, while the latter scaling
of κ∥ ∝ E1/3 is not yet reached. Details are described in [140] and [145]. Note that in
many astrophysical environments (e.g., galaxies [91, 96, 162]), similar orders of mag-
nitude of δB and B0 are present at the injection scales of the turbulence. The ratio
δB/B0 decreases according to Kolmogorov- or Kraichnan-like turbulence for smaller
fluctuations with whom lower-energy particles resonantly scatter. The fluctuation lev-
els labeled in Figure 4.4 are thus the global quantities.

In astrophysical scenarios, the RSR extends over many orders of magnitude of the
particle energy, since typically lmin ≪ lc holds. In contrast, this regime is limited
to only a narrow range and a few orders of magnitude in energy of charged particles
in numerical simulations. In grid-based turbulence methods, this is due to current
computers’ limited available RAM and the plane-wave summation approach due to
the high runtime costs that a large fluctuation range entails.

Mirror regime (MR): The mirror regime is a bridging regime between the RSR
and the non-resonant-scattering regime (NRSR). It is characterized by the decreasing
fraction of particles that can resonantly scatter for decreasing particle energy. The
energy that marks its minimum defines the transition to the NRSR. Equally, however,
the effects of magnetic mirrors in which particles change direction are increasing for
decreasing particle energies. The influence of magnetic mirrors is schematically shown
in Figure 4.3. This influence of magnetic mirrors and the limited resonant scattering
result in a complex energy dependence of the diffusion coefficients, whose details are the
subject of current research. The MR extends over lmin/(2πlc) ≲ rg/lc ≲ lminB0/(lcπδB)
with negligible effects on high-energy CRs with rg ≫ lmin relevant for the multi-
messenger signatures discussed in the present thesis.

Non-resonant-scattering regime (NRSR): In this regime, there is no resonant
scattering. Particles follow the field lines and are trapped and reflected in magnetic
mirrors. The regime extends over rg/lc ≲ lmin/(2πlc). As in MR, the influence of
propagating CRs on turbulence is relevant due to generation by fluctuations in, e.g.,
streaming instabilities. These effects can no longer be investigated with the test par-
ticle approach on which the numerical calculations of this work are based.
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Figure 4.4: Parallel (top points and solid fits) and perpendicular (bottom points and
dotted fits) diffusion coefficients as a function of rg/lc for different turbulence levels.
Simulations are limited to the RSR with rg/lc ≳ lminB0/(lcπδB) and the QBR with
rg/lc ≳ 5/(2π). Note the transition regime (TR) that shifts the QBR towards larger
values of rg/lc. The simulation were performed with CRPropa 3.1 as described in [145] with
lc = 17.8 pc, lmin = 1.7 pc, lmax = 82.45 pc, s = 0.85 pc, Ngrid = 1024. Each data point
is the mean of 20-50 diffusion coefficients, each simulated with the same parameters but
with a different realization of the turbulent magnetic field. Figure taken from Reichherzer
et al. (2022, [145]).

4.1.3 Running Diffusion Coefficients in AGN Jet Plasmoids

The analytical considerations on the running diffusion coefficient κ(t) of the previous
subsections are now evaluated for the example of flares of AGNs. For this purpose,
the model of a relativistic plasmoid moving along the jet axis, as discussed in the
literature to explain flares [25, 86], is studied. Due to the focus on the transport
properties of this thesis, the acceleration mechanisms of the high-energy particles will
only be considered by means of an appropriate initial condition of the investigation
of the transport phase. Accordingly, particles start as a homogeneous distribution in
the plasmoid. Figure 4.5 schematically presents the plasmoid model used here. In the
following, the transport of highly relativistic CRs v ≈ c in the plasmoid-rest frame is
described.

The most energetic charged particles that play a role in this model are located in
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6

2

4

Figure 4.5: Schematic representation of an AGN consisting of a central black hole aspi-
rating matter from the accretion disk. The symmetric jets (here one is omitted for saving
space) accelerate plasmoids, which move with relativistic speeds along the jet through dif-
ferent magnetic field structures and emit particles thereby. Taken from [25].

the QBR, since rg > lc holds, as typical correlation lengths range between 1010 m and
1013 m, while for isotropic turbulence the gyroradius yields

rg =
E

q cB
≈ 3.34 · 1012m

(
E

100PeV

)(
B

1G

)−1

, (4.16)

where B defines the total magentic field.

Note that for the highly relativistic particles considered throughout the thesis v ≈ c
holds and is applied subsequently. The diffusion coefficient can be computed for the
parameters given in Table 4.1 according to Equation (4.13):

κtheory =
r2g · c
lc

≈ 3.34 · 1022 m
2

s

(
E

100PeV

)2

·
(

B

1G

)−2

·
(

lc
1011m

)−1

. (4.17)

This diffusion coefficient can be plugged in Equation (4.7) and results in the running
diffusion coefficent

κtheory(t) ≈ 3.34 · 1022 m
2

s

(
1− e

− t
τdiff

) ( E

100PeV

)2(
B

1G

)−2(
lc

1011m

)−1

. (4.18)
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Table 4.1: Parameters of the plasmoid model used in Section 4.1.3.

parameters values
turbulence model isotropic 3D Kolmogorov

trubulent magnetic field strength δB = 1G
correlation length lc = 1011 m

Numerical simulations that compare with this analytical prediction are described
below. Five different simulation setups are compared, composed of the two possible
routines for magnetic turbulence generation (see Section 3.2.1) and the different propa-
gation algorithms discussed in Section 3.2.2. The simulations use the parameters from
Table 4.1. In all numerical simulations, 103 charged test particles are emitted isotropi-
cally from a point source. The grid-based turbulence approach uses 10243 grid points,
while the PW-turbulence approach uses 103 modes, which is sufficient according to
studies presented in [153].

The simulations and the presented results can be reproduced via the simulation and
analysis scripts provided in the comparison folder of PropPy 1.0.0 [142]. Furthermore,
the simulation results are publicly accessible [147].

Particles become diffusive at trajectory lengths of about mean-free paths

λtheory =
3κtheory

c
≈ 3.34 · 1014m

(
E

100PeV

)2

·
(

B

1G

)−2

·
(

lc
1011m

)−1

. (4.19)

In the last step, the diffusion coefficient from Equation 4.17 is inserted. In order to
observe a converged running diffusion coefficient, the simulations are stopped after
trajectory lengths of 1017 m, which is much larger than λtheory = τdiff c and therefore
deemed sufficient for a steady-state transport phase.

Figure 4.6 shows a comparison of the simulation results for the calculated running
diffusion coefficients for the different methods of particle propagation and turbulence
generation. The simulation results are compared to the analytical running diffusion
coefficient from Equation 4.18. The lower panel shows the absolute value of the devia-
tion of the simulation results from the theoretical prediction in percent. Furthermore,
the analytically derived steady-state diffusion coefficient presented in Equation (4.17)
is tested numerically by averaging over 20 seeds of the same simulation with the Boris-
Push (BP) method and the plane-wave (PW) turbulence method with sstep = 1010 m,
which gives κsim = (3.41± 0.16) · 1022m2/s.

Figure 4.7 shows a comparison of the diffusion coefficients at different trajectory
lengths. The left and right panels differ only in the simulation length. In the left panel,
only trajectories up to 1014 m are considered, whereas, in the right panel, trajectories
up to 1017 m are displayed. Since the mean-free paths indicate the transition between
ballistic to diffusive propagation, the left panel shows ballistic particle propagation
and the right panel diffusive propagation. The top panel shows the effective diffusion
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Figure 4.6: Comparison between different propagation approaches for the computation of run-
ning diffusion coefficients. 103 protons with E = 100PeV simulated with parameters defined in
Table 4.1. The theory expectation for the running diffusion coefficient is computed via Equa-
tion (4.18) and displayed in the upper panel (it is mostly covered by the numerical simulation
results). Absolute values of the deviations from this prediction are shown in the lower plot.

coefficient at 1014 m on the left and the converged diffusion coefficient on the right
since the running diffusion coefficient remains approximately constant beginning at
the diffusive limit, as can be seen in Figure 4.6. The lower panel shows the required
processor time of the simulation as a function of the step size. The same processor
was used for all simulations for better comparability.

The comparisons yield the following results:

• The EoM-based propagation approaches BP and CK, as well as the correlated
random walk (CRW) method from PropPy can correctly model the initial bal-
listic transport phase. The diffusive approach (SDE) cannot describe this initial
ballistic phase by construction since it always assumes diffusive particle trans-
port.

• The diffusive and CRW approaches can use relatively large step sizes to model the
correct statistical behavior. The latter only needs to resolve the mean-free paths
sufficiently well, which is guaranteed if the step size is at least ten times smaller
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Figure 4.7: Comparison between different propagation approaches for the computation of
running diffusion coefficients. 103 protons with E = 100PeV simulated with parameters defined in
Table 4.1. Left panel shows the ballistic propagation regime at the beginning of particle trajectories
(≈ 1014 m), where only one fourth of the particles are already diffusive according to Equation (4.6).
Right panel shows also long trajectory lengths, for which all particles are diffusive (≫ λ). Upper
panel: diffusion coefficients at 1014 m (left) and converged ones (right) as functions of different
step sizes of the propagation methods. Log deviation is defined as |log(κsim) − log(κtheory)|.
Lower panel: Simulation time per processor as functions of step sizes. Color-coded with the
deviation from theoretical predictions. Usage of 260 threads for step sizes smaller than 1013 m.
Note that the theory prediction is κtheo = 3.34 · 1022m2/s. Averaging over 20 seeds of the same
simulation with BP and PW with sstep = 1010 m gives κsim = (3.41± 0.16) · 1022m2/s.
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than the mean-free path. In the case of the EoM-based methods, step sizes must
be small enough to resolve both the gyration motion and the scales of turbulence
sufficiently well. This limitation can be seen as the diffusion coefficients in the
middle right panel converge to a constant value only when the step sizes are
smaller than the gyration radii and smaller than the correlation length of the
turbulence.

• Smaller simulation times for given step sizes combined with the fewer step size
requirements translate into a significant increase in speed for the diffusive method
and the CRW method compared to the EoM-based methods.

4.2 Diffusive or Ballistic Transport?

The previous section demonstrates analytically and numerically that the transport
behavior of CRs transitions from the initial weakly-perturbed (ballistic) propagation
phase to the diffusive propagation phase that is defined by a steady-state diffusion
coefficient. Both transport phases have fundamentally different properties that lead
to significant differences in observable signatures:

1. Particle spectrum: Whereas an energy-dependent diffusion coefficient changes
the spectrum of diffusive particles, as shown by the leaky-box model in Sec-
tion 2.3.2,

ndiff(E) ∝ (κ(E))−1 · S(E) ∝ E−δ−α , (4.20)

the spectrum for ballistic transport remains unchanged

nball(E) ∝ S(E) ∝ Eα . (4.21)

2. Escape times: For isotropically diffusing particles, the diffusion coefficient
yields κ(t) = ⟨∆x2 + ∆y2 + ∆z2⟩/2t. Particles travel in average an escape
distance desc to reach the source surface. The above expression for the diffusion
coefficient yields κ(t0) = d2esc/2τesc, diff,all. Note that in the description of diffu-
sion coefficients, particles can diffuse several times to a distance desc, e.g. one
particle can contribute several times at t0, t1, and ti to the diffusion coefficient at
the distance desc. In astrophysical sources, particles have, however, a vanishing
probability to return back into the source region once escaping from it. There-
fore, τesc, diff = t0 < τesc, diff,all holds, which yields, with the above expression for
diffusion coefficients, an upper limit for escape timescales

τesc, diff ≲
⟨d2⟩
2κ

:=
d2esc
2κ

. (4.22)
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The equality describes the unrealistic case, where magnetic-field conditions are
equal within and outside of the source region, hence allowing particles to return
back into the source. Heuristically argued, the diffusion coefficient is effectively
increased by suppressing scattering outside the source region.

For the ballistic transport phase, the escape times are independent of the diffu-
sion coefficients and only depend on the escape distance

τesc, ball =
desc
c

. (4.23)

These significant differences require knowledge of whether the transport of charged
particles in particular environments must be considered ballistic or diffusive. This
applies equally to analytical predictions, numerical simulations, and analyses and in-
terpretations of observational data.

The transition from the ballistic to the diffusive phase is investigated in the fol-
lowing so that statements about the propagation behavior of particles in astrophysical
systems are possible. Here, the relevant question is whether particles have already
become diffusive when escaping the source region. Rearranging Equation (4.6) yields
an expression for the time tN needed to have the fraction N normalized to one of the
particles propagating diffusivly

tN = −ln(1−N) τdiff =
−ln(1−N)

c
λ∥ =

−3ln(1−N)

c2
κ∥. (4.24)

In the last steps, the connections between τdiff , λ∥, and κ∥ according to Equation (3.8)
are employed. For isotropic trubulence without an ordered magnetic field, it yields

tN =
−ln(1−N)

c2
κ. (4.25)

Equation (4.24) reveals by employing tN = τdiff that the diffusion timescale indicates
the time after which a fraction,

N = 1− exp(−1) ≈ 0.63 , (4.26)

of the particles is diffusive. The diffusion timescale is thus suitable for indicating the
transition from the ballistic to the diffusive phase and will be used for this purpose
throughout the thesis.

Consequently, only if the escape times of charged particles from an astrophysical
environment are larger than the diffusion timescales, a diffusive description is feasible
τesc ≳ τdiff . For the sake of generality, the criterion for an arbitrary fraction of diffusion
particles N is chosen as the condition for defining the validity of the diffusive particle
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description

τesc ≳ tN = − ln(1−N) τdiff . (4.27)

If N gets close to 100%, most particles are diffusive and the expression for the escape
times τesc, diff from Equation (4.22) holds. Inserting this equation, together with the
diffusion timescale from Equation (3.8) for diffusive particles, in the condition from
Equation (4.27) yields

d2esc
2κ

≳ − ln(1−N)
3κ

c2
. (4.28)

Rearranging this condition results in a condition for the diffusion coefficient that has
to be fulfilled in order to treat particles diffusively

desc c√
−6 ln(1−N)

≳ κ =


c lc

(
rg
lc

)1/3 (
B0

δB

)2
RSR : rg ≲ 5lc/2π; QLT : δB ≪ B0

c rg/3 RSR : rg ≲ 5lc/2π; Bohm : δB ≫ B0

c r2g/(2lc) QBR : rg ≫ 5lc/2π

.

(4.29)

Here, the diffusion coefficient are described according to Equations (4.14), (4.15),
and (4.13) for the QLT- and the Bohm-limit, and the QBR prediction, respectively.
Note that for the QLT-limit, the expression for the parallel diffusion coefficient is
used, which is larger than the perpendicular component. In source geometries where
the perpendicular escape distance is much smaller than that along the ordered field
desc,⊥ ≪ desc,∥, the expression for the perpendicular diffusion coefficient may need to
be used instead. The condition for the diffusion coefficient can be converted into a
condition for the correlation length or size of the source system, as well as the gyroradii
of the particles. The latter option is especially useful to make statements for which
gyroradii or energies particles can be treated diffusively in certain sources:

rg ≲


d3esc l

−2
c

(−6 ln(1−N))3/2

(
δB
B0

)6
RSR : rg ≲ 5lc/2π; QLT : δB ≪ B0

desc√
−2 ln(1−N)/3

RSR : rg ≲ 5lc/2π; Bohm : δB ≫ B0
√
desc lc

4
√

−3 ln(1−N)/2
QBR : rg ≫ 5lc/2π

. (4.30)

The only applied requirement for N is that when escaping, most particles have to
be diffusive. As discussed above, an intuitive approach is N = 0.63, for which the
condition from Equation (4.27) yields

τesc ≳ τdiff . (4.31)
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This choice results in

rg ≲


6−3/2 d3esc l

−2
c

(
δB
B0

)6
RSR : rg ≲ 5lc/2π; QLT : δB ≪ B0

√
3 desc/

√
2 RSR : rg ≲ 5lc/2π; Bohm : δB ≫ B0√

desc lc QBR : rg ≫ 5lc/2π

. (4.32)

Here, the approximation (2/3)1/4 ≈ 1 was applied for the QRB case. If gyroradii
fulfill this condition, their transport can be treated diffusively. Note that the influence
of large N on the final result is small and, for example, for the conservative case
N = 0.99999 yields in the QBR the condition rg ≲

√
desc lc/2, which differs only by

a factor of 2 with respect to the ansatz proposed in Equation (4.31). Due to the
robustness of the result with respect to the choice of N , Equation (4.32) shall be used
in the following as a realistically motivated condition for the validity of the diffusion
approach.

Pure isotropic turbulence (δB ≫ B0): For isotropic turbulence without an or-
dered background field B0, Equation (4.32) simplifies to

rg ≲

{√
3 desc/

√
2 RSR : rg ≲ 5lc/2π√

desc lc QBR : rg ≫ 5lc/2π
. (4.33)

By visualizing this condition, fundamental insights can be illustrated. For this pur-
pose, the condition from Equation (4.32) for the case of isotropic turbulence without
an ordered background field is illustrated in Figure 4.8. This figure illustrates the
parameter space for which charged particles in spherical plasmoids with correlation
lengths of 1011 m of the turbulence can be described diffusively (dotted area). The
individual features of this figure that contribute to this statement are listed below:

x-axis The x-axis labels show the escape distance desc of particles in the plas-
moid, which scales linearly with its spatial extension for fixed initial
particle distributions. For spherical plasmoid with radius R, desc = R
holds for particles that start in the plamsoid center.

y-axis The y-axis labels show the particle gyroradii as well as the energy for
a fixed magnetic field δB ≈ 1G.

lmax The maximum fluctuations of the turbulence. For Kolmogorov turbu-
lence lmax ≈ 5lc holds.

5lc/2π This horizontal line marks the transition between RSR and QBR.

black line The black line visualizes the maximum gyroradii for which the con-
dition from Equation (4.32) holds. The solid line visualizes the QBR
prediction and the dot-dashed line the Bohm diffusion in RSR.
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Figure 4.8: Visualization of the criterion from Equation (4.32) for determining the validity
of a diffusive particle description as a function of system sizes (proportional to escape
distances desc) and particle energies. Particles below the black line can be considered
diffusive in the corresponding systems. The dotted area indicates this region. where
in addition, the system size can entail the largest turbulence, a condition that holds in
astrophysical environments. The details of the figure are discussed in the text.

gray w/o dots The parameter space for particles in the RSR that cannot be described
diffusively. The maximum turbulence fluctuations have to fit into the
source. Therefore, desc ≳ lmax holds2 and this parameter space is
neglected in the following.

gray w/ dots The parameter space for which particles are in the RSR and can be
described diffusively.

white w/ dots The parameter space for which particles are in the QBR but can be
described diffusively.

white w/o dots The parameter space for particles in the RSR that cannot be described
diffusively.

2Note that this condition can be violated by certain initial conditions of the particles, especially
if the particles reside predominantly in the system’s boundary region.
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As the system sizes are larger than the maximum fluctuations, particles in the RSR
can be considered as diffusive, hence the condition,

rg ≲
√

desc lc , (4.34)

can be used across regimes to determine the diffusive behavior. This condition trans-
lates into

E ≲ qcB
√

desc lc ≈ 30PeV ·
(

desc
1013m

)1/2(
lc

1011m

)1/2(
B

1G

)
Z . (4.35)

To summarize, particles in the RSR are diffusive. Nevertheless, particles in the QBR
(white area with dots) may be diffusive. However, in objects where average escape
distances are not much larger than the correlation length, such as in plasmoids in AGN
jets [25], the range of diffusive particles in the QBR is narrow. Therefore, particles
in the RSR can be treated diffusively, while particles in the QBR need a ballistic
description.

Figure 4.9 shows lines that correspond to the maximum gyroradii according to
Equation (4.34) for different correlation lengths. This figure shows the parameter
space of the environments explicitly discussed in this thesis, the plasmoids as high-
energy particle sources, the IGMF (Section 5.1), and the Galaxy (Section 5.2).

Isotropic turbulence plus ordered background field: The inclusion of an or-
dered magnetic field introduces a frame of reference that introduces different transport
dynamics along and perpendicular to the ordered field.

1. Parallel escape: The condition τesc,∥ ≳ τdiff,∥ has to hold for a diffusive descrip-
tion. This yields

κ∥ ≲
desc,∥ c√

6
. (4.36)

Consequently, the condition for rg is similar to that given in Equation (4.32),
where desc is the escape in parallel direction desc,∥ with respect to the ordered
magnetic field component.

2. Perpendicular escape: Using the condition τesc,⊥ ≳ τdiff,⊥ yields

d2esc,⊥
2κ⊥

≲
λ⊥

c
≈

λ∥

c
=

3κ∥

c2
, (4.37)

where the assumption of isotropic mean-free paths is applied. This assumption,
as well as the relation between the perpendicular and parallel components, shall
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Figure 4.9: Visualization of the criterion in Equation (4.34). The lines indicate the
maximum gyroradii allowed for a diffusive description for a fixed correlation length as a
function of desc. The escape distances depend on the particle distribution and the source
geometry but are on the order of the source size. If the gyration radius is below the line
describing the system, the particle transport can be considered as being diffusive.

be discussed in the next section. Rewriting Equation (4.37) yields

√
κ∥ κ⊥ ≲

desc,⊥ c√
6

. (4.38)

As κ⊥ ≲ κ∥ holds, particles can be always treated diffusively along the perpen-
dicular direction as long as a diffusive description in parallel direction is valid for
isotropic system geometries with desc,⊥ ≈ desc,∥. An interesting case occurs for
system geometries where the perpendicular escape distances are much smaller
than the parallel ones. Examples with such geometries include spiral galaxies,
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flux tubes in the lobes of radio galaxies [27] and elongated jets of (AGN).

Escape times: Having derived the criterion for diffusive transport in astrophysi-
cal systems with turbulence, statements regarding the particles’ escape time follow.
Summerizing Equations (4.22) and (4.23) yields

τesc ≈

{
desc/c ballistic : rg ≳

√
desc lc

d2esc/(2κ) diffusive : rg ≲
√
desc lc

. (4.39)

In the diffsive case, this escape time represents an upper limit (see explanation around
Equation (4.22). Inserting the dependencies of the diffusion coefficients from Equa-
tion (4.29) in turbulence without a mean magnetic field gives

τesc ≈


3 d2esc/(2 c rg) diffusive(RSR,Bohm) : rg ≲

√
desc lc

d2esc lc/(c r
2
g) diffusive(QBR) : rg ≲

√
desc lc

desc/c ballistic : rg ≳
√
desc lc

. (4.40)

This analytical expression for the escape time is plotted in Figure 4.10, where the
dashed line describes the ballistic prediction and the dashed-dotted line describes the
diffusive behavior across the transport regimes RSR and QBR. The latter is an up-
per limit given the above arguments. The marker represents the numerical simulation
results of the escape time. For this purpose, 103 particles were emitted in isotropic
Kolmogorov turbulence at the same location. The time was measured that parti-
cles need to reach the spherical shell confining the physical system in this setting.
Accordingly, the escape distance is equal to the radius. The figure shows the mean
escape times of the particles and the time needed until 99% of the particles escape.
Both the transport-related changes predicted from the analytical considerations and
the absolute value are remarkably well matched under consideration that the diffusive
description yields an upper limit.

4.3 Diffusion Coefficient Components

Besides the already addressed questions about the running diffusion coefficient and its
transition from a ballistic to a diffusive phase, the question of the isotropy of the trans-
port arises. In Section 4.1.1, Equations (4.10) and (4.11) showed the difference in the
behavior of the perpendicular and parallel components due to an ordered background
field. In Figure 4.2 the difference was visualized. A key question is whether the plateau
develops simultaneously for both components of the running diffusion coefficients.

Studies of parallel diffusion coefficients have been advanced significantly over time
[38, 42, 49, 69, 92, 94, 140, 159, 160, 166]. There remain, however, several open
questions, such as what turbulence level δb/B0 range allows for the application of QLT
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Figure 4.10: Escape time of particles as a function of their gyration radii and the cor-
relation length of the turbulence present. Parameters as in Table 4.1. The black lines
reflect the analytical predictions in the three regimes shown (diffusive RSR, diffusive QBR,
and ballistic QBR). The diffusive phase spans the two energy transport regimes, RSR and
QBR, each with characteristic slopes according to Equation (4.40). In the ballistic trans-
port regime defined by the condition rg ≳

√
desc lc, the decay times are energy independent.

The markers show simulation results extending over numerous orders of magnitude in par-
ticle energy and spanning all three regimes. The time needed for 99% of the particles to
escape from the plasmoid and the average escape times is shown. The diffusion limit is an
upper limit based on analytical considerations. The simulation results support this.

[140] that was developed for the limit of low turbulence levels. Another aspect is the
influence of intermittency on particle transport [63, 163]. Moreover, the perpendicular
diffusion coefficients and their relationship to the parallel diffusion coefficient was also
subject of many studies [40, 42, 50, 58, 61, 69, 70, 80, 109, 114, 121, 135, 140, 166,
172].

Relation between diffusion tensor components: Knowledge of the relationships
between the diffusion coefficient tensor components is essential in determining one
component with the understanding of the other one. The relation should cover a
wide range of turbulence levels and energies in order to explain the different transport
regimes discussed above. In the limit of high turbulence levels (δb/B0 ≫ 1), for
example, equal perpendicular and parallel components of the diffusion coefficient are
expected as the charged particles propagate through isotropic turbulence [31, 69, 94].
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The outcome of test-particle simulations for 2D, slab, or composite (2D & slab)
turbulence can be adequately explained using analytical models. The portfolio of
models includes the quasilinear theory (QLT), the nonlinear guiding center theory,
and the unified nonlinear theory (see, e.g., [161] for a review). However, these theories
fail for isotropic 3D turbulence for particles with small gyroradii rg ≪ lc [58, 140]. As
the description fails for the RSR, no encompassing theory exists capturing the relation
between the parallel and perpendicular components that can explain simulation results
over the whole range of turbulence levels for isotropic 3D turbulence.

Despite the lack of an all-encompassing theory, and the known difficulties in RSR,
a basic relation of both diffusion coefficients is derived below, which is characterized
by its few assumptions and resulting simplicity. Following the nonlinear theory known
as the Bieber and Matthaeus (BAM) theory [31], deviations from the ideal helices
of particles in magnetic fields are caused by the fluctuations through a continuous
change of the pitch angle. In contrast to QLT, where particles move on ideal helices,
the momentum of particles decorrelates over time. In BAM, the physically motivated
assumption of exponentially decaying momentum (velocity) correlations applies

⟨v⊥(t)v⊥(0)⟩ =
v2

3
cos(Ωt) e−t/τ⊥ , (4.41)〈

v∥(t)v∥(0)
〉

=
v2

3
e−t/τ∥ . (4.42)

Here, ⟨·⟩ denotes the ensemble average, Ω = v/rg the angular frequency of the unper-
turbed orbit, and τ∥ and τ⊥ are the effective timescales for the decorrelation of the
trajectories along and perpendicular to the background field, respectively.

The BAM model assumes the Field-line Random Walk (FLRW) coefficient as a
measure of the perpendicular mean-free path. This restrictive assumption is discarded
for the sake of generality below since the description of perpendicular transport as
FLRW [158, 167] is not realistic in all key astrophysical environments for the particle
energies considered in the present thesis. Gyroresonant scattering influences the per-
pendicular component in the RSR significantly via the cross-field diffusion (see [52] for
a discussion).

The TGK formalism allows for the computation of diffusion coefficients as [159],

κ⊥ = lim
t→∞

t∫
0

dτ
v2

3
· cos(Ωτ) · e−τ/τ⊥ =

v rg
3

Ωτ⊥
1 + Ω2τ 2⊥

, (4.43)

κ∥ = lim
t→∞

t∫
0

dτ
v2

3
· e−τ/τ∥ =

v2τ∥
3

=
vλ∥

3
. (4.44)

Note that this is the same expression for the parallel diffusion coefficient as shown in
Equation (3.8). Inserting the angular frequency Ω = v/rg of the unperturbed orbit
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yields

κ⊥

κ∥
=

τ⊥
τ∥

1

1 + v2 τ 2⊥/r
2
g

. (4.45)

Note that in this section, the gyroradii are defined only with respect to the background
field and not with respect to the total magnetic field as in the other sections. The
reason for this is the better comparability with other studies on CSR.

Diffusion timescales of diffusion tensor components The physical assumption
that the same physical effects, e.g. resonant scattering or FLRW, lead to diffusion
along the perpendicular and parallel directions suggest the adoption of

τ⊥ = τ∥. (4.46)

Note that this assumption also underlies the telegraph transport equation since only
one timescale τdiff is specified in Equation (4.1) for the diffusion timescale, even for
the anisotropic case. Equal parallel and perpendicular diffusion timescales do not lead
to identical diffusion coefficient components, as can be seen in Figure 4.2. Inserting
Equation (4.46) and τ∥ = λ∥/v from Equation (4.44) into Equation (4.45) yields

κ⊥

κ∥
=

1

1 + λ2
∥/r

2
g

. (4.47)

This result is similar to the hard-sphere model introduced by [72], also known as the
classical scattering relation (CSR) within standard kinetic theory. Finally, inserting
the definition of the parallel mean-free path,

κ∥ =
vλ∥

3
, (4.48)

into Equation (4.47) results in

κ⊥

κ∥
=

(
1 +

9κ2
∥

v2 r2g

)−1

. (4.49)

The simulation results of the parallel and perpendicular diffusion coefficients shown
in Figure 4.4 are used to evaluate Equation (4.49). The deviation from the simulation
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Figure 4.11: Comparison between simulation results and CSR predictions for κ⊥/κ∥ ac-
cording to Equation (4.47). The parameter space is shown in Figure 4.4 and its caption,
where all individual diffusion coefficient component are shown. Deviations between sim-
ulation results and CSR are computed via Equation (4.51) and color coded. Taken from
Reichherzer et al. (2021, [139]).

result from the CSR prediction are computed via

ε =

∣∣∣∣(κ⊥

κ∥

)
sim

−
(
κ⊥

κ∥

)
CSR

∣∣∣∣ · (κ⊥

κ∥

)−1

CSR

(4.50)

=

∣∣∣∣(κ⊥

κ∥

)
sim

− 1

1 + (3κ∥,sim)2/(v rg)2

∣∣∣∣ · (1 + (3κ∥,sim)
2

(vrg)2

)
, (4.51)

and presented in Figure 4.11 via the color code.
Since only the ratio rg/lc is relevant for the diffusion coefficients shown in Figure 4.4,

this plot is more universal than indicated by the limited range of particle energies on
the lower x-axis of Figure 4.11 that corresponds to the exact simulation parameters.
With an arbitrary factor, the range of particle energy can be scaled to another if, at
the same time, the magnetic field or the correlation length is scaled in the same way.
For illustration, the upper x-axis labels are obtained with a magnetic field 106 times
larger than that on the lower x-axis label. At the same time, the correlation length is
scaled down by a factor of 5 ·107. Effectively, therefore, the energy range has decreased
by a factor of 50 and represents the particle energies in the setup of an exemplary AGN
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Figure 4.12: Plot of the ratios λ∥/lmax vs the ratios rg/lmax. The parameter space
rg ≲ lmax ≲ λ∥ is highlighted with gray color. Taken from Reichherzer et al. (2021, [139]).

plasmoid as described in Section 4.1.3.
The agreement between simulation results and CSR is given over a wide range of

parameters. Significant deviations only occur in the RSR rg ≲ lmax for low turbulence
levels, where the parallel mean-free paths are large lmax ≲ λ∥. By showing λ∥/lmax vs
rg/lmax in Figure 4.12, the parameter space rg ≲ lmax ≲ λ∥ is visualized in the grey
area. Poor agreement between the CSR and the simulation results is found within this
area, which suggests that although these particles are scattered by resonant waves, a
significant part of the perpendicular displacement is due to FLRW. The latter part
of the inequality arises from the fact that these deviations appear for low turbulence
levels, where the parallel mean-free paths are particularly large and typically much
larger than lmax.

Figure 4.13 presents the ratio κ⊥/κ∥ as a function of the ratio λ∥/rg, where λ∥ =
3κ∥/v is determined according to Equation (4.47). The theoretical CSR prediction
from Equation (4.49) is shown as the gray line. Note that the turbulence level is not
fixed and varies according to the parameter space shown in Figure 4.11. Deviations of
the simulation results from these CSR predictions are computed via Equation (4.51)
and shown in the lower panel. Here, as well as in Figure 4.11, good agreement between
theory and simulation results for higher particle energies are evident. Wherever the
CSR prediction fits the simulation results, the assumption λ∥ = λ⊥ underlying Equa-
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Figure 4.13: Top panel shows the ratio of perpendicular to parallel diffusion coefficient
as a function of the ratio λ∥/rg. The particle energy is color coded. The entire parameter
space is shown in Figure 4.11. The theory prediction is indicated by the gray line. The
lower panel shows the deviation of the simulation results from the theory prediction, which
is determined by Equation (4.51). Taken from Reichherzer et al. (2021, [139]).

tion (4.49) is satisfied to a certain degree. This fits a wide range except for the RSR for
low turbulence levels. The good agreement over the large parameter space, especially
for high turbulence levels and particle energies, stems from the following two reasons:

1. High turbulence levels isotropize the diffusion process and consequently also the
diffusion timescales. This consideration is valid regardless of the particle energy
and favors the assumption of CSR τ⊥ = τ∥.

2. High-energy particles in the QBR exhibit a behavior of κ∥ ∝ λ∥ ∝ E2 and
κ⊥ ∝ λ⊥ ∝ E0 (see Section 4.1.2 for details). The energy-independent FLRW
dominates the energy-independent diffusion along the perpendicular component
since resonant scattering is suppressed in the QBR according to the gyrores-
onance criterion. This finding is in agreement with [122]. The effect of the
FLRW arises from isotropic diffusion and consequently leads to identical diffu-
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sion timescales perpendicular and parallel to the oriented background magnetic
field.

Predictive theory for perpendicular diffusion coefficient In addition to state-
ments about the identical timescales in the perpendicular and parallel directions, the
results can be used to derive an expression for the perpendicular diffusion coefficients.
According to the argumentation from above, the following relation derived from Equa-
tion (4.49) is valid wherever a sufficiently good agreement between CSR and simulation
results in Figure 4.11 is given:

κ⊥ =
κ∥

1 + (3κ∥)2/(v rg)2
. (4.52)

In the QBR λ∥ ≫ rg holds and thus

κ⊥ =
κ∥

1 + λ2
∥/r

2
g

λ∥≫rg
≈

v r2g
3λ∥

. (4.53)

With κ∥ ∝ r2g from Equation (4.13), κ⊥ ∝ r0g ∝ E0 applies, a scaling that that can be
seen in Figure 4.4.

These relations are useful in that one may recover under consideration of a few
physically well-motivated assumptions the difficult-to-evaluate perpendicular diffusion
from the better-understood and more accessible parallel diffusion.

4.4 Summary

1. Influence of CR-transport effects on multi-messenger signatures
The transport of charged particles in magnetized source regions alters their spec-
tra and escape times. These modifications are carried over from the cosmic
rays (CRs) to the secondaries by interaction processes. Therefore, understand-
ing charged particle transport contributes to a better understanding of multi-
messenger signatures through a further layer of complexity.

2. Analytical description of isotropic running diffusion coefficients
By solving the telegraph equation, an analytical form of the running diffusion
coefficient is provided in Section 4.1. This is important to describe particle
distributions statistically accurately at any time and not just in the limit of
large times as available with diffusion coefficients. Furthermore, this analytical
description serves as a reference for evaluating different numerical propagation
methods of CRs in turbulence. The comparison in astrophysical source environ-
ments demonstrates the excellent agreement between simulation results of the
correlated random walk routine with concomitant performance gains.
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3. Criterion for classifying the CR transport into ballistic and diffusive
regimes and its consequences for multi-messenger spectra
In Section 4.2, criteria for the justification of the diffusive description of particle
transport are derived, depending on the particle energy and the properties of
the source environment. It follows immediately that particles in the resonant-
scattering regime can always be described diffusively. According to the leaky-
box model, the classification into diffusive and ballistic transport has immediate
consequences for the spectrum of CRs and secondary particles, as only energy-
dependent diffusion modifies its shape.

4. Unified description of escape times from source environments
The criterion for classifying the CR transport into diffusive and ballistic allows
statements on the spectrum and predictions on escape times from source envi-
ronments. The three regimes are:

(a) Escaping particles in the RSR rg ≲ 5 lc/2π can be considered diffusively.

(b) If the particles are in the QBR rg ≳ 5 lc/2π, but the escape distances are
very large desc ≫ lc due to large source environments, there is a range
5 lc/2π ≲ rg ≲

√
desc lc for which particles escape diffusively.

(c) Escaping particles in the QBR for which rg ≳
√
desc lc holds must be con-

sidered ballistically.

The expression for escape times across these three different regimes is derived as
a function of the gyration radius of the particles, the magnetic field strength and
the correlation length of the turbulence. Numerical simulation results presented
support these predictions.

5. The transition to the diffusive phase coincides in perpendicular and
parallel directions
Even though the diffusion coefficients perpendicular and parallel to an oriented
magnetic field may differ significantly, the time required to reach the respective
steady-state values is similar, especially for high-energy particles in astrophysical
sources. This finding offers a convenient formula for the otherwise difficult-to-
evaluate perpendicular diffusion coefficient based on the better-understood and
more accessible parallel diffusion.





Chapter 5

Journey of Messengers from Sources
to Earth

The running diffusion coefficient exhibits a transition from ballistic to diffusive trans-
port phase, where the running diffusion coefficients remain constant. Both phases,
including the transition, can be described through the telegraph equation. Section 4.2
explains this concept in more detail and illustrates its implications for transient phe-
nomena in astrophysical high-energy particle sources. It is shown that the transport
properties of charged particles in source regions with high proton and photon target
densities determine how long particles are confined. Therefore, the associated escape
times of charged particles directly and significantly influence the secondaries created
by interaction processes.

In the present chapter, the focus shifts towards the journeys of these particles
between sources and the Milky Way. During most of the journey, the particles move
through astrophysical regions with low particle density. The analogy between transport
in source regions and between the sources and the Earth is exploited. The description
of the escape times in the three regimes, diffusive RSR, diffusive QBR, and ballistic
QBR, found in source regions, can be adopted to describe the required source-to-Earth
travel time.

This chapter is divided into two parts, the source-to-Galaxy (Section 5.1) and the
Galaxy-to-Earth (Section 5.2) propagation. The focus of the first part is the discussion
on the transport of charged particles through the intergalactic magnetic field (IGMF)
as it modifies the arrival times and isotropizes the arrival directions of CRs at the Milky
Way. Fundamentally, the effects of the presence, albeit weak, of magnetic fields can
add up due to the large distances between sources and the Milky Way. The following
discussion on transport-related effects is based on my contributions to the papers and
proceedings on CRPropa [17] and PropPy [138] (see details in disclaimer in Chapter 4).

Furthermore, my analytical consideration of the particle distribution as a function
of time and the diffusion coefficient, which I contributed to the publication

89
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• L. Schlegel∗, A. Frie, B. Eichmann, P. Reichherzer, and J. Becker Tjus, “Inter-
polation of Turbulent Magnetic Fields and Its Consequences on Cosmic Ray
Propagation”, The Astrophysical Journal, 889, 2, 2020 — doi:10.3847/1538-
4357/ab643b,
where I developed statistical criteria to quantify the effect of turbulence interpola-
tion on cosmic-ray propagation. Furthermore, I supported L. Schlegel in finding
the final simulation setup,

is employed.
The second part of this chapter describes how messengers reaching our Galaxy after

a long journey through the IGMF are exposed to renewed environmental changes. This
affects particularly charged particles due to the significant increase in the magnetic
field strength. The influence on the transport of charged particles in the Galaxy is
discussed in Section 5.2 and applies some aspects of the publication

• P. Reichherzer∗, L. Merten, J. Dörner, J. Becker Tjus, M.J. Pueschel, and E.G.
Zweibel, “Regimes of cosmic-ray diffusion in Galactic turbulence”, SN Applied
Sciences, 4, 15, 2022 — doi:10.1007/s42452-021-04891-z.

5.1 Particle Journey from Source to Galaxy

5.1.1 Transport Effects

The influence of the IGMF on the transport behavior of charged particles depends on
their energies and the magnetic field properties. Knowledge of this influence is essential
for determining the direction of origin and arrival times. Here, a fundamental question
is whether particles can be described diffusively based on their energy and as a function
of the distance between sources and the Milky Way. This question shall be treated
equivalently to the one concerning the diffusivity of particles in sources according to
Section 4.2. Even if the mean-free-path lengths in the IGMF become much larger than
in source regions, it must be noted that these are now compared to the astronomical
distances between sources and the Milky Way. For particles that become diffusive
before reaching our Galaxy, the directional information is completely lost. In contrast,
sufficiently high-energy particles arrive at the Galaxy with only minor deflections. At
the very highest energies, the hope is thus to observe UHECRs attributable to a point
source.

In analogy to whether particle transport in sources can be described diffusively,
now follows a similar discussion for transport between sources and the Milky Way.
The escape distance used to describe the escape times translates for determining the
time needed for the source-to-Galaxy transport into the distance between source and
Milky Way ds−MW ≈ desc. The difference in this analogy, however, is that particles
escape after traveling the distance desc from sources, whereas diffusive particles in the
IGMF can move temporarily farther away from the source than ds−MW. Diffusion could



5.1. PARTICLE JOURNEY FROM SOURCE TO GALAXY 91

Figure 5.1: Visualization of the criterion from Equation (4.32) for determining the validity
of a diffusive particle description as a function of the distance between source and Milky
Way ds−MW ≈ desc and particle energies. Particles below the black line can be considered
diffusive. The entire parameter space for diffusive transport is highlighted with dots. The
details of the figure are discussed in the context of the similar Figure 4.8.

cause them to return to the Milky Way. This difference is noticeable in the expected
time needed,

τs−MW, diff ≈
d2s−MW

2κ
, (5.1)

which is consequently larger in comparison with the case described in Equation (4.22)
within sources. The time needed for particles to travel between sources and the Milky
Way for the ballistic transport yields

τs−MW, ball ≈
ds−MW

c
. (5.2)

The conditions for diffusive transport derived in Section 4 lead to a plot similar to
Figure 4.8 for the distinction between diffusive and ballistic transport. This is shown
in Figure 5.1. The discussion of this function is equivalent to that for Figure 4.8 with
the only difference that the distance between sources and Milky Way may be smaller
than lc. However, the most important conclusions are summarized here:

1. The figure shows that from the Andromeda galaxy on, the transport for particles
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in the RSR is always diffusive.

2. In the QBR, particle transport for 5 lc/2π ≲ rg ≲
√

lc ds−MW can be described
diffusively.

3. In the QBR, particle transport for rg ≳
√

lc ds−MW cannot be described diffu-
sively.

For the three regimes, the RSR (always diffusive), the QBR (diffusive), and the
QBR (ballistic), the travel times yields in average

τs−MW ≈


9.0 · 106 yr

(
ds−MW

Mpc

)2 (
B
nG

) (
E

EeV/2

)−1

diffusive (RSR,Bohm)

5.6 · 106 yr
(

ds−MW

Mpc

)2 (
lc

Mpc

) (
B
nG

)2 ( E
EeV/2

)−2

diffusive (QBR)

3.3 · 106 yr
(

ds−MW

Mpc

)
ballistic (QBR)

.

(5.3)

Note that the Bohm scaling applies to isotropic 3D Kolmogorov turbulence without a
directed magnetic field.

5.1.2 Comparison of Simulation Techniques

Consequently, the transport of particles of a broad energy spectrum from distant
sources to the Galaxy must account for the ballistic and the diffusive regime. Due
to the large distances involved, efficient methods are necessary. In search for suitable
propagation methods and in analogy to the comparison of the different transport meth-
ods in source regions (see Figure 4.7), a comparison for the propagation of charged
particles in the IGFM is presented. The simulation setup contains an isotropic 3D Kol-
mogorov turbulence with a spectral index = 5/3, a magnetic field strength Brms = 1 nG,
a correlation length lc = 1Mpc, wich is within the current constrained parameter space
[16]. In each simulation, 103 particles are propagated with E = 10EeV. These particles
are in the QBR as rg ≫ lc with κ ≈ 1.1 pc2/s following Equation (4.13). Figure 5.2
shows the required computation times of the simulations as a function of the resolution
expressed in the step sizes. The trajectory lengths ltraj = 1.3 · 105 Mpc in the simu-
lation exceed the mean-free paths λ = 3κ/c ≈ 350Mpc. According to Equation (4.6)
all particles are diffusive at the end. The deviations from the analytical prediction are
shown color-coded in Figure 4.7. Since the particles in this setup are diffusive, the
description is applicable to all methods, particularly the diffusive ones. The correlated
random walk (CRW) and the diffusive approach show again the best performance. For
the case of smaller distances between source and earth ds ≪ λ, the diffusive approach
is not applicable anymore. Here, the failure of the diffusive approach is equivalent to
the behavior shown in the lower panel of Figure 4.7 for the ballistic case.
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Figure 5.2: Comparison of simulation time (sum of the system and user CPU) for nu-
merical simulations with propagation techniques presented in Section 3.2.2 as functions of
step sizes. Taken from Reichherzer et al. (2022, [138]).

5.2 Propagation in the Galaxy Towards Earth

The Galactic magnetic field strengths are at least 3 orders larger than those of the
IGMF (BMW/BIGMF ≈ 103), accompanied by significantly smaller correlation lengths
lc ≲ 100 pc of the turbulence (lc,MW/lc,IGMF ≈ 10−4) [16]. Applied to the findings
of Chapter 4, it follows that the scales d ≈ r2g/lc on which the transport of charged
particles becomes diffusive yields

dMW =

(
BIGMF

BMW

)2(
lc,IGMF

lc,MW

)
dIGMF ≈ 10−2 dIGMF, (5.4)

and thus decreases compared to the IGMF for particles with fixed energy. Hence, the
following two questions arise from this aspect:

1. What is the influence of the Galactic magnetic fields on the high-energy particles
from extragalactic sources that are propagated to us through the IGMF? At what
energies do charged particles become diffusive when traveling from the edge of
our Galaxy to Earth?

2. At what energies will CR transport from Galactic sources of different distances
become diffusive? This question is particularly relevant for nearby sources, as
point sources may be identified for ballistic, non-yet diffusive, transport.
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Figure 5.3: Visualization of the criterion from Equation (4.32) for determining the validity
of a diffusive particle description as a function of their energies (Z = 1) and the distance
of Galactic sources to Earth (≈ desc). Particles below the black line can be considered
diffusive. The complete parameter space for diffusive transport is highlighted with dots.
The details of the figure are discussed in the context of the similar Figure 4.8.

In analogy to Figures 4.8 and 5.1, Figure 5.3 shows the critical gyroradii and energies
in the context of the Milky Way, below which particle transport can be described
diffusively, for the given source distance. The Galaxy’s scale height H ≈ 300 pc and
its radial extent R ≈ 20 kpc are marked. These provide references to the minimum
and maximum distances that extragalactic particles must travel in the Galactic mag-
netic field in order to be observed on Earth. If particle energies from extragalactic
sources are below 100-500PeV, their transport can be described diffusively within our
Galaxy according to Figure 5.3. Consequently, the directional information is lost upon
arrival on Earth. Furthermore, examples of sources of Galactic CRs discussed in the
literature [37, 78] are marked in the figure. The H.E.S.S. and MAGIC detection of
very-high-energy gamma rays from the recurrent nova RS Ophiuchi and their analysis
in [78, 112] has provided a maximum energy E ≈ 10TeV up to which protons can be
accelerated in Galactic nova with similar properties. When compared with Figure 5.3,
it becomes clear that charged particles from these events will reach Earth diffusively
and thus cannot provide any clues about their origin by means of arrival directions.
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The horizontal lines in Figure 5.3 show the knee and the 2nd knee (see Figure 2.2). All
charged particles below the knee from extrasolar sources (except Proxima Centauri)
are diffusive on arrival at Earth. Particles above the 2nd knee of the cosmic-ray energy
spectrum, on the other hand, cannot be described diffusively and therefore do not lose
their directional information when crossing the Galaxy. Consequently, these particles
of Galactic origin should be traceable to their origin on nearly rectilinear trajectories.
However, whether statements about their extragalactic origin are possible depends also
on their source distance, according to the discussion in Section 5.1.

5.3 Summary

1. Generalizing criterion for classifying the CR transport into ballistic
and diffusive regimes
Extragalactic CRs that satisfy rg ≲

√
ds−MW lc have lost their directional in-

formation upon reaching our Galaxy. The diffusion equation describes their
transport. Figure 5.1 provides instantaneous statements about the classification
into diffusive and ballistic propagation depending on the distance of the source
and the particle energy.

2. Which conditions permit tracing CRs origin from their arrival direc-
tions?
In Section 5.2, the influence of the Galactic magnetic field on the trajectories of
charged particles toward Earth is discussed. Criteria are shown to discern which
particles of (extra-)Galactic origin can be considered diffusive. On the other
hand, conditions are presented to infer the origin of CRs based on the arrival
direction.

3. Advantages of the correlated random walk propagation method
Comparisons of numerical simulations in the intergalactic magnetic field under-
line the excellent applicability of the CRW-based propagation method.





Chapter 6

Conclusions & Outlook

The joint observation of gravitational waves and the electromagnetic counterparts
of a binary neutron star merger and the first evidence for a blazar being a source
of high-energy neutrino in 2017 contributed significantly to ushering in the era of
multi-messenger astronomy. Key challenges in multi-messenger astronomy include
associating observed messengers with physical processes and their temporal and spatial
characterization of transient phenomena, as summarized in Chapter 2. Furthermore,
different astrophysical processes create other messengers, which reveal complementary
information about their sources. Only the account of these aspects allows a detailed
understanding of transient phenomena.

The investigation of these key aspects under consideration of realistic modeling re-
quires the usage of numerical tools. These tools were described in Chapter 3 and used
to investigate the transient phenomena subsequently. Observation of one of these mes-
senger types of a transient event demands coordinated searches for other messengers.
Using software to coordinate follow-up observations of complementary messengers is
described in Chapter 3.1.4.

In this thesis, numerical propagation tools are improved and utilized to investigate
analytical predictions as the messengers escape from their sources (see Chapter 4) and
travel through the intergalactic magnetic field and the Galactic magnetic field to Earth
(see Chapter 5).

The key conclusions are:

1. Novel tool for the planning of follow-up campaigns Tools commonly used
for planning follow-up observations constitute a patchwork of disparate systems,
data formats, communication techniques of relevant information, and alerts of
transient phenomena. Astro-COLIBRI acts as a comprehensive platform ac-
commodating the information transmitted through this ecosystem of real-time
multi-messenger systems. In addition, the platform further automates the coor-
dination of follow-up observations by providing bundled event information and
linking detailed information through its graphical interface that is easily under-
standable for humans.
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2. Detection of most distant very-high-energy AGN Dynamical effects dis-
cussed in the thesis in the source region induced variability on timescales that
allowed follow-up observations of H.E.S.S. based on an alert emitted by Fermi.
Astro-COLIBRI has assisted in coordinating follow-up observations by provid-
ing helpful information and offering mobile access, especially useful during the
coordination over the weekends.

3. Enhancing propagation software to study real-time effects in tran-
sient sources Physical processes in transient sources provide a variety of highly
complex phenomena with different timescales and temporal variations of multi-
messenger signatures. Their understanding requires performing numerical simu-
lations with realistic modeling of astronomical environments. With the develop-
ment of a novel routine based on the correlated random walk, efficient modeling
of charged particle transport is realized that correctly describes both the initial
ballistic and the later diffusive transport phase.

4. Classification into ballistic and diffusive transport An analytical expres-
sion for the running diffusion coefficients is found by solving the transport equa-
tion. This allows the description of distributions of charged particles at arbitrary
times in turbulence. Moreover, proceeding from this expression, criteria are de-
rived to infer the applicability of a diffusive propagation description.

5. Theory for transport-related escape times from source regions The as-
pects discussed in the thesis are reconciled with deriving an analytical expression
for the escape times across energy- and transport regimes. Building on the study
of the transition from ballistic to diffusive transport, three distinct regimes with
different scalings of the escape time is found:

(a) Escaping particles in the RSR (rg ≲ 5 lc/2π) can be considered diffusively.

(b) If the particles are in the QBR (rg ≳ 5 lc/2π), but the escape distances
are very large desc ≫ lc due to large source environments, there is a range
5π lc/2π ≲ rg ≲

√
desc lc for which particles escape diffusively.

(c) Escaping particles in the QBR for which rg ≳
√
desc lc holds must be con-

sidered ballistically.

Numerical simulations verify these predictions. Applied to particle spectra, the
predictions for the escape time differ significantly from the assumptions of purely
diffusive or ballistic transport commonly employed in the literature.

6. Theory for CR source-to-Earth travel time The theory for transport-
related escape times from source regions is generalized to describe the influence
of deflections in the IGMF and the Galactic magnetic field on the travel times
of charged particles between sources and the Earth. Criteria are presented to



99

discern which particles of (extra-)Galactic origin can be considered diffusive on
arrival on Earth.

Outlook The current landscape of tools for different, mostly highly specialized cases
of multi-messenger astrophysics requires adaptation to the challenge of next-generation
observatories through connections and joint structures. The development of Astro-
COLIBRI as a holistic platform is one step in this direction. To further proceed, we
will organize an international multi-messenger workshop1 at Ruhr-University Bochum
in September 2022. The key objective of this workshop is to develop and disseminate a
research agenda on interconnecting software tools in real-time multi-messenger astron-
omy. In addition to presentations by international experts in the field, a hackathon-like
event forms an essential part of the workshop, in which the objective is pursued in
concrete steps. In addition to the usage of Astro-COLIBRI for the planning of follow-
up observations in H.E.S.S., other possible applications are elaborated on. There are
already advanced tests for using Astro-COLIBRI by the scientists on call, the burst
proponents, for the upcoming SVOM satellite launching in mid 2023.

In addition to planning coordinated follow-up campaigns, modeling of physical
effects in source regions and effects during the transport towards Earth requires im-
provement. For example, the influence of the transport-related modifications of CR
spectra and escape times on multi-messenger observables warrants quantification in
further studies. Especially, the findings on escape times serve as input for complex
semi-analytical models of transient sources. However, these studies or simulation codes
typically employ too-simplified assumptions of energy-independent [36, 149] or purely
diffusive [51, 103] scaling of the escape times or no escape at all [126] and would thus
benefit from the analytical expressions for escape times presented here.

The excellent suitability of the correlated random walk for ballistic and equally
diffusive extragalactic propagation paves the way for more efficient simulations of the
CR transport from sources to the Galaxy.

1https://astrophysics-workshop.web.app/

https://astrophysics-workshop.web.app/
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Appendix A

Multi-Messenger Approach to
Investigate Effects of Lorentz
Invariance Violation

Lorentz invariance is a pillar of special relativity. Its predictions passed any labora-
tory or astrophysical test. However, various theories [15, 56] attempting to generalize
general relativity and quantum theory invoke Lorentz invariance violation (LIV) at
Planck scales through modifications of the Standard Theory Lagrangian. This change
introduces the energy-dependent velocity of massless particles in a vacuum.

Laboratory experiments have provided constraints for LIV, which are nowadays
outpaced by advances in astronomical observations due to the commissioning of ever
more advanced observatories. By shifting the window of the observable particles to-
wards higher energies and more distant sources, the tiny LIV effects accumulate to
potentially detectable signatures.

Figure A.1 summarizes relevant LIV effects for messengers from gamma-ray bursts
(GRBs), as this source class is particularly suitable for studying LIV given their large
distances. Tests of LIV include studies of particle time-delay in arrival times during
flares [8, 111, 178], vacuum Cherenkov radiation [46, 64, 65], photon and neutrino
splitting and decay [14, 169], polarisation change [68, 105], anomalous neutrino flavour
conversion [2], and studies of a Lorentz violating field [90]. The limits emerging from
these tests for the first-order LIV energy scale extend five orders of magnitude above
the Planck scale. Future telescopes and a larger statistic of observations of particularly
extreme and distant flares will probe even higher magnitudes.
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Figure A.1: Schematic summary of LIV effects of different low- (LE) and high-energy
(HE) messengers from GRBs and their observable effects.
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