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Abstract

Blazars are a class of Active Galactic Nuclei (AGN) that are radio loud and
have a small angle between the jet and the observer’s line of sight, found in the
centres of elliptical galaxies. In some cases, flaring events in one frequency band
are not accompanied by flaring in other bands, termed - orphan flares. The
causes of this variability and conditions in and location of the high energy emis-
sion region are not completely understood. As a possible explanation for rapid
gamma-ray variability, the hadronic mirror model is suggested. A TeV orphan
flare was observed on the 28th of January 2018 by the H.E.S.S. observatoty from
3C 279. A primary flare was observed 11 days earlier by Fermi-LAT. A broken
power-law is applied to the Fermi-LAT spectrum preceding the orphan flare
to constrain model parameters able to reproduce the proton-synchrotron SED
through an analytical fit to the data. The high-energy component of the flare
is modeled by the hadronic synchrotron mirror model. The model predicted a
dense enough target photon field that is sufficiently efficient for photohadronic
interactions to take place and the Fermi flux was not lifted a lot by this model
unlike the VHE flux. The photo-pion component of the spectrum is comparable
in flux to that of the proton-synchrotron component.

Keywords - AGN, blazar, hadronic model, relativistic astrophysics
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Chapter 1

Background

1.1 Introduction

In a galaxy far far away, called 3C 279, there is an active galactic nucleus
(AGN) with some very variable mood swings, let us tell its story...

Blazars are a subclass of active galactic nuclei that are radio loud and found
in the centres of elliptical galaxies. There are two types, flat spectrum radio
quasars (FSRQs), if they have strong emission lines, like 3C 279, and BL Lac
objects if they have weak emission lines [Bottcher} |2007]. Most blazars are y-ray
loud due to relativistic jets pointed at a small angle with respect to our line of
sight. Due to this geometry, their emission is Doppler boosted, and the jets
have been seen through radio interferometry to exhibit apparent superluminal
motion [Zensus and Porcas| [1986]. The spectral energy distributions (SEDs) of
blazars are characterized by two humps or components. The first hump is the
low-frequency component that is caused by electron synchrotron emission. For
the second hump, the high-frequency component in leptonic models is caused
by Compton scattering [Maraschi et al., 1992 [Dermer and Schlickeiser} (1993,
Bloom and Marscher, [1996]. However, alternatively this component can also
be caused by hadronic processes [Miicke et alJ |2003| [Mannheim and Biermann,
1992, [Aharonian, |2000], where the dominant gamma-ray emission mechanisms
are proton-synchrotron radiation and synchrotron emission from secondary par-
ticles produced by photo-pion production. These reactions are displayed by the
following:

pty—p+a’ op+y+y (L.1)
or wn+7r" sn+ut+u, snt+et v, +ve 1y, (1.2)
Blazars show extreme variability across the electromagnetic spectrum. The cen-

tral engines causing the relativistic jets have quiescent states and flaring states.
Some of these flares are characterised by extremely fast variability of timescales



down to a few minutes. Examples of blazars beside 3C 279 that showcase these
minute-scale variabilities are Mrk 501, Mrk421 and PKS 2155-304, |[Begelman
et al., |2008], [Konopelko et al.l 2003, |[Aharonian et al., |2007), [Sambruna et al.|
2000]. In some cases, flaring events in one frequency band are not accompanied
by flaring in other bands. Such events are termed orphan flares. Orphan flares
are usually secondary flares following primary multi-wavelength flares, and are
characterized by extreme variability [Krawczynski et al.l2004]. In this thesis we
are specifically looking at an orphan TeV flare in the very-high-energy gamma-
ray band (E > 100 GeV). The causes of this variability and conditions in
and location of the high energy emission region are not completely understood.
Research on TeV blazars shows that leptonic jet models succesfully reproduce
the SED through synchrotron self-Compton (SSC) radiation, where the second
hump (or high-energy radiation) is produced by inverse Compton scattering of
the electron-synchrotron radiation, [Pian et al. 1998, [Kino et al. 2002]. The
SSC model is not naturally able to reproduce orphan high-energy flares. When
evaluating TeV orphan flares, it predicts quasi-simultaneous flaring in other
wavebands like X-ray and optical bands. Considering an alternative to use a
hadronic model would have important implications for the jet composition and
energetics. |Sikora and Madejskil [2000] investigate the composition of jets, but
the presence of protons does not make a hadronic model feasible, there needs
to be enough power in the jet to accelerate these particles to relativistic en-
ergies. Hadrons require great amounts of power to be accelerated and thus
require higher magnetic fields than leptonic models, but this also means that
the proton processes will be carried out to larger distances on kiloparsec scale,
because more enrgetic particles are accelerated, secondary interactions also pro-
duce high energy particles that escape absorption, which is consistent with TeV
emission reaching the observer here on Earth, [Bottcher, [2005]. Photo-pion
production can only happen if the protons have a dense target photon field
to interact with. Such target photon fields can either be the co-spatially pro-
duced electron-synchrotron radiation, or radiation fields from outside the jet
[Mannheim, 1993 Mannheim and Biermann, [1992]. Some more recent papers
also conclude that there should be an external field (to create a dense target
photon field) for the protons to interact with so that secondary interactions can
produce these very high energy photons [Petropoulou et al. [2019] and [Aab
et al.| 2020]. Reimer et al. [2019] investigates the recent case of TXS 05064056
with tentative neutrino associations and conclude that this case also requires
an external field. The synchrotron mirror model proposed in this dissertation
provides one possibility for such a target photon field. In this text, physical
quantities will be parameterized by @ = 10*Q,, in c.g.s. units. Some of the cos-
mological parameters used throughout this study are the luminosity distance
dr, = 9.7 x 10?7 ¢m? calculated as such from the redshift of 3C 279, z = 0.536.

1.1.1 Outline

Chapter 1 is an overview of the basic background on superluminal motion,
AGN and the telescopes providing the observational data that are being inter-
preted in this thesis. Chapter 2 gives an overview on some blazar characteristics



and the object of this study, 3C 279. Chapter 3 gives some theoretical back-
ground on radiation mechanisms and leptonic and hadronic models. Chapter 4
describes the analytical part of the model used in this study in detail. Chapter 5
describes the numerical side of the modeling done in this dissertation and leads
into Chapter 6 giving the results of the actual modeling. Chapter 7 concludes
this dissertation.

1.2 Aim

The main motivation behind this study is to investigate what mechanisms
produce orphan TeV flares. This research will help to investigate whether pro-
tons are accelerated to ultra-relativistic energies in the jets of blazars, which
would be expected to be associated with the production of very-high-energy
neutrinos. The variability of 3C 279 is sometimes correlated across the elec-
tromagnetic spectrum and sometimes not, as seen in other blazars as well, the
results of this study might give a better perspective on why.

1.3 Active galactic nuclei
1.3.1 Structure of AGN

Narrow Line
Region Clouds

Collimated Jet

®ii Thin Accrgtion disk
Supermassive black Holo/
road Line

Region Clouds

Dusty, obscuring Torus

Figure 1.1: The structure of the AGN. Produced by Ruan de Jonge, an engi-
neering student at the NWU, on Blender.

Active galactic nuclei are some of the most powerful and violent objects in the
universe. Their structure, as shown in Figure revolves around the central
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engine, the supermassive black hole (SMBH). The black hole (BH) functions
as a large gravitational potential well and accretes matter onto it, creating an
accretion disk. This accretion disk is very luminous and reduces the angular
momentum of matter pulled toward the black hole through turbulent and vis-
cous processes |[Urry and Padovani, [1995]. There are clouds of gas moving in
the gravitational potential of the black hole that produce strong optical and
ultraviolet emission lines. This region is called the broad line region (BLR) and
the clouds are called broad line region clouds. These emission lines are obscured
from certain lines of sight by a dusty torus |Urry and Padovani, [1995]. Much
further from the central engine, narrow lines are produced by clouds, called
narrow line region (NLR) clouds. Relativistic outflows of energetic particles
sometimes occur along the rotation axis of the accretion disk, in about 10% of
all AGN. The next sections will provide a brief overview of characteristic AGN
features, keeping in mind that each feature is more complex than stated in this
dissertation.

1.3.2 Accretion disk

The accretion disk forms a part of the central engine, a gaseous disk through
which matter accretes onto the black hole (BH). Accretion disks are usually
gas-pressure dominated |Urry and Padovani, [1995], when it becomes radiation-
pressure dominated the accretion disk can feed into the BLR region |Bianchi
et all [2012]. The most natural assumption to make is that the accretion disk,
dusty torus and black hole rotation share the same rotation axis due to the
angular momentum conservation argument. It is possible, however, that if the
black hole grows by unrelated accretion events then the BH’s spin might be
different to the rotation axis of the accretion disk [Bianchi et al., [2012].

1.3.3 Dusty torus

When looking at the accretion disk, it seems to be obscured by a parsec
sized toroidal dust structure, hidden behind the dust of the Torus is the broad
line region (BLR) [Jaffe et al. |2004]. The BLR and narrow line region (NLR)
clouds (explained in the next subsection), are illuminated by the accretion disk.
Scattering at right angles towards the observer induces polarization. Scattering
takes place in the BLR and NLR regions. Looking at measured polarization
angles and the fact that reflected broad lines are polarized, we see the need for
an axisymmetric, toroidal absorber. In the case that the angles are different than
measured and if the reflected broad lines were not polarised, then a different
geometry than a toroidal shape would be warranted. If the symmetry of the
polarization angles should be broken then the absorber should obstruct the
nuclear radiation to be scattered in a specific range of angles. This specific
range is obscured most naturally by a torus-shaped dust structure |Bianchi
et al.l [2012]. Studying the visibility of the BLR and the NLR, the torus size
is constrained. The torus cannot be so great in size that it obscures the NLR,
with typical sizes of 10-100 parsec, but needs to obscure the BLR, typical size
below a parsec [Bianchi et al.|, 2012].



1.3.4 Broad line region

The BLR is formed by interstellar material that is being gravitationally pulled
by the SMBH into the nucleus of the AGN structure. First this material forms
the dusty torus, with a flattened distribution after losing angular momentum.
Then the material moves into the dust sublimation radius and the dust evapo-
rates to form the BLR. The BLR is dotted with clumps of clouds. These clouds
are highly ionised on the front and are lowly ionised or neutral on the back
|Gaskell, [2009]. BLR clouds are moving with a Keplerian velocity along the line
of sight of the observer and therefore broad emission lines are often seen in the
optical or UV range [Bianchi et al. 2012]. Hartman et al|[2001] writes that the
BLR region of 3C 279 lies between 0.1 < r < 0.4 pc.

1.3.5 Relativistic collimated jets

Relativistic jets are plasma outflows of energised particles along the rotation
axis of the accretion disk or dusty torus. High velocities and relativistically
beamed radiation (in the forward direction) are characteristic of these collimated
jets. Some elliptical galaxies produce strong radio jets while spiral galaxies
produce weak radio jets. A symmetric pair of jets is found mostly associated
with parent galaxies of low luminosity, and asymmetry. The sometimes one-
sided jet morphology is mostly due to relativistic beaming in the jets. The
intensity of the jet is enhanced due to relativistic abberation in the direction
of the observer and the intensity of the jet moving in the opposite direction
is then lowered to non-detectability [Urry and Padovani, |1995]. |Sikora and
Madejskil [2000] give an overview of jet composition, which sometimes favors
a pure leptonic (electrons) particle population in the jet composition. The jet
composition can also include hadrons (protons); these are described by hadronic
models if the protons are accelerated to ultra-relativistic energies.

1.3.6 The AGN zoo

When speaking of classification of AGN in a nutshell, AGNs are classified
based on their radio loudness and their optical spectra and sometimes, if they
are present, the angle of the line-of-sight of the observer to the relativistic jet
of the AGN. Briefly, the optical and radio classifications will both be discussed.
Enormous radio sources with jets usually have elliptical host galaxies and weaker
radio sources have spiral host galaxies |[Urry and Padovani |1995]. Optical clas-
sification is divided into two types of AGN. Type I AGN and type IT AGN are
based on the attributes of their ultraviolet and optical spectra. Type I AGN
have broad emission lines and bright continua, from hot gas in the gravita-
tional well of the black hole. Type II AGN have narrow emission lines and
weak continua. Seyfert galaxies, hosted by spiral galaxies, are divided into two
main groups; broad line galaxies (for their broad emission lines) and narrow line
galaxies, also called Seyfert 1 and Seyfert 2 galaxies. Most Seyfert 1 galaxies are
radio-quiet and fall under type I AGN, with low luminosities, relatively nearby
the observer (us, Earth), they are oriented such that the BLR is not obscured
by the dusty torus. Radio-quiet Type IT AGN are narrow-emission-line galaxies
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Figure 1.2: The classification system of AGN. From the lecturing notes of Pro-
fessor Markus Bottcher.

(NELG) and also include Seyfert 2 galaxies with low luminosities; the BLR is
obscured by the dusty torus and they are also hosted in spiral galaxies.

AGN hosted by elliptical galaxies are divided into radio-loud and radio-quiet
AGN, as illustrated in Figure The dusty torus does not obscure the BLR
|[Urry and Padovani, 1995]. They are more luminous and therefore detectable out
to greater distances than Seyfert galaxies. The classification of luminous, radio-
loud quasars depends on the radio continuum shape with the line of division set
at o, = 0.5. The steep radio spectrum type I AGNs are called steep spectrum
radio quasars (SSRQ). The ones with a flat radio spectrum are called Blazars
or radio galaxies. The Blazars can be divided into flat spectrum radio quasars
(FSRQ) with strong emission lines and BL Lacertac (BL Lac) objects with
weak or absent emission lines, as shown in Figure Some type II AGNs
are narrow-line radio galaxies (NLRG). Flat spectrum radio galaxies have two
different morphological types. The Fanaroff-Riley type I radio galaxies (FR
I), which are low-luminosity and have radio jets that are often symmetric and
whose intensity falls away from the nucleus. Secondly, the Fanaroff-Riley type
IT radio galaxies (FR II); they have more highly collimated jets and thus more
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defined radio lobes with hot spots |[Urry and Padovani, [1995|.

1.4 Superluminal motion

Superluminal motion refers to the seemingly faster-than-light speeds observed
in relativistic jets from blazars and quasars viewed with small viewing angles
between our line-of-sight and the jet-axis.

Observer
AN\

Jet
v AL sinm

Photon 1

v At

vAtcost

Source

Figure 1.3: A blazar source is emitting a relativistic jet with an angle 6 to the
observer. Two photons are emitted, at the same angle towards the observer.
Photon 1 emitted directly in the observer’s line of sight at the source’s emission
region and photon 2, emitted from the jet at a later stage.

Imagine two photons emitted by this source in Figure 1.3} Photon 1 is
emitted at an earlier point in time with respect to photon 2 in the jet and will
travel directly to the observer in their line of sight. Photon 2 is emitted at a later
point. Photon 1 arrives at Earth (the observers) first, while photon 2 arrives at
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a later time. Given the ratio of velocity v and the speed of light ¢, 8 = 2 and

the Lorentz factor, I' = —= and using the sketch in Figure we can see

that the observed velocity seems faster-than-light [Longair, [2011]. The relative
time between observing photon 1 and 2, considering light-travel-time effects in
general relativity, is:

Atops = At(1 — Bcosh) (1.3)

The apparent velocity of the emission region perpendicular to the line of sight
can be calculated using the basic velocity, distance and time formula:

i distance vAtsinf vsin 6
Vo = = = (1.4)
app Atops At(1—pBcosf) 1—Pcosh

This leads to the general expression:

Bsinf

Yapp
a pu— = 1.
Bapn c 1— Bcosb (1.5)
Taking the derivative of Equation (|1.5)) with respect to 6:
OBapp _ Becos®  (Bsin 02 (1.6)
00  1—pBcosf (1—Bcosh)? '
Bcosb — % cos0? = B2 sin 62 (1.7)

vf;pp is at a maximum when cosé = 5. Equation (1.7)) is solved by 8 = cos#@

and from the definition of the Lorentz factor it is known that /1 — 32 = % and
1-p2= %, which yields:

sin&:\/lfcosW:\/lfBQZ% (1.8)
and
, 1
1—pFcosf=1—-p = (1.9)

Substituting Equation (1.8]) and (1.9) into Equation (|1.4):
Lo
Vapp = fF v=Tv (1.10)
Consequently

Bapp =18 (1.11)

This proves that the velocity can appear to be faster-than-light.
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1.5 Imaging atmospheric Cherenkov telescopes

1.5.1 Atmospheric air showers
Observing very high energy (100 GeV —100 T'eV') ~-rays is challenging because

the atmosphere is opaque to those wavelengths. Telescopes like Fermi-LAT,
INTEGRAL and AGILE are mounted on satellites that orbit around the Earth
and can observe ~-rays without the hindrance of the atmosphere. Imaging
atmospheric Cherenkov telescopes (IACT) are ground-based observatories that
detect the Cherenkov light produced by particle air showers caused by 7-rays
entering the atmosphere. Cosmic-ray particles also create these extended air
showers (EAS) of particles in the same way as y-rays and constitute a large
background to 7-ray detection. Pair production and Bremsstrahlung, as will
be explained in Chapter 3, are the two elementary processes that take place
|de Naurois and Mazin| [2015]. Figure displays the detection process:

Gamma- Detection of
high-energy
gamma rays

ray

Particle
shower 1. using Cherenkov
telescopes

Figure 1.4: A ~-ray enters the atmosphere, interacting with particles in
the atmosphere, producing secondary particles which emit Cherenkov light.
This information can be found on the H.E.S.S. webpage: https://www.mpi-
hd.mpg.de/hfm/HESS /pages/about/telescopes/images/detection2s.jpg,.

The Cherenkov light is detected by ground-based Cherenkov telescopes. The
orphan flare modeled in this thesis was observed by the HESS telescope.
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1.5.2 H.E.S.S. telescope

The H.E.S.S. is located in the Khomas highlands region in Namibia, 1800
m above sea level. The array of five telescopes was constructed in two phases.
Phase I consists of four 13 m diameter (107 m? mirror area) telescopes called
CT1-4, which are arranged in a square with side length 120 m. Phase II was a
later addition in 2012 and consists of one 28 m diameter (614 m? mirror area)
telescope called CT5, in the middle of the square formed by the CT1-4 El CT5
has very fast positioning speed of a 100 degrees per minute and can detect
photons with energies from tens of GeV to tens of TeV. The telescopes have
Cherenkov detectors that measure the Cherenkov light from particle air showers.
See|de Naurois and Mazin| [2015] and |Giebels and H.E.S.S. Collaboration| [2013],
for an in-depth explanation of how the H.E.S.S. telescope works.

Figure 1.5: The H.E.S.S. site during the day when all the telescopes are safely
parked.

1.6 Fermi LAT

Fermi is a v-ray space telescope that studies the sky at the energy range
of 8 keV - 300 GeV, see Figure It was launched 11 June 2008 and there
are two different instruments on the telescope, the Gamma-ray Burst Monitor
(GBM) and the main instrument is the Large Area Telescope (LAT). The Fermi
LAT has a larger area and better angular resolution, and field of view than its
forerunner, the Energetic Gamma Ray Experiment Telescope (EGRET) and is
an imaging vy-ray telescope. In the energy range 20 MeV — 300 GeV, Fermi-
LAT observes the primary interaction of photons with the electric field of atomic
nuclei that causes the pair production process. As seen in Figure incident

Thttps://www.mpi-hd.mpg.de/hfm /HESS/pages/about/
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radiation moves through the anticoincidence shield that has a high sensitivity
towards charged particles. Then the photons move through thin layers that are
called conversion foils, made from high-Z material. Underneath the conversion
foils are particle tracking detectors and the energies of the electron and positron
produced in the pair-production process are then measured by a calorimeter.
The anticoincidence shield works in the following way: it cannot detect photons,
thus if there is no detection in the anticoincidence shield but a detection was
made by the detectors, it is proof of photons. The conversion foils convert
photons because of the heavy nuclei in the foils into electron and positron pairs
which are then measured by the particle tracking detectors, and the energies of
these pairs are then measured by the calorimeter. All this information is found
on NASA’s website [

Figure 1.6: Fermi ~-ray space telescope artist concept. Image credit NASA.

2https://fermi.gsfc.nasa.gov/science/instruments/lat.html
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Figure 1.7: The LAT instrument on the Fermi telescope, measuring pair pro-
duction. This displays the different components of which the LAT instrument
consists. Image credit: Aurore Simonnet from the Sonoma State University
under the affiliation with NASA.
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Chapter 2

Blazar phenomenology

2.1 Spectral energy densities

Spectral energy distributions (SEDs) of blazars display non-thermal emis-
sion and radiation components across the electromagnetic spectrum from ra-
dio to y-rays (broad-band continuum). They are usually characterized by two
components, a low-energy component and a high-energy component. For both
leptonic and hadronic models the low-energy component is produced by electron-
synchrotron radiation, in the frequency range from radio - optical or ultraviolet
(UV) and sometimes X-rays. In leptonic models the high-energy component
(X-rays - vy-rays) is the result of Compton scattering and in hadronic models
the high energy photons are produced through proton-synchrotron radiation or
photo-pion production, [Bottcher, |2019]. These radiation mechanisms will be
discussed in greater detail in Chapter 3.

2.2 The blazar sequence

The blazar sequence is a phenomenological classification of blazars where
blazars, BL Lacs and FSRQs, which are most powerful have relatively small
synchrotron peak frequencies, Vpeqr, and the weakest blazars have the highest
Vpeak values. BL Lac objects have a large range of synchrotron peak frequencies
and are divided into low-energy peaked BL Lacs (LBL), Vpeqr in the infrared
(IR) or optical bands and intermediate BL Lac objects (IBLs) with synchrotron
frequencies in the optical, and high-energy peaked BL Lacs (HBL), vpeqr in the
UV or X-ray bands. FSRQs are different, they are only low-energy peaked,
there are no high-energy peaked FSRQs, |[Padovani, 2007].

The blazar sequence was posited by [Fossati et al.,[1998| (F98) and |Ghisellini
et al.| [1998]. vpeqr, was plotted for three blazar samples with 126 blazars of
which 33 blazars were detected by EGRET. The blazar sequence was originally
only the function of one parameter, namely the bolometric luminosity. It was
apparent that the most powerful sources (highest luminosities) had the smallest
Vpeak values and the weakest sources (lowest luminosities) had the highest vpeqr
values |Fossati et all [1998] as seen in Fig. The mechanism responsible
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Figure 2.1: The original blazar sequence. The 126 blazars are from X-ray and

radio flux-limited samples |Ghisellini, |2016]. The blazars with lower L values

have higher synchrotron peak frequencies.

14



for the high-energy radiation in the blazar sequence is assumed to be inverse
Compton scattering in [Fossati et al., [1998]. The synchrotron frequency peak is
related to electron energy in the following manner:

Vpeak X B(S’y;eak (21>

with B the magnetic field, § the Doppler factor and Ypeqr the electron energy
at the synchrotron frequency peak. In the most powerful sources the energy
density is higher and leads to stronger radiative cooling, consequently, the lower
Vpeak Values are achieved and Compton cooling dominates because these blazars
typically have a Compton dominance > 1. The blazar sequence is seen as a
controversial subject and it is debated whether it is a result of selection effect
because of the flux limited samples that are selected. In |Ghisellini, 2016] a
new and improved blazar sequence (version 2.0) is investigated. It is found that
the blazar sequence has the same overall properties as originally posited. The
biggest difference in version 2.0 of the blazar sequence is that the Compton
dominance in powerful blazars is found to be less.

2.3 Polarization properties

Polarization is a powerful tool in the multiwavelength studies of blazars.
A lot of information is gained by knowing the polarization degree (II), and
the polarization angle (PA). Optical polarization measurements can give us
information on the magnetic field structure in the emission region, which can
help us understand which radiation mechanisms are present in the relativistic
jet of a blazar and determine which models should be applied. Observations of
large swings in PA (> 1807?) that occur simultaneously with y-ray emission have
been interpreted as a signature of a helical magnetic field structure, but there
are also alternative explanations (such as the TEMZ model by Marscher| [2013)]).
A study on 191 extragalactic radio jets was made using multifrequency VLBA
observations over 12 epochs by the MOJAVE group. They observed transverse
gradients in the rotation measure (RM), meaning this also could be evidence for
a helical magnetic field. Therefore there is evidence for a toroidal magnetic field
component [Blandford et al.,|2019]. In 3C279 signs of circular polarization in the
core region were observed over a span of 14 years and 20 epochs, as mentioned
in |Blandford et al.|[2019]. Polarization in the low-energy component of blazars
is indicative of synchrotron radiation [Romero et all |2017]. The polarization
degree for blazars in the low-energy regime ranges from few to tens of percent,
in agreement with what is predicted for synchrotron radiation. X-ray and -ray
polarization in blazars can determine if leptonic or hadronic y-ray emission is
taking place, |[Zhang and Boettcher| 2013]. The polarization degree and angle
is significantly variable in the radio - optical range [Bottcher} [2019]. It has been
found, however, that very big and speedy rotations of the PA of the electric
vectors in some AGN are actually correlated with ~-ray flares, [Blinov et al.,
2018].
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2.4 Variability

Flux variability is seen in blazars throughout the entire electromagnetic spec-
trum from time scales of years down to minutes [Aharonian et al.,|2007]. One of
the unexplained phenomena is that variability across all wavelengths does not
show consistent correlation or non-correlation. The shortest scale variability (on
scales of minutes) is usually seen in very-high-energy y-ray emission, detected by
ground-based TACTs. Through causality arguments, the variability time scale
limits the size of the emission region as seen later in Eq. [Bottcher), |2019).
Observed flux variability can also constrain upper limits on the gravitational
radius and therefore the BH mass [Barkov et al., 2012]. |Hayashida et al.| [2012]
expands on the multiwavelength variability of 3C279 over the period of August
2008 to August 2010. During this specific time period an apparent correlation
of variability in the v-ray and optical wavebands was observed with a lack of
correlation in the X-ray waveband. They used a one-zone model assuming an
optical and gamma-ray emission region located a few pc away from the SMBH.
They also show, however, that these results can be replicated with y-ray and
optical emission that is produced much closer to the SMBH. [Kim et al.| [2020]
did a more recent very long baseline interferometry (VLBI) study on 3C279
and found rapid broadband flux variability across the entire electromagnetic
spectrum of 3C279.

2.5 Orphan flares

Orphan flares are signified by flaring in one waveband unaccompanied by
flaring in any other band, and are thus a stand-alone spike in flux. Extreme
variability in different wave bands and high-energy flaring are characteristics
that are often paired with orphan flares. Orphan flares sometimes are secondary
flares that follow after a primary flare seperated a few days in time [Bottcher|
2005]. An example of an orphan flare can be seen from Figure taken from the
paper [Krawczynski et al., 2004], which was the first orphan flare ever detected
on the 4th of June 2002. Orphan flares are still a mystery as there have not been
many orphan occurances or studies done on them. A model for an orphan flare
event can be found in the paper by |[Bottcher| |2005]. Papers on other possible
orphan flare models are: [Potter| [2018] with a time-dependent fluid jet emission
model and MacDonald et al.| [2017] with the ring of fire model.
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Figure 2.2: Results from the paper of [Krawczynski et al.| [2004], from the mul-
tiwavelength campaign on 1ES 19594-650. There is a primary flare in the TeV
and 10 keV bands and then a secondary orphan flare in the TeV band 20 days
later, pointed out by a magenta arrow.
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Orphan flares are most commonly detected at TeV energies, but can be de-
tected at lower energies as well. Orphan flares have to be caused by differ-
ent processes than normal y—ray flares, which are typically broad-band flares,
characterised by variability across the entire electromagnetic spectrum. The
first detected orphan flare as mentioned above was detected at TeV energies
and was modeled with a synchrotron self Compton (SSC) model [Krawczynski
et al.l [2004]. Leptonic models have a problem reproducing the TeV y-ray flare
without a simultaneous X-ray flare. |Kusunose and Takahara [2006] suggests a
structured leptonic jet model for the 2002 orphan flare, where there are mul-
tiple dense regions in the jet. The ring of fire model was applied to a y-flare
(0.1-200 GeV) from PKS 1510-089 in 2009 from within one of its inner knots
[MacDonald et al., [2017]. A broadband modelling study was done on orphan
~-ray flares that were observed in the blazars, 3C273, PKS 1510-089 and 3C279,
[Patel et all |2021]. From the SED modelling they gather that there are two
emission regions, one closer to the base of the jet in the BLR or dusty torus
region and one further along the jet. The orphan ~-ray flares seem to originate
from the first emission region. One of the objectives of the Kapanadze et al.
[2014] study is to investigate the orphan X-ray flare from PKS 2155-304 that
ocurred during the August - October period in 2010. They posit that this flare
suggests different electron populations in the jet. During a multiwavelength
campaign on Mrk 421 in December 2002 and January 2003 an Orphan X-ray
flare was discovered and was modelled with an SSC model using high Doppler
factors and low magnetic field values. Most papers mentioned above posit the
emission region to be close to the base of the jet. We do not really see orphan
flares in lower energies, i.e., radio-optical, where the emission is posited to be
produced further down in the jet, |[Patel et al.l 2021].

2.6 3C 279 multiwavelength studies

3C 279 is a galaxy and blazar known by many names: WISE J125611.17-
054721.5, [HB89] 1253-055, 4C -05.55 and PKS 1253-05. 3C 279 is located
at a right ascension and declination (RA Dec) of (194.046527°, —5.789312°)
and a galactic longitude (Lon) and latitude (Lat) of (305.104299°,57.062412°),
[Johnston et al., [1995]. This blazar has an SMBH with a mass that is estimated
at about (3-8) x10%Mg |Gu et all 2001, Woo and Urry, 2002]. 3C 279 is
an FSRQ with a redshift of z = 0.536, [Lynds et all |1965|, about 2375.85 +
166.32 Mpc away, [Marziani et al., [1996]. 3C 279 was first detected in the mid
1960’s in the optical band [Sandage and Wyndham)| 1965]. Emission from 3C
279 has been detected across the electromagnetic spectrum from radio to VHE
gamma-rays. 3C 279 is extremely variable across the electromagnetic spectrum.
The ~-ray flux above 100 MeV varies across two orders of magnitude, from
~ 1077 to ~ 1075ph ecm~2 s~! according to |Wehrle et al.| [1998b] and Maraschi
et al|[1992].

3C 279 is most well known for its emission at high energies. Numerous multi-
wavelength studies have been performed on 3C 279 see: |Maraschi et al., [1994]
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Figure 2.3: The Fermi-LAT light-curve of GeV gamma-rays, for the flare from
3C 279 in January 2018, as per Atel #11239. The H.E.S.S. data were taken
during the period bounded by the vertical red lines. The second red line indi-
cates the orphan flare detection. There are 11 days between the Fermi LAT and
the H.E.S.S. flare.

ehrle et al.| [1998b [Larionov et all, [2008| [Hayashida et al. 2012, [Paliya et all
2015]. 3C 279 is the first y-ray blazar discovered by EGRET in 1991 [Hart-
man et all [1992], and also the first FSRQ seen in very high energies (VHE,
E > 100 GeV) by the Major Atmospheric Gamma-ray Imaging Cherenkov
(MAGIC) telescope |Albert et al., |2008]. In 2009, during a y-ray flare there was
a change in optical polarization correlated with the flare [Fermi-LAT)2010]. 3C
279 is bright in X-rays and ~-rays. In 2012, there were two orphan X-ray flares
from 3C 279 [Hayashida et all [2012], with a 90-day period in between the two
flares. The optical and ~-ray counterparts were so weak that these two flares
were seen as isolated. Studying 3C 279 at radio wavelentghs reveals a compact
core and very long baseline interferometry (VLBI) reveals superluminal motion
[Lister et al., 2013], with apparent superluminal velocities in range of 4-20 ¢ in
the jet which is very closely aligned to the line of sight, up to 24°8
2004). Kim et al|[2020] studied the jet of 3C279 at 1.3 mm (230 GHz) to re-
solve its features in April of 2017. 3C 279 has a compact core and a straight jet
extended from sub-parsec to kilo-parsec scales. That study found substructures
in the millimeter VLBI core suggesting a linear, knotty structure or it can be
interpreted as a bent jet, possibly due to plasma instabilities. They also found
that the jet core is either optically thin at 230 GHz or 3C279 is dominated by
magnetic energy if the synchrotron turn-over frequency is close to 230 GHz.

2.6.1 3C 279 Orphan VHE ~-ray flare

On 28 January 2018, H.E.S.S. detected an orphan TeV ~-ray flare in 3C 279.
Eleven days before this flare there was a primary flare in the Fermi-LAT range
that triggered the observations of 3C 279.
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Figure 2.4: The multiwavelength light curves of 3C 279 during its flaring state
in January 2018. The top panel denotes the H.E.S.S. light curve above 60 GeV.
The second to top panel is the Fermi-LAT light curve above 100 MeV, the
second to bottom panel is the Swift-XRT light curve in the range 0.3 - 10 keV
and the bottom panel shows the ATOM optical light curve in the R~ and B-band

[Dunyériey, 2020

Figure [2.3] shows the Fermi-LAT light-curve and the H.E.S.S. observation
window while 3C 279 was flaring. H.E.S.S. has a Target of Opportunity (ToO)
program, where other instruments observing across all wavebands in the elec-
tromagnetic spectrum share information for good multiwavelength coverage.
Fermi-LAT detected the flaring state of 3C 279 in January 2018 and triggered
follow-up observations by H.E.S.S.

In Figure 2:4) it is seen that there is a seven-day delay, between the Fermi-
LAT flare and the start of H.E.S.S. observations after the primary Fermi-LAT
flare, this was due to bad weather. It is also notable that the primary flare also
exhibits flaring in both the Swift and ATOM bands, while the secondary flare
on 28 January is an orphan flare. The Hadronic Synchrotron Mirror Model will
be investigated in this study, to see if it can provide a consistent explanation
for this orphan flare.
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Chapter 3

Theoretical background

There are many different mechanisms that accelerate particles in space that
cause electromagnetic emission. In this chapter, the focus will be on non-thermal
emission. The different radiation mechanisms in leptonic and hadronic models
are also discussed. From section 2.1, we know that the low-energy component
in blazars is produced by synchrotron radiation discussed in section 3.2.1, the
sections thereafter concentrate on the high-energy components of leptonic and
hadronic models.

3.1 Non-thermal emission

Non-thermal emission takes place when the particles in the source have a non-
thermal energy distribution. Examples of non-thermal emission are synchrotron
radiation, Compton scattering and stimulated emission. In the next section, we
will be giving a short description of synchrotron radiation and Compton scatter-
ing for the leptonic models while, for the hadronic models, we will be discussing
proton-synchrotron radiation and photo-pion production. Photo-pion produc-
tion leads to the production of gamma-rays, muons, positrons, and neutrinos.

3.2 Radiation mechanisms

The Universe is permeated by magnetic fields (B) that accelerate particles
when they move through these fields. The simplest example is cyclotron radia-
tion. Nonrelativistic electrons that move perpendicular to a magnetic field start
gyrating along the magnetic field lines and are thus accelerated [Rybicki and
Lightman| 2008|. The frequency of emission is given simply by the frequency of
gyration.

The cyclotron frequency is found by balancing the Lorentz and centripal
forces:

=gt x B| = YeB sin(a) (3.1




Figure 3.1: The Lorentz force that acts on a particle (electron) with charge, e,
which is moving non-relativistically or relativistically with a velocity v, causes
the particle to gyrate with a specific radius around the magnetic field lines, B

where v is the Lorentz factor, m,. is the mass of the electron, v is the velocity
of the electron and r is the gyration radius, while ¢ = e represents the charge
of the electron, c is the speed of light, and B is the magnetic field with « the
angle between the direction of motion of the electron and the magnetic field
lines. Simplifying equation , we find:

ymev  eBsin(a)

et (3.2)

The cyclotron frequency is calculated using the gyration frequency of the parti-
cle. The path travelled during one gyration is the same as the circumference of
the gyration, A\ = 27 and consequently the gyration frequency can be calculated

using the general formula for frequency, v = {:

eBsin(a)

3.3
2T ymec (3:3)

Vgyr =
For non-relativistic electrons v ~ 1, the cyclotron frequency is then given by:

_eB
- 2Tmec

Vey

~ 2.8 x 10° (B> Hz (3.4)
G

Cyclotron radiation gets mostly absorbed, emissivity in cyclotron radiation is

very small, but electrons can be efficient in absorbing incoming radiation at

the characteristic cyclotron frequency. The following sections concentrate on

relativistic particles.

3.2.1 Synchrotron radiation

A general discussion of synchrotron radiation is described in this section,
where we will be using electrons for our particles to describe electron-synchrotron
radiation, but all the masses can be replaced by m,, the proton mass and then
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proton-synchrotron radiation is described. Synchrotron radiation is basically
the same as cyclotron radiation with relativistic electrons. It is, however, a bit
more complex and extends to many times the gyration frequency |Rybicki and
Lightman, [2008]. Taking into account that the electrons are now moving with
relativistic speeds, the velocity is v = S¢ = ¢, because for relativistic electrons
B ~ 1. The electron, radiating towards Earth, must be moving in the direction
of Earth, an observer from Earth sees it as it covers an angle of , the beaming
cone of the radiation, along the gyration motion. Therefore, the time observed
is:

Atops = ngﬂ(l - B) (3.5)

where 1 — 3 is the correction factor for the electron keeping up with emission it
just radiated. The equation is simplified:

1 (1+8) 1 (1-p7)
A obs — - = .
t b ng7'}/(1 ﬁ) (1 _|_ ﬂ) ngrfy (1 + ,8) (3 6)
where (1 — %) ~ =2 and (1 + ) ~ 2. Thus:
1
Atgps = 2Vg"Y3 (37)

We know that the synchrotron frequency is given by the inverse of the observed
period and using equation (3.3)):

1 eB sin ay?
Vsy Atops Yoy TMeC (3.8)
where €Bsine — 3, — 42 x 10°Ssina Hz.
The total radiated power due to synchrotron radiation is given by:
dE 4
P= <dt> = gcaTuB(vﬁ)2 (3.9)
where op = 6.65 x 1072% ¢m? is the Thomson cross-section and upg is the

magnetic energy density. The derivation for the energy loss rate can be found
in |Rybicki and Lightman| [2008]. The synchrotron cooling time scale is given
by:

FE 3mec?
tsyn = = 3.10
") T deorus? .

3.2.2 Leptonic models

Leptons are dominant in leptonic models for blazars, and therefore the ra-
diative output in these models is dominated by electrons and electron-positron
pairs. In the case of there being any protons present in the outflow of the jet,
they are not accelerated to high enough energies and do not contribute signifi-
cantly to the radiative output. High energy emission is then best explained by
Compton scattering |[Bottcher et al.l [2013].
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Compton scattering

Compton scattering was discovered by Arthur Holly Compton and is simply
explained as an incident photon scattering off an electron at rest, resulting in the
scattered photon having less energy than before the scattering and the electron
experiences recoil. Compton scattering is an example of inelastic scattering. In
the electron rest frame:

€

= - -11
1+ € (1 —cosy) (3:11)

€f
where x is the scattering angle between the incident photon and the direction
of the scattered photon, the dimensionless energy is given by:

Eph hv
= = 3.12
¢ MmeC2  mec? ( )

The limits of Compton scattering are given by the Thomson and Klein-Nishina
regime. Thomson scattering is an example of elastic scattering where the in-
cident and final energy are approximately the same ¢; =~ €y, where € is the
dimensionless photon energy. Thomson scattering only occurs at low energies
(low frequencies), e < 1. The Klein-Nishina regime is in high energies (high
frequencies), €; > 1 where ey ~ 1. There is a quantum mechanical calcula-
tion for the cross-section [Jauch and Rohrlich| [1976]. Asymptotic limits for the
cross-section in the Thomson and Klein-Nishina regimes are given by:

o.(€) =or (1 — 2+ 25662> forex1 (3.13)
oo(€) :%%T(zn[ze] +0.5) for e> 1 (3.14)

The Klein-Nishina formula is a representation of the differential cross-section
for unpolarised radiation and is given by:

do 7“8 E?c € €f .9
— =2 —+ = - 3.15
ds 2 612 €f + € S X ( )

As the photon energy becomes large, the Klein-Nishina effect reduces the cross
section to values smaller than the Thomson cross section; at high energies,
Compton scattering becomes less efficient [Rybicki and Lightman) 2008].
Inverse Compton scattering refers to incident relativistic electrons scattering
off photons; the electrons lose their energy to the photons. It is called inverse
Compton scattering because the electrons and not the photons lose their energy.
If the source of the seed photons for the Compton scattering process is within
the jet, it is referred to as synchrotron self-Compton (SSC). However, if the
source of the seed photons is in an external field, like the BLR or accretion disk
regions, it is called external Compton (EC) [Wehrle et al., [1998a]. Considering
the upscattered frequencies of the photons the energy gain can be estimated as:
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Vph X Y210 (3.16)

To explain the quadratic nature of the energy gain we need to consider Compton
scattering in the electron rest frame (primed values), as well as in the labora-
tory frame. The photon energy in the electron rest frame € is related to the
laboratory frame photon energy by the following equation:

€ =ey(1-Bp) (3.17)

where u = cosf and @ is the scattering angle of the photon. The laboratory
frame energy is related to the electron rest frame energy by the following ex-
pression:

€s = €57 (1 + Bu;) (3.18)

where p = cos 9:9 and 9:9 is the scattering angle of the electron. Considering the
Thomsom regime, the scattering in the electron rest frame will be elastic, this
means that: e:g ~ €g. In the laboratory frame it is found that: eg ~ y2e. This is
explained in the book by [Bottcher et al.|[2012] more thouroughly. This was just
a brief introduction to leptonic models, next hadronic models are discussed.

3.2.3 Hadronic models

In hadronic models, the relativistic jet composition consists of protons and
electrons that are accelerated relativistically along the jet. The emission pro-
cesses in hadronic models are proton-synchrotron radiation and/or photo-meson
production that causes subsequent synchrotron-pair cascades. External photon
fields will act as a target field for protons to interact with or internal fields
produced by co-accelerated electrons [Miicke et al.| [2003]. Hadronic models in
blazars are a plausible source of extragalactic neutrinos; neutrinos are produced
by photo-pion production.

Proton-synchrotron radiation

For protons to contribute significantly in radiative emission through pro-
ton synchrotron radiation, they need to be accelerated to energies of E, =
E1910"%eV where E19 > 1 for observable fluxes to be produced. Protons are
1836 times heavier than electrons, and a magnetic field of > 10 G is needed
for protons to be accelerated to relativistic energies [Miicke et al.l [2003], be-
cause the protons’ Larmor radius must be smaller than the emission-region
size. Proton-synchrotron models for blazars require jet powers in the range of
107 — 1049 erg.s—1 [Béttcher et all 2013).

Bethe-Heitler pair production
Bethe-Heitler pair production describes the process where electron-positron
pairs are created by a photon interacting with a proton (see Figure [3.2)).
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p—l—’y—)pl+6++€_ (3.19)

The energy threshold condition for Bethe-Heitler pair production can be de-
rived using energy and momentum conservation principles and is given by the
following equation:

2me(me + my)ct
(L= Bpu)Epn

Figure is a visual representation of the Bethe-Heitler pair production.

Epr = (3.20)

€

Figure 3.2: Feynman diagram of the Bethe-Heitler process | 2020|

Photo-pion production

For photo-meson interactions to take place, the threshold energy for photo-
meson interaction needs to be exceeded. When speaking of mesons in photo-
meson productions, we are referring mainly to pions. The threshold energy in
the cm-frame can be calculated using the conservation of momentum principle.
For an example of how to calculate threshold energy consider the first part of
the photo-pion interaction in equation :

p+y—p+n (3.21)
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The four-momentum of the particles in equation (3.21)) is given by:

Ip c

— L _ Epn |1
P, . = VMprC [gp7ﬂ:| ;P = LZ] (3.22)

where k gives the direction of the incident photon with incident angle 6, E,y,
is the energy of the photon and mj,, m, are the mass of the proton and pion.
Using the principles of conservation of energy and momentum, in the center-of-
momentum frame, equation is represented by:

]—)ph + Bp = Bp + Bﬂ' (323>
Squaring both sides of equation (3.23]) yields:

2 2 '2 ’ 2
“ph 2fph7p =p =p 2710*77 =m (3.24)
Substituting in equation (3.22)), yields:

(mpc)2 + 2yp Eppmy (1 — ﬁ; ) E) = (mpc)2 + 272mpm”62 (1 N g” ' gp) + (maxc)?

(3.25)
Simplifying the righthandside (r.h.s.) of equation (3.25), at threshold, in the
centre-of-momentum frame where, both particles are produced at rest where
v =1 and 8 = 0 for all particles:

MyMyp (1 + = ) c?

2my,
Eph (1 - 510“)

with y = cos @ = k - ko. Multiply with ¢ to get energy (E, = ~v,m,c?) on the
lefthandside (1.h.s.) of equation (3.26)):

ym, = (3.26)

MMy (1 + ;nwp) c*

EH = ymyc? = 3.27
P b Eph(l - ﬁpﬂ) ( )

The energy at threshold where y = —1 with which a proton interacts, in the
laborotary rest frame:

Ezt)’,ff = m,c? (1 + 2m,r

) ~ 145MeV (3.28)
mp

Now, secondary particles can be produced through photo-pion processes [Bottcher
et al.| [2012].

Photo-pion production is essential for neutrino emission, as can be seen in
Equation . The pion production rate is determined by the cross section.
In Figure the partial cross-sections for the resonance excitation and de-
cay, direct pion-production, diffractive scattering and multipion production are
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Figure 3.3: The total p7y cross section produced by the SOPHIA Monte Carlo
code, version 1.4 |Miicke et al. 2000]. Contributions of baryon resonances,
direct photo-pion production, diffractive scattering and multipion production
as a function of photon energy in the nuclear rest frame are displayed [Bottcher
et all 2012]. Where 1pbarn = 1073° ¢m?
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displayed. The contributions of each interaction are evaluated through their
properties of mass, width and decay branching ratios. The A-approximation
determines the number ratio of photomeson production by using the branching
ratios of the delta resonance (AT(1232)), the largest resonance, which domi-
nates the photomeson production [Bottcher et al., 2012]. In the next chapter,
the maximum <, in the proton energy range is calculated and an analytic cal-
culation estimates if the hadronic synchrotron mirror model is plausible and if
there is a dense enough targetphoton field for photo-pion production to take
place. More of this process is explained in Chapter 5.4.
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Chapter 4

The Mirror Model

In this chapter a detailed analytical approach to the hadronic synchrotron mirror
model is presented. This model is essentially a one-zone model with an exter-
nal photon field, like a gas cloud, reflecting the emission-region’s synchrotron
radiation.

In Figure the very-high-energy bump in the Lepto-hadronic model is
due to photo-hadronic processes, which could be enhanced in a synchrotron-
mirror scenario. This would lift the third component of the green line, caused
by the photo-pion production, to the level of the proton-synchrotron component
(2nd bump). The very-high-energy bump is not necessarily a feature occuring
because of the orphan flare, but is rather a feature associated with the pres-
ence of protons in the jet, dominating the radiation mechanisms. The aim is
then to investigate whether it is feasible that a synchrotron mirror scenario
may be able to enhance the target photon density sufficiently to produce a flare
of the photo-pion-induced radiation component without affecting the proton-
synchrotron-dominated Fermi-LAT spectrum. This will be achieved by analyt-
ically calculating the energy density from basic principles in section 4.1.1. A
second calculation of energy density will be done in section 4.1.2 from energy
loss rates, to see what values of energy density are required, in order to pro-
duce the observed orphan flare in this scenario. If the two energy densities are
similar, the hadronic synchrotron mirror model is feasible.

4.1 Model setup

The Hadronic Synchrotron Mirror Model is studied analytically and nu-
merically. The geometry of the model setup is sketched in Figure The
emission region moves at highly relativistic speeds, therefore I' > 1 and thus
Br ~ 1. The emission is beamed at a small angle with respect to the observer’s
line of sight [Romero et al., [2017]; the distance travelled from the emission re-
gion by the primary gamma-ray flare to the location of the cloud is given by
R,, = 2I'2cAt, with At the observed time delay between primary and orphan
flare, where At = 11 days.
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Figure 4.1: Spectral energy distribution of 3C279 with a Lepto-hadronic Model
fit, represented by the green line, and a leptonic fit, represented by the red line.
This is taken from Bottcher et al.| [2013], 3C 279 was in a queiscent state. The
lepto-hadronic (green line) fit has three components: the low-energy component
caused by electron-synchrotron processes, the high-energy component caused
by proton-synchrotron processes, and then a third very-high-energy component
caused by photo-pion interaction. Dotted: synchrotron; dashed: accretion disk;
dot-dashed: SSC; dot-dash-dashed: EC(disk); dot-dot-dashed: EC(BLR).

As illustrated in Figure a blob of relativistic particles (protons and
electrons) is propagating at relativistic speeds along the jet. The electron-
synchrotron emission from the blob hits a gas cloud (e.g., of the broad line
region of the quasar) that acts as a mirror and reflects the synchrotron photons
back, which then enter the still emitting jet again, constituting an intense target

photon field for photo-pion production ([Bottcher} [2005]). The emission from

the source is beamed in a narrow cone with opening angle, 6 = % Basic
principles and the Hadronic Synchrotron Mirror Model are used to calculate
and integrate over the contributions from all points along the jet starting from
the primary flare to the jet-cloud interaction (orphan flare). The assumption
that a fraction, 7, of the synchrotron flux from the moving emission region

is reprocessed quasi-isotropically by the cloud is made to calculate the target
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photon field.

4.1.1 Analytical density calculations from basic principles

t, Ry

t3,R3
t4, R4

tll R]_
to, RO

e

CTININ

Figure 4.2: Geometry of the model. As from [2007] a synchrotron flare

is produced in the emission region at time t;. The synchrotron emission is then
reflected when it reaches the cloud, which acts as a mirror. A secondary flare
is then produced when the primary synchrotron emission is reflected back into
the emission region, at time 3.

The total distance from the black hole to the cloud is given by R,,. The
distance of the emission region from the black hole can be calculated as following;:

R(t) = Ry + fBret (4.1)

The time when the primary synchrotron flare is produced, t; = R—é, is used to

calculate to, the time the primary synchrotron flare radiation reaches the cloud,
which is given by:



- Ry

R
to =1t1 + mﬁ (42)

t3, the time when the reflected synchrotron radiation hits the emission region,
is given by:

R, — Ry — & Rym—Ry, Ry—Ry— %
t3:t2+u:tl+ m 1+ m T
Be c Be
The term % includes the size of the blob moving along the jet. The time
duration of the primary flare to the secondary flare from observations will be
influenced by the light-travel-time effect of D ~ ﬁ:

(4.3)

t R,
~(1— N — = —— 4.4
tobs ( B)t 2F2 QFQC ( )
From equation (4.1), we know that:
Rl’g = Ro + ﬁctl’g (45)
Substituting (4.5) into ts, yields:
R,, — Ry — Bcty Ry, —Ry—fBcts Ry
= - — 4.
t3 =1 + . + Be T'Bc (4.6)
Some rearranging yields:
1— (1+ 5)(Rm — Ro) R
tgztl( b | g - b (4.7)
(1+5) c(1+B) I'Be(1+ B)

The emission region is moving at highly relativistic speeds and therefore a few
assumptions can be made: I' > 1 then § ~ 1 and assume Ry = 0. Then:

Gy B B

Sm 4,
izt e T are (48)

t3 can now be substituted into Rs:
_ Petq

Ry = "5 + BRu — o (4.9)

The fourth time step denotes the reflected particles as they move completely
through the approaching blob:

t3 =

2Ry,
ty =1t —_— 4.10
4 3+ T'e ( )

The radiation energy density at the location of the mirror or the reflecting cloud
is calculated in [Bottcher| [2005] as:

vE,(sy)di,

7(Rm SyTRER (4.11)

Uel =
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The luminosity is defined as the radiative power output of a source and therefore:

L= %, where the total energy is given by the product of the volume and the

energy density: E = %WRSU. The luminosity of the jet electron synchrotron
radiation, scattered isotropically by the cloud, is then given by:

4_p3
U T3 TR 4
R?’id = gUClTﬁRle (4.12)

c

Lcl =

where 7 is the fraction of photons that are scattered. The cloud or mirror is
now assumed to be a sphere, and therefore the flux of reflected jet synchrotron
emission impinging onto the emission region at Rs can be calculated as:

L Ly
F = ~ 4.13
47R? "~ 4n(Ry, — R3)? (4.13)

Substituting in Rj3, rearranging and remembering that (1 — 8) = % yields:

L. L,
F= - = e (4.14)
(R — G55 — BRp)?  w(Rp — 554)?

The relation between flux and energy density is used to calculate the energy

density in equation (4.17):

dE
~JAdt (4.15)
dE
= — 4.1
u=3 (4.16)

with the volume given by dV = dA ¢ dt. The energy density can be related in
these ways:
dE L F
= = == 4.17
YT dAcdt T Ac T ¢ ( )
The energy density of reflected jet synchrotron emission in the emission region
at point Rj3 in the rest frame of the emission region is given by |[Bottcher]| [2005):

ulR,sy(tl) = F2UR,sy (418)

Equations (4.14) and (4.17) along with ug s, can be used to find the following
expression:

Wy (1) = 6Ly _ 4T5uyTR2 _ 4TSV F, (sy)d3 TR,
R.syitl _ Betiy2 IEEIRY — P2 _ Betiy2
(R )% 3(Rn 5) 3(R,, — R1)?(Rm, 5+ )%c
(4.19)
To get the average energy density, accumulated over all locations R (t1) from
which jet synchrotron radiation is emitted as the blob travels towards Rs3(t1),

this expression needs to be integrated over t¢;:
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Rr,nﬁz Rb u{R
) = [ st (4.20)

— Ry,

, _ATSvE, (sy)d? TR, 7e dty
<uR sy> - Bet
’ 3(Rm — Ryp) 0 (Ryy — Betr)? (R — 55)2

(4.21)

where At = % is the duration over which the reflected synchrotron photons

are being received. Let t; = % and a = % , then the integral of this
expression is given by:

_ 4 v dt,
4 v dt
I= (/8@)4 /0 (a_t)Q(Za_t)Q

Let x =a —t then a =z +t and t = a — x where dt = —dx. This yields:

4 " dx 4 “ dx
I= (Be)t Atf 22(a + )2 - (Be)* /zf 2(a+ 1) (4.24)

where x; = a — ty is the time for photo-pion interactions to take place. « is
the time it takes the blob to move to the centre of the cloud, and ¢ is the total
integration time. The standard integral solution to this integral, is:

1=y | (s e~ o (“Ix)ﬂ (429)

This simplifies to:
7= 4 2052—O¢$f_3x§'_31 a+xyf
~ (Be)t | 203zp(a+y) feks 2z

Substituting equation (4.26]) in yields an expression:

(4.23)

(4.26)

)= ATSvF, (sy)d37R? (4 [20% —azy;—325 2 (et
Ryl ™ 3(R,, — Rp) (Be)* | 2a3zp(a+xy) fe%: 2ay
427)

Equation (4.27) is given in the limit 2y < «, further simplification yields:

, _ ATSvF, (sy)di TR 4 1 2 iy
) = i 2 (G Lﬂxf Tl (m) [) e
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To calculate the value of (uf ., (1)), assume that 8 ~ 1, and a few other
parameters first need to be calculated. The actual value of o can be determined,
which is dependent on R,,, given by: R,, = 2I'2cAt. With At = 11 days =
950400 s t1; and I' = 10 T'y, this yields:

Ry, = 5.7 x 10'® em T2ty (4.29)

Ry, also needs to be calculated. Using the variability timescale constraint

(42) ()
Ry <1010 22107 oy (4.30)
(1+2)
Data from Hayashida et al.| [2015] indicate a characteristic variability time scale
for 3C 279 tyar ~ 2 days = 48 hr and the redshift is, z = 0.536. From 6 = %
the Doppler factor is 6 = I" = 10. This yields a blob size of:

tvar (5

Ry = 3.1 x 1016 —
b X “any days 10

(4.31)

Using R,, and Ry, to calculate the values of a = 1.9 x 10% s ¢1;1%, and ¢;:

_ 5.7 x 108 em F%tn — 6.3x10% e¢m
= 3 x 1010 ¢m.s—!

=1.9x10% s t;1T'] ~a (4.32)

Using the above results of £ and o it is found that zy =2 x 10% s Ryg
Substituting in the values of: vF, =2x10" " erg-em=2-571, dp, = 10%8 em,

R =5x10" ¢m Rys, tg, s, o, and 7 = 0.001 7_3, chosen as 0.1 because only

a small fraction of the photons are reflected back into the still emitting jet, into

equation (4.27)), the energy density yields:

(g o) =352 erg-em > t;77_sRisRyg (4.33)

To find the photon number density, use the observed synchrotron photon energy,
E=10"2erg ~ 1eV:

<ulR sy> <ulR Sy> 4
n h = 2 = 2 = 3 X 1012 Cm_3 ti ’7—73R2 ]_—‘71 (4.34)
12 Eéy FEéy 11 15+ 1

4.1.2 Density calculation from energy loss rates

In this section, the target photon number density for pvy-interactions needed
to produce a radiative output comparable to the proton-synchrotron GeV ~-
ray flux, is calculated. Firstly the Lorentz factor of relativistic protons which
produces the peak of the Fermi-LAT GeV spectrum needs to be found. This
can be calculated from the synchrotron frequency:

Vey = 4.2 x 10° 6Bar2 Z < H (4.35)
myp
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Let Z = 1 and from the data, we see that v, = 10?°Hz, then Yp is:

10 Hz = 4.2 x 10%(1836) " '72 B H 2 (4.36)
vy = 2.5 x 10°B5 26~ (4.37)

The synchrotron cooling rate is taken from Bottcher et al.| [2013]:

3
. corB? (m,.
Tpsy = ( ) v (4.38)

6mmec? \ my,

where o7 = 6.65 x 1072%°¢m? is the Thomson cross-section, the mass ratio is
(@) = 18367, and the value of 7, 4, is:

Yposy = —6.4 x 10> Bgd~ts™! (4.39)

The photon-pion energy loss-rates are approximated as:

Yppy = —CTpy F)ph(€7)€ Y (4.40)

Where the py interaction cross section is given by (o, f) =~ 10728 ¢m? and
€* ~ 107% is the energy of target photons interacting with protons at energy F
at the delta resonance. The proton synchrotron and p-gamma radiative outputs
are similar, if ¥, s, = p pvy, then:

. orB? me\’ Vo . 3
npr(€7) = W (mP) o cm (4.41)
Substitute the variables in to find the resulting density of the photons:

npn(€°) = 3.4 x 101 B2o%em™2 (4.42)

The energy density can be calculated from:

Y\ ok ’u’/h
npn (€7)e" = mch (4.43)
This yields:
2 pie—1 3
Uy, = 2.8 X 10° BE6~ 2 erg.cm™ (4.44)

This is one order of magnitude larger than the result in equation , there-
fore, given appropriate parameters, the result can be of the same order of mag-
nitude. In case of a larger cloud, Ry > 5x 10'% cm R 17, or a smaller emission
region or even a larger reflective fraction of the cloud, 7, the target photon
density will be increased. Consequently, analytically the Hadronic Synchrotron
Mirror Model is quite plausible. Clouds acting as mirrors are found in the broad
line region (BLR) crossing the path of the jet and can be detected studying the
emission lines of the AGN [Dar and Laor| [1997]. Seed photons are needed for
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a dense enough target photon field to actually exist for the jet to interact with.
That supports the case of having external photon fields for the jet to interact
with. The mirror in our model might be a BLR cloud.
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Chapter 5

Program

5.1 Outline

The previous chapter focussed on the analytical calculations, in this chapter
the numerical calculations will be discussed. The idea behind the code is to use
the electron synchrotron photon emission and to evaluate how long it takes to
hit the cloud and then be reflected back into the still emitting jet as illustrated
in figure [£:2] The program was split into different routines and thus pieces of
code, as described roughly in the list below.

e Get the parameters describing the relativistic proton population from a
proton synchrotron fit to the Fermi-LAT gamma-ray spectrum.

Numerical evaluation of the target photon field as a function of time.

Pion production and pion-decay products.

Calculate the yy-opacity.

e Calculate the resulting electromagnetic cascades to find the emerging SED.

5.2 Proton spectrum

For the numerical evaluation of the hadronic synchrotron mirror model, we
need to determine the relevant system parameters. We need to find the nor-
malisation and the spectral break of the proton spectrum from the proton syn-
chrotron component to use in the next step of the program. B-fields of 10 G
are usually required in plausible hadronic models for blazars. In order to deter-
mine the parameters of the relativistic proton population, we fit the Fermi-LAT
gamma-ray spectrum with a proton synchrotron radiation spectrum. We first
tried to model the data with a power-law and then used a broken power-law.
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5.2.1 Power-law

We are trying to model the Fermi-LAT data of the spectral energy distribu-
tion of the flare. We use a simple power-law approach:

Np(p) = Nov,® (5.1)

where 1, is the proton Lorentz factor covering the following range where: 1 <
Yo < Ymaz = 1010, Ymaz 18 the Lorentz factor that corresponds approximately to
the maximum energy these particles can accelerate to, ie. E,qe = 101%V. The
synchrotron-radiation spectral index is given by a = 2 51, which is the negative
slope of a log F,(v) - log v plot, from which the particle distribution index,
p, can be found. Equation represents the proton Lorentz factor where

radiative losses become more dominant than adiabatic losses.

In order to model the spectrum, we use an approximation based on the
asymptotic behaviour of the single-particle synchrotron emissivity [Bottcher
et al, 2012]. We calculate the frequency differentiated luminosity:

/ 32me ez \? B2 g [mes e ve(ip)
b =gra (mpc2> 7N°V3/1 T P (5.2)

where v, = 2.3 X 10372 Bg Hz. The flux is then given by:

'L
I/FObS _ v
v 4rd3 (1 + 2)

where v = V’ﬁ‘z) for conversion from emission to observer’s frame.

Considering the broadband SED of 3C279 in Figure the extrapolation
of the power-law proton synchrotron spectrum to lower X-ray frequencies would
greatly overshoot the X-ray data in Fig where the blazar sequence which
applies to 3C 279 is shown.
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Figure 5.1: The Fermi-LAT data points modeled by a power-law representation

of the proton distribution, with the data points in cyan and the power-law in
magenta

To rectify this situation, we used a broken power-law with an exponential
cut-off instead.

5.2.2 Broken power-law

The broken powerlaw is represented by the equation:

Ny =N (2) e (5.4)

To get the correct spectral shape a slope of p; = 1.5 was estimated for v, < v,
and a slope was approximated to the Fermi data for v, > 7, with py = 3.5.
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Proton-synchrotron component
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Figure 5.2: The best fit of the broken power-law with exponential cut-off (in
magenta) to the Fermi-LAT data (in cyan).

To get the fit in Figure[5.2] a "fit-by-eye” method is used by using plausible
values for parameters not constrained by observations while other parameters
are adjusted. The Doppler factor, §, was set to § = 10 and kept fixed as well as
the Bulk Lorentz factor I' = 10. The normalisation (Ny) and magnetic field (B)
were varied. The fit in Fig. [5.2] was produced by B = 100 G' and Ny = 2.5x10°7.
Equally good fits for different values of B, can be found if Ny and ~, are varied
accordingly. A list of all the prameters used in the proton-synchrotron fit is

given in Table

No 2.5 x 1037
B 100 G
Yo 9.8 x 107
Ye 6.6 x 107
5 10

Table 5.1: A list of the parameters used for the proton-synchrotron fit.
v, is the high-energy cut-off of the proton spectrum, which was predeter-
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mined using:

Verit
c = 5.5
gl ” (5.5)

where vg is the frequency normalisation, such that v,, = uofyf):

o

=923 x10°B
Yo . 1+ 2)

(5.6)

and Ve = 6 x 10%* Hz. vy is the Lorentz factor where the power-law is broken
and is given by:

Vb

= —_— 5'7

Yo % (5.7)

with v, = 1.5 x 102! Hz, which is found by postulating a spectral break at a fre-

quency just below the Fermi-LAT band. The degeneracy between the magnetic

field, Doppler factor and the proton Lorentz factors can be seen when looking
at the synchrotron frequency:

)
(1+2)

To get rid of degeneracies, some independent methods to determine the bulk
Lorentz factor and the Doppler factor, can be investigated. The following
parameters were found to fit the Fermi-LAT data well: Ny, = 2.5 x 1037,
v = 9.8 x 107 and 7. = 6.6 x 10°, using B = 100 G.

Me

Vey = 4.2 x 10°—2B (5.8)

mp

5.3 Numerical evaluation of the target photon
field

The electron-synchrotron component was used to calculate the target photon
field. The assumption is that there are both protons and electrons in the jet.
We use known values from the quiescent state of the jet during the study in
Bottcher et al.| [2013] to calculate the target photon spectrum. The photons
and protons interact to produce pions which then decay, producing secondary
pairs and photons.

The analytical calculations from Section 4.1 (Equation - are re-
produced numerically for the first part of the mirror model calculation. This
documents the target photon energy density at every timestep as well as the
distance from the source to the mirror at every timestep and saves the values
in seperate arrays.

While the blob is still moving toward the mirror and the photons are being
reflected back, the density is growing and as soon as all the reflected photons
have moved through the blob, the density decreases to zero. The synchrotron
target photon density is found by combining equations (4.15) and :
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[3F(t)AAL
vV

F(t) is the flux from the reflected electron-synchrotron emission and is evaluated
by equation . This is denoted by an if statement in the code where Eq.
denotes the contribution Aug, that is added for photons newly arriving
from the mirror at the "top” of the emission region at time ¢3 and subtracted
when photons arrive at the "bottom” of the emission region at time ¢4 when
the reflected photons move completely through the emission region. The syn-
chrotron photon energy density is used to calculate the normalisation for the
photon number spectrum:

Augy = (5.9)

Usy(l — @)

mec?(e" " — e )

ng = (510)

From this, we can generate the target photon spectrum for photo-pion produc-
tion at every time step, as shown in Figure |5.3

Target Photon spectrum
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Figure 5.3: The target photon spectrum at certain times since the onset of the
orphan flare. We can see the energy density shoot up after some time passes
and then come down again after more time passes.
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The shape of the target photon spectrum is due to a break in the electron
spectrum. Using Figure as a guide for the energy range needed, €¢; and es
are the dimensionless energies calculated from the frequencies read from Figure
as v, = 10" Hz and vy = 10'7 Hz. The different lines in Figure [5.3] shows
how the energy density shoots up as the reflected photons are enetring the still
emitting jet and how it goes back down after the emission region passes through
the cloud.

5.4 Pion-decay products

The photon and positron number spectra are calculated through the decay of
pions from equations and in Bottcher and Dermer| [1998]. To get
to these number spectra, the photo-pion differential cross-section is needed, we
use 09 = 2 x 10728 ¢m? and Ex = 330MeV to find it. The pions are produced
near threshold energy in the proton’s rest frame. The p-gamma cross section is
approximated by a Heaviside function around the Delta resonance energy and
the following equation for the photon spectrum from photo-pion decay, where
the energy of the neutral pion is split into two halves carried by two photons,
can be found:

CN()EA «
2mqc?(a+1)

’YCT,m,aa; E
e a —(a+1
/ me Ep d%r%r( " (max [617 W:| ) @ ))

max[e e ”W”W]
(5.12)

NT°(€) = oong (5.11)

where -y, represents the minimum Lorentz factor beyond which we have the
power-law proton spectrum. The rate of positron production from charged-pion
decay can be approximated to be:

Not(v1) = Ni°(e = 273) (5.13)

We assume that the charged pions are produced by the same rate as the neutral
pions and after decaying only a quarter of the energy goes to the positron as
three neutrinos are also produced. An example of the 7° photon production
rate spectrum is shown in Figure 5.4

and an example of the positron production spectrum for the same time step
is shown in Figure [5.5
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Figure 5.4: The photon spectrum produced from the 7%-decay, 75 min after the
onset of the flare.
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Positron spectrum
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Figure 5.5: The positron spectrum produced from the 7+-decay, 75 min after
the onset of the flare.
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5.5 The ~vyvy-opacity

Photons from the photo-pion decay processes emerge in the ultra-high-energy
(UHE) regime. The UHE regime is very opaque for vy absorption. A syn-
chrotron component in the IR/optical/UV range will be needed to produce
absorption for GeV- TeV photons. 7., is the yy-opacity, which means it is the
fraction of particles that get absorbed by <~ interactions taking place when
Tyy < 1 and the rest of the time the fraction that gets absorbed is €7, which
initiate pair cascades. This can be pre-calculated. Looking at the observed
electron-synchroton component, a target photon spectrum and normalisation
is identified, between the frequencies of 10'® and 10'7 Hz. To calculate the
~yy-opacity, we need to consider the y7y-cross-section in the delta-function ap-
proximation:

o 2
Oy (€y) = ?Teté (et - ) (5.14)

€y

Integration of 0., and the synchrotron photon spectrum gives us the yy-absorption:

Tyy(€y) = R/awnt(et) de; (5.15)
RO’T 2 2

Tyy(€y) = 3 <€> (5.16)
g g

where the synchrotron photon spectrum is approximated as a simple power-law
between the above-mentioned frequencies:

9 9 —(1+a)
ne| — | =no| — (5.17)
€y €y
Substituting Eq. (5.17)) into Eq. (5.16)), leads to:

27 % Rynge
Toy = # (5.18)

with o = 1.25. ng is the normalisation of the photon spectrum, which can be
calculated by considering the density of the target photon spectrum:

L
= 5.19
Ry (5.19)
Rearranging that equation leaves us with:
L. = 47 R?cu, (5.20)
With the energy density given as:
te = n(€)mece (5.21)

And:
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n(e) = nge~ 1+ (5.22)
This leads to:

L. = A1 RZcmec®nge (5.23)

It is well known that the flux is given by:

€L, &+te
F, =¢F, = < 5.24
g ‘ 4rd? (1+ 2) (5:24)
Which leads to:
2 3 l1—aSd4+a
F. = Rbmf noe "9 (5.25)
di (1+2)
Rearranging this yields:
F.d2 (1
np = —Fedr1+2) (5.26)

- RimecPel—ogite

where, vF, = eF. = 2 x 107! erg.cm™2.s7! is the Fermi-LAT observed peak
of the electron-synchrotron spectrum from the primary flare, d; = 10%® cm,
Ry = 6.3 x 10'6 ¢m, § = 10, using e = 1075, This yielded a normalisation of
ng = 5.6 em™3. Thus Tyy = 3.35 X 10_76;0‘. The emission region becomes
optically thick, 7,4 = 1, to yy-absorption at ¢; = 6.6 x 108, about 3 TeV.

5.6 Cascade program

The photons from the m°-decay products are injected at high energies into
the jet and form pair cascades. The injected power is then reprocessed to
lower energies through ~v~-pair production and electron-positron pair produc-
tion, [Bottcher et al.,[2012]. The production spectra for the photons are needed.
Using a semi-analytical approach, the injection rates are known from the spectra
result from numerical calculations as shown in equations and , which
are integrated over the ~, energy grid starting from the highest photon energies
moving to the lower energies to obtain production spectra. yy-absorption takes
place, as mentioned in section 2.3, and the optical depth 7., is precalculated.
The spectrum of the observable escaping photons can be calculated:

. . 1— —Tyy €]
Nese = Nem (6 ) (5.27)

Ty €]

where Nem = NO+NZY_ with contributions from the high-energy, first-generation
y-rays (N?) and the synchrotron emission from the pairs in the cascade. Pair
cascades produced by UHE ~-rays are thus very important for hadronic model-
ing and need to be included. Following the calculations done in |Bottcher et al.
[2013] an implicit solution is found:
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0o -
o= [ a{emire -T2 e
Yoy v lesc
where Q.() represents the injection rate of the pairs, J\'TE“w (7) is the pair pro-
duction rate and t.s. is the escape timescale. Particles need to be injected at
the highest energies so that Qu(v) # 0 and N? # 0 and the solution at the
highest 7’s can be used to calculate the values at lower energies. We employ a
code written by Professor Markus Bottcher and used in Bottcher et al.| [2013].
The output from the cascade code was calculated in the co-moving frame of
the emission region, to convert it to the observer’s frame and get the actual
logarithmic flux, a factor of % needs to be added to vF, and a factor of

ﬁ to the frequency.
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Chapter 6

Results

The results for the application of the hadronic synchrotron mirror model to 3C
279’s 28 January 2018 orphan flare are displayed in this chapter. A condition for
the model to work was that there should be a dense enough target photon field
for photo-pion production to take place. Figure [6.1] reveals that as the photons
are reflected back into the jet, there is a steep increase in the photon density. As
seen from the calculations in Chapter 4.1.1 and 4.1.2, there is a dense enough
target photon field. We thus employ the code described in Chapter 5 to fit the
orphan VHE gamma-ray flare observed by H.E.S.S. in Figure The relevant
parameters that were used in this study are:

R, =5 x 10" cm - For our analytical estimates, we scaled the radius of
the cloud as Ry = 10'7, but it seemed that our model was too effective at
boosting the photon-pion production as well as the Fermi-Lat, that should
not be boosted, so we reduced it.

7 = 0.001 - The fraction of photons that are reflected back into the emit-
ting cloud, we reduced this from 7 = 0.1 to fit the smaller cloud size.

0 = 10 - The doppler factor was chosen and kept constant through the
parameter study.

Ny = 2.5%x10%" - The normalisation was the parameter that was varied the
most to find the perfect fit of the proton-synchrotron spectrum from the
quiescent state. The other parameters were fixed before the normalisation.

v = 9.8 x 107 - The Lorentz factor that signifies the break in the proton
spectrum, this was calculated using the Fermi-LAT peak as well as the
critical frequency that is dependant on the magnetic field.

B = 100 G - The Magnetic field needs to be quite high to accelerate
protons to these relativistic energies. This parameter was also varied quite
a bit and it seemed to fit the data the best when it was set to the maximum
number that would still make sense realistically.
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All the parameters mentioned in this list above were changed with respect
to the values used for the analytical estimates. The target photon field density
over time is displayed in Figure [6.1

Target photon density

10—1 4

H

<
1]
.

—

<
w
L

10—4 4

Energy density photons.cm”™-3
=
<

-

Q
(=]
L

T

0 27 69 130 184
time (hr)

Figure 6.1: The target photon density against the time in the AGN rest frame
in hours as the orphan flare is taking place.

time = 0 hr denotes the start of the flare when the density is > 0 and time =
184 hr is the time at which the reflected synchrotron photons pass.

The total gamma-ray SED, along with the individual proton-synchrotron
and photo-pion production components of the flare are shown in Figures [6.2]
and [6.3

The spectral energy distribution is obtained by photo-pion-induced cascade
emission with contributions from proton-synchrotron radiation. The cascade
component requires a very large jet power to produce a VHE flux as measured
during the orphan flare. Hadronic jet models typically require jet powers of the
order L, ~ 1047 — 10%° erg.s~! [Bottcher et al, [2013]. The jet power for this
flare was estimated as, for the proton spectrum:

N
L, ~ wacF%Zmchvo ~ 2.1 x 10*7 erg.s™! (6.1)
b

where V;, = %WR,%. To see if the jet is proton dominated or Poynting flux
dominated we need to calculate the jet power in terms of the magnetic field:

B2
Lp ~7RcI? —— ~ 9.4 x 10%6 erg.s™! (6.2)

(8)
The jet power seems to be close to equipartition, with a slight dominance of
the power in protons. The Eddington luminosity for 3C 279 is at most Lgqq =
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1.3 x 10%7 erg.s~!, because 3C 279 has a BH mass of (3—8) x 108 M,. In follow-
up work the parameters can be tweaked to find if there is a parameter set that
leaves the jet power below that of the Eddington luminosity but is sufficient
to produce the orphan flare. Figure [6.3] displays the Fermi-LAT flux, which
for the highest points is significantly affected, but for the low-energy bins, the
Fermi-LAT flux is not significantly affected by the addition of the photo-pion
contribution during the VHE flare. This accurately represents the orphan flare.
The photo-pion component can be seen becoming more prominent where the
reflected photons reach the top of the emission region. Figure [6.4] displays the
lightcurves of 3C 279, at three different gamma-ray energies, with the expected
behaviour of a spike in flux at the time when the photons get reflected back into
the jet. The VHE flare is represented by the model flux at 100 GeV. There is a
flare of a factor of ~ 2 in flux at 1 GeV. Thus, the total Fermi-LAT photon flux,
dominated by the photon number at the lowest energies, is expected to exhibit
only a minor flare, compared to the giant (factor > 10) VHE gamma-ray flare.
The observed time differs from the time in the AGN rest frame, because of
light-travel-time effects. The light-travel-time effect leads to a contraction of
the observed time as tops = tAFGzN . The model predicts a significant flare of
about 30 min duration.
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SED of 3C279 at time 0.00 [min]
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Figure 6.2: The SED of 3C279 prod¥éed by the pair cascades of the VHE
~-rays from the photo-pion interactions (pink line) and the proton-synchrotron
component (green line), the sum of the two components (cyan line). (a) happens
at ¢ = 0 min, right as the energy density is non-zero and (b) takes place t =
78 minafter the flare started, and the Fermi-LAT data points are plotted for
reference (blue dots).



SED of 3C279 at time 81.20 [min]
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Figure 6.3: The SED of 3C279 produced by the pair cascades of the VHE
~-rays from the photo-pion interactions (pink line) and the proton-synchrotron
component (green line), the sum of the two components (cyan line) at 81.25 min

after the flare started, and the Fermi-LAT data points are plotted for reference
(blue dots).
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Lightcurves of 3C279
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Figure 6.4: The lightcurve of 3C279 for the energies of 1 GeV, 10 GeV and
100 GeV.
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Chapter 7

Summary and Conclusions

In this dissertation the hadronic synchrotron mirror model is used to explain
the orphan TeV flare of 3C 279 that was observed on 28 of January 2018. Eleven
days after a Fermi-LAT flare was observed with counterparts in the X-ray and
optical bands, an orphan flare in the VHE ~-ray band was detected. The fea-
sibility of the synchrotron mirror model was estimated using a semi-analytical
approach where the target photon density for photo-pion production is calcu-
lated from basic principles. We compared this to the photon density found by
equating the photo-pion energy loss rate with that of the synchrotron energy loss
rate. The required target photon energy density to produce a pion-decay signa-
ture comparable to the proton-synchrotron flux was calculated as 280 erg-cm ™3,
while the estimated actual target photon energy density for standard parame-
ters was 35.2 erg-cm ™2 with an order of magnitude difference. Conclusively, the
target photon field was dense enough for photo-pion production to take place
sufficiently for its emission to be comparable to that of the Fermi-LAT flux if
some of the parameters are adjusted. The numerically evaluated target photon
density was larger than estimated from the analytical approach. To get a good
representation of the flare spectrum I deviated from the standard parameters.
The radius of the cloud was changed from R.; = 10'7 cm, a more standard cloud
size, to Rg = 5 % 10'° cm. With a smaller cloud the reflective fraction also had
to be smaller, we changed it from 7 = 0.1 to 7 = 0.001. The other parameters
were adjusted as listed at the start of Chapter 6, to fit the proton synchrotron
spectrum.

The Fermi-LAT spectrum was fitted with a proton-synchrotron emission com-
ponent, which allowed us to fix the parameters of the relativistic proton popula-
tion in the emission region. The hadronic synchrotron mirror model postulates
that the orphan TeV flare is produced by photo-pion production cascades. A nu-
merical code was developed to evaluate the hadronic synchrotron mirror model
and explore the free parameter space to look for plausible solutions that would
produce the observed orphan flare.

The synchrotron mirror scenario induces a dense enough target photon field
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to produce the observed orphan flare. This model does predict a moderate
flare in Fermi-LAT, but with a much smaller amplitude than that of the VHE
flare. This suggests that protons are accelerated to ultra-relativistic energies.
For these protons to be accelerated to these very-high energies, a strong mag-
netic environment is needed; in our study, B = 100 G was used as the mag-
netic field strength. Highly magnetised plasma may lead to rapid variability.
The lightcurves displayed expected behaviour with a sudden rise in flux in the
H.E.S.S. observational range and only had a slight increase in the Fermi-LAT
range. The flare duration is predicted to be about half an hour long, which is the
run time of one H.E.S.S. observational run. Fermi-LAT typically needs longer
integration times than half an hour to get a significant detection of 3C279, which
could explain why no flare was seen in the Fermi-LAT light curve.

The natural next step would be to search for neutrino signatures and emission.
A comparative study of different models and the SEDs and lightcurves they
produce will lead to more conclusive results regarding the variability and jet
composition, as well as neutrino emission connected to these orphan flare events.
This will be done in my PhD in Astrophysics; the model will be compared to
other viable models: Multi-zone, combined lepto-hadronic and Spine-sheath
models. Detection of neutrino emission will also test the models.
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