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Abstract

The microquasar Cygnus X-3 is one of the most enigmatic Galactic photon

sources hosting a compact object, which orbits around a Wolf-Rayet star and

develops a non-continuous jet. Recently, PeV photons were found to originate

from the Cygnus bubble with Cygnus X-3 being a promising source. Aim of this

work is to develop a model that describes the particle interactions leading to

high-energy secondary particles. Based on the hadronic scenario, a program is

designed to incorporate the characteristic photon background, geometry and

magnetic field of Cygnus X-3 providing a framework for quantitative modeling

of secondary particle production. A key aspect of this model is the formation of

a cocoon structure by the jet in an active state, creating a secondary promising

acceleration region. Reconnection appears close to the black hole while shock

acceleration is considered at the edge of the cocoon. Both regions were found

to be capable of accelerating protons up to PeV energies. The main photon pro-

duction mechanism was identified to be photohadronic interactions inside the

acceleration region while proton-proton interactions dominate beyond. In addi-

tion to the photon flux, the resulting neutrino flux was investigated confirming

that Cygnus X-3 is a source for high-energy neutrinos following the flavor ratio

1𝑒 : 2𝜇 : 0𝜏 . The findings of this work provide a theoretical foundation sup-

porting Cygnus X-3 as a high-energy source for both photons and neutrinos,

while also delivering a simulation tool that can be modified to further parameter

studies of Cygnus X-3.
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Zusammenfassung

DerMikroquasar Cygnus X-3 ist einer der effizientesten galaktischen Teilchenbe-

schleuniger, bestehend aus einem kompakten Objekt, das einenWolf-Rayet Stern

umkreist und einen nicht-kontinuierlichen Jet ausbildet. Aus der Cygnus Blase

konnten bereits PeV Photonen nachgewiesen werden, welche in Cygnus X-3 ih-

ren Ursprung haben könnten. Ziel dieser Arbeit ist es, ein Modell zu entwickeln,

das qualitative Aussagen über Wechselwirkungen der anwesenden Teilchen tä-

tigt. Basierend darauf wird ein Program entwickelt, das Simulationen erzeugt,

um quantitative Angaben zu den erwarteten Photon- und Neutrinoflüssen zu

machen. Hierbei wird sich auf das hadronische Scenario beschränkt, welches

Protonen als Quelle für hochenergetische 𝛾-Strahlen und dazgehörige Neutrinos

heranzieht. In dieser Arbeit sind besonders zwei für Cygnus X-3 charakteristi-

sche Modelle miteinander kombiniert worden, um zu überprüfen, inwiefern es

möglich ist, Cygnus X-3 als Quelle für PeV Photonen und hochenergetische

Neutrinos anzusehen. Zum einen wird magnetische Rekonnektion als Beschleu-

nigungsmechanismus am kompakten Objekt betrachtet. Dieser zeigt sich als

besonders effektiv und ist in der Lage PeV Photonen und hochenergetische Neu-

trinos zu produzieren. Weiterhin ist für Cygnus X-3 angenommen worden, dass

der Jet im aktiven Zustand eine Kokon-Struktur im Medium ausbildet, wodurch

sich eine zweite Beschleunigungsregion ergibt. Diese erweist sich ebenfalls als

vielversprechend, wobei Sekundärteilchen erzeugt werden, die die gemssenen

𝛾-Strahlen erklären können. Diese werden in beiden Beschleunigungszonen mit

den zusätzlichen Neutrinos durch photohadronischeWechselwirkungen erzeugt

und außerhalb dieser sind Proton-ProtonWechselwirkungen dominant. Dadurch

lässt sich Cygnus X-3 fundiert als bedeutende galaktische Hochenergiequelle für

Photonen und Neutrinos etablieren, wobei gleichzeitig eine numerische Grund-

lage für weiterführende Parameterstudien geschaffen wird.
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1 Introduction

In general, the term high-energy astrophysics includes various phenomena and

objects that can only be observed in the universe under extreme conditions.

The objects range from supermassive black holes to extraordinarily strongly

magnetized neutron stars. Compact objects can reach densities of several nuclear

densities 𝜌nuc ≈ 3 × 10
14
g/cm3

and in their vicinity particles can be accelerated

up to the ultra-high-energy regime of 10
20
eV [1]. Particles propagating with

high energies undergo various interaction mechanisms, which depend on their

quantum physical characteristics like charge, spin and flavor.

These natural particle accelerators are highly efficient. Earth-based accelerators

can accelerate particles up to the TeV regime, which is clearly below astrophys-

ical ultra-high-energy particles. Ultra-high-energy cosmic rays (UHECR) are

particles with the highest measured energies, in the EeV range, and are corre-

lated with extragalactic origin [2]. Particles with energies in the TeV regime are

called very-high-energy (VHE) cosmic rays and may be of galactic origin. In the

study of all high-energy astroparticle physics, these cosmic laboratories, which

are both galactic and extragalactic, therefore offer a unique opportunity to dis-

cover new physics and extend the current understanding of particle physics. The

particles escaping the dense and turbulent acceleration regions and eventually

reach Earth are called cosmic messengers. The great diversity of their individ-

ual properties requires a wide variety of detectors and telescopes to observe

them. From the original particles and interactions, only the final products of the

particles reach Earth.

An enormous number of cosmic particles from all directions reach the Earth’s

atmosphere every second. Deciphering these cosmic messengers and their infor-

mation is one of the major tasks of current astrophysics. More precise telescopes

provide a great potential to detect particles from regions that have never been

explored. Of all cosmic messengers, photons are the most abundant particles

in the universe reaching us with a wide range of energies. The lowest energy

photons are classified as radio photons with energies detectable from approxi-

mately 10
−14

eV. On the other hand, photons from gamma-ray bursts (GRB)s can

reach Earth with energies higher than 10
15
eV [3]. Photons have the advantage

of not being charged, consequently they may scatter in the ambient medium

without being deflected by magnetic fields. However, by detecting enough pho-
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Chapter 1 Introduction

tons, including their incoming directions, scattering as a statistical process can

be cancelled out and the direction of the photon source can be determined.

Charged particles are deflected bymagnetic fields, making it impossible to detect

their origin. As a result, all charged cosmic messengers contribute to a diffuse

particle spectrum. These messengers, known as cosmic rays, reach energies of up

to 10
20
eV [4]. The energy spectrum of cosmic rays is not yet fully understood, in

the sense that it is not known exactly how the charged particles, a large fraction

of which are protons, are accelerated to energies that contribute to the UHECRs.

Whenever gamma-rays are observed, two scenarios have to be distinguished.

The leptonic model describes high-energy electrons that can scatter with the

surrounding photons. The photons eventually gain high energy through the

inverse Compton process. On the other hand, the hadronic model describes

high-energy protons that scatter with the surrounding medium, where higher

proton resonances are created. They decay under quantum number conservation

into pions and nucleons. Neutral pions decay into high-energy gamma-rays, and

charged pions eventually decay into electrons, positrons and the corresponding

neutrinos.

This work focuses on hadronic acceleration and interaction scenarios including a

characteristic neutrino signature, which is related to the hadronic scenario. Like

photons, neutrinos are uncharged, and therefore lead directly in the direction of

their origin. Due to their inherent nature as being weakly interacting particles,

they can escape from denser regions than photons and carry information from

regions where photons cannot escape. However, their small cross section makes

them difficult to detect. It is therefore important to analyze as many cosmic

messengers as possible to get an overall picture of the cosmic accelerator.

Although the origin of high-energy components of cosmic rays is not fully un-

derstood yet, possible sources are limited. GRBs and active galactic nuclei (AGN)

are considered to be important sources. GRBs are divided into long (> 2 s) and

short (< 2 s) bursts, which is directly linked to their different origins [4]. AGN

are supermassive black holes with masses ranging from 3× 10
7𝑀⊙ to 5× 10

9𝑀⊙
at the center of galaxies, accreting material at up to 10 % of the Eddington rate [5].

AGN are characterized by their non-thermal spectrum. The emission spectrum

can change over time and, above all, a strongly collimated jet can develop. Since

the speed of light limits the propagation of information, the properties of AGN

only change on large time scales due to their size.

In order to be able to analyze the acceleration mechanisms and particle inter-

actions in these key regions of AGN, it helps to study the properties of micro-

quasars. Microquasars share many characteristics with AGN and they behave

similar to microscopic AGN in a time lapse due to their significantly smaller

2



Introduction Chapter 1

extension. Moreover, recent studies indicate that microquasars also have the

ability to accelerate particles to energies that contribute to the VHE cosmic rays

[4]. The spectrum of diffuse cosmic rays can be divided into galactic particles

reaching Earth and extragalactic particles. Since AGN are located in the cen-

ter of galaxies, they can only contribute to the extragalactic part of the cosmic

ray spectrum. Microquasars, however, are binary systems of a compact object

and a main-sequence star. Since their mass is in the order of 10𝑀⊙ [2], it is not

possible for them to achieve luminosities and particle energies approaching the

magnitudes of AGN, which explains why only galactic microquasars have been

observed so far.

In 1966, Cygnus X-3 was discovered and remains one of the most enigmatic

microquasars yet discovered in the Milky Way. Cygnus X-3 is a high mass X-

ray binary system hosting a Wolf-Rayet star with a compact object orbiting

around [6]. In this circumference, strong magnetic fields are ambient and are

able to accelerate charged particles. Studying Cygnus X-3 is interesting not only

because of its superlative properties, but also because of theWolf-Rayet star. The

Wolf-Rayet star implies large stellar winds resulting in high accretion rates at

the compact object, as well as high densities in the vicinity of the compact object.

Particle acceleration may be particularly efficient, and specific scenarios have

been developed based on the particle jet interacting with the stellar medium

[6, 7, 8]. Due to the high densities in the acceleration region, the medium may

be opaque to gamma-rays. Since protons contribute to the diffuse cosmic ray

spectrum, high-energy neutrinos may be the only remaining cosmic messengers

able to escape the dense acceleration region and carry information about the

acceleration mechanism.

Aim of this work is to investigate the region close to the microquasar Cygnus

X-3 to understand the acceleration and interaction mechanisms of protons and

their secondary particles. Scenarios like diffusive shock acceleration have been

intensively investigated over the last decades, however, they are not able to pro-

vide a full description for the galactic cosmic rays. Therefore, in recent years, the

concept of magnetic reconnection has been discussed as an efficient way of ac-

celerating particles. It was originally proposed to describe particle acceleration

in solar flares. A further development of this concept is applied to Cygnus X-3.

The stellar wind of the Wolf-Rayet star surrounds the region of particle accel-

eration, and therefore both protons and leptons are abundant. Among various

scenarios for particle acceleration at Cygnus X-3, this work will focus on the

hadronic acceleration scenario by calculating and simulating proton interactions

with the surrounding medium. Recent measurements of the star-forming region

Cygnus, which contains Cygnus X-3, have detected photons in the PeV regime

[9]. As Cygnus X-3 is a promising particle accelerator, this work focuses on

3



Chapter 1 Introduction

the possibility of producing these ultra-high-energy photons. Thus, a program

has been developed to simulate and investigate how efficiently Cygnus X-3 can

accelerate particles up to energies in the high energies. The program will en-

compass all known and most possible parameters to provide the most realistic

picture of the ambient mechanisms in Cygnus X-3. Furthermore, corresponding

neutrino spectra will be carried out simultaneously, which may be measured in

future neutrino detectors, providing an overall picture of particle acceleration

and resulting secondaries in the vicinity of Cygnus X-3.

In Chapter 2, the theoretical framework that applies to astrophysical accelerators

such as Cygnus X-3 is introduced. Chapter 3 focuses on the properties of the

system, paying particular attention to the ambient photons and protons, and the

embedding of the system within a considerable geometry. Chapter 4 introduces

all the interaction mechanisms that have been considered, with a particular

emphasis on interaction rates, which play an important role in the development

of the subsequent program. Chapter 5 outlines the fundamental logic of the

developed program and introduces initial estimates of the expected outcomes

by treating the configuration and interactions analytically. Finally, Chapter 6

presents the results, including the calculation of photon and respective neutrino

spectra, which reveal the significant potential of Cygnus X-3 as an important

galactic particle accelerator.

4



2 Foundations of High-
Energy Astrophysics

The following Chapter provides a brief overview of high-energy astrophysics,

which generally refers to the measurement and related analysis of cosmic rays.

The high-energy particle spectrum, which is the basis for cosmic ray studies, is

explained. Neutrinos, which are a special part of this work, are discussed in more

detail. Microquasars, also known as active X-ray binaries, are then introduced

with an overview of their properties. Since the energies of the particles consid-

ered here exceed many times their rest mass, the important relativistic concepts

are introduced. Finally, the Fermi mechanism, which is the general acceleration

principle, is introduced with two specific applications to diffusive shock accel-

eration and reconnection, which are both considered to occur in Cygnus X-3.

In the following work, several fundamental physical constants and astrophysi-

cal units are used for calculations and theoretical derivations. These constants

are expressed in the centimetre-gram-second (CGS) unit system and play a cru-

cial role in astrophysical formulations. For consistency and simplicity, Tab. 7.1

provides an overview of the most important constants used in this work.

2.1 Cosmic Rays

Around the year 1600, William Gilbert developed a rudimentary electroscope,

which should be involved in various scientific discoveries of the following cen-

turies. A further development of that electroscope was also on board of the

balloons that took off at the beginning of 20th century to measure the Earth’s

atmosphere penetrating radiation. Victor Hess measured an increase of radi-

ation with height in atmosphere and concluded that the radiation originates

mostly from extraterrestrial sources. In 1937, Pierre Auger detected air showers

and conducted that incoming high-energy charged radiation causes cascades of

secondary particles, which are mostly photons, muons and electrons [3].

Today, the overall variety of extraterrestrial particles penetrating the atmosphere

is well known. It is common to define charged particles such as electrons, nucle-

ons and their respective antiparticles as Cosmic Rays. In addition, a substantial

flux of cosmic neutrinos is observed to reach Earth. It is evident that cosmic rays

carry information from space to Earth, thereby providing unique information

about the Earth’s astrophysical circumference. The analysis of radioactive nuclei

5



Chapter 2 Foundations of High-Energy Astrophysics

has revealed that the cosmic ray flux has remained constant by a factor of two

over the past 10
9
years [10].

A sketch of different cosmic rays traveling from its source to Earth is shown in

Fig. 2.1. Since different cosmic rays have different properties, each cosmic mes-

senger faces different interaction mechanisms on its way to Earth. For instance,

stable hadrons carry a charge, as do electrons, which means that they are de-

flected bymagnetic fields. By the time they reach Earth, they have been deflected

several times and therefore do not travel in the direction of origin. Photons and

neutrinos, on the other hand, do not carry an electromagnetic charge, so they

travel in the direction of their origin. Photons may have scattered, which is a

stochastic process, so it is important to measure as many photons as possible to

obtain information about their direction of origin. However, neutrinos are the

only cosmic ray particles with interaction cross sections small enough to avoid

being. This means that a neutrino may be the only messenger that can escape

dense regions. However, the small cross section makes them difficult to detect.

When cosmic rays with larger cross sections (𝑒±, 𝛾, 𝑝, ...) hit the atmosphere, they

interact with the atmospheric gas, leading to the production of air showers.

Advanced measurement techniques depending on the radiation and energy have

to be applied. To measure primary cosmic rays, it is necessary to measure above

the atmosphere to avoid the production of air showers. This is why high-altitude

balloons or, more recently, space telescopes are used. Ground-based detectors of

cosmic rays measure air showers, and a combined measurement of Cherenkov

light detectors allows analysis techniques to calculate several particle properties.

To detect neutrinos, however, it is essential to shield the detector from any back-

ground radiation. Since neutrinos arrive on Earth with other cosmic rays, there

is always a background of primary cosmic rays and air-shower particles. Neu-

trino detectors are therefore often underground, shielded from other radiation

by the surrounding water, rock or ice.

The general energy spectrum of cosmic rays is well known and shown in Fig. 2.2.

It is easy to see that protons dominate the cosmic ray spectrum. The protons

range in energy from 1GeV to 10
11
GeV. The shape of the spectrum can be

described by a power law d𝑁 /d𝐸 ∼ 𝐸−𝛾 , where 𝛾 has different values depending
on the energy range. This broken power law is marked in the figure by the

knee and the ankle. Up to the knee with energy at about 10
15
eV, the curve

can be described by 𝛾 = 2.7. Between the knee and ankle up to energies of

10
19
eV, the slope is described by 𝛾 = 3.15 [12]. It is difficult to obtain data at this

energy due to detector techniques and the reduced particle flux. Today, however,

a slope corresponding to 𝛾 = 2.7 is again observed after the ankle. Greisen [13],

and Zatsepin with Kuzmin [14, 15] predicted a spectral cut-off caused by the

6



Cosmic Rays 2.1

Earth

atmosphere

dust

dust

𝑝, 𝑒+

𝜈

𝛾

cosmic accelerator

Figure 2.1: Sketch of cosmic messengers originating from a single source (yel-

low). Photons (red) can interact with interstellar dust, while charged

particles, such as protons and electrons (green), are additionally de-

flected by magnetic fields. Furthermore, they cause electromagnetic

showers in the atmosphere, leading to enormous secondary particle

production (black). Neutrinos (blue) interact via weak interactions,

thus propagating from the source without deflection or absorption.

ubiquitous cosmic microwave background. Primary cosmic rays tend to interact

these photons limiting their energy to a threshold in the order of 10
20
eV.

The broken power-law slope in the spectrum for cosmic rays can be explained

by considering possible sources of cosmic rays as in Ref. [16]. The detailed accel-

eration mechanism is explained in the following sections. However, a geometric

approach maximal to particle energies is given by the Hillas criterion. A charged

particle is accelerated in a source by magnetic fields. To be significantly acceler-

ated, the energy gain must be greater than the energy loss due to other particle

interactions, at least for some energy ranges. Assuming that the high-energy

particle does not gain any energy outside the accelerating region, the maximum

energy a particle can gain in the accelerating region is

7



Chapter 2 Foundations of High-Energy Astrophysics
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Figure 2.2: Energy spectrum for different cosmic rays measured by several ex-

periments (taken from Ref. [11], licensed under the MIT License).

𝐸max = 𝑞𝐵𝑅. (2.1)

Here, 𝑞 = 𝑍𝑒 is the particle charge, 𝐵 is the magnetic field and 𝑅 is the size of

the accelerating region. The Hillas criterion is simply obtained by calculating

the particle energy for the configuration where the Larmor radius 𝑅L exceeds

the accelerating region (𝑅L > 𝑅) [16].

Taking into account the Hillas criterion, it can be concluded that acceleration to

higher particle energies requires larger acceleration regions or strongermagnetic

fields. It is generally accepted that cosmic rays up to the knee are of galactic ori-

gin, mainly due to supernova remnants, although microquasars also contribute.

Particles beyond the knee up to the cut-off are considered to be of extragalactic

origin.
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Astrophysical Neutrinos 2.2

2.2 Astrophysical Neutrinos

The following explanations about the neutrinos are based on the description by

K. Zuber [17].

Solar neutrinos were the first observed astrophysical neutrinos, detected by so-

lar neutrino experiments originating from the pp chain in the core of the star.

However, subsequent experiments also measured fewer neutrinos than expected.

The missing electron neutrinos were later explained by introducing the concept

of neutrino oscillations. Experimentally, this theory was confirmed by the Soud-
bury Neutrino Observatory, which eventually led to a small rest mass of neutrinos.

In 1987, the first neutrino signal outside the Solar Systemwas detected,when two

experiments (Kamiokande, IMB) simultaneouslymeasured a total of 20 neutrinos

from the supernova SN 1987A supporting the theory of supernova explosions.

Neutrinos are almost massless particles and carry no electric charge. They in-

teract exclusively through the weak interaction by coupling to the𝑊 ±
and 𝑍 0

bosons, the short range of the weak interaction being one reason for the rarity of

the interaction of neutrinos. Since neutrinos are both unaffected by electromag-

netic fields and have a small interaction cross section, they can carry important

information directly from their source. However, this characteristic makes them

difficult to detect.

2.2.1 Neutrino Flavors

Neutrinos are fermions and come in three different flavors in the StandardModel.

For the electromagnetically interacting fermions 𝑒 , 𝜇 and 𝜏 , there are neutrinos

in the flavors 𝜈𝑒 , 𝜈𝜇 and 𝜈𝜏 with their respective antiparticles.

In general, the Standard Model predicts that the neutrino does not interact

strongly, electromagnetically. This includes the neutrino being a massless par-

ticle, which is in contrast to the observations mentioned above. Neutrino os-

cillations refer to the phenomenon that a neutrino produced in a certain flavor

eigenstate is not necessarily detected in the same flavor eigenstate after a certain

distance. This manifests in the quantum mechanical explanation of neutrino

oscillations. In weak interactions, the flavor quantum state is conserved and

therefore all neutrinos are created in a particular flavor eigenstate. This flavor

eigenstate is a mixture of the corresponding mass eigenstates and for 𝑛 eigen-

states each flavor eigenstate can be described by the unitary mixing matrix𝑈𝛼𝑖
as

|𝜈𝛼 ⟩ =
∑︁
𝑖

𝑈𝛼𝑖 |𝜈𝑖⟩ (2.2)

9
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and

|𝜈𝑖⟩ =
∑︁
𝑖

𝑈 ∗
𝑖𝛼 |𝜈𝛼 ⟩ (2.3)

respectively. The index 𝛼 represents flavor and the index 𝑖 denotes the mass.

The mixing matrix has 𝑛 ×𝑛 elements, where 𝑛 is the number of eigenstates. For

antineutrinos, the matrix element𝑈𝛼𝑖 must be replaced by the matrix adjunction

𝑈 ∗
𝛼𝑖 . Thus, a flavor eigenstate is always a linear combination of mass eigenstates.

A mass eigenstate |𝑖⟩ appears in the interaction picture as

|𝜈𝑖 (𝑥, 𝑡)⟩ = exp(−𝑖𝐸𝑖𝑡) |𝜈𝑖 (𝑥, 0)⟩ (2.4)

and as a result the initial flavor eigenstate |𝛼⟩ propagates as

|𝜈 (𝑥, 𝑡)⟩ =
∑︁
𝑖

𝑈𝛼𝑖 exp(−𝑖𝐸𝑖𝑡) |𝜈𝑖⟩ . (2.5)

This elegantly illustrates that the initial flavor state varies because the mass

eigenstates are time dependent and the phase factors are hence different due to

distinct neutrino masses. The probability of measuring a neutrino with initial

flavor 𝛼 in flavor 𝛽 is given by the transition probability

𝑃 (𝛼 → 𝛽) =
����∑︁
𝑖

𝑈 ∗
𝛽𝑖
𝑈𝛼𝑖 exp

(
−𝑖
𝑚2

𝑖 𝐿

2𝐸

)����2, (2.6)

where 𝐿 is the source-detector distance. In general, neutrino oscillations can

be measured in a certain regime, namely when the distance between detector

and neutrino source is of the order of the neutrino oscillation length 𝐿/𝐿osc ≈ 1.

If the distance between the source and the detector is too small, the neutrino

has not oscillated enough to have a significant transition probability, and if the

distance is too large, the neutrino has oscillated so much that all the neutrinos

from the source arrive with a ratio determined by the initial neutrino flavors

and the mixing angle.

2.3 X-Ray Binaries

Binary systems are generally defined as two stellar objects orbiting each other.

They are born from the same collapsing cloud and therefore formed at the same

time, although not necessarily with the same mass, resulting in different evolu-

tionary timescales for the two stars. Since the ages of the stars in the system

are equivalent, the more massive star leaves the main sequence earlier than its

companion.

10
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X-ray binaries (XRBs) are defined as stellar systems in which one component is

a compact object, namely a neutron star or a black hole, and the other is a stellar

companion. If the companion is an O- or B-type star of mass 𝑀 > 10𝑀⊙ [18],

the system is called a high-mass X-ray binary (HMXB). As a result of the mass

and the associated temperature, the luminosity of optical photons in HMXBs

is higher than the luminosity of X-ray photons. The companion star provides

mass transfer to the compact object, which

jet

radio

lobe

radio

lobe

accretion

disk

corona

donor

Figure 2.3: Exemplary representation of an X-ray binary with a black hole in

active state. The donor star provides mass for the formation of the

accretion disk with both emitting radiation corresponding to their

temperatures. The corona surrounding the black hole contributes to

the X-ray emission. The jet extends over long distances and develops

strong radio lobes. Note that the scales do not correspond to reality.

occurs by different mechanisms depending on the mass of the companion. In

binary systems with a companion of mass𝑀 < 𝑀⊙ , defined as low-mass X-ray

binaries (LMXBs), mass is transferred via the Roche lobe overflow. This implies

11
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an orbital separation small enough that the companion radius is larger than the

Roche point. On the other hand, accretion in HMXBs is based on the stellar wind

of the companion, since it has mass loss rates of ¤𝑀 ≥ 10
−6𝑀⊙ yr−1 [19]. The

compact object is in the dense stellar wind and is trapping the material. The

material can either be stored in an accretion disk (disk accretion) or accreted
directly by the compact object (wind accretion). Both mechanisms result in X-ray

production but are based on different energy release mechanisms and therefore

need to be distinguished [20].

Results from Koljonen et al. [21] have shown that Cygnus X-3 has different X-

ray and corresponding radio states. This is associated with different accretion

disk states, which correspond to different mass accretion rates. Therefore, it is

reasonable to assume that the main accretion mechanism of Cygnus X-3 is due

to the accretion disk, and wind accretion is not further explained.

LMXBs evolve on longer timescales, and the donor star remains on the main

sequence longer because of its lower mass. On the other hand, HMXBs with a

more massive star evolve on shorter timescales. Since Cygnus X-3 is known to

be a HMXB, the theoretical framework focuses on the mechanisms in HMXBs.

In the mass regime of a few solar masses, knowing the compact object mass is

crucial as it determines whether the compact object is a black hole or a neutron

star. Due to the fact that the pressure of the degenerated nucleons in the neu-

tron star could not counteract gravity up to an arbitrary progenitor weight, the

maximum mass for neutron stars is about 3𝑀⊙ [22]. Compact objects heavier

than this boundary mass must be black holes.

The phenomenology of HMXBs is illustrated in Fig. 2.3, where the mass donor

has strong stellar winds that significantly exceed the orbital radius. A rotating

accretion disk forms around the black hole, with viscous forces causing a loss of

torque. The hot corona surrounds both the black hole and parts of the accretion

disk. showing strong X-ray emission due to Comptonisation of electrons from

the accretion disk. In the active state, relativistic jets can form,with characteristic

radio emission from the radio lobes as they propagate. The jets are perpendicular

to the plane of the accretion disk [22].

For mass measurements in eclipsing binaries, it can be used that the detected

emission lines are modulated by the orbital period 𝑃 . Additionally, an inclination

𝑖 can be determined for binaries with a jet, and these values can be applied to

the dynamical mass function [20]

𝑓 (𝑀) = 𝑀 (sin(𝑖))3
(𝑀1 +𝑀2)2

=
4𝜋2(𝑎 sin(𝑖))3

𝐺𝑃2
, (2.7)

which is based on the third Kepler law and assumes a circular orbit. Here,𝑀 is

the total mass of the binary system (𝑀j, j = 1, 2 represents the mass of each com-

12
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ponent) and 𝑎 is the semi-major axis of the elliptical orbit. However, it remains

difficult to determine whether the compact object in Cygnus X-3 is a black hole

or a neutron star. This paper assumes that the compact object is a black hole,

since current research suggests a mass well above 3𝑀⊙ [23, 24].

2.3.1 Accretion Disk

The generic concept of accretion implies energy conversion and often ends in

energy release by the binary system. The equations and explanations employed

in this text can be found in Ref. [2]. Gravitational energy is converted to kinetic

energy and radiated away, mostly in the form of X-rays. To calculate the lumi-

nosity, which is generally defined as 𝐿 = d𝐸/d𝑡 , the potential energy change for

accreted matter is d(𝑚𝑐2)/d𝑡 . Since not all the potential energy is converted into
radiation, the total accretion luminosity depends on the accretion efficiency 𝜒 .

The X-ray luminosity resulting from the accretion can be written in the form

𝐿acc = 𝜒 ¤𝑚𝑐2, (2.8)

The luminosity is sensitive to the mass accretion rate, which often determines

𝐿acc in an active binary. During this process, the mass is heated to energies

that cause radiation in the X-ray range. On the other hand, 𝜒 is on the order of

10 % [20] for accreting black holes.

In general, the accretion process is limited by the angular momentum,which pre-

vents matter from immediately reducing its gravitational potential and falling

into the accreting object. In addition, the emitted radiation counteracts the grav-

itational force with radiation pressure

𝐹rad =
𝐿acc𝜎T

4𝜋𝑟 2𝑐
, (2.9)

with 𝜎T being the Thompson cross section. As a result, the radiation pressure

limits the accretion rate, and thus the accretion luminosity, to a limit called the

Eddington luminosity. This can be calculated by equating the forces 𝐹rad = 𝐹g
with the gravitational force 𝐹g = 𝐺𝑚𝑀/𝑟 2 resulting from a mass𝑚 under the

gravitational pull of a mass 𝑀 . By assuming only Thompson scattering, the

resulting luminosity can be written as

𝐿edd =
4𝜋𝐺𝑐𝑀𝑚p

𝜎T
≃ 1.3 × 10

38

[
𝑀

𝑀⊙

erg

s

]
. (2.10)

This is the maximum luminosity that can be achieved for spherically symmetric

geometries and fully ionized hydrogen. There are exotic accretion mechanisms

beyond the Eddington limit, which are not discussed here.

13
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Applying Eq. (2.8) to the Eddington luminosity and combining it with Eq. (2.10),

the Eddington accretion rate, is given by

¤𝑀edd =
𝐿edd

𝜒𝑐2
=
4𝜋𝐺𝑀𝑚p

𝜒𝜎T𝑐
≈ 2.218 × 10

−8
[
𝑀

𝑀⊙

1

yr

]
. (2.11)

This implies an Eddington accretion rate of about 10
−7 𝑀⊙

yr
for the active black

hole in Cygnus X-3.

The accretion rate is one of the important parameters determining the physics

of the accretion disk, which is rather independent of the mass of the compact

object. In general, an accretion disk forms when matter is accreted by a compact

object and is forced to move in near Keplerian orbits. In astrophysics, two types

of accretion disks are relevant: optically thick, geometrically thin disks, and

optically thin, geometrically thick disks.

Here, geometrically thin and optically thick accretion disks are described in more

detail, as this model applies to the assumptions made here for Cygnus X-3. This

type of disk is known to be radiatively efficient, since the mass accretion rate is

in the order of

10
−2 ≤

¤𝑀
¤𝑀edd

≤ 1, (2.12)

high enough to become optically thick for photons. At this point, the accretion

disk can be assumed to be in hydrostatic equilibrium. As a result, the matter

rotates on a constant circular orbit with radius 𝑅 around the accreting object,

and thus the radial velocity 𝑣r = 0. This implies that the orbiting mass ideally

has a Keplerian velocity

𝑣𝜙 =

√︂
𝐺𝑀

𝑅
. (2.13)

To continue falling towards the compact object, the mass must loose angular

momentum. Thus viscosity plays a crucial role in these environments. The accre-

tion disk temperature is high near the compact object and decreases outwards.

The energy can be radiated away highly efficiently, since the accretion disk is

considered to be geometrically thin 𝑧 ≪ 𝑅, whereby 𝑧 represents half of the

accretion disk thickness.

2.3.2 Accretion Disk Temperature

The 𝛼-disk model introduced by Shakura and Sunyaev [25] predicts turbulence

enhanced viscosity. A detailed description of the model is provided in their paper.

This model is used here to calculate an estimate of the temperature profile of
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Cygnus X-3. It is important to note that it describes disks with an Eddington

accretion rate, which implies that it is a boundary solution of Eq. (2.12).

To describe the radiation profile of the accretion disk, the energy andmomentum

loss of a single particle must be taken into account. For a proton inside the

accretion disk at an orbital radius significantly larger than the Schwarzschild

radius 𝑅S, the potential energy can be described as

𝐸p =
𝐺𝑀BH𝑚p

𝑟
. (2.14)

This implies that for protons on smaller orbits, more energy must be dissipated

to further reduce the orbital radius. The total surface area of the accretion disk is

2 × 2𝜋𝑟 , so the surface ring elements 2𝜋𝑟d𝑟 become smaller near the black hole.

However, they still have to emit more energy in absolute terms. It can further be

assumed that the disk radiation is thermal radiation, and therefore each surface

ring element emits blackbody radiation. With the previous considerations, this

implies an increased disk temperature for smaller radii. Without any derivation,

the total disk temperature profile can be described as

𝑇 (𝑟 ) =
(
3𝐺𝑀 ¤𝑀
6𝜋𝜎SB𝑟

3

)
1/4 [

1 −
(
3𝑅S

𝑟

)
1/2]1/4

. (2.15)

Since all infinitesimally small ring elements emit blackbody radiation, Planck’s

law [22],

𝐵(𝐸, 𝑟 ) = 2𝐸3

(ℎ𝑐)2
1

exp(𝐸/𝑘B𝑇 ) − 1

, (2.16)

applies to the spectral energy density. The resulting photon flux as a function

of energy can be described by integration over the Planck formula 2.16 as

𝐹 (𝐸) = cos(𝜃 )
4𝜋𝑑2

∫ 𝑟out

𝑟in

2𝜋𝑟𝐵(𝐸, 𝑟 )d𝑟, (2.17)

where 𝑑 is the distance from the source and 𝜃 is the inclination angle between

the plane of rotation of the accretion disk and a given observer of the pho-

tons. Furthermore, as a rough estimate, the differential photon density can be

described by Eq. (3.7). However, this calculation is performed only over a half

sphere, resulting in a factor of 0.5 being introduced.

2.3.3 Jet Formation

The jet-launching mechanism for microquasars is not yet understood in detail.

However, there is agreement on a general jet formation that is correlated with
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accretion. Matter in the accretion disk moves inwards by following ordered

magnetic field lines. Following the magnetic field lines, the plasma in the inner

accretion disk is ejected outwards, parallel to the axis of rotation of the accreting

object. Since the accretion disk has a differential rotation, the magnetic field lines

are spiraled perpendicular to their direction of expansion. In this structure, the

plasma is both accelerated and collimated at the same time. This jet structure

can extend over several orders of magnitude of the Schwarzschild radii 𝑟S [26].

Microquasars have much in common with quasars (active galactic nuclei) in

terms of the qualitative description of the phenomena. However, the two main

differences in scale between quasars and microquasars are the mass of the com-

pact object, which is much smaller in microquasars and on the order of𝑀⊙ . Also,
the jet extends up to 10

17
cm for microquasars and 10

24
cm for quasars. The jet

velocities for microquasars are typically between 0.3 𝑐 and 0.9 𝑐 [20].

The timescale of dynamical variation 𝑡dyn describes how fast a quasar or micro-

quasar can change the properties of the jet, and thus 𝑡dyn describes how fast the

jet is evolving. This timescale describes the time it takes for a particle to cross

the Schwarzschild radius

𝑅S =
2𝐺𝑀

𝑐2
(2.18)

and thus it is directly proportional to the black hole mass𝑀 . Comparing micro-

quasars (mq) to quasars (q) gives

𝑡dyn,mq

𝑡dyn,q
=
𝑀mq

𝑀q

∼ 𝑎, 𝑎 ∈ [10−8, 10−5], (2.19)

which justifies that the evolution of microquasars can help to understand the

much slower evolution of quasars.

Having established theoretical foundations, the following explanations apply to

microquasars and are based on the explanations in Ref. [20]. The general reason

for jets is that they carry angular momentum

𝑗 = ¤𝑀W𝑟AΩ, (2.20)

where ¤𝑀W is the wind mass loss rate and Ω is the angular velocity. The Alfven

radius,

𝑟A =

(
8𝜋2𝑟 12𝐵4

𝐺𝑀 ¤𝑀2

)
1/7
, (2.21)

describes the radius where magnetic energy density and kinetic energy density

are equal which corresponds to the edge of the magnetosphere. For accretion
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to occur, 𝑗acc = 0.5 ¤𝑀acc𝑟Ω must hold, with the mass accretion rate ¤𝑀acc at the

distance from the compact object 𝑟 . This leads to

¤𝑀W

¤𝑀acc

= 0.5

(
𝑟

𝑟A

)
2

, (2.22)

which means that most of the angular momentum is being carried away by the

jet.

2.4 Special Relativity

Since the considered particles have energies significantly exceeding the restmass

energy, relativistic physics has to be considered. For every particle, a specific

frame 𝑆 ′ can be defined that moves with constant relativistic velocity 𝑣 described

by 𝛽 = 𝑣/𝑐 with respect to an infinite number of rest frames 𝑆𝑖 .

The covariance principle states that the laws of physics do not change in all

inertial frames. The following sections briefly introduce what is important to

consider for relativistic velocities of frames 𝑆 ′ with respect to a rest frame 𝑆 .

2.4.1 Lorentz Transformation

Since the physics of relativity is formulated in 4 dimensional space-time in one

inertial frame, it is convenient to use tensors. It is important to note that a

physical quantity 𝑅𝜇 and its contravariant counterpart 𝑅𝜇 , related to an inertial

frame, are connected via the metric tensor as 𝑔𝜇𝜈𝑅
𝜇 = 𝑅𝜈 . For a more detailed

mathematical description and derivation, refer to Ref. [27], as only the calculation

conventions that are used are given below.

The Lorentz-transformation is explained in more detail in Ref. [28] and the

following definitions are taken from there. The four-position vector 𝑥𝜇 of a

particle contains the time component in 𝑥0 and the three space coordinates

are given in 𝑥1, 𝑥2 and𝑥3. A particle at rest in 𝑆 in a moving frame 𝑆 ′ has a
corresponding Lorentz factor

𝛾 =
1√︁

1 − 𝛽2
, (2.23)

which is defined by the velocity 𝑣 of the moving frame. All components of the

four-momentum vector of a rest frame transform into 𝑆 ′ under the Lorentz

transformation. For a simple motion of 𝑆 ′ in the x-direction, the coordinates

change by
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𝑥 ′0 = 𝛾 (𝑥0 − 𝛽𝑥1), 𝑥 ′1 = 𝛾 (𝑥1 − 𝛽𝑥0) 𝑥 ′2 = 𝑥2 𝑥 ′3 = 𝑥3, (2.24)

which is defined as a Lorentz-boost in the x-direction. However, if 𝑆 ′ moves in

all three dimensions, the Lorentz-boost becomes more complicated. In matrix

notation it is defined as

Λ =

©­­­­­­«

𝛾 −𝛾𝛽𝑥 −𝛾𝛽𝑦 −𝛾𝛽𝑧
−𝛾𝛽𝑥 1 + (𝛾 − 1) 𝛽

2

𝑥

𝛽2
(𝛾 − 1) 𝛽𝑥𝛽𝑦

𝛽2
(𝛾 − 1) 𝛽𝑥𝛽𝑧

𝛽2

−𝛾𝛽𝑦 (𝛾 − 1) 𝛽𝑦𝛽𝑥
𝛽2

1 + (𝛾 − 1) 𝛽
2

𝑦

𝛽2
(𝛾 − 1) 𝛽𝑦𝛽𝑧

𝛽2

−𝛾𝛽𝑧 (𝛾 − 1) 𝛽𝑧𝛽𝑥
𝛽2

(𝛾 − 1) 𝛽𝑧𝛽𝑦
𝛽2

1 + (𝛾 − 1) 𝛽
2

𝑧

𝛽2

ª®®®®®®¬
. (2.25)

When a particle in 𝑆 ′ is Lorentz-boosted in 𝑆 , the four-position vector 𝑥𝜇 is

transformed by the corresponding Lorentz-transformation matrix as

𝑥 ′𝜇 = Λ
𝜇
𝜈𝑥

𝜈 . (2.26)

2.4.2 Proton Rest Frame

The scope of this work is to describe all particle interactions in the observer

rest frame. However, for some particle interactions it is useful to calculate the

properties of a particle in the initial particle rest frame. The four-momentum

vector of a particle in the proton rest frame is described by

𝑃 =

(
𝐸/𝑐
®𝑝

)
=

©­­­«
𝐸/𝑐
𝑝x
𝑝y
𝑝z

ª®®®¬ (2.27)

with total energy 𝐸 = 𝛾𝑚𝑐2. Let a particle now move in 𝑆 ′ with respect to a

proton rest frame in 𝑆 . The four-momentum vector for a particle in the proton

rest frame 𝑆 can be described by considering the Lorentz-transformation in Eq.

(2.25) as

©­­­«
𝐸′/𝑐
𝑝′
x

𝑝′
y

𝑝′
z

ª®®®¬ = Λ ·
©­­­«
𝐸/𝑐
𝑝x
𝑝y
𝑝z

ª®®®¬ . (2.28)
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Thus, the energy transformation can be calculated,where
®𝛽 describes the relative

velocity given in spherical coordinates

®𝛽 =
©­«
𝑣x/𝑐 cos(𝜗) sin(𝜙)
𝑣y/𝑐 sin(𝜗) sin(𝜙)

𝑣z/𝑐 cos(𝜙)

ª®¬ . (2.29)

With 𝛾p being the Lorentz factor for the protons, the particle energy can be

calculated according to

𝐸′/𝑐 = 𝛾p(𝐸/𝑐 − ®𝛽 · ®𝑝) = 𝛾p(𝐸/𝑐 − cos(Ψ) | ®𝛽 | | ®𝑝 |), (2.30)

where cos(Ψ) describes the angle between the two moving inertial systems in

the rest frame. The momentum of the particle can be rewritten by considering

the relativistic energy-momentum relation 𝐸2 = 𝑐2𝑝2+𝑚2𝑐4 and a useful relation

for a particles energy in the proton rest frame can be written as

𝐸′ = 𝛾p

(
𝐸 − cos(Ψ) |𝛽 |

√︃
𝐸2 −𝑚2

0
𝑐4

)
. (2.31)

For interactions, Lorentz invariant quantities are useful to describe the energy

and momentum transfer. Threshold energies for scattering processes can be

calculated by minimizing the Lorentz invariant center-of-mass (CM) energy

√
𝑠

for a 2 → 2 - scattering process

𝑠 = (𝑝1 + 𝑝2)2 = (𝑝3 + 𝑝4)2, (2.32)

with 𝑝𝑖 = (𝐸𝑖/𝑐, ®𝑝𝑖), 𝑖 ∈ {1, 2, 3, 4} describing the four momentum of the parti-

cles. Four momentum conservation holds such that in the CM it follows for the

three momentum

®𝑝1 + ®𝑝2 = ®𝑝3 + ®𝑝4 = 0. (2.33)

Combining these equations, yields for the CM energy

𝑠 = 𝐸2
1
+ 𝐸2

2
+ 2𝐸1𝐸2

(
1 − 2 cos(𝜃12)𝑐 | ®𝛽1 | | ®𝛽2 |

)
= 𝐸2

3
+ 𝐸2

4
+ 2𝐸3𝐸4

(
1 − 2 cos(𝜃34)𝑐 | ®𝛽3 | | ®𝛽4 |

)
.

(2.34)

where
®𝛽𝑖 = ®𝑝𝑖/𝐸 = ®𝑣𝑖/𝑐, 𝑖 ∈ {1, 2, 3} describes the relative velocity of the

respective particle and 𝜃𝑖 𝑗 is the angle between the scattering particles.
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2.5 Particle Acceleration

To explain the Cosmic Ray spectrum,Fermiwas the firstwho introduced 1949 [22]

a particle acceleration process based on the presence of magnetic clouds that

can reflect charged particles. Until today, it is common to expect high-energy

particles to be accelerated at magnetic fields that are ambient both in the in-

terstellar medium and in the circumference of astrophysical sources. Therefore,

in the following section the Fermi acceleration mechanism is introduced and

applied to two important acceleration mechanisms that may play a crucial role

in the neutrino production in Cygnus X-3.

In general, charged particle acceleration both in electric and magnetic fields can

be described by

d

d𝑡
(𝛾𝑚𝑣) = 𝑒 ( ®𝐸 + ®𝑣 × ®𝐵). (2.35)

As the most astrophysical plasmas have high conductivity, static electric fields

can not exist as charged particles move and short-circuit the electric field. There-

fore, either non-stationary electric fields or time-varying magnetic fields that

induce an electric field can accelerate particles, following Maxwell’s Equation

∇ × ®𝐸 = −𝜕 ®𝐵/𝜕𝑡 [2].

2.5.1 Fermi Acceleration

Fermi proposed a stochastic scenario where charged particles are reflected by

magnetic irregularities. The particles gain energy on average in a stochastic

process and, if they remain in the acceleration region long enough, they can be

sufficiently accelerated so that the particle spectrum can be described by a power

law. Here, the mathematical description of Fermi acceleration follows Ref. [29].

In the following, magnetized clouds of arbitrary size act as magnetic mirrors.

Let a magnetic mirror have a non-relativistic motion with 𝑣m ≪ 𝑐 in arbitrary

direction and interact with a relativistic charged particle by elastic collision. The

mass of the magnetic cloud is infinitely large, leading to a constant magnetic

cloud velocity during the collision.

The observers frame is at rest and values in the magnetic mirror frame are

marked with primed values. Due to the elastic collision, energy is conserved and

in the observer frame 𝐸′𝑖 = 𝐸
′
𝑓
holds. If a charged particle enters the magnetic

cloudwith𝑃𝑖 (𝐸𝑖 , 𝜗𝑖 , ...) it is isotropized due to the inherent turbulence. As a result
it leaves the magnetic cloud with an arbitrary final angle as 𝑃𝑓 (𝐸𝑓 , 𝜗𝑓 , ...). The
initial particle properties are labeled with index 𝑖 and the final particle properties

labeled with index 𝑓 . For the initial energy in the cloud reference frame holds
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𝐸′𝑖 = 𝛾m𝐸𝑖

(
1 − 𝑣m

𝑐
cos(𝜗𝑖)

)
(2.36)

where already initially ultra-relativistic particle with 𝐸 = 𝑝𝑐 is assumed and

magnetic cloud Lorentz factor 𝛾m = 1/
√︁
1 − 𝑣2

m
/𝑐2. In the galactic frame, the

final particle energy and momentum can be written as

𝐸𝑓 = 𝛾m𝐸
′
𝑓

(
1 + 𝑣m

𝑐
cos(𝜗𝑓 )

)
(2.37)

Now, the conserved properties can be rewritten and by inserting Eq. (2.36) in Eq.

(2.37), an expression for the final energy of the particle in the observer frame is

given as

𝐸𝑓 = 𝛾
2

m
𝐸𝑖

(
1 − 𝑣m

𝑐
cos(𝜗𝑖)

) (
1 + 𝑣m

𝑐
cos(𝜗 ′

𝑓
)
)
. (2.38)

It is important to note that, since the process is stochastic, the average energy

gain,

Δ𝐸

𝐸
=
𝐸𝑓 − 𝐸𝑖
𝐸𝑖

=
𝐸𝑖 (𝛾2m(1 − 𝑣m

𝑐
cos(𝜗𝑖)) (1 + 𝑣m

𝑐
cos(𝜗 ′

𝑓
)) − 1)

𝐸𝑖
(2.39)

is dependent upon the interaction angles. The expression can be simplified by

taking into account the isotropic nature of the particles in the cloud, which

results in ⟨cos(𝜗𝑓 )⟩ = 0. Furthermore, the initial angle is proportional to the

relative velocity

𝑣rel = 𝑐 − 𝑣m cos(𝜗𝑖) = 𝑐
(
1 − 𝑣m

𝑐
cos(𝜗𝑖)

)
, (2.40)

if the magnetic cloud distribution is uniform. Thus, for the mean initial angle it

holds

⟨cos(𝜗𝑖)⟩ =
∫
1

−1 cos(𝜗𝑖)𝑣reld cos(𝜗𝑖)∫
1

−1 𝑣reld cos(𝜗𝑖)
≃ −𝑣m

3𝑐
(2.41)

By using Eq. (2.39) and inserting Eq. (2.41), the average energy gain can be

described as

〈
Δ𝐸

𝐸

〉
=

(1 − 𝑣m
𝑐
cos(𝜗𝑖)) −

(
1 − ( 𝑣m

𝑐
)2
)

1 − 𝑣m
𝑐

=
( 𝑣m
𝑐
)2 + ( 𝑣m

𝑐
)2 1

3

1 − 𝑣m
𝑐

≃ 4𝑣2
m

3𝑐2
. (2.42)
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A particle gains energy proportional to the squared velocity and therefore this

is referred to as second order Fermi acceleration.

2.5.2 Diffusive Shock Acceleration

A shock is a discontinuity that spreads as a surface through a medium. The

shock front moves at a speed 𝑣2 and in the rest frame of the shock there is a

downstream flow in the direction of the shock front and an upstream flow that

moves away from the shock front. In the following, only non-relativistic shocks

are described, following the explanations in Ref. [2].

𝑣1 𝑣2

downstream

medium

𝜌1, 𝑃1,𝑇1

upstream

medium

𝜌2, 𝑃2,𝑇2

Figure 2.4: Sketch of the shock, with the shock front as a surface dividing the

medium into a downstream and an upstream medium with their

respective characteristics.

The characteristics of the shock and the surrounded medium can be described

by fundamental conservation laws in fluid dynamics. In this case, the mass flow

as well as the momentum flow and the energy flow through the shock surface

can be described by the continuity equations

𝜌𝑣 = 0,

𝑃 + 𝜌𝑣2 = 0,

𝑣 (𝑢 + 𝑃 + 𝜌𝑣
2

2

) = 0.

(2.43)

Here, 𝑃 represents the local pressure, 𝜌 the local density 𝑣 denotes the absolute

value of the velocity ®𝑣 . The internal energy per unit volume 𝑢 can be expressed

using the adiabatic index 𝛾 , which is considered to be constant on both sides,

as 𝑢 = 𝑃/(1 − 𝛾). Based on this considerations, the Rankine-Hugoniot jump

conditions can be derived, which describe the medium around the shock
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𝜌1𝑣1 = 𝜌2𝑣2, (2.44)

𝑃1 + 𝜌1𝑣21 = 𝑃2 + 𝜌2𝑣22, (2.45)

𝛾

𝛾 − 1

𝑃1

𝜌1
+ 1

2

𝑣2
1
=

𝛾

𝛾 − 1

𝑃2

𝜌2
+ 1

2

𝑣2
2
. (2.46)

In the rest frame of the medium, 𝑣2 is the shock front velocity, while 𝑣2−𝑣1 is the
speed of the shocked medium. The setting in Cygnus X-3 requires strong shocks

𝑣2 ≫ 𝑐s where the unshocked medium can be assumed as cold𝑇 ∼ 0 with 𝑃1 = 0.

The compression ratio is defined as 𝑅 = 𝑣2/𝑣1 [30] for non-relativistic moving

shocks and in the case of strong shocks in a medium with isotropic density

𝑅 → 4. As a result, the downstream velocity relative to the shock front equals

𝑣1 = 𝑣2/4 and the upstream medium flows with relative velocity 𝑣2 = 𝑣s [30].

In astrophysical shocks, particles are accelerated by diffusive shock acceleration,

which is considered to be collisionless, since the particles scatter on the mag-

netic field. The magnetic field can be described homogeneously on large scales,

however small scale irregularities exist with sufficient strength to function as

magnetic mirrors for high energetic particles.

The energy gain for a particle crossing the shock front can now be described

using the considerations for the second order Fermi mechanism. The additional

geometrical considerations follow M. Longair [2]. In the rest frame of the shock,

the upstream gas traverses the shock in the x-direction at shock velocity 𝑣s. As

a result, the relativistic particle energy can be written as

𝐸′ = 𝛾𝑣m(𝐸 + 𝑣𝑠𝑝𝑥 ), (2.47)

where 𝑝𝑥 describes the momentum with respect to the shock front, and since

the shock is non-relativistic, 𝛾𝑣m ≈ 1. Now the particle is relativistic and so it

holds for the energy 𝐸 = 𝑝𝑐 . This results in an energy change per crossing of〈
Δ𝐸

𝐸

〉
=
𝑣𝑠

𝑐
cos(𝜗) . (2.48)

Comparing this with the results for the second order Fermi shock acceleration,

the geometry of a planar shock is different. The average angles ⟨cos(𝜃𝑖)⟩ and
⟨cos(𝜃 𝑓 )⟩ of the particle are different due to the different geometry. Since the

particle has to cross the shock to gain energy, the particle velocity has to be

projected in the direction of the shock normal. This gives a probability that the
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Chapter 2 Foundations of High-Energy Astrophysics

particle will cross the shock 𝑝crossing ∼ cos(𝜗)dΩ. The mean value for the angle

can be calculated by analogy with the Eq. (2.41), which leads to

⟨cos(𝜗)⟩ =
∫
cos

2(𝜗) sin(𝜗) d𝜗∫
cos(𝜗) sin(𝜗) d𝜗

=
− cos

3 (𝜗 )
3

��𝜗max

𝜗min

− cos
2 (𝜗 )
2

��𝜗max

𝜗min

. (2.49)

Furthermore, the geometric considerations for a planar shock include that a

charged particle from the upstream medium can only cross the shock for 𝜗 ∈
[ 𝜋
2
, 𝜋] and for a particle from the downstream medium to the upstream medium

𝜗 ∈ [0, 𝜋
2
]. It is finally evident that themean angles are expressed as ⟨cos(𝜗𝑖,𝑓 )⟩ =

∓ 2

3
. Taking this into account, the resulting energy change for a particle passing

through the shock is 〈
Δ𝐸

𝐸

〉
=
2

3

𝑣s

𝑐
. (2.50)

Since the energy gain scales linearly with the relative velocity of a particle chang-

ing from the upstream to the downstream medium, this acceleration mechanism

is called first-order Fermi acceleration. The different velocities of the upstream

and downstream media of a shock result in an acceleration mechanism based

on the energy change in different frames, as predicted by Fermi acceleration.

2.5.3 Magnetic Reconnection

Magnetic reconnection manifests as a topological deformation of turbulent mag-

netic fields. In ideal magnetohydrodynamic theory (MHD), magnetic field lines

are frozen in the fluid at the limit of large magnetic Reynolds numbers. This

means that the magnetic field lines move with the speed of the plasma as 𝑣 =

𝑐 ®𝐸 × ®𝐵/𝐵2. The existence of magnetic reconnection therefore implies a deviation

from the ideal MHD.

There is considerable empirical evidence for the occurrence of magnetic recon-

nection. However, the microscopicmechanism is not yet fully understood. There-

fore, in the following, a rough overview of a general magnetic reconnection

description is given.

Historically, magnetic reconnection was first introduced to explain solar flares.

Today, magnetic reconnection is associated with several astrophysical objects

that are surrounded by highly conductive fluids and produce energetic particles.

In circumferences where particle acceleration appears, shock acceleration is not

always sufficient to describe all scenarios. Two magnetized layers reconnect and

the accelerated particle spectra are described by a simple power law 𝑑𝑁 /𝑑𝐸 =

𝑁0𝐸
−𝑝

[31].
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𝑣rec

𝑙acc

𝑣acc

Figure 2.5: The Sweet-Parker model is depicted in two dimensions as a two-

current-sheet configuration with infinite extension in three dimen-

sions. The process of reconnection is characterized by a velocity 𝑣rec,

and the region 𝑙acc is defined as the area where the current sheets

primarily accelerate particles, resulting in a material flow 𝑣acc per-

pendicular to the reconnection velocity 𝑣rec.

The firstmodel formagnetic reconnectionwas developed by Sweet andParker [32,

33] and is based on two-dimensional geometry for laminar flow. Fig. 2.5 sketches

the geometry of the Sweet-Parker model, where two laminar magnetic flows

are separated by a small current sheet. The magnetic fields are opposed in the

𝑥-direction and reconnect in the 𝑦-direction with a reconnection velocity 𝑣rec,

whereas the sheet extends theoretically to infinity in 𝑧 direction. To ensure mass

conservation, the plasma and magnetic inflow in the𝑦-direction is balanced by a

plasma outflow in the 𝑥-direction [2]. Detailed calculations of the energy dissipa-

tion can be found in Ref. [2]. They are not derived any further in this context, as

this work is based on the magnetic reconnection model in de Gouveia et al. [34].

Their model is explained here qualitatively to understand the acceleration mech-

anism in the vicinity of Cygnus X-3. A coupled magnetic field between the black

hole and the accretion disk extends the close vicinity of the system. From both

the black hole and the accretion disk, the magnetic fields extend perpendicularly

to the accretion disk rotation axis, leading to a configuration where the black

hole and accretion disk magnetic fields can be regarded as parallel. This leads to

a reconnection of the magnetic field lines with a macroscopic geometry similar

to the reconnection shown in Fig. 2.5. Particles in the small current sheet are

accelerated in the direction aligned with the poles of the black hole. The accel-

eration appears to be analogous to a magnetized shock acceleration due to the

first-order Fermi mechanism.

In this approach, charged particles gain macroscopic energy by scattering off
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Chapter 2 Foundations of High-Energy Astrophysics

microscopic magnetic irregularities, and thus the frame change causes an energy

increase of 〈
Δ𝐸

𝐸

〉
=
4

3

𝑣rec

𝑐
, (2.51)

while the magnetic field lines move towards each other at the speed 𝑣rec.
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3 Cygnus X-3

This chapter provides a detailed description of themain characteristics of Cygnus

X-3, such as the geometry, the ambient particle fields and the magnetic field,

which are included in the numerical simulations. In addition, the scenario based

on stellar wind and jet interactions is introduced by developing the two different

acceleration regions 𝑆1 and 𝑆2. The geometry of the system is then defined in

detail in order to study the orbital modulation. In addition to the proposed qual-

itative scenario, measurement data are used to study the surrounding particles.

Cygnus X-3 is a high-mass X-ray binary with an estimated distance of about

𝑑 = 7 − 10 kpc emitting hard and soft X-rays with high variability. In addition,

Cygnus X-3 exhibits strong radio emission associated with a jet-like structure

and is one of the strongest radio sources among the known X-ray binaries. Since

Cygnus X-3 shows outbursts in form of relativistic radio jets (𝑣 ∼ 0.81 𝑐 in the

regime of 0.1 Jy [6]), this system can be classified as amicroquasar. It also radiates

in the infrared spectrum with a modulated amplitude by the companion, which

is known to be a Wolf-Rayet star. The compact object can be either a black hole

or a neutron star, however, a black hole is more likely [6] and thus a black hole

orbiting a Wolf-Rayet star is considered in this work.

3.1 Mass

The total mass of the binary system is still being investigated and is subject to

some uncertainties. In addition, it is challenging to predict whether the compact

object is a neutron star or a black hole. Based on infrared observations, it is

well known that the central object is a Wolf-Rayet star [35]. Therefore, a lower

and an upper limit is given for the central object. Masses for Wolf-Rayet stars

can be calculated based on luminosity measurements and for Wolf-Rayet star

measurements in binary systems a broad mass range of𝑀𝑊𝑅 ∼ (10−83)𝑀⊙ can

be found [36]. Furthermore, the minimum mass of a black hole is in the range

of (3 − 5)𝑀⊙ [37].

Based on this mass ranges for the objects in the binary system, Kepler’s third

law

𝑎3𝑃2 =
𝐺 (𝑀1 +𝑀2)

4𝜋2
(3.1)
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can be applied assuming an ideal two-body interaction [38]. Thus, the orbital

separation is linked to the stellar mass𝑀WR and compact object mass𝑀BH as

𝑎 = 9.989 × 10
10

(
𝑀BH +𝑀WR

𝑀⊙

)
1/3

cm. (3.2)

Furthermore, the black hole mass is expected to be much smaller than the Wolf-

Rayet mass and thus 𝑀BH ≪ 𝑀WR. As a result, the black hole orbits the Wolf-

Rayet star and it is an appropriate condition to choose the masses such that the

barycenter

𝑟B =
𝑎𝑀BH

𝑀WR +𝑀BH

(3.3)

is located inside the Wolf-Rayet star. Corresponding to the orbital separation

and the later introduced jet geometry, the masses are chosen to be𝑀WR = 50𝑀⊙
representing the Wolf-Rayet mass and𝑀BH = 20𝑀⊙ [39] representing the black

hole mass leading to 𝑎 = 4 × 10
10
cm. The orbital separation is small enough

to lead to the implication that the stellar winds of the Wolf-Rayet star, which

mainly contain helium, completely envelop the compact object.

3.2 Geometry

In the following, theWolf-Rayet star in Cygnus X-3 is defined as the origin of the

coordinate system. The radius of theWolf- Rayet star is𝑅WR = 6×1010 cm [6] and

for the compact object, the Schwarzschild radius is given as 𝑅S = 5.9 × 10
6
cm.

Cygnus X-3 has a radio jet causing massive radio outbursts with transient 𝛾-ray

emission. The jet axis is close to the line of sight with 𝜗BH ≲ 14
◦
, neglecting pre-

cision of the jet. The specific internal geometry is not fully understood and some

scenarios are possible. A sketch of a possible geometry is taken from Ref. [39]

and illustrated in Fig. 3.1. Three directions are marked by the corresponding vec-

tors: First, the orbital vector
®𝑑 = 𝑑®𝑒d always points from the Wolf-Rayet star to

the black hole and therefore changes with the orbital period. The vector ®𝑟j = 𝑟j®𝑒j
denotes the jet direction, which follows the jet line with respect to the black hole.

Any point in the jet can be described by ®𝑟WR with respect to the Wolf-Rayet star.

The described unit vectors are written as follows:

28



Geometry 3.2

Wolf-Rayet

star

𝑑
®𝑒d

𝑟j
®𝑒j

𝑟WR

®𝑒WR

𝑥

𝑦

𝑧

𝑥j

𝑦j

𝑧j

𝜗j

Figure 3.1: Sketch of the Cygnus X-3 configuration. The red colors denote the

constellation with the Wolf-Rayet star in the center and the blue

coordinate system represents the geometry with the black hole in

the center.
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cos(𝜙j)
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ª®¬ ,
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1

𝑟WR

(𝑑®𝑒d + 𝑟j®𝑒j) =
1

𝑟WR

©­«
𝑟j cos(𝜗j) sin(𝜙j) + 𝑑 cos(𝜃 )
𝑟j sin(𝜗j) sin(𝜙j) + 𝑑 sin(𝜃 )

𝑟j sin(𝜗j)

ª®¬ .
A circular motion of the compact object around the Wolf-Rayet star is consid-

ered [8]. For simplicity, it can be assumed that the observer is located directly

in the jet direction ®𝑒j. Disregarding precession, 𝜗j = 9
◦
and 𝜙j = 31

◦
is taken

due to the calculations for orbital modulation in Ref. [39]. Since the jet axis is

fixed relative to the black hole, the orbital modulation of the signal has to be

considered and the orbital phase 𝜃 is thus a free parameter in the simulation. Due

to the assumption that the observer is located in the jet, the jet axis is as close

as possible to the Wolf-Rayet star in the superior conjunction. A sketch of how
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0 2
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6 × 1011

7 × 1011

8 × 1011

9 × 1011

r W
R

rj = 7 × 1011 cm

Figure 3.2: Distance to Wolf-Rayet star 𝑟WR for distance in jet 𝑟j depending on

orbital phase. The inferior and superior conjunctions are close to

𝜃 = 0 and 𝜃 = 𝜋 respectively.

the inferior and the superior conjunction are configured is illustrated in Fig. 3.3.

The three-dimensional geometry of the system leads to non-trivial angles 𝜃 for

superior and inferior conjunction. These can be considered by taking a distance

in the jet (here 𝑟j = 7×10
11
cm) and examining the minimum and maximum 𝑟WR

as visualised in Fig. 3.2. It can be seen that for first considerations of the phase

effect it is valid to take the orbital phase 𝜃 = 0 for the inferior conjunction and

𝜃 = 𝜋 for the superior conjunction.

3.3 Photon Spectrum

Cygnus X-3 is an accreting binary system and therefore emits a significant

amount of non-thermal radiation in the X-ray spectrum. It undergoes massive

radio outbursts that exhibit a jet-like structure. The radio emissions as well as

the X-ray emissions undergo significant variations. Furthermore, gamma-ray

emission can occasionally be detected in association with a particular state. In

addition to an orbitalmodulation, the X-ray spectrum can be divided into distinct

states [40].

In general, photons with energies between 100 eV and 100 keV are classified as X-

rays. Due to the broad energy range, high-energetic X-ray photons are referred

to as hard X-rays and lower energy X-ray photons are soft X-rays [2]. The crucial

coupling between accretion and emission in microquasars can be understood by

analyzing the spectrum of a classical outburst evolution.
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a Inferior conjunction
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b Superior conjunction

Figure 3.3: Two-dimensional geometry at two extreme configurations of inte-

rior conjunction and superior conjunction. The system is investi-

gated here two dimensional with the observer is located in the jet

opening angle.

Since the photon spectra of microquasars have a fast variability, there are sev-

eral classifications for the different temporal spectral characteristics. One of the

first attempts to classify the spectrum was made by M. A. Nowak [41] based

on observations of high-energy measurements of black holes. He defined five

distinct states based on the mass accretion rate ¤𝑀 of the compact object. As ¤𝑀
increases, the system evolves from a low/hard state through an intermediate

state to a high/soft state. For some systems there exists a very high state and

the final state is always the quiescent state. These states can be distinguished

by measuring their energy and power spectra and follow a q-shaped line in the

respective Hardness Intensity Diagram (HID), which is illustrated in Fig. 3.4 [42].

In general, these states can be distinguished by their X-ray spectrum. Cygnus

X-3 is a special case, since the classification for the radio states [42] does not

apply to the X-ray states. A more general classification for X-ray spectra can be

found in [43], but a rough overview of the combined X-ray and radio emission

states for Cygnus X-3 is given below [40]:

• Low/Hard state (LH) with a compact radio jet. Lots of X-ray radiation is

produced, described by a power law and limited to a cut-off energy of

100 keV.

• Intermediate state (IS) shows a steep power-law spectrum with no cut-off
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energy and a characteristic thermal disk spectrum. This state is defined

as occurring as a transition between the LH and HS states.

• Very High state (VHS) occurs in the same spectral region as the IS but with

significantly higher intensities.

• High/Soft state (HS) is the state in which radio flaring typically occurs. The
general state is dominated by a thermal photon spectrum and no or less

power-law radiation.

• Quiescent state (QS) is characterized by a hard power-law spectrum, where

both the radio source flux and the X-ray flux are very low.

X-ray hardness

In
te

ns
ity

LH

IS/VHS

HS

jet line

Ra
di

o 
Fl

ux

Figure 3.4: Sketch of a HID showing the general shape of microquasar radiation

with the color plot marking the radio flux. The different canonical

states of microquasars are labeled as well as the jet line.

It is common to plot the photon spectrum on a HID to analyze the spectral

evolution of the system. QS is not shown in the diagram as no or very low

intensity is measured in this state. The other four states mentioned above are

marked on the characteristic curve in the diagram. Due to the complexity of

Cygnus X-3, the color plot is used to show the associated radio emissions. Note

that the jet line marks the transition from possible jet onset to jet suppression.

As Cygnus X-3 evolves from HS to VHS, it produces large flares and jet onset is

possible.

There is one state that has not yet been mentioned due to the fact that it is very

characteristic of Cygnus X-3. This is the so-called hypersoft State (HyS), which
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is a particularly extreme case of HS. The incoming X-rays are particularly soft

and no radio radiation can be observed. In this state there is no flaring and the jet

is off. In this state, gamma-ray emission can occasionally be observed, followed

by an intense outburst whose evolution is described in detail in the following

section. This work focuses on the two extreme states of Cygnus X-3, on the one

hand the HyS with very soft X-ray at high intensity and no radio emission, and

on the other hand the LH with low intensity hard X-ray and some radio flaring.

Since outbursts with jet-like structure are not stationary, the system occasionally

rests in the quiescent state. The magnetic field around the accretion disk causes

weakmass loss and during this state radio photons are only emitted by relativistic

electrons without any jet structure. The system starts flaring in the high hard

state, where the intensity increases. A HID for Cygnus X-3 is described in further

detail in Ref. [40], where the six different spectral states, which are defined for

Cygnus X-3, are described. The HID for those six different states is presented in

Fig. 3.4, where this work focuses on the hypersoft state and the Hard state. Since

the aim is to investigate neutrino production in the vicinity of Cygnus X-3, only

states with a jet structure are important to be considered.

3.4 Outburst Evolution Scenario

When high-energy particles interact, a variety of secondary particles is produced.

The long-living and less interacting particles are able to reach Earth. Initially ac-

celerated protons may escape the acceleration region and, in the case of Cygnus

X-3, are part of the galactic cosmic ray spectrum. Among the escaping particles,

neutrinos are of particular interest because they interact only via the weak force

and are therefore almost always the only carriers from regions of high density. In

addition, high-energy 𝛾 rays can be produced, which can escape only if the opac-

ity is low enough. A more detailed description of the interaction mechanisms

for the initial proton and the resulting secondary particles follows in Chapter 4.

A scenario for the high variability of the spectrum of Cygnus X-3 is presented

below, based on the mass loss rate of the Wolf-Rayet star and the resulting

changes in the mass accretion rate. The relevant theory for accretion disks,

jet launching mechanisms and general particle acceleration is explained in more

detail in Chapter 2.

The generic model explained here for the spectral behavior of Cygnus X-3 was

introduced by Fender et al. [42] and developed by Koljonen et al. [8]. Let the

system be in QS, where the Wolf-Rayet star goes through a phase of increased

mass loss rate. As a result, more thermal electrons are ambient in the tight

surroundings of the compact object, and thus the jet-launching mechanism is
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quenched to a low level. Now the jet is almost switched off, barely weak enough

to cause a small radio emission, which is measured in this state. In addition, the

increased mass loss rate leads to an increased density of thermal electrons in the

vicinity of the compact object. These thermal particles mix with the relativistic

particles, causing themedium to become opaque to both the emitted synchrotron

radiation and the radio emission. Finally, quenched radio emission appears, and

the ambient thermal particles enhance the infrared radiation.

Increased mass loss also increases the rate of mass accretion into the black hole,

leading to the characteristic hard X-ray spectrum in this state. As a result, an

increase in the magnetic pressure in the inner disk region appears, which implies

a massive injection of particles into the jet. The jet is fed by the accretion disk,

and once the mass loss rate from the Wolf-Rayet star returns to a lower level,

the jet begins to flare until it reaches the soft state. Here, no or only a little mass

is transferred from the inner part of the accretion disk to the jet, and so the hard

X-ray emission decreases while the density reaches levels where the soft X-rays

from the accretion disk dominate the spectrum. Finally, the system remains in

the quiescent state until the mass loss rate of Cygnus X-3 increases again.

WR
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𝛾

𝜈
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𝜈

𝛾
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Figure 3.5: Sketch of the two jet state scenarios. On the left, the jet has switched
on right after the quiescent state, interacting with the surrounding

medium close to the black hole (𝑆1). The right side shows the state

when the jet has been on for a long time and has worked against

the Wolf-Rayet medium, forming a cocoon (𝑆2).

Considering the non-continuous jet in the dense wind of the Wolf-Rayet com-

panion, it can be concluded that in the quiescent state the wind density around

the black hole is unaffected by its presence. Hence, the wind density can be taken
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as constant in each spherical element. The protons, which are accelerated in an

outburst, interact close to the black hole with the ambient medium.

The jet and its interaction with the surrounding medium is examined in more

detail when it comes to the jet evolution of the system. In the following, the jet

is initiated after the quiescent state and thus the first point of interaction is close

to the compact object, assumed at 10𝑅𝑆 based on Ref. [44]. In addition, as the

jet begins, it acts against the stellar wind material and the medium around the

black hole is pushed outwards, forming a cocoon structure and leaving behind

a cavity of much lower density. The cocoon grows outwards during a period of

stable jet propagation. If the continuous jet persists long enough, the relativistic

protons in the jet begin to interact significantly with the stellar wind material

at the outer sphere of the ejected cocoon. At the given distance, both the proton

density and the magnetic field are distinctly different from those at the initial

interaction point near the black hole.

The significant decrease in radio emission suggests that the jet is weakening or

shutting down, leaving the cocoon structure behind. Subsequently, a pressure

gradient causes the surrounding stellar wind to refill the cocoon in the Hys and

QS. This means that the next time the jet is launched, the point of interaction of

the relativistic protons in the jet with the non-relativistic stellar wind will again

be close to the compact object. Stronger magnetic fields and higher densities

are found in the immediate vicinity of the black hole. As mentioned above, both

protons and secondary interaction mechanisms are affected.

The overall picture is one of two possible distinct interaction and acceleration

regions, one at the beginning of the continuous jet launch phase at the QS to

HS transition close to the compact object, and one further out when a cocoon

has formed at the HS to Hys transition. This leads to different photon but also

neutrino spectra at these points.

If the jet sets on again before the stellar wind fills back the cocoon structure,

the proton acceleration and the interaction region is shifted to the end of the

cocoon structure. The protons experience at this distance different magnetic

fields and particle densities and thus distinct maximum particle energies and

resulting secondary spectra are possible.

Based on these assumptions, the resulting particle energy spectra are considered

later for the two different scenarios illustrated in Fig. 3.5. In the following, 𝑆1
refers to the acceleration region close to the black hole, which is associated

with the scenario of the onset of the jet after the wind material has refilled

the vicinity of the black hole. Consequently, the protons interact immediately

with the surrounding stellar wind material at 10𝑅S. 𝑆2 describes the proton

interaction at the end of the cocoon due to a continuous jet and thus a long

phase of cocoon formation. It is evident to assume that the cocoon elongation
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corresponds to twice the orbital separation after a certain period of time and

together with the calculations made in Ref. [39], the acceleration region in 𝑆2 is

chosen to be at 7 × 10
11
cm. As outlined in Section 2.5, two distinct acceleration

mechanisms can occur in astrophysical environments. In the vicinity of the

black hole, the acceleration scenario corresponds to the theory of de Gouveia

Dal Pino and Lazarian [34], as employed by Khiali et al. [45]. Reconnection, in

this context, manifests exclusively in the proximity of the black hole, and thus,

solely in 𝑆1. In the following, 𝑆2 refers to the acceleration region at the extended

jet, considering only the shock acceleration. However, it is important to note that

even if the cocoon structure has already developed, both the accretion disk and

the stellar wind can provide enough material to reach the vicinity of the black

hole. Consequently, if 𝑆2 has evolved, there may be two acceleration regions,

with one acceleration region close to the black hole and another at 7 × 10
11
cm.

Note that unless otherwise stated, the focus of 𝑆2 is on the shock acceleration

at the cocoon edge.

Since the jet in Cygnus X-3 propagates at relativistic velocities, it is necessary

to evaluate the contribution of relativistic effects. The jet velocity is assumed

to be the same for both jets. However, the literature does not provide a clear

picture of the general jet velocity. It ranges from weakly relativistic velocities

of 𝑣 ≤ 0.3 𝑐 [46] to higher relativistic velocities of 𝑣 ≥ 0.8 𝑐 [47]. It is impor-

tant to note that the Lorentz boost leads to Doppler-shifted and non-isotropic

photon spectra. Furthermore, the jet opening angle and the particle energies are

Lorentz-boosted. A brief introduction to relativistic effects is given in Section 2.4,

with explicit references to Ref. [27] for a detailed discussion of the implications

for relativistic velocities. In the configuration of Cygnus X-3, different interac-

tion frames have to be considered. Since the scope of this thesis focuses on the

general ability of Cygnus X-3 to accelerate particles, it is assumed here without

calculation that particles from the counter-jet are Doppler-boosted so efficiently

that theymake no first-order contribution to the particle spectra on Earth. There-

fore, the counter-jet is not considered further. The jet is assumed to propagate

relativistically, but it is noted here that properties experience relativistic effects

without being calculated in detail. This leads to isotropic assumptions for particle

spectra and non-relativistic shock estimates.

3.5 Magnetic Field

The ambient magnetic field in the acceleration region is a crucial parameter for

the further investigation of the particle interaction (see Chapter 4). In a first

approach, a magnetic field is assumed and the considerations for the magnetic

field of Cygnus X-3 follow J.C.A. Miller-Jones et al. [44]. The particle accelera-
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Figure 3.6:Magnetic field strength 𝐵 depending on distance of particle to the

black hole 𝑟j calculated for different 𝛿 . The distance of the accelera-

tion region at the edge of the cocoon structure is marked as 𝑆2, the

magnetic field in 𝑆1 equals 𝐵0 = 2.1 × 10
7
G independent of 𝛿 (see

Eq. (3.4)).

tion region of Cygnus X-3 has different locations depending on the jet evolution.

Therefore, the magnetic field has to be determined at different distances 𝑟j from

the black hole. The magnetic field strength around the black hole can be param-

eterized as

𝐵(𝑟 ) = 𝐵0
(
𝑟

𝑟0

)−𝛿
, (3.4)

with 𝑟0 being the jet injection point and 𝐵0 being the corresponding magnetic

field. The parameter 𝛿 depends strongly on the properties of the jet, where 𝛿 is

limited to an interval of 0.5 < 𝛿 < 0.83. Fig. 3.6 shows the magnetic field strength

for different 𝛿 as a function of the distance to the compact object 𝑟j. Based on the

considerations in Ref. [44], the jet injection occurs at 10𝑅𝑆 ≈ 6 × 10
7
cm with

an ambient magnetic field of 𝐵0 = 2.1 × 10
7
G.

It can be seen that especially for sufficiently large distances, as is the case in

𝑆2, the magnetic field strength is sensitive to the choice of 𝛿 . The magnetic

field strength is already chosen optimistically and based on the assumptions

in Koljonen et al. [8], the magnetic field in the outer regions of the jet best

corresponds to a parameter choice of 𝛿 = 0.65.

Another important parameter is the magnetization of the medium, described by
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Figure 3.7: Magnetization parameter 𝜎m based on the magnetic field considera-

tions in Ref. [44] with 𝛿 = 0.65 at different distances in the jet from

the black hole. The distance of the acceleration region is marked for

the respective regions 𝑆1 and 𝑆2.

𝜎m(𝑟 ) = 𝐵2/(4𝜋𝜔 (𝑟 )), (3.5)

where 𝜔 (𝑟 ) = 𝑛(𝑟 )𝑚p𝑐
2
is the enthalpy density and 𝐵 is the magnetic field

strength [31]. The magnetization parameter 𝜎m relates the magnetic energy to

the total energy of the particles. In weakly magnetized plasmas, particles can

move efficiently and therefore the Fermi acceleration can sufficiently explain the

particle acceleration with diffusive shock acceleration. In strongly magnetized

plasmas (𝜎m ≫ 1), however, magnetic reconnection dominates [31].

Fig. 3.7 shows the magnetization parameter 𝜎m for different distances in the jet

from the black hole. For this calculation, it is necessary to refer to the follow-

ing section, as the magnetization depends on the proton density. The proton

density depends on the distance to the Wolf-Rayet star, which is related to the

distance to the black hole in the jet by Eq. (3.6). As a result, the magnetization

varies strongly with 𝑟j. For 𝜎m < 1, shock acceleration dominates, and for large

plasma magnetization, particle acceleration occurs via magnetic reconnection.

The markers in the plot illustrate that in 𝑆1 the plasma is strongly magnetized

and magnetic reconnection is sufficient to accelerate particles. In 𝑆2, however,

the weak magnetization indicates that shock acceleration is dominant. Note

that the magnetization depends on the particle density, which depends on 𝑟WR,

which changes significantly for jet elongations in the order of the orbital sepa-
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ration thus leading to a deviation of the linear correlation in the graph at larger

distances.

3.6 Ambient Particles

Besides the magnetic field, protons also interact with various particles. In the

following, the particle densities of the initially abundant particles have to be con-

sidered in the acceleration region of the protons. Two different particle densities

have to be distinguished, namely the proton density and the photon density in

the region of proton acceleration.

3.6.1 Proton Density
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Figure 3.8: Density profile of stellar wind protons for different wind speeds as

a function of distance from Wolf-Rayet star 𝑟WR. Orbital seperation

is marked with 𝑎.

Cygnus X-3 contains a Wolf-Rayet star, so the dense medium created by the

Wolf-Rayet wind is initially composed of helium. The giant dipole resonance is

known as the phenomenon, where photons with approximate energies in the

nucleus rest frame of 𝐸′ = (30 − 50)MeV can cause the emission of one or two

nuclei [48]. Implying an initial nucleus of
4
He, the emission of one or more nu-

clei leads to decay into single nuclei. However, there is no significant photon

field ambient carrying these energies. The initial assumption of
4
He being accel-

erated leads to lower synchrotron energy loss. Nonetheless, as photohadronic

interactions are considered to be the important interaction mechanism, the effect
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of considering initial helium in the acceleration region leads to fractionation as

a first photohadronic interaction. If helium nuclei exit the acceleration region

without fractionation, they may interact with other helium nuclei in a four times

less dense medium and increased cross section by a factor four. Consequently,

accounting for helium introduces additional complexity with limited impact,

making it common practice to assume protons for Cygnus X-3. Therefore, this

work assumes that the ambient medium is composed of protons without further

calculation.

The number density of protons 𝑛p in the circumference of the black hole can be

described by the mass loss rate ¤𝑀 = 10
−5 𝑀⊙ [8] of the Wolf-Rayet star as

𝑛p(𝑟WR) =
¤𝑀

4𝜋𝑟
WR

2𝑣wind𝑚p

. (3.6)

Different stellar wind speeds have been estimated depending on the specific

parameters and the calculated wind velocities are in the interval 𝐼v ∼ [5 ×
10

7, 1.6 × 10
8] cm/s [8]. Fig. 3.8 therefore illustrates the wind density profile

for different wind velocities, and it is evident that changing the wind velocity

parameter in the range of the measured velocity interval has a small effect. Thus,

in the following, the stellar wind velocity is approximated by 𝑣wind = 10
8
cm/s.

3.6.2 Photon Density

In the black hole’s environment, photons from different sources require sepa-

rate considerations, namely the thermal photons from the Wolf-Rayet star, the

photons from the accretion disk and the synchrotron photons in the jet.

Since every star is an almost perfect black body, the differential photon spectrum

from the Wolf-Rayet star can be described by Planck’s law [22] and for the

isotropic photon distribution follows

d𝑛𝑝ℎ (𝐸,𝑇 , 𝑟 )
d𝐸

=
8𝜋

(ℎ𝑐)3
𝐸2

exp(𝐸/(𝑘B𝑇 )) − 1

(
𝑅WR

𝑟

)
2

. (3.7)

The temperature of the Wolf-Rayet star is 𝑇 ≃ 10
5
K [6] and the resulting differ-

ential photon number density depends on both, photon energy and their distance.

The photon spectrum can be seen in Fig. 3.10 for 𝑆1 and Fig. 3.11 for 𝑆2. Note

that the spectrum for the stellar photons depends on the distance from the Wolf-

Rayet star and therefore has a minor effect with increasing distance from the jet.

The accretion disk does not emit photons with isotropic geometry requiring the

differential photon density to be calculated corresponding to [49] as
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Figure 3.9: Sketch of a geometrically thin accretion disk with considerations

that were made for the Cygnus X-3. 𝑟disk indicates the radius of the

accretion disk element, while 𝑟ph denotes the position of a photon

interacting in the jet with respect to the black hole.

d𝑛𝑝ℎ (𝐸, 𝑟 )
d𝐸

=

∫
Ωdisk

d𝑛ph(𝐸, 𝑟 )
d𝐸dΩ

dΩ. (3.8)

In Section 2.3.2, a model for the accretion disk is introduced and, considering

the given temperature profile, the Planck distribution can be integrated over

the disk extension to obtain the differential photon density taking into account

the exact geometry for the solid angle element. The solid angle element can be

obtained by considering a simplified the geometry of Ref. [49] as presented in

Fig. 3.9. The surface element d𝑆 = 𝑟diskd𝑟diskd𝜙 is projected in the line of sight,

and

dΩ =
®𝑒d · ®𝑒j
𝑑2

d𝑆 (3.9)

follows. Fig. 3.9 defines𝜓 as the angle between the accretion disk normal and the

photon with respect to the black hole ®𝑟ph. Thus, the maximum possible angle𝜓

corresponds to the jet opening angle 𝜗0. Due to the small jet opening angle,𝜓 is

negligibly small and the unit vector for the jet photons ®𝑒j has only a 𝑧-component.

As a result, the scalar product ®𝑒d · ®𝑒j becomes cos(𝜃 ). Substituting cos(𝜃 ) and 𝑑
by the known parameters, namely 𝑟disk and 𝑟j, gives
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Figure 3.10: Photon densities ambient in the vicinity of Cygnus X-3 in 𝑆1. Ac-

cretion disk photons (disk), stellar photons (WR) and synchrotron

photons (syn) are considered with synchrotron photons exhibiting

a cut-off at 1GeV for high energies and at 10
−6

eV for low energies.

dΩ =
𝑟j𝑟disk

(𝑟 2
j
+ 𝑟 2

disk
)3/2

d𝑟diskd𝜙. (3.10)

The resulting photon density can be described by

d𝑛(𝐸, 𝑟j)
d𝐸

=
2𝐸2

(ℎ𝑐)3
∫

2𝜋

0

d𝜙

∫ 𝑟out

𝑟in

d𝑟disk
𝑟j𝑟disk

(𝑟 2
j
+ 𝑟 2

disk
)3/2

1

exp(𝐸/[𝑘B𝑇 (𝑟disk)]) − 1

.

(3.11)

The accretion disk photon density is calculated using 𝑟in = 6𝑅S and 𝑟out =

8×108 cm based on the Roche lobe [49]. The resulting differential photon density

is depicted in Fig. 3.10 and Fig. 3.11 for the corresponding acceleration regions,

where a mass accretion rate based on Eq. (2.10) is considered. The accretion

disk spectrum looks like a regular blackbody spectrum due to the narrow accre-

tion disk. For an acceleration region close to the accretion disk, these photons

contribute significantly at lower energies.

These assumptions only hold for efficient accretion rates close to the Edding-

ton accretion rate as described in the accretion disk model from Sunyeav and
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Figure 3.11: Photon densities ambient in the vicinity of Cygnus X-3 in 𝑆2. Ac-

cretion disk photons (disk), stellar photons (WR) and synchrotron

photons (syn) are considered with synchrotron photons exhibiting

a cut-off at 1GeV for high energies and at 10
−6

eV for low energies.

Shakura [25]. Furthermore, these geometric assumptions approximate the pho-

ton density close to the accretion disk and thus in 𝑆1. However, in 𝑆2 it holds that

𝑟j ≪ 𝑟disk, which verifies a simple point-source approximation for the accretion

disk. As a result, in 𝑆2 and at locations 𝑟j far enough away from the black hole,

the accretion disk photon density can be approximated by Eq. (3.7), where the

reference radius becomes 𝑟in as the inner accretion disk dominates in radiation

emission.

In Fig. 3.10, it becomes apparent that the shape of the photon density for the

accretion disk does not vary much compared to the stellar photon spectrum. Due

to the small size of the accretion disk, the overlapping blackbody spectra do not

significantly broaden the curve. Therefore, it is a valid approach to approximate

the accretion disk spectrum by a blackbody spectrum for a given temperature

of an accretion disk ring element 𝑟0 reducing the differential photon density of

the accretion disk to
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d𝑛𝑝ℎ (𝐸, 𝑟 )
d𝐸

=
4𝜋

(ℎ𝑐)3
𝐸2

exp(𝐸/[𝑘B𝑇 (𝑟0)]) − 1

[
𝑟√︃

𝑟 2 + 𝑟 2
in

− 𝑟√︃
𝑟 2 + 𝑟 2

out

]
. (3.12)

The photon spectrum resulting from synchrotron emission is first outlined theo-

retically here by following the explanation in M. Longair [2]. First, it is assumed

that the distribution of charged particles, which in this case are protons and elec-

trons, can be described as 𝑁 (𝐸)d𝐸 ∼ 𝐸−𝑝d𝐸 with a power-law distribution for

particles within the energy interval 𝐸 +d𝐸. Furthermore, it can be approximated

that particles with energy 𝐸 emit photons close to the critical frequency 𝜈c and

thus

𝜈c ≈
(
𝐸

𝑚𝑐2

)
2
(
𝑒𝐵

2𝜋𝑚

)
(3.13)

can bewritten for the emitted frequencywith the gyro frequency𝜈g. The radiated

spectrum in the frequency interval 𝜈 + d𝜈 , which results from an accelerated

particle in the energy range 𝐸 + d𝐸, can be described as

𝐽 (𝜈)d𝜈 =

(
−d𝐸
d𝑡

)
𝑁 (𝐸)d𝐸. (3.14)

The given particle distribution as well as the relation between the particle energy

and photon frequency allow to write

𝐸 =

√︄(
𝜈g

𝜈

)
𝑚𝑐2, (3.15)

d𝐸 =
𝑚𝑐2

2
√
𝜈g𝜈

d𝜈, (3.16)

whereby Eq. (4.16) in Section 4.3 is used here without derivation. It follows that

the spectrum of synchrotron photons is proportional to 𝐽 (𝜈) ∼ 𝜈−(𝑝−1)/2
. This

leads to the conclusion that the shape of the photon spectrum can be deduced

from the slope of the particle distribution, which in this context is 𝑝 = 2.3 for

particles accelerated by both shock acceleration and reconnection.

However, the source becomes optically thick for low-energy photons due to syn-

chrotron self-absorption. The low-energy synchrotron photons scatter with the

initial electrons,which gain energy and emit synchrotron photons again by being

deflected by the magnetic field. The resulting plasma that can be described as a

quasi-thermal equilibrium, and thus an effective temperature 𝑇eff = 𝛾𝑚𝑐2/(3𝑘B)
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can be assigned to the particles by noting that the temperature depends on the

particle energy. Due to the low energy regime and the fact that the particles

cannot emit radiation more efficiently than a black body, the Rayleigh-Jeans

limit holds giving

𝑆𝜈 =
2𝑘B𝑇eff

𝜆2
Ω, (3.17)

with Ω representing the solid angle covered by the source and 𝜆 being the pho-

ton wavelength associated with the photon frequency. Consequently, it can be

deduced that the low-energy end of the photon spectrum yields 𝐽 (𝜈) ∼ 𝜈5/2.
As the maximum energy of the electrons is limited, the synchrotron radiation

exhibits a cut-off for high energies. Hence, as suggested in the previous analyzes,

the synchrotron spectrum can be explained by a broken power-law function

accompanied by a cut-off. In this context, two separate photon data sets from

Cygnus X-3 are of particular relevance, one corresponding to high energies and

the other to low energies.
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Figure 3.12: Synchrotron flux estimated for 𝑆1 (left) and 𝑆2 (right) on the ba-

sis of X-ray data from Ref. [50] and radio data from Ref. [45]. A

power-law fit has been applied to both data sets, which have been

connected by another power-law.

The radio photon data are taken from Ref. [45], and the X-ray data are taken

from Ref. [50], respectively. It should be noted that, for high-energy photons,

it is possible to distinguish between the different regions of Cygnus X-3 (see

Section 3.3). Consequently, two different spectra can be obtained for 𝑆1 and 𝑆2,

although both regions are part of the HS. However, 𝑆2 is assumed to appear only

close to HyS and therefore the photon spectrum measured for HyS is considered

more realistic in 𝑆2. The considered X-ray photon fluxes are presented in Fig. 3.12

consistent with the considerations in Section 3.3.

It is important to note that the photon energy band between the radio and
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X-ray bands is not included in the data. Theoretically, a power law spectrum

corresponding to 𝐸−(𝑝−1)/2
can be found for this. It is assumed that three power

law functions, 𝑓𝑖 with 𝑖 ∈ {0, 1, 2}, describe the synchrotron spectrum. However,

due to the presence of other unknown parameters, the value of 𝑝 is not strictly

defined, and multiple configurations for the medium power-law are possible. A

change in slope can be observed in the X-ray data, indicating an transition from

𝑓1 to 𝑓2 at ∼ 5 × 10
3
eV. The transition from 𝑓0 to 𝑓1 would determine the slope

of 𝑓1. Fig. 3.12 illustrates the congruence between the data and the power-law

fits, incorporating two distinct slopes of 𝑓1 (denoted as Model A and Model B).

In the subsequent analysis, Model A is selected, as the transition from 𝑓0 to 𝑓1 is

determined in Ref. [45] and corresponds to approximately 1 eV.

The photon density can be calculated as

d𝑛(𝐸, 𝑟j)
d𝐸

=
𝐹 (𝐸)
𝐸𝑐

𝑘 (𝑟j), (3.18)

where the flux is assumed on the basis of the data and included model for syn-

chrotron photons (see Fig. 3.12) and 𝑘 (𝑟j) is a factor taking into account the

location of the observer. The synchrotron photons are produced in the respec-

tive acceleration region including the production of synchrotron photons in 𝑆1
at 𝑟cr = 10𝑅S and in 𝑆2 at 𝑟cr = 7 × 10

11
cm. For a simple approach, the syn-

chrotron emitting region is a lobe of diameter 𝑟syn equal to the length scale of

the accelerating region with center 𝑟cr. Inside the lobe, the photon density is

constant at 𝑛(𝐸, 𝑟syn). Note that 𝑟syn varies with distance from the black hole.

In 𝑆1, the length scale of the acceleration region is given by B. Khiali [45] as

𝑙acc = 5 × 10
7
cm ≈ 8.3𝑅S. The innermost circular orbit, the photon sphere, has

an extension of 𝑟𝑝 = 1.5𝑅S [51] for non-rotating black holes. Comparing this

with the extension of the accelerating region it can be concluded that 𝑆1 extends

almost into the photon sphere. Consequently, in reality 𝑆1 may be more farther

from the black hole but not closer. However, the important parameters, espe-

cially in comparison to the parameters in 𝑆2, would not shift significantly for

slightly larger assumptions for 𝑟cr,𝑆1, and to be consistent with the mentioned

literature, the center of the acceleration region is not shifted outwards here.

The length of the acceleration region for 𝑆2 can be calculated using trigonometry,

taking into account the jet opening angle 𝜗𝑜 = 12
◦
. The radius of the acceleration

region is equal to the shock radius, which is determined by the jet cross section

at 𝑟cr. Subsequently, the length scale of the shock acceleration region is equal to

𝑟cr,𝑆2 · tan(𝜗𝑜 ) = 1.5 × 10
11
cm. (3.19)

Based on these assumptions, the distance factor includes jet photons for both

particle interactions and particle spectra. As a result, the distance factor equals
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𝑘 (𝑟 ) =


(

(𝑑−𝑟cr )2
| (𝑟cr−𝑟syn ) |2

)
, for 𝑟j ≪ 𝑟syn,(

(𝑑−𝑟cr )2
| (𝑟cr−𝑟j ) |2

)
, for 𝑟j ≫ 𝑟syn.

(3.20)

In Fig. 3.10 and Fig. 3.11 the assumed synchrotron photon density is shown

for the regions 𝑆1 and 𝑆2. The maximum synchrotron photon energy has a cut-

off at 𝐸max = 10
6
eV, while a minimum synchrotron energy is reached at 𝐸min =

10
−6

eV. The photons from the accretion disk are found to be considerably denser

than the synchrotron photons for energies between [2× 10
2
eV, 5× 10

3
eV]. The

stellar photons are less abundant in 𝑆1 relative to the other two photon fields,

which is reasonable, as the Wolf-Rayet star is significantly more distant.

It can be concluded that, for most energies, synchrotron photons dominate the

ambient photon density due to the narrow acceleration region. However, in S2,

the acceleration region becomes larger by a factor greater than 10
3
, leading to a

lower synchrotron photon density. Furthermore, an increase in distance to the

black hole results in the reduction of the accretion disk to a point source, leading

to a further decrease in the abundance of accretion disk photons. This results

in dominant stellar photon density compared to the accretion disk photons,

whereas the stellar photons peak at lower energies due to lower temperature.

Synchrotron radiation remains dominant for all energies. However, within the

energy interval [101 eV, 104 eV], both accretion disk photons and stellar photons

are present in significant quantities, thereby contributing to a photon density

that originates from all three sources within the specified energy range.

Both the photohadronic interaction and the opacity vary strongly depending

on which photon field is considered. In the following work, interactions with

the ambient photon field are carried out. Therefore, it is useful to distinguish

between the different photon sources, as they scale differently with respect to

distance. Therefore,𝑊𝑅 refers to the stellar blackbody photons,𝑑𝑖𝑠𝑘 refers to the

accretion disk photon field, and 𝑠𝑦𝑛 refers to the photons in the blob originating

from synchrotron emissions and the summed photon density contributes as

d𝑛

d𝐸
=
d𝑛syn

d𝐸
+ d𝑛disk

d𝐸
+ d𝑛WR

d𝐸
. (3.21)
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Initially, highly relativistic protons are injected into the acceleration region, and

this chapter focuses on the critical interactions that occur following this injec-

tion. First, important energy loss and acceleration rates are evaluated, providing

a basic context for understanding the dynamics. Previous chapters have estab-

lished that the main secondary particles of interest are neutrinos and photons.

Unlike neutrinos, photons interact with ambient photon fields and are subject

to attenuation. Consequently, the concept of optical depth is studied in detail

for photons, enhancing the understanding of their propagation and interaction

mechanisms beyond the acceleration region.

4.1 Energy Change

To understand the physical processes in microquasars, it is necessary to study

the interactions of the initial protons, but also of secondary particles such as

ultra-high-energy photons. Particle interactions include both energy loss and

energy gain processes. The protons and the corresponding secondary particles

are subject to acceleration and deceleration mechanisms while they are in the

acceleration region. In general, the interaction rate 𝑡−1
int

is described by the power

𝑃 = −𝑑𝐸/𝑑𝑡 as follows

𝑡−1
int

=
1

𝐸

����𝑑𝐸𝑑𝑡 ���� [2]. (4.1)

A heuristic approach is to examine the particle interactions that occur only

in terms of the respective energy loss rate. It is assumed that the energy loss

rates ultimately determine the maximum energies of the particles. Therefore, the

most efficient acceleration and emission rate competes with the most efficient

deceleration or absorption rate. This enables the estimation ofmaximum particle

energies and the development of a simulation concept based on 𝑡−1
int
.

4.2 Particle Acceleration

As discussed earlier, the protons are accelerated by two different mechanisms

depending on the considered acceleration region. Khiali et al. proposed a specific

scenario for particle acceleration bymagnetic reconnection,which is used for the
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following simulations. Based on the 3D numerical simulation results of Ref. [52],

the proton acceleration rate can be described as

𝑡−1
rec,𝑝 = 1.3 × 10

5

(
𝐸

𝐸0

)−0.4
𝑡−1
0
, (4.2)

where 𝑡0 describes the Alfvén time. This time is defined as 𝑡0 = 𝑙acc/𝑣A, where
the relativistic Alfvén velocity is given by 𝑣A0 = 𝐵/

√
4𝜋𝜌 as

𝑣A = 𝑣A0

(
1 +

𝑣2
A0

𝑐2

)−0.5
. (4.3)

The acceleration rate in the Eq. (4.2) holds for protons, although it can be usefully

modified to 𝑡−1
rec,𝑖 =

√︁
𝑚𝑝/𝑚𝑖𝑡

−1
rec,𝑝 for other particles noted with index 𝑖 [45].

To describe the shock acceleration, in the Bohm limit for a quasi-parallel shock, it

can be assumed that the mean free path of a particle is its Larmor radius 𝑟𝐿 . The

Bohm diffusion coefficient𝐷B can be used to approximate the shock acceleration

rate as

𝑡sh = 𝜁
𝐷B

𝑣2
s

, (4.4)

with shock velocity 𝑣s [30] and efficiency 𝜁 estimated as 𝜁 ≈ 0.1 [53]. In con-

sideration of the definition of the Bohm diffusion coefficient as 𝐷B = 1/3𝑟L𝑐 ,the
shock acceleration rate is expressed as

𝑡−1
sh

= 𝜂
𝑒𝑐𝐵

𝐸
, (4.5)

where the shock velocity is accounted for by 𝜂 ∼ 𝑣2
s
/𝑐2. It is assumed that the

shock velocity is not relativistic, and thus the parameter 0 < 𝜂 ≪ 1 is applicable.

For the purposes of this study, the parameter will be set to 10
−3
.

4.3 Synchrotron Radiation

All charged particles interact with the surrounding magnetic fields and are thus

accelerated. This particle acceleration causes the emission of photons, which

are defined as synchrotron radiation if they are emitted by relativistic particles.

However, a non-relativistic approach can be used to derive the synchrotron radi-

ation rate by considering the photon emission in the rest frame of the accelerated

particle. A comprehensive calculation has been carried out by M. Longair [2],

and the following explanations and calculations are based on his work. The non-

relativistic acceleration
¤®𝑣 of a charged particle in a homogeneous magnetic field
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by neglecting external forces is determined by the Lorentz force. This can be

described in the rest frame of the charged particle 𝑆 ′ by

d®𝑝′
d𝑡 ′

= 𝑒 ( ®𝐸′ + ®𝑣 ′ × ®𝐵′) =𝑚 ¤®𝑣 ′. (4.6)

®𝐵

𝑒−

®𝑣

𝛼

𝛾

Figure 4.1: Sketch of a charged particle (𝑒−) moving in a static magnetic field

that expands in the 𝑥 and 𝑧 directions. Acceleration causes the emis-

sion of photons (𝛾 ). The configuration can be described in the mag-

netic field frame (black) and also in the rest frame of the electron

(blue coordinates).

The magnetic field is described by ®𝐵′ and the particle velocity by ®𝑣 ′ in the par-

ticles rest frame. Let the magnetic field be constant in 𝑆 with no 𝑦 direction

(the configuration is illustrated in Fig. 4.1). Since a constant magnetic field does

not induce an electric field, it is assumed here that there is no other significant

independent electric field. However, in 𝑆 ′ the magnetic field is moving and an

electric field is induced as a result. On the other hand, the velocity of the charged

particle in its rest frame becomes ®𝑣 ′ = 0, and as a result the Lorentz force in 𝑆 ′

reduces to ®𝐹 ′ = 𝑒 ®𝐸′.
The Lorentz transformation can be found by describing the electromagnetic field

in terms of the tensor 𝐹 𝜇𝜈 . A detailed derivation can be found in Ref. [54] and

here without calculation, the electromagnetic field tensor equals

𝐹 𝜇𝜈 =

©­­­«
0 −𝐸𝑥/𝑐 −𝐸𝑦/𝑐 −𝐸𝑧/𝑐

𝐸𝑥/𝑐 0 𝐵𝑧 −𝐵𝑦
𝐸𝑦/𝑐 −𝐵𝑧 0 𝐵𝑥
𝐸𝑧/𝑐 𝐵𝑦 −𝐵𝑥 0

ª®®®¬ . (4.7)
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The Lorentz transformation matrix is given by Eq. (2.25) and requires a cal-

culation for a velocity in the 𝑥-direction. The field vector then transforms via

𝐹 𝜇𝜈
′
= Λ

𝜇
𝛼Λ

𝜈
𝛽
𝐹𝛼𝛽 [54] and the respective components of the electric field result

in

𝐸′𝑥 = 𝐸𝑥 , (4.8)

𝐸′𝑦 = 𝛾 (𝐸𝑦 − 𝑣𝐵𝑧), (4.9)

𝐸′𝑧 = 𝛾 (𝐸𝑧 + 𝑣𝐵𝑦). (4.10)

The geometry of the system results in an acceleration given by Eq. (4.6) as

¤®𝑣 = 𝑒/𝑚 ®𝐸′ and with the E-field component from Eq. (4.8) it follows

¤®𝑣 = −𝑣 sin(𝛼)𝐵𝑒𝛾
𝑚

. (4.11)

A particle accelerated by
¤®𝑣 emits power given by Larmors formula [27]

𝑃 =
𝑒2 ¤®𝑣2
6𝜋𝜖0𝑐

3
. (4.12)

For this scenario the calculation yields

𝑃 =
𝑒4𝑣2 sin2(𝛼)𝛾2𝐵2

6𝜋𝜖0𝑐
3𝑚2

. (4.13)

This equation can be rearranged by using 𝑐 = 1/(𝜇0𝜖0) and the definition of the

Thompson cross section 𝜎T which leads to

𝑃 = 𝜎T
𝑚2

𝑒

𝑚2

𝐵2

𝜇0
𝛽2𝛾2 sin2(𝛼)𝑐. (4.14)

This calculation is accurate for specific separation angles between particle veloc-

ity andmagnetic field. However, as explained in Section 2.5, the charged particles

constantly scatter on magnetic irregularities. Therefore, Eq. (4.14) has to be mod-

ified by considering an isotropic distribution of the separation angles. This can

be done by including the average

𝑃 = 2𝜎T
𝐵2

8𝜋
𝛽2𝛾2𝑐

∫ 𝜋

0

sin
3(𝛼)
2

d𝛼 =
4

3

𝑚2

𝑒

𝑚2

𝜎T𝐵
2

8𝜋
𝛽2𝛾2𝑐. (4.15)

To calculate consistently in cgs units, it holds 𝜇0 = 4𝜋 and the magnetic energy

density 𝐵2/(2𝜇0) becomes 𝐵2/(8𝜋). Finally, Eq. (4.1) can be used to write the

synchrotron rate as
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𝑡−1𝑠𝑦𝑛 =
4

3

𝜎T𝐵
2

8𝜋

(
𝑚𝑒

𝑚

)
2

𝑐
𝐸

𝑚2𝑐4
=
4

3

𝜎T𝐵
2

8𝜋

(
𝑚𝑒

𝑚2

)
2

𝐸

𝑐3
. (4.16)

4.4 Photohadronic Interactions

All charged elementary particles interact in first order with photons. Thus not

only protons but also secondary particles among them pions, muons and kaons

interact with photons. In the following, the photohadronic interaction is de-

scribed explicitly and differences to explicit photomesonic interactions are dis-

cussed below.

Once a fraction of the initial protons are accelerated to sufficient high energies,

they may interact with the ambient photons and produce neutral and charged

pions via

𝑝 + 𝛾 → Δ+ →
{
𝑛 + 𝜋+

𝑝 + 𝜋0
. (4.17)

In Eq. (4.17) the excited proton state Δ+
decays into the proton and positively

charged pionwith a branching ratio of 1/3. Neutral pions immediately decay into

two photons due to their lifetime of 𝑡−1
𝜋0

= (8.43 ± 0.13) × 10
−17

s [55]. Charged

pion decay chains contain various leptons depending on the initial charge and

energy. Pions mainly decay as follows

𝜋± → 𝜇± + 𝜈𝜇 → 𝑒± + 2𝜈𝑒 + 𝜈𝜇,
𝜋0 → 𝛾 + 𝛾,

(4.18)

whereby no differentiation is made between antineutrinos and neutrinos. A

more detailed description for the branching ratios and the following secondary

particles is given in [55]. For higher energies, multiple meson and lepton produc-

tion becomes relevant and must be considered in the calculations. All processes

occur under charge, lepton flavor, and lepton number conservation.

The cross section for photohadronic interactions 𝜎𝑝𝛾 is strongly energy depen-

dent, which is illustrated in Fig. 4.2. In the low energy regime, the cross section is

dominated by resonance peaks, since resonance production is the dominant pro-

cess in this regime. For higher energies, the cross section is determined mainly

by multi-particle production [56]. The photohadronic energy loss rate can be

described as
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Figure 4.2: Cross section of the results obtained from photohadronic interac-

tions, expressed in terms of the photon energy in GeV in the rest

frame of the respective hadron. Left presents the cross section taken
from the SOPHIA program [56] and right illustrates cross sections
for mesons, calculated by an adjusted SOPHIA program by Ref. [57].

𝑡−1𝑝𝛾 (𝛾𝑝) =
𝑐

2𝛾2𝑝𝑝

∫ ∞

𝐸th/(2𝛾𝑝 )
d𝐸ph

𝑛ph(𝐸ph)
𝐸2
ph

∫
2𝛾𝑝𝐸ph

𝐸th

d𝜖r𝜎𝑝𝛾 (𝜖r)𝐾𝑝𝛾 (𝜖r)𝜖r (4.19)

in the rest frame of the proton with 𝐾𝑝𝛾 representing the elasticity of the scat-

tering process. Then describes 𝜖r = 𝜖𝛾𝑝 (1− 𝛽𝑝 cos(𝜙)) the photon energy in the

proton rest frame. This follows directly from Eq. (2.31), since the photon is a

massless particle. An isotropic photon distribution 𝑛ph(𝐸ph) is assumed [58].

The threshold energy for the process 𝐸th can be determined by minimizing Eq.

(2.34) in the proton rest frame. Therefore, the three momenta of both protons

and the pion are set to zero and it follows by considering the rest energies 𝐸𝑖,0

𝑠 =𝑚2

𝑝 + 2𝐸𝑝,0𝐸𝛾 ≥ 𝑚2

𝑝 +𝑚2

𝜋 + 2𝐸𝑝,0𝐸𝜋,0. (4.20)

Thus, the minimum photon energy for the interaction is

𝐸th = 𝐸𝛾 =𝑚𝜋

(
1 + 𝑚𝜋

2𝑚𝑝

)
≈ 145 MeV. (4.21)

For photomesonic interactions, in particular photon-pion and photon-kaon scat-

tering, the photon density considerations apply, and the geometric considera-

tions regarding the threshold energy for the process equally apply to mesons.

For the photohadronic interactions the SOPHIA code [56] is used. SOPHIA is

a powerful Monte Carlo simulation for the calculation of photon-proton inter-

actions in astrophysical environments. In this context, the SOPHIA code will
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be used in an extended version that can also be used to study interactions of

photons with pions and kaons.

For photomeson interactions, Eq. (4.19) holds, but with different cross sections

𝜎𝜋𝛾 and 𝜎𝐾𝛾 . However, the cross sections for photomesonic interactions are

not directly given by the SOPHIA algorithm. A detailed analysis for 𝛾𝜋 and

𝛾𝐾 interactions is given by Ref. [57]. The cross sections calculated with the

extended SOPHIA code are given in Fig. 4.2. They are approximate, therefore

the resonances are not calculated in detail. The interactions with charged and

neutral kaons appear to be of equal first order.

4.5 Hadronic Interactions
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Figure 4.3: Calculated cross sections for hadronic interactions of pions and pro-
tons. The solid line is the respective 𝜎 calculated with QGS-JET and

the dashed line indicates the approximated cross section from Eq.

(4.23).

As mentioned in Section 3.4, the main focus is on hadronic scenarios to explain

the measured spectra of Cygnus X-3. Therefore, the inelastic proton-proton in-

teraction is relevant. Several interactions can occur in this collision. Excited

proton resonances such as Δ++
and Δ+

could be produced, as well as other sec-

ondary particles. These inelastic processes and subsequent decays occur under

the conservation of all fundamental variables such as energy,momentum, charge,

baryon number and lepton number.

The most important secondary particles in these processes are neutral pions,
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which decay into high-energy photons. Furthermore, charged pions and kaons

are created, which can also produce neutrinos and high-energy photons in their

decays. The proton-proton energy loss rate is given by Ref. [45] as

𝑡−1𝑝𝑝 (𝐸𝑝) = 𝑛𝑝𝜎𝑝𝑝𝑐𝑘, (4.22)

where 𝑘 denotes the elasticity of the interaction, which is approximately 𝑘 ≈ 0.5

and the proton density is described in Section 3.6. In this case, the cross section

𝜎𝑝𝑝 has been calculated by Ref. [59] and is dependent on the energy of the

incoming proton 𝐸𝑝 through

𝜎𝑝𝑝 (𝐸𝑝) =
[
34.3 + 1.88 ln

(
𝐸𝑝

1TeV

)
+ 0.25 ln

(
𝐸𝑝

1TeV

)
2
] (
1 −

(
𝐸th

𝐸𝑝

)
4
)
2

mb. (4.23)

This approximation is used to estimate the energy loss rate. In the full simula-

tion, however, the QGS-JET Software [60] with the internal hadronic interaction

model is used, which includes detailed cross section calculations. Fig. 4.3 shows

the cross sections for both pion andproton interactionswith the surrounding pro-

tons in the Wolf-Rayet stellar wind. The solid line represents the cross-section

predictions as computed by QGS-JET, while the dashed line provides a com-

parative representation of the approximation derived from Eq. (4.23). A local

maximum in the interaction cross section is observed for both pions and protons

at energies in the low GeV range. This feature is not taken into account in the

QGS-JET model, but does not significantly affect the primary results, since parti-

cles in the GeV energy range are not energetic enough to contribute significantly

to the production of gamma rays and associated high-energy neutrino. At higher

energies, both the QGS-JET calculations and the approximation yield qualita-

tively congruent results, underlining the consistency of the two approaches in

the relevant energy regimes.

The threshold energy for single 𝜋0
production can be calculated via [59]

𝐸𝑡ℎ = (𝑚𝑝 + 2𝑚𝜋 )𝑐2 +
𝑚2

𝜋

2𝑚𝑝

≈ 1.22 × 10
−3
TeV. (4.24)

The secondary pions can also interact with the surrounding protons. In general,

inelastic scattering interactions can not be calculated using pertubative quan-

tum chromodynamics. However, Ref. [1] introduced a rough assumption about

the pion-proton cross section based on the valence quark content in the parti-

cles. This leads to 𝜎𝜋𝑝 ≈ 2/3𝜎𝑝𝑝 , which is close to the empirical results. This

assumption is taken here to be precise enough for approximations.
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4.6 Inverse Compton Scattering

Muons, like protons, undergo interactionswith bothmatter and radiation. Muons

inmatter interact via fourmain processes, namely ionisation (electronic stopping

power), bremsstrahlung, pair production in the electric field of a nucleus and

inelastic nuclear interactions. The last three can be summarised as radiative

processes. The stopping power for muons in matter can be described by〈
d𝐸

d𝑥

〉
= 𝑎(𝐸) + 𝑏 (𝐸)𝐸, (4.25)

where the term 𝑏 (𝐸) denotes the radiative processes and 𝑎(𝐸) describes the
ionisation contribution [61].

Both parameters for the respective muon interactions depend on the initial muon

energy. However, for a rough overview, the parameters can be approximated by

constants 𝑎 = 2×10−3 GeVcm3/g and𝑏 = 3.9×10−6 cm3/g [29]. For these values,
Fig. 4.4 shows muon stopping power due to interactions in matter as a function

of muon energy. It can be seen that ionisation processes play a dominant role

for muons with energies below 1TeV. Radiative processes become relevant for

higher muon energies and may be more important in this context.
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Figure 4.4: Muon stopping power inmatter as a function ofmuon energy𝐸𝜇 , cal-

culated using Eq. (4.25) and approximate values taken from Ref. [29].

Muons are the lightest particles of matter considered in this thesis that interact

with other photons (𝑒± are not important in this scenario). Therefore, unlike

heavier particles such as pions, they can interact with photons via the inverse

Compton effect.
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Inverse Compton scattering describes the energy transfer process in which ul-

trarelativistic particles scatter off low-energy photons. The relativistic particle

looses energy, and the photon gains energy. This process is therefore called in-

verse Compton scattering, because it is the opposite energy transfer to Compton

scattering, but from a physical point of view the two scattering processes are

equivalent. The following explanations for the scattering process were first de-

scribed by G.R. Blumenthal and J.R. Gould [62]. They introduced high-energy

electron interaction processes with radiation. However, the same considerations

apply to muon-photon interactions in the case of inverse Compton scattering,

so the following section is based on their work.

In general, the inverse Compton effect is effective for low-mass particles such

as electrons and muons. In the following, values in the laboratory system (S) are

not marked and variables in the electron rest frame (S’) are written as dashed

variables. The following considerations are based on photon-electron scattering,

although they can also be applied to photon-muon scattering. The final photon

energy 𝜖𝑓 after the scattering process can be described as

𝜖′
𝑓
=

𝑚𝜖′

𝑚 + 𝜖′(1 − cos(𝜗 ′)) (4.26)

by the scattering angle 𝜗 and the initial photon energy 𝜖0 in the rest frame of

the massive particle. While in the lab system the outgoing photon energy is

described by

𝜖𝑓 = 𝛾𝜖𝑓 (1 + 𝛽 cos(𝜋 − 𝜗 ′)) ≈ 𝛾𝜖𝑓 (1 − cos(𝜗 ′)) . (4.27)

In the Thompson limit it holds 𝜖 ≪𝑚𝑐2. As a result, the photon carries a small

amount of energy from the scattering particle, since Eq. (4.26) reduces to 𝜖′
𝑓
≈ 𝜖0.

In the laboratory system, the maximum energy of the photon is given by as-

suming a head-on collision for Eq. (4.27). This results in 𝜖𝑓 ,max ≈ 2𝛾𝜖′
𝑓
≈ 4𝛾𝜖 .

The characteristic energy gain of the photon is proportional to 𝛾2. However,

the energy loss of a non-relativistic particle is small compared to a relativistic

particle. On the other hand, in the Klein-Nishima regime, the cross section be-

comes energy dependent and the scattered photon carries a large fraction of the

incident particle.

For the energy loss rate of the electron energy conservation applies and thus

it is the inverse of the energy gain rate of the scattered photon. In the general

case, where the initial electron has relativistic energies, the Klein-Nishina limit

has to be considered. For the total energy loss rate per particle is then

−d𝐸
d𝑡

=

∫
d𝐸𝛾 (𝐸𝛾 − 𝐸ph)

d𝑁

d𝑡d𝐸𝛾
, (4.28)
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with 𝐸𝛾 denoting the resulting photon energy and 𝐸ph describes the initial en-

ergy of the scattered photon. The scattered photon spectrum per particle can be

derived by geometrical considerations and yields as

d𝑁

d𝑡d𝐸𝛾
=
2𝜋𝑟 2

0
𝑚𝑐3

𝛾

𝑛(𝐸ph)𝑑𝐸ph
𝐸ph

𝐹IC(𝑞) (4.29)

where 𝛾 = 𝐸/(𝑚𝑐2) yields and the following definitions hold as follows with 𝑙

denoting the respective lepton properties

𝐹 (𝑞) = 2𝑞 ln(𝑞) + (1 + 2𝑞) (1 − 𝑞) + 0.5(1 − 𝑞) (Γ𝑞)
2

1 + 𝑞Γ ,

Γ =
4𝐸ph𝐸𝑙

(𝑚𝑙𝑐
2)2 ,

𝑞 =
𝐸𝛾

Γ(𝐸𝑙 − 𝐸𝛾 )
.

(4.30)

As a result, the inverse Compton rate can be written by integrating over both

the ambient photon field and the scattered photons as

𝑡−1
IC

=
2𝜋𝑟 2

0
𝑚2𝑐5

𝐸2

∫ 𝐸max

𝐸min

𝑛(𝐸ph)
𝐸ph

d𝐸ph

∫ Γ𝐸/(Γ+1)

𝐸ph

𝐹IC(𝑞) (𝐸𝛾 − 𝐸ph)d𝐸𝛾 . (4.31)

Here, 𝛾 represents the final photon energy, while initial photon variables are

marked with the subscript (ph). This holds for all particles, scattering on an

isotropic distributed photon field. Since 𝑡−1
IC

scales with the square of the particle

mass, inverse Compton energy losses are only relevant for low-mass particles

interacting electromagnetically.

4.7 Pair Production

Radiation propagating through media can interact via various processes depend-

ing on the energy of the photons. The radiation transfer equation

d𝐼𝜇

d𝑠
= −𝛼𝜇𝐼𝜇 + 𝑗𝜇 (4.32)

describes emission and absorption processes for photons with specific intensities

𝐼𝜇 related to their frequency along a line element d𝑠 . The coefficients 𝛼𝜇 and 𝑗𝜇
value the emission and absorption regarding to the process. For the specific case

in which only absorption is considered ( 𝑗𝜇 = 0), the linear differential equation

can be solved as
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𝐼𝜇 (𝑠) = 𝐼𝜇 (𝑠0)exp
(
−
∫ 𝑠

𝑠0

𝛼𝜇 (𝑠′)d𝑠′
)
. (4.33)

This form can be rewritten as 𝐼𝜇 (𝑠) = 𝐼𝜇 (𝑠0)exp(−𝜏) with 𝜏 defined as optical

depth along the direction of photon propagation [63].

Since the energy of the protons considered is sufficiently high, it is convenient

to assume that only photon pair production is the dominant energy loss process.

The optical depth for pair production depends strongly on the energy of the

interacting photons. In the case of Cygnus X-3, the high-energy photons from

the jet annihilate the low-energy photons from the Wolf-Rayet star. The stellar

photon distribution is determined by the thermal radiation profile of the star

and is given by Eq. (3.7).

The most significant interaction of high-energy photons is pair production mech-

anism in form of𝛾+𝛾 → 𝑒++𝑒− . The optical depth for this process can be written
as

𝜏𝛾 (𝐸𝛾 , 𝑟 ) =
∫ ∞

𝑟

∫ ∞

𝜖min

𝑛(𝜖0, 𝑟 ′)𝜎𝛾𝛾 (𝜖0, 𝐸𝛾 )d𝜖0d𝑟 ′, (4.34)

with 𝐸𝛾 representing the energy of the 𝛾-ray and 𝜖min being the threshold energy

for pair production in an isotropic photon field [6].

The process is well understood from the quantum mechanical perspective. Now,

let the four-momentum vectors of the incoming photons be 𝑝𝛾 and 𝑝
′
𝛾 and further

the four-momentum vector of the outgoing electron is 𝑝𝑒− and for the positron

respectively 𝑝𝑒+ .

With the conservation of momentum, the squared center of mass energy can be

calculated as follows

𝑠 = (𝑝𝛾 + 𝑝′𝛾 )2 = (𝑝𝑒+ + 𝑝𝑒− )2. (4.35)

Considering the photon rest frame and the scattering angle between the photons

𝜃 the equation becomes

𝜖𝐸𝛾 (1 − cos(𝜃 )) = 2𝐸2𝑒 , (4.36)

whereby 𝜖 describes the low energy photon and 𝐸𝛾 the high-energy photon. The

energies need to add up to the total electron and positron energies 𝐸2𝑒 and thus

the threshold energy for the scattering on a thermal photon is determined by

𝜖min ≥ 2𝑚2

𝑒𝑐
4

𝐸𝛾 (1 − cos(𝜃 )) . (4.37)
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For pair production, the total cross section 𝜎𝛾𝛾 in dependency on relative velocity

𝛽 equals [64]

𝜎𝛾𝛾 (𝛽) =
𝜋𝑟 2

0

2

(1 − 𝛽2)
[
(3 − 𝛽4) ln

(
1 + 𝛽2
1 − 𝛽2

)
− 2𝛽 (2 − 𝛽2)

]
(4.38)

for a relative velocity of electron or positron in the center of momentum frame

𝛽 =
√
1 − 𝑠−1. The dimensionless center of mass energy of the system is given

by 𝑠 in the form of

𝑠 =
𝐸𝛾𝜖 (1 − cos(𝜃 ))

2𝑚2

𝑒𝑐
4

. (4.39)
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The particle interactions and properties of Cygnus X-3 have been taken into

account in the previous chapter. In the subsequent analysis, the energy loss rates

in the simulation are used to estimate the maximum particle energies in order

to evaluate the simulation results and control the foundation of the simulation.

Furthermore, the energy loss rates are used to calculate the proton attenuation

depth in addition to the optical depth. This interaction depth is relevant for

integrating interactions outside the acceleration region into the simulation and

for predicting the expected particle spectra on Earth. A comprehensive overview

is given, highlighting the contributions of the energy loss rates to the simulation

and the numerical setup. Finally, a summary of all expected interactions is given,

together with the critical simulation parameters.

5.1 Particle Behavior in the Acceleration Region

Based on the assumptions about acceleration and energy loss rates, it is possible

to estimate the maximum energy for a given particle. The maximum energy

is reached once the rate of the strongest acceleration becomes smaller than an

energy loss rate of the specific particle. First, some considerations regarding the

system geometry and general parameters are presented. After deriving these

values and finalizing the simulation assumptions, the maximum energies for the

protons are considered determining the initial energies for the secondary parti-

cles. The energy loss rate and resulting energies of the most abundant secondary

particles (𝜇±, 𝜋±, 𝐾±
) are also estimated. They have lifetimes which may allow

them to interact with the surrounding medium before decaying. All interaction

mechanisms are studied in both jet acceleration regions 𝑆1 and 𝑆2. Due to the

circular orbit, the maximum particle energies should be not significantly modu-

lated in 𝑆1. However, in 𝑆2 it is important to distinguish between different orbital

phases.

It is valid to approximate the maximum particle energies 𝐸𝑖,max for the different

particle types based on the respective energy loss rates. The interactions as

well as the simulations are stochastic processes and therefore the following

calculations regarding the maximum particle energy are order of magnitude

estimates and are important for understanding the simulation results. As the

simulation is based on energy loss rate calculations, it is important to know
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what to expect from the Monte Carlo interaction in order to minimize errors

and achieve consistent results.

It is important to note that Fermi acceleration models are confronted with what

is referred to as the injection problem. The Fermi acceleration mechanism only

becomes effective for particles that exhibit energies significantly higher than

those observed in thermal equilibrium. While the Fermi mechanism is adequate

for describing high-energy particle spectra, it is incapable of intrinsically resolv-

ing the initial acceleration of particles in thermal equilibrium. To address this

challenge, various models have been developed to explain the injection problem,

with particle-in-cell (PIC) simulations being employed for specific investiga-

tions [65, 66]. As both the shock acceleration and reconnection acceleration are

based on the Fermi mechanism, the injection problem manifests in both 𝑆1 and

𝑆2. However, the subsequent simulation does not address the initial acceleration

of thermal particles suggesting that the injection problem may be adequately

addressed.

5.1.1 Protons

First, the photohadronic energy loss rate is considered individually, beginning

with protons in 𝑆1. The different photon sources contribute to the total photo-

hadronic energy loss rate by

𝑡−1
p𝛾 = 𝑡−1

p𝛾,disk + 𝑡
−1
p𝛾,WR

+ 𝑡−1
p𝛾,syn. (5.1)
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Figure 5.1: Photohadronic energy loss rate (𝑡−1
tot
), considered individually for

synchrotron photons (𝑡−1
syn

), stellar photons (𝑡−1
WR

) and accretion disk

photons in (𝑡−1
disk

) for 𝑆1 on the left and 𝑆2 on the right.

In Fig. 5.1, the photohadronic energy loss rate is presented separately for the dif-

ferent photon sources in 𝑆1. The synchrotron photons have high enough energies

to dominate the interactions with protons in the energy range up to 𝐸p = 10
13
eV.
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The energy cut-off of the synchrotron photons determines the onset of photo-

hadronic interactions. As demonstrated in the graph, the synchrotron cut-off

at 𝐸ph = 10
6
eV causes an onset of synchrotron radiation for the lowest ener-

gies, which are relevant for this analysis. With increasing proton energies, the

protons can contribute more to the threshold energy and are able to interact

with lower-energy photons. Therefore, the accretion disk photons become im-

portant interaction targets. For proton energies higher than 𝐸p = 2 × 10
13
eV,

they dominate the photohadronic energy loss rate. In the case of energies that

exceed 𝐸p = 5 × 10
15
eV, the synchrotron photons once again dominate the in-

teraction. This result corresponds to the analysis of the different photon fields

in Section 3.6. Stellar photons possess even lower energies than accretion disk

photons. However, they are not abundant enough to contribute significantly to

the photohadronic energy loss rate.

The photohadronic energy loss rates with both the accretion disk photons and

the stellar photons scale as a function of distance determined by Eq. (3.6). How-

ever, the factors are different, and in addition the synchrotron photon density in

𝑆2 has a different shape. It is therefore useful to study the photohadronic energy

loss rate for the separate photon densities in 𝑆2 as well as illustrated on the

right-hand side of Fig. 5.1.

Since the size of the synchrotron emission lobe 𝑙acc is larger by a factor more

than 10
3
in 𝑆2, the peak density of synchrotron photons is significantly reduced.

The accretion disk photons are also less dense in 𝑆2 due to the distance from

the accretion disk. Consequently, the photohadronic energy loss rate in 𝑆2 is

primarily dominated by the synchrotron photons leading to a different shape

than for 𝑆1. However, the scale of the energy loss rate is substantially diminished

by a factor of 10
7
resulting in interactions with stellar photons at proton ener-

gies exceeding 𝐸p = 10
16
eV. Note, that the accretion disk is characterized by a

higher temperature than the Wolf-Rayet star. The stellar photons are unable to

contribute to interactions involving lower energy jet protons. In summary, the

energy loss rate is dominated in 𝑆2 by interactions with synchrotron photons

and some contributions from the other two photon fields.

The proton energy loss rates are illustrated in Fig. 5.2 for the proton acceleration

in 𝑆1. The magnetic reconnection acceleration is highly efficient and therefore

the maximum proton energy reaches approximately 𝐸max = 6× 10
16
eV. Protons

in this energy regime belong to the region above the knee in the cosmic ray

spectrum. Protons at these energies are capable of producing ultra-high-energy

𝛾 rays. The maximum energy is determined by photohadronic interactions, as

they represent the dominant energy loss process in this context. As previously

analyzed, themain photon field contributing to the interaction is the synchrotron

photon field. Synchrotron emissions are the primary cause of proton energy
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Figure 5.2: Particle energy loss rates for protons in the Cygnus X-3 jet for 𝑆1
dominated by magnetic reconnection acceleration (𝑡−1

rec
). The pro-

tons loose energy through hadronic (𝑡−1𝑝𝑝 ), photohadronic (𝑡
−1
𝑝𝛾 ) and

synchrotron interactions (𝑡−1
syn

).

loss in 𝑆1 only for energies lower than 𝐸p = 10
12
eV, which is not relevant in

this instance. Proton-proton interactions are smaller than the other energy loss

mechanisms and therefore their influence on the resulting proton spectrum is

negligible.

Within the framework of this particular configuration, protons are accelerated

to energies sufficient to engage in interactions with the ambient photons. This

may result in significant particle production due to photohadronic interactions

for energies greater than 𝐸p = 10
16
eV.

This finding can be regarded as a basis for comparison with the results obtained

by Khiali et al. [45]. Their research focused on proton acceleration in the vicinity

of a black hole, at a distance 10𝑅S, analogous to 𝑟cr in 𝑆1. The magnetic field in

their study is equivalent to the one considered here, given the same distance,

thereby ensuring equivalent synchrotron losses. Both 𝑡−1
rec

and 𝑡−1
pp

are determined

by the ambient protons (see Eq. (4.2)), and, given their assumption of significantly

higher densities, these rates are higher than in this work. Shock acceleration

was considered as an additional factor in their work. However, it is at least an

order of magnitude less efficient and therefore does not determine the maximum

proton energy, so it is not initially considered in this work for 𝑆1. Finally, the

photohadronic interaction in this work includes different photon fields with es-

pecially including measurement data for synchrotron estimates, and thus differs

the most from all the considered rates. In contrast to the assumptions performed
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in Section 3.6, the accretion disk photons and the stellar photons were consid-

ered negligible in Khiali et al. [45]. They found the photohadronic interaction

dominating the energy loss mechanisms. However, due to the mentioned dif-

ferences in the photon field estimates, their calculated maximum energy is one

order of magnitude lower than found in this scope.
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Figure 5.3: Particle energy loss rates for protons in the Cygnus X-3 jet for 𝑆2
with shock acceleration (𝑡−1

sh
). The protons loose energy through

hadronic (𝑡−1𝑝𝑝 ), photohadronic (𝑡−1𝑝𝛾 ) and synchrotron interactions

(𝑡−1
syn

).

The interactions in 𝑆2 are calculated based on the equations in Chapter 4 and

illustrated in Fig. 5.3. The magnetic field strength 𝐵 is significantly lower in

this region due to the greater distance of the acceleration region in the jet from

the black hole. The particle densities for Wolf-Rayet particles, as protons and

blackbody photons, are phase dependent. The phase has been set to 𝜗 = 0 in

this graph. This refers to the outermost position of particle acceleration, relative

to the Wolf-Rayet star.

As mentioned in Section 3.4, the significant particle acceleration mechanism at

this distance is shock acceleration. In general, magnetic reconnection is more

efficient than diffusive shock acceleration. Furthermore, shock acceleration be-

comes less effective due to the weaker magnetic field strength. Due to the lower

magnetic fields, the synchrotron losses are less efficient. The synchrotron pho-

tons are now originating from a larger region and thus are less dense at 𝑟cr in

𝑆2 than in 𝑆1. Accretion disk photons and stellar photons can contribute to pho-

tohadronic interactions at specific energies. However, due to the distance to the
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respective photon source, the density of accretion disk and stellar photons is

reduced, thus leading to a dominance of the synchrotron photon field in the pho-

tohadronic interaction. The lower magnetic field results in a lower synchrotron

rate, yet it remains the dominant energy loss mechanism for energies exceeding

𝐸p = 10
12
eV. The proton-proton energy loss rate is independent of 𝑟j, instead

being influenced by 𝑟WR, which exhibits a substantially smaller relative change

and consequently undergoes a less significant reduction compared to the other

two energy loss mechanisms. The shock acceleration rate is lower than in Khiali

et al. [45], as it is less efficient (𝜂 = 10
−3
) and the magnetic field is some orders of

magnitude weaker in 𝑆2 in comparison to 𝑆1. Moreover, the results from Khiali et

al. [45] should only be compared to 𝑆1 as the parameters in 𝑆2 do not correspond

to those.

In consideration of the previously mentioned factors, the maximum proton en-

ergy in 𝑆2 is determined by the synchrotron lossmechanism, resulting in energies

of 𝐸max = 3 × 10
16
eV. However, as photohadronic interactions play a subdomi-

nant role, there is an insufficient number of target photons to cause high-energy

𝛾 production in the acceleration region. A further discussion point is whether the

high-energy protons interact sufficiently with the ambient medium after leaving

the source and causing high-energy 𝛾 and corresponding neutrinos outside the

acceleration region.

Finally, it is essential to consider the geometrical restriction (Hillas criterion, see

Section 2.5) for both acceleration regions. This criterion is contingent on the

magnetic field strength and the extent of the acceleration region, necessitating

its separate consideration for both regions. It is noteworthy that the maximum

energy constrained by the Hillas criterion is 𝐸Hillas = 2.26 × 10
17
eV in S1 and

𝐸Hillas = 1.51×1018 eV in S2. In both scenarios, the Hillas criterion represents the

upper limit,which exceeds the calculatedmaximum energy. This outcome serves

to demonstrate the efficiency of the accelerator, attributable to the presence of

strong magnetic fields. Furthermore, it is reasonable to expect that protons will

be limited by their respective interactions in these two distinct regions, rather

than leaving the source due to geometrical constraints.

The total energy loss rates and the resulting maximum proton energy are phase

independent in 𝑆1 due to the circular orbit. However, they become phase depen-

dent in 𝑆2 because the jet has an extension greater than the orbital distance. It is

therefore important to study the interaction timescales 𝑡int. Fig. 5.4 shows on the

right side the timescales for the four main interaction mechanisms in 𝑆2 at the

orbital angle 𝜗 = 0. All considered energy loss interactions occur on timescales

of the order of the orbital period. However, the shock acceleration 𝑡sh occurs

on timescales of less than a second. Moreover, the restriction of proton energy

due to synchrotron losses and some photohadronic losses manifests for protons
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with energies exceeding 𝐸 = 10
15
eV. In this case, the two interactions are in

the order of 10 s, corresponding to a negligible fraction of the orbital period and

can be attributed to a particular orbital phase. This leads to the conclusion that

particle acceleration occurs at specific orbital configurations of Cygnus X-3. As a

consequence, the particle interactions must be considered depending on orbital

phase 𝜗 , since the orbital phase modulates the position of the acceleration region

and may influence the maximum particle energy.
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Figure 5.4: Particle energy loss rates (left) and timescales (right) for protons in
the Cygnus X-3 jet in 𝑆2. Diffusive shock acceleration (sh) is favored.

The protons loose energy through hadronic (pp), photohadronic

(p𝛾 ) and synchrotron interactions (syn). Note that the dashed lines

indicate phase 𝜗 = 𝜋 . The timescales are compared to the orbital

timescale (orbit).

Fig. 5.3 shows the maximum energy in 𝑆2 for 𝜗 = 0. The same interactions

are examined at 𝜗 = 𝜋 for the same orbital separation. The energy loss rates

for the orbital phase 𝜗 = 𝜋 (dashed lines) compared to 𝜗 = 0 (solid lines) in

Fig. 5.4 on the left side. Reconnection, proton-proton interaction and photo-

hadronic interactions with stellar photons depend on the local proton density.

However, the reconnection is only considered for 𝑆1. Due to the elaborations

regarding photohadronic interactions, 𝑡𝑝𝛾 here does depend on the orbital phase

only for high energetic protons as they may interact with the stellar photons.

Furthermore, 𝑡pp is the only interaction that is shifted in the graph for all proton

energies. It is shifted by a factor less than two, which is almost negligible as it

is already a less important interaction mechanism.

These findings confirm the calculation of the following interactions with a fixed

angle 𝜗 = 0 and demonstrate that phase modulation of the particle interactions

in the acceleration region is negligible. It is important to note that this is clearly

distinguished from the orbital modulated signal at Earth, which may appear due

to propagation after the acceleration region.
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5.1.2 Pions
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Figure 5.5: Pion interactions in 𝑆1 (left) and in 𝑆2 (right). In 𝑆1, reconnection

(𝑡−1
rec
) is favored,where in 𝑆2 shock acceleration (𝑡

−1
sh
) is considered for

pion acceleration. They loose energy through photomesonic (𝑡−1𝜋𝛾 )
and synchrotron (𝑡−1

syn
) interactions. The decay rate is denoted as

𝑡−1
dec

.

In proton interactions, pions are produced as secondary particles. In the follow-

ing, only charged pion interactions are considered, as neutral pions do not carry

an electromagnetic charge and therefore do not interact with the magnetic field.

Furthermore, their lifetimes are too short, so they immediately decay into two

gamma-rays. Charged pions may have lifetimes long enough to interact with

the surrounding medium before decaying.

The pion interactions are presented in Fig. 5.5 on the left side for 𝑆1. In this

region, synchrotron emission is the main energy loss process for pions since

their rest mass is lower than the rest mass of protons. It is important to note

that, when taking into account the synchrotron interactions, the lower pion

mass is the only difference to the considerations for protons. In the context

of photohadronic interactions, the distinct cross section, 𝜎𝜋𝛾 , is incorporated

in conjunction with the lower pion mass. As a result, synchrotron energy loss

for pions dominates the energy regime where photohadronic interactions are

dominant for protons. Reconnection is sufficiently efficient in the considered

energy regime that the pions are significantly accelerated and interact before

decaying, since 𝑡−1
dec

is always lower than 𝑡−1
rec
. The energy-dependent decay rate

is a well understood relativistic effect. Finally, synchrotron emission limits the

pion energy to 𝐸𝜋,max ≈ 3 × 10
15
eV. This is less than the maximum proton

energy. However, pions originating from protons with less than 𝐸𝜋,max can be

further accelerated in the acceleration region before they may decay.

In 𝑆2, synchrotron emission plays a rather minor role due to the weaker mag-
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netic field strength. Nevertheless, photomeson interaction is not the dominant

energy loss process for pions in the energy regime of interest due to the same

reasons as mentioned for protons in 𝑆2. However, here the pion decay rate is an

order of magnitude higher than the acceleration rate. Thus, pions resulting from

interaction processes neither gain nor loose energy in the acceleration regime.

They decay immediately without interaction.

It can be concluded that, in both regions, photomesonic interactions play a sub-

dominant role in the acceleration region. This implies that pions, as secondary

particles in the simulation, do not create further secondary particles by pho-

tomesonic interactions. In 𝑆1, pions may be accelerated if they have lower ener-

gies, and in 𝑆2 they decay immediately. Consequently, it is expected that only

decay products will result from pions in the acceleration region.

5.1.3 Kaons
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Figure 5.6: Kaon interactions in 𝑆1 (left) and in 𝑆2 (right). In 𝑆1, reconnection

(𝑡−1
rec
) is favored, where in 𝑆2 shock acceleration (𝑡−1

sh
) is considered.

They loose energy through photomesonic (𝑡−1
𝐾𝛾
) and synchrotron

(𝑡−1
syn

) interactions. The decay rate is denoted as 𝑡−1
dec

. The dashed

lines in both plots represent the neutral Kaon (𝐾0

𝐿
) interactions.

Distinctions can be made between the four different kaon types by examining

their mass, charge and lifetime. The first two variables differ only for charged

and neutral kaons. However, it is necessary to distinguish between 𝐾0

𝑆
and 𝐾0

𝐿

only in terms of kaon lifetime. In contrast, the same assumptions about charge

apply to kaons as apply to pions. Neutral kaons decay without interaction due

to the absence of electromagnetic charge, even if the 𝐾0

𝐿
has a lifetime compa-

rable to the charged kaons which may interact. The kaon energy loss rates for

𝑆1 are shown in Fig. 5.6 on the left side. Charged kaons are heavier than pions

but lighter than protons, resulting in synchrotron emission being a more effi-
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cient process of energy loss than for pions, but less efficient than for protons.

However, in the small energy regime between 𝐸disk = [2 × 10
13
eV, 2 × 10

15
eV],

photomesonic energy losses become more relevant than synchrotron losses. In

comparison to pions in 𝑆1, the kaon decay rate is lower than the acceleration

rate, resulting in kaons with a given initial energy being accelerated in the ac-

celeration region to energies of almost 𝐸𝐾,max ≈ 9 × 10
16
eV. However, these

are ultimately limited by synchrotron radiation, and thus only direct kaon de-

cay products may result from kaons of the maximum energy. For kaons with

energies in 𝐸disk, photomesonic processes are the most dominant energy loss

mechanism, and thus various secondary particles are created in photomesonic

interactions if the acceleration of kaons is neglected.

As illustrated in Fig. 5.6, neutral kaons (𝐾0

𝐿
) exhibit distinct interactions that re-

quire separate analysis due to their independence from the magnetic field, result-

ing in neither acceleration nor synchrotron radiation emission. Consequently,

the sole interaction mechanism considered for neutral kaons is photomeson in-

teraction. As demonstrated in the graph, neutral kaons exhibit distinct decay

rates and photomesonic energy loss rates due to their higher mass and longer

lifetime compared to charged kaons. Kaons decay exclusively for energies below

𝐸𝐾 = 4 × 10
13
eV without interaction, implying that for higher energies, neutral

kaons primarily produce secondary particles through interactions with photons

in 𝑆1.

The kaon energy loss rates in 𝑆2 are depicted in Fig. 5.6 on the right-hand side.

In this scenario, the energy loss rates are derived using the same rationale as for

pions and protons. Due to the reduced magnetic field strength, both synchrotron

emission and shock acceleration are less efficient. Photomeson interactions are

diminished due to the lower photon densities, and now synchrotron photons

are the primary photons contributing as targets for all energies considered here.

Synchrotron interactions limit the kaon energies to approximately 𝐸𝐾 = 9 ×
10

15
eV. However, kaons decay in 𝑆2 for all energies prior to interaction in the

acceleration region. Consequently, in the simulation, kaons decay immediately

in 𝑆2 before any energy change occurs.

In the analysis of 𝑆1, it was established that neutral kaons must be considered

for photomesonic interactions, and this principle also applies to 𝑆2. However,

the photon density in 𝑆2 is so low that neutral kaon decay is dominant for all

energies, resulting in immediate kaon decay without energy loss, as is the case

for charged kaons.
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Figure 5.7: Inverse Compton energy loss rate 𝑡−1
IC

for muons considered sepa-

rately for the ambient photon fields in 𝑆1 (left) and 𝑆2 (right). The
muons can interact with stellar photons (𝑡−1

WR
), accretion disk pho-

tons (𝑡−1
disk

) and synchrotron photons (𝑡−1
syn

).

5.1.4 Muons

Muons, as elementary particles, interactwith photons via inverse Compton radia-

tion. Unlike the particles considered previously, the inverse Compton interaction

does not produce any secondary particles. A detailed discussion of the inverse

Compton effect is given in Section 4.6. Due to the absence of a threshold energy

for the interaction and the two interaction regimes, namely the Thompson and

Klein-Nishima regimes, the three considered photon fields may contribute dif-

ferently to the photohadronic interactions. The total Compton energy loss rate

is determined as

𝑡−1
IC

= 𝑡−1
IC, disk

+ 𝑡−1
IC,WR

+ 𝑡−1
IC,syn

(5.2)

using Eq. (4.31) for the separate photon field interactions, analogue to the pho-

tomesonic interactions.

As illustrated in Figure 5.7, the left side of the figure shows the contribution

of the different photon fields to the total inverse Compton interaction in 𝑆1
and the right side shows the contribution in 𝑆2. In 𝑆1, the muons are close to

the accretion disk, resulting in the accretion disk photons being the dominant

scattering target for muon energies up to 𝐸𝜇 = 10
13
eV. The contribution of

stellar photons to the inverse Compton process is negligible due to the distance

of the Wolf-Rayet star. However, for energies above 𝐸𝜇 = 10
13
eV, synchrotron

photons become the dominant interaction target due to the increasing photon

density for lower energy synchrotron photons. Consequently, for muons with

higher energies, the threshold energy is already satisfied with lower energetic

photons, thereby enabling synchrotron photons with lower energies to become
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the target. At these energies, the accretion disk photons exhibit significantly

lower densities. As the subsequent investigations focus on high-energy particles

with energies above 10
13
eV, it can be deduced that in 𝑆1 solely the synchrotron

photons contribute to the inverse Compton interaction of the muons.

In the case of 𝑆2, the scenario is distinct, given that the distance from the accel-

eration region to the accretion disk and to the Wolf-Rayet star is of the same

order of magnitude as the extent of the acceleration region itself. This results in

inverse Compton rates that are significantly lowered for both synchrotron pho-

tons and accretion disk photons. However, given the logarithmic scale employed

in Fig. 5.7, it is evident that synchrotron photons emerge as the predominant tar-

get for muon inverse Compton interactions within the pertinent energy range.

In comparison to the 𝑆1 scenario, the total inverse Compton rate is reduced by

seven orders of magnitude.
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Figure 5.8: Muon interactions represented with both photons (IC) for different

muon energies in 𝑆1 and 𝑆2. Nuclear interactions of muons are plot-

ted for 𝑆1, representing a mean energy loss rate.

It is evident from Chapter 4 that the interactions of muons may be not only

photon-based, but also involve nuclear interactions. The investigation presented

in Fig. 5.8 illustrates the outcomes of all the observed muon interactions. It is im-

portant to note that nuclear interactions are influenced by distance. The nuclear

energy loss rate depends on nuclear density, which is determined by the distance

to theWolf-Rayet star 𝑟WR, it is maximum in 𝑆1 and does not change significantly.

It can be seen directly that inverse Compton interaction is dominant in both

regions. As the most effective energy loss mechanism is determining the energy
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behavior of the particle, it is valid to exclude nuclear interactions of muons in

the simulation.
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Figure 5.9:Muon interactions in 𝑆1 (left) and in 𝑆2 (right). In 𝑆1,reconnection

(𝑡−1
rec
) is favored, where in 𝑆2 shock acceleration (𝑡−1

sh
) is considered.

They loose energy through inverse Compton interaction (𝑡−1
IC
) and

synchrotron (𝑡−1
syn

) interactions. The decay rate is denoted as 𝑡−1
dec

.

In order to calculate the maximum muon energy in 𝑆1, it is necessary to take

all relevant muon energy loss rates into account. Fig. 5.9 illustrates on the

left the important muon interactions that account for 𝑆1. Muons decay at a

rate that is smaller than all other energy loss rates for the considered energy

regime. For most muon energies, inverse Compton scattering is the dominant

interaction mechanism. However, reconnection is sufficiently efficient to enable

muons to gain energy, with synchrotron interactions playing a subdominant

role. Ultimately, muons are accelerated to a maximum energy of approximately

𝐸max,𝜇 ≈ 2×10
13
eV, where inverse Compton interactions limit the muon energy.

Given that particles with energies higher than 10
13
eV are the focus of consider-

ation, it is anticipated that high-energy muons resulting from other secondary

decay or interactions will undergo a substantial loss in energy, with the result

that they will depart from the acceleration region or decay with energies in

the order of some 𝐸𝜇 = 10
13
eV. It is crucial to note that the inverse Compton

mechanism does not result in the creation of secondary particles. Consequently,

determining the energy at which the respective muons decay is essential for

calculating the final energy of the resulting neutrinos.

Furthermore, Fig. 5.9 shows all significant muon energy loss rates for muons

in 𝑆2. As in 𝑆1, muon decay is a non-dominant process over the entire energy

range of interest and scales anti-proportional to the shock acceleration rate. The

inverse Compton interaction with the surrounding synchrotron photons is the

primary mechanism for muon energy dissipation for all muons with energies

between 𝐸𝜇 = 2 × 10
14
eV and 𝐸𝜇 = 5 × 10

15
eV. For high muon energies, the
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synchrotron interaction becomes dominant. However, it does not contribute in

first order to maximum muon energies, as they are limited by inverse Compton

interactions to approximately 𝐸𝜇 = 2×1014 eV. With regard to 𝑆1, it is anticipated

that muons with higher energies will either depart from the acceleration region

or undergo decay within it. In either scenario, a substantial energy loss will

have occurred, resulting in muons with energies of approximately 10
14
eV being

present in 𝑆2.

5.1.5 Comparative Analysis

This section provides a brief overview of the anticipated outcomes of the simu-

lation which is also summarized in Tab. 5.1. It has previously been outlined how

diverse interaction mechanisms for particle interactions, and the corresponding

rates, have been thoroughly examined. All these interactions are encompassed

within the simulation; nevertheless, the results are ultimately determined by the

predominant interactions.

In 𝑆1, the protons are accelerated to energies of 𝐸max = 6 × 10
16
eV, with the

dominant energy loss mechanism being photohadronic interaction. This results

in the production of secondary particles, including 𝜋±
,𝐾±

,𝐾0

𝐿
and 𝜇±, which are

unstable but have lifetimes sufficient to interact in the acceleration region. Stable

secondary particles, such as photons and neutrinos, are also created, and their

behavior will be analyzed subsequently. Charged pions loose energy primarily

through synchrotron radiation. The creation of high-energy pions is possible

due to the high proton energies. However, the predominant loss of energy for

these pions limits their energies to 𝐸max = 3 × 10
15
eV. Muons undergo an even

more pronounced loss of energy via inverse Compton radiation and subsequently

decay at energies 𝐸max = 2×1013 eVwithout further interaction. As a result, in 𝑆1,

for muons and pions, mainly decay products are expected to occur as secondary

particles.

In 𝑆1, for several reasons, the most interesting secondary particles are kaons.

Firstly, it is also true for charged kaons that their maximum energy is limited by

synchrotron radiation, but at higher energies than the maximum proton energy.

As a result, kaons can produce the highest energy secondary particles. Due to

the dominant synchrotron radiation, only secondary particles from direct kaon

decay are expected in first-order. However, as the photohadronic rate is also

efficient, kaons may be trapped in the acceleration region long enough to also

interact via photohadronic interactions. Nevertheless, kaons produce a variety

of secondary particles that eventually lead to neutrinos and photons. Secondly,

charged kaons have an energy range in which photohadronic interaction is the

dominant interaction, and so for energies up to 𝐸max = 4 × 10
15
eV, secondary
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Table 5.1: Conclusion of particle behavior in the acceleration regions 𝑆1 and

𝑆2. It details the calculation of maximum energy 𝐸max, the dominant

energy loss mechanism and the anticipated secondary particles, cat-

egorized as stable or possessing sufficient lifetime to interact. Note

that the symbol 𝜈 is employed to denote all neutrino flavors and their

corresponding antiparticles.

S1 S2

p

𝐸max [eV] 6 × 10
16

3 × 10
16

limiting rate 𝑡−1
p𝛾 𝑡−1

syn

main secondaries n, 𝜋±, 𝐾±, 𝐾0

𝐿
, 𝜇±, 𝜈𝑒±𝛾 -

𝜋±

𝐸max [eV] 3 × 10
15

-

limiting rate 𝑡−1
syn

𝑡−1
dec

main secondaries 𝜇±, 𝜈 𝜇±, 𝜈

𝐾±

𝐸max [eV] 9 × 10
16

-

limiting rate 𝑡−1
syn

𝑡−1
dec

main secondaries 𝜋±, 𝜇±, 𝜈 𝜋±, 𝜇±, 𝜈

𝐾0

𝐿

𝐸max [eV] 4 × 10
13

-

limiting rate 𝑡−1
p𝛾 𝑡−1

dec

main secondaries 𝜋±, 𝜇±, 𝜈 𝜋±, 𝜇±, 𝜈

𝜇±

𝐸max [eV] 2 × 10
13

2 × 10
14

limiting rate 𝑡−1
IC

𝑡−1
IC

main secondaries 𝑒±, 𝜈 𝑒±, 𝜈

particles also appear from interactions with photons. Finally, neutral kaons (𝐾0

𝐿
)

do not interact via synchrotron radiation, and thus photohadronic interaction is

the dominant energy loss mechanism for all energies down to 𝐸max = 4×10
13
eV,

leading also to secondary particle production via interactions. Note that neutral

kaons are not accelerated and so can only have energies corresponding to the

primary proton.

In the case of 𝑆2, the protons are initially accelerated to lower energies (𝐸max =

3 × 10
16
eV), and the dominant interaction is that of synchrotron radiation. This

results in negligible secondary particle production. However, it should be noted

that proton-proton interactions are relativelymore significant, and photohadronic

interactions also occur. As all interactions are stochastic, it is possible for sec-

ondary particles to be created in the acceleration region. Pions and both charged
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and neutral kaons immediately decay without interaction, while muons loose

much energy via inverse Compton scattering, as their intrinsic maximum en-

ergy is given as 𝐸max = 2 × 10
14
eV in this region. In the acceleration region, it

is therefore expected to create fewer secondary particles and particles of lower

energy. However, it is necessary to analyze which interactions may appear after

leaving the acceleration region.

5.2 Particle Spectrum on Earth

In order to produce a spectrum of high-energy protons and associated secondary

particles that can be compared to experimental results, it is important to analyze

all the interactions of the particles on their way to Earth introduced by Chapter 4.

The final neutrino spectrum measured on Earth is composed of neutrinos pro-

duced in the acceleration region and neutrinos from secondary decay outside

the acceleration region. In addition, high-energy protons can interact with the

surrounding medium, causing inelastic scattering to produce more secondary

particles and finally neutrinos between the acceleration region in Cygnus X-3

and Earth. The same arguments hold for photons. Photons also interact with

the medium on their way to Earth, and the optical depth must be included in

the photon spectrum. As the main interaction for high-energetic photons is

pair production, they do not cause secondary particles of interest. It is there-

fore important to consider how much of the initial photon spectrum is absorbed.

The resulting electrons and positrons propagate, but can also annihilate again,

producing two high-energy photons. This process can occur several times, shap-

ing the photon spectrum. However, it is sufficient for first estimates to neglect

further secondary interactions in the pair production process.

Protons are stable and reach the Earth. However, they are deflected by magnetic

fields and contribute to the diffuse cosmic ray spectrum. Proton interactions

with the medium after leaving the acceleration region are included to give a

complete picture of what secondary particle spectra are expected. All secondary

particles considered are unstable and decay before reaching the Earth, except

photons and neutrinos (electrons are not of interest in this context).

5.2.1 Proton Interaction Depth

The main proton interaction mechanisms in the energy regime of interest are

inelastic proton-proton collisions and photohadronic interactions. Proton inter-

actions with other mesons are not considered as they are not sufficiently stable

and therefore decay in the narrow edge of the acceleration region. Based on
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the interaction timescales for the respective interaction mechanism given in

Chapter 4, the proton interaction depth of the protons can be calculated by

𝜏𝑝𝑖 (𝐸𝑝) =
∫ 𝑟2

𝑟1

𝑡−1𝑝𝑖 (𝐸𝑝 , 𝑟 )
𝑐

d𝑟 . (5.3)

In this case, the index 𝑖 represents either a proton for hadronic interactions or a

photon for photohadronic interactions. Due to lower magnetic field behind the

acceleration region, ballistic propagation is considered for protons. Note that

this is a more reasonable approach in 𝑆2. The proton interaction depth 𝜏 is unit-

less and represents the proton analogue for optical depth. Hence, for values of

𝜏 > 1, the proton is assumed to be interacting and the corresponding secondary

particles are produced.

However, as interaction is a stochastic process, it is important to consider the

interaction probability. The general interaction probability for particles in a

medium with a given optical depth or interaction depth is expressed by

𝑝int = exp(−𝜏). (5.4)
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Figure 5.10: Left: The proton interaction depth 𝜏𝑝𝑝 depending on orbital phase

𝜃 , proton energy 𝐸𝑝 and distance do the black hole 𝑟j. Right: In-
teraction depth of high-energy protons originating from the jet

depending on their energy.

First, hadronic interactions are taken into account by using Eq. (5.3). For the

integration, the extension 𝑟2 of the Wolf-Rayet wind of Cygnus X-3 is assumed

to be of the order of 10
3
AU, and 𝑟1 denotes the point where the proton leaves

the acceleration region (marked with 𝑟j in Fig. 5.10). Proton interactions with the

interstellar medium are assumed to be negligible for the Cygnus X-3 distance.

The integration is performed in the jet direction 𝑟j, however, the hadronic energy

loss rate depends on the distance to the Wolf-Rayet star. As a result, the orbital
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period of Cygnus X-3 contributes to 𝜏𝑝𝑝 by taking into account the geometrical

considerations for the non-precessing jet. The integration has to be performed

over the distance for different orbital periods.

As demonstrated in Fig. 5.10, the orbital period affects the interaction depth in

a manner that is distinct depending on the location of the acceleration region,

denoted by 𝑟j. This phenomenon can be understood through the symmetry of

the system. In the jet, the orbit leads to modulated proton densities. The longer

the particles propagate through the dense medium, the stronger the orbital mod-

ulation appears, resulting in a more significant orbital modulation for 𝑆1.

Fig. 5.10 illustrates the opacity 𝜏pp for protons of different energies. It can be

seen that the opacity of protons increases for high-energy protons by a factor

of 2. Note again, it is important to consider the position of the protons in the jet

(in 𝑆1). Overall, the orbital phase 𝜃 , the particle energy 𝐸p and the jet position 𝑟j
affect the proton interaction depth in detail.

It should be noted that in these calculations no scattering and a straight propaga-

tion down to earth is expected. It is important to compare the interaction depth

outside the acceleration region with the interaction depth inside the acceleration

region. Within the accelerating region, all charged particles perform a random

walk. Following the initial simulations that exclusively considered interactions

within the acceleration region, it is necessary to evaluate the influence of the

interactions outside the acceleration region. This will determine the relevance of

these interactions and whether they should be incorporated into the simulations.

Alternatively, it may be concluded that the particle spectrum on Earth is already

determined to first order for all particles leaving the acceleration region.

In addition to the proton-proton interaction, the interaction depth is calculated

also for photohadronic interactions by using Eq. (5.3). Photons of all energies

propagate with constant velocity 𝑐 and therefore, in all interactions with photons

an interaction angle appears. In the acceleration region, the protons scatter on

the magnetic field irregularities. The result is photohadronic interaction without

a preferred scattering angle. After leaving the interaction region, the protons

and photons of interest are directed towards Earth. In accordance with this the-

oretical framework, the exclusive photon field that governs interactions beyond

the acceleration region is the stellar photon field for particles propagating to-

wards Earth. This assertion can be substantiated by examining the interaction

energies in the proton rest frame (see Chapter 4). For particles propagating in the

same direction, the interaction angle approaches zero, consequently resulting

in a vanishing interaction cross section. Therefore, the sole photon field that is

taken into account for additional interactions occurring beyond the acceleration

region in the jet is the stellar photon field.

The interactions with the stellar photon field are contingent on the distance to
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Figure 5.11: Interaction depth for protons in 𝑆1 and 𝑆2 and interacting with

stellar photons. The interaction depth is modulated by the orbit

for stellar photon interactions, and the solid line corresponds to

inferior conjunction, the dashed lines to superior conjunction.

the Wolf-Rayet star, and thus implicitly on 𝑟j, the orbital phase 𝜃 and the proton

energy 𝐸p. As illustrated in Fig. 5.11, the interaction depth for protons in the

jet is depicted on the left-hand side. 𝜏p𝛾 is visualized for both regions 𝑆1 and

𝑆2 with superior and inferior conjunction, respectively. It has previously been

determined that interactions with the stellar photon field have a high proton

threshold energy due to the temperature of the blackbody spectrum. Further-

more, the phase modulation observed in hadronic interactions is also applicable

in this case, resulting in higher 𝜏p𝛾 in superior conjunction compared to inferior

conjunction. In 𝑆1, 𝜏p𝛾 becomes significant exclusively for proton energies above

𝐸p = 5 × 10
15
eV and the signal is phase modulated (with the largest attenuation

depth in superior conjunction). However, 𝜏p𝛾 is maximum at 𝐸p = 5 × 10
16
eV

and approximately at 𝜏p𝛾 = 0.1.

5.2.2 Optical Depth

For high-energy photons, the optical depth 𝜏𝛾𝛾 in the jets can be calculated using

the Eq. (4.34). In the case of photon interactions in the jet, the same reasoning

applies as for protons interacting in the jet on their way to Earth.

In Fig. 5.12, the opacity of photons propagating towards Earth and interacting

with the Wolf-Rayet photon field is depicted as a function of different photon

energies. Note that the interaction angle is maintained constant and the star is
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Figure 5.12: Modulated optical depth for two different distances twoWolf-Rayet

star 𝑟WR. The solid lines represent a scattering angle of 𝜋 and thus

a head on collision. The dashed lines represent photon interaction

with an angle 𝜗 = 𝑝𝑖/4.

1010 1011 1012 1013 1014 1015 1016 1017 1018

E  in eV

10 4

10 3

10 2

10 1

100

101

102

S1
S2
CMB
EBL

0 2
3
2

2

10 3

10 2

10 1

100

101

E12
E13
E14
E15

Figure 5.13: Left: Optical depth for photons 𝜏𝛾𝛾 in the jet for 𝑆1 and 𝑆2, due to

pair production with stellar photons and EBL photons based on the

model in Ref. [67]. The solid line represents inferior conjunction,

whilst the dashed line denotes superior conjunction. Right: Orbital
modulation of 𝜏𝛾𝛾 for different photon energies 𝐸i with 𝑖 denoting

for magnitude in eV.

approximated as a point source. It is evident from the figure that the opacity

undergoes a change for varying interaction angles. The peak shifts to higher en-

ergies for narrow interaction angles, which is valid as the head-on collision is the

most effective interaction in terms of energy transfer. The distance to the photon

source affects the height of the peak, as might be expected. Within the scope of
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this thesis, the formation of electromagnetic cascades is neglected, which would

shift photon energy by a factor 10
−3
. The calculations of interactions behind the

acceleration region serve as a preliminary approximation, indicating the spectra

that may be expected at Earth.

In the context of high-energy photons propagating towards Earth, the inter-

action angle with the stellar photons changes, with the Wolf-Rayet star being

regarded as a point source by the jet photons. Integration over the distance to

Earth results in an optical depth of the combined interaction angles, contingent

on the photon position, as illustrated in Fig. 5.13. For photons with significant

distance to the Wolf-Rayet star (𝑟j = 10
14
cm), the interaction angle declines

and thus the optical depth becomes zero. However, the high-energy photons

interact with the stellar photons in the broader circumference of the system (see

Figure 5.13). The solid line in Figure 5.13 represents inferior conjunction and the

jet photons propagate instantaneously against the star. The dashed lines repre-

sent superior conjunction, where the jet elongates closer to the star. Due to the

long distance, photons are propagating close to the star, resulting in significant

variations in optical depth in 𝑆1 with orbital phase. The orbital modulation is

depicted in the Figure on the right side, and it can be seen in both graphs that

the orbital modulation affects the peak optical depth more than the edges. As

demonstrated in Fig. 5.13, for photons with energies above 𝐸𝛾 = 10
15
eV, the

medium is transparent for the respective photons.

In addition, high-energy photons propagating toward Earth can interact with

the cosmic microwave background(CMB) and the extragalactic background light

(EBL). The interaction depends strongly on the redshift and not on the orienta-

tion of the geometry of the system. The model used to approximate the EBL is

taken from Ref. [67]. It is shown in Figure 5.13 that the intergalactic medium

becomes opaque for photons with energies above 𝐸𝛾 = 10
15
eV. This may have a

significant effect on the photons of interest in this work and must be taken into

account.

5.2.3 Comparative Analysis

The purpose of this section is to provide an overview of the interactions that have

a lasting effect on the spectrum on Earth after leaving the acceleration region.

The interaction depth can be calculated using Eq. (5.3) as integration over the

relevant distance. However, this calculation is not trivial for the particles in the

acceleration region, as they perform a random walk. Therefore, for an initial

estimate of the interaction depth, the simulation results will be used beforehand

without taking into account the interactions outside the acceleration region. By
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taking the fluxes Φ, the effective interaction depth in the acceleration region can

be approximated by

Φ𝜈 = 𝜏effΦp⟨𝑦⟩, (5.5)

with ⟨𝑦⟩, being the inelasticity of the interaction. The inelasticity is estimated

to be ⟨𝑦⟩ ≈ 0.2, as referenced in the literature [45]. Utilizing Fig. 6.1, one obtains

Φ𝜈/Φp ≈ 0.01 for high energies in both regions, while precise energymodulation

is neglected, resulting in an effective interaction depth of 𝜏eff = 0.05. As previ-

ously elaborated, secondary particles are primarily caused by photohadronic

interactions. Accordingly, the interaction depth due to photohadronic interac-

tions, which is of the order of the effective interaction depth, i.e. the order of

0.05 in this case, is a key factor in the secondary spectrum on Earth and must

be considered in the simulation. Furthermore, the interaction depth of hadronic

interactions in this regime indicates that proton-proton interactions outside the

acceleration region may modulate the secondary signal significantly, compared

to what is expected based on only photohadronic interactions. Based on these

arguments, proton interactions are considered to be relevant outside the accel-

eration region in 𝑆1 and 𝑆2 if 𝜏 ≳ 10
−2
.

Table 5.2: Interaction depth (protons) and optical depth (photons) are demon-

strated at an energy of 𝐸 = 10
15
eV in 𝑆1 and 𝑆2. It is also marked for

those configurations the energy interval at which the respective 𝜏

becomes higher than the critical 𝜏crit, which is 𝜏crit = 10
−2

for protons

and 𝜏crit = 1 for photons.

S1 S2

𝜏 (1015 eV) 𝐸 [eV], 𝜏 ≳ 𝜏crit 𝜏 (1015 eV) 𝐸 [eV], 𝜏 ≳ 𝜏crit

𝜏pp ≈ 10
−2 ≥ 10

13 ≈ 2 × 10
−2 ≥ 10

13

𝜏p𝛾 < 10
−3 ≥ 4 × 10

15
- ≥ 10

16

𝜏𝛾𝛾 1 3 × 10
10 − 3 × 10

12, 1015 1 3 × 10
10 − 3 × 10

11, 1015

Both the interaction depth for protons and the optical depth for photons are

presented in Tab. 5.2. It can be concluded for 𝑆1 that proton-proton interactions

are dominant for energies up to 𝐸 = 10
16
eV, and for all proton energies in the

simulation (starting at 𝐸𝑝 = 10
13
eV) hadronic interactions appear to be note-

worthy in their propagation towards Earth. For protons with energies above

𝐸𝑝 = 5 × 10
15
eV, photohadronic interactions appear, affecting the spectrum at

very high energies. Due to the aim of this work, it has to be mentioned that the

energy regime around 𝐸𝑝 = 10
16
eV is of major interest. Both photohadronic and
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proton interactions can produce important secondary particles during proton

propagation beyond the acceleration region. Especially at these energies, the

medium is transparent to photons. Based on these calculations, the medium is

expected to be opaque to photons in the lower energy regime at 𝐸𝛾 ≈ 10
11
eV. In

conclusion, the neutrino flux on Earth is expected to be higher than in calcula-

tions considering only the acceleration regime. Furthermore, it is assumed that

photons with higher energies can escape from the medium and be measured on

Earth.

In 𝑆2, the same arguments hold while the interactions appear less dominant

due to the location of 𝑆2 with especially photohadronic interactions becoming

relevant for proton energies above 𝐸 = 10
16
eV. It is mentioned here, that or-

bital modulation is less significant in 𝑆2 due to the less dense medium. Evidence

has been presented in this work demonstrating the expectation of a signal with

orbital modulation, particularly in 𝑆1. Nevertheless, given the objective of this

study is to examine the potential for high-energy photons and neutrinos, a mean

interaction probability has been incorporated into the simulation. It is notewor-

thy that phase modulation should manifest distinctly in the measurements.

5.3 Simulation Setup

In the following, the simulation for the particle acceleration in the vicinity of

Cygnus X-3 is carried out in the two important acceleration regions 𝑆1 and 𝑆2,

which are described in Section 3.4. This section explains in detail which parame-

ters and particle interactions have been integrated into the simulation in order to

provide a detailed picture of how final calculations of the particle spectra are per-

formed. The different simulation scenarios with the corresponding parameters

are given in Tab. 5.3.

A flowchart that roughly explains the structure of the simulation is shown in

Fig. 5.14. In the interest of numerical time, protons with energies of 𝐸p = 10
13
eV

are inserted into the acceleration region. The time step is chosen in the order that

it is smaller than all the interaction timescales considered above. For each parti-

cle with a given energy 𝐸 the corresponding energy loss rate 𝑡−1
int

is calculated.

Using Eq. (4.1), for all interactions in the continuous energy loss approximation

(including acceleration) 𝑡−1
int

the specific energy change Δ𝐸 can be calculated as

Δ𝐸 = 𝐸𝑡−1
int

(𝐸)Δ𝑡 . (5.6)

The energy chances for the respective interactions are added up at each time

interval to calculate a new particle energy and, based on that, a resulting inter-

action timescale. This principle is used for all interactions except photohadronic
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Figure 5.14: Flowchart showing the structure of the final simulation program.

interactions, as these interactions are dominating secondary production inside

the acceleration region.

In order to accurately calculate photohadronic interactions, the interaction prob-

ability is calculated for each time step as

𝑝int = exp(−𝑡−1
int
Δ𝑡) . (5.7)

A random number is generated determiningwhether or not an interaction occurs.

For an interaction, all particle information is passed to the SOPHIA program.

SOPHIA has already been introduced in Section 4.4 and an extended version of

the algorithm is used to calculate not only proton-photon interactions but also

photomesonic interactions as it may appear for kaons and pions. In SOPHIA, it is

possible to specify which of the unstable particles decay andwhich do not. In this

setting, kaons, pions and muons do not decay immediately in the acceleration

region and are considered as temporarily stable. Hence, they are reinserted into

the acceleration region with the space-time coordinates of the primary particle.
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Table 5.3: Used parameters for different simulation scenarios K𝑖 .

𝑅WR 6 × 10
10
cm

𝑑 8 kPc

𝑎 3 × 10
11
cm

𝑣wind 10
8
cm/s

¤𝑀 10
−5𝑀⊙/yr

𝑀WR 50𝑀⊙
𝑇 10

5
K

Δ𝑅 10
7
cm

𝑙acc, 𝑆1 5 × 10
7
cm

𝑙acc, 𝑆2 1.5 × 10
11
cm

𝑟cr, 𝑆1 10𝑅S
𝑟cr, 𝑆2 7 × 10

11
cm

𝜗j 9
◦

𝜙j 31
◦

𝐵0 2.1 × 10
7
G

𝛿 0.65

𝑀BH 20𝑀⊙
¤𝑀acc 4.4 × 10

−7𝑀⊙/yr
𝑃 4.8 h

𝜗0 12
◦

𝑟in 6𝑅S
𝑟out 8 × 10

8
cm

In the acceleration region, they are treated by the same logic as protons, inter-

acting for each time interval. Their decay rates have already been analyzed. A

decay probability is introduced into the program with the same logic as the

interactions with the Eq. (5.7) for the initial particles.

As explained in Section 2.5, both magnetic reconnection and diffusive shock

acceleration accelerate protons in such a way that they produce a power-law

spectrum d𝑁 /d𝐸 ∼ 𝐸−𝑘 . Following the considerations in Ref. [1], for each step

i in the simulation, a particle gains energy such that 𝐸i = (1 + Δ𝐸)𝐸i-1 and for

the particle number inside the acceleration region, 𝑁i = (1 − 𝑝𝑒𝑠𝑐)𝑁i-1 holds.

In general, after 𝑛 acceleration cycles, it can be stated for energy and particle

number that

𝐸 = (1 + Δ𝐸)𝑛𝐸0,
𝑁 = (1 − 𝑝esc)𝑛𝑁0,

(5.8)
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where index 0 denotes the initial parameter. Using basic logarithmic consider-

ations, the integrated particle spectrum is described by the escape probability

and the energy change as

𝑁 (𝐸) = 𝑁0𝐸
ln(1−𝑝esc )
ln(1+Δ𝐸) . (5.9)

Since the energy change is known, the slope 𝑘 of the spectrum d𝑁 /d𝐸 ∼ 𝐸−𝑘

can be used to calculate 𝑝esc. For particle spectra for test particle approximations

caused by diffusive shock acceleration, the slope follows 𝑘 = 2 [68]. In more

realistic set-ups one finds often steeper spectra, thus 𝑘 = 2.3 is used here [69].

However, particle spectra in the case of magnetic reconnection follow different

slopes depending on the exact mechanism. Here the magnetic reconnection

is relativistic, which is correlated with a slope of 𝑘 = 2.3 [70]. Therefore, the

expected power-law is equal in both scenarios and is used to determine the

escape probability

𝑝esc = 1 − exp

(
(−𝑘 + 1) ln

(
1 + Δ𝐸

𝐸

))
(5.10)

for each time step in the simulation.

The introduction of a particle escape mechanism based on 𝑝𝑒𝑠𝑐 in Eq. (5.10)

determines the particle spectrum of the initial particles. However, there is also a

geometric constraint. If a particle leaves the acceleration region in a time step, it

will not be accelerated further for obvious reasons. The geometric conditions are

different for the two acceleration mechanisms in 𝑆1 and 𝑆2. Both are described

in more detail in Section 3.4. In 𝑆1, the reconnection parameters are taken from

Ref. [45], which introduces a cylindrical acceleration region with radius Δ𝑅 and

height 𝑙𝑎𝑐𝑐 . For 𝑆2, in the case of shock acceleration, the Hillas criterion (𝑅L < 𝑅)

is applied assuming the size of the extension of the shock 𝑅 corresponds to the

geometry of the jet at the edge of the cocoon.

After leaving the acceleration region, the particles are assumed to propagate bal-

listic in the interstellar medium towards Earth. In the vicinity of the accelerator

region, the medium is denser than the average interstellar medium due to the

Wolf-Rayet wind. This is particularly important for specific orbital configura-

tions in the respective acceleration regions, as the proton density depends on

the relative position to the star.

There is a possibility of unstable secondary particles escaping the acceleration

region. However, without calculation it is taken that unstable secondary parti-

cles besides neutrons decay in the vicinity of acceleration region. The program

structure forces immediate decay of unstable secondary particles when they

leave the acceleration region. Thus behind the acceleration region only protons,
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photons and neutrinos enter the region beyond without protons being further

accelerated. However, protons may interact with the ambient photons and pro-

tons. Additionally, the created 𝛾-rays interact via pair production with stellar

photons. The interaction probability is calculated from the optical depth for

photons and the interaction depth for protons with Eq. (5.4). The neutrinos es-

cape from the acceleration region without any interaction, thus the neutrino

spectrum is not modified by any interaction. For the interactions, the calculated

interaction probability is compared with a random number. For photohadronic

interactions, the SOPHIA algorithm is used again, where all secondary particles

are taken as unstable. For proton-proton interactions, the QGS-JET algorithm is

used, which was introduced before (see Chapter 4) and is a Reggeon-based algo-

rithm for calculating inelastic scattering [60]. All unstable secondary particles

are transferred immediately to SOPHIA to decay finally. All these considerations

lead to the spectra for photons and neutrinos expected to be measured on Earth

originating from of Cygnus-X3.

Due to the complexity of the program, certain aspects of secondary particle in-

teractions are not fully incorporated. The previous analysis has shown that 𝑆1 is

the more promising acceleration region, thus the focus in the program develop-

ment was set there. In the interest of accuracy the numerical capacity have been

used for precise particle interactions thus neglected acceleration mechanisms

of temporarily stable particles. Nonetheless, without further calculation it is ar-

gued here that this acceleration applies mostly to kaons, which show to neither

dominate the neutrino spectrum nor the 𝛾-ray spectra. Additionally, low energy

pions would be accelerated, however as photohadronic interactions appear for

high proton energies the resulting pions have already high energies thus integra-

tion of secondary acceleration lead to disproportionate more numerical capacity

with low expected outcome.

To calculate the exact particle spectra and compare them with actual measure-

ments, it is important to find a suitable standardization and to be able to specify

units reasonably. As explained in Chapter 2, the maximum luminosity of the

source is given by the Eddington luminosity 𝐿edd. It has to be taken into account

that the efficiency 𝜒 is of crucial importance for the Eddington luminosity. For

Cygnus X-3, this has not yet been clearly determined and since there are also

indications of super-Eddington accretion [71], an optimistic efficiency of 𝜒 = 0.1

is chosen here, resulting in 𝐿edd = 2.5 × 10
39
erg/s.

The proton spectrum is now derived from the simulation, incorporating all pro-

ton interactions. However, the proton energy loss is not included in the analysis.

The differential spectrum 𝐸d𝑁 /d𝐸 is presented in Fig. 5.15 for both regions.

Hence, the cosmic ray luminosity is calculated by
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𝐿CR =
1

𝑇

∫
𝐸
d𝐸

d𝑁
d𝐸, (5.11)

with𝑇 being a factor that accounts for the correct normalization of the luminosity

dimension. The calculated result based on the Eddington luminosity can be taken

now and it yields 𝑇 = 𝑥 for 𝑆1 and 𝑇 = 𝑦 holds for 𝑆2 respectively. An useful

approach is to present the spectra in terms of the differential particle flux on

Earth, leading to

d𝑁

d𝐴d𝐸d𝑡
=
d𝑁

d𝐸

1

4𝜋𝑑2𝑇
. (5.12)
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Figure 5.15: Generated spectrum for protons in the simulation for regions 𝑆1
and 𝑆2. This spectrum is used for normalization based on Eq. (5.11)

as protons do not actually loose energy in interactions.

As demonstrated in Fig. 5.15, the spectrum of the simulation provides a initial

indication of the proton spectrum 𝐸 𝑑𝑁
𝑑𝐸

. The proton spectrum can be adequately

described in both acceleration regions by a power-law 𝐸−2.3, as determined by

the program structure (see Figure 5.14). Furthermore, the cut-off due to proton

interactions appears at energies that are expected based on previous analytical

estimates. The protons in 𝑆1 have a cut-off at high 𝐸𝑝 = 10
16
eV, with a flux

decrease leading to some protons reaching 𝐸𝑝 = 10
17
eV. In the 𝑆2, the step

cut-off manifests at lower energies, at approximately 𝐸𝑝 = 2 × 10
16
eV.
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In the following, the simulations for the two different acceleration regions 𝑆1
and 𝑆2 are examined, focusing on 𝑆1. The interactions for each type of particle

discussed in the previous analysis have been included in the program. The proton

spectrum is examinedfirst, as important information about the simulation results

can be derived from its spectrum. Then, the secondary particle spectra can be

studied in more detail. Photons are produced within the acceleration region and

beyond,while the PeV photon spectra are comparedwith data from the LHAASO

collaboration [9]. The resulting neutrino spectra will be studied specifically for

𝑆1 by distinguishing between the neutrino flavors produced for the respective

regions and decay channels.

It is important to mention that antiprotons are produced as secondary parti-

cles, but play a minor role. Therefore, it was decided to present and analyze

only the proton spectra, especially since the proton spectrum is not trivial to

measure in connection with Cygnus X-3 as a source. Based on the consider-

ations for normalization, all spectra are presented as particle flux per surface

area and time on Earth. Since d𝐴 and d𝑡 are energy independent, the power

law form 𝐸2d𝑁 /d𝐸 ∼ 𝐸−0.3 does not change for the following representation

𝐸2d𝑁 /(d𝐸d𝐴d𝑡) = 𝐸2𝜙 .

6.1 Acceleration Region 𝑆1
For low energies in Fig. 6.1, the proton spectrum follows the power law𝐸2d𝑁 /d𝐸 ∼
𝐸−0.3 as expected in Section 5.3 for initial protons. First deviations from this

shape can be seen at 𝐸𝑝 = 10
16
eV, with a smooth cut-off leading to proton ener-

gies up to 10
17
eV, which is in good agreement with the estimations in Chapter 5.

The smooth cut-off can be explained by the fact that the acceleration rate (recon-

nection) and the most efficient energy loss rate (photohadronic) are both in the

same order of magnitude at 𝐸𝑝 = 10
16
eV. The close convergence of the energy

loss rates in Fig. 5.2 illustrates the significant probability of protons interacting

photohadronically at energies of 𝐸𝑝 = 10
16
eV. The dotted line in Fig. 6.1 mark

the protons that have interacted. The conclusion that mostly high-energy pro-

tons interact with both other protons and photons in the surrounding medium

is well in line with the theoretical expectations. Due to the logarithmic plot, the

number of protons interacting with the surrounding medium after the accelera-

91



Chapter 6 Results and Discussion

tion region appears to be of the same order for all proton energies. However, the

fraction of interacting protons is significantly larger at high energies, reflecting

the higher probability of interaction for PeV protons.

1013 1014 1015 1016 1017

E in eV

10 8

10 7

10 6

10 5

10 4
E2

 in
 G

eV
 c

m
2  s

1

p

E 2.3 

Figure 6.1: Final spectra of protons (𝑝), photons (𝛾 ) and neutrinos (𝜈) deter-

mined from a simulation in the acceleration region in Cygnus X-3 at

𝑆1 and subsequent propagation towards Earth has been determined.

The dotted lines represent the particle spectra before interaction

behind the acceleration region.

Considering the photon spectrum in Fig. 6.1, it is noticeable that the spectrum

before absorption has a shape similar to the proton spectrum, with a cut-off at

𝐸𝛾 = 10
15
eV, leading tomaximumphoton energies in the order of𝐸𝛾 = 10 PeV. In

this energy regime, the photons are expected to propagate towards Earthwithout

interacting with stellar photons from the Wolf-Rayet star, since only photons

with energies well below 𝐸𝛾 = 10
14
eV are absorbed due to pair production

(see Fig. 5.13). However, the photons from the CMB and EBL contribute to pair

production with the produced photons. Therefore, the photon spectrum shows

strong absorption effects from 𝐸𝛾 = 5 × 10
14
eV.

In Fig. 6.2 a comprehensive spectrum of the various photon origins is depicted.

In this work, all photons result from neutral pion decay. Note that direct decay

into subdominant photons manifests itself, for instance, in the 𝐾0

S
, 𝐾0

L
or 𝜂 de-

cays [55]. Consequently, the focus is on the location of the photon production,

namely whether the photon production occurs inside or outside the acceleration

region. The shape of the photon spectrum points out that most photons with

energies above 𝐸𝛾 = 1 PeV are produced inside the acceleration region. Inside
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the acceleration region, the initial protons are accelerated without many inter-

actions up to energies of 𝐸𝑝 = 10
16
eV (see Fig. 5.2). Protons start to interact

significantly at energies around 𝐸𝑝 = 10
16
eV, producing mostly photons with

energies in the range between 𝐸𝛾 = 10
15
eV and 𝐸𝛾 = 10

16
eV.
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Figure 6.2: Photon spectrum obtained from the simulation for 𝑆1, considering

photons from the acceleration region (𝛾in) and behind the acceler-

ation region (𝛾out). Note that the dotted line marks the spectrum

before absorption by the CMB and EBL. The results are compared

with measurements from the LHAASO collaboration [9].

After leaving the acceleration region, the protons only loose energy without

being accelerated further. Synchrotron losses outside the acceleration region

are not considered because they play a subdominant role due to the decrease

in the magnetic field. Thus, the photons outside the acceleration region are

caused by interactions of the protons with stellar photons and by proton-proton

interactions. It has been pointed out that protons of all energies contribute to

the proton-proton interactions with the medium behind the acceleration region.

The photon spectra from different regions in Fig. 6.2 can be distinguished. The

slope of the photons 𝛾in coming from the acceleration region is caused by photo-

hadronic interactions and therefore has a different shape to the proton spectrum

in Fig. 6.1. The photons 𝛾out produced behind the acceleration region are caused

by proton-proton interactions, resulting in a spectral shape similar to the proton

spectrum.

The photon spectrum from the simulation can be compared in Fig. 6.2 with

photon data measured by LHAASO from the Cygnus bubble [9]. They found an

excess of PeV photons coming from a region including Cygnus X-3 that is lower
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than the photon flux simulated here. Note that in Figure 6.1 the photon flux is

shown as it was generated in the simulation, while in Fig. 6.2 all photon fluxes

are modified by a factor 10
−3

to make them more comparable to the data. This

is because the normalization chose an efficiency of 𝜒 = 0.1, corresponding to

Eddington accretion, which is an optimistic approach. Furthermore, the cosmic

ray efficiencymay be low, leading to more energy being released via synchrotron

radiation. Thus, the simulation found that the accretion efficiency in Cygnus X-3,

or the cosmic ray efficiency, is lower, modifying the spectrum by a factor of 10
−3
.

In addition, the compact object mass was chosen here to be 20𝑀⊙ , while recent
studies point to an upper compact object mass of𝑀BH < 7𝑀⊙ [72]. The compact

object mass affects Eq. ( 2.8) and thus also affects the normalization estimates.

Therefore, the results of the simulation can also be interpreted as evidence for a

smaller black hole mass in Cygnus X-3.

The total neutrino spectrum produced in 𝑆1 can be seen in Fig. 6.1, which follows

a similar shape as the proton spectrum. The neutrino spectrum has a cut-off at

𝐸𝜈 = 10
15
eVwith a decline as steep as the proton spectrum, leading to maximum

neutrino energies of 𝐸𝜈 = 10
16
eV. As with photons, the neutrino spectrum can

be analyzed in terms of location. Fig. 6.3 shows the neutrino spectra for a spe-

cific neutrino flavor produced in the acceleration region (left) and the neutrino

spectra for neutrinos originating outside the acceleration region (right). For both

regions, Cygnus X-3 is predominantly a muon neutrino source, producing the

expected flavor ratio of 1𝑒 : 2𝜇 : 0𝜏 . This is the resulting flavor ratio for charged

pion decay in its dominant decay branch, which leads to a neutrino flavor ratio

on Earth of 1𝑒 : 1𝜇 : 1𝜏 [73] due to neutrino oscillations. Furthermore, the shape

of the neutrinos from the acceleration region follows the shape of the 𝛾-rays

from the acceleration region, leading to the conclusion that both charged and

neutral pions are produced in the proton interactions that shape the photon and

neutrino spectra.

Beyond the acceleration region, the neutrinos become more abundant for lower

energies with a cut-off at 𝐸𝜈 = 2× 10
15
eV. This shape can be understood by con-

sidering the different proton interactions. Both neutrinos and antineutrinos have

the same origin in this picture, and are therefore presented together in Fig. 6.4 for

electron neutrinos and in Fig. 6.5 for muon neutrinos. The dominant interaction

mechanism of protons behind the acceleration region is the proton-proton in-

teraction. The interaction depth for protons in the stellar wind increases at high

energies. The lower interaction depth determines a lower interaction probability

for TeV protons, leading to a smaller fraction of initial protons interacting. Thus,

both the photon and neutrino spectra decrease with increasing energy.

Photohadronic interactions outside the acceleration region appear only for pro-

tons with energies above 𝐸𝑝 = 10
15
eV, leading to additional neutrino production
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Figure 6.3: Spectrum of neutrinos considered for the different neutrino flavors

and corresponding antineutrinos. A distinction is made between

spectra produced inside the acceleration region (left) and outside the
acceleration region (right). The total spectrum of neutrinos coming

from the respective location is marked with Σ𝜈 .

especially at high energies. This interaction is subdominant even at high ener-

gies, hence photohadronic interactions appearing outside the acceleration region

onlymarginally influence the photon spectra. For the purpose of completeness, it

should be mentioned that for electron neutrinos, neutron decay appears outside

the acceleration region. Neutron decay always occurs outside the acceleration

region due to the absence of electric charge and the long lifetime of the neutron.

The small amount of energy carried by neutrinos from neutron decay can be

explained by the rough approximation that the energy distribution in neutron

decay is proportional to the masses of the decay particles. This leads to the neu-

trino energy being approximated by the proportionality 𝐸𝜈 ∼𝑚𝑒/𝑚𝑝 . Since the

flux is three orders of magnitude smaller than the flux due to proton-proton

interaction, it serves as an indicator of the consistency of the program and leads

to the conclusion that neutron decay is not an important contributor to the

neutrino spectrum on Earth (including the flavor ratio).

Within the acceleration region represented by Fig. 6.4, electron neutrinos mostly

originate from muon decay. Kaon decay and direct photohadronic interactions

contribute to the neutrino spectrum mostly for energies above 𝐸𝜈 = 10
15
eV. All

secondary particles are produced by photohadronic interactions within the accel-

eration region. However, 𝐾±
, 𝐾0

L
, 𝜋±

and 𝜇± are re-inserted into the acceleration

region to interact and then decay. Thus, neutrinos referred to as originating from

photohadronic interactions in the acceleration region are produced by secondary

particles that immediately decay in the SOPHIA program. The semileptonic de-

cay of 𝐾0

S
is one example where neutrinos are directly produced [55].

Muon decay dominates the neutrino flux from the acceleration region for elec-
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Figure 6.4: Spectrum of electron neutrinos taking into account the different

decay channels for electron neutrinos, where the spectrum itself

includes both neutrinos and antineutrinos. Within the acceleration

region (left), electron neutrinos result from kaon decay (𝐾dec), muon

decay (𝜇dec), and occur directly in photohadronic interactions (𝑝𝛾 ).

Beyond the acceleration region (right), electron neutrinos addition-

ally come from neutron decay (𝑛dec), proton-proton interactions

(𝑝𝑝).

tron neutrinos. A direct comparison with the muon neutrino spectra inside the

acceleration region in Fig. 6.5 shows that the neutrinos produced by muon decay

follow the same shape as the muon neutrinos resulting from pion decay. Hence,

muons are not significantly produced inside the acceleration region since the

pion lifetimes are long enough for the pions to leave the acceleration region. It

can be concluded that secondary particles with long lifetimes can propagate and

interact inside the acceleration region in 𝑆1 as long as they leave the acceleration

region without decaying in the meantime.

For muon neutrinos inside the acceleration region presented in Fig. 6.5, the same

picture holds as discussed for electron neutrinos. Pions give rise to neutrinos

with maximum energies of 𝐸𝜈 ≈ 2 × 10
15
eV, which is well in line with expected

pion behavior. Pions are lighter than kaons, leading to higher synchrotron energy

loss rates,which results in a pion energy limit of an order reflected in the neutrino

spectrum.

The general picture for Cygnus X-3 in 𝑆1 based on the simulations yields an

efficient proton acceleration up to 𝐸𝑝 = 10 PeV. In the dense stellar wind, the

accelerated protons interact, leading to efficient pion production resulting in 𝛾-

rays with maximum energies on the order of 𝐸𝛾 = 10
16
eV. The 𝛾-ray production

is efficient due to the chosen accretion efficiency, allowing the conclusion that

the LHAASO data can be explained with accretion rates significantly below the

Eddington accretion rate. Furthermore, both the neutrino and photon spectra
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Figure 6.5: Muon neutrino spectra including both neutrinos and antineutrinos.

Within the acceleration region (left), muon neutrinos are produced

in kaon decay (𝐾dec), muon decay (𝜇dec), pion decay (𝜋dec) and di-

rectly in photohadronic interactions (𝑝𝛾 ). Beyond the acceleration

region (right), muon neutrinos are additionally produced in proton-

proton interactions (𝑝𝑝).

indicate that the main secondary particle production occurs beyond the accel-

eration region in the dense stellar wind due to proton-proton interactions. The

secondary particles from the acceleration region are produced by photohadronic

interactions. In both proton interaction mechanisms,mainly pions are generated,

so Cygnus X-3 efficiently produces neutrinos with a flavor ratio of 1𝑒 : 2𝜇 : 0𝜏 .

6.2 Acceleration Region 𝑆2
The proton acceleration program has also been developed for 𝑆2, focusing on

the protons, photons and neutrinos produced. Since 𝑆1 and 𝑆2 have several key

aspects in common, the analysis for 𝑆2 focuses on the differences, and for basic

explanations see Section 6.1.

Considering the protons in Fig. 6.6, it is evident that the proton flux follows the

predicted power-law 𝜙 ∼ 𝐸−2.3. A sharp cut-off appears at 𝐸𝑝 = 10
16
eV, caused

by synchrotron radiation losses and second order photohadronic interactions.

Thus, the fraction of the secondary particle flux compared to the proton par-

ticle flux is almost three orders of magnitude smaller. However, in an energy

range around 10
15
eV significant secondary production appears implying that

the fraction of secondaries increases by more than one order of magnitude.

In general, the proton interactions outside the acceleration region are small. Con-

sequently, the dotted lines visualizing the interactions in the graph are difficult

to see. Therefore, it is expected that most of the secondaries are produced inside

the acceleration region. For photons, the absorption caused by stellar photons
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Figure 6.6: Final spectrum of protons (𝑝), photons (𝛾 ) and neutrinos (𝜈) from

Cygnus X-3 in 𝑆2. The dotted lines in the proton and photon spectra

represent the spectra before interactions.

is negligibly small and the medium becomes more transparent to photons in

𝑆2 compared to 𝑆1. The interactions with the CMB and EBL photons are inde-

pendent of the specific geometry in Cygnus X-3 and therefore lead to the same

photon absorption effects as in 𝑆1. Neutrinos and photons again seem to have

the same origin, since their spectral shapes are identical.

For the simulation results in 𝑆2, the photon spectra are analyzed in more detail, as

illustrated in Fig. 6.7. The 𝛾-rays produced in 𝑆2 are mainly generated inside the

acceleration region for photon energies above 𝐸𝛾 = 2 × 10
14
eV. However, some

photons are created outside the acceleration region, where the spectrum 𝛾out
in the graph is consequently three orders of magnitude lower than the proton

spectrum in Fig. 6.6. This shows that a small fraction of the protons interact

beyond the acceleration region, producing 𝛾-rays with energies mainly between

𝐸𝛾 = 10
13
eV and 𝐸𝛾 = 10

15
eV, which are mainly absorbed by interactions with

the EBL before reaching Earth.

The photon spectrum for 𝑆2 in Fig. 6.7 extends to energies that can explain

the PeV excess photons measured by LHAASO, as do the results for 𝑆1. The

dominant photon absorption is due to interactions with the CMB and EBL, and

thus the effects in 𝑆1 for the slope of the photon spectrum appear for 𝑆2 as well.

Therefore, the shape at high energies fits the data with the particle flux. However,

it is higher than themeasured data by a factor of 10
3
, as is the case in 𝑆1. The same
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Figure 6.7: Photon spectrum obtained from the simulation for 𝑆2 considering

photons originating from the acceleration region (𝛾in) and those on

theirway to Earth behind the acceleration region (𝛾out). Note that the

dotted lines mark the spectra before absorption in the surrounding

medium. The results are compared with measurements from the

LHAASO collaboration [9].

correction factor for the photon spectrum in 𝑆2 implies the same explanations

as for Cygnus X-3 in 𝑆1.

The photon spectra simulated in 𝑆1 and 𝑆2 can be compared qualitatively (Fig. 6.2

and Fig. 6.7). Both results are able to explain the measured data, where the mass

accretion rate has to be corrected by a factor of 10
−3

in both cases. The pho-

ton spectra for 𝛾in peak at almost the same energy, but in 𝑆1 the edges are less

steep. The cut-off in 𝑆1 to higher energies is smoother because photons are pro-

duced in sufficient quantities for these energies due to dominant photohadronic

interactions. In contrast, in 𝑆2 synchrotron losses dominate and suppress the

photohadronic energy loss rate. The steep increase in 𝑆2 for energies below

𝐸𝛾 = 10
15
eV can be explained by comparing 𝑡−1

sh
with 𝑡−1𝑝𝛾 crossing at a steep

angle. Photohadronic interactions for low-energy protons inside the accelera-

tion region are suppressed, and in combination with synchrotron losses being

dominant, fewer photons are produced inside the acceleration region.

A rough overview of the neutrino interactions occurring in the acceleration

region (𝜈in) and beyond (𝜈out) in 𝑆2 is given in Fig. 6.8. Since the development

of a detailed simulation program has focused on 𝑆1, in 𝑆2 the program is only

able to distinguish between the two different locations for neutrino production

without considering the flavor or decay channel. Since the acceleration time in 𝑆2
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Figure 6.8: The neutrino spectrum obtained from the simulation for 𝑆2, taking

into account neutrinos coming from the acceleration region (𝜈in)

and those produced after the acceleration region (𝜈out).

is larger than in 𝑆1, the particles propagate longer in the acceleration region, and

thus may interact more. The steeper shape of the neutrino spectrum in 𝑆2 can be

explained by the same arguments that hold for the shape of the photon spectrum.

In addition, the same arguments hold for the shape of the neutrino spectrum for

neutrinos produced beyond the acceleration region. Thus, the picture manifests

that in 𝑆2 the proton interactions beyond the acceleration region are significantly

smaller than in 𝑆1 due to the less dense medium.

In conclusion, for 𝑆2 it is possible to accelerate protons in the acceleration region

far from the black hole to energies of 𝐸𝑝 = 2 × 10
16
eV, which is one order of

magnitude less than in 𝑆1. Furthermore, the resulting 𝛾-rays and neutrinos reach

similar particle fluxes as in 𝑆1 at energies around 𝐸𝛾 = 10
15
eV. The main differ-

ence to 𝑆1 is that the particle spectra are dominated earlier by the secondaries

from within the acceleration region, since interactions outside the acceleration

region are minimized due to the less dense medium. Since the important photon

interactions occur with the EBL and CMB, there is no significant difference in ab-

sorption for PeV photons in either region 𝑆1 or 𝑆2. It has been argued previously

that in the hypersoft state additional acceleration may occur in the vicinity of

the black hole. This implies the evolution of both acceleration regions 𝑆1 and

𝑆2, in which case the two spectra obtained here must be summed, leading to a

higher energy flux and thus the need for more restrictive estimates of the mass

accretion rate with respect to the LHAASO data.
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Cygnus X-3 is recognized as one of the most enigmatic sources in our Galaxy,

but the precise acceleration mechanism remains elusive. Measurements of PeV

photons from a region containing Cygnus X-3 require precise models for Cygnus

X-3, while predicting the combination of interactions is challenging. In previous

publications, two promising models explaining the particle spectra and accel-

eration mechanisms in Cygnus X-3 have been merged. Khiali et al. proposed

a configuration for reconnection [45], which was found to lead to high proton

energies. Furthermore, Koljonen et al. proposed the existence of two different

acceleration regions [8], depending on the jet activity. They that high-energy

photons reaching Earth arrive close to HyS as the jet forms a cocoon, leading to

another acceleration region far from the dense region.

Estimations and simulations performed in this work found that Cygnus X-3 is

efficient at accelerating protons in both regions, leading to significant secondary

particle production. For 𝑆2, photon interactions in the medium were found to be

less significant for photons up to energies of 𝐸𝛾 = 10
14
eV. For both acceleration

regions, however, it was found that photons with energies above 𝐸𝛾 = 5×1014 eV
interact significantly with the EBL and the CMB and that the shape of the spec-

trum in both acceleration regions fits well with the LHAASO data. However,

since the photon spectra in both 𝑆1 and 𝑆2 had to be corrected by a factor 10
−3
,

the normalization requires further investigation. Possible explanations are a

lower accretion rate, a lower cosmic ray efficiency or a lower mass of the black

hole.

Based on the results of this work, it is evident that acceleration close to the

black hole via reconnection is more efficient than shock acceleration at the

edge of the cocoon. In 𝑆1 the photons thus reach higher energies of up to over

𝐸𝛾 = 10
16
eV, whereas in 𝑆2 the maximum photon energy is approximately

𝐸𝛾 = 7×1015 eV. Both acceleration mechanisms can account for the PeV photons

measured by the LHAASO collaboration. It has been previously argued that in

addition to the shock acceleration at the edge of the cocoon structure, there is

also an acceleration close to the black hole in the hypersoft state. Consequently,

the calculated fluxes resulting for configuration 𝑆1 are expected to dominate the

spectrum over the additional spectrum calculated for 𝑆2 in the hypersoft state.

In this study, the magnetic field is assumed to be high, allowing highly efficient

particle acceleration. As a result, the photon spectra reach a high energy range
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above 𝐸𝛾 = 10 PeV,which has not yet been detected by any instrument. LHAASO,

the leading high-energy photon experiment, currently has an upper limit of a

few PeV photons [74]. Consequently, the ability of LHAASO to detect high-

energy photons from the calculated edge of the spectrum is limited. On the

other hand, the developed program serves as a basis for further research on the

crucial parameters in Cygnus X-3 that determine the secondary energies.

This work identified that the acceleration region 𝑆1 is the most promising. This

region is characterized by efficient reconnection and proton energies that are

first-order limited by photohadronic interactions. Additionally, proton-proton

interactions are more probable in the dense stellar medium behind the accelera-

tion region. This led to a focus on developing a program for reconnection that

appears close to the black hole. The work showed that for 𝑆1 photons originating

from the acceleration region dominate the spectrum above 𝐸𝛾 = 10
15
eV. Inter-

actions occurring outside the acceleration region dominate the spectrum for

photon energies below 𝐸𝛾 = 10
15
eV. The whole photon spectrum in 𝑆1 shows

a cut-off at about 𝐸𝛾 = 5 × 10
15
eV, while in 𝑆2 the picture is different, since

the acceleration occurs in the less dense medium. For photon energies above

𝐸𝛾 = 10
14
eV the spectrum is dominated by photons emitted from the accelera-

tion region, while beyond the acceleration region photons are less significant.

Summarizing, in 𝑆1 proton-proton interactions in the stellar wind play a larger

role than in 𝑆2, while in both acceleration regions the proton and corresponding

secondary spectra develop similar slopes, with 𝑆2 leading to a lower energetic

cut-off for photons and neutrinos.

In this work it was found that Cygnus X-3 is efficient in accelerating particles

resulting in high-energy neutrinos with a flavor ratio of 1𝑒 : 2𝜇 : 0𝜏 corresponding

to the commonly expected flavor ratio of 1𝑒 : 1𝜇 : 1𝜏 [73]. It has been shown for

both 𝑆1 and 𝑆2 that the introduction of particle interactions of unstable secondary

particles is crucial for the study of the ongoing physical processes. Thus, it

may be a useful further development of the program to include accelerations

of kaons, pions and muons. Furthermore, this work has deduced that orbital

modulation is expected for the photon and neutrino signal if interactions in

the extended jet play a dominant role. The simulation showed that in 𝑆1 proton-

proton interactions beyond the acceleration region are important. Therefore, not

only 𝑆2 but also 𝑆1 could be modulated by the orbit, which is in agreement with

previous measurements of Cygnus X-3 and therefore interesting to investigate

further [75].
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7List of Constants

Table 7.1: List of the physical constants and units that were utilized in the

present work. It should be noted that all values are expressed in cgs

units, unless otherwise indicated.

Constant Value

Speed of light 𝑐 2.9979 × 10
10
cm s

−1

Gravitational constant 𝐺 6.6743 × 10
−8

cm
3
g
−1

s
−2

Planck constant ℎ 6.6261 × 10
−27

erg s

Boltzmann constant 𝑘𝐵 1.3807 × 10
−16

erg K
−1

Elementary charge 𝑒 4.8032 × 10
−10

statC

Electron mass 𝑚𝑒 9.1094 × 10
−28

g

Proton mass 𝑚𝑝 1.6726 × 10
−24

g

Neutron mass 𝑚𝑛 1.6749 × 10
−24

g

Stefan–Boltzmann constant 𝜎SB 5.6704 × 10
−5

erg cm
−2

s
−1

K
−4

Thomson cross-section 𝜎T 6.6524 × 10
−25

cm
2

Solar mass 𝑀⊙ 1.989 × 10
33
g

Astronomical unit AU 1.496 × 10
13
cm

Parsec pc 3.0857 × 10
18
cm

Jansky Jy 10
−23

erg cm
−2

s
−1

Hz
−1
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