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Abstract

The discovery of an astrophysical neutrino flux by the IceCube Neutrino Observatory
motivates the search for strong proton accelerators that can produce neutrinos through
interactions between high-energy protons and photons. Blazars, being some of the most
luminous sources of radiation in the Universe, could be the answer. Attempting to
establish a connection between blazars and astrophysical neutrinos, this thesis makes
a theoretical prediction of the neutrino fluxes of a selection of blazars. This is done by
making leptohadronic models of the 19 blazars studied in Ghisellini et al. (G11). These
blazars are among the most powerful in the Universe in terms of jet power and accretion
disk luminosity, potentially making them strong neutrino emitters. The leptonic model is
based on the leptonic model in G11 but with the addition of an injected proton spectrum.
The proton spectrum luminosity is set at a level where its contribution to the energy flux is
subdominant. Updated Fermi-LAT data are also considered when evaluating the quality
of the model. The predicted neutrino flux is compared to the flux sensitivity of IceCube,
along with the predicted future flux sensitivities of IceCube-Gen2 and KM3NeT/ARCA.
It is found that out of the 19 blazars studied, the three named 4C+01.02, TXS 0322+222
and PKS 0458-02 produce neutrino fluxes that may be detectable within the first 15 years
of IceCube-Gen2. For the model in this thesis, the neutrino fluxes peak at energies larger
than 1 PeV.



Sammendrag

Oppdagelsen av en astrofysisk ngytrinofluks av IceCube Neutrino Observatory motiverer
jakten pa sterke protonakseleratorer som kan produsere ngytrinoer gjennom vekselvirkninger
mellom hgyenergiske protoner og fotoner. Blasarer, i kraft av a veere noen av universets
mest lyssterke stralekilder, kan veere svaret. 1 et forsgk pa a finne en sammenheng
mellom blasarer og astrofysiske ngytrinoer, lager denne oppgaven en teoretisk prognose for
ngytrinofluksene til et utvalg blasarer. Dette gjgres ved a lage leptohadroniske modeller
av de 19 blasarene som ble analysert i Ghisellini et al. (G11). Disse blasarene er blant de
kraftigste i universet nar det kommer til jetstralenes effekt og tilvekstskivenes luminositet.
Dette kan potensielt gjgre dem til kraftige ngytrinokilder. Den leptoniske modellen tar
utgangspunkt i den leptoniske modellen til G11 men med tilfgyelsen av et injisert pro-
tonspektrum. Protonspekterets luminositet bestemmes slik at protonenes bidrag til den
totale energifluksen ikke pavirker samsvaret med dataene fra G11. Oppdatert data fra
Fermi-LAT, tas i betraktning nar modellens kvalitet vurderes. Ngytrinofluksens prognose
sammenliknes med flukssensitiviteten til IceCube-observatoriet, samt de framtidige an-
tatte flukssensitivitetene til IceCube-Gen2 og KM3NeT/ARCA.

En kommer fram til at av de 19 blasarene analysert her, er det de tre ved navn 4C+01.02,
TXS 03224222 og PKS 0458-02 som produserer ngytrinoflukser som kan vere sterke
nok til a kunne oppfattes i lgpet av IceCube-Gen2s forste 15 ar. For modellen i denne
oppgaven nar ngytrinofluksen toppen for energier hgyere enn 1 PeV.
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1 Introduction

Active Galactic Nuclei (AGN) are extremely bright central regions of galaxies that emit
radiation across the whole electromagnetic spectrum, from radio to gamma-rays (e.g
Padovani et al. 2017). The IceCube Neutrino Observatory has detected high-energy
astrophysical neutrinos, but the source of them is still an open question (e.g. Ahlers
and Halzen 2018; Troitsky 2021). AGN are a potential candidate given their ability to
accelerate protons to relativistic energies. The connection between gamma-ray emitting
AGN and high-energy astrophysical neutrinos has been explored by various authors (e.g.
Nellen, Mannheim, and Biermann 1993; Mannheim 1993; Kelner and Aharonian 2008;
Cerruti et al. 2015; Tavecchio and Ghisellini 2015; Resconi et al. 2017; Zech, Cerruti, and
Mazin 2017; Cerruti et al. 2018; Gao et al. 2018; Keivani et al. 2018; Murase, Oikonomou,
and Petropoulou 2018; Righi, Tavecchio, and Inoue 2018; Oikonomou et al. 2019; Zhang
et al. 2020; Rodrigues et al. 2023).

This chapter consists of a brief history of AGN, a description of blazars and their prop-
erties, an overview of telescopes used to observe AGN, and finally a project description.
Chapter 2 reviews theoretical background concepts relevant to the project. Chapter 3
outlines the model setup, choice of sources, and assumptions, and describes the software
used for numerical simulations. Chapter 4 consists of a presentation of the results and a
discussion. Chapter 5 is the conclusion.

1.1 History

The brightest AGN are quasars, short for ” quasi-stellar radio source”. Originally thought
to be stars within our own Galaxy, Schmidt (1963) found that one of these light sources
had an unexpectedly large redshift. They concluded that the most likely explanation
was that the source of the redshift was the expansion of the Universe, implying that
the source is extragalactic. This in turn meant that the luminosity of the object was
very large. Indeed, AGN have luminosities comparable to entire galaxies (e.g. Ghisellini
2013). Such large luminosities require a mass of more than a million solar masses in a
volume the size of our Solar System (Lynden-Bell 1969). Salpeter (1964) and Lynden-Bell
(1969) showed that a black hole accreting matter can release enough energy to explain
the quasar luminosities. Close to a black hole’s event horizon, general relativistic effects
are important. Einstein’s field equations (Einstein 1915) were solved for a non-rotating
spherical object in Schwarzschild (1916). However, conservation of angular momentum
means that any physically realistic black hole that accretes matter must also rotate. The
solution for a rotating object was found in Kerr (1963). Using the metric from Kerr
(1963), Blandford and Znajek (1977) showed that the rotational energy of a black hole
can be extracted through electromagnetic interactions between the black hole and the
accreted matter.

1.2 Blazars

Urry and Padovani (1995) describe a unification scheme for AGN where the different cat-
egories of AGN are interpreted as the same type of object, but with different orientations



1.2 BLAZARS

with respect to the observer. Doppler shifts cause the spectral energy distribution (SED)
of the AGN to look different depending on the viewing angle and orientation, as shown
in Figure 1.1. Blazars are characterised by a small angle between the bulk motion of
particles in the jet and the viewing angle, causing the observed energy flux to be boosted
with respect to the energy flux in the comoving frame of the jet. Since the observed en-
ergy flux of an object is inversely proportional to its distance squared, a Doppler boost of
the energy flux enables one to detect objects that are further away, i.e. at higher redshifts.

A blazar consists of a supermassive black hole in the center, with masses between a
million and several billion solar masses; an accretion disk; an X-ray corona close to the
disk; a dust torus several parsecs from the black hole; a Broad-Line region, consisting of
gas that re-emits a portion of the disk radiation in the form of emission lines broadened
by Doppler shifts; a Narrow-line Region, similar to the Broad-Line Region but at a larger
distance and with less broadening of the emission lines; and jets of relativistic matter,
responsible for most of the emitted radiation (e.g. Ghisellini 2013). The SED of blazars
are characterised by two humps, one in the low-energy radio range, and one in the high-
energy gamma-ray range.
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Figure 1.1: Unified model of AGN. Figure retrieved from https://commons.wikimedia.
org/wiki/File:Emmaalexander_unified_agn.png. The figure is a schematic of a typical
AGN. Different categories of AGN are interpreted as the same type of object but with
different orientations with respect to the observer. This type of unified scheme for AGN
is discussed in Urry and Padovani (1995).

1.3 Observing AGN

AGN emit radiation across the electromagnetic spectrum. Observing them thus requires
telescopes that operate in different wavelength ranges. If AGN are also sources of high-
energy neutrinos, then neutrino observatories are needed to detect this neutrino flux.

1.3.1 X-ray, UV and gamma-ray observations

The Fermi satellite’s Large Area Telescope (LAT) has detected thousands of AGN since its
launch in 2008 (Ajello et al. 2022). Fermi-LAT' observes light in the gamma-ray range.
Being the only space-based gamma-ray observatory, it can detect and observe distant

'https://fermi.gsfc.nasa.gov/science/instruments/tablel-1.html
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gamma-ray sources, like blazars, without the interference of the atmosphere.

The Swift? satellite studies gamma-ray bursts (GRBs) through multi-wavelength obser-
vations. Its connection to GRBs makes it suitable for the study of sources with high
gamma-ray fluxes, like blazars. It has the instruments UV /Optical Telescope(UVOT),
which observes in the optical and UV range; X-ray Telescope (XRT), which observes in
the soft X-rays; and the Burst Alert Telescope (BAT), which observes in the hard X-rays.
Data from these telescopes put constraints on theoretical models of AGN.

1.3.2 IceCube Neutrino Observatory

Neutrinos have no electric charge and very low mass. As a result, neutrinos can traverse
the Universe with no deflection from magnetic fields and very little absorption by interme-
diate matter, making them a valuable astronomical messenger (Ahlers and Halzen 2018).
However, these properties make them very difficult to detect.

The IceCube Neutrino Observatory® consists of a cubic kilometer of ice filled with
thousands of digital optical modules, see Figure 1.2. When high-energy neutrinos pass
through the ice, a portion of them interact with nucleons in the ice and produce leptons
through the charged current weak interaction (Ahlers and Halzen 2018). The speed of
light in ice is slightly lower than in a vacuum. When the produced high-energy leptons
move faster than the speed of light of in ice, they emit Cherenkov radiation. These
Cherenkov photons are then observed by the digital optical modules. From these signals,
the detector can determine the direction, energy and flavour of the neutrinos (see e.g.
Ahlers and Halzen 2018). Secondary charged particles resulting from the neutral current
weak interaction are detected in a similar way. Because of its location at the South
Pole, IceCube has an asymmetry between the northern and southern hemispheres in its
sensitivity to astrophysical neutrino fluxes. To supplement IceCube, the KM3NeT /ARCA
detector is currently being built in the Mediterranean Sea (see e.g. Muller, Heijboer, and
Eeden 2023).

’https://swift.gsfc.nasa.gov/about_swift/
3https://icecube.wisc.edu/about-us/facts/
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Figure 1.2: A schematic of the IceCube detector. Figure retrieved from https://res.
cloudinary.com/icecube/images/q_auto/v1653683283/gal_MnOrenewal_icecube_
detector_9996b6adb/gal_MnOrenewal_icecube_detector_9996b6adb. jpg?_i=AA.

1.4 Project description

The project in this thesis involves leptohadronic modelling of the high-redshift blazars
in Ghisellini et al. (G11), in order to make theoretical predictions of the high-energy
neutrino flux from these sources. The model in G11 is a purely leptonic one. However,
the observation of high-energy astrophysical neutrinos by IceCube motivates the search for
high-energy neutrino emitters. To explore if the blazars in G11 are possible candidates, a
leptohadronic model is needed. This project does not involve any analysis of observational
data. The data points are taken from the G11 paper, along with data from the HEASARC*
archive. The results are summarized in plots of the spectral energy distributions (SEDs)
of the modelled blazars.

‘https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3table.pl?tablehead=name,
3Dfermilac&Action=More+0Options


https://res.cloudinary.com/icecube/images/q_auto/v1653683283/gal_MnOrenewal_icecube_detector_9996b6adb/gal_MnOrenewal_icecube_detector_9996b6adb.jpg?_i=AA
https://res.cloudinary.com/icecube/images/q_auto/v1653683283/gal_MnOrenewal_icecube_detector_9996b6adb/gal_MnOrenewal_icecube_detector_9996b6adb.jpg?_i=AA
https://res.cloudinary.com/icecube/images/q_auto/v1653683283/gal_MnOrenewal_icecube_detector_9996b6adb/gal_MnOrenewal_icecube_detector_9996b6adb.jpg?_i=AA
https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3table.pl?tablehead=name%3Dfermilac&Action=More+Options
https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3table.pl?tablehead=name%3Dfermilac&Action=More+Options

2 Theoretical background concepts

In this work, the radiation from the jet is assumed to be emitted primarily from a single
radiation zone. The radiation zone is modelled as a spherical blob located at a distance
Raiss from the black hole. Relativistic protons and electrons in the blob, with Lorentz
factors 7. and -, respectively, are also moving with a bulk velocity characterised by the
Lorentz factor I'. Special relativistic effects cause the emitted radiation to be blueshifted.
The observed vF(v) energy flux is therefore given by vF(v) = §*[vF(v)]’, where [vF(v)]
is the energy flux in the comoving frame of the blob and § = [['(1 — Scosf)]™! is the
Doppler factor. For blazars, the viewing angle @ is small, causing the Doppler factor ¢ to
be large.

In this chapter, the main interactions between the particles in the blob and the magnetic
field and different photon fields are described. This chapter draws heavily from Chapter
8 in Ghisellini (2013) and Chapters 6, 7 and 9 in Dermer and Menon (2009), along with
Ghisellini and Tavecchio (2009).

2.1 Photon fields in Active Galactic Nuclei

The photon fields in AGN consist of radiation from the accretion disk, X-ray corona,
broad-line region (BLR), and the dust torus. In this work, these photon fields are modelled
as in Ghisellini and Tavecchio (2009). Due to special relativistic effects, photon fields
moving towards the radiation zone are boosted proportional to I'?, while those moving
away from the radiation zone are correspondingly deboosted. Thus, the contribution to
the external photon field from the accretion disk and corona is negligible compared to
the contribution from the BLR and the torus, provided Rgis > Raisk Where Rgigc is the
size of the accretion disk and Ry is the distance from the black hole to the blob. The
Schwarzschild radius for a black hole is given by

_2GM

2

Rs

M
=2.95-10" cm < ) , (2.1)

C 109M®

where M is the mass, G is Newton’s gravitational constant, ¢ is the speed of light and
My, is the solar mass.

2.1.1 Accretion disk

The accretion disk consists of matter orbiting around the black hole. The radiated en-
ergy is generated by the accretion process, where infalling material has its gravitational
potential energy converted to kinetic energy as it falls inward towards the black hole. In
classical physics, the luminosity of this process is given by

L=—E,=— dr = = 2.2
dt7  dt " (2:2)

d d /R ~GMm ,  dGMm _ GMm
r2 dt R R’

o0

where M is the black hole mass and 7 is the accretion rate. As pointed out in e.g.
Armitage (2022), a fraction of this energy will cross over the event horizon. Thus, the
luminosity can be described by L = nrc?, where 7 is the radiative efficiency. The variable
1 depends on the accretion mode, which itself depends on the angular momentum of
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the black hole. The accretion mode is described by the dimensionless spin parameter
0 < a < 1, which is defined as a = cJ/GMZ, where M is the mass and J is the angular
momentum (Armitage 2022). It can be shown that n(a = 0) = 5.7% and n(a — 1) = 42%
(Armitage 2022). The luminosity is limited by the Eddington luminosity

dreGM
LE'dd = - , (23)

where k is the opacity of the gas in the accretion disk. For Thomson scattering of hydrogen
gas, the opacity is given by k = or/mpy, where or is the Thomson scattering cross-section
and my is the mass of the hydrogen atom. The corresponding Eddington luminosity is
given by

Lpaqg ~ 1.26 - 10°%(M /M) ergs™" (2.4)

The matter in the accretion disk orbits the black hole at different radii. Equation 2.2
then suggests that the radiated energy is a function of radial distance from the black hole.
Indeed, this is what is shown in Shakura and Sunyaev (1976). Equation (3.3) in their
article states that the energy emission is oc [1 — (Ro/R)"/?] (Shakura and Sunyaev 1976),
where Ry is the innermost radius of the disk. Ghisellini (2013) models the disk spectrum
as a collection of thin rings all emitting black-body radiation, with the temperature profile

given by
1/4
T 3RsLaigx " ] 3Rs\ " (2.5)
N 167 UJMBRB R ’ ’
where Rg is the Schwarzschild radius, oyg is the Maxwell-Boltzmann constant, and 7 is
the radiative efficiency.

2.1.2 X-ray corona

The corona’s nature is unclear, but it is likely reflected accretion disk radiation. Obser-
vations of the X-ray spectrum of AGN show a power law flux in the range 0.1 — 200 keV
with an exponential cutoff (Ghisellini 2013)

Fx(v) oc y=0xev/ve, (2.6)

where axy ~ 0.7 — 0.9 and hv, € [40,300] keV are typical values. Consequently the
spectrum from the corona looks flat in a v F'(v) plot until it falls exponentially for energies
~ 100 keV.

One expects the corona to be close to the black hole because of the high variability of the
X-ray flux, and because its luminosity is comparable to the disk luminosity. According to
Equation 2.2, the gravitational energy released is proportional to R~!. Therefore, if the

corona draws its power from gravitational potential energy, it must be close to the black
hole.

2.1.3 Broad-line region and narrow-line region

The emission line regions surrounding AGN can be put into two categories, the broad-line
region (BLR) and the narrow-line region (NLR). The Lyman « line and the [OIII] line
in Figure 2.1 are examples of broad-line and narrow-lines respectively. We do not know
what the emission regions are. However, the presence of the different emission lines allows

8
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one to identify the material composition of the region. Furthermore, the broadening of
the broad emission lines is too large to be due to thermal broadening, so there must
be some bulk motion of the material in the BLR. The broad-lines have full width at
half maximum (FWHM) AX ~ (1072 — 1071)),, while the narrow-lines have FWHM
AN ~ 1073); (Ghisellini 2013). The FWHM of an emission line is found by measuring
its width where the intensity is half the value of the intensity at the peak. The velocity
corresponding to this Doppler shift is then given by v/c = AXN/A\g. The BLR is located
at a distance
17 Lq V2

RBLR =10""cm (—1045 erg Sl> s (27)
where Ly is the disk luminosity. The NLR, however, is at a distance of around 100 pc.
Using a similar expression for the comoving energy density from NLR photons as in
Equation 2.13 and comparing with the contribution from the BLR photons, one finds

Uy Rpig \’ L
NLR ( BLR > ~ 1077 (—4 - 1) : (2.8)
UiLr 100 pe 10% erg s~
where primed quantities denote the comoving frame of the blob. Hence, the NLR photons’

contribution to the energy density in the blazar blob is negligible compared to that of the
BLR, provided that Rgiss is not much larger than Rpyr.
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Figure 2.1: Composite quasar spectrum from the Sloan Digital Sky Survey. Figure re-

trieved from Vanden Berk et al. (2001). Several prominent emission lines can be seen,
including the broad Lyman « line.



2.1 PHOTON FIELDS IN ACTIVE GALACTIC NUCLEI

2.1.4 Dust torus

Some of the light from the accretion disk is absorbed by a dust torus surrounding the
black hole, and re-emitted in the infrared. The torus is located at a distance

L, 1/2

Rig =2.5-10" — 2.9

IR e (1045 erg s—1> ’ (2:9)

where Ly is the disk luminosity. The torus model used in this work is the same as in G11.

This model is an approximation. It has been suggested, e.g. by Burtscher et al. (2013),

that the relationship between Rigr and Ly in reality is more complex than in Equation
2.9. The energy density of the torus photons is given by

JirLal™

Up ~ ———, 2.10

™ ArR2c (2.10)

where fig is the torus covering factor and Ry is the torus radius. Comparing U} g, given

by Equation 2.13, with Uy, given by Equation 2.10, and inserting Equations 2.7 and 2.9,

one finds that )
UI/R -~ fIR (RBLR) N10_2‘ (211)

Ugtr  feir \ Bir
Consequently, the contribution to the comoving external photon energy density is dom-
inated by the BLR photons, while the torus photons are subdominant, provided that
Raiss < RpLR-

2.1.5 CMB photons

For the sources in this sample, the contribution to the external photon field from the
Cosmic Microwave Background (CMB) is negligible in the radiation zone. Following
Ghisellini and Tavecchio (2009),

Ubns = aTyT2(1 + 2)% (2.12)

where a = 7.65 x 1071% erg cm™3 K~ is the radiation constant 40 /c, where o is the Stefan-
Boltzmann constant; and Ty = 2.7 K is the CMB temperature at z = 0. Meanwhile, the
energy density of the BLR photons is given by (Ghisellini and Tavecchio 2009)

17F2 fBLRLd

LR Td 2.13
12 47 R% xc’ (2.13)

UpLr ~
where fprr is the BLR covering factor and Lg is the accretion disk luminosity. Comparing
the two, one finds that

Uy 12aTgT%(1 + 2)* - 47 R% e

U! 1 Y'/'R 2701 10% erg g1
= ZOMB 109, ( +Z) < ﬁLR ) ( ) ( e’ ) . (2.15)
UpLr 3 10* cm fBLR Lqg

Thus, one can conclude that the contribution from the CMB to the energy density in the
jet is negligible.

(2.14)
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2.2 LEPTONIC PROCESSES

2.1.6 Extragalactic Background Light

The Extragalactic Background Light (EBL) is the light from all galaxies in the Universe.
This provides a background photon density that can interact with the gamma-ray emis-
sions of AGN to create electron-positron pairs through gamma-gamma pair production.
This process is described in Section 2.4.2. Interactions with the EBL effectively absorb
TeV photons from AGN, hindering observations significantly (Cerruti 2020). Naturally,
the absorption effect increases with distance. For high-redshift blazars, it is thus expected
to be significant. The attenuation of gamma-ray spectra of high-redshift blazars has been
modelled by e.g. Gilmore et al. (2009). They showed that the effects of this absorption
are negligible for gamma-rays below 10 GeV. Figures 6 and 7 in their paper do show that
absorption becomes significant above 10 GeV, with the opacity reaching 7 ~ 1 around
20 GeV for redshifts z > 2.

2.2 Leptonic processes

The main contribution to the SEDs of the blazars in the sample is expected to come
from leptonic processes. The leptons are primarily electrons accelerated to energies in the
MeV to GeV range, along with electron-positron pairs produced by ~+v interactions. The
leptonic processes considered here are synchrotron radiation resulting from the interaction
between the leptons in the jet and the magnetic field, and the inverse-Compton scattering
of the leptons off of the external photon field.

2.2.1 Synchrotron radiation

When relativistic charged particles are accelerated by a magnetic field, they emit syn-
chrotron radiation. Synchrotron radiation from relativistic leptons in the jet is believed
to be the cause of the low-frequency hump in the blazar SED. In Chapter 7.2 of Dermer
and Menon (2009), they show that the peak observed synchrotron frequency from an

electron is
eB

= 22 =279 % 10V Hy (2 (1)2 (2.16)
T 2rmec ' 1G /) \102 '

B Y\2 /[ 0 3
/o X 11 = I o
=/ =1.86-10" Hz (1G) (102> (20) (z+1)' (2.17)

For the sources in this sample, the magnetic field strengths are ~ 1 G, while the electron
spectra have break energies v ~ 10? and maximum energies v ~ 103. This corresponds to
strong observed synchrotron radiation in the frequencies v € [10',10'3] Hz. This again
corresponds to photon energies, given by hv, in the range [107%, 1072] eV.

We can estimate the cooling timescale of the synchrotron process by teol = |E/E)|.
The energy loss rate for a charged particle in a magnetic field averaged over the pitch
angles is given by (Dermer and Menon 2009, p. 120)

d 2\?
— (d—f) = g <%) cB?3%+?, (2.18)

where () is the electric charge, B is the magnetic field strength, m is the particle mass,
~ is the Lorentz factor of the particle and 5 = v/c is its dimensionless speed. Since
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2.2 LEPTONIC PROCESSES

E x m and E oc m™2, one sees that teo o m®. One can estimate the escape time of the

particles tes. by the light crossing time teross = Rplon/c. By comparing feess t0 teoor, One
can determine if the synchrotron process contributes significantly to cooling the particle
spectrum. For the electron, we can estimate t.,, by

2 2\ 2 2 2
e e e 24- ]. 1
ton = W@ c 9 MeC [ MeC ~ 6yr 1 _G ‘ (2.19)
B 1 B2B2y \ | e2 ~ 3 B
Comparing this with the light crossing time
Rypob 5 Riop
teross = c ~3.34-10°s 1016 cm /) (220)

one sees that tgyn < teross Wwhen v ~ 300,

tgn 9 M 2\’ 300 [-10'6 1\ /1G\*
yn 7 Mee TP ) ~o696 (20 ) () (=) (=) . (2.21)
Leross 4 B? 6 2/}/Fiblob e? 8 Rblob B B
Therefore, the electrons are expected to undergo synchrotron cooling within one light
crossing time.

Synchrotron self-absorption

A portion of the emitted synchrotron photons are re-absorbed by the electrons in a pro-
cess called synchrotron self-absorption (SSA). The synchrotron radiation flux is inversely
proportional to the synchrotron self-absorption coefficient k554, Following the derivation

in Section 7.8 in Dermer and Menon (2009), it can be shown that x5°* o« r~2. This
implies that the SSA process causes the lower energy part of the synchrotron spectrum
to be suppressed.

The absorption coefficient 554 also depends on the shape of the electron spectrum, along
with the Einstein coefficients. The latter have to be calculated using the quantum theory
of radiation, which is beyond the scope of this chapter. The quantum theory of radia-
tion describes the absorption and emission of a photon by an electron as an interaction

between two quantum systems. See Chapter 16 in Hemmer (2005) for details.

2.2.2  Inverse-Compton scattering

Compton scattering is the process in which a charged particle scatters off of a photon.
When these particles are in motion and have a higher energy than the photon, they can
transfer some of their energy to the photon. This process is called inverse-Compton scat-
tering (IC) and is the main source of gamma-ray photons in leptonic blazar models.

Following Chapter 6 in Dermer and Menon (2009), we consider the Compton scattering
of a photon in the electron rest frame. The scattered photon, with dimensionless energy
€s = hvy/mcc?; will make an angle y with the direction of the incident photon, with
energy € = hv/m.c®. After the scattering, the electron will move with a Lorentz factor .,
and the angle between its trajectory and that of the incident photon will be 6.. Energy
conservation requires that 1 + € = €; + 7., while momentum conservation requires that

12



2.2 LEPTONIC PROCESSES

€ = €508 X + Bevecosl, and egsin y = [y sinf, in the x and y directions respectively.
From here, it can be shown that

€
 1+e(l—cosy)

(2.22)

€s

Then one can transform this expression to the blob rest frame, and thereby get an angle
dependent expression for the energy gained by the scattered photon per collision.

The total Compton scattering cross-section o is calculated in Chapter 11 of Jauch and
Rohrlich (1976) and is given by

1+e€e [26e(1+¢€) In(1 + 2¢) 1+ 3¢
= 2712 —In(1+2 — 2.23
U(E) 7WO |: E3 ( 1 + 26 ]fl( + E)) + 26 (1 + 26)2 ) ( )

where ry = e%/m.c? is the classical electron radius. The asymptotes are given by (Dermer
and Menon 2009, p. 73)

0 [1— 26+ 22 4+ O(e3)] f 1
a(e)—>{ o [ e+ B+ 0(*)] fore<1, (2.24)

T8 [In(2€) +1/2+ O(e™)]  for e3> 1,

where ¢ < 1 and € > 1 define the Thomson and Klein-Nishina scattering regimes

respectively. Since
In(2e) 1

lim o(€)  lim —— = lim — =0,
€—00 €—00 € €—00 €

one expects the highest energy Compton scatterings to be suppressed. This is expressed
through a suppression at the higher end of the gamma-ray spectrum in the blazar SED.

For Thomson scattering of relativistic charged particles on an isotropic photon field,
the energy loss rate is given by (Dermer and Menon 2009, p. 82)

dE e\3 o4
— (%)T = mc? (%) Z2§CUTUT72, (2.25)

for a particle with mass m and charge Ze, with Lorentz factor v. Here, op = 8773 /3 is
the Thomson cross-section, while ur = fol/ 7 de enpn(€) is the energy density of the target
photons. The upper limit 1/ ensures that ¢ < 1, since we are dealing with relativistic
particles with v > 1. Similar to the synchrotron process, &/ oc m~2, and one can conclude
that electron IC dominates the blazar spectrum while proton IC is subdominant.

External Compton scattering

The energy released in the inverse-Compton process depends on the energy density of the
source photons. In Tavecchio and Ghisellini (2008), the observed photon frequency from
Thomson scattering of a monochromatic photon field is estimated to be

ve =~ (3/4)6vy7>. (2.26)

One can approximate the BLR photon field as monochromatic with frequency v in the
observing frame. In Figure 2.1, it can be seen that the most prominent emission line is the
Lyman « line. Thus one can use vy = 2.5- 10 Hz as the frequency of the monochromatic
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2.8 PHOTOHADRONIC PROCESSES

BLR field as an approximation. The blob comoving frequency is given by v ~ 2I'y
(Tavecchio and Ghisellini 2008), such that the full expression for v becomes

30T 2 21 o I Vo Y 2

Following the same argument as in Section 2.2.1, one expects external Compton (EC) radi-
ation in the range v € [10*!, 10?*] Hz, corresponding to photon energies hv € [10%,10%] eV.
Thus, this process can explain the observed gamma-ray peak in the blazar SED.

Synchrotron self-Compton

For the synchrotron self-Compton (SSC) process, the seed photons are the synchrotron
photons discussed in Section 2.2.1. For a broken power law distribution of electrons,
electrons at the break energy v,m.c? emit the dominant synchrotron power. In Tavecchio,
Maraschi, and Ghisellini (1998), the synchrotron frequency averaged over the spectral
shape for an electron with break energy is reported to be

B §
ve = 3.7-10° Hz 1} (E) = (2.28)

Inserting 7, and v; = 0v) from Equation 2.28 into Equation 2.26, one finds

3/ B\ & B/ w\t/[0d 3
—37-100H22 (=) -2 14~ 15.107Hz | — (—) 2 .
vssc =3.7-10 Z4(1G)1+z% 510 Z(lG) 300/ \20)\1+2

(2.29)
This corresponds to an energy hrgsec ~ 0.1keV. Thus one can expect the SSC process to
produce X-ray photons in our model.

2.3 Photohadronic processes

Hadronic processes, in particular the photopion process, are responsible for neutrino pro-
duction in blazars.

The protons produce radiation through the synchrotron and IC processes described in
Section 2.2, although their contribution to the overall blazar SED is subdominant. More
relevant is the production of electron-positron pairs through the Bethe-Heitler process,
along with the secondary leptons from the photopion process; since radiation from leptons
contributes significantly to the blazar SED.

Proton-proton interactions are also a potential source of high-energy neutrinos. How-
ever, in Cerruti (2020) it is stated that the contribution from proton-proton interactions
in blazar jets is usually subdominant. There is not much gas in the jet of an AGN that
can act as seed protons for the interaction. Gas clouds in the vicinity of AGN are usually
found in the equatorial plane of the disk, which is perpendicular to and outside the jet.
Consequently, proton-proton interactions are neglected in the following model.

2.3.1 Bethe-Heitler pair production
Bethe-Heitler pair production is the process (Cerruti 2020)
pty—pte +e, (2.30)
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2.8 PHOTOHADRONIC PROCESSES

in which relativistic protons scatter off of photons in the jet. According to Petropoulou
and Mastichiadis (2014), the threshold energy for Bethe-Heitler pair production on syn-
chrotron photons with frequency v; is

(th) 4 3 ) 10 Hz
~8.0-10 2 . 2.31
Tp.ge (1 +z) (20> ( ” (2.31)

For reactions near the threshold energy, the inelasticity of this process is (Dermer and
Menon 2009, p. 203)

Me
K¢e >~ H (232)
P

The produced pairs have an average energy v.m.c?. Equation 2.32 then implies that

(th)
th Me  (th v No
2V, = K¢87;7¢impc2 ~ Ep%(”’d’impg =, ~ L (2.33)

2
3 ) 10'6 Hz

~4.0-10* — . 2.34

s ! 0(1+2)(2O)< Vs ) (2.34)

These secondary electrons and positrons produce radiation as described in Section 2.2.
Since the Bethe-Heitler process is capable of producing leptons with higher energy than the
primary electrons, these pairs can produce radiation at higher energies than the primary
electrons. As explained in Section 2.2.2, radiation from inverse-Compton scattering is
suppressed in the Klein-Nishina regime. However, since the synchrotron process does not
suffer from this suppression, these secondary leptons can produce synchrotron radiation
beyond the GeV range if they have sufficiently large Lorentz factors.

2.3.2  Photopion production

Photopion production is the process in which interactions between photons and protons
produce neutral and charged pions (Cerruti 2020),

p+y—p+a (2.35)
p+y—n+nat (2.36)
p+y—p+rt+w. (2.37)

Atoyan and Dermer (2003) approximate the photopion cross-section as a sum of the single-
pion production channel, given by Equations 2.35 and 2.36; and the multi-pion production
channel, given by Equation 2.37. The single-pion production channel is itself a sum of
the AT resonance channel and the direct production channel (Dermer and Menon 2009,
p. 193). The threshold photon energy for the photopion process in the rest frame of
the proton is Ey, ~ 150 MeV, and the multipion channel starts to dominate for energies
> 500 MeV (Atoyan and Dermer 2003). This behaviour can also be observed in Figure
2.2. One can then approximate the cross-section as a step function where (Dermer and
Menon 2009, p. 193)

340 ub, Ey, = 150MeV < E < 500 MeV,

(2.38)
120 ub, E > 500 MeV,

O4r(E) = {
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2.4 RELATIVISTIC PARTICLES IN AGN JETS

with inelasticity (Dermer and Menon 2009, p. 193)

0.2, 150MeV < E <500 MeV
Kgn(E) = ’ ot == o (2.39)
0.6, E > 500MeV.
It can be shown that (Dermer and Menon 2009, p. 203)
K us s
Z9m79m 100, (2.40)
K¢ea¢e

suggesting that the photopion contribution to proton cooling dominates the contribution
from Bethe-Heitler pair production. However, the high threshold energy for the photopion
process means that it only dominates for the highest energy protons.

The produced pions are unstable and decay to photons, leptons, and neutrinos (Cerruti
2020);

0 = 2y (2.41)
A e R ot A S S N (2.42)
T U, e F Uy, A+, (2.43)

For the single-pion channel, branching ratios of 2.35 and 2.36 are approximately equal
(Dermer and Menon 2009, p. 193). Combined with Equations 2.41 and 2.42, one sees
that for every 2 gamma-rays, 3 neutrinos are produced. Furthermore, these gamma-rays
carry on average 1/2 of the energy of the parent pion, while the neutrinos carry on average
1/4 (Ahlers and Halzen 2018). From here, Ahlers and Halzen (2018) show that for the
single-pion channel, the production rate of pionic gamma-rays and the production rate of
neutrinos are related by

2 S Q. (B) = 11F2Q, (Bl -on, (2.44)

where the sum over « is the sum over the neutrino flavours. For the multipion channel,
one assumes that the branching ratios are equal for the 7° 77 and 7~ (Dermer and
Menon 2009, p. 193). It also follows from the above that on average for the single-pion
channel, 0.2 - 1/4 = 0.05 of the proton energy is transfered to the neutrinos; while for
the multipion channel, 0.6 - 1/4 = 0.15 is transfered. From this, it follows that the lowest
energy neutrinos produced in this process have an energy ~ 47 MeV in the proton rest
frame.

Similar to the Bethe-Heitler pairs, the secondary leptons from the photopion process also
emit radiation as described in Section 2.2.

2.4 Relativistic particles in AGN jets

The relativistic particles in the jet consist of two main populations, the protons and
the electrons. Primary electrons and protons are injected into the blob as described
below. The hadronic processes described in Section 2.3, along with the gamma-gamma
pair production described below, produce secondary leptons.
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T T T o
total

----------- resonances

- — = = direct channel
——es multipion prod.

S diffraction

1000

100

T IIIIII|
| IIIIII|L

10

g |ubarn]

O.1 1.0 10.0 100.0 1000.0
e’ [GeV]

Figure 2.2: Total photopion cross-section as a function of photon energy in the rest
frame of the proton. Figure retrieved from Mucke et al. (2000). One sees that the direct
production and resonance channels dominate the cross-section for lower energies, while
the multipion channel sets in around 0.5 GeV.

2.4.1 Proton spectrum

The proton spectrum follows a simple E~2 power law with an exponential cutoff. This
spectral shape is derived for nonrelativistic shock acceleration in chapter 13 of Dermer
and Menon (2009). The cutoff energy is chosen to be the energy at which the acceleration
timescale equals the escape time. The proton acceleration timescale is given by

E
tace = —=, 2.45
U (2.45)

where 1 > 1 is a parametrisation of the acceleration efficiency. If one sets the escape time
equal to the crossing time given by Equation 2.20, and sets this equal to %,.., then the
maximum proton energy is given by

E, o (1 B Ry
e = —2-=319-10° (=) (= . 2.46
ke my,c? (77) (1 G) (1016 cm) (2.46)

The proton spectrum luminosity determines the strength of the neutrino flux. However,
the introduction of protons also results in more high-energy photons. Observations in
the X-ray and gamma-ray bands therefore provide constraints on the proton luminosity,
thereby putting constraints on the neutrino flux.

Proton cooling timescales

Considering that the proton mass is three orders of magnitude larger than the electron
mass, Z—: ~ 103, the energy loss rate for the proton synchrotron process is much smaller
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2.4 RELATIVISTIC PARTICLES IN AGN JETS

than for the electron synchrotron process
E my\ 2
£ (—”) ~107°. (2.47)
E. Me

Furthermore, tq.0 o< m? for the synchrotron process, so

t m,\°
coolP (—p) ~ 10°. (2.48)

zfcool,e me

From this one can conclude that contrary to the case for electrons, the cooling of the
proton spectrum from synchrotron radiation is negligible.

Cooling from Bethe-Heitler pair production and the photopion process described in Sec-
tion 2.3 are on the other hand expected to play a more significant role in the cooling of
the proton spectrum.

2.4.2  Electron spectrum

Following Ghisellini and Tavecchio (2009), the injected electron spectrum is a broken
power law

_ (v/7) ™
Q) = Qol ()

Details can be found in Dermer et al. (2009) and Finke, Dermer, and Béttcher (2008). As
explained in Section 2.2.1, synchrotron radiation causes the injected spectrum to cool.

(2.49)

Gamma-gamma pair production
Gamma-gamma pair production is the process
Y+ —e +et. (2.50)

Its threshold energy is given by 2m, ~ 1MeV. Energy conservation gives us that the
average Lorentz factor of these leptons is

(ye) = Ey)

mec?’

(2.51)

where (£, ) is the average energy of the two photons in the interaction. Inserting Equation
2.51 into Equation 2.28,; one finds that

E 2/ B ) 3
_ 105 Y
v, = 9.45- 10 Hz (1010e ) <—1G) (_1()) (1+z>‘ (2.52)

Thus, gamma-rays can produce electron-positron pairs that themselves can emit syn-
chrotron radiation in the UV/soft X-ray band. This synchrotron radiation can itself
function as seed photons for the SSC process described in Section 2.2.1. As an estimate
one can insert Equation 2.51 into 2.29 and find

B E ) 3
~ . 24 — Y .
e () (B (D) (). ew

corresponding to gamma-rays in the GeV range.
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3  Method

The studied source sample consists of 19 high-redshift blazars. The leptonic and hadronic
processes outlined in Chapter 2 are simulated numerically using the AM?® package by
Klinger et al. (2023). The energy densities output by AM? are then transformed into
vF(v) fluxes in the observer frame, producing the plots of the spectral energy distribu-
tions (SEDs) found in Chapter 4.

This chapter consists of a short description of the source sample, details concerning the
AM? package and how the simulations were performed, an overview of the input parame-
ters for the model, and a description of how the neutrino detection sensitivity of IceCube
is approximated.

3.1 Source sample

The source sample is the same as in G11. These are high-redshift sources detected by the
Fermi Large Area Telescope (LAT), with z ranging from 2.051 to 2.661. These blazars
were selected in G11 as the “tip of the iceberg” of the blazar population in terms of
intrinsic luminosity and external Compton dominance. In addition, G11 concluded that
the sources in the sample have accretion disks with luminosity between 1 — 100 % of
the Eddington luminosity (see their Figure 12). Therefore, these are potentially unique
environments for neutrino production. Both because they are some of the most powerful
blazars in the Universe in terms of jet power, but also in terms of the availability of
external photon fields which can act as targets for neutrino production. The SEDs in
Chapter 4 are fitted according to the Swift and Fermi-LAT data in G11. The data from
the UVOT and XRT instruments are simultaneous, while the gamma-ray data are an
average over the first 11 months of the First LAT AGN Catalog (1LAC) (G11). The
1LAC survey is detailed in Abdo et al. (2010). For all of the sources, data from the fourth
Fermi Large Area Telescope catalog (4FGL) (Abdollahi et al. 2020), specifically Data
Release 4 (Ballet et al. 2024), are used to provide an updated estimate of the gamma-ray
fluxes. The source names are listed in Table 3.1, along with their respective 4FGL aliases.
In the following, we use the same shorthand names for the sources as in G11.
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Name Alias 4FGL alias

0106+01 4C+01.02 4FGL J0108.6+0134
0157-4614 PMN 4FGL J0157.7-4614
0242423 B2 4FGL J0245.4+2408
0322+222 TXS 4FGL J0325.7+2225
0420+022 PKS 4FGL J0422.8+0225
0451-28 PKS 4FGL J0453.1-2806
0458-02 PKS 4FGL J0501.2-0158
0601-70 PKS 4FGL J0601.1-7035
0625-5438 PMN 4FGL J0625.8-5441
0907+230 TXS 4FGL J0910.6+2247
0908+416 TXS 4FGL J0912.2+4127
1149-084 PKS 4FGL J1152.3-0839
13434451 TXS 4FGL J1345.5+4453
1344-1723 PMN 4FGL J1344.2-1723
153742754  [WB92] 4FGL J1539.6+2743
1656.3-3302  Swift 4FGL J1656.3-3301
1959-4246 PMN 4FGL J1959.1-4247
2118+188 TXS 4FGL J2121.0+1901
2135-5006 PMN 4FGL J2135.3-5006

Table 3.1: Source names and their respective 4FGL aliases. The first two columns were
retrieved from Table 1 in G11.

3.2 Numerical simulations

The numerical simulations were performed using the AM? package by Klinger et al. (2023).
They describe AM? as “an open-source software to self-consistently compute the temporal
evolution of energy spectra of photons, electrons, positrons, protons, neutrons, neutrinos
and intermediate species” (Klinger et al. 2023). All calculations in AM? are done in the
comoving frame of the jet. When initializing an AM?® object, the relevant physics processes
are switched on, the magnetic field is set and the injected particle densities are set. The
primary particle densities consist of the electron spectrum, the proton spectrum, and
the external photon fields. Furthermore, “the particle kinematics are described by a set
of coupled integro-differential equations, derived from each species’ Boltzmann equation,
coupled via collision terms” (Klinger et al. 2023). The Boltzmann equation in question
takes the form (Klinger et al. 2023)

Om(E,t) = —0gE(E, t)n(E,t) — a(E,t)n(E,t) + Q(E, 1), (3.1)

where n(F£,t) is the differential number density of particles, E(E, t) is the cooling term,
a(E,t) is the escape term and Q(F,t) is the injection term. Further details are found in
Klinger et al. (2023).

Following Ghisellini and Tavecchio (2009), the effects of adiabatic cooling and changes
in the magnetic field as a result of expansion of the radiation zone are neglected. However,
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the simulation is run for a time ¢ = 3 - te05s = 3Rplob/C, as opposed to t = teross in Ghis-
ellini and Tavecchio (2009). Therefore, particle escape has to be included in this model.
The escape time is set equal to the light crossing time to. = teosse For the electrons,
electron synchrotron radiation, synchrotron self-absorption, synchrotron cooling, electron
IC scattering and cooling from IC scattering are all switched on. Synchrotron radiation
and IC scattering for the protons are switched on. Proton-proton collisions are switched
off, following the reasoning in Section 2.3. The contributions from synchrotron and IC
radiation from the secondary muons and pions are assumed to be negligible and thus
switched off. Bethe-Heitler pair production, photo-pion production, decay of secondary
muons and pions, and gamma-gamma pair production are all switched on. For details
concerning how these processes are simulated by AM?®, see Klinger et al. (2023). For
details concerning the leptonic and hadronic processes in general, see Chapter 2.

3.3 Input parameters

The fitting parameters from G11 are used. Their model does not include protons, so
the hadronic parameters were chosen as described in Section 3.3.2. Some parameters are
common for all of the sources. The rest are outlined in Table 3.2. The viewing angle is
set to # = 3° for all of the sources.
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Name z Rdiss M L; L; Ld B r Ye,break  Ve,max  Se,l Se,2 Ve, min
[ 21 Bl [  [5] | [6] [ 18 91 [o] [ [12] [13] [14]
0106+01 2.107 900  5.0e¢9 0.08 |0.056 |75 1.13 14 300 5.0e3 0 3.1 20
0157-4614  2.287 195 5.0e8 0.015 | 0.045 | 7.5 154 15 200 2.0e3 -1 3.0 57
0242+23 2.243 420 2.0¢9 0.022 | 0.033 | 66 213 15 220 2.0e3 05 31 26
03224222  2.066 450 3.0e9 0.06 | 0.15 45 2.06 12 150 3.0e3 05 31 3.7
04204022 2277 210 5.0e8 0.02 | 0.01 52.5 3.79 15 300 2.0e3 -1 32 49
0451-28 256 540 4.0e¢9 0.24 |0.12 120 2.66 10 180 2.0e3 0 26 4.1
0458-02 2291 472 3.5¢9 0.07 | 0.154 | 37 214 10 200 5.0e3 08 3.0 49
0601-70 2409 525 3.5¢9 0.05 |0.1 37 1.83 129 190 5.0e3 -1 31 28
0625-5438  2.0561 270 1.0e9 0.03 |0.015 |42 264 15 240 5.0e3 0 4.0 39
09074230 2.661 360 8.0e8 0.05 |0.15 84 036 13 300 1.7e4 075 2.8 32.7
09084416  2.563 180 1.0e9 0.025 | 0.15 12 1.06 14 150 3.0e3 0 3.1 70
1149-084 2.367 720 4.0¢9 0.015 | 0.003 | 72 1.39 14 300 3.0e3 -1 30 18
13434451 2534 420 2.0¢9 0.045 | 0.099 | 15 1.09 14 150 5.0e3 -1 28 6.5
1344-1723  2.409 330 1.0¢9 0.027 | 0.0162 | 7.5 0.89 16 1.4e3 8.0e3 -1 25 26.2
153742754 2.19 120 1.0e¢9 0.015 | 0.0105 | 13.5 4.42 11.5 60 4.0e3 05 21 122
1656-3302 2.4 525  2.5¢9 0.07 |0.028 | 124 1.09 15 70 1.0e4 0.75 2.85 2.1
1959-4246  2.174 825 5.5e9 0.024 | 0.048 | 66 1.51 129 170 5.0e3 0 27 19
21184188 218 270  1.5e9 0.022 | 0.0198 | 18 1.85 14 250 1.0e4 05 28 46
2135-5006  2.181 189  7.0e8 0.023 | 0.0288 | 10.5 2.02 14 180 20e3 -1 32 6.6

Table 3.2: Input parameters used to construct the SEDs. All columns except Col. [6]
are the same as in G11. Therefore, the descriptions of the columns are also mostly the
same as in G11, while Col. [6] is the result of this work. Col. [1]: source name; Col. [2]:
redshift; Col. [3]: dissipation radius in units of 10*® cm; Col. [4]: black hole mass in solar
masses; Col. [5]: luminosity of the injected electrons in the comoving frame of the blob,
in units of 10%° ergs™!; Col. [6]: luminosity of the injected protons in the comoving frame
of the blob, in units of 10" ergs™*; Col. [7]: luminosity of the accretion disk in units of
10% ergs™!; Col. [8]: magnetic field in the jet in units of Gauss; Col. [9]: bulk Lorentz
factor of electrons and protons at Rgiss; Col. [10] and [11]: break and maximum random
Lorentz factors of the injected electrons; Col. [12] and [13]: slopes of the injected electron
distribution below and above e preax; Col. [14]: minimum random Lorentz factor of the
injected electrons. Note that in G11 v, min is a derived parameter, while here it is used
as an input when defining the injected electron spectrum in AM?.

3.3.1 Leptonic parameters

The leptonic parameters, i.e. those characterising the injected electron spectrum, are all
taken from G11. These are found in Table 3.2.

3.3.2 Hadronic parameters

The proton spectrum is modelled as a dN/dE « E~% power-law spectrum, following the
reasoning in Section 2.4.1. The minimum proton energy is set to be the rest mass energy.
The maximum proton energy is found using Equation 2.46 and setting the parameter
n = 1, i.e. maximum acceleration efficiency. The value for each of the sources is given in
Table 3.3. The proton luminosities were optimized by eye and are given in Table 3.2. The
introduction of protons is allowed as long as their contribution to the SED is subdominant.
The strictest constraints arise from the Swift XRT data. Higher proton luminosity results
in more high-energy gamma-rays from photohadronic processes, see Section 2.3. These
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gamma-rays, in turn, produce electron-positron pairs that radiate X-rays, as described in
Section 2.4.2. The XRT data thus place constraints on the proton luminosity.

Name Vp, max

0106401 2.58e10
0157-4614  8.45e09
0242423 2.58e10
03224222  2.58e10
04204022  1.78el10
0451-28 5.43el10
0458-02 3.74e10
0601-70 2.58e10
0625-5438  1.78el0
09074230  4.01e09
0908+416  5.82e09
1149-084 2.58e10
1343+451  1.23el0
1344-1723  8.45e09
153742754 1.78e10
1656-3302  1.23e10
1959-4246  3.74e10
21184188  1.23el0
2135-5006  1.23el0

Table 3.3: Maximum Lorentz factor of the injected proton spectrum.

It can be useful to compare the proton luminosity with both the electron luminosity
and the Eddington luminosity of the disk. The ratio L,/L. = ¢ is called the baryon
loading factor. The value of £ for all of the sources is shown in Table 3.4. It has a
relatively low value for all of the sources, with ¢ ranging from 0.2 to 6.0. The Eddington
luminosity of the disk is given by Equation 2.3. The ratio between L, and Lgqq is also
shown in Table 3.4. It is evident that the proton luminosity is well below the Eddington
luminosity, suggesting that it is set at a physically realistic level.
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Name ¢ L,/Lgaa
0106401 0.7 8.89e—5H
0157-4614 3.0 7.14e—4
0242+23 1.5 1.3le—4
03224222 2.5 3.97e—4
04204022 0.5  1.59e—4
0451-28 0.5 2.38e—4
0458-02 2.2 3.49e—4
0601-70 2.0 2.27e—4
0625-5438 0.5 1.19e—4
09074230 3.0  1.49e—3
0908+416 6.0 1.19e—3
1149-084 0.2  5.95e—6
1343+451 2.2 3.93e—4
1344-1723 0.6 1.29¢—4
153742754 0.7 8.33e—5
1656-3302 0.4  8.89e—5
1959-4246 2.0  6.93e—5
2118+188 0.9 1.05e—4
2135-5006 1.25 3.26e—4

Table 3.4: Baryon loading factor, £ = L,/L.; and the ratio between proton luminosity in
the jet and Eddington luminosity of the accretion disk, L,/Lgdd-

3.3.3 Implementation of external photon fields

The photon fields from the accretion disk, the X-ray corona, the BLR and the IR torus
are included in the model. Using the parameters from G11, the gamma-ray peak of the
SEDs will have a cutoff at 10%* Hz. This corresponds to an energy of around 1GeV. In
Section 2.1.6, it was stated that attenuation of the gamma-ray spectrum is negligible
below 10 GeV. Therefore, absorption from the EBL is not included in this model.

For most of the sources in the sample, Ry < Rprr, i.e. the radiation zone is located
between the black hole and the BLR. The energy density of the BLR photon field in
the jet frame, Up;p, is then given by 171%/12Uppr (Ghisellini and Tavecchio 2009).
For Russ > Rprr, Equation 20 in Ghisellini and Tavecchio (2009) is used. For the
sources in the sample, Ry ~ 107 cm ~ 103Rg (10°M, /M), see Table 3.2. For our
model, Rgisk ~ 102Rg, so the condition Rgiss > Raisk is fulfilled. Therefore, as explained
in Section 2.1, the energy density from the accretion disk and the X-ray corona in the
comoving frame of the blob is negligible for these sources. Consequently, these two fields

are not included in the AM? simulations as target fields. They are however included in
the final SEDs in Chapter 4.

Accretion disk

The accretion disk is modelled as a multi-temperature Shakura-Sunyaev disk, where the
temperature depends on the radius as in Equation 2.5. At 50 radii with equal spacing
between R;, = 3Rs and R, = 300Rg, where Rg is the Schwarzschild radius, the black-
body spectra from each ring segment are evaluated. The total spectrum is the sum of the
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blackbody spectra of each of these ring segments. Its luminosity is given in Table 3.2.

X-ray corona

As in Ghisellini and Tavecchio (2009), the X-ray corona is modeled as a region close
to the black hole. Its flux is described by a power law with an exponential cutoff, see
Equation 2.6. The parameters in Equation 2.6 are set to ax = 1 and hr, = 150keV,
following Ghisellini and Tavecchio (2009). Its luminosity is set to Lx = 0.3 - Ly where L,
is the luminosity of the accretion disk. Except for the source named 1149-084, where the
luminosity is set to Lx = 0.03 - Ly to give better agreement with the thermal spectrum
in G11.

BLR

As in Rodrigues et al. (2023), the BLR is modelled as a thin spherical shell, and the photon
spectrum from the BLR is modelled as a Gaussian distribution centered at hvy, = 10.2eV
with half-width hAv = 0.05 - hvyy and luminosity Lgrg = 0.1 - Lg. The BLR radius
RpLgr is determined by the disk luminosity L, given in Table 3.2 through Equation 2.7.
Transformation of the energy density to the comoving frame of the blob follows Ghisellini
and Tavecchio (2009) and Rodrigues et al. (2023).

IR Torus

Following Ghisellini and Tavecchio (2009), the photon spectrum from the IR torus is
modeled as a blackbody spectrum with a temperature 510 K. Its luminosity is set to
Lig = 0.5- Ly. The IR torus radius Ry is determined by the disk luminosity L, given by
Table 3.2 through Equation 2.9. Transformation of the energy density to the comoving
frame of the blob follows Ghisellini and Tavecchio (2009) and Rodrigues et al. (2023).

3.4 4FGL data

The 4FGL data are taken from the HEASARC archive. The data are presented as a
power-law fit in the 100 MeV — 1TeV range, with the form

dN E \°
— = N, . 3.2
dE 0 (Epivot) ( )

The normalization constant Ny, the pivot energy Eivo and the spectral index o were all
retrieved from the HEASARC archive, along with the associated errors oy, and o,. The
aliases used in the 4FGL catalog for all of the sources in this sample are shown in Table
3.1. Propagation of errors gives the error in dN/dE,

()R () e

Using this, the plotted 4FGL +10 bands in the vF'(v) plots in Chapter 4 are given by

E \° dN
E?N, + Fo | — 3.4
0<Epivot> U<dE), ( )
dN

where o (d—) is given by Equation 3.3.
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3.5 Neutrino detection sensitivity

The detection sensitivity of neutrinos by IceCube is approximated following Aartsen et al.
(2020). The theoretical future detection sensitivity is approximated following van Santen
(2018). The sensitivity for the different sources is found by reading off the graph for a
E~2 neutrino spectrum in Figure 3.1. For the theoretical future sensitivity, the graph
in Figure 3.2 is used. As seen in Equations 2.42 and 2.43, the flavour ratio of neutrinos
at the source is v, : v, : v, = 1 : 2 : 0. However, because of neutrino oscillations, the
flavour composition at the detector is v, : v, : v, >~ 1 :1: 1 (Ahlers and Halzen 2018).
The flux sensitivity in Figure 3.1 applies to muon neutrinos and antineutrinos only, and
the flavour composition at the detector implies that muon neutrinos make up 1/3 of the
total neutrino flux. Therefore, the sensitivity represented in the SED plots in Chapter 4
is multiplied by 3 with respect to that in Figure 3.1. The flux sensitivity in Figure 3.1 is
only given for neutrinos with energy 1 TeV, but in the plot, it is extended to the interval
1TeV — 1PeV. The same procedure is followed for the flux sensitivity in Figure 3.2.

_ ANTARES E~2 Sensit. === 90% Sensit. £~3
107" ¥ ——- ANTARES E~3 Sensit. —— 50 Disc. Pot. E-
] 90% Sensit. F2

= 108 | :
L 10 50 Disc. Pot. EF~2
C?E . I 90% Upper Limits F~>
8 10~ 90% Upper Limits F—3
| - -
= 10 ] —
[ ~10
& 1077 4
N |
+ —11 |
e 1077

10712 |

10-13 | | | |
1.0 0.5 0.0 0.5 1.0

sin(d)

Figure 3.1: “90% confidence level median sensitivity and 50 discovery potential as a
function of source declination for a neutrino source with an £=2 and E~3 spectrum”
(Aartsen et al. 2020). Figure retrieved from Aartsen et al. (2020). The solid orange line
shows the 50 discovery potential for a £~ neutrino spectrum. Note the asymmetry in the
flux sensitivity between neutrinos coming from the northern and southern hemispheres.
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Figure 3.2: “Integrated sensitivity for an £~2 flux from a single source after 15 years
of IceCube operation followed by 15 years of IceCube-Gen2” (van Santen 2018). Figure
retrieved from van Santen (2018). The sensitivity "without surface veto” is used in the
plots in Chapter 4. Note the asymmetry in the flux sensitivity between neutrinos coming
from the northern and southern hemispheres.

As one can see from Figures 3.1 and 3.2, IceCube’s sensitivity has an asymmetry
between the northern and southern hemispheres. The KM3NeT/ARCA detector currently
under construction in the Mediterranean Sea will provide better sensitivity for sources
in the southern hemisphere (Muller, Heijboer, and Eeden 2023). Figure 3.3 shows the
predicted neutrino sensitivity for ARCA230, which is the full configuration of the detector.
Here, we follow the same procedure as for the IceCube sensitivity when including it in
the SEDs in Chapter 4.
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Figure 3.3: Predicted future neutrino sensitivity after 10 years of ARCA230 as a function
of source declination. Figure retrieved from Muller, Heijboer, and Eeden (2023). The
purple line at the bottom shows the predicted flux sensitivity of ARCA230.
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4 Results and discussion

This chapter consists of a presentation and discussion of the results. The spectral energy
distributions (SEDs) for the 19 blazars in the sample are compared. The relationship
between neutrino flux and gamma-ray flux is discussed.

The results are summarized in 19 SEDs, found in Figures 4.3, 4.4, 4.9, 4.10, 4.14, 4.15,
4.16, 4.5, 4.17, 4.11, 4.12, 4.13, 4.19, 4.20, 4.7, 4.21, 4.6, 4.8 and 4.18. The general shape
of the SED for all of the sources consists of the synchrotron radiation dominating in the
radio; the thermal radiation from the torus, accretion disk and the corona contributing
significantly to the flux in the infrared, optical and ultraviolet, and the X-rays respec-
tively; the synchrotron self-Compton contributing significantly to the X-ray flux; and the
external Compton dominating the gamma-rays from 1MeV up to about 10 GeV where
Klein-Nishina effects cause the spectrum to be suppressed. Additionally, synchrotron and
IC radiation from secondary electrons and positrons produced in photon-photon interac-
tions contribute significantly to the energy flux in the X-rays and gamma-rays. Along
with radiation from the electrons and positrons produced in the Bethe-Heitler process,
they are also the dominant source of electromagnetic radiation for TeV energies. In the
PeV energies, the neutrino flux dominates. The neutrino flux also dominates up to about
10" eV where there is a hard cutoff. Photons produced in 7° decay provide a subdominant
contribution for the highest energies. All of the processes mentioned in this paragraph
are explained in Chapter 2.

None of the sources have large enough neutrino fluxes to be detected by IceCube in its
first ten years. This was expected, since no astrophysical neutrinos detected by IceCube
until now have been associated with any of these sources. Even though ARCA230 will
be more sensitive to astrophysical neutrinos than IceCube, and more sensitive to sources
at large negative declinations than IceCube-Gen2, none of the sources are expected to
be detectable within its first 10 years. Furthermore, the plots suggest that most of the
blazars in the sample will not be detectable by IceCube-Gen2 within its first 15 years.
However, the sources named 0106+01, 03224222 and 0458-02 may be detectable.

4.1 Comparison between the different blazar SEDs

Most of the SEDs show a good fit with the data points from G11. Common for all of the
sources is that the external Compton (EC) component of the flux is lower in the X-rays
compared to what was found in G11. Most of the sources also have a higher X-ray flux
from the synchrotron self-Compton process compared to the SEDs in G11, despite having
approximately equal synchrotron fluxes. If the energy density of the seed photons is the
same, then the difference must lie in the electron spectrum. The main contribution to
the SSC flux comes from electrons at the break energy E = vyym.c?. As seen in Table
3.2, the break energy Lorentz factor is ;, ~ 10% for most of the sources. When the same
electrons interact with the external photon fields in the EC process, gamma-rays with
energy E ~ 10%eV are produced, according to Equation 2.27. This suggests that there is
a connection between the lower EC flux and the higher SSC flux, in that they are both
tied to the electrons at the break energy.
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The source of this discrepancy between this model and the model of G11 is unknown.
Since we do not have access to the code they used, we have to try a different approach
when investigating this. The first thing one can investigate is whether the difference in
how the BLR is modelled is the culprit. In this model, the BLR spectrum is completely
dominated by the hydrogen Lyman alpha emission line. This is not necessarily accurate,
and the way the BLR is modelled does affect the gamma-ray spectrum. In Rodrigues
et al. (2023), they use a similar model as the one used here, though they also include the
helium Lyman alpha line with half the luminosity of the hydrogen line. For simplicity, this
was not included in this model. In G11 the BLR spectrum is modelled as a black body
peaking at the hydrogen Lyman alpha line, following Ghisellini and Tavecchio (2009). In
Figure 4.1, a model using the black body spectrum like in G11 is compared with one of
the plots from our model.

0106+01 0106+01, black body BLR
2=2.107 2=2.107

rrrrrr Thermal
——— Primary electrons (syn)
Primary electrons (IC)
gamma-gamma pairs
Bethe-Heitler pairs
-~ Proton-gamma pions and leptons
n° decay
—— Proton synchrotron + IC
—— Neutrinos (all flavours)
—— Total photons
"""" Neutrino 5o discovery potential
—— Future neutrino 5o discovery potential
B 4FGL data
~+  Simultaneous data (Ghisellini)
~  Upper limits (Ghisellini)
e NED archive data (Ghisellini)

]]]]]

Figure 4.1: Comparison between the SEDs of 0106401 using a black body BLR as in G11,
and a Gaussian BLR centered at hydrogen Lyman alpha line as described in Chapter 3.
See Figure 4.3 for details.

The difference in how the BLR is modelled only makes minor changes to the gamma-
ray fit, along with making the neutrino flux smoother. The size of the neutrino flux is not
significantly affected. Furthermore, the change to the EC component of the X-ray flux is
negligible. Figure 4.1 is an illustrative example. The same behaviour is observed for all
of the sources, but their plots are excluded here for the sake of brevity.

Another hypothesis is that there is something wrong with how AM? is used to calcu-
late the energy densities. To test this hypothesis, we try to reproduce the SED of the
well-studied blazar TXS 0506+056. Following Keivani et al. (2018), one finds the plot in
Figure 4.2.
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Figure 4.2: SED of TXS0506+056, using the same setup as in Figure 4.3, but using
model parameters and external photon field from Keivani et al. (2018). This corresponds
to Figure 4 in their paper, using the model named LMBB2b.

Figure 4.2 shows a decent fit with the data points. There is a slight undershooting
of the highest energy gamma-ray data points, while the peak overshoots the data points.
The overshooting is more severe compared to the 4FGL data. The neutrino flux is also
about twice as large compared to that of Keivani et al. (2018). All in all, with the ex-
ception of the mentioned small discrepancies, the agreement with Keivani et al. (2018) is
good. Therefore, we attribute the observed differences, of at most a factor of 2, to differ-
ent conventions used by the different codes but conclude that the overall leptohadronic
emission obtained with AM3 in what follows is correct.

All the individual sources in the sample are discussed below. They are grouped accord-
ing to how well they fit the X-ray data, since the X-ray observations place the strictest
constraints on the proton luminosity and thus also the neutrino flux.

4.1.1 Blazar SEDs with the best fit of the X-ray data

The SEDs of blazars 0106+01, 0157-4614, 0601-70, 1537+2754, 1959-4246 and 21184188
show good agreement with the XRT data retrieved from G11. These SEDs are shown in
Figures 4.3, 4.4, 4.5, 4.7, 4.6 and 4.8 respectively.
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Figure 4.3: SED of blazar 0106401 in the observer frame. Simultaneous data, upper
limits and NED archive data were retrieved from G11 as described in Section 3.1. 4FGL
data were retrieved from the HEASARC archive. The 4FGL data is represented by a
band showing the power law fit of the 14-year gamma-ray data £1o. The neutrino 50
discovery potential is estimated using the results by Aartsen et al. (2020) as described in
Section 3.5. The IC radiation is the sum of the SSC and EC components. The thermal
spectrum is the sum of radiation from the IR torus, the accretion disk, and the X-ray
corona. The flux from secondary pions and leptons from the gamma-gamma, Bethe-
Heitler and proton-gamma processes consist of both synchrotron and IC radiation. The
neutrino flux is summed over all three neutrino flavours. Since the neutrino flux is summed
over all flavours, the detection sensitivity is multiplied by 3 with respect to the sensitivity
reported for v, and 7, in Aartsen et al. (2020). The same goes for the future neutrino flux
sensitivities by IceCube-Gen2 reported in van Santen (2018), and the future sensitivity of
ARCA230 reported in Muller, Heijboer, and Eeden (2023). The estimated future neutrino
sensitivity and the neutrino flux are close to intersecting at PeV energies.

Blazar 0106+01’s SED slightly undershoots the gamma-ray data points from G11 for
energies larger than 1 GeV. The band showing the power law fit of the 4FGL data shows
an even larger gamma-ray flux than what was used in G11. This suggests that there is
some variability in the gamma-ray flux of this source, since the 11-month 1LAC data show
a smaller energy flux than the 14-year 4FGL data. In any case, neither the 1LAC nor the
4FGL data place any strict constraints on the proton luminosity. The strictest constraint
comes from the X-ray data. A larger proton luminosity results in more gamma-gamma
electron-positron pairs. As can be seen from Figure 4.3, the X-ray emissions from the
gamma-gamma pairs cannot be any higher without interfering with the overall fit. The
justification for the introduction of the protons is that their contribution is subdominant.
If the proton luminosity is set any higher, their contribution to the X-ray flux would not
be subdominant anymore. The baryon loading factor, shown in Table 3.4, for the source,
is £ = 0.7, meaning its proton luminosity is relatively low. However, its small declination
is very favourable to observation by IceCube. As a result, its neutrino flux is close to
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intersecting the line showing the predicted future flux sensitivity of IceCube-Gen2, given
by Figure 3.2. The plot in Figure 4.3 thus suggests that neutrinos with PeV energies
could be observable by IceCube-Gen2 within its first 15 years.

Blazar 0157-4614’s SED shows a better agreement with the data points from G11 in
the gamma-rays than 0106+01. The graph also intersects the 4FGL band, as can be seen
in Figure 4.4. However, the neutrino flux is not high enough to be detectable by IceCube.
This is mainly due to the source having a declination of § &~ —46°. As seen in Figures
3.1 and 3.2, IceCube’s sensitivity to astrophysical neutrinos is the highest for sources
with declination close to 0°. Similarly, blazar 0601-70 is not expected to be detectable by
IceCube, despite its relatively large neutrino flux, see Figure 4.5. It slightly undershoots
the gamma-ray data points, but it does intersect the 4FGL band. Its overall fit is decent.
The SED of 1959-4246 slightly undershoots the gamma-ray data points for GeV energies,
as can be seen in Figure 4.6. Like 0157-4614 and 0601-70 it too intersects the 4FGL
band. It also has the same problem with declination as 0157-4614 and 0601-70. Despite
its strong neutrino flux arising from its decent proton luminosity, it will not be observable
by IceCube in the foreseeable future.
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Figure 4.4: SED of blazar 0157-4614 in the observer frame. See Figure 4.3 for details.
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SED of blazar 0601-70 in the observer frame. See Figure 4.3 for details.

—————— Thermal

—— Primary electrons (syn)

Primary electrons (IC)

- gamma-gamma pairs
Bethe-Heitler pairs

—— Proton-gamma pions and leptons
n° decay

Proton synchrotron + IC
Neutrinos (all flavours)

Total photons

Neutrino 50 discovery potential
Future neutrino 5o discovery potential
Neutrino sensitivity of ARCA230
4FGL data

Simultaneous data (Ghisellini)
Upper limits (Ghisellini)

NED archive data (Ghisellini)

See Figure 4.3 for details.



4.1 COMPARISON BETWEEN THE DIFFERENT BLAZAR SEDS

1537+2754
z=2.19

10-10

—————— Thermal
—— Primary electrons (syn)
—— Primary electrons (IC)
- gamma-gamma pairs
- Bethe-Heitler pairs
—-— Proton-gamma pions and leptons
n° decay
—— Proton synchrotron + IC
—— Neutrinos (all flavours)
—— Total photons
—————— Neutrino 50 discovery potential
-~ Future neutrino 5o discovery potential
- Neutrino sensitivity of ARCA230
I 4FGL data
-+ Simultaneous data (Ghisellini)
Upper limits (Ghisellini)
e NED archive data (Ghisellini)

0-114

=
15}
|
L

10713 4

Energy flux, erg / (cm2 s)

107144 (]

1071® T - T : { L .
1073 10t 10° 10° 101 10V 102
Energy, eV

Figure 4.7: SED of blazar 153742754 in the observer frame. See Figure 4.3 for details.

Blazar 153742754 on the other hand is at a declination that is more favourable, but
its neutrino flux is relatively low. This is partly due to the low proton luminosity, where
L, = 0.7L.. Comparing the energy flux from the gamma-gamma pairs with the 4FGL
band, one could justify a higher proton luminosity, but again the X-ray observations put
constraints on it. The graph of 1537+2754’s SED undershoots the data points above
1GeV and also the 4FGL data band, see Figure 4.7.
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Figure 4.8: SED of blazar 21184188 in the observer frame. See Figure 4.3 for details.
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Similarly, the SED of 2118+188, seen in Figure 4.8, shows a neutrino flux too weak to
be detectable, despite its favourable declination. The 4FGL data shows that the average
gamma-ray flux is large. Its overall fit with the data is good, but it undershoots both
the data points from G11 and the 4FGL band at GeV energies. Its proton luminosity is
relatively low at L, = 0.9L.. Again it is the X-ray data that puts the strictest constraints
on the proton luminosity and thus on the neutrino flux. In the end, the neutrino flux is
too low to be detectable.

In summary, the SEDs of the sources discussed in this subsection all show a good fit
with the X-ray data. For several of the blazar SEDs, the gamma-ray flux undershoots the
data points from G11 and the 4FGL data. The high gamma-ray flux could give room for
more protons, but the X-ray observations place strict constraints on it. Blazar 0106401,
seen in Figure 4.3, appears to be the most likely to produce a neutrino flux detectable by
[ceCube-Gen2 within its first 15 years.

4.1.2 Blazar SEDs that fit the X-ray data reasonably well

The SEDs of blazars 0242+23, 03224222, 09074230, 0908+416 and 1149-084, shown in
Figures 4.9, 4.10, 4.11, 4.12 and 4.13 show a reasonably good fit with the X-ray data.
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Figure 4.9: SED of blazar 0242+23 in the observer frame. See Figure 4.3 for details. The
estimated future neutrino sensitivity and the neutrino flux intersect at PeV energies.

Source 0242+23 is at a favourable declination. The SED in Figure 4.9 shows an overall
good fit with the data points from G11 and the 4FGL data. Differing from the sources
discussed above, the strictest constraints on blazar 0242+23’s proton luminosity come
from the 4FGL data, not the X-ray data. Nonetheless, the source has a relatively decent
baryon loading factor, seen in Table 3.4, of ¢ = 1.5. However, due to its relatively low
electron luminosity, this value £ does not give rise to a sufficiently large proton luminosity.
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This in turn makes the neutrino flux too small, so that it will not be detectable within
the first 15 years of IceCube-Gen2, despite its favourable declination.
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Figure 4.10: SED of blazar 03224222 in the observer frame. See Figure 4.3 for details.
The estimated future neutrino sensitivity and the neutrino flux intersect at PeV energies.

In the case of 03224222, the fit with the X-ray data is decent in terms of spectral
shape, but a little too low in terms of energy flux. Its fit with the gamma-ray data is also
decent, with both the 1ILAC data from G11 and the 4FGL data. The combination of a
favourable declination and a decent proton luminosity results in the neutrino flux being
close to intersecting with the line showing the future IceCube flux sensitivity. One could
argue that the proton luminosity for this source is set relatively high when comparing the
protons’ contribution to the rest of the SED. However, the contribution from the gamma-
gamma pairs is still comfortably below the X-ray data points. It is closer to intersecting
with the 4FGL band but sits well below the gamma-ray data points from G11 too. The
X-ray data from G11 show that this source has a relatively large X-ray flux, and this
is what allows us to use such a large proton luminosity and get the large neutrino flux.
Looking at the plot in Figure 4.10, PeV neutrinos from this blazar are expected to be
detectable by IceCube-Gen2 within its first 15 years.
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Figure 4.11: SED of blazar 09074230 in the observer frame. See Figure 4.3 for details.

The SED of blazar 09074230, seen in Figure 4.11, undershoots several of the data-
points in the gamma-rays. Meanwhile, it overshoots the 4FGL band up until the point
where Klein-Nishina effects cause suppression of the spectrum. The 4FGL band suggests
a significantly lower energy flux than what was found in G11. However, the energy flux
from the gamma-gamma electrons and positrons is still lower than the total energy flux
implied by the 4FGL data. This in turn suggests that the estimated proton luminosity is
reasonable. The declination is favourable, but the neutrino flux is not sufficiently large
for the source to be detectable by IceCube-Gen2 in its first 15 years. As is the case for the
other sources, the neutrino flux in the model can be increased by increasing the proton
luminosity, but this is not allowed due to the low observed X-ray flux. This limits the
neutrino flux so that it is not expected to be detectable, despite its favourable declination.
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Figure 4.12: SED of blazar 09084416 in the observer frame. See Figure 4.3 for details.

On the other hand, the SED of blazar 0908+416, seen in Figure 4.12, shows a decent
fit with both the gamma-ray data from G11 and the 4FGL data. But its declination is
slightly less favourable compared to blazar 09074230, and its neutrino flux is not large
enough to be detectable within the first 15 years of IceCube-Gen2. It has a baryon loading
factor of & = 6, which is relatively large compared to the other sources in the sample.
One could argue that the proton luminosity is set too high here when compared with the
X-rays from the corona and the SSC. However, the X-rays from the gamma-gamma pairs
still sit slightly below the X-ray data points from G11. The blazar does have a larger
neutrino flux than 09074230, with a significantly larger neutrino flux in energies around
1PeV. In all, it is a more promising candidate than 09074230, but its relatively large
neutrino flux is not large enough to overcome its slightly unfavourable declination. For
this source, we are pushing the limits a little with regards to how many protons we are
allowed to inject, but still, it does not produce a sufficiently high neutrino flux.
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Figure 4.13: SED of blazar 1149-084 in the observer frame. See Figure 4.3 for details.

The SED of blazar 1149-084, seen in Figure 4.13, shows a decent fit with the gamma-ray
data from G11. The source stands out in that it has no regular data points in the X-rays,
only an upper limit in the soft X-rays. Therefore, it is grouped with the other blazars in
this subsection, despite there being nothing wrong with the fit in the X-rays. It is also
worth noting that unlike the other sources that have corona luminosity Lx = 0.3Lg4, this
source has Lx = 0.03Lg4, as explained in Section 3.3.3. The declination angle is relatively
small, but due to the asymmetry in flux sensitivity between the northern and southern
hemispheres, its flux sensitivity is approximately equal to that of blazar 0908+416. The
4FGL data suggests some variability in its gamma-ray flux. The upper limit in the soft
X-rays places a strict constraint on the proton luminosity, which is set to L, = 0.2L..
This results in a low neutrino flux, making it unlikely that it will be detectable by IceCube
in the foreseeable future.

In summary, only blazar 03224222 is expected to be detectable within the first 15 years
of IceCube-Gen2. However, blazars 0242423, 09074230 and 09084416 are expected to
have fairly large neutrino fluxes.

4.1.3 Blazar SEDs with the worst fit of the X-ray data

The SEDs of blazars 04204022, 0451-28, 0458-02, 0625-5438, 1343+451, 1344-1723, 1656-
3302 and 2135-5006 show a less-than-optimal fit with the X-ray data from G11. These
are shown in Figures 4.14, 4.15, 4.16, 4.17, 4.19, 4.20, 4.21 and 4.18 respectively.
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Figure 4.14: SED of blazar 04204022 in the observer frame. See Figure 4.3 for details.

The SED of blazar 04204022 in Figure 4.14 shows a decent fit with the gamma-ray
data from G11. In the X-rays, on the other hand, a large SSC component causes signifi-
cant overshooting of several of the data points. This problem can be solved by lowering
the luminosity of the corona, like what was done with blazar 1149-084. But here, the
corona luminosity was chosen such that the thermal spectrum is the same as in G11.
This source has a very favourable declination, but due to its relatively low proton lu-
minosity of L, = 0.5L., the neutrino flux is much too low for it to be observable by
[ceCube-Gen2 in its first 15 years. The 4FGL data suggests that the average gamma-ray
flux over the 14 years is slightly lower than for the 11-month survey that the data points
in G11 are based on. Like with blazar 0242423, the 4FGL data place the strictest con-
straints on the proton luminosity, and by extension the neutrino flux. In all, despite its
favourable declination, its low neutrino luminosity makes it one of the least promising
candidates in this sample.
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Figure 4.15: SED of blazar 0451-28 in the observer frame. See Figure 4.3 for details.

Similar to blazar 04204022, the SED of blazar 0451-28 fits the gamma-ray data from
G11 well. In addition, 0451-28 shows a better fit with the 4FGL data than 0420+022.
The SED of 0451-28 is found in Figure 4.15. Its problem with fitting the X-ray data
lies in the spectral index. This could motivate a change in the magnetic field or the
leptonic parameters, but that is beyond the scope of this thesis. The X-ray data points
suggest a relatively large X-ray flux, which in turn allows for a large proton luminosity.
Relative to the electron luminosity, the proton luminosity is only L, = 0.5L.. But this
source has the highest electron luminosity of the sample, with a comoving luminosity
L, =24-10"ergs™!. Therefore, the proton luminosity is still relatively large compared
to the other sources in the sample. The neutrino flux seen in Figure 4.15 is decent, but
not enough to make the source detectable. Its declination places the source well into the
southern hemisphere, making it hard to detect. In all, blazar 0451-28 is not a favourable
source of high-energy astrophysical neutrinos.
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Figure 4.16: SED of blazar 0458-02 in the observer frame. See Figure 4.3 for details.
The estimated future neutrino sensitivity and the neutrino flux are close to intersecting
at PeV energies.

For the SED of blazar 0458-02, seen in Figure 4.16, there is a similar situation with
the X-rays as with 0451-28. It also shows a decent fit with the gamma-ray data from G11,
only slightly undershooting at the highest energies. The 4FGL data suggest the average
gamma-ray flux is significantly larger than what was found in G11. This further suggests
that this is a very powerful gamma-ray source. Additionally, its high neutrino flux and
declination close to 0° makes it among the best candidates in this sample. It does show a
slightly worse fit with the X-ray data than the other potential candidates, 0106+01 and
0322+222. Nonetheless, the plot does show that PeV neutrinos from this blazar may be
detectable within the first 15 years of IceCube-Gen?2.
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Figure 4.17: SED of blazar 0625-5438 in the observer frame. See Figure 4.3 for details.

The situation for blazar 0625-5438, on the other hand, is different. It shows a good
fit with the gamma-ray data, but it has the same problems in the X-rays as 0458-02
and 0451-28, see Figure 4.17. Like with 0242+23 and 0420+022, the 4FGL data place
the strictest constraints on the neutrino luminosity. The combination of a low neutrino
flux and an unfavourable declination results in it not being expected to be detectable by
IceCube in the foreseeable future.
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Figure 4.18: SED of blazar 2135-5006 in the observer frame. See Figure 4.3 for details.
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Blazar 2135-5006’s SED, seen in Figure 4.18, is in a similar situation with an un-
favourable declination and a low neutrino flux. Its problem with the fit with the X-ray
data is also similar. Moreover, its fit with the gamma-ray data points is decent. The 4FGL
band suggests a slightly lower average flux than what was found in G11 between 100 MeV
and 1 GeV. The proton luminosity cannot be set any higher without the gamma-gamma
pair component starting to dominate in the X-rays. All in all, it appears to have little
potential as an astrophysical neutrino source.
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Figure 4.19: SED of blazar 13434451 in the observer frame. See Figure 4.3 for details.

When it comes to the SED of blazar 13434451, seen in Figure 4.19, the problem with
the X-rays is the same as for 0625-5438 and others. It also undershoots all the gamma-ray
data points, further motivating a change in the leptonic parameters. But as mentioned
before, this is outside the scope of this thesis. The X-ray data points suggest that the X-
ray flux of the source is large. Moreover, the 4FGL band shows a larger energy flux than
the gamma-ray data points from G11. This suggests that the source consistently emits a
large gamma-ray flux, which could allow for a large neutrino luminosity. The declination
is fairly large, but given that the source is found in the northern hemisphere, the flux
sensitivity of IceCube is better than for blazar 0451-28. The large X-ray and gamma-ray
fluxes allow for a decent proton luminosity at L, = 2.2L., which in turn produces a decent
neutrino flux. However, the neutrino sensitivity is ultimately not large enough for it to
be detectable within the first 15 years of IceCube-Gen2.
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Figure 4.20: SED of blazar 1344-1723 in the observer frame. Here, the predicted neutrino
sensitivities of IceCube-Gen2 and ARCA230 are overlapping. See Figure 4.3 for details.

On the other hand, the SED of blazar 1344-1723, seen in Figure 4.20, shows a better
fit with the gamma-ray data points from G11 than 1343+415. The only constraint on the
X-ray flux is an upper limit in the soft X-rays, which this SED overshoots. The problem
is caused by a large SSC component of the energy flux. This could be solved by lowering
the magnetic field strength in order to reduce the synchrotron peak. This could also give
rise to a better fit with the data point in the optical. But again, this is outside the scope
of the thesis. The proton luminosity is relatively low at L, = 0.6L., and the resulting
neutrino flux is not large enough to overcome the unfavourable declination. In all, it does
not appear to be detectable within the first 15 years of IceCube-Gen2.
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Figure 4.21: SED of blazar 1656-3302 in the observer frame. See Figure 4.3 for details.

For the SED of blazar 1656-3302, seen in Figure 4.21, there is significant undershoot-
ing of the X-ray data. To get a better fit, the spectral shape of the EC peak must be
changed by changing the leptonic parameters. Again, this is outside the scope of this the-
sis. Additionally, the graph slightly undershoots the gamma-ray data points, but it does
show a good fit with the 4FGL band. The strictest constraint on the proton luminosity
comes from the 4FGL data. This leads to a relatively low baryon loading factor, shown
in Table 3.4, of & = 0.4. Due to the unfavourable declination of the source, its neutrino
flux is not expected to be detectable by IceCube-Gen2 in its first 15 years.

In summary, the blazar for 0458-02 is the only source among those with bad fits in
the X-rays that is expected to be detectable by IceCube in the foreseeable future. The
other sources are limited either by their declination, their low proton luminosity due to
strict constraints on the X-ray flux or gamma-ray flux, or both. The sub-optimal fit in the
X-rays suggests that the model for 0458-02 could be less accurate than that for 0106401
and 0322-+222.

4.2 Relationship between neutrino flux and photon flux

Most of the sources show a relatively flat neutrino flux centered at energy 107 eV, which
falls off quickly around energy 10'°. This observed cutoff can be explained by the max-
imum energy of the protons. As stated in Section 2.3.2, the neutrinos produced in pion
decay carry 1/4 of the energy of its parent pion. The pions themselves carry a fraction
K4 of the energy of the parent proton, where Ky, = 0.2 for the single-pion channel
and Ky, = 0.6 for the multipion channel. The maximum Lorentz factor of the protons
is around 10° — 10'° for all sources and is given in Table 3.3. The maximum observed
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neutrino energy is then

1 o Kyr max o 3

By max = ZK¢w7p,maxmpc2z+ o 10" eV (ﬁ) (7%13 ) <5) (Z+ 1) ;o (41
where ¢ is the Doppler factor and z is the cosmological redshift. In general, the size of
the neutrino flux follows the luminosity of the proton spectrum. As discussed in Section
4.1, it is the X-ray flux that places the strictest constraints on the proton luminosity and
by extension the neutrino flux. The sizes of the neutrino flux and gamma-ray flux do not
seem to be directly correlated. For example, sources 09084416 and 1149-084 have similar
gamma-ray fluxes, but the latter has a significantly lower neutrino flux. The same applies
to sources 1959-4246 and 2118+188. They both have similar gamma-ray fluxes, but the
latter has a lower neutrino flux. The lack of correlation is due to the gamma-ray flux
being dominated by leptons. The gamma-rays emitted by the protons are subdominant.
There is however a direct correlation between the observed X-ray flux and the size of the
neutrino flux, but this is due to the method used to determine the proton luminosity. The
proton luminosity is chosen to have the highest value without causing the total flux to
overshoot the X-ray data.

In this model, there are two main sources of seed photons for the photopion process. As
a result, the neutrino flux is doubly peaked, though the two peaks are not distinguishable
in all of the plots. For the sources 04204022, 0451-28 and 153742754, seen in Figures
4.14, 4.15 and 4.7, the two peaks of the neutrino flux are clearly distinguishable. For
the A" resonance channel, the comoving energy of protons that typically interact with
photons with comoving energy ¢, is given by

0.5m4c?
€~ ——2 (4.2)
€
where ma = 1.23GeV/c? is the rest mass of the A baryon. To find an expression for
the neutrino energy as a function of the seed photons of the photopion process, simply
replace Yy, maxMpc? in Equation 4.1 with Equation 4.2 to get the following expression

1 0.5mAict 4
4 e, z+1

(4.3)

The photons from the BLR have energy ¢; g = I'-10.2eV in the comoving frame of the
jet. Inserting this into Equation 4.3, one finds

K 15\ /102eV\ /6§ 3
E, g = 1.65-10% —om) (2 — . 4.4
B = 165~ 1076V (0-2> (F> ( €t BLR > (20) (Z+1) 44

The IR torus has a temperature of 510 K, which means that the characteristic photon
energy in the comoving frame is €, ;g = Tkp - 510K = T"- 4.39 - 1072eV. Inserting this
into Equation 4.3, one finds

K 15\ [4.4-1072eV\ [ § 3
E,m=2382-107ev (=) (2 ) (20— ") (= : 4.5
e ‘ (0-2> (F) ( €,1R ) (2O> <Z+1) (45)

Comparing Equations 4.4 and 4.5 with the plots, one can conclude that the first part of
the neutrino flux is related to the BLR photons, while the higher energy peak is related
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to the photons from the IR torus.

Name L, L, L, L,

1 2 8 W)

0106+01 7.06e41 | 5.60e43 8.00e43 7.50e46
0157-4614 | 1.60e41 | 4.50e43 1.50e43 7.50e45
0242423 2.70e41 | 3.30e43 2.20e43 6.60e46
0322+222 | 1.35e42 | 1.50e44 6.00e43 4.50e46
04204022 | 6.21e40 | 1.00e43 2.00e43 5.25e46
0451-28 2.01e42 | 1.20e44 2.40e44 1.20e47
0458-02 1.64e42 | 1.54e44 7.00e43 3.70e46
0601-70 1.04e42 | 1.00e44 5.00e43 3.70e46
0625-5438 | 8.63e40 | 1.50e43 3.00e43 4.20e46
0907+230 | 3.13e41 | 1.50e44 5.00e43 8.40e45
09084416 | 4.68e41 | 1.50e44 2.50e43 1.20e46
1149-084 | 3.97e40 | 3.00e42 1.50e43 7.20e46
13434451 | 5.02e41 | 9.90e43 4.50e43 1.50e46
1344-1723 | 6.66e40 | 1.62e43 2.70e43 7.50e45
153742754 | 6.90e40 | 1.05e43 1.50e43 1.35e46
1656-3302 | 2.54e41 | 2.80e43 7.00e43 1.24e47
1959-4246 | 5.96e41 | 4.80e43 2.40e43 6.60c46
21184188 | 1.09e41 | 1.98e43 2.20e43 1.80e46
2135-5006 | 1.11e41 | 2.87e43 2.30e43 1.05e46

Table 4.1: Total neutrino luminosity of the different sources, along with luminosities of
the injected protons and electrons, and the disk luminosity. The neutrino luminosity in
Column [2] is an output of the model, the rest of the columns show input parameters
from Table 3.2. Col. [1]: source name; Col. [2]: luminosity of the emitted neutrinos in
the comoving frame of the blob, in units of ergs™; Col. [3]: luminosity of the injected
protons in the comoving frame of the blob, in units of ergs™'; Col. [4]: luminosity of
the injected electrons in the comoving frame of the blob, in units of ergs™'; Col. [5]:

luminosity of the accretion disk in units of ergs™!.

Of relevance is also the neutrino luminosity, shown in Table 4.1. In Section 2.3.2, it
was shown that for the single-pion channel, 5% of the proton energy is transferred to the
neutrinos. Therefore, the neutrino luminosity can be at most 5% of the proton luminosity,
assuming that the single-pion channel is dominant. For the multi-pion channel, 15% of
the energy is transferred. Comparing Columns [2] and [3] in Table 4.1, one sees that the
neutrino luminosity is around two orders of magnitude smaller than the proton luminosity,
as expected.
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5 Conclusion

In this thesis, it was shown that it is possible to produce SEDs that fit the data points
from G11 reasonably well, using a leptohadronic model. This leptohadronic model makes
predictions of the possible neutrino fluxes of the 19 blazars studied in G11. This is the
first time the neutrino fluxes of these sources have been predicted using such a model. The
sizes of the neutrino fluxes are directly correlated with the proton luminosity. The proton
luminosity was chosen to have the maximum value it could have while the protons still
provide a subdominant contribution to the X-ray and gamma-ray fluxes. Observational
data in the X-rays provide the strictest constraints on the allowed proton luminosity for
most of the sources, while for some the major constraint is the 4FGL data. The neutrino
fluxes were compared with an estimate of the future flux sensitivity of IceCube-Gen2,
following van Santen (2018).

For most of the sources, the neutrino flux was not high enough for them to be
detectable within the first 15 years of IceCube-Gen2. The sources named 0106401,
03224222 and 0458-02 show the most potential. For the other sources, the difference
between the predicted neutrino flux and the estimated flux sensitivity of IceCube-Gen2
ranges from a factor smaller than 10 for source 0242+23 to a factor larger than 102 for
source 2135-5006. None of the sources are expected to be detectable within the first 10
years of ARCA230, with the difference between the neutrino fluxes and sensitivities rang-
ing from a factor smaller than 10 for 03224222 and 0601-70, to a factor around 10? for
1149-084. For 0106401, 03224222 and 0458-02, the 4FGL data suggest that these sources
have a consistently large gamma-ray flux over time. In the case of blazar 0458-02, the
X-ray fit is not optimal. Varying other parameters, like the magnetic field strength or
the leptonic parameters, was beyond the scope of this thesis but is something one could
do if one had more time. Blazar 03224222 shows a better fit with the X-ray data than
0458-02, while 0106401 shows an even better fit. All three show similar neutrino fluxes.
Their predicted neutrino fluxes are close to intersecting the estimated IceCube-Gen2 flux
sensitivity for energies larger than 1 PeV.

The conclusion is that out of the 19 blazars studied, the sources 0106401, 03224222
and 0458-02 may be detectable within the first 15 years of IceCube-Gen 2.
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A Cooled electron spectra

Plots for all of the sources showing the injected electron spectra along with the electron
spectra after the simulation has run for a time ¢t = 3 - tc05s = 3+ Rp/c are found in Figures
A1, A2 A3, A4 and A.5.
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Figure A.1: Electron spectra for blazars 0106401, 0157-4614, 0242+23 and 0322+4222.
Injected spectrum and electron spectrum after three light crossing times as a function of
Lorentz factor.
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Figure A.2: Electron spectra for blazars 04204022, 0451-28, 0458-02 and 0601-70. See
Figure A.1 for details.
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Figure A.3: Electron spectra for blazars 0625-5438, 0907+230, 09084416 and 1149-084.
See Figure A.1 for details.
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Figure A.4: Electron spectra for blazars 13434451, 1344-1723, 153742754 and 1656-3302.

See Figure A.1 for details.
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Figure A.5: Electron spectra for blazars 1959-4246, 2118+188 and 2135-5006. See Figure
A.1 for details.
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