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Chapter 1

Introduction

It took thousands of years and the work of many pioneers, to gain the knowledge
we have about the Universe today.

Until recently, compared to the age of a human being, mankind looked into the
starry sky without knowing the processes going on. The ancient Babylonians
started to observe the sky and noticed that some stars form constellations, which
again can be used for navigation. Excited by curiosity, further observations showed
that not all the stars are fixed. Some star-like objects move along the sky. These
movements are not random but rather follow predictable patterns. These were
first observations of planets. Egyptians used observations to predict the flooding
of the nil. Thus, they were the first ones who used astronomical observations to
improve social life.

Observations by Greeks indicated that Earth is not a disk but a sphere. Therefore,
they used observations of the lunar eclipse and observed that the Earth shadow
is round, and consequently the Earth must be a sphere. Eratosthenes calculated
with simple geometrical assumptions the radius of the Earth, to be 6645 km, which
deviates only 4% from current value 6370 km.

During the darks ages further observations helped to find more information about
the Universe. Detailed observations by Tycho Brahe about the movements of
planets were used by Johannes Kepler to show that planets move on elliptical or-
bits. Galileo Galilei, Kopernikus and Kepler negated the idea that Earth is the
center of the Universe and showed that the Earth is a planet orbiting the Sun.
More sophisticated instruments like telescopes were used. Messier published 1784
a catalogue with 103 foggy objects. These were the first detailed observations of

galaxies. Herschel discovered Uranus in 1781 and Fraunhofer 1884 dark lines in

1
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the solar spectrum. Later it was noticed that these lines are absorption lines of
elements like sodium and helium.

Bessel, Struve and Henderson calculated distances to close stars by using the
method of parallax. In 1913 Hertzsprung and Russell showed that the luminosity
and spectral type of stars are correlated.

The detection of the neutrino, first postulated by Pauli to guarantee energy and
momentum conservation in f—decay opened a new window in astrophysics. Neu-
trinos are produced in hadronic interactions and leave their point of origin without
any considerable interaction with matter or radiation, to their way to Earth. The
detection of solar neutrinos was the first clear proof for nuclear fusion as the en-
ergy source for stars.

Hubble showed that the Universe is expanding, while Jansky showed few years
later 1932 that a strong radio source is located in the center of the Milky Way.
Now, we know that this radio source is a massive black hole. Ewen, Purcell and
Westerhout detected the 21 c¢m spectral line of neutral hydrogen. This method
can be used to observe large amount of hydrogen in our and other galaxies.

The discovery of the cosmic microwave background by Penzias and Wilson was
the first hint for the big bang theory.

More detailed observations and more sophisticated instruments rise more ques-
tions, which have to be answered: What is dark matter? What is dark energy? Is
the Universe going to collapse? Which astrophysical sources can accelerate cosmic
rays to the highest energies, and where do the recent IceCube detected high-energy

neutrinos originate from?

The goal of this work is to calculate neutrino fluxes and column densities for
active galactic nuclei and to compare with recent IceCube observations of high-
energy neutrinos. This thesis is structured in the following manner:

For a better understanding of the calculation the reader is introduced step by
step in the subject matter. Chapter 2 gives a brief introduction into the physics
of Cosmic Rays (CRs), their possible origin and how they are accelerated to the
observed energies. Chapter 2 ends with current IceCube observations, which are
used in this work to calculate neutrino fluxes and column densities.

Chapter 3 deals with AGN in general. Since the calculations base on radio lu-
minosities section 3.4 and section 3.7 give a brief introduction into synchrotron
radiation of high energy electrons and radio luminosity function of FR-I, FR-II

and Blazars.
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To fix the proton spectrum, the transport equation is solved in chapter 4. There-
fore, energy loss processes, see section 4.1 and energy gain processes, see section

4.2 have to be considered.

After having introduced into the physics of AGN and into the transport equa-
tion, chapter 5 deals with analytical and semi analytical methods to calculate
fluxes and column densities for radio galaxies and Blazars. The electron-to-proton
ratio g, and electron luminosity L, to radio luminosity Li.qi, ratio x(s, B) will be
fixed by measurable quantities, see section 5.1.1 and section 5.1.2. In section 5.2
semi analytical and full analytical results will be compared and constraints for the

considered AGN groups will be given.

Chapter 6 deals with Fermi LAT observations of seven close radio galaxies, with
Centaurus A (Cen A) and Messier 87 (M 87) of special interest.

Assuming that y—rays are produced through the decay of neutral pions, y—ray
and neutrino flux are linked. Thus, computed column densities will be used to fix
neutrino fluxes. These fluxes are compared with sensitivities of current neutrino
telescopes, IceCube and Antares and with the sensitivity of the future telescope
KM3NeT.

Chapter 7 gives the Conclusion and Outlook.
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Einleitung

Es benotigte Jahrtausende sowie die Arbeit von vielen Pionieren, um das Wissen
iiber das Universum zu sammeln, das wir heute haben.

Noch vor im Vergleich zum Alter der Menschheit kurzer Zeit blickte der Mensch
in den Sternenhimmel, ohne sich iiber die physikalischen Vorgange im Klaren zu
sein. So waren es die Babylonier, die um 3000 vor Christus Sterne zu Konstella-
tionen zusammenfiigten und dem Himmel so erste Strukturen gaben. Die Idee der
Sternbilder und Tierkreiszeichen wurde geboren. Angeregt von diesen Beobach-
tungen und durch die Neugierde fiihrten weitere Beobachtungen zur Feststellung,
dass einige Objekte am Himmel nicht statisch sind, sondern sich bewegen. Die Be-
wegung dieser Objekte erfolgte nicht zuféllig, sondern nach bestimmten Mustern.
So kam es, dass die ersten Planeten beobachtet wurden. Erste systematische Him-
melsbeobachtungen wurden durch die Agypter durchgefiihrt, die nicht nur den
Bau der Pyramiden an bestimmten Sternenkonstellationen ausrichteten, sondern
auch die Niltiberflutungen vorhersagen und somit Vorgénge in der Natur teilweise
exzellent beschreiben konnten. Weiterhin fiihrten sie das Sonnenjahr mit der 365-
Tage-Periode ein.

Durch die Griechen kamen dann die ersten Riickschliisse auf die Gestalt der Erde.
So konnten durch Beobachtungen des Erdschattens bei Mondfinsternissen darauf
zuriickgeschlossen werden, dass die Erde eine Kugelgestalt haben muss. Eratos-
thenes konnte mit Hilfe einfacher geometrischer Uberlegungen den Erdradius auf
6645 km (heute 6371 km) berechnen, was einer Abweichung von ca. 4% zum heuti-
gen Wert entspricht.

Im Mittelalter konnten die Erkenntnisse iiber den Aufbau des Universums unter
anderem durch Tycho Brahe, der detaillierte Beobachtungen der Planetenbewe-
gungen anfertigte, weiter vertieft werden. Diese Beobachtungen wurden widerrum
vom jungen Johannes Kepler verwendet, der unter Anwendung mathematischer
Modelle zeigen konnte, dass sich die Planeten auf Ellipsenbahnen um die Sonne
bewegen.

Es waren Galileo Galilei und Johannes Kepler, die die Idee der Erde als Zentrum
des Universums negierten und ihr die Rolle gaben, die sie wirklich erfiillte, ein
Planet von vielen, der die Sonne auf einer Ellipsenbahn umkreist.

Nachdem Kepler als Erster die Mathematik als Werkzeug in der Astronomie etablierte
und somit als der Griinder der modernen Astrophysik gelten darf, ging Isaac New-

ton einen Schritt weiter, indem er Keplers Beobachtungen auf beliebige Korper
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verallgemeinern konnte. Das Gravitationsgesetz war geboren.

Ausgeriistet mit neuen Beobachtungsmethoden wie moderne Teleskope, sowie mit,
einem sich rasant entwickelnden mathematischen Riistzeug erfolgten neue Ent-
deckungen. Messier veroffentlichte 1784 einen Katalog mit 103 nebligen Objek-
ten. Dabei handelt es sich um Galaxien, wie wir mittlerweile wissen. Herschel
entdeckt 1781 den Uranus und Fraunhofer beobachtet 1814 dunkle Linien im Son-
nenspektrum. Dabei handelt es sich um charakteristische Absorptionslinien von
Elementen wie Natrium oder Helium. Bessel, Struve und Henderson gelang es im
Jahre 1838 mittels Parallaxen, die Entfernungen der nadheren Fixsterne zu messen.
Hertzsprung und Russell zeigten 1913, dass die Leuchtkraft und der Spektraltyp
eines Sterns miteinander korellieren.

Durch die Entdeckung des postulierten Neutrinos, das zur Rettung der Energieer-
haltung beim §—Zerfall diente, eroffnete sich ein neues Fenster in der Astrophysik.
Durch ihre Ladungsneutralitit und der extrem geringen Wirkungsquerschnitte
sind Neutrinos hervorragende Botenteilchen, die Informationen aus weitentfern-
ten Quellen liefern kénnen. Wahrend die kosmische Strahlung durch Magnet-
felder abgelenkt wird oder mit der Hintergrundstrahlung wechselwirkt und Gam-
mastrahlung auch auf ihrem Weg zur Erde Wechselwirkungen mit Materie und
Strahlung erleidet, konnen Neutrinos nahezu ohne nennenswerte Wechselwirkun-
gen zu uns gelangen und wichtige Informationen iiber die Quellen liefern.

Im letzten Jahrhundert konnten durch detaillierte Beobachtungen neue Erkennt-
nisse gewonnen werden. Hubble konnte zeigen, dass sich das Universum ausdehnt.
Ein Ma#f fiir die Expansionsgeschwindigkeit gibt die Hubble-Konstante Hy, Unmit-
telbar danach, im Jahr 1932, konnte Jansky zeigen, dass sich im Zentrum unserer
Milchstrale eine Radioquelle befindet, von der wir heute mit Sicherheit ausge-
hen, dass es sich um ein massives schwarzes Loch handelt. Ewen, Purcell und
Westerhout gelang durch die Beobachtung der 21cm-Spektrallinie des neutralen
Wasserstoffs eine Moglichkeit, um Wasserstoffwolken in Galaxien zu entdecken.
Die Entdeckung der kosmischen Hintergrundstrahlung durch Penzias und Wilson
gilt als erster Beleg fiir die Urknalltheorie.

Durch die immer weiter verfeinerteren Beobachtungen konnen mehr Fragen beant-
wortet werden. Allerdings kommen standig neue Fragen hinzu, sodass die Astro-
physik vor neuen herausfordernden Fragestellungen steht:

Was genau ist die dunkle Materie? Was genau ist die dunkle Energie? Wie en-
twickelt sich unsere Galaxie? Wird sie am Ende ihrer Existenz kollabieren? Welche

astrophysikalischen Quellen sind fiir die Beschleunigung der kosmischen Strahlung
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verantwortlich?

Das Ziel der Arbeit ist es, unter Annahme geringer optischer Tiefen Neutrinofliisse
und Saulendichten fiir aktive Galaxien zu berechnen. Es wird angenommen, dass
hochenergetische Teilchen (E > 10'® eV) unter anderem in aktiven Galaxien pro-
duziert werden. Protonen, die beschleunigt werden, konnen unter anderem mit
Photonen oder mit anderen Protonen wechselwirken. Wir konzentrieren uns auf
die inelastische Proton-Proton-Wechselwirkung. In diesen Wechselwirkungen wer-
den unter anderem geladene Pionen produziert, die anschliefend in Neutrinos zer-
fallen. Diese Neutrinos kénnen aufgrund ihrer Ladungsneutralitiat und der gerin-
gen Wechselwirkungsquerschnitte ihren Entstehungsort verlassen, um auf der Erde
detektiert zu werden.

Hierfiir werden IceCube-Messungen hochenergetischer Neutrinos verwendet. An-
schliefend werden Einschrankungen fiir die Produktionsorte innerhalb von aktiven
Galaxien. Der Fokus liegt auf Fanaroff-Riley I, IT und Blazare.

Die Arbeit ist wie folgt aufgebaut: Der Leser wird in Kapitel 2 in die Physik der
kosmischen Strahlung eingefithrt. Es wird erklart, welche galaktischen bzw. ex-
tragalaktischen Quellen fiir die Erzeugung energetischer bzw. hochenergetischer
Teilchen in Fragen kommen. In Abschnitt 2.4 wird verdeutlicht, wieso Neutrinos
geeignete Kandidaten sind, um wichtige Informationen iiber die Beschleunigung
hochenergetischer Teilchen, aber auch iiber den Entstehungsort dieser Teilchen zu
liefern. In Abschnitt 2.5.2 wird die Beobachtung hochenergetischer Neutrinos mit
dem IceCube-Detektor erlautert. Diese Beobachtungen werden verwendet, um in

dieser Arbeit Neutrinofliisse und Saulendichten zu berechnen.

Kapitel 3 gibt eine Einfiihrung in die Physik der AGN mit besonderem Augenmerk
auf Synchrotronstrahlung (Abschnitt 3.4) und hier verwendeten Radioleuchtkraft-
funktionen fiir FR-I, FR-II und fiir Blazare (Abschnitt 3.7).

Um Neutrinofliissse berechnen zu konnen, wird das Protonenspektrum benotigt.
In Kapitel 4 wird unter Berticksichtigung von Energieverlusten (Abschnitt 4.1)
und Beschleunigung (Abschnitt 4.2) die Transportgleichung geldst.

In Kapitel 5 werden Neutrinofliisse und Saulendichten sowohl analytisch als auch

semianalytisch berechnet und miteinander verglichen. Durch Hinzunahme von
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Beobachtungen und anderen theoretischen Uberlegungen kénnen fiir FR-I-und FR-
IT Galaxien Einschrankungen fiir die Entstehungsorte der Neutrinos innerhalb des
Jets gegeben. Fiir Blazare kénnen Einschriankungen fiir Boostfaktoren I'y und

Inklinationswinkeln ¢ gegegeben werden.

In Kapitel 6 werden unter Zuhilfenahme von Fermi-LAT Daten fiir sieben nahe
FR-I Galaxien die Saulendichten und Neutrinofliissse berechnet. Die errechneten
Fliisse werden anschliefend mit den Sensitivitdten von IceCube, Antares sowie
KM3NeT verglichen, um Informationen dariiber zu erhalten, ob die potentielle

Galaxien Neutrinoquellen sind.

Die Arbeit schliefit mit Kapitel 7, Conclusion € Outlook. Hier werden alle Erg-

benisse zusammengefasst und diskutiert.



Chapter 2

Cosmic rays

Shortly after the discovery of radioactivity by Antoine Henri Bequerel, it was
noticed that charged particles were produced in a cubic centimeter of air every
second [1]. To answer the question of whether these ionized particles are gen-
erated by the surface of the Earth or whether they originate from the space,
Victor Hess and Werner Kohlhorster started measuring ionization profiles within
the atmosphere in balloons, and showed: With increasing altitude, ionization also
increases, which can be explained by the assumption that high-energy particles or
radiation enters the atmosphere. Even in its lower layers, these particles ionize
neutral atoms within the atmosphere. Since there is no decrease at night or during
a solar eclipse, the Sun can be ruled out. In 1929 Clay observed a “latitude effect”,
meaning that the cosmic ray intensity depends on the geomagnetic latitude [2].
Bothe and Kohlhorster found the correct interpretation, as an anisotropy induced
by the Earth’s magnetic field. Consequently, cosmic rays must be charged parti-
cles. The term cosmic ray (hereafter CR) was proposed by Milikan and Compton
who favored gamma rays to be the source of the ionization. However, the “latitude
effect” and experiments in cloud chambers proved that CRs are charged particles
that reach Earth from outer space.

These are mainly protons, helium and some heavier nuclei. Electrons and anti-
matter are also constituents but are outnumbered, in comparison to the main
components.

The CR-flux can be approximated by an broken power-law function with in the
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following characteristic features[3]:

dNcr _
Eocn 2.1
dBen (2.1)
2.67 for log(Ecr/eV) < 154
acr =4 3.10 for15.4 < log(Ecr/eV) < 18.4 (2.2)

2.75 for18.5 < log(Ecr/eV).

It is generally accepted that for energies below the knee (Ecr < 10'° eV) CRs
originate from the Milky Way, with supernova remnants as main candidates. How-
ever, it should be noted that this picture is built on phenomenological arguments
with no full experimental proof yet. The origin of the knee (Ecgr ~ 10'°eV) is
still under debate [4], [5], [6].

Low energy CRs are deflected by the solar magnetic field. If CR particles enter
the solar system, they must overcome the solar wind to reach Earth. The winds
slow down particles and prevent the lowest energetic ones from reaching the Earth
[2]. This effect is called solar modulation and is anti-correlated with the level of
solar activity. If the solar activity is high, and, thus, the magnetic field is high,
the CR flux is low, and vice versa.

CRs beyond the knee and ankle (Ecg > 10'® V) are mainly believed to be ex-
tragalactic. They are believed to be produced and accelerated in active galactic
nuclei, Gamma-ray Bursts or other sources as yet unknown. Extreme high en-
ergies (£ > 10"eV) CRs will lose energy due to interactions with intergalactic
radiation fields. Greisen, Zatsepin and Kuz'min predicted a cut-off in the CR-flux
at around 6 - 10 eV due to photo-pion production on the microwave background
[7]. If a high-energy CR proton interacts with a microwave background photon

the following particles can be created

p+yoms = n 4+ T (2.3)
—p+ 7 (2.4)
—p+e +e. (2.5)

However, pair production is less significant than photo-pion production. Protons
with energies (E > 10'%¢¢eV) originate from sources with a distance of approxi-
mately 6 Mpc. Consequently, the GZK cutoff gives a constraint on the distance
of objects, being sources of CRs with energies £/ > 10! eV.
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FIGURE 2.1: Cosmic ray flux. To emphasize the spectral shape the function is
multiplied by E® [8].

2.1 Hillas criterion

The question of how and in which environments particles are accelerated to en-
ergies much higher than man made accelerators like the LHC has been much
discussed since the first observations of CRs. Many theories have been proposed
and verified by experiments.

One of the prominent and most accepted theories is proposed by Hillas, who gives
constraints on astrophysical sources to be the origin of energetic CRs [9]. Accord-
ing to this theory, accelerated particles should be confined inside the acceleration
region, while they are accelerated. The Larmor radius Ry, may not exceed the ac-
celeration size R,.... Furthermore, the accelerator should possess sufficient energy
to transfer it to the accelerated particles. Energy loss processes due to radiation
and interactions with photons and particles should not exceed energy gain pro-
cesses.

Considering these constraints, the Hillas argumentation gives a simplified condi-
tion for sources to accelerate particles to the observed energies (Figure 2.2). Thus,
the Larmor radius Ry, = E/(Z e B) must be smaller than the size of the accel-

eration region, R,.., which gives a strong constraints on the maximum particle
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energy [10]:
Emax = ﬁs -Z-B- Racc.a (26)

with g5 = % giving the velocity of the shock region in which particles are accel-
erated, and Z the charge of the particle in units of e. Sources above the blue line
can accelerate protons to energies E > 10%° eV and sources above the red line can
accelerate iron nuclei to energies £ > 10% eV.

Equation (2.6) gives a first condition that sources must fulfill in order to accel-
erate particles to the observed energies. More strict limitations can be found by

considering energy loss effects. Thus, the maximum particle energy is fixed by

d Fmax d Eloss

dt dt

(2.7)
Energy loss due to radiation for a charged particle, moving with mass m and

velocity v in an arbitrary electric E and magnetic field Bis given by

dEloss ,02
— i x F| + (1—;) FH’ (28)

where F'| gives the perpendicular component of the force with respect to v, which
acts on the particle and F)| the parallel component [11]. The first term in equation
(2.8) considers loss processes due to synchrotron radiation and the second term
considers curvature radiation, which is suppressed with respect to the first term
by the factor (1 — Z—;) For ultra relativistic particles (v ~ ¢) the second term
vanishes and only the first term contributes to energy loss.

Depending on the magnetic field configuration either synchrotron or curvature
radiation dominates. For inhomogeneous magnetic fields synchrotron radiation

loss dominates. Thus the energy loss is given by

dElOSS_Z(Z-e

4
2 P2

Here, A gives the atomic mass number. For ordered magnetic fields within the

acceleration regime, the first term vanishes and curvature radiation is the main

dE's 2 (Z.ey/e\* ([ E \' (2.10)
At 3\ Rae Amc? ’

process:
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Thus, considering Equation (2.7) the maximum energy is given by [11]

1.64 - 10% eVZ’g—j2 (Giss) 2 for synchrotron radiation

= (2.11)

max — 1/2
1.23-10%2eV 2114/4 (11%5:;;,) for curvature radiation.

Protons can be accelerated in regions with ordered magnetic fields to higher ener-
gies, compared to protons which are accelerated in environments with inhomoge-
neous magnetic fields.

However, pure ordered magnetic fields are very unlikely on large scales because
in sources like Gamma Ray Bursts or active galactic nuclei particles are influ-
enced by interactions or other mechanisms, leading to a large contribution from

inhomogeneous magnetic fields.

lau 1pc Tkpe 1Mpc
10" | | | 1
' neutron star
1010 I ]
e
Q5[ white ‘02, ]
Sl | dwarf GP
2 el AGN jets 7
Q hot spots
1075 SNR J
IGM shocks
1 0—10 i 1 i i i i 1 i i i M | i i i i 1 i i M i 1 !
10° e b 10" 5 167
R [em]

FiGURE 2.2: The Hillas plot. Above the red line sources can accelerate iron

nuclei up to 10%° eV. Above the blue line sources can accelerate protons to 10%°
eV [12].
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2.2 Fermi Il and Fermi I mechanisms

The question of how particles are accelerated is explained in this section. Two
commonly accepted mechanisms are Fermi I and Fermi II. The first section deals
with Fermi II, and section 2.2.1 with Fermi I. Consider a particle with energy £
moving with velocity ¢, encountering a magnetic cloud, which moves with a ve-
locity Ueoug- Within the cloud, the particle is scattered by magnetic irregularities,
increasing its energy and leaving the cloud with energy FEs. The energy gain is
given by k = (Fy — E1)/E;. In the cloud frame the particle penetrates the cloud
with the energy!:

B} =7E; (1 — Bcos(1)) (2.12)
6 _ Ucloud (213>
c
1
= —. 2.14
Uiy (2.14)
After the particle is scattered and leaves the cloud the energy is:
Ey = ~E) (14 [ cos()) (2.15)
= v?E; (1 + Beos(y)) (1 — Beos(d)) . (2.16)

Due to isotropic scattering the exit direction is randomized, (cos(?5)) = 0. In
equation (2.13) E} = E] is assumed, which is justified since particles are not
suffering inelastic collisions. However the “penetration angle” v, is proportional
to the relative velocity of the particle and cloud. Thus, averaging (cos(v))) gives
(cos(¥))) = —B/3, see [2]. Consequently, the energy gain is:

- <E2> _ <E1> (2.17)

———
0

(1 - o ) 1+ B{cos(vy)) | —1 (2.18)
—5/3
( (2.19)

Taor 4 62 +0(8Y. (2.20)

'The primed parameters gives the values in the cloud frame
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Since [ = Cl"“d < 1, k is relatively small. Consequently, the Fermi II mechanism
(first non-vamshmg value proportional to 3?) cannot explain observations of the
highest energies. For this purpose the theory must be modified, which leads to the
result that the increase of the energy depends on the first order of 3.

2.2.1 Fermi I mechanism

Consider an infinitesimal thin and long shock wave, moving with velocity vgnock-
A particle with energy E; encounters the wave and is scattered by magnetic ir-
regularities behind the shock. Due to the preferential direction of the shock it is
(cos(W2)) # 0, [2]. After leaving the shock region, the energy is:

Ey = yEj (14 B cos(dy)) (2.21)
= 2By (1 + Beos(¥y)) (1 — Beos(V)) (2.22)
g = ok (2.23)

Averaging Fy gives

(Ey) = *Ey | 1+ B {cos(1)) 1—p{(cos(th)) | . (2.24)
1/2 ~1/2

Consequently, the averaged energy gain is:

(Ba) = (B1) < L (2.25)

2) —

By
= (14 ) (2.26)
B+

O(3?). (2.27)

(k) =

Taylor

The increase in energy is linear in 5 (First order Fermi). To accelerate particles

to high energies, the source must fulfill among others two conditions:
e Particles should be scattered many times. Thus the magnetic field within
the shock region must be high to keep the particle inside.

e Large shock regions should exist, which allow the particle to penetrate the

shock frontally.
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These conditions can be found among others in supernova remnants within the

Milky Way, where large shock regions in combination with high magnetic fields

exist.

Unshocked gas
upstream

Shocked gas
downstream

(A) Schematic illustration of Fermi I
mechanism. A particle penetrates a
shock wave with energy FE; under 9.
It is scattered at magnetic field irregu-
larities increases its energy and leaves
under ¥o with energy F,. Since the

shock wave has a preferred direction it

is {cos(¥3)) # 0.

(B) Particles penetrates a cloud with
FE7. Within the cloud it will be scattered

and leaves the cloud with an higher en-

ergy Fs. Since clouds are randomly lo-
cated and scattering of particles are iso-

topic it is (cos(d2)) = 0.

FIGURE 2.3: Schematic illustration of Fermi I and Fermi II. In Fermi I processes
the energy gain is proportional to 3, while in Fermi II it is proportional to 2.
High energetic phenomena can be explained with Fermi I mechanism.

2.3 Galactic & extragalactic CR sources

CRs with energies up to the knee (Ecg < 10'°eV) are believed to originate from
supernova remnants (SNRs) within our Galaxy. SNRs are leftovers of extremely

energetic stellar explosions, which outshines their host galaxies. Most of the stellar
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material is ejected and forms an approximately spherical shock wave, propagating
through space. While propagating the shock collects matter and accelerates them
via the Fermi I process to highest energies.

In the following calculations, a typical rate for supernovae in the Milky Way,
dN/dt =~ 3/100 years and a shock activity for about tgee /= 1000 years is assumed.
Furthermore, results from [3] by assuming a luminosity for a single SNR of Lgygr =~
10" erg/s are adopted. With these conditions, the total SNR luminosity is given
by

AN
L\g = o lshock ” Lenr (2.28)
~ 3. 10%erg/s. (2.29)

Comparing this result with the CR luminosity for the range 10°eV < Ecg <
10% eV, [3]

Ler =~ 10" erg/s (2.30)

indicates, that SNRs are efficient enough to accelerate particles up to Ecgr <
10" eV.

For higher energies two scenarios exist, trying to explain the origin of CRs with
energies £ > 10¥eV. In the top-down model high-energy particles are created
through the decay of super heavy particles with masses up to m = 10**eV/c?. The
decay of such heavy particles, leads to protons with energies up to Ecg ~ 10%!
eV, which are accompanied by a large flux of high-energy y—rays and neutrinos.
In this model the GZK cut-off can be avoided, when protons are produced in the
vicinity of the Earth [3]. However, the confirmation of the GZK cut-off and the
absence of a neutrino and ~y—ray signature disfavor this scenario.

In the bottom-up model high-energy CRs above the ankle are assumed to be pro-
duced in acceleration processes in extragalactic sources. To assess which extra-
galactic objects may be sources of CRs with energies F, > 10'® eV the energy
density rate of CRs above the ankle will be calculated and compared with the
luminosity of Gamma Ray Bursts and active galactic nuclei.

The spectrum of the CR spectrum above the “ankle” (Figure 2.4) is approximated
by [13]:

log(£y) — log(EB)H o (2.31)

bp = o E,° {1 +exp ( log(17)
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Here, Eg gives the energy, at which the flux has fallen to one half of the value of

the power-law extrapolation, and W gives the width of the transition region.

Cosmic ray spectrum for 10'%eV= E,= 10%°eV

Cosmic ray observation by the Pierre Auger Collaboration
- Fit function which is obtained by using the Nealder-Meat method

0 -16 -16
-;'h 10 ,\ r1o
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FIGURE 2.4: Cosmic ray spectrum for the high-energy regime. Data are taken
from the Auger Collaboration [13]. The red (dashed) line gives the fit function
obtained by using the Nealder-Meat method.

The energy density rate pcr, which will be important in section 5.1.1, is given by

H, 1029V
pon = —* /1 o ) By B, (2.32)
TeV
~1.3- 10" ML:.) (2.33)
pe’ yr

The power required for a source population to produce such energy density rates
over the Hubble time Hy is ~ 5-10% %, which works among others for Gamma
Ray Bursts and active galactic nuclei [14].

Gamma Ray Bursts (GRBs) were discovered in the 1960s by American and
Russian satellites, as they where monitoring space for nuclear explosions. How-
ever, their rate and distribution indicate that these objects are not man made.

Soon it was realized that they are strong gamma ray eruptions, with luminosities
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higher than observed for AGN

Larp ~ 107 erg/s (2.34)
Lacy ~ 10" Y erg/s. (2.35)

More detailed observations with more sophisticated instruments like the BATSE
detector furthered our understanding of GRBs, [15]. Observations show that they
are distributed isotropically. Furthermore, absorption lines with z = 0.835 were
observed, which was the first clear proof that these objects are extragalactic [16].
According to their duration, GRBs are divided into two groups, long GRBs
(duration > 2s), which are associated with the death of massive stars and short
GRBs (duration < 2s), which are believed to be the mergers of binary neutron
stars.

The burst is followed by a longer-lived afterglow which is observed at longer wave-
lengths. The favored model which explains the observed phenomena is the fireball
model. According to the fireball model a central engine-the massive star or neu-
tron stars-eject large amount of matter outwards. A shock front is built up, where
electrons and protons can be accelerated to high energies. Electrons lose energy
due to synchrotron radiation, which can leave the shock region as soon as the
region becomes optically thin. Protons can be accelerated to energies up to 10%
eV [3].

2.4 Neutrinos as messenger particles

The aim to answer the question of in which astrophysical environments and under
which conditions high-energy CRs are produced face scientists with great chal-
lenges. CRs with energies Ecg < 10'7 eV are deflected by interstellar magnetic
fields, and thus do not point back to their origin [3].

At higher energies deflections caused by magnetic fields become small, so that
directions can be at sufficient small distances correlated with the origin of high-
energy particles. For a CR proton traveling a distance d through a constant
magnetic field with perpendicular component B, the deflection from its origin

trajectory is [17]

$(E,B) =0.5° (Mic) (10%(}) (1o£ev)_l : (2.36)
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However, CRs with £ > 10 eV likely interact with the cosmic microwave back-
ground (CMB) and lose energy. According to this, py interactions give a limit on
the distance d to the sources can be given, see section 2.

Thus, low energy CRs are deflected by magnetic field, while high-energy CRs likely
interact with the CMB. To avoid these difficulties, y—rays and neutrinos which
are assumed to be produced in the sources are observed.

v—rays may undergo interactions with particles or photons on their way to the
observer, see Figure 2.5 . Consequently, they may lose information about intrinsic
conditions within the source. Additionally, detection of y—rays do not necessarily
give strong constraints on hadronic models, since they can be produced in leptonic
and hadronic interactions.

Due to their charge neutrality and small cross-sections neutrinos can travel long
distances without any considerable interactions with matter on their way to Earth.

Within astrophysical sources, neutrinos are produced in py interactions,

p+7° fraction 2

p+y— AT = s (2.37)
n+7t fraction g,
or in inelastic proton-proton interactions

p+p+7° fraction 2

p+p— j (2.38)

p+n+7"  fraction 3.

where among others charged pions are produced which decay subsequently in neu-
trinos of different flavor. However, these advantages can turn into disadvantages.

Large telescopes have to be built to have enough events.
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FIGURE 2.5: Low energy CRs are deflected by magnetic fields, while high energy
CRs interacts with photon fields. High energy v—rays interact with particles or

photon fields, while neutrinos can travel long distances without any considerable
interactions [18].

2.5 Neutrino telescopes

More than 100 years after the detection of high-energy CRs the question of where
they are generated and how they are accelerated is still under great debate.
Neutrinos are expected to be produced along with y—rays in astrophysical sources
in processes involving pure hadronic or photo-hadronic interactions.

The small cross-sections and charge neutrality make a detection challenging, as
described in section 2.4. Already in the late 1970s it was proposed to build large

neutrino detectors, by using target material found in nature to have enough events
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[19]. The detector material will be equipped with light sensors which detect emit-
ted Cherenkov light of generated leptons. These leptons are produced in charge-

current interactions when a neutrino interacts with a particle:

v(U)+ N = pt +X
ve(Ur)+ N =77+ X
T = T + v () + v (7r)

Ve(Te) + N — et + X

Generated muons travel faster than light in the medium and therefore emit Cherenkov
radiation, Figure 2.6 (left). This radiation can be detected by Optical Modules
consisting of Photo Multiplier Tubes (PMTs) which are in pressure resistant glass
shells.

To distinguish between between atmospheric muons and muons generated within
the detector, a telescope located at the Southern Hemisphere focus on the North-
ern Hemisphere and vice versa. This can be explained in the following: A telescope
located in the Southern Hemisphere will mainly detect muons reaching the detec-
tor through Earth, as these must be generated by a neutrino interaction close to
the detector. Atmospheric muons are absorbed in the upper layers. Thus, the
Earth can be used as a filter.

At higher energies (E, ~ EeV') [20] neutrinos are absorbed by the Earth as well.
However, in this energy region the atmospheric background is negligible and events
from above the horizon can be included in the analysis.

Electron and tau neutrinos can also be observed. However, a generated electron
scatters many times before losing enough energy to fall below the threshold energy
for Cherenkov radiation. Thus, that electron neutrino events cannot be used to
point back to sources. Such events are more spherical, or cascade-like, than track
like, see Figure 2.6 (right).
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FIGURE 2.6: Schematic illustration of a neutrino detector. When a muon
neutrino interacts with an ice molecule a muon is produced, which travels faster
than light in the medium (left). It emits Cherenkov radiation, which can be
detected by optical modules. Leptons which are produced in electron and tau
neutrino interactions with ice molecules have cascade like events (right) [19].

Track like and cascade like events have advantages and disadvantages. Muon
tracks can be used to reconstruct the neutrino direction. Furthermore, skymaps
can be produced, which is the key to find neutrino sources. The disadvantage: It
is difficult to determine the neutrino energy since events are not contained.

As opposed to this cascades are contained and provide a good energy reconstruc-
tion for each event. Furthermore, the background of atmospheric v, is significantly
lower, and there is almost no atmospheric v.. On the other hand the directional

information for cascade events is > 10°.

ANTARES is currently the largest underwater neutrino telescope in the North-
ern Hemisphere [21],[22]. Tts instrumented detector volume is about 0.02 km® and
consists of twelve vertical strings equipped with 885 PMTs, installed at a depth
of about 2.5 km.

The main goal is the detection of high-energy cosmic neutrinos through measure-
ment of Cherenkov radiation. A further field of research is the measurement of

atmospheric muon neutrino oscillation and magnetic monopoles [22].

Km3NeT is a future neutrino telescope which will be located at the bottom of
the Mediterranean Sea. Its instrumented detector volume is planned to be more
than five km?, [23]. It will contain about 12000 glas spheres, which are attached
to about 600 strings. Each glas sphere will contain 31 PMTs. The scientific goal
of KM3NeT is the observation of neutrino sources in particular in a region of the

sky complementary to the field of view of IceCube. The sensitivity will be better
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than the sensitivity of the IceCube detector, [23]. For the southern sky KM3NeT
will have a sensitivity of approximately two orders better than ANTARES.

IceCube is currently the largest operating neutrino detector, located at the south
pole. Its instrumented detector volume is about one km?, consists of spherical opti-
cal sensors, called Digital Optical Moduls (DOMs). Each DOM contains a PMT.
The DOMs are arranged on 86 strings frozen into the antarctic ice at depths from
1450 m to 2450 m. The installation started 2005 and ended in December 2010.
IceCube recently reported the detection of high-energy neutrino events, break-
through of the year 2013 [24].

2.5.1 IceCube Gen2

As mentioned in section 2.4 neutrino interactions are rare due to their small cross-
sections. Consequently, the larger a neutrino telescope, the more events can be
detected within the detector. The recent observations of high-energy neutrinos
with the current 1km?® detector opens a new window in the field of astrophysics.
To detect EeV energy neutrinos and to have a larger number of neutrino events,
it is planned to extend the current detector to a second generation telescope,
IceCube-Gen2. Its instrumented volume will be approximately 10 km®. Details
of the design, such as the inter-string separations and deployment geometries are
still under debate [25].
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FIGURE 2.7: Construction of the IceCube-Gen2 telescope [25].

The gray

hexagon area represents the current 1 km? IceCube detector. The final geometry

of IceCube-Gen?2 is still under debate.

With its unprecedented sensitivity and improved angular resolution IceCube-Gen2

will have the potential to detect EeV-energy GZK neutrinos, which are produced

in py interactions. High energy protons interact on their through the Universe

with CMB photons:

p+v— AT s n4 7t

(2.43)

The charged pions decay subsequently into EeV-energy neutrinos, which can be
detected with the Gen2 telescope. A detailed introduction of IceCube-Gen2 can

be found in [25].

Table 2.1 gives an overview of some important parameters for current and future

installed neutrino telescopes.
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- Location | I. V. in km?® Strings PMTs
ANTARES N. H. 0.02 12 885
IceCube S. H. 1 86 5160
KM3NeT N. H. 5 600 3.72 - 10°
[ceCube Gen2 S. H. 10 not yet known | not yet known

TABLE 2.1: Some important parameters for current and future neutrino tele-
scopes, with N. H.= Northern Hemisphere, S. H.= Southern Hemisphere, [. V.=
instrumented volume.

2.5.2 Detection of high-energy neutrinos with the IceCube

detector

The IceCube collaboration reported the detection of high-energy neutrinos with
energies in the range of 30 TeV < E, < 1200 TeV [24], which can be explained by
extragalactic sources like galaxy clusters, GRBs or AGN. Galactic sources can be
ruled out in all likelihood, since only up to two sub-PeV neutrinos might be pro-
duced in galactic sources [26]. Furthermore, in [27] it is shown that the predicted
diffuse neutrino flux from SNRs is at least a factor of 20 below the detected diffuse
neutrino signal.

The hard spectrum, the isotopic distribution, the energy spectrum and shower to
muon track ratio of the observed events indicate that these high-energy neutrinos
are likely originating from extragalactic sources.

Seven of the events have muon like events, the rest are either electromagnetic or
hadronic showers.

The excess is well fitted by a power-law function [24]

¢IceCube(Eu) = (bO : El,_a (244)
1

=(1.24+04)-10°8E;? .
( ) v GeVscem—2sr

(2.45)
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FIGURE 2.8: Energy distribution (left), and declination angle distribution
(right) of the observed neutrino events. The black dots give the observed neu-
trinos. The blue area gives the expected atmospheric neutrinos, while the green
line shows the IceCube benchmark atmospheric neutrinos. The red area gives
the background of atmospheric muons. The gray line shows the best fit 2
astrophysical spectrum with a flavor ratio (1:1:1) of ¢, (E,) = ¢o E,, 2 [24].

Despite of all difficulties and due to low statistics it is expected that the diffuse
flux which is described by E? shape generates three to six additional events in
the energy range 2PeV < E, < 10PeV [24]. The lack of these events can be
explained by a softer spectrum or the presence of a break or a cut-off.

Indeed, the use of more statistics confirms that the flux is softer, with a spectral
index « in the range 2.3 < ar < 2.46 [28]:

¢IceCube(Eu) - ¢0 Ey_a (246)
1

=2.067941076° 23 S 2.47

—03 v GeV cem?2ssr ( )
1

=2.06753107°7 ;246 (2.48)

GeVem2ssr






Chapter 3

Active galactic nuclei

Most galaxies we observe are “normal” galaxies, meaning that the observed ra-
diation is coming from stars, with small parts from excited dust and gas. The
spectrum of a star is well approximated by the spectrum of a black body radiator.
Consequently, spectra of “normal” galaxies are a superposition of stellar spectra.
However, there is a group of galaxies which have strong and broad emission lines,
indicating that the line emitting regions have velocities up to several thousand
of kms™!. The very high excitation energies required to have such emission lines
cannot be produced by stars, and thus have to be produced by other mechanism.
Emission from these galaxies is spread widely across the electromagnetic spectrum,
often peaking in the ultra-violet, with significant luminosity in the X-ray and in-
frared bands. In comparison to normal galaxies where no flux variations occurs,
variations for these special group of galaxies are observed. Their fluxes vary on
time scales of years, days or minutes. The fact that the energy output varies on
extreme short time scales, indicates that the emission size is a compact region,
with a size of approximately our solar system. This region which is responsible
for the extreme high energy output and which outshines its host galaxy is called
Active Galactic Nucleus (AGN). Very Long Baseline Interferometry (VLBI) ob-
servations give upper limits for the emission size, r < 1 pc [29].

The prevalent picture of an AGN is a super-massive black hole with a mass of

> 100 " )
M > 10 <100pc> Mo, (3.1)

which is surrounded by a disk [29]. Here r denotes the size of the emitting region

and Mg the solar mass. Matter within the disk orbits the black hole and will be

29
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FIGURE 3.1: Schematic view of an AGN. The super massive black hole, the
engine of the AGN is surrounded by a disk. Depending on the inclination angle
i the AGN is classified as Blazar (i = 0°) or a radio galaxy (i ~ 20°) [30].

swallowed. Only a fraction of the falling matter can reach the black hole. The
rest is ejected, escapes and forms two twin collimated plasma jets, strong radio
sources if the host galaxy of the AGN is elliptical and weak radio sources if its a
gas rich spiral. The observed optical and ultra-violet lines are produced by fast
moving broad line clouds, while narrow emission lines are produced by slowly mov-
ing clouds, see Figure 3.1.

AGN are promising candidates to accelerate particles to the highest energies, and
thus are believed to be sources of the CRs with energies E, > 10'%¢V.

Adopting the unification scheme [31], observational differences between various
AGN types can be explained among others as a result of different inclination an-
gle i. For inclination angle ¢ = 0°, the AGN is of type Blazar and for ¢ &~ 90° it is
a Seyfert galaxy.

It will be assumed that in AGN protons are accelerated to highest energies. Fur-
thermore, it will be assumed that neutrinos are produced in inelastic proton-proton
interactions.

Chapter 3 is structured as follows:

In section 3.1 the current picture of an AGN, the transport of angular momentum
is explained.

In section 3.2 mass accretion into the black hole is explained. In some AGN su-

perluminal motions are observed, which will be explained in section 3.3. Section
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3.4 deals with radio emission from relativistic electrons within the jet.

As mentioned AGN are classified according to their inclination angle 7. Section 3.5
and section 3.6 deal with Fanaroff-Riley galaxies and Blazars. Section 3.7 gives a
brief introduction into the radio luminosity functions for FR galaxies and Blazars,
needed to calculate neutrino fluxes.

Since AGN are distant objects cosmological effects will be considered in section
3.8.

The last section 3.9 deals with the unification scheme of AGN.

3.1 Transport of angular momentum

Assuming a geometrically thin and cylindrical disk, with a given surface mass den-
sity p. Particles within the disk fulfill keplerian motions.

We follow the theory, explained in [32] by assuming angular momentum transfer
due to random motion of matter within the disk.

Consider two particles A and B located on two annuli which fulfill keplerian mo-

tion, Figure 3.2

Vp(R+A)

FIGURE 3.2: Schematics of particle transport across a boundary. Particle one
moves from A to A* and particle two from B to B*.
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Particle A is located at R — % and has a azimuthal velocity vﬁ(r) which is higher

than the azimuthal velocity of particle B at R + %:

vg(r) = Q(r)v(r) (3.2)

(=) =0 (=2) o (-2) 59
> vy (r + %) (3.4)

The net transfer of angular momentum (L = muv,r) due to viscous transport is

given by:
AL
A = G) (3.5)
1 : A A . A A
= g Feow = Laca) =i ( i 5) v ( - 5) - ( ) 5) v ( i 5)
(3.6)
~ Mg (r — %) — migriQ (7‘ + %) : (3.7)

Since we deal with random motions of particles with velocity v, there is no net

transfer of matter, resulting in my = mp = vp2nr:

G(r) = v2nrpr? (Q (r — %) -Q <r + %)) % (3.8)
dQ(r)

= 2

= vp2nrAr . (3.9)
dQ(r)

_ 2

= 2wrépr . (3.10)

The parameter £ = U is the kinetic viscosity. Equation (3.10) gives the transport
of angular momentum across any r. The total change in angular momentum is
due to viscous transport, equation (3.10) and by the transport linked with a flow

of matter.

L d .,
FTiatm (mr Q('r’)) Ar. (3.11)

Consequently, it is

dﬁ:’t _ % () Ar + [G (7" + %) e (7" _ %)} L (312)
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Beside angular momentum transport, shear forces play an important role'. As-

suming a cylindrical disk, the disk luminosity and shear forces are linked via:

L(r) = 2/ dr F(r)2nmr (3.13)
> 3[' M1 r\*°
= 1—(— 2 14
[ dr - ( (7’5) ) T (3.14)
F(r)
I'Mm
2r (3.15)

If the disk is optically thick, the disk temperature can be calculated by applying

the Stefan-Boltzmann law:

L= USBAdiskT4 (316)
3T Man\ V* [\ %"

T(r) — “e — 3.17

(r) (87?0537"% > (rs) ( )

31’ VA 7\ 34 318

~ \ 64mospT M2 s ’ (3.18)

with ogp giving the Stefan-Boltzmann constant. The disk temperature increases
for lower radii, T(r) oc r=3/4. The total emission of the disk is a superposition
of many black body radiators, consisting of different rings with different tem-
peratures. For this reason, the resulting disk spectrum deviates from a Planck
spectrum.

For a fixed ratio r/rs the disk temperature increases, for increasing 1, since it is

T o mt/4

. This behavior is expected since higher mass accretion results in higher
shear forces, and thus in higher luminosities, equation (3.15).

For increasing black hole mass M,, the temperature decreases, which is unex-
pected, but can be explained in the following. For higher M, and fixed r/r, tidal
forces decrease which results in lower temperatures. Consequently, the maximum
disk temperature of an AGN is much lower than the disk temperature of stellar
objects. For neutron stars and black holes hard y—rays and X-rays are observed,

while for AGN disks radiations only up to UV-range are observed.

1A detailed derivation of shear forces can be found in [32]
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3.2 AGN mass

To have an estimate for the lower bound of the AGN mass it is assumed that
the falling matter is completely ionized. By spiraling into the black hole particles
lose their gravitational energy. Half of the gravitational energy is transferred into
heat which will be radiated and interacts with particles which spiral down into the
black hole. Particle photon interaction is more likely for electrons, since they are
much lighter than protons. To guarantee that the falling matter is not blown away;,
the radiation force Fi,q. must be smaller than the gravitational force Fi,y.. Since
electrons are much lighter than protons their contribution to the gravitational

force is negligible, and only protons will have a significant contribution:

Frad. < Fgrav. (319)
L M.m

r—-= 3.20

Ly = r2 ( )
L

M, < op———— 3.21

UT47rcFmp ( )

<8107 (X )M (3.22)

10%6 erg/s © '

Thus, the luminosity of an AGN limits the black hole mass. For high luminous
AGN masses up to 101° M, and for low luminous ones masses up to 106 My, can be
set as a lower bound. These results base on the assumption of isotropic emission
within AGN. Due to the jets which emit a large amount of the luminosity, see
Figure 3.1, the intrinsic emission is anisotropic, and thus the measured luminosity
may deviate from the assumption of isotropic emission. Thus, equation (3.22) is
not sufficient enough to give the lower bound for the black hole mass. Nevertheless
it gives a first approximation and a plausible range for the lower bound.

One of the questions concerning AGN is how, much matter the black hole accretes.
Observations can be used to have a better understanding.

Assuming that the fraction € < 1 of the falling matter is transferred into energy,

the accretion rate is given by

dE
— =1L 3.23
i (3.23)

L
.9 7
=810 | ——— | M 3.24
eme (104ﬁerg/s) © ( )

1 L M
1h A~ 0.18= ). (3.25)
e \ 10% erg/s 1 year
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Assuming ¢ ~ 0.1, maximal efficiency, and a maximal luminosity, given by the

Eddington luminosity Leqq, the maximum accretion rate is

1
Mpgaqa ~ 21078 M, —, (3.26)
yr

and the growth rate of an AGN

M, L\
torowth = — = 510 : 3.27
growth - ( LEdd) years ( )
It gives the time until the black hole reaches a mass of M,. Mass accretion is not
the only mechanism which helps the black hole to increase its mass. Fusion of two

smaller black holes, or collision of two galaxies is another possibility.

3.3 Superluminal motion

Beside the question concerning the origin of the observed high energy outputs in
AGN, which can be answered by the presence of a super massive black hole, there
is another hint for a black hole as the engine of an AGN, superluminal motion.
Observations show that there are components in AGN, moving faster than the
speed of light, va,, > c. Consider two components, the AGN core and a blob
within the jet, which are observed with an angular distance 6(t). Thus, the ap-
parent velocity is given by
dr do(t)

_ dr _ do) 2
Vapp. = 7y at (3.28)

with r = D - 0(t), giving the transversal distance to the observer. VLBI observa-
tions show for compact radio sources v,pp. up to 5c¢, which is not allowed concerning
special relativity [29]. A first attempt to explain these observations was that the
cosmological interpretation of the observed redshifts must be wrong and AGN
should be close objects. Thus, the distance to the observer D would be small
and v,pp. smaller than c. However, observations of more than 40 years confirm
that redshift measurements for AGN are excellent methods to calculate distances.
Consequently, a different mechanism is the reason for the observed velocities. The
explanation combines fast movements of AGN components with the finite speed
of light:

A component within the AGN jet moves with velocity v, and with an angle o with
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respect to the observer, see Figure 3.3. It emits a photon at ¢ = 0, moves a time

ta and emits another photon. The observed transversal distance is
Ar = vt sin(a). (3.29)

The object has a smaller distance at the time 5 and thus the photon needs less
time to reach us. The photon emitted at the time ¢t = 0 and ¢ = t5 are observed

with a time difference of

At =ty — ”L(fs'@ — a1 = Beos(a)] (3.30)
- % (3.31)

Considering equation (3.29) and (3.30) gives the apparent velocity

_Ar _ vsin(a)
Vapp = A (1 — Becos(a)) (3:32)

Object at t=0

v-t,cos(a)

Object at t=t,

To the observer

FIGURE 3.3: An objects moves with velocity v and angle o towards the observer.
It emits a photon at a time ¢ = 0 moves with v a distance vts and emits another
photon at ¢ = t5. The apparent distance is Ar and the apparent velocity

vsin(a)

(1-Bcos(a))"

For high velocities v and small angles @, v,p, increases, v,pp. > ¢, although the
object moves with v < ¢. From equation (3.30) two interesting conclusions can

be found. For an object with a fixed velocity v the maximum apparent velocity is
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fixed by:
Avapp  veos(a)(1 — Beos(a)) + fosin(a)®

I (1= Feos(@)?) - .
_weos(le Posin(a)?
T feos(@)) {1 eos(a) .
= vecos(a)(l — Beos(a)) = Busin(a)? (3.35)
= c08(Q)max = B (3.36)
s $in()max = /T —cos(@ = /1= B = % (3.37)

To observe apparent velocities higher than ¢, the following inequation has to be

fulfilled

c> % (3.38)
1 1
8> ST reosta) 2 75~ 707 (3.39)

Superluminal motion is a consequence of the finite speed of light ¢ and a conse-

quence of high velocity objects within the AGN. This means, objects exist which
can accelerate components within the AGN to these velocities. Promising candi-
dates are super-massive black holes.

Consequently, superluminal motion and high energetic outflows from AGN are

linked and well described by the presence of a super-massive black hole.

3.4 Radio emission from AGN jets

AGN are excellent radio sources. Their radio jets can reach sizes up to several
Mpec. In the following section a brief introduction in synchrotron emission of elec-
trons is given. Electrons moving through a magnetized medium with a magnetic
field B follow a spiral trajectory and radiate since it is an acceleration motion.
The energy output covers the entire energy range, from radio to y—ray. Radiation
of non-relativistic electrons is called cyclotron and from high energetic electrons
synchrotron radiation. We focus on AGN, and thus deal with high energetic phe-
nomena.

A relativistic electron moving at a pitch angle 6 (i.e. B -, = B f, cos(d)) within
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a magnetized medium radiates energy:

1 2 \?
dy _ _1L6me ( ‘ ) up 5242 sin(0), (3.40)

dt 9 MeC?

with up = B%/(87) the energy density of the magnetic field, 3. the normalized
electron velocity 8, = v./c and v, = E,/m.c®. For our calculation we assume that
electrons are scattered by magnetic fields, and thus get isotropized on time scales
much shorter than the synchrotron energy loss time. Consequently, averaging

equation (3.40) over the pitch angle is:

dvy 4 UB 9 o
—___= P 3.41
dt 3CUT 662ﬁeﬁ)/e7 ( )
N\ 2
with op = —8; (me 02> for the Thompson cross-section.

Generalizing equation (3.41) for any charged particle with mass m and charge Z

in units of the elementary charge e gives:

dy 4 UB 4 (Me\3 o
DLy 1 (Y e "
dt 3 cor MeC2 m By ( )

As can be seen it is i—z o m~3. To undergo the same energy loss, a proton would
have to have a Lorentz factor of v, ~ 2000%v, and its energy would have to be
2000? times higher. Consequently, electrons are the most efficient radiators.

The cooling time is defined as

teool =

10* -
~ 2.4 1051( B ) yT (3.43)

E

lacis
2

P = (3.44)

2|
~

For relatively low energetic radio emission ¢.. is high, and thus comparable with
the lifetime of the radio sources.

However, high-energy electrons have much higher +, and cannot explain the ex-
tended radio jets. That means, local acceleration regions within the jet exist,
where electrons can be re-accelerated to the highest energies [33].

To calculate the synchrotron spectrum for a relativistic electron population, the

emitted power of a single electron will be convolved with the electron population

n(y)dy =noy~*dy.
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Furthermore, we assume that all radiators peaks around the characteristic fre-

quency v2 vy

1 [e.e]
E, =~ [ dyn(y) Byne(7) (3.45)
T J1
” _ sgl
- 3.46
«(2) (3.40)
v, = e B/(2rm.c) (3.47)
This is a power-law with an index agyne = —(s—1)/2 which depends on the spectral

index p of the electron population. For SNRs and in radio loud AGN this behavior
is observed [34]. For the case that electron acceleration is perpendicular to the
magnetic field B synchrotron emission is polarized. A detailed calculation gives a
polarization degree of 70% for an isotropic electron distribution [34]. However in
AGN lower values are observed, which can be explained by the fact that magnetic
fields are strongly inhomogeneous.

In Figure 3.4 the synchrotron spectrum for a single electron (left) and an electron
population (right) is shown. For frequencies below v electrons reabsorb their own

radiation, synchrotron self-absorption.

3.4.1 Synchrotron self-absorption

In section 3.4 we assumed that all radiation emitted by the electron population
within the AGN jet reaches Earth. However, this is a simplification since a low
frequency photon will be absorbed by electrons within the source, know as syn-
chrotron self-absorption.

An observer “sees” only low energy radiation coming from the outer layer of the
source. The observed flux is smaller than if all photons escaped the source. For
higher energies, photons from deeper regions within the source can reach the ob-
server. For extreme energetic photons we can observe the interior of the source,
since the mean free path of the photon is much larger than the source size. The
self-absorbed region where the mean free path is small in comparison to the source
size is called optically thick, while the remaining part where the mean free path

is larger is called optically thin. Although the electron population is not thermal
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distributed we can define an effective temperature
ksTeg (v) o< E oc /2 (3.48)

where we used the relation from equation (3.47). The spectrum is given by the

Planck equation:

F,(Tup,v) = 2?;3 (exp< hw ) - 1)_1 (3.49)

(3.50)

For the low frequency tail the Rayleigh-Jeans limiting form will be used, which is:

e Tos . 1
F (T, v) = —B2eto (3.51)

2
F,(v) o< 72, (3.52)

In equation (3.51) we used the relation from equation (3.48)

FV
A
1.000 = 1333x13 -
S(/og) ] , ‘ VP12
0.100 =
E V512
0010 o ---—-F----—r----- F-----r--- :
1 : .
| | | | ]
Oow] T HHIIi T \\HHT T \\\HHJ‘ LI HIIHJ‘ T Illlllli
>V
0.0001  0.001 0.01 0.1 1 x=w/og vy
(A) Energy output of a single relativistic (B) Synchrotron spectrum for a power-
electron. The maximum energy output law distributed electron population. Be-
is located at a critical frequency w. [35]. low v1 = wi/(27) photons are reab-

sorbed by electrons, synchrotron self ab-
sorption. Above v; the spectrum de-

creases [36].

FIGURE 3.4: Left: Energy spectrum of a single relativistic electron. Right:
Synchrotron spectrum for a electron population.
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To sum up: For lower frequencies radiation is absorbed by electrons within the
blob, and the spectrum is s independent. For increasing energy, the mean free
path increases and photons can leave the source. The spectral shape depends on

the electron spectrum s, Figure 3.4b.

3.5 Fanaroff-Riley I and II

AGN are divided into two groups, radio-loud and radio-weak AGN. Both groups
are divided further into different sub-groups, Figure 3.5. Radio loud AGN can

Radio loud (-10%). eflpiical -
] 1
Jet gets stuck in matter 100 kpc scale jet

[ L,,> 251026 wmz] [ L, 2.5°10"26 WrHz } (Opticatly strong ) (Optically weal | =—

broad narow
lines lines
1
FR-1l FR-1
[Radjbgalaxy [Rﬂdio galaxy|

[Hadia weak}

uasar Seytert1) [Seyfert If

Bright Quasar Survey

Inclination angle -
Luminosity

Host galaxy 383
FIGURE 3.5: AGN sub-classes [37]

TeV/ loud (HEGRA, WHIPPLE)

be classified according to their jet morphology. Prominent members of radio-loud
AGN are among others Fanaroff Riley I (FR-I), Fanaroff-Riley II (FR-II) and
Blazars.

FR-I galaxies are brightest close to the black hole. Their surface brightness de-

creases with increasing distance from the black hole, Figure 3.6a. They have radio

L1.4 GHz

1-4GHz < 1032 ergs™'Hz . In contrast, the surface brightness

luminosities up to
of FR-II galaxies increases with distance from the core, Figure 3.6b. Their radio
luminosity is larger, in comparison to FR-1 galaxies LL4SH2 > 1032 ergs='Hz .

For small redshifts (z < 0.5), FR-I galaxies are located in galaxy clusters, while
FR-II galaxies are often found to be hosted by field galaxies. For redshifts z > 1
both AGN types are found in rich environment [38]. Broadband imaging show that
host galaxies of FR-II are bluer than host galaxies of FR-I and show signatures

of mergers. On the other side, host galaxies of FR-I are more massive. Another
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point is that optical spectra of FR-II hosts have emission lines, while this is almost
never the case for FR-I optical spectra.

The origin of the “FR-I/FR-II dichotomy” is highly discussed. Many theories exist
which try to answer the question, whether FR-I and FR-II galaxies may be same
objects but with a different stage of development. One of the important contribu-
tion in this field is the Owen-Ledlow diagram, Figure 3.6¢, where FR-I and FR-II
galaxies are divided by a line [39]. The line goes roughly as Lyagio o Lgptical and
can be interpreted that FR-I galaxies evolve into FR-II sources.

Other theories which base on observations of emission lines try to explain differ-
ences mainly by accretion rate and spin of black holes. According to that in FR-I
galaxies the accretion rate is lower, 1 ~ 10 3rmpqq compared with accretion rates
in FR-II galaxies.

Kotanyi and Ekers observations of a small sample of radio galaxies showed that
there is a perpendicularity of dust distribution and axis [40]. More sophisticated
instruments, like the Hubble Space Telescope (HST') helped to extend the sample
and to observe dust distribution on smaller scales within the host galaxy of the
radio sources. Van Dokkum & Franx reported a possible link between dust pres-
ence and nuclear activity [41]. Further observations [42], [43] indicate that dust
is distributed perpendicular to the radio axis, predominantly for FR-I sources.
FR-II sources on the other hand showed less tendency for perpendicularity. Con-
sequently, dust seems to play an important role for the classification of radio
sources in FR-I and FR-II galaxies. Dust mass and dust distribution are impor-
tant for AGN activities. Higher dust mass corresponds to higher accretion rates,
and thus higher luminosities (FR-II galaxies), while lower masses correspond to

lower luminosities (FR-I galaxies).
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(¢) Owen-Ledlow plot for FR-I (1) and
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FIGURE 3.6: Radio images of FR-I (Figure 3.6a) and FR-II (Figure 3.6b) galax-
ies, and the Owen-Ledlow plot (Figure 3.6¢)
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3.6 Blazars

Adopting the unification scheme [31] Blazars are AGN whose jets point to the
observer, and thus their physical properties are linked with the physics of the jet.
The high energy output from the jet, its emanation from the vicinity of the black
hole and its high degree of collimation offers information about the energy pro-
duction close to the black hole. The presence of relativistic jets in Blazars can be
established by the following arguments: Multi wavelength radio variability can be
explained by relativistic shocks within the jet. Additionally strong and variable
~v—ray emission implies a high compactness that the y—ray source would inevitably
be dominated by pair production unless the emission is relativistic. Furthermore,

Blazars exhibit high brightness temperatures which imply high Doppler factors.
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FIGURE 3.7: Energy spectra of Blazars. Two characteristic components can be
found in the low and high energy regime. The low-energy component can be
explained by synchrotron radiation, while the high-energy component can be
explained by synchrotron-self Compton [46].

Blazar spectra show two characteristic components, a low-energy synchrotron
bump and a high energy Compton scattered bump, Figure 3.7. The synchrotron
component peaks from sub-infrared energies up to hard X-rays, while the Comp-

ton component peaks at higher energies.
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Due to the small inclination angle 7 ~ 0° and high Lorentz boost factors I'g,
beaming effects have to be considered. Thus, the observed flux will be modified.
Assuming a plasma blob moving with a relativistic velocity I'g and small inclina-
tion angle ¢, the observed luminosity and the intrinsic luminosity are related via
[33]:

Lobs. = 62—}—04 Lintr. (353)

1
O T (1— Bcos()) (3:54)

Here, I'y gives the Lorentz boost factor of the blob and f = /1 — é, ¢ the
inclination angle and a the spectral index.

Beaming effects give a good explanation for the strong variabilities observed in
Blazars. For high velocities 8 < 1, small fluctuations in the jet velocity or in
inclination angle i lead to strong fluctuations in ¢, and thus in the observed flux.
The effect of beaming in Blazars is explained in detail in [29], [33].

We focus on FR-I, FR-IT and Blazars and use the radio luminosity function to
calculate neutrino fluxes for these objects. For Blazars beaming effects will be

considered, while for radio galaxies, due to small I'g and large ¢ boosting effects

are negligible.

3.7 Radio luminosity function

Our aim is to calculate the diffuse neutrino flux for FR-I, FR-II and for Blazars.
Consequently, the total number of contributing objects, given by the luminosity
function has to be considered.

To obtain the luminosity function for a specific AGN sub-class, the luminosity
distance dr(z) and the local galaxy distribution have to be known. To achieve a
galaxy distribution one has to consider large volumes, since the galaxy distribution
is structured for scales ~ 100 Mpch™t. Otherwise faint galaxies can be observed
only locally. That means, to calculate the luminosity function, for galaxies with
small L, one has to concentrate on local galaxies. Despite the difficulties the

global luminosity function will be approximated by a power-law function with an
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exponential cutoff, the Schechter function

F(L,2) = (Z—*> (Li)a Xp( LL> 9(2). (3.55)

The function g(z) gives the z evolution, L* gives the characteristic luminosity
where the power-law form of F(I,z) cuts off, a is the gradient and nx gives the
normalization.

For the calculation the radio luminosity function (RLF), giving the number of radio
sources per co-moving volume dV, and per unit logarithm of the radio luminosity
is used. For FR-I galaxy the RLF is given by [47]:

L\ orRt L 1+ 2)* 2 < Ziow
Fraio(Ly2) =" ( 7 > exp (— = > (1+2) " (3.56)
FR-I FR-1 (1+ 2100)% 2> 210w

In addition to that, for FR-II galaxies the RLF is:

radio

I —QFR-II L;“R-II exp | 0.5 (Z_zi};igh> 2 < Zhigh
eXp B L Z—Zhigh 2
exp ( 0.5 ( £ ) Z > Zhigh-

Zh2

FFR I(L Z) 77FR—II (
LER-H

(3.57)

The characteristic terms 0, L%, zx are constant and listed in table 3.1 and 3.2.

logo(n" %) | arr1 | log(Lig1) | Zlow k

-7.53 0.586 26.48 0.710 | 3.48

TABLE 3.1: Used values for the radio luminosity function for FR-I galaxies for
the current model of the Universe [47].

log o (™M) | apror | 10g(Ligt) | Zhigh | 2n1 Zh2
-6.747 2.42 27.39 2.03 | 0.568 | 0.956

TABLE 3.2: Used values for the radio luminosity function for FR-II galaxies for
the current model of the Universe [47].

To calculate the total radio luminosity of the contributing objects, the RLF will

dV.
Ltotal / / 3 ) 58
radio — radlo dz ( )

be integrated:
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The co-moving volume element dV, and the RLF are cosmology dependent func-
tions. In [47] the authors argue that their results for a (2, 2,) = (0,0) reproduce
a ACDM cosmology with (2, 2y) = (0.3,0.7). Consequently, we use their results

for the current picture of the Universe.
For Blazars the RLF is given by [48]:

Fragia (L, 2) = P ((ﬁ) + (LL(ZQA) (3.59)

Le(z) = 10%0tor=toz=?, (3.60)

The parameters €, A and ax are listed in table 3.3.

Parameter Value
pBlazar 10985 Gpe3
€ 0.83
A 1.96
agp 24.89
ay 1.18
Qo -0.28

TABLE 3.3: Parameters for the radio luminosity function of Blazars. The used
parameters are listed in [48].

The Blazar RLF in equation (3.59) is given for a flat Universe, i.e. (Quz,82)) =
(0,0). Nevertheless it is not necessary to repeat the modeling for other cosmologies

since the RLF's for two different geometries are related via

d‘/c 1 d‘/c 2
Fi(L — = Fy(L : 3.61
1(L1, 2) dz 2(La, 2) P (3.61)
The luminosities L, 5 are fixed by the flux-luminosity relation
L
S(L,z) = ——F— 3.62

with dr(z) giving the redshift dependent luminosity distance.
As can be seen in equation (3.62), cosmological effects play an important role and

have to be considered.
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3.8 Cosmological effects

AGN are distant objects, and thus cosmological effects have to be considered.

If a neutrino is produced within an AGN which is distant (z > 1) cosmological
effects like curvature and adiabatic energy loss play an important role. For nearby
galaxies (z < 1) these effects can be neglected.

The Hubble parameter H, is the main parameter in cosmology which describes

the Expansion rate of the universe
v=c-z=Hy-d, (3.63)

with d giving the distance to the object, z the redshift and v the recession speed.

Current observations give a value for the Hubble constant [49]

km
Hy~ (714.3£2.1 ) 3.64
™ ) (3.64)
The Hubble time
1 9
tg = — =~ 13.3 - 10” year (3.65)
Hy

provides an estimate for the age of the Universe by presuming that the Universe has
always expand at the same rate as it is expanding today. For small distances the
curvature of the Universe is negligible and FEuclidean metric can be applied. For
large distances effects due the curvature have to be considered. The mass density
Po, the cosmological constant A, the curvature parameter k£ and the gravitational

constant I' can be transformed into dimensionless parameters

87T po
Q= )
=3 (3.66)
Ac?
k
W= ———= )
k CQHgJ (3.68)

which completely determine the geometry of the Universe if it is homogeneous and
isotropic, and matter-dominated.
For large distances equation (3.63) cannot be used to calculate distances. For this

reason one uses general relativity which describes the redshift of a distant object
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correctly via the relation

1+2z= (3.69)
where R(ty) gives the size of the Universe at the time the photon from the object

was observed and R(t.) the time where it was emitted.

3.8.1 Co-moving volume & luminosity distance

The co-moving volume V. is defined as the volume in which the number density of
objects remains constant with time, assuming no evolution and that the objects
are locked in the Hubble flow [50]. It is given by

dve (1+ 2)%d3

—t={ dQ, 3.70
dz H\/QM(1+z)3+Qk(1+z)2+QA (3.70)

with dy giving the Hubble distance (dy = ¢/Hy) and da giving the angular diam-
eter distance [50].

The luminosity distance dy(z) is fixed by the relationship between the bolomet-
ric flux S (integrated over all frequencies) and bolometric luminosity L, equation

(3.62). On the other hand it is related to the angular diameter distance via
dr(2) = (14 2)%da. (3.71)

Thus, the cosmological parameters for our calculation are fixed and fluxes from
distant AGN can be calculated.

3.9 Unification scheme

The physical properties of AGN are not fully understood yet. Sophisticated ground
based and space telescopes help to have more and detailed information, and thus
a deeper understanding. Observations indicate that many differences can be de-
scribed within the unification framework. Differences are mainly explained by

different inclination angle ¢:
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FI1GURE 3.8: Schematic figure of an AGN. The observed appearance is among
others a function of the inclination angle ¢ [51].

e A super massive black hole with a mass up to 10 M, is the source of the

observed energies.

e The black hole is surrounded by matter which forms a disk due to angular
momentum conservation. The continuum radiation in the optically and UV

range is originating from the disk.

e Two high collimated opposed plasma jets are ejected, in which particles are
believed to be accelerated to the highest energies. In AGN with high Doppler
boosts only the approaching jet is observable, since the counter-jet is boosted

out of our line of sight.
e Clouds which encounter the jet can be ionized.

e A direct view (for i = 90°) is not possible, since the dust torus prevent a

direct observation of the core region.



Chapter 4
Transport equation

To give an accurate explanation of the proton flux ¢,(E,) in AGN, the transport
equation will be solved. Protons and electrons undergo interactions among others
with ambient matter, photon or magnetic fields which have large influences on the
spectral shape of the particle flux.

In this work it will be assumed, that protons and electrons form a blob, moving
along the jet, while they are accelerated through scattering at electromagnetic
irregularities. Due to the blob size R which is much smaller than the distance
of the blob to the observer d (R/d < 1), no spatial resolution of the blob is
possible. Consequently, the energy /momentum solution of the transport equation
is of interest.

Furthermore, no time variability in the particle number within the blob will be

assumed, resulting in a time independent equation:

19 {QD af(p)] 19

—Q(p) =

oy | T 22 op (0% (gain + Pross) f(p)] — ég:j
The source function Q(p) gives the number of injected protons with momentum
p. The first summand on the right hand side gives the momentum diffusion, with
D, giving the momentum diffusion coefficient. The second summand considers
energy loss and energy gain processes.

Protons lose energy in inelastic p — p interactions and adiabatic expansion of
the blob, leading to an adiabatic deceleration of high energy particles. The last

summand considers catastrophic losses due to particle escape.

51
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4.1 Energy loss

To solve the transport equation, the parameters will be introduced in this section.
Momentum loss for protons is considered by inelastic p — p interactions and adia-
batic expansion of the blob.

Interactions of high energy protons with different photon fields will not be dis-
cussed here, since the main focus is on inelastic p — p interaction as main mecha-
nism for neutrino production. Photohadronic interactions contain many unknown
parameters which may lead to unprecise predictions.

Assuming that the mean Lorentz factor of created pions in the rest frame of the

initial proton is

3

the differential cross-section o],  (FEx, E},) for the n'th interaction can be approx-

imated by a delta function [52]
0 T J Yo = Vn
S 07, o (Ees Ey) = ()t (Bp) 20— T) (43)
1
e(Ep) = (4.4)

Here, €(E,) gives the pion multiplicity, number of generated pions per one inelastic
p — p interaction and oy, the total inclusive cross-section in mb [53]. The pion

power of a single relativistic proton is
P(E., E,) =13cv: Rngopp €(Ey) 6(7r —7) (4.5)

The factor 1.3 considers the chemical composition of a target medium comparable
to the interstellar medium, R gives the blob size and ny the proton density. In-
tegrating equation (4.5) over F,, and considering the energy momentum relation

for relativistic protons, F = p - ¢, gives the momentum loss:

. mﬂ'
Ploss = _(130 m_ Upp(Ep) RnH)p (46)
p

=—a-p. (4.7)
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4.1.1 Adiabatic deceleration

High-energy protons will diffuse due to random walk effect. Consequently, the
blob size will expand. To give an accurate description of adiabatic energy losses
it will be assumed that protons and electrons within the blob behave like an ideal
gas. Results are given for a non-relativistic Maxwellian gas, but will be generalized
for a relativistic gas.

When the blob is expanding it loses internal energy U, given by
dU = —pdV, (4.8)

with p giving the pressure of the gas and V' the volume of the blob. Assuming an
ideal gas, U = %n kg TV and p = nkgT the energy loss is

dU:anE:—gnEdV. (4.9)

The average energy of each particle is F = %kBT, with 7" giving their temperature

and kg the Boltzmann constant. Consequently, it is

dE 2EdV

In [54] it is shown that dV/dt = (V - #(r))V. The expansion velocity is given by
¥(r). The results will be adopted, which yields

ploss = _g(v : ?7(7“))]97 (411)

for momentum loss due to adiabatic expansion.

4.2 Energy gain

Consider a blob moving along the AGN jet. In the rest frame of the blob the ambi-
ent matter (proton, electrons and charged dust) moves with a relativistic velocity
towards the blob. A two stream instability is formed when blob and ambient mat-
ter collide, which causes the captured electrons and protons to isotropize rapidly.
Alfvénic turbulences are generated by incident protons, electrons and dust. Elec-

trons within the blob are accelerated by stochastic gyro-resonant acceleration with
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turbulences generated by the isotropization of captured protons and charged dust,
while protons are accelerated stochastically by dust induced turbulences [55].

It has to be mentioned that the particle density of the ambient matter n, has
to be much smaller than the particle density of the blob, which will be shown in
section 5.1.4. Otherwise the generated low-frequency waves will be modified by
the captured particles.

Thus, momentum gain and momentum diffusion coefficient are fixed by:

pgain = 45 Yy (412)
D,, = ipz, (4.13)
PP 9D$

Here, v, gives the shock velocity, va gives the Alfvén velocity and D, gives the
spatial diffusion coefficient.
Since the turbulent spectrum is assumed to be oc k2, T, is momentum indepen-

dent [55], and the transport equation can be solved analytically.

4.3 Solution of the transport equation

Consider that the particle phase momentum distribution f(p) and the flux are

linked via

AN
Op(Ep) = Hav 4 f(p)*. (4.14)

The transport equation will be solved for f(p) and by applying equation (4.31)
the proton flux is fixed

19 {QD 8f(p)}_i

_ f(p)
—Q(p) = ]ﬁa_p p ppa—p P2 .

esc

8% 10 (guin + o) (7)) —



Chapter 4. Transport equation 55

Considering momentum loss equation (4.6) and equation (4.11), and momentum

gain equation (4.12) one obtains after some algebraic transformation:

1
—Q(p) = bp® ["(p) + (40— d)p f'(p) + (=3d — ) f(p) (4.16)
N N, — Tesc
90(p) 91(p) —
92(p)
2
v
b= —= 4.17
oD, (4.17)
v? 1
d=—"—-Vi—a. 4.1
D, SVU a (4.18)
Multiplying equation (4.15) by - exp( P Zl(p dp) it is transformed into a

Sturm-Liouville differential equatlon, which can be solved easily:

5 ) =g e (] Egi /) %]

(4.19)
93(]9)
o) </ o(p' dp) /)
:dip 1) 20 v ) ) (4.20)
() = x| [ - d);dp] b withe = 2
(4.21)
Y(p)=— <3e + Tl : b) P (4.22)
M(p) = %p‘“- (4.23)

The main focus is on loss dominated processes, meaning ¢ < 0. Considering

equation (4.21) and equation (4.22) one obtains:

f(p)  (4—€) of(p) 1\ f(p) )
Op? +( D ) dp +(_3€_Tesc'b> P2 = T2 —0(p—po).  (4.24)

The homogeneous solution of equation (4.24) is a Cauchy-Euler differential equa-
tion and solved by:
From(p) = ApIHVA 4 ppale=H=vA (4.25)

1
A= Z(3—6)2+ (3¢ +

) (4.26)
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The inhomogeneous differential equation can be solved by introducing the Green’s

function G(p, po):

A(po) ]9%(673)%/K for p < po
G(p:po) = ) (4.27)
B(po)l?ﬁ(ﬁ*g)f\/Z for p > po.

Demanding that G(p, pg) is continuous at pg

e=3)+VA _

% % e=3)—VA
Alpo)pd| B(po)ps Y, (4.28)
and requiring that the derivation at pg is discontinuous
d 1 d 1 1
— B P p5(573)7\/ﬁ ——A D p§(€73)+\/5 = 4.99
dp (p0) o AP (po) p  H(po) 429)

the coefficients A(pg) and B(p,) are determined. The focus is on the high energy

regime, i.e. p > po:

1 §(6+5)+\/Kp%(5_3)_\/§'

= VA’

Considering the relativistic energy impulse relation (E = p - ¢) for extremely

f(p) (4.30)

energetic protons, equation (4.31) and that protons are accelerated up to the

energy Ej given by the GZK cut off, the proton flux is:

2 D2 1, 1(e _ E
¢(Ep) _ 81 R EOQ( +5)+\/KC_(3+E) Eg( +1)—VA exp (_Fp> '
\/1—11(3—6)24—(364—@) 0
(4.31)

It has to be mentioned, that the solution of the equation is given in the blob frame
and thus has to be transformed in to the observer’s frame. For FR-I and FR-
IT transformation effects cancels out, which will be explained in detail in section
5.1.5. For Blazars boosting effect play an important role and have to be consid-
ered. As can be seen the proton flux is a function of several parameters, which in
turn are a combination of basic physics parameters. The determination of these
parameters or functions is very complex or almost impossible, since the only tool
we have are electromagnetic observations of AGN. The exact plasma conditions
within the blob are mainly unknown.

Observational properties like the ratio of electrons to protons can be used to con-

strain these parameters. In order to compare with these observational quantities,
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the proton flux can be described as a power-law function with normalization A,
and spectral index s, having a cutoft at E}, = Ey. These parameters are described

by the previously introduced ones.

8m2R? 1.
A, = STV gl VA o (4.32)
VA
1
s=—(e+1)— (4.33)

2
¢<Ep) = ApEp_S €xXp |\ —

=

SIE

) . (4.34)

Having calculated the proton flux, the neutrino rate within the blob, the neu-
trino flux at Earth can be computed, by applying analytical and semi analytical

methods.






Chapter 5

Analytical and semi-analytical

calculation of neutrino flux for
AGN

The detection of highly energetic neutrinos (PeV energy range) with the combined
IC 79/1C 86 IceCube neutrino detector [24] gives rise to the question in which as-
trophysical sources, and under which conditions these neutrinos are produced.
Considering the maximum neutrino energy E** ~ 2—10E§13X galactic sources can
be ruled out with a high degree of certainty, as they are believed not to fulfill
physical conditions, i.e. lack of strong magnetic fields B in combination with large
acceleration regions R, to accelerate CRs to energies, needed to explain the ob-
served energies [9]. Observations of high-energy ~-rays from extragalactic sources,
AGN and GRBs, led to focus on these objects as possible sources of high-energy
neutrinos.

The observed ~y-rays are assumed to be produced among others by synchrotron
cooling of relativistic electrons moving through magnetic fields, by inverse Comp-
ton scattering or by inelastic proton-proton (p — p) interaction, leading to pro-
duction of charged and neutral pions, where neutral pions decay in two v-rays.
Neutrinos can be produced either way, by proton-gamma (p — ) or by inelastic
p — p interactions.

Concerning photo-hadronic emission scenarios, a primary source of uncertainty
comes from the composition of CRs. For a large fraction of heavy nuclei, the neu-
trino flux is significantly reduced with respect to a pure proton flux. In addition,

the spectral shape of the neutrino spectrum from photo-hadronic interactions is

59
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highly sensitive to the shape and bandwidth of the target photon field [56]. The
main effect comes from the fact that a delta resonance must to be produced. This
is a threshold effect depending on the bandwidth of the magnetic field. For moder-
ate boost factors, relatively high-energy photon fields are needed in order to lower
the spectral break to below the IceCube bandwidth of the detected signal: The
IceCube observed bandwidth reaches larger than ~ PeV neutrino energy, which
corresponds to a proton energy of E, > 20 PeV. Thus, in order to have a flat
spectrum, i.e. close to E~2, a photon field with a significant contribution at an

energy E, needs to be present with the condition

Ep Eph =

i T o

2(1—cos(¢)) (1+2)

The collision angle is ¢, the proton energy, at Earth is given in the observer’s
frame, and is therefore boosted with the Lorentz factor I'g of the production re-
gion [56]. Considering that the break needs to be at E, < 20 PeV in order to have
a spectrum close to £~2 in the IceCube bandwidth, the photon field at the source
needs to have a significant contribution at above E., ~ 40 (I's/10) (2/(1 + 2)) eV
[56]. Here, conservative values for the average boost factor and redshift have been
assumed. It is therefore very difficult to receive an E~2-type neutrino spectrum
from photo-hadronic interactions in the relevant energy range. Furthermore, the
photon field seen from the blob is highly anisotropic. These anisotropies have large
influences on the threshold energy, equation (5.1). For interactions taking place
at a distance d from the black hole, ¢ scales as ¢ ~ d/Rqisk, with Rgigx giving the
emission size of the photon field. Consequently, larger proton energies are required
[57].

Thus, only extreme high energetic protons can produce pions. Consequently, the
py mechanism is in comparison to inelastic p — p interaction less efficient. Addi-
tionally the number of free parameters is higher, which are provided with large
uncertainties, and thus making predictions difficult. Therefore, we only consider

inelastic p—p interactions as possible neutrino source in radio galaxies and Blazars.

5.1 Analytical approach

For many practical applications, simple approximations can be used. Numerical
approaches like SIBYLL, QGSJet, EPOS or DPMJet provide much more detailed
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and up to date particle physics in comparison to analytical methods. Neverthe-
less uncertainties by using analytical approximations are rather small compared
to astrophysical uncertainties, which will be discussed later. The simplest approx-
imation is based on the delta function representation of the generated pion power
Pro+(E;, E,). It will be assumed that generated pions have a mean Lorentz

factor, given in equation (4.2). Thus, it is:
Pro+(Er, Ey) = L3 Rnp vz €(Ep)0 pp(Ep)6 (Ve — 7)) (5.2)

The pion rate at the source is [58]:

Qe (Br, By) = = /1 " A, 6y(By) Poo i (Bx B ) (5.3)
Qus(En) = 5 [ 4By 0y B)L3 Riwne o) (B3 —23/Y) (5
= [T 1 _
— 1.64 Ry ;—W B, o (By)n(By) ()5 <W (B, — EW))
(5.5)
=1.64 Rny /Oo AdE, 05 (Ep)dp(Ep)e(Ey)d (Ex — Ex). (5.6)
1

For the observed energy range the cross-section can be assumed to be constant

[53], which simplifies the calculation

Qut(Ey) = 1.64 Ry oy / b AE, ¢p(Ep)e(Ey)8 (Ex — Es). (5.7)

Taking results for pion multiplicity from equation (4.4), and for the mean pion
energy from equation (4.2), and considering our results for the proton spectrum,
it is

o s E 1
Qrt(Er) = 1.64 Rny app/l dE, E,* exp (—E‘;) 2E*5 (E,r — 6E§/4>.

(5.8)
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Substitution z = % Eg’/ * GeV is used for the integration to give the pion rate within
the blob:

Qre (E2) = 26.2 A, Ry oy (6 )~ exp (- (6 gm) (5.9)
0

az%(s—%). (5.10)

For s = 2 the proton and the neutrino spectral index are equal. To obtain the total
neutrino production rate at the source one must sum the first muon neutrino which
is produced directly from the pion, the second muon neutrino and the electron
neutrino which are produced in the muon decay. The link between pion and
neutrino spectra can be explained by assuming that the total energy of the pions

is distributed equally among the four produced particles [56]

dE,

for each neutrino, v; = U, Ve, v, V,. Since IceCube cannot distinguish between
particle and its anti particle, the distinction will be not be made in the following.
To calculate the neutrino rate from the pion rate, it is assumed that the number of
a single neutrino flavor produced in the infinitesimally small energy bin dFE, comes
from the original pion in the energy bin dE, = 4dFE, and use that one neutrino
of a fixed flavor is produced in the final state of the pion decay, Q,(E,)dE, =
Q-(4E,))dE,.

Thus, the total neutrino rate at the source is given by

(5.12)

24-E,\ “
Qy’tot(Ey) ~ 314 NH Ap Opp ( > .

GeV

Consider that density ng and R are substituted by the column density Ny = R-ny.
The analytical approach represents a reasonable method of particle-physical pro-
cesses with only smaller deviations when using full representations of energy de-
pendent cross-section and full energy distributions for secondaries. Results of semi
analytical methods will be discussed in the next sections.

Thus, equation (5.12) provides an accurate estimation of the total neutrino rate at
the source, and consequently gives good estimates of the neutrino flux at Earth.
Assuming that IceCube data can be explained with this model, the spectral index
in the calculation must to be compatible with the measured one: 2.0 < aeecube <
2.46 [28].
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The cross-section is a particle-physical property which is measured and parame-
terized for the observed energy range [53]. The column density Ny is one of the
main free parameters. In this model it is assumed that a certain sub-class of the
AGN explains the IceCube signal. The CR normalization A, the second, relatively
free parameter, will be fixed by considering radio observations of AGN.

The radio luminosity L,.q;o provides a measure for the AGN luminosity in elec-
trons. The electron luminosity is equal to or larger than the radio luminosity
of the source, as the latter is produced when electrons are accelerated and emit

synchrotron radiation:
Lo = x(8, B) Lyagio- (5.13)

Here, s gives the spectral index of the electron population and B the magnetic
field.

Furthermore, hadronic CRs and electrons are linked via the constant fraction:
Ge = — (5.14)

Accordingly, the proton and radio luminosity are connected via:

x(s, B)
Ge

Lradio- (515)

L,=

Due to the assumption of oc k? for the turbulent spectrum, the CR spectral index

s is energy independent, and A, can be fixed analytically:

/dEpEpgb(Ep):Lp (5.16)
Ep
—1
X(s, B) / - By
Ay = Lunio | | dB, EX*exp | -2 1
P Ge ¢ By PEy P Ey (5 7)

Depending on the CR spectral index s, the integral in equation (5.17) is solved by
the incomplete Gamma function (s # 2) or by the exponential integral (s = 2).

Consequently, A, is:

-1

_\(5,B) o (BT (35 B ) - B2exp (<5ae )| s 22
Ap - —Lradio -1

Je PE%%%H s=2.
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Considering equation (5.12), the cross-section oy, is given and « is limited by the
IceCube measurement. The CR normalization A, as a function of x(s, B) and g.

is calculated.

5.1.1 Calculation of g,

CR observations show that for same particle energies there are about 100 times
more protons than electrons [52]. To have a theoretical explanation for this ratio,
it will be assumed that electrons and protons have same the spectral index s same

power-law spectrum for the differential number density in momentum p:

Ne = Noop ™ (5.19)
N, = Nopp*. (5.20)

Furthermore, it will be assumed that they have an equal total number density:

no = / dEin N Bt = / B Ny (Eian) (5.21)
Tt

0 To
Exin = £/P?¢® + m2 jc* — mepc. (5.22)

Thus, considering equation (5.22) the differential number density in units of Ey,

is [58]:
dp Noe Bin\’
Vo) = N ()] 5 = 52 (Brn + 110y} | (22 4 2
(5.23)
Inserting equation (5.23) in equation (5.21) and integrating gives [52]
12 =
Noo = (s —1)nyg (C—2 + 2T0me) (5.24)

T 2
NO,p = (S — 1)710 <C_2 + 2T0mp) s (525)
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resulting in

T2
Noe _ (i) <m) | (5.26)
N 1 ~ . .
0,p <Z_§+2T0mp> 2 mp

Consequently, considering equation (5.23) and equation (5.26) the electron to pro-

ton ratio g, is fixed:

_(s+1)

.\ 2
Ne(Ekin) NO e (Ekin + meCQ) [(%) + 2Ekinme]

ge —= = 2 (527)
Ny(Exin)  No, — (o)
P Op (Ekin + mpCZ) [(%)2 + 2Ekinmp] ’
m sgl (Ekin + mec2> [(%) + 2E'kinrne]
_ <_) — (5.28)
mp Euo\2 Tz
(Bion +myc?) | (B22)” + 2By
For relativistic energies, Ey, > m, ¢, g. approaches a constant value
me s;l
Ge ~ (—) ~ 0.02 fors = 2. (5.29)
myp

However, assuming equal spectral indices for protons and electrons is difficult to
justify due to different energy loss processes. Both spectral indices, s. and s, de-
pend on several parameters which are difficult to measure. Detailed calculations
of ge for different spectral index can be found in [59]. Thus, to reduce the number
of parameters and uncertainties and to fix g. CRs and radio observations are used.
Assuming that AGN are the sources of ultra high energetic CRs, g, can be esti-
mated empirically by comparing the average measured energy density rate, pcgr
(units: MeV/(Mpc® s)) and pradio- fcr is received by integrating over the observed

CR spectrum from E;mn ~ 10'® eV, see section 2.3:

‘ HO 1020eV
PCR = — / qbp(Ep) E,dE, (5.30)
c 1018V
Hy [ [V log(E,) — log(Ep)\] ™
= — dFE E° 1 P 5.31
‘ </v ooy 1o (PR ) e
MeV

~ 4
~ 43107 —-

. 5.32
Mpc”s ( )
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in the regime] (dashed) To calculate the radio energy density rate p. for AGN, the RLF for
radio galaxies and Blazars introduced in section 3.7 is used. Thus, p. is obtained by integrating

the radio luminosity function:

1

po =175 [ Fraaio(L,2)dLdz (5.33)
L
4.4-10% o for FR-
pe ~ 1710 JIeV- for FR-IT (5.34)
9-10% % for Blazars.

Having calculated pcr and pe, ge is fixed by:

0.01 for FR-I

= Pradio y 004 for FRAII (5.35)

p CrR
0.02 for Blazars.
As can be seen the result for g, is in the range of theoretical considerations. cosmic GRBs, we
While both theoretical and experimental constraints bear uncertainties, they end up in approx-
imately the same range and do not allow completely arbitrary values.
As it is extremely difficult to pinpoint the exact value, we start by using g, = 10712, so that a
symmetric uncertainty Age ~ 10¥98 is obtained. Thus, a higher value of g. leads to a density

increase.

5.1.2 Calculation of x(s, B)

Relativistic electrons within the blob lose energy due to different loss processes and radiate their
energy over a wide energy range. To calculate the electron luminosity L, it will be assumed that
X(8, B) = pe(8)/pradio(s, B) giving the ratio between total electron p, and radio pradio emissivity

is equal for electron and radio luminosity, which is reasonable due to energy conservation:

Le Pe
s,B) = = - 5.36
X( ) Lradio pradio(sa B) ( )
E,
max dNe
e = EdFE 5.37
r /E dE dt (5:37)
Emax L In (—gdx) for s =2
pe = Co / AEE =y | \Een). (5.38)
Enmin —max——min - fors # 2.
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The radio energy emissivity pradio is calculated by integrating the emission coefficient j, over
the radio band between v, = 100 MHz and vy.x = 5 GHz [56]:

pradio :/ dl/jl/ (539)
1 (7w  dN,

v = T dy —— Paync (v, 5.40
J A [{mm v ay (V) ( )

1

3
Payne(v,y) = Py(B) ( 2) H [ny? — v (5.41)

Yoy
dN, s 4

& =710Co (mecz)l yime, (5.42)

Peync(v,7) gives the radiated power of a single electron, Py(B) the normalization and the Heav-
iside step function H[vgy? — v] considers the spectral cut-off. The electron spectrum is given
by dN./dy. The characteristic synchrotron radiation frequency vy = 4.2 - 10° (B/1 G) gives the
frequency where a single electron loses most of its synchrotron energy. Since the main focus is on

the radio energy range the normalization P(B) must be recalculated for the observed frequency

Py(B) /Ooo dv <V0”72) exp (U;w) = P,(B) /OWQ dv (V0”72) (5.43)

range:

Pi(B) = gPO(B) /0ij dz 25 exp(—z) (5.44)
= %PO(B)FB <§) . (5.45)

Consequently, the emission coeflicient is:

. Mec?)l= U\ 3 7 max e
G, = %TOC’OPO(B) <> / dy Sl [VO'yQ —v] (5.46)
g Yo Ymin
Ymax
=3 dyy 37°H [voy? — V] (5.47)
Ymin
(mec?)1—* s\ 3
=——"—7CoP(B) | — . 5.48
B . CoP1(B) ” (5.48)

Due to the Heaviside step function, equation (5.46) can be divided into two ranges:

Ymax v _5_g /3
/ d’YH{’Y\/ 7T = {
Ymin Yo 3 +s

_2_
( - ) i - 7;§X_S‘| H |: 1 - "Ymin:|
o \/ o
_2_ _2_g [v
+ |:’Ymi?1 - 'Vmag'x :| H |:’Ymin - — } (549)
Vo

Equation (5.49) can be used to determine the radio energy emissivity pradio, by applying the

results on equation (5.39).
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Consequently, for v2; vo > v the radio energy emissivity is given by:

. 3~ _2_
Pradio = Zﬂ (’lei; ° — Ymax S) H [’Y?ninl/() — l/min] {H [Vmax - 7r2niny0] :
4 4 4
: ((Vof)/rznin) 5 - mm) +H [me Vmax} (Vr%ax - Vr?nn)} . (550)
For 42,0 < v the radio energy emissivity is:

. 3 1-5 1— 4
Pradio = BH [Vmax - 'Yminy(ﬂ {(a (Vma)? - me ) —-b (Vmax - V&m)) o [Vmin - 'Yminl/gjl

(o (viad = (2aa0)'73) = (shax = (200200 ) ) H [rnintd = vin] | (5:51)

~ (meCQ)lis 1
= 17CP (B 3 5.52
B 4W(%+S)To oP1L(B)y, (5.52)
2
1) 3°°
(Vi)
o=Vl (5.53)
2
3 _2_
b= ﬂmEX : (5.54)

[(a-&) = (-0 V0Yimin < Vmin
- . —1
x=e (BRi-ER) (@ = 0-0+9]  tin S w092 S viax (5:55)
-1

|: ] VO'YTQnin > Vmax

c— 4m s+ % VO% (5.56)
~ (mec?)t=5 2 — s 1o P1(B) '

€= (vt — Vi) (5.57)
€= (vt — (vormin) %) (5.58)
(= (vﬁax - uﬁin) (5.59)
- 4 5 4
C = (Vr%ax - (Volymin)g) (560)
9=3 (k7 =93k (02t v (5.61)
~ 3 _2_g _2_g 4 4
9= Z <’}/ma3x - 'Ymig;l ) (Vr%ax - VI?Iin) . (562)

In Figure 5.1 x(s, B) as a function of the magnetic field B for different electron spectral indices
s is shown. The maximum Lorentz factor vyax and the minimum Lorentz factor vy, are fixed.
The minimum Lorentz factor is fixed to be in the range of ypmin = 1 — 10. The maximum

= 10'%1 i order to explain the

energy reached by electrons limit vy, to be in the range ymax
observed CR energy. The uncertainty of v for electrons produce an uncertainty factor of about
Ay ~ 10%%2, The choice of the minimum Lorentz factor determines at which critical magnetic
field B, the parameter x(s, B) changes from being constant to increasing with a power-law.
Increasing the spectral index for fixed magnetic fields B leads to a lower value for x(s, B). This
can be explained by the following manner:

The electron spectrum d(f\;e o v~ ¢ falls rapidly for higher energies and for higher s. The main
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part of the energy output will be located in the radio range, while the higher energy output will

be a minor part. Therefore, pyaqio increases, and consequently x(s, B) decreases.

104,

103,

102,

X as a function of the magnetic field B

-%- ¥ calculated for s=2.0

——X calculated for s=2.2

—— X calculated for s=2.3
X calculated for s=2.46

1074 16‘3 16‘2 16‘1 lbo

,104

,103

,102

FIGURE 5.1: x(s, B) as a function of the magnetic field B for different spectral
index s. The black (diagonal cross) line gives x for s = 2, the red (cross) line
for s = 2.2, the blue (star) line for s = 2.3 and the orange (triangle down) line
for s = 2.46. The maximum Lorentz factor is Ymax = 10'°, and the minimum
Lorentz factor is yun = 10.

5.1.3

Flux calculation

Having calculated the electron to proton ratio ge, the radio to electron luminosity ratio x(s, B),

and the CR normalization Ay, the number of free parameters in equation (5.12) is reduced to

one, the column density Ny which will be fixed by the recent IceCube detection.

Assuming that the detected neutrinos are produced within relativistic moving blobs, leaving

their point of origin isotropically, and considering adiabatic energy losses, E, = E, ¢ - (1 + z),

with F, as the neutrino energy at the source and F, o the energy at the detector, the flux of a
single AGN blob at Earth is:

QV(EV)

¢IJ(EV,0) - - 7 7 9

Sose- grdy, (2)2
x(s, B) 314 -
T e

E Lyadi
El-s _Zp _—radio
/Ep ’ eXp( E0> dmdp,(2)?
Lradio Eu -
=W Ny —2_ [ 2
" drdy, (2)2 (Gev>
x(s,B) 314
go  2427PP

5 _
1—s _ P
/Ep E, " exp < E0>]

U =

ap

ap:

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)
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Here, ¢ considers neutrino oscillation. At the source neutrinos are generated with the flavor ratio

(,Usource ,Usource’ v source) — (1, 2’ 0) (568)

e LT T

On their way to the detector neutrinos oscillate. Due to the large distances a stable equilibrium
is set up

(Usource Usource’ v source) — (1’ 1, ]_)7 (569)

e (T T

leading to ¢ = 1/3. To compare our calculated flux with the detected diffuse flux, the diffuse
neutrino flux will be computed, by convolving the flux of a single point source, equation (5.63)

with the number of contributing AGN at a given redshift z and radio luminosity Lyadio:

E

1 ) 1 v,
v(Bvo) =¢—F—=Y Nu | =+ ————— Fladio(L, 2) dL . .
¢u(Eyp) “Tnf0) ¥ Vi ( GeV) /LZ dmdp (22 [ rad (L,z)d P dz (5.70)

Considering equation (5.70) all parameters except Ny are fixed. Consequently, it is

¢IceCube(EV) = ¢V(EV,U)7 (571)

with ¢rcecube (Ey) giving the observed and ¢, (E, o) the calculated flux. First observations of 28
high energy neutrinos between May 2010 and May 2012 [24] indicate a best-fit E;? with

1

ceCube(Ey) =1.2-1078 E2 -
DrceCube(Ey ) v GeV cm? ssr

(5.72)

Taking into account more statistics, new constraints on the neutrino flux of the previously flux

(equation (5.72)) is given by

¢IceCube(EV) = ¢O Ey_a (573)

1
-9 +0.4 1 _6‘5E_2'3 74
000’3 10 v GeVem? ssr (5.74)

1
-9 +0.4 1 —5.7E—2.46 - - 5.75
060310 v GeVcm?ssr ( )

Hence, the column density is:
In(10)  g. 24 / 1 av, 171

Ny = ceCube El/ Eua — 7Fra io L, dL d . 5.76
H = OlceCube(Ey) < X5 Blogy ay 1. Indy(2)? dio(L, 2) o (5.76)

For FR-I and FR-II galaxies, considering the current cosmological models for the Universe, the

spectral index dependent column density Ny is:

L 24%  go 10%
Y ap X(5,B) 6.3
L24%  go 103
Y ap x(s,B)3.18"

NgR_I = ¢IceCube(Eu) E (577)

NgR_II = ¢IceCube(Eu) E

(5.78)

An important contribution is the normalization of the observed flux, ¢g. The more statistic used

to give better constraints on the flux, the more precise the normalization, and thus the more
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precise are the results for Ny.

Furthermore, the accuracy of the parameters ap, g. and x(s, B) depends on the quality of flux
observations. Consequently, the more precise observations and statistics are, the more precise
the values. As can be seen, increasing the magnetic field B leads to lower values for Ny, since
Nu x x(s, B)™1, equation (5.77) and (5.78).

- a=20;x=100| a=23;x =30 | a = 2.46;x =26

NERLinem=2 | ~6.4- 102 ~ 74102 ~4.1-10%

NERIL 41y em—2 ~1.1-10% ~1.3-10% ~ 8.2-10%
H

TABLE 5.1: Column densities for FR galaxies, for different neutrino spectral
index a and x(s, B). The value for x is obtained by taking the average in the
range of B =10"% — 10 G.

Differences in densities for FR-I and FR-II (table 5.1) can be explained by the radio luminosity
function Fyagio(L, 2), giving the number of galaxies per radio luminosity and per co-moving vol-
ume V..

FR-II galaxies have higher radio luminosities but are outnumbered in comparison to FR-I galax-
ies. This leads to lower integrated luminosities, and consequently in higher column densities as
can be seen in equation (5.78).

Differences within the sub-class can be explained by giving the ratio of the densities

NH,a:2.O _ ¢?ccCubc,a:2.0 242 ap,a:2.3 X(23) (5 79)
NH7a:2-3 ¢?ceCube,a:2.3 2423 Op,a=2.0 X(QO)
~ 0.86 (5.80)
Ny,a=2.0
—— 1.5 5.81
NH,a=2.46 (5.81)
NH,0=2.3
—Mho=23 18, 5.82
NH,0=2.46 (5:82)

which are the same for FR-I as well as for FR-II as the contribution of the radio luminosity
function cancels out. These differences can be explained by the normalization of the detected
neutrino flux ¢f..cupe o 8 well as by the s dependent parameter a,, and x(s, B).

In Figure (5.2a) and (5.2c) calculated diffuse neutrino fluxes for FR-I and FR-II are shown.
Figure (5.2b) and (5.2d) illustrate column densities for FR-I and FR-II. As expected Ny remains
constant up to a critical magnetic field B. ~ 10 G. For higher magnetic fields x(s, B) increases
and Ny decreases due to the Ny o x(s, B)~! dependence.

The radio luminosity L;.qio used to calculate the neutrino flux originates from the knots in
FR-I galaxies and from the lobes in FR-II galaxies. Consequently, we compare our results with
column densities within knots and lobes. For particle densities ng within the knot we adopt
ng ~ 10°cm =3, and for the knot size R ~ 10*°cm, close to the foot of the jet. With increasing
distance from the foot of the jet z, the density decreases, while the knot size increases due to
adiabatic expansion. Therefore the column densities remains constant Ng = ny- R ~ 10?* cm—2.

Assuming B(z) « 27! the most important contribution is expected to come from the foot of
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the jet, if typical magnetic fields B = 0.1 — 10 G are assumed. These considerations result in a

possible parameter range for FR-I galaxies
(Nu, B) = (10***1 cm=2,10%5%95 G ), (5.83)

making FR-I galaxies serious candidates for the production of high energetic neutrinos, as can
be seen in Figure 5.2b.

Figure 5.2d shows column densities for FR-II galaxies. According to our model the size of the
moving blob increases further, while the particle density reduces among others due to catas-
trophic losses, particle escape from the blob. Assuming a lobe size of R =~ 10?2 — 10*3cm and a
target density of ng = 0.01 —0.1cm ™3 the column density for expected magnetic fields [60] is in

the parameter range
(Nu, B) = (10**' em™2 10+ G). (5.84)

Consequently, it is below the calculated densities, and inelastic p — p interactions can be excluded

in all probability as possible sources of the detected neutrino signal.
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Diffuse neutrino flux for FR-I galaxies

i _8 -%- Neutrino flux for a=2.0 corresponding to a column density of Ny=6.4+102* cm? _8
S 6 10 —— Neutrino flux for a=2.3 corresponding to a column density of Ny=7.4+102* cm? ’6 * 10
Hm —+— Neutrino flux for a=2.46 corresponding to a column density of Ny=4.1¢10%* cm™
|
n
pl 41078 41078
(8]
v
©2.107% 2:1078
—_
2
wl
e
=]
©
N
ui
104 10° 106

E,, GeV

(A) Calculated diffuse neutrino flux for FR-I galaxies, for the energy range taken from
[28]. The parameter g, is fixed to g. = 0.06 and x(s, B) is obtained by taking the average
in the range of B = 10~* — 10 G, see Table 5.1. The column density is fixed by using
the recent IceCube measurement [24],[28]. The (black) diagonal cross line gives the flux

for o = 2.0, the (red) star for o = 2.3 and (blue) cross for o = 2.46.

Column density as a function of magnetic field B for FR-I galaxies

—+ Column density Ny for a=2.0
- Column density Ny for a=2.3
—%— Column density Ny for a=2.46
107 T 110%°
N %%
'E AGN Knots
v
ZI 10%4 102
1023 w : ‘ : ‘ 1023
107* 107° 1072 107" 10° 10!

B, G
(B) Column density Ny as a function of magnetic field B for FR-I galaxies. For increas-
ing magnetic field, Ny decreases. The (black) cross line gives the density for o = 2.0,
the (red) diagonal cross for a = 2.3 and (blue) star for o = 2.46. The rectangle gives
the regions derived including uncertainties in the calculation, dominated by x(s, B) and
Ge-
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Diffuse neutrino flux for FR-Il galaxies

— Neutrino flux for a=2.0 corresponding to a column density of Ny=1.1102> cm? _8
—+— Neutrino flux for a=2.3 corresponding to a column density of Ny=1.3¢102> cm r6-10
—— Neutrino flux for a=2.46 corresponding to a column density of Ny=8.2+102* cm™

1

=6-1078

41078

£
=
o

o

2:1078 2:10°8

E,2®,(E,), GeV cm2slsr

10 10° 106
E,, GeV

(¢) Calculated diffuse neutrino flux for FR-II galaxies, for the energy range taken from
[28]. The parameter g. is fixed to g. = 0.06 and x(s, B) is obtained by taking the
average in the range of B = 1074 — 10 G, see Table 5.1. The column density is fixed by
using the recent IceCube measurement.The (black) diagonal cross line gives the flux for

a = 2.0, the (red) star for @ = 2.3 and (blue) cross for a = 2.46.

Column density as a function of magnetic field B for FR-II galaxies
1025, 1026

NG

. e e e

1024, ,1024

Ny, cm

10% 1107

AGN

o — Column density Ny for a=2.0
lobes —~ Column density Ny, for a=2.3
10%° ~- Column density Ny, for a=2.46[10%°

107* 107 107 107! 10° 10!
B, G
(D) Column density Ny as a function of magnetic field B for FR-II galaxies. For
increasing magnetic field, Ny decreases. The (black) cross line gives the density for
a = 2.0, the (red) diagonal cross for a = 2.3 and (blue) star for a = 2.46. The rectangle
gives the regions derived including uncertainties in the calculation, dominated by x(s, B)

and ge.

FIGURE 5.2: Calculated neutrino flux and column densities for FR-I and FR-II
galaxies, using the delta functional approximation. For the calculation of the
densities current IceCube measurements from [24],[28] are used.
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It is noteworthy that this model only includes p — p interactions, and does not take into account
photo-hadronic interaction. In general p—- interactions can contribute to a possible signal in the
lobes. As very high energetic photons are needed in the lobes, but the dominant electromagnetic
emission is coming from the radio range, neutrino production due to photo-hadronic interaction

seems to be very unlikely [56]

5.1.4 Density of the ambient matter

To verify whether the used ansatz, see section 4.2 is convenient to calculate column densities and
fluxes, the particle density within the blob ny and the particle density of the ambient matter n,

must fulfill the condition
Ny <K M. (5.85)

In [61] n, is calculated for several FR-I galaxies, which is in the range

Na = (10 — 10%) cm ™3, (5.86)
which is comparing with nf{®! = 10 cm ™3, much smaller. These results are obtained by assum-
ing that g. can vary in the range

g. = 0.1 —0.01, (5.87)
and that x(s, B) is fixed
x(s, B) = 1. (5.88)

Consequently, these results give upper limits for the ambient density, and thus fulfill the condition
Ny K NY-

For FR-IT sources the mean density 7y is calculated in [62] for the same values for g. and x(s, B):
na < 2cm™ 3, (5.89)

which is also in agreement with the condition. Consequently, our calculated column densities

Ny, blob densities ng and ambient densities n, fulfill the condition required in section 4.2.

5.1.5 Neutrino flux and column density for Blazars

To calculate the neutrino flux for Blazars, not only the radio luminosity function for Blazars,
but also boosting effects, which are negligible for radio galaxies have to be considered. For
radio galaxies the Lorentz boost factor I'g, measured in the observer’s frame, is small while the
inclination angle i is large, resulting in small Doppler factors, § ~ 1. For Blazars I'p is large

while 4 is small resulting in § > 1. The radio luminosity function used in equation (5.70) is
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measured in the observer’s frame. Thus, the additional factor based on the transformation of
the luminosity from the observer’s frame to the source frame cancels out, due to the inverse
transformation of the flux from the blob to the observer. Effects of area transformation also
cancel out, since we transform the radio luminosity per steradian to a luminosity by multiplying
by an opening angle of 47 and then divide by the same factor to account for the fraction of
neutrinos that reaches Earth. Both factors scale with the boost factor in the same way.

The remaining factor, influenced by Doppler boosting is the neutrino energy. Since we first
calculate the neutrino rate at the source but measure the energy on Earth, the energy will be

transformed [63]. Thus, the flux for Blazars is given by

IceCube _ S . i EV - o 1 ) d‘/c
e, = [ N ( » ) 5 /L / Ty o (L)AL = (3.90)

and the column density Ny by

242 g, 10% B
T g 7¢ICCCubC (Eu)Ega e (591)

NBlazar _
H ap x(s,B) 1.2
(e —

const(a,s,B)

Comparing equation (5.77)and (5.78) with equation (5.91) clarifies that the main difference in
the column densities is due boosting effects. For small I'g and large i equation (5.91) changes

and gives appropriate densities for radio galaxies:

Ny = const(a, s, B) ¢"°“P(E, ) ES 5§ (5.92)
= const(a, 5, B) ¢ (E,)EY - T3 |1 — Bcos(i) (5.93)
~~ ~——
~1 —0
A Nppdio (5.94)

For relatively small I'g and ¢ = 0°, Ng is in the range of radio galaxies. Increasing I'g and
leads to higher column densities, which is explained by equation (5.93). Increasing i leads to

lower cos(i), and thus 1 — S cos(i) converges to one. Consequently, Ny is a function of I'p:
Ny ~ const (a, s, B)¢ 1CuPe(E o Tg. (5.95)

On the other hand, reducing i leads to higher [ cos(i) which is one for i = 0°. Thus, Ny

decreases:
Ng = const(a, s, B) ¢1°“"P¢(E,)* T (1 — B)” (5.96)

1 (0%
= const(a, 5, B)¢'*°C"*°(F,)* [T <1 — 1= r?) (5.97)
B

= const(a, 5, B) ¢! (F,)® (FB —/T% - 1) . (5.98)
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Differences for different o can be among others reduced to the Doppler factor. For I'y = 10 and

1 = 0°, the fraction of the densities are:

Nia=20 _ PecCubea—zo 242 03 ap a=23 X(2.3)

= 5.99
NH,a:2.3 ¢?ceCube,a:2.3 242'3 62'0 ap,Dt:Q.() X(20) ( )
~ 1.5 (5.100)
NH,a=2.0
—— x4 5.101
NH,a=2.46 ( )
Nu,a=2.3
— =~ 2.7. 5.102
NH,a=2.46 ( )

In Figure (5.3a) and (5.3b) neutrino fluxes for Blazars with different values for I'y and i are
shown. Figures (5.3c)-(5.3f) illustrate column densities for different spectral index « and different
I's and 4. The shaded box is fixed in the following way:

Equation (5.91) gives the averaged column density of all contributing Blazars considered by
FBlazar([, 2). Thus, it is expected that Blazar point sources have column densities which are in
the range of the calculated ones. Consequently, observations of point sources can be used to give
constraints on the Lorentz factor I'g and inclination angle 3.

Fermi LAT observations of 23 Blazars give a limit for Ny to be in the range [64]
Ny = (10*° = 10**)em ™. (5.103)

Models used to fit y—ray observations for Flat Spectrum Radio Quasars (FSRQs) predict a range
of [65]

Ny = (10** = 10**)cm 2. (5.104)
For the magnetic field B a range of [66]
B=(10"%-10)G (5.105)

will be adopted. Thus, combining results from equation (5.103), (5.104) and (5.105) limit the
range and fix the shaded box.

Ny = (10*° = 10**)em 2. (5.106)

Comparing the results with combined densities equation (5.106) show that Blazars with Lorentz
factors 'y = 10 — 100 and inclination angle ¢ = 0° are within the shaded box, and thus are
potential candidates to be sources of high-energy CRs.

To have an estimate of the blob size and compare with our predictions we make use of y-ray

variability, observed for the high-energy end of the y-ray flux for Blazars. The causality relation
R < ctya 6(1+2)71, (5.107)

with ty,r giving the variability time scale, § the Doppler boost, ¢ speed of light and z the redshift

sets an upper limit for the blob size.
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Adopting our values which we used to calculate fluxes and column densities, zp.x = 10 and
observed time variabilities of one day, the emission region is in the range of 10 < R < 10'%cm
for 10 < T'g < 100, which is in agreement with the predicted blob size of radio galaxies [67].

In Figure 5.4a, 5.4c and 5.4e Ny as a function of inclination angle ¢ for each considered neutrino
spectral index « is shown. Increasing ¢ leads to a increase in Ny, reaching a maximum value of
NEax ~ 1028 cm =2 for I'y = 20. Such high values are inconsistent with the main assumption of

low optical depth:
Tpp = Opp Ry = 10. (5.108)

Furthermore, it is assumed that the blob density is limited by n#®* ~ 10? — 10! ecm~3. Such
high column densities disagree with this assumption. The same behavior is found if Ny is plotted
as a function of I'g, see Figure 5.4b, 5.4d and 5.4f.

Thus, only for ¢ = 0° and 10 < I'g < 100 physical relevant results are obtained.
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Neutrino flux for Blazars for '=10 and i=0°

-%- Neutrino flux for a=2 and for Ny=6+10%3 cm™2
—+— Neutrino flux for a=2.3 and for Ny=4+1023 cm?
—— Neutrino flux for a=2.46 and for Ny=1.5¢10%3 cm™

,10—8

=
o
®

E,2®,(E,), GeV cm2sisrl

104 10° 106
E,, GeV
(A) Diffuse neutrino flux calculated for Blazars, for fixed g, and fixed x(s, B) (Table
5.1), for Lorentz factor 'y = 10 and inclination angle ¢ = 0°. The (black) diagonal

cross line gives the flux for a = 2.0, the (red) star cross for « = 2.3 and (blue) cross for
a = 2.46.

Neutrino flux for Blazars for '=100 and i=20°

- Neutrino flux for a=2 and for Ny=1¢10%28 cm™
—— Neutrino flux for a=2.3 and for Ny=2.4+10%8 cm™
—— Neutrino flux for a=2.46 and for Ny=1.9+10%8 cm

,10—8

E,2®,(E,), GeV cm2sisrl
'—I
o
&

104 165 106
E,, GeV
(B) Diffuse neutrino flux calculated for Blazars, for fixed g. and fixed x(s, B) (Table
5.1), for Lorentz factor 'y = 100 and inclination angle i = 20°.The (black) diagonal
cross line gives the flux for a = 2.0, the (red) star cross for a« = 2.3 and (blue) cross for
a = 2.46.
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Column density as a function of B for a=2.0

10321 =Ny as a function of magnetic field B for =10 and i=0° 1132
-+ Ny as a function of magnetic field B for r'=10 and i=20°
30 — Ny as a function of magnetic field B for r=100 and i=0° 30
10°% Ny as a function of magnetic field B for F'=100 and i=20° r10

n 107 '10%®
‘E’_lo26 Kk kKKK Mlo%
I
2107 L1024

10221 | | Measured column delpsities| f%Mloﬂ
1

‘ : : : ‘ 1020
1074 1073 1072 1071 10° 10

B, G
(¢) Column density as a function of magnetic field B for different I'g and ¢, for o = 2.0.
The shaded area gives the densities from [64] and [65]. The (blue) crossed line gives Ny
for T'g = 100; i = 0°, the (black) diagonal crossed line for 'y = 10; ¢ = 0°, the (red)
star line for I'y = 10; 4 = 20° and the (orange) for I'y = 100; ¢ = 20°.

Column density as a function of B for a=2.3

1032 —>- Ny as a function of magnetic field B for '=10 and i=0° 11032
—— Ny as a function of magnetic field B for '=10 and /=20°
10301 — Ny as a function of magnetic field B for '=100 and i=0° 1030
Ny as a function of magnetic field B for '=100 and i=20°

N 1028* ,1028
£

(S} 1026, ,1026
T

2 1024, H ,1024

1022 Measured column densities for Blazars NJOZZ

b % B
020 : ‘ ‘ ‘ . 1020
1074 10-3 1072 107! 100 10!
B, G

(D) Column density as a function of magnetic field B for different I'g and i, for a = 2.3.
The shaded area gives densities from [64] and [65]. The (blue) crossed line gives Ny for
'y = 100; i = 0°, the (black) diagonal crossed line for 'y = 10; ¢ = 0°, the (red) star
line for 'y = 10; 4 = 20° and the (orange) for I'y = 100; i = 20°.
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Column density as a function of B for a=2.46
1032, 1032

- Ny as a function of magnetic field B for '=10 and i=0°
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1039 —— Ny as a function of magnetic field B for F=100 and i=0° | 1039
Ny as a function of magnetic field B for =100 and i=20°

5 1028 107
E

e 1026W1026
I

2102 11024
102% Measured column densities for Blazars N’lozz

| | | | | | | |

|
1020 \ \‘ T 1‘ I T ‘ I I | 'r\—}\‘\_t\ 11020
104 103 102 1071 100 10!
B, G

(E) Column density as a function of magnetic field B for different I'g and 4, for av = 2.46.
The shaded area gives densities from [64] and [65]. The (blue) crossed line gives Ny for
'y = 100; i = 0°, the (black) diagonal crossed line for 'y = 10; ¢ = 0°, the (red) star
line for I'y = 10; 4 = 20° and the (orange) for I'y = 100; i = 20°.

Column density for Blazars as a function of a for

i=0°
1024’ L 1024
°
*
23 < 23
10~ -10
I
z 1022’ [ ] L 1022
® Ny for a=2.0, for '=10 A
m Ny for a=2.0, for F'=100
10214 o Ny for a=2.3, for r=10 > 11021
A Ny for a=2.3, for =100
< Ny for a=2.46, for '=10
1020 > Ny for (X=2‘.46, for '=100 ‘ 1020

1,9 2 211 2‘,2 2‘,3 2,4 2,5
spectral index, a

(F) Column density as a function spectral index «. The rectangle indicates Ny for
I's = 100, the dot for I'y = 10 in case of a = 2.0. The rhombus indicates Ny for
I'p = 10, triangle (up) for I'g = 100, in case of o = 2.3. Triangle (left) for I'y = 10 and
triangle (right) for I'y = 100, in case of o = 2.46.

F1GurE 5.3: Calculated neutrino flux and column densities for Blazars, using
the delta functional approximation. For the calculation of the densities current
IceCube measurements from [24],[28] are used.
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Column density as a function of inclination angle
for fixed I' and a=2.0
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(A) Column density for fixed Lorentz factor I'y as a function of inclination angle ¢ for
a = 2.0. The (black) crossed line gives the density for 'y = 10, the (red) star line for
I's = 50 and the (blue) diagonal crossed line for 'y = 100.

Column density as a function of Lorentz factor I'
for fixed i and a=2.0

1028, 1028
’.‘E 10261 11026
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z:E 1024, ’1024
—— Colum density Ny for i=0°"
102207 Corum d22§:t§ N for i=5° 1022
- Colum density Ny for i=20°
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Lorentz factor I’

(B) Column density for fixed inclination angle ¢ as a function of Lorentz factor I'g for
a = 2.0. The (black) crossed line gives the density for i = 0°, the (red) star line for

i = 5° and the (blue) diagonal crossed line for i = 20°.
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Column density as a function of inclination angle
for fixed I' and a=2.3
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(¢) Column density for fixed Lorentz factor I'g as a function of inclination angle ¢ for
a = 2.3. The (black) crossed line gives the density for 'y = 10, the (red) star line for
'y = 50 and the (blue) diagonal crossed line for I'g = 100.

Column density as a function of Lorentz factor I'
for fixed i and a=2.3
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(D) Column density for fixed inclination angle ¢ as a function of Lorentz factor I'g for
a = 2.3. The (black) crossed line gives the density for i = 0°, the (red) star line for

i = 5° and the (blue) diagonal crossed line for i = 20°.
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Column density as a function of inclination angle
for fixed I' and a=2.46

10%8{=~Column density Ny; for =10 11028
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- Column density Ny for 'I=100
N 1025 11026
£
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210%% 11024
2 “»(
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inclination angle i

(E) Column density for fixed Lorentz factor I'g as a function of inclination angle ¢ for
a = 2.46. The (black) crossed line gives the density for I'gy = 10, the (red) star line for
'y = 50 and the (blue) diagonal crossed line for I'g = 100.

Column density as a function of Lorentz factor I'
for fixed i and a=2.46

1028’ ,1028
1026’ ,1026
o
€102, M o
:
< 1022’ ,1022
~— Colum density Ny for i=0° W
1020{— Colum density Ny for i=5° 11020
—-< Colum density Ny for i=20°
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Lorentz factor I’

(F) Column density for fixed inclination angle ¢ as a function of Lorentz factor I'g for
a = 2.46. The (black) crossed line gives the density for ¢ = 0°, the (red) star line for
i = 5° and the (blue) diagonal crossed line for i = 20°.

FIGURE 5.4: Column density as a function of inclination angle i, for fixed I'p
(Figure 5.4a, 5.4c, 5.4e) and as a function of I'g for fixed i (5.4b, 5.4d, 5.4f), for
different spectral index «. The electron to proton ratio g., and x(s, B) (Table
5.1) are fixed.
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5.2 Semi analytical neutrino flux calculation for

radio galaxies and Blazars

Having calculated the neutrino flux analytically by using a delta functional approximation, in
this section a semi analytical method will be applied. The use of simple analytical methods can
be justified only for a certain energy range and for special physical conditions, which have to
be fixed. The results of such analytical methods may cause misleading conclusions, for example
about the acceleration mechanism of particles. While fully numerical methods like PYTHIA,
SIBYLL and QGSJet can directly be used to calculate neutrino fluxes, semi analytical methods
not only reduce calculation time but also give an insight into characteristics of secondaries. Thus,
we use a semi analytical method by giving analytical expressions for the distribution functions
of secondaries F,, and calculating fluxes by using numerical methods.

Considering the energy dependent distribution function F, of created neutrinos, the neutrino

rate of a single source is:

> FE, dFE
0B = Nit [ ovelEp)ont ) (3 ) 2 (5.109)

1
E, E, E,\ dx . E,
= NH\/O Opp (3’;) ¢p (a’;) Fl/ <.T, x) ? with x = E7p7 (5110)

F, (z, E,/z) gives the number of created neutrinos per one inelastic p — p interaction and z the
fraction of the proton energy transferred to the neutrinos. For our calculation we use the energy

dependent cross-section, which can be approximated by

472
opp(Ep) = (34.3+1.88L + 0.25L7) [1 — (?g) ] with L = In (m;E(I;)e\/) : (5.111)
with Eyp = 1.22 GeV giving the threshold energy of pion production [53]. Differences between
semi analytical expressions, equation (5.109) and analytical ones, equation (5.7), are the energy
dependent cross-section o, (E},) used in this section, and more detailed expressions for the energy
distribution of secondaries. While the cross-section increases logarithmic and can be assumed to
be constant for a wide energy range (Figure 5.5b), the main difference in the column densities

will be due to different expressions for the energy distribution of the secondaries.
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Energy distribution function for neutrinos

0 _ 0
10 — Energy distribution function for E,=100 GeV 10
—— Energy distribution function for E;=1000 GeV
o
2
Ty
%
102 1072
1073 ‘ ‘ ‘ ‘ 10“2 ‘ ‘ ‘ ‘ 16‘1 ‘ ‘ ‘ ‘ 100
X
(A) Energy distribution function of neutrinos for different proton energies. The red
(dotted) line shows the distribution function for E;, = 1000 GeV and the black (solid)
line for £, = 100 GeV. Due to the delta functional shape, analytical methods use delta
functions to calculate fluxes.
Cross section oy, for inelastic proton proton interaction
2
€10 10!
g
-]
10° \ \ \ \ \ \ 10°
10! 102 103 104 10° 10°
E, GeV

B) Energy dependent cross-section o,,(E,) for inelastic p — p interaction. As can be
pp\Lp

seen the cross-section can be assumed to be constant for the energy range. 10! GeV <

E, < 10*GeV.

FIGURE 5.5: Energy distribution function F, and the energy dependent cross
section, which will be used to calculate the neutrino flux on Earth.

For the delta functional approach a simple ansatz, assuming that all created pions have an
average energy of F, = %Eg/ Y and a simple power-law for the pion multiplicity e(E,) is used.

In the semi analytical approach detailed expressions for the multiplicity and energy distribution,
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- a=20|a=23|a=246

N (analytical )in cm ™2 6.410%* | 7.410%* | 4.110*

NFR H(analytical)in cm ™2 1.110%° | 1.310% | 8.210*
N I(semi—analytical) incm™2 | 310% 410% 310%
N (semi-analytical) in em=2 | 610% 910%* 510%

TABLE 5.2: Column densities using analytical and semi analytical methods for
different spectral index «, for FR-I and FR-II galaxies.

considered by the distribution function F; are used. For the energy range we are interested in
(Ep =~ PeV) analytical expressions for the neutrino distribution F,, and full numerical simulations
deviate less than 10%, which can be neglected as error source, compared to other error sources,
like the estimate of x(s, B) and g, section 5.1.1. Thus, analytical expressions instead of fully

numerical expressions for the distribution functions will be used [53]:

In(y)” 1-y® N[ 1 4py® kB (-2

(1) _ _ _

F)/(z,E,) =B ” 1+kyP(1-9yB) ) |Inly) 1—¢P 1+ kyP(1—¢P) (5.112)
@) _ p (Lt ken(@)?)® 5

B2 @ B) = Be g 3/z5ey (@) (5.113)

Fi*Yx, By) = 2FV (2, B ) + F{? (2, By). (5.114)

F,El)(x, E,) gives the distribution of neutrinos, produced through the direct pion decay, while
F,£2)(.’b, E,) gives the distribution function of neutrinos produced through the pion muon decay.
Factor 2 can be explained by the fact that the distribution function of electron neutrinos can be
approximated by F, 151) (z, Ep). Due to the delta function shape of the distribution function (Figure
5.5a) it is clear why a delta functional approach is appropriate to give analytical expressions
for the flux calculation. The calculation of the neutrino flux on Earth is based on the same
assumptions, mentioned in the previous section.

The neutrino rate at the single source is convolved by the total number of the considered AGN
sub-class. Further effects like adiabatic energy losses are also considered, resulting in the following

expression for the neutrino flux at Earth:

_ radloLZ o Ey dVv
= [ [ Ftln (B (B e (1 B g

Column densities are obtained by using recent IceCube measurements. Ny is varied until the
calculated and the detected flux match.

Results for densities, using the semi analytical method for FR-I and FR-II galaxies, for different
spectral index « are listed in table 5.2. For a better overview the results using the delta functional
approach are also listed. Differences between analytical and semi analytical methods can be
explained by the energy range, we are interested in. The detected neutrinos have a maximum
energy of few PeV. Up to these energies the pion multiplicity e(Ep) from equation (5.3), can be
used as a good approximation to calculate the neutrino flux without any considerable doubts.
For higher energies, equation (5.3) will not give accurate results for the multiplicity, which is why

semi analytical or full numerical methods must be applied. In Figure 5.6 the diffuse neutrino
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flux and the column densities for different spectral indices are shown. Deviations from a power-
law behavior can be explained by the energy dependent cross-section opp(Ep) which becomes
significant at energies above 103 GeV. Nevertheless, our semi analytical approach confirms our

analytical results, excluding FR-II to be potential sources of high energy neutrinos, Figure 5.6d.

Diffuse neutrino flux for FR-I galaxies bases on semi
analytically methods

—t— Diffuse neutrino flux for ®=2.0, corresponding to column density of Ny;=3+10?* cm™

-
II_ —%— Diffuse neutrino flux for @=2.3, corresponding to column density of Ny=4+10% cm
w0 _ —— Diffuse neutrino flux for a=2.46, corresponding to column density of Ny=3+102* cm™ _
'T' 10 7 — IceCube flux for a=2.0 I 10 7
w — IceCube flux for a=2.3
‘}' — IceCube flux for a=2.46
g
> 107° 1107°
O
~
-3 9 9
w 10 r10
=]
N
=]
“ 10_10 4 ‘ 6 ‘ 8 ‘10 ‘12 ];Izlo_lo
10 10 10 10 10 10

E, GeV

(A) Diffuse neutrino flux based on semi analytical methods for different spectral index
a, for FR-I galaxies. For the calculation fixed values for g. and x(s, B) are used. The
(blue) crossed line gives the flux for a = 2.46. The blue solid line gives the IceCube
signal for & = 2.46. The (red) star line gives the flux for @ = 2.3. The red solid line
gives the IceCube signal for a = 2.3. The (black) diagonal crossed line gives the flux for
a = 2.0. The back solid line gives the IceCube signal for a = 2.0. In Appendix A for

each a the flux is shown in a separate plot.

Column density as a function of magnetic field for FR-I galaxies

1025’ L 1025
K K K K K Koy
| | | | | . | AGN Knots-
N 1 T T T T T R e o
§
1024 11024
b
—+ Column density Ny for a=2.0 and a=2.46
1023 — Column density Ny for a=2.3 1023

107 107° 1077 107" 10° 10!
(B) Column density Ny as a function of magnetic field B for FR-I galaxies. The
shaded area gives densities, used in common models. The (black) crossed line give Ny
for « = 2.0 and o = 2.46. The (red) star line gives Ny for o = 2.3. The rectangle
gives the regions derived including uncertainties in the calculation, dominated by the

parameters x(s, B) and g,
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Diffuse neutrino flux for FR-Il galaxies bases on semi
analytically methods

—+— Diffuse neutrino flux for a=2.0, corresponding to column density of Ny=6+10% cm?

-

IL —#— Diffuse neutrino flux for a=2.3, corresponding to column density of Ny=9+10%* cm?

(] -7 —+— Diffuse neutrino flux for a=2.46, corresponding to column density of Ny=5¢10% cm™ -7
‘T' 1 O J\‘ — IceCube flux for a=2.0 E 10
NV) % — IceCube flux for a=2.3

'E — IceCube flux for 01:2.I46
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E. GeV
(¢) Diffuse neutrino flux based on semi analytical methods for different spectral index
a, for FR-II galaxies. For the calculation fixed values for g, and x(s, B) are used. The
(blue) crossed line gives the flux for a = 2.46. The blue solid line gives the IceCube
signal for @ = 2.46. The (red) star line gives the flux for & = 2.3. The red solid line
gives the IceCube signal for a = 2.3. The (black) diagonal crossed line gives the flux for
a = 2.0. The back solid line gives the IceCube signal for & = 2.0. In Appendix A for

each a the flux is shown in separate plot.

Column density as a function of magnetic field for FR-II galaxies
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(D) Column density Ny as a function of magnetic field B for FR-II galaxies. The
shaded area gives the column densities, used in common models. The (black) solid line
give Ny for a = 2.46, the (blue) dashed line for & = 2.0. The (red) star line gives
Ny for a = 2.3. The rectangle gives the regions derived including uncertainties in the

calculation, dominated by the parameters x(s, B) and g..

FIGURE 5.6: Diffuse neutrino flux and column densities for FR-I and FR-II
galaxies, based on semi analytical method, for different spectral index o and for
fixed g. and x(s, B), see table 5.1. In Appendix A diffuse fluxes for different «
are shown.
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I'g =10;:=0° I's = 100;¢ = 20°
a=20|a=23|a=246 | a=20| =23 | a =246
Nginem=2 | 6-10% | 4-10% | 1.5-10% | 1-10%® | 2.4-10%® | 1.9-10%®

TABLE 5.3: Column density for Blazars, for different spectral indices o and
different Doppler factors . The results base on fixed proton to electron ratio
ge and fixed x(s, B). The values for x are listed in table 5.1.

To calculate the column density for Blazars, equation (5.115) will be modified by considering

boosting effects:

FBlazar ( E E de dV
— ¢ Nu §¢ radlo Z) v v Ftot D dL dz
v (By) =< Nu / /L R 47rdL T4ndi(2)2 PP\ 2 % x v x, x dz

(5.116)

As analytical and semi analytical approaches give results for radio galaxies which are in the same
range, the same is expected for Blazars!. Ny is obtained by varying the calculated fluxes until
they match the detected IceCube observations, @rcecube-

Comparing Ny obtained by analytical methods, Figure 5.3, 5.4 with Ny obtained by semi
analytical methods, Figure 5.7, show that our results are in agreement. The minimum column
density is taken from Fermi observations.

Figure 5.7a shows Ny as a function of inclination angle ¢ for different I'g. Increasing ¢ leads to
high column densities. Furthermore, the optical depth 7, is larger than one which is against
the assumption of low optical depths, 7, < 1. The same situation can be found if Ny is plotted
as a function of I'g for different inclination angles i, see Figure 5.7b. Adopting the range for the
column density, equation 5.106 and for the magnetic field equation 5.105, the semi analytical
calculations confirm that Blazars whose jets points to us, ¢ = 0°, with Lorentz boost factors in

the range 10 < I'g < 100 are potential CR sources, Figure 5.7c.

!The spectral shape does not differ from the shape obtained for FR galaxies (Figure 5.6a and
Figure 5.6¢. For this reason only column densities will be given
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Column density as a function of inclination angle i
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(A) Column density as a function of inclination angle ¢, for Blazars for different spectral
index «, for fixed x(s, B) and fixed g.. The (blue) diagonal crossed, triangle down line
give Ny for @ = 2.46 and I's = 10,100. The (red) star, dotted gives for « = 2.3 and
'y = 10,100. The (black) crossed, dashed line for a« = 2.0 and I'g = 10, 100.

Column density as a function of Lorentz factor I'
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(B) Column density as a function of Lorentz factor I'g, for Blazars for different spectral
index a, for fixed x(s, B) and fixed g.. The (blue) diagonal crossed, triangle down line
give Ny for a = 2.46 and ¢ = 0°,20°. The (red) star, dotted gives for a = 2.3 and
1 =0°,20°. The (black) crossed, dashed line for a = 2.0 and ¢ = 0°, 20°.
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Column density as a function of magnetic field for Blazars
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(¢) Column density as a function of magnetic field B for different I's, but fixed 7. The

shaded area gives the column density for common used models. The (black) crossed and
(red) star line gives Ny for @ = 2.0, 'y = 100 I's = 10. The (blue) diagonal crossed
line and (dashed) orange line gives Ny for v = 2.3, I'y = 100 and I'y = 10. The (pink)
triangle left and (purple) triangle right gives Ny for a = 2.46, 'y = 100 and 'y = 10.

FIGURE 5.7: Densities and fluxes calculated for Blazars. The shaded area in
Figure 5.7c gives column obtained from observations [64].
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Calculating neutrino fluxes and
column densities by using recent

Fermi LAT observations

In the previous chapter the only measurable quantity used to calculate fluxes and column den-
sities was radio luminosity functions Fyaqio(L, 2) for FR galaxies and Blazars. In this chapter,
detailed Fermi LAT observations of seven radio galaxies are used to calculate the column den-
sities and neutrino fluxes for AGN [68].

Fermi LAT is a pair conversion ~y-ray telescope detecting photons with energies from 20 MeV to
more than 300 GeV [69]. With an effective area of > 8000 cm? and a field of view of ~ 2.4 sr of
the full sky, it is designed for resolving the y-ray sky and thus achieving a better understanding of
physical mechanisms such as particle acceleration in sources like AGN, GRB or supernova rem-

nants. As Centaurus A and Messier 87 are of special interest, they will be discussed in section 6.1.

With a distance of d =~ 104 Mpc, NGC 6251 is classified as a FR-I galaxy with a radio lumi-
nosity of Lyagio ~ 91030 ergs™! Hz 'sr—! at 178 MHz. Radio images show that the inclination
angle i is larger than 10°. It contains a black hole with a mass of (4 — 8)10% - M, which is
assumed to be the main source of the observed X-ray radiation. Besides Fermi LAT, NGC 6251

is observed by Beppo-Sax and INTEGRAL [70].

3C 380, with a distance of d =~ 4100 Mpc has a steep radio spectrum. With a radio luminosity

035 ergs™! Hz 'sr=! at 178 MHz, it is one of the most powerful radio sources. Many

of Lradio = 1
steep spectrum sources show FR-II structures. Indeed, 3C 380 seemed not to fit into this pattern
[71]. However, sophisticated observations indicate that the source may be a FR-II galaxy, seen
almost end-on. Characteristics such as superluminal motion in the core region or a halo which

may be the overlapping lobes strengthen the idea that this source is an FR-II galaxy [71].

3C 207 (d =~ 4000 Mpc; z = 0.68) is identified to be a FR-II galaxy with a relatively steep

93
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radio spectrum, a ~ 0.9 (F(v) x v~%), between 150 — 750 MHz. At higher frequencies it flat-
tens, o = 0.64 at 2.5 GHz. The diffuse X-ray emission is assumed to be produced through inverse

Compton scattering of IR photons originating from the nuclear region [72].

3C 120 is a nearby Seyfert I radio galaxy, containing a black hole with a mass of ~ 6 - 107 M.
With a distance of (d ~ 140 Mpc; z = 0.033), it is quite nearby and well studied in all wavebands.
Its radio morphology corresponds to a FR-I galaxy with a powerful one-sided jet. X-ray obser-
vations show strong variability on time scales from day to months. The origin of the emission is

not answered yet [73].

3C 111 is a nearby (d & 205 Mpc; z = 0.0485) flat spectrum FR-II radio galaxy with a single
sided jet. Although a counter jet is missing, a bright lobe is detected in the opposite direction
of the observed jet, which is likely fed by the undetected counter jet [74].

6.1 Column densities and neutrino fluxes for Cen-

taurus A and M 87

Due to their vicinity, Centaurus A (Cen A) and Messier 87 (M 87) are of special interest. With
a distance of d = 3.8 Mpc; z = 0.00183, Cen A is the closest FR-I galaxy. It is near enough
that its peculiar velocity dominates over the Hubble flow. It is well-studied through the entire
electromagnetic spectrum from radio to y-ray [75].

Fermi LAT observations of the core region show that the spectral index changes from €; =
2.74 4+ 0.03 below Fhpeax ~ 4 GeV to eo = 2.09 £ 0.2 above FEypeak, see Figure 6.1a. The break
may be due to a superposition of different spectral components [76].

The low energy part of the flux can be approximated by

QS,Y(E,Y)IOW — QS})OW E,?El, (61)
and the high-energy part by

¢V(E’Y)high _ qz)gigh B (6.2)
There are several models that seek to explain the high-energy component of the flux. For
example, it could be due to non-thermal processes of the magnetosphere of the black hole or due
to py interactions with UV or IR photons [76].

A further scenario, which is adopted in this work, is that the high-energy regime could be
produced by high-energetic protons interacting with ambient matter, where among others 7°
are produced, which decay in y—rays [76]. For this reason, the main focus is on the high-energy

regime of the y—ray flux.
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(A) Fermi y—ray observations of the core of Cen (B) y—flux of M 87. The red
A. The photon index e becomes harder above circles gives the LAT observa-
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FIGURE 6.1: Energy spectra of Centaurus A and Messier 87.

M 87 is, like Cen A, one of the closest (d &~ 16 Mpc; z = 0.00423) and best studied AGN. At
TeV energies it is observed by H.E.S.S. [78], MAGIC [79], and VERITAS [80]. The knot HST-1
and nucleus of M 87 show variability in the X-ray band on time scales of weeks to months [81].
Furthermore, variabilities in the high energy regime (TeV energies) are observed on time scales
of ~ 1 day [81]. Figure 6.1b shows the y—flux of M 87 during a low state in the year 2004 and
during a high state in 2005.

The variability in the high-energy regime may be produced in the magnetosphere of the black hole
[83], in star-jet interactions [82], or due to a complex jet geometry, collimating or decelerating
jet [81].

A magnetospheric process can be the curvature emission of protons or electrons, which are
accelerated in a vacuum gap of starved magnetosphere [83].

The low-energy regime changes smoothly to the low state TeV flux. In this work, it will be
assumed that M 87 and all the other sources are in the low state activity while they were
observed with the LAT telescope. Thus, there is no significant change in the spectral index e,

which must be considered for calculations.
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6.2 ~—ray and neutrino flux calculation

Due to the vicinity of the objects z < 1, interactions of y-rays with the electromagnetic back-
ground light (EBL) and adiabatic energy losses of neutrinos can be assumed to be negligible.
The cross-section oy, can be assumed to be constant. Furthermore, the delta functional approx-

imation can be used. Consequently, the flux is given by [53]

oo (B = 2N o [ _ h(Ey)
T K. 4rnd? B+ 25 B — (Mg c?)?

dE,. (6.3)

For the proton flux ¢,(E}), results from equation (4.34) are used. K, ~ 0.17 gives the fraction
of the incident proton energy transferred to the created 7y-rays. Factor 2 considers the neutral
pion decay in two vy-rays. The CR normalization A is calculated as explained in the previous
section. Consequently, the column density as the only free parameter is fixed by varying Ny
until the observed ~-ray flux fits the equation’s calculation (6.3) fit. Figures 6.3a, 6.3c, 6.3e,
6.3g, 6.3i, 6.3k, and 6.3m show the y—ray fluxes obtained by applying equation (6.3). Ny is
varied for each source until Fermi LAT observations and computed fluxes fit.

Because in inelastic p—p interactions, y—ray and neutrino fluxes are linked, the computed column
densities will be used to fix the neutrino flux for each source. These fluxes will be compared
with the sensitivity of current neutrino telescopes, IceCube (Figure 6.2a) and ANTARES (Figure
6.2b) and with the sensitivity of the future telescope KM3NeT (Figure 6.2c).
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FIGURE 6.2: Sensitivities of current (IceCube and ANTARES) and future
(KM3NeT) neutrino telescope are used to verify the p — p model used in this

work.
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Cen A is the only source whose calculated neutrino flux is below the one year sensitivity of
KM3NeT, see Figure 6.3b. Thus, KM3NeT will be, if completed, more than suitable to give
strong constraints on inelastic p — p interactions as the source of neutrino production. Further-
more, constraints on parameters like g. and x(s, B) can be given. Consequently, Cen A is an
excellent candidate to be detected by KM3NeT.

For M 87, the IceCube four-year sensitivity is less than one magnitude above the calculated flux,
while the one year sensitivity of KM3NeT is approximately one magnitude above the flux, see
Figure 6.3d. With passing of time, the sensitivity of KM3NeT will be better, in four years better
than the sensitivity of IceCube [23], and M 87 will be a promising candidate to be identified
as a possible neutrino source. The sensitivity of ANTARES is for all the sources more than
one magnitude above the calculated fluxes. Consequently, ANTARES is not suitable to detect
neutrinos from the sources.

For 3C111 it is a similar situation. The IceCube and the KM3NeT sensitivity are approximately
the same and approximately one magnitude above the calculated flux, see Figure 6.3f. Even this
source will be a good candidate to verify the p — p model if KM3NeT is in use for a long time.
In 3C120 (Figure 6.3h), 3C 207 (Figure 6.3j), and 3C 380 (Figure 6.31) the situation is similar
to 3C111. Their fluxes and sensitivities deviate about one magnitude.

Due to its localization, NGC 6251 is out of the field of view of KM3NeT and ANTARES. How-
ever, the sensitivity of IceCube is more than one magnitude above the calculated flux. Thus,
NGC 6251 is not suitable for focus as a neutrino source.

It must be mentioned that all sensitivities are given for an E;2 flux. However, the sources
considered in this work have photon indices deviating from a pure E 2 behavior. Since y—ray
flux and neutrino flux are linked, the neutrino flux also deviates from an E; 2 behavior. Only
Cen A has a spectral index €cen o = 2.12 which is comparable with the sensitivity of the detec-
tors. Thus, errors due to different indices are negligible in comparison to errors originating from
calculations of g. and x(s, B) as it iS €detector/€Cen A & 0.94. The same argumentation can be
applied for M 87, the second potential candidate.

For the rest, deviations due to different spectral indices become larger and must be considered
for the future.

As can be seen, y—ray observations can be used to give strong constraints on the p — p model,
since in this model the number of free parameters is lower than the number of free parameters
in py interactions.

The two closest objects Cen A and M 87 are of special interest. Their spectral indices e are
comparable with the telescope sensitivities, and their neutrino predicted fluxes are in the same
range like the sensitivity of KM3NeT. For Cen A, the calculated flux is below the sensitivity.
Consequently, these two objects can be used to verify the p—p model and give strong constraints
on g. and x(s, B).

Thus, KM3NeT will give a unique opportunity to verify the model used in this work.
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(A) Fermi LAT observation of Cen A. For the calculation the high-energy part of the

core flux is taken. The photon flux is fitted with a power-law function with a spectral

index of € = 2.12, for g. = 0.06 and x = 95.
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(B) Calculated neutrino flux for Cen A. The column density is fixed through Fermi
LAT ~-observations. The blue horizontal line with triangle up gives the ANTARES
sensitivity, the red dashed line the IceCube 4-year discovery potential, the magenta line
with triangle down the KM3NeT 1-year sensitivity, and the rhombus violet line gives the
IceCube 4-year sensitivity. The KM3NeT sensitivity is below the calculated flux. Thus,
Cen A is a promising candidate which will give strong constraints on the used model in

this work.
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Gamma flux of M87
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(¢) Fermi LAT observation of M 87 The photon flux is fitted with a power-law function
with a spectral index of € = 2.21for g. = 0.06 and x = 60.
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(D) Calculated neutrino flux for M 87. The column density is fixed through Fermi
LAT ~-observations. The blue horizontal line with triangle up gives the ANTARES
sensitivity, the red dashed line the IceCube 4-year discovery potential, the magenta line
with triangle down the KM3NeT 1-year sensitivity, and the rhombus violet line gives the
IceCube 4-year sensitivity. The KM3NeT 1-year sensitivity is less than one magnitude
above the calculated flux. Thus, with passing time, the sensitivity improves and M 87
is a promising candidate which will give strong constraints on the used model in this

work.
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Gamma flux of 3C 111
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(E) Fermi LAT observation of 3C 111. The photon flux is fitted with a power-law
function with a spectral index of € = 2.36, for g. = 0.06 and x = 30.

Calculated neutrino flux for 3C 111
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(F) Calculated neutrino flux for 3C 111. The column density is fixed through Fermi
LAT ~-observations. The blue horizontal line with triangle up gives the ANTARES
sensitivity, the red dashed line the IceCube 4-year discovery potential, the magenta line
with triangle down the KM3NeT 1-year sensitivity, and the rhombus violet line gives
the IceCube 4-year sensitivity. The KM3NeT 1-year sensitivity is approximately one
magnitude above the calculated flux. Thus, with passing time, the sensitivity improves
and 3C 111 is a promising candidate which will give strong constraints on the used model

in this work.
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Gamma flux of 3C 120
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(G) Fermi LAT observation of 3C 120. The photon flux is fitted with a power-law
function with a spectral index of € = 2.36, for g. = 0.06 and x = 30.
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(1) Calculated neutrino flux for 3C 120. The column density is fixed through Fermi
LAT ~-observations. The blue horizontal line with triangle up gives the ANTARES
sensitivity, the red dashed line the IceCube 4-year discovery potential, the magenta line
with triangle down the KM3NeT 1-year sensitivity, and the rhombus violet line gives
the IceCube 4-year sensitivity.
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Gamma flux of 3C 207
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(1) Fermi LAT observation of 3C 207. The photon flux is fitted with a power-law
function with a spectral index of € = 2.42, for g, = 0.06 and x = 26.

Calculated neutrino flux for 3C 207
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(J) Calculated neutrino flux for 3C 207. The column density is fixed through Fermi
LAT ~-observations. The blue horizontal line with triangle up gives the ANTARES
sensitivity, the red dashed line the IceCube 4-year discovery potential, the magenta line
with triangle down the KM3NeT 1-year sensitivity, and the rhombus violet line gives
the IceCube 4-year sensitivity.
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Gamma flux of 3C 380
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(k) Fermi LAT observation of 3C 380. The photon flux is fitted with a power-law
function with a spectral index of € = 2.21, for g. = 0.06 and x = 60.
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(L) Calculated neutrino flux for 3C 380. The column density is fixed through Fermi
LAT ~-observations. The red dashed line gives the IceCube 4-year discovery potential,
the magenta line with triangle down the KM3NeT 1-year sensitivity, and the rhombus
violet line gives the IceCube 4-year sensitivity. Since 3C 380 is located outside the field
of view of ANTARES no sensitivity is given.
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(N) Calculated neutrino flux for NGC 6251. The column density is fixed through Fermi
LAT ~-observations. The red dashed line gives the IceCube 4-year discovery potential

and the rhombus violet line gives the IceCube 4-year sensitivity. Since NGC 6251 is

located outside the field of view of ANTARES and KM3NeT no sensitivity is given.

FIGURE 6.3: y—ray observations and calculated neutrino fluxes for FR-I galax-
ies. The y—ray measurement is taken from [68]. The (red) horizontal line gives

the IceCube sensitivity for an E~2 spectrum.






Chapter 7

Conclusion & Outlook

The goal of this thesis is to test which AGN sub-classes are suitable to describe the detected
neutrino flux. Current IceCube observations of high-energy neutrinos are used to test the used
ansatz. Fermi LAT observations are used to make estimates about the point source neutrino
fluxes for FR-I galaxies.

The main focus is on inelastic proton-proton interactions in Active Galactic Nuclei (AGN), where
protons interact with ambient matter, and produce charged and neutral pions. Charged pions
decay subsequently into neutrinos of different flavor and neutral decay in y— rays. The thesis is
divided in six chapters:

Chapter 1 gives a historical introduction into the field of astrophysics. The motivation why
focussing on AGN and the outline is given.

Chapter 2 gives a brief introduction into the physics of Cosmic Rays (CRs). Furthermore it
is explained why neutrinos are excellent candidates to give information about acceleration pro-
cesses and prodcution region in astrophysical sources. Chapter 2 ends with a brief summary of
current and future neutrino telescopes. Here, the main focus is on the IceCube detections of high
energetic neutrinos, which are used to calculate column densities for radio galaxies and Blazars
2.5.2.

Chapter 3 gives an introduction into the physics of AGN. In this work it is assumed that these
extragalactic objects are sources of high energetic CRs. Furthermore, it is assumed that inelastic

p — p interactions take place in AGN jets.

In chapter 4 the transport equation for protons is solved. In this ansatz, it is tested what
shape the proton have, after transport. Energy loss is considered by inelastic p — p interactions
and adiabatic expansion of the blob, section 4.1. Energy gain is considered by acceleration of
protons in magnetic field irrigularities. The proton flux, see equation (4.31), is a function of
several parameters, which in turn are a combination of basic physics parameters. The determi-
nation of these parameters or functions is very complex or almost impossible, since the only tool
we have are electromagnetic observations of AGN. The exact plasma conditions within the blob
are mainly unknown.

Observational properties like the ratio of electrons to protons g. are be used to constrain these
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parameters.

Chapter 5 deals with analytical and semi analytical methods which are used to calculate diffuse
neutrino fluxes and column densities for radio galaxies and Blazars. The electron to proton
ratio ge and electron to radio luminosity ratio x(s, B) are fixed by measurable quantities and
compared with theoretical models, see section 5.1.1 and section 5.1.2. Theoretical results for g,
are obtained by assuming same spectral indices for the electron and proton population. This
is justified, because both species are accelerated in Fermi I and Fermi II processes, leading to
power-law functions for the particle distribution.

In section 5.2 a semi analytical ansatz is applied. The results are compared with analytical calcu-
lations. Assuming a common blob size of R = 10'® cm and a particle density of ny = 10° cm ™3
for FR-I galaxies, our calculated, spectral indices o and magnetic field B dependent column
densities are in agreement with theoretical models, see Figure 5.2b. The column density remains
constant up to a critiqual magnetic field B, which depends on the minimum Lorentz factor yyin
of the electron population, and decreases for B > B, due to the Ng  x(s, B)~! behavior, for
each AGN sub-class.

Consequently, knots of FR-I galaxies are potential candidates to be sources of high-energy CRs
and neutrinos. On the other side, the lobes of FR-II galaxies can be ruled out, to be sources
of high energy CRs and neutrinos, detected column densities are much smaller than needed to
produce the observed signal.

Adopting the ansatz of a relativistic moving blob along the jet, the jet size increases, while
moving along the jet. Since protons may escape from the blob or lose energy to fall below the
threshold energy for pion prodcution, the effective particle density ny within the blob decreases.
Assuming a lobe size of R = 1022723 c¢cm and a particle density of ng = 0.01 — 0.1cm ™3, our
calculated and predicted column column densities disagree, see Figure 5.2d, exlcuding lobes of
FR-II galaxies as potential sources of high-energy CRs and neutrinos.

For Blazars, whose fluxes and column densities depend on the Doppler factor d, Ny is given as
a function of the magnetic field B, for different spectral indices «, different Lorentz boost factor
I'p and inclination angle i. Adopting Fermi LAT observations of 23 Blazars [64], y—ray obser-
vations of Flat Spectrum Radio Quasars [65], give a range for column densities, and magnetic
fields [66].These results are used to give constraints on I'g and inclination angle i. According
to that, Blazars with 10 < I'g < 100 and ¢ = 0°, for all considered neutrino spectral indices «
fulfill the condition to be potential sources of high energy CRs and neutrinos, see Figure 5.4a,
5.4c and 5.4e.

Chapter 6 deals with Fermi LAT observations of seven close radio galaxies, including the two
closest AGN Centaurus A (Cen A) and Messier 87 (M 87).

Assuming that y—rays are produced through the decay of neutral pions, y—ray and neutrino
flux are linked. Fermi LAT observations are used to calculate the column density. In equation
6.3 (section 6.2) Ny as the only free parameter will be varied, until LAT measurments and
calculated fluxes are equal, for example Figure 6.3a. The column densities are used to fix the
neutrino fluxes.

For Cen A, the calculated neutrino flux is below the sensitivities of the neutrino telescopes,
except KM3NeT. Thus, KM3NeT is a chance to verify the used ansatz of neutrino production
through inelastic p — p interactions. Furthermore, constraints on parameters like x (s, B) and g.

can be given. Although the sensitivities of all telescopes are given for E? fluxes, erros due to
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differnt spectral indices for Cen A are negligible, in comparison to other error sources like the
estimation of g. and x(s, B), since it is €getector/€Cen A = 2.0/2.12 2~ 0.94

M 87, the second close AGN has calculated neutrino fluxes below the sensitivity of all telescopes.
However, with passing time the sensitivity of KM3NeT will be in the same range like the cal-
culated flux, making M 87 as a potential source to verify the ansatz, and to give constraints on
x(s, B) and g..

For all other sources neutrino fluxes and sensitivities differs more than one magnitude. Addi-
tionally, errors due to different spectral indices become significant.

One of the most important parameters used to calculate fluxes and column densities are radio
luminosity functions, which also play an important role in the normalization of the CR flux Ay

and in fixing the electron to proton ratio g.. Consequently they have a large influence on the

calculations. In this work the radio luminosity function Fr?(}i';’FR'II(L, z) for radio galaxies is
from the year 2001 and for Blazars FBI22a1s([, z) from the 1990. More updated functions with

sophisticated telescopes will reduce uncertainties in the parameters and will give better results
for densities and fluxes.

Detailed observations of the CR spectrum, specially of the high energy regime (Ecg > 10'%) eV
will help to have more accurate results for the CR normalization A,.

The ratio of electron luminosity L. to radio luminosity L,,qic is fixed by the electron population
dN/d~.. To guarantee analytical solutions for x(s, B) a power-law function is assumed. Other
assumptions lead to the fact that calculations can only be solved numerically. In a further step
different more complex functions can be adopted to calculate x(s, B) numerically and to give
more exact results.

While in this work seven close radio galaxies are considered and their fluxes are compared with
the sensitivities of neutrino telescops, and increase in numbers of radio galaxies will help to have
more statistics and thus more results. These results can be used to verify used ansatz, used in
this work.

Of special interest are Cen A and M 87, the two closest AGN which are in the field of view of the
future telescope KM3NeT and which have fluxes comparable with the one year sensitivity. Thus,
KM3NeT gives a great oppurtunity to verify the p — p model and to give strong constraints on
parameters like g, and x(s, B).
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Zusammenfassung & Ausblick

Das Ziel der Arbeit ist es, zu iiberpriifen, welche AGN-Unterklassen geeignet sind, den von Ice-
Cube beobachteten Neutrinofluss zu beschreiben. Fermi L AT-Beobachtungen werden verwendet,
um Neutrinofliisse von Punktquellen zu berechnen.

Das Hauptaugenmerk dieser Arbeit liegt auf inelastischen Proton-Proton Wechselwirkungen. In
diesen Wechselwirkungen werden neben geladenen Pionen, die in Neutrinos zerfallen, auch neu-
trale Pionen erzeugt, die ihrerseits in Photonen zerfallen. Die Arbeit ist wie folgt aufgebaut:
Kapitel 1 gibt eine historische Einfithrung in das Thema der Astrophysik und endet mit der
Begriindung dafiir, wieso Aktive Galaxien beriicksichtigt werden.

Kapitel 2 gibt eine kurze Einfithrung in die Physik der kosmischen Strahlung und erklért, welche
galaktischen und extragalaktischen Quellen fiir die beobachteten Teilchen verantwortlich sein
kénnen. Weiterhin wird in Abschnitt 2.4 erklart, wieso Neutrinos ausgezeichnete Teilchen sind,
um physikalisch wichtige Informationen iiber die Beschleunigung und iiber die Quellen selbst zu
erhalten. Desweiteren wird in Abschnitt 2.5 das Prinzip der Neutrinodetektion erklart. Kapitel
2 hort mit dem Abschnitt iiber die Detektion hochenergetischer Neutrinos mit Hilfe des IceCube-
Detektors auf, Abschnitt 2.5.2.

Kapitel 3 beschéftigt sich mit der Physik der Aktiven Galaxien. Da in dieser Arbeit Aktive
Galaxien eine wichtige Rolle spielen, werden ihre physikalischen Eigenschaften erortert. Ab-
schnitt ?? beschreibt ein mdogliches Szenario, wie die charakteristischen Jets produziert werden
konnten. Aktive Galaxien zeichnen sich auch dadurch aus, dass sich in ihnen einige Objekte mit
Uberlichtgeschwindigkeit bewegen. Die Erklarung des Effekts, der auch ein weiteres Indiz fiir
ein massives schwarzes Loch als Energiequelle ist, wird in Abschnitt 3.3 gegeben.

Ein wichtiger Punkt sind radio Leuchtkréfte, die verwendet werden, um die Berechnung durchfithren
zu konnen. Aus diesem Grund gibt Abschnitt 3.4 eine kurze Einfiihrung in das Thema der Syn-
chrotronstrahlung hochenergetischer Elektronen.

Kapitel 3 wird durch die Theorie der Vereinheitlichung der Aktiven Galaxien (Abschnitt 3.9)
beendet.

In Kapitel 4 wird die Transportgleichung fiir Protonen gelost. Hierfiir muss der Energiever-
lust (Abschnitt 4.1) sowie der Energiegewinn durch Streuung an Magnetfeldern (Abschnitt 4.2)
beriicksichtigt werden. Die Losung der Transportgleichung ist eine Potenzfunktion, die von vielen
Parametern abhingig ist, die ihrerseits von anderen Parametern abhangig sind, deren Bestim-
mung komplex ist. Aufgrund dieser Tatsache werden die Parameter zusammengefasst und durch
messbare Groflen substituiert.

In Kapitel 5 werden Neutrinofliisse und Sadulendichten fiir FR-I, FR-II und Blazare sowohl an-
alytisch, als auch semianalytisch berechnet und miteinander verglichen. Die Saulendichte wird
durch die aktuelle IceCube-Beobachtung hochenergetischer Neutrinos festgelegt. Zur Berechnung
der Fliisse und Saulendichten wird das Elektron-zu-Protonverhéaltnis g, sowie das Verhéltnis der
Elektron- zur Radioleuchtkraft berechnet (Abschnitt 5.1.1 und Abschnitt 5.1.2). Fiir die theo-
retische Berechnung der Grofle g. werden gleiche spektrale Indizes fiir Elektronen und Protonen
angenommen. Dies kann durch die Annahme der Teilchenbeschleunigung durch Fermi I und
Fermi IT erklart werden.

Aus den berechneten Fliissen kénnen fiir FR-I-und FR-II-Galaxien Einschrankungen fiir den
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Produktionsort der Neutrinos innerhalb des Jets abgeleitet werden. Unter der Annahme einer

3 jnnerhalb des

BlobgréBe von R = 10'® cm und einer Teilchendichte von ng = 10'° cm™
Blobs fiir FR-I-Galaxien ergibt sich eine Séulendichte, die mit der berechneten S&ulendichte
iibereinstimmt, sieche Abbildung 5.2b. Aufgrund dieser Tatsache kénnen die “knots” von FR-I-
Galaxien als potenzielle Quellen der hochenergetischen kosmischen Strahlung und Neutrinos in
Frage kommen. Fiir FR-II-Galaxien sehen die Resultate anders aus. Unter der Annahme einer

= 102223 cm und einer Teilchendichte von ny = 0.01 — 0.1 cm ™2 ergeben sich

Lobegrofie von R
Sédulendichten, die mit den hier berechneten Werten nicht tibereinstimmen. Somit kénnen die
Lobes von FR-II-Galaxien als Quellen hochenergetischer kosmischer Strahlung sowie Neutrinos
mit grofler Wahrscheinlichkeit ausgeschlossen werden.

In Kapitel 6 werden fiir sieben nahe FR-I-Galaxien Fermi LAT-Beobachtungen verwendet, um
aus den gemessenen y—Fliissen Neutrinofliisse zu berechnen.

Die y—Fliisse werden anhand von Gleichung (6.3) berechnet. Alle Parameter bis auf die Sdulendichte
Ny sind bestimmt. Ny wird als freier Parameter variiert, bis der berechnete Fluss (rote Linie)
und die Beobachtungsdaten (schwarze Punkte), iibereinstimmen (6.3a).

Die so berechneten Werte werden verwendet, um die Neutrinofliisse der Quellen zu berech-
nen. Diese Neutrinofliisse werden mit den Sensitivitdten aktueller Teleskope (IceCube und
ANTARES) und mit der Sensitivitit des zukiinftigen Teleskops KM3NeT verglichen.

Es zeigt sich, dass die beiden ndhesten Objekte Cen A und M 87 vielversprechende Kandidaten
sind um, mit KM3NeT detektiert zu werden. Insbesondere Cen A ist hierbei von besonderem
Interesse, da der berechnete Neutrinofluss unterhalb der Sensitivitdt liegt. Alle Sensitivitdten
sind fiir £ 2-Fliisse gegeben. Da Cen A einen spektralen Index von ecen o = 2.12 hat, sind
Fehler aufgrund unterschiedlicher Indizes im Vergleich zu den anderen Fehlerquellen wie der
Berechnung der Parameter g. und x(s, B) vernachléssigbar.

Fiir M 87 ist die Situation dhnlich. Obwohl der berechnete Fluss unterhalb der Sensitivitat aller
Detektoren liegt, wird mit voranschreitender Beobachtungszeit von einigen Jahren der berech-
nete Fluss unterhalb der Sensitivitat von KM3NeT liegen. So kann auch diese Quelle dazu
dienen, Einschrankungen auf die hier verwendeten Parameter zu geben.

Die Fliisse der anderen Quellen sind um mehr als eine Groflenordnung unterhalb der Sensi-
tivitdten aller Detektoren. Auch zeigen die spektralen Indizes der Quellen im Vergleich zum
E; 2-Verhalten groe Abweichungen, sodass diese Fehlerquelle nicht mehr vernachliissigbar ist.
Zu den wichtigsten Parametern zur Berechnung der Fliissse und Dichten gehoren die Radi-
oleuchtkraftfunktionen Fhal (L 2) fir FR-T und FR-II sowie F2al2#015(L, ) fiir Blazare.
In dieser Arbeit werden RLF fiir FR-I und FR-II sowohl verwendet, die im Jahre 2001 bzw. im
Jahr 1990 aufgestellt wurden. Da die Rechnungen in dieser Arbeit allgemein gehalten wurden,
konnen neue und verbesserte Messungen der Radioobjekte zu verbesserten Funktionen und de-
mentsprechend zu genaueren Flussvorhersagen fiihren.

Weiterhin spielen die RLFs eine wichtige Rolle fiir die Berechnung der CR-Normierung A, und
fiir die Berechnung von g.. Auch hier kénnen aktuellere RLFs genauere Ergebnisse liefern.

Zur Berechnung von x(s,B) wurde ein einfaches Potenzgesetz fiir das Elektronenspektrum
angenommen. Dies kann damit erklért werden, dass die Berechnungen nur fiir einfache Poten-
zgesetze analytisch 16sbar sind. In einem weiteren Schritt konnen somit komplexere Funktionen
verwendet werden, um x(s, B) numerisch zu berechnen, und so verbesserte Ergebnisse zu liefern.
In Kapitel 6 wurden sieben nahe FR-I-Galaxien beriicksichtigt. Eine Erhéhung der Anzahl fithrt
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zu einer besseren Statistik und damit zu genaueren Aussagen. Weiterhin kénnen die Ergeb-
nisse aus Kapitel 5 iiberpriift werden, da davon auszugehen ist, dass alle FR-I-Punktquellen
Saulendichten haben, die im Bereich 1023 — 10%% cm~2 liegen.

Das neue Neutrinoteleskop KM3NeT wird in Zukunft von besonderer Bedeuutung sein. Unter der
Annahme inelastischer Proton-Proton-Wechselwirkung als Produktionsmechanismus der beobachteten
Neutrinofiisse kann KM3NeT verwendet werden, um die zwei nahesten FR-I Galaxien Cen A und

M 87 zu beobachten. Hierbei kann KM3NeT helfen, Einschrankungen fiir die beiden wichtigen

Parameter g. und x(s, B) zu geben, deren theoretische Berechnung komplex ist.
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Diffuse neutrino fluxes for FR

galaxies, based on semi analytical

calculation

Diffuse neutrino flux calculated for FR-1 galaxies
for a=2.0
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Diffuse neutrino flux calculated for FR-l galaxies
for a=2.3
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