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Abstract

The optical emission from most blazars is dominated by the polarised synchrotron radiation
of relativistic electrons in the jet. However, the thermal radiation from the accretion disc and
host galaxy also contributes towards the high and low frequency ends of the optical spectrum.
As the accretion disc and host galaxy emissions are expected to be unpolarised, they may
manifest as a decrease of the degree of polarisation towards the high- and low frequency
ends of the optical spectrum, respectively. This motivates a target of opportunity (ToO)
programme for spectropolarimetry observations of gamma-ray blazars with the Southern
African Large Telescope (SALT). A model is constructed that combines modelling of the
spectral energy distribution (SED) and of the degree of optical polarisation to constrain the
accretion disc contributions in the spectra of blazars.

This dissertation presents a simultaneous SED and polarisation model fit to the Flat
Spectrum Radio Quasar (FSRQ) 4C+01.02 in its flare and quiescent states. With this
model, the electron distribution energies 7;, v, and 7., electron spectral indices, ordering
of the magnetic field of the jet, accretion disc luminosity and the mass of the black hole
~ 4.0 x 10® M), are constrained.

Keywords: active galaxies - blazars, polarisation - optical, spectropolarimetry

1l



Contents

[Abstractl . . . . . . . . iii
[1__Introduction| 1
(L1 Active Galactic Nuclell . . . . . .. ..o oo 1
(I.1.1 What are Active Galactic Nuclei?) . . . . . . ... ... ... ... ... 1
(1.1.1.1  The Central Engine] . . . . . ... ... ... ... .. .... 4

[LI12 TheAccretiondisd . . . . .. ... ... .. .. 5

(1.1.1.3  Broad and Narrow Line Region . . . . . . .. ... ... ... 8

(LL1.1.4  Relativistic Jetsl. . . . .. . ... o oo 8

(1.1.2  Different Typesof AGN| . . . . .. ... ... ... ... ... .... 9
[LI3 Blazard. . . . . . . . . 11

(1.2 Radiation and Polarisation Processes in Blazarsl . . . . . . ... ... ... .. 13
(1.2.1 Introduction to Radiationl . . . . . . . ... ... .. ... ... .. .. 13
[L.2.1.1 Non-Thermal Radiationl . . ... ... ... ... ... .... 13

[1.2.1.2  Redshift and Doppler Shitt| . . . .. ... ... ... ... .. 14

[1.2.2  Low-Frequency Radiation Components| . . . . . . .. ... .. ... .. 14
(L.2.2.1  Accretion disc and Corona Radiationl . . . . . . ... ... .. 14

(1.2.2.1.1  The Eddington Limit|. . . . . . ... ... ... ... 16

(1.2.2.1.2  Thin Accretion disc Spectrum| . . . . . . . . . . . .. 17

(1.2.2.2  Emission Lines from the Broad Line Region| . . . . . . . . .. 19

(1.2.2.3  Synchrotron Radiation| . . . . . . . ... ... ... ... ... 19

(1.2.2.3.1 Radiative Power Output| . . . . . ... ... ... .. 21

(1.2.2.3.2  The Synchrotron Spectrum| . . . . ... .. .. ... 24

(1.2.3  High-Frequency Radiation Models for Blazars] . . . . ... . ... ... 25
(1.2.3.1  Leptonic SED-modell . . . . . ... ... ... ... ... ... 25

(1.2.3.2 Hadronic SED-modell . . . . . . .. ... o000 26

[L24  Polarisationl . . . . . . . . . . . 27
(1.2.4.1 Synchrotron polarisation| . . . . . . .. ... ... ... .... 29

[1.2.4.2  High-Frequency Component Polarisation| . . . . . . . .. . .. 30

M3 0ulind. . . . o o o 32
(1.3.1 Previously Conducted Related Work{ . . . . ... ... ... ... ... 32
(1.3.2 Problem statement| . . . . . . . . ... oo oo 32
(.3.3  Research Goall . . . . . . . . ... ... .. 33

iv



[2  Spectral Energy Distribution and Polarisation Model| 34
(2.1 Input Parameters| . . . . . . . . . ... 34
2.2 Initialisation and Code tests of |

| Electron Distribution, Flux Components and Synchrotron Polarisation| 35
2.3 Main Code: The Simultaneous SED and |

[ Polarisation Fitl . . . . . . . .. ..o 37

3__Observations | 39
[3.1  Multiwavelength Observations| . . . . . . . ... .. ... ... ... ... ... 39

(3.1.1  SALT — Spectropolarimetryl . . . . . . . .. ... .. ... .. 40

(3.1.2  LCO — Optical Photometry | . . . . . . ... .. ... ... ... .... 41

[3.1.2.1  Converting Photometric Magnitudes to Fluxes|. . . . . . . .. 43

[3.1.3  Switt — X-rays|. . . . . . ... 44

[3.1.3.1  Converting XRT-data from Spectral Index and Unabsorbed |

[ Fluxl . . . o . 44
(3.1.4  Fermi-LAT — Gamma-Rays| . . .. ... ... ... ... ... ..... 47

4_Results | 49
4.1  Simultaneous Fit Resultsl . . . . . . . . . ... 49
4.2 Broad-band Spectral Energy Distribution (SEDI)| . . . .. .. ... .. ... .. 49
4.3 Comparison to Previous Work: Model Results Using the Black Hole (BH|) mass |

| obtained by |Ghisellini et al. (2011)| . . . . . ... ... ... 50

B on | 60
b1 Simultaneous Fit Resultsl . . . . . . .. ... oo oo 60
[.2  Physical Interpretation of the Broad-band BED| . . . . . ... ... ... ... 61
(.3 Comparison to Previous Work| . . . . . . .. .. ... ... ... . ... 62

(6 Summary and Conclusions | 63

[7_Outlookl 65

[Acknowledgements| 66

[A Finding the Maximum Accretion disc Temperature| 67

(B Numerical Calculations: |

[ Midpoint Integration Technique| 69

(Bibliography| 70




Acronyms and Abbreviations

AGN Active Galactic Nuclei

BH Black Hole

BLR Broad Line Region

EC External Compton

EBL Abs. Extragalactic Background Light Absorption
ECD External Compton (Disc)

EIC External Inverse Compton (BLR)

EM electromagnetic

Fermi-LAT Fermi Large Area Telescope
FSRQ Flat Spectrum Radio Quasars

GPE Gravitational Potential Energy

HBL High-frequency peaked BL Lac objects
LAT Large Area Telescope

LBL Low-frequency peaked BL Lac objects
LCO Las Cumbres Observatory

LOS Line of Sight

NLR Narrow Line Region

RSS Robert Stobie Spectrograph

SAAO South African Astronomical Observatory
SALT Southern African Large Telescope
SED Spectral Energy Distribution

SMBH Super Massive Black Holes

SS Shakura Sunyaev

SSC Synchrotron Self-Compton

Swift Neil Gehrels Swift Observatory

ToO Target of Opportunity

UF'S University of the Freestate

UV Ultraviolet

vi



Chapter 1

Introduction

1.1 Active Galactic Nuclei

This chapter describes the characteristics of Active Galactic Nuclei (AGN]). [AGN]are observed
to have very high luminosities, broad non-thermal emission, strong and broad emission lines
or weak and sometimes absent emission lines, relativistic jets and display variability over
various time scales over all wavelengths. [AGNI will be described by the processes that happen
in the vicinity of their Super Massive Black Holes (SMBHI), their accretion discs and their
relativistic jets. The different types of [AGN| will briefly be distinguished between, where-
after a discussion follows on the different types of blazars, namely: BL Lac objects and Flat
Spectrum Radio Quasars (FSRQ)). Section 2 of this introduction chapter gives the theory of
synchrotron radiation, accretion disc radiation and polarisation. In section 3 the subject of
this dissertation is introduced with related work that has previously been done, where-after
a problem statement and research goal follows. An outline of the rest of this dissertation is
given at the end of this chapter.

1.1.1 What are Active Galactic Nuclei?

The main components of an AGN (Figure are: the accretion disc, the jets flowing
out from the middle of the disc, the Narrow Line Region (NLRI), the Broad Line Region (BLRI),
a dust torus and there may be a corona. The corona is a hot and diluted gas around a thin
accretion disc (Netzer, [2013)). It is uncertain what the exact geometry of the accretion disc
is, but it might be a thick or a thin disc, as illustrated in Figure [I.2]

[AGN] have the following features that distinguish them from other astronomical sources:

1. High Luminosity

Active galaxies, that is galaxies hosting an [AGN] are more luminous than normal galax-
ies (galaxies such as the Milky Way). [AGN] have luminosities ranging from ~ 10%% erg/s
to ~ 10" erg/s (Hartle, 2003)). [AGN] can therefore be up to 10 000 times brighter than
all the stars within a typical galaxy that has a luminosity of ~ 10** erg/s. There is no
precise lower luminosity limit because even the Black Hole (BHI) of our Galaxy shows
some characteristics of being an active galaxy. Therefore, there is not a clear distinction
between active and normal galaxies.
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Figure 1.1: A schematic drawing of an[AGNl The central SMBH|is surrounded by an accretion
disc, which is in turn surrounded by a dust torus. Broad emission lines originate in the cold
gas clouds of interstellar material orbiting the disc. Narrow lines originate in the clouds that
are much farther away from the Jets of relativistic particles can extend to distances
greater than the diameter of the host galaxy. The different categories of depend on the
observation location. This figure was taken from [Urry and Padovani (1995).

2. Broad Non-thermal Emission

For normal galaxies the spectrum of radiation is the total spectra of all the stars,
dust clouds and Hydrogen gas. Stars have an approximate black body spectrum (Har-
with absorption lines. have spectra that include the radio, infrared-
submillimeter, optical (where the host galaxy can be approximated as a black body
spectrum), Ultraviolet (UVI]), X-ray and gamma-ray bands. This is illustrated in a
Spectral Energy Distribution (SEDI), see Figure . This figure shows the Leptonic
and Lepto-Hadronic models of the SED, that will be further described in section [1.2.3

3. Strong and Broad Emission Lines
[AGNl can have strong, weak and sometimes absent emission lines. Figure [I.4]illustrates
the emission lines of an [AGNI
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Figure 1.2: A simple schematic to describe an active galaxy (the accretion disc is cut in
half to reveal the SMBH]). (a) illustrates a thin accretion disc and (b) illustrates a thick
accretion disc (Supermassive Black Holes: What Quasars really are, n.d.). These discs create
funnels wherein radiation pressure or Poynting flux is released so that the gas moves as narrow
relativistic jets away from and perpendicular to the accretion disc. This figure was taken from
Supermassive Black Holes: What Quasars really are (n.d.).

Narrow emission lines and absorption lines can also be observed (see Figure|1.5)). When
the accretion disc drives outflows, the matter coming towards us will be blue-shifted
and absorption lines exhibit blue-shifted features (Netzer, 2013).

4. Radio Jets
All radio galaxies have two lobes or jets that are perpendicular to the accretion disc
(Bottcher et al. 2012). In radio galaxies, jets are observed to extend to far greater
distances than the size of the galaxy itself (Hartle, 2003)).

5. Variability
The luminosity of normal galaxies does not fluctuate much compared to the luminosity
of active galaxies which are variable, changing by a factor of 2 or more.

The variability is illustrated by Figures and and may be due to the time de-
pendence of matter that falls in towards the SMBH] Variability proceeds over different
periods for each frequency band and sometimes correlations occur between them. The
emission lines of [AGN] are also variable.

It is possible that every galaxy has a[BH at its centre. This means that normal galaxies will
become active galaxies when their [BHk have enough matter surrounding them. Our Milky
Way, for example, has a dormant Sagittarius A*, but it is possible that our galaxy was
an [AGN] once (Brandt and Alexander} 2015; [Franceschini et al. [1999; [Marconi et al. 2004).
There have been observations of galaxies without a [BH] at their centre (Burke-Spolaor et al.,
2017).
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Figure 1.3: The broad band spectrum of 3C454.3. A description of the model components
follows in section [L23l The Leptonic model (red) with its components; dotted: synchrotron,
dashed: accretion disc, dot-dashed: SSC, dot-dash-dashed: EC (disc) and dot-dot-dash:
EC (BLR). The Hadronic model (green) with its components; dotted: electron-synchrotron,
dashed: accretion disc, dot-dashed: SSC and dot-dot-dashed: proton-synchrotron. This figure
was taken from Bottcher et al.| (2013).

1.1.1.1 The Central Engine

The central engine refers to the “engine” in the core of the galaxy that streams out relativistic
jets. [AGN] have a [SMBHI (with a mass range of ~ 10% — 10° M) in the centre of its host
galaxy (Bottcher et al., 2012; Hartle, [2003). The size of the BH is characterized by the
Schwarzschild radius. The Schwarzschild radius R is calculated by R, = 2MpyG/c?, where
Mgy is the mass of the [BH| G is the gravitational constant and ¢ is the speed of light.
Around a non-rotating [BH] there is a sphere area with radius R,, called the event horizon.
The escape speed of a particle on the event horizon is the speed of light. Light emitted by
matter passing through the event horizon will be increasingly redshifted towards infinity.
Once photons or matter move past the event horizon, they cannot escape. The conditions
within a [BH] are not yet well understood.

For a non-rotating [BH| there is not a stable circular orbit close to the event horizon
due to the spacetime curvature. The closest stable circular orbit is at a distance R = 3R,

4
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Figure 1.4: Plot of the emission lines of a composite quasar with the lines labelled by ion.
Plot taken from [Vanden Berk et al.| (2001)).

(Hartle, [2003). For a rotating [BHl the innermost stable orbit will increase when the [BH]
rotates retrograde (in opposite direction) to the accretion disc and decrease if it rotates
prograde (in the same direction) to the accretion disc.

1.1.1.2 The Accretion disc

Initially, the accreting matter does not fall straight into the [BH] since it has angular mo-
mentum. This has the effect that the orbiting matter forms an accretion disc around the
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Figure 1.5: Space Telescope Imaging Spectrograph (STIS) observations of PG 0946+301.
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Figure 1.6: Light curves showing the variability of 3C273 in the radio to millimetre bands.
This plot was taken from (Turler et al. (1999).
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BH (Hartlel, [2003). As the [BHI attracts matter towards it, the matter in orbits closer to it
will move faster than that further away from it. This inner, faster moving gas interacts with
the matter that is further away from the [BHl The friction then heats-up the gas to extreme
temperatures. Interactions between the particles and the disc cause the matter to lose energy
and angular momentum, so that they orbit (in nearly circular orbits) closer and closer to
the [BH| until they reach the innermost stable orbit where they will fall straight into the
BHL As the material in the accretion disc spirals onto the [BH| the Gravitational Potential
Energy (GPE) they lose is emitted as[UV] optical and infra-red radiation.

The magnetic fields can form from the ionized plasma and currents in the disc or be
frozen into the [BHL The rotating accretion disc gives rise to a helical magnetic field. This is
because the magnetic fields are twisted by the rotating disc.

Furthermore, the gravity of the [BH| keeps on pulling matter to spiral towards it, giving
a further increasing temperature and thereby causing the matter here to be at extreme
pressures. This extreme pressure of gas, cannot be released in the direction of the converging
accretion disc, so that some of the pressure is released perpendicular to the accretion disc,
into the corona. The outflow of energy and momentum from the [BH| sometimes results in
relativistic jets that are seen in some types of (Bottcher et al., 2012).

1.1.1.3 Broad and Narrow Line Region

Clouds of cold interstellar matter orbit the SMBHI above the accretion disc in the [BLR] and
the NLRI (Bottcher et al., [2012). The [BLRIis closer to the [BHl and the lower density clouds
in the [NLR] are further out (Figure[I.I)). Broad and narrow emission lines are emitted due
to the gas undergoing photo-excitation and photo-ionisation. The emission lines from these
regions have different widths, because the regions have different electron densities.

When blazars are observed, the core emission can outshine the host galaxy and the [BLRI
(Beckmann and Shrader, 2012)). In these circumstances it becomes impossible to estimate
the mass of the [BH by using the width of the lines that come from the host galaxy. Another
way in which observations of the disc and [BLR] can be obscured, is when the optically thick
torus (Figure [I.I)) is viewed edge-on. In these circumstances, the [NLR] can still be seen, for
instance, light can escape from beyond obscuring material when photons collide with electrons
so that they are scattered and can move along our Line of Sight (LOS]). This scattered light
is linearly polarised. There are, however, [AGN| that do not show polarised light from the
[BLRI when the accretion rate is not high enough. There is also the possibility that the central
engine is not powerful enough to illuminate the [BLR] which could explain why BL Lacs do
not show emission lines.

1.1.1.4 Relativistic Jets

Jets are formed in the vicinity of the [BH] where a dense gas of particles is released perpendic-
ular to the accretion disc, accelerated and spiralled along the helical magnetic fields, to emit
synchrotron radiation (Bottcher et al., |2012)). The particles can sometimes be accelerated
to relativistic speeds by shocks or magnetic reconnection in the jet. When these particles
move at relativistic speeds and with the proper orientation, they can appear to move at

8



superluminal speeds. Superluminal motion is when the relativistic knots (see Figure [I.8) of
radio loud appear to move faster than the speed of light (Beckmann and Shrader} [2012}
Bottcher et al., [2012). However, it is only the apparent velocity we observe that appears
to be greater than the speed of light, because the time is shortened by light-travel-time effects.

Jets transport energy, momentum and angular momentum over distances that range
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Figure 1.8: The inner jet of Centaurus A is shown to have knot structures resolved into
separate components. These VLBI images were taken from Mueller et al.| (2011)).

from the radius Rg = 107*Mpg/(10° My) pc to radio hot spots, hot spot complexes and
lobes that can be a megaparsec or more away (Figure[1.9)) (Bottcher et al. 2012). Hot spots
are very bright regions within radio lobes. The jets stream out until they reach these regions
where there is gas to interact with. Superluminal knots are formed by shock waves that
propagate along the jet (Marscher, 2006).

It is not certain how jets form and accelerate and what collimates them to remote lo-
cations (Bottcher et al.,|2012; |(Gomez et al., 2016)). It is possible that the jet is being powered
by, not only the [BH| but also the accretion disc. The connection between the central engine
and the relativistic jet is still not firmly established. There should be a connection between
the magnetic state of the jet and the accretion state of the inner disc (Marscher, |2006).

1.1.2 Different Types of AGN

[AGN] have been sorted into various classes since their discovery. A few observational at-
tributes that can be used to classify them include: the SED|that can tell us about the possible
power mechanisms in different energy bands, the emission line properties, the host galaxy,
how active the source is and the accretion rate (Netzer, 2013). The [BHI spin, accretion rate,
host galaxy properties and the gas content and metallicity in the nuclear region can also
classify different types of [AGNl Lastly, different types of [AGN] can be distinguished between
by their intensity, radio loudness, evidence for obscuration and variability. Table shows
how different types of [AGN| can be classified according to their properties.

9



Hot Spot  Counter Jet  Core Hot Spot

Figure 1.9: Cygnus A is an [AGN] at redshift z = 0.06 (Carilli and Barthel, 1996). The jet
moves through the intergalactic medium which slows down matter (Bottcher et al. [2012).
But the jets move at greater speeds than the interstellar medium so that shocks are formed
at the ends of the jets. Within these shocks there are high luminosity regions called hot spots.
The hot spot and the wake of the jet is referred to as the radio lobe. The radio lobes can
change form due to the intergalactic medium slowing matter down, the movement of its active
galaxy or due to changes within the jet. This figure is taken from NRAO/AUI.

can be divided into groups according to the angle at which they are observed from
(Figure [1.1]). If the is observed from the side with both radio lobes and jets visible, it
can be identified as a radio galaxy. The radio galaxy Cygnus A is shown in Figure[I.9] In
this figure narrow jets extending from the are visible. With decreasing angle between
the jet and the [LOS| the [AGN] is observed as a narrow line radio galaxy, broad line radio
galaxy and a radio loud quasar. The local universe has ~ 10% radio loud (QSRs) and ~ 90%
radio quiet quasars (QSOs) (Beckmann and Shrader} 2012). When the jet is closely aligned
to the [LOS| the [AGNlis a blazar. Blazars are divided into two types, namely quasars and
BL Lacs. These are further described in the next subsection.

Seyfert Galaxies are radio quiet with weak jet emission. There are two types of
Seyfert Galaxies (Figure : Seyfert 1 and Seyfert 2 galaxies are differentiated from each
other by their optical{UV] spectra (Netzer, 2013)). Seyfert 1 galaxies have strong and broad
emission lines of (2 x 108 to 10?) cm-s™! due to Doppler broadening, while Seyfert 2 galaxies

have emission lines with a maximum width of ~ 1.2 x 108 cm - s7!. These differences are

10
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Figure 1.10: An overlay of different images across the [EM (electromagnetic) spectrum illus-
trating the [AGN] Centaurus A. “Submillimeter data (coloured orange) are from the Atacama
Pathfinder Experiment (APEX) telescope in Chile and X-ray data (coloured blue) are from
the Chandra X-ray Observatory. Visible light data from the Wide Field Imager on the Max-
Planck /ESO 2.2 m telescope, also located in Chile, shows the dust lane in the galaxy” (A Black
Hole Overflows From Galaxy Centaurus A, 2009). Foreground stars are also shown. “The
X-ray jet in the upper left extends for about 13 000 light years away from the BHl The APEX
data shows that material in the jet is traveling at about half the speed of light. Image credit:
X-ray: NASA/CXC/CfA/R.Kraft et al.; Submillimeter: MPIfR/ESO/APEX/A.Weiss et al.;
Optical: ESO/WFT” (A Black Hole Overflows From Galaxy Centaurus Al 2009).

accounted for by different viewing angles that have different obscuration along the line of
sight.

1.1.3 Blazars

Blazars are a subclass of radio loud [AGN]that are jet dominated. They are the most violent of
the types, have rapid variability, a high polarisation (in optical and radio frequencies),
radio core-dominance and apparent superluminal speeds (Liu, 2009). Some objects show a
lack of strong optical emission lines. The jet material has a relativistic velocity v;e = Sc with
08 ~ 1. Blazars emit nonthermal-dominated radiation in the radio to gamma-ray spectrum.

11



Quasars BL Lac Ob- Seyfert Radio Galax-
jects Galaxies ies
Galaxy type Spiral and Elliptical Spiral Giant elliptical
elliptical
Appearance Compact, Blue  Bright, Starlike Compact Elliptical
Bright Nucleus
Maximum 100 — 1000 x 10000x Comparable Strong Radio
luminosity Milky Way Milky Way to bright spi-
rals
Emission spec-  Broad and Nar- Very weak Broad and Nar- Rare, broad
trum row row and narrow
Absorption Yes None Yes (Crenshaw, Yes
lines et al., [1999)
Variability Days to weeks  Hours Days to weeks ~ Days
Emits radio Yes Yes Weak Yes
Redshifts z>0.5 z~0.1 z ~0.05 z < 0.05
Jets Some Possible Some Often

Table 1.1: Summary of the different types of [AGNl This table was adapted from |Cosmology
- Galaxies (2004-2013)).

The Different Types of Blazars: BL Lac Objects and Flat Spectrum Radio Quasars

BL Lac objects are the beamed counterparts of low-luminosity radio galaxies, whereas
are the beamed counterparts of high luminosity radio galaxies (Liu, 2009). [FSRQF
show higher radio polarisation than BL Lacs (Beckmann and Shrader} 2012). The leading
difference between these can be seen in their emission lines: have broad and strong
emission lines whereas BLL Lac objects have weak or in some instances absent emission lines.

In Figure [I.3 the sum of the components towards low frequencies is referred to as the
low-frequency component and the sum of the components within X-ray through gamma-
ray regimes is referred to as the high-frequency component. [Fossati et al.| (1998) divided
blazars into three categories: [FSRQp, Low-frequency peaked BL Lac objects (LBL) and
High-frequency peaked BL Lac objects (HBLI), thereby dividing the BL Lac objects into
two sub-types. Blazars are divided according to the frequency at which the synchrotron
component peaks (Bottcher, 2010). If the source exhibits a low-synchrotron peak (i.e. the
peak is in the infrared region where v < 10'* Hz), then the [AGN] is identified as a or
a[LBIl If the source exhibits an intermediate-synchrotron-peak at 10'* < v < 10'® Hz, then
the can be identified as a [LBI] or intermediate BL Lac object. A high-synchrotron
peak at 10> Hz < v, can identify the as a[HBLI
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1.2 Radiation and Polarisation Processes in Blazars

This section will describe the theory behind the different components that contribute to the
and polarisation within the optical/UV regime. A short description is given on how the
high-energy radiation components can be modelled. An illustration of the of a blazar was
given in Figure [I.3] It shows that there are two main components: the first component
is the sum of the synchrotron radiation from the relativistic electrons in the jet (non-thermal
radio through to [UV] emission or X-ray emission) and the accretion disc (thermal optical
through UV); and the second component (in X-ray through gamma-ray) can be modelled
with Leptonic or Hadronic models (Bottcher et al., |2013). These models yield Compton
scattering components in the high-energy (X-ray through gamma-ray) regime. In this regime,
the Hadronic model also includes proton-synchrotron and pair-synchrotron components.

1.2.1 Introduction to Radiation
1.2.1.1 Non-Thermal Radiation

A distribution of electrons emits synchrotron radiation in the low-frequency component and
leads to Compton scattering in the high-frequency components. For [FSRQ, synchrotron
radiation is emitted in the radio through [UV] energy band.

The electron distribution in the emission region can often be described by a broken
power law with an exponential cut-off, which is given as

(L) Prem /% for Yomim <7 <

(X

Yo

where N(7) is the number of electrons per unit volume in the interval [y, v+ d~], with 7 the
Lorentz-factor (energies), 7, is the break energy and 7. is the cut-off energy. When considering
only synchrotron radiation, only the total number of electrons ng is constrained. The factor
ng, also serves as a normalisation factor. The density can be determined when Synchrotron
Self-Compton (SSCJ) radiation is also taken into account. The electron distribution spectral
index is p; for the first part of the power law (in the range Vim < v < %), and ps for the
second part of the power law (in the range v, < Ymaz). The spectral index p values typically

range from 2 to 3, but they can also be smaller or larger. The synchrotron spectrum and
Compton spectrum have a spectral index that can be written in terms of p as

Ne(v) = no{ (1.1)

)7p267,y/% for Vb S Ymaz>

p—1
o =—-: 1.2
5 (12)
The frequencies where gradients change in the synchrotron spectrum correlate with the
Lorentz factor energies where gradients change in the electron distribution. These character-
istic frequencies are the minimum frequency vy, = 172, the break frequency v, = o2
and the cool-off frequency v. = vyy2. Here, vy = 4.2 x 10° - B Hz, with B the magnetic field

in units of Gauss [G].

The low-frequency radiation component is dominated by nonthermal synchrotron radia-
tion and the thermal contributions are often from the accretion disc, host galaxy and dust
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torus. The host galaxy and dust torus will not be discussed, as it is not important in the
model which is focussed on fitting optical /UV spectropolarimetry to constrain the accretion
disc component and thereby the [BH] mass.

1.2.1.2 Redshift and Doppler Shift

For distant objects there is a cosmological redshift due to the expansion of the universe where
the space between Earth and the object is expanding. This implies that the light emitted
from a source will have a wavelength that is stretched out so that we receive lower frequencies
than the frequencies that the source emitted at an earlier time in its rest frame. The redshift

of radiation is given by
Vem — Vobs

2= — (1.3)

Vobs
where the emission frequency in the rest frame v, is redshifted to an observed frequency
Vobs-

But the emission regions of blazars also move toward us so that we observe their Doppler
shifted wavelengths. We observe their light with shorter wavelengths than what has been
emitted in the object’s rest frame. The observed frequency can then be calculated as (Bottcher
et al., 2012,

Vobs = 0 * Ve (1.4)

where the Doppler factor § = 1/T'(1 — Scosf), with Lorentz factor I' = 1/y/1 — (2.
Synchrotron emission is Doppler-shifted and redshifted. The accretion disc and emission
lines (in the [BLRI) are not Doppler-shifted since these are stationary, but they are redshifted.

1.2.2 Low-Frequency Radiation Components
1.2.2.1 Accretion disc and Corona Radiation

[AGN] can have geometrically thick or thin accretion discs that are optically thin or thick
depending on their surface densities, to what level their gas is ionized and their mass accretion
rates (Netzer, 2013). The accretion disc produces radiation in the optical-UV regime. The
corona produces the radiation in the X-ray regime (Figure . The accretion disc is too
cool to produce radiation at X-ray energies.

It is assumed that the viscosity within an accretion disc is necessary so that the angular
momentum in the disc can move outwards while matter can move inwards losing some of
their [GPE] producing high luminosities (Netzer}, 2013]).

A number of models are suggested to describe the creation of the hot corona above the
accretion disc. One of the possible models, assumes a hot optically thin corona above an
optically thick accretion disc (Netzer, 2013; Witt et all |1997). In this case, the energy
dissipation and temperature rise of the accretion disc causes the outer layers of the disc to
expand so that the corona is created. Here, the temperature depends on the accretion power
of the disc. Another possible model considered for “real” (not optically thick, physically
thin) discs, is that magnetic fields are threaded through the fast rotating accretion disc
(Figure and these magnetic fields can drive energy from the disc to the corona wherein
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Figure 1.11: A schematic of the spectrum of the accretion disc with an optically thin corona.
This figure is taken from |[Netzer| (2013)).

these particles Compton-upscatter accretion disc radiation so that the photons are boosted
to X-ray energies.

cool clouds

ionized
disk surface

Figure 1.12: Schematic of magnetic field lines threaded through an accretion disc with a non-
uniform geometry. Cool clouds are transfered along the magnetic fields. This figure is taken
from Netzer| (2013)).

In this dissertation the accretion disc is modelled using the Shakura Sunyaev (SS) model.
The Eddington luminosity is introduced in the next subsection. Thereafter, a description
is given on what opacity and optical thickness is. The spectrum for a thin accretion disc is
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described by using a [SS| accretion disc model (Shakura and Sunyaev 1973).

1.2.2.1.1 The Eddington Limit

The Eddington luminosity is the maximum luminosity that a source can have when
there is a balance between the inward gravitation forces and the outward radiation forces.
The Eddington luminosity limit is defined as

47TCGMBH

L = 7o 1.5
Edd P ) ( )

with the opacity x (also called the absorption coefficient) the cross sectional area per unit
mass [cm?-g~!]. Thomson scattering is the process in which photons are scattered by electrons
without there being a change in the photon energy (Rybicki and Lightman| (1979). When con-
sidering high-energy accretion scenarios an approximation is made that the accreting matter
is mostly ionized hydrogen, so that the opacity is due to Thomson scattering, since the elec-
trons will be distributed very densely for a highly ionized gas. Although the cross section will
mostly be dependent on the electrons that experience the radiation pressure, the mass will
be that of the protons as the electrons are electro-statically coupled to the protons so that
the protons will move with the electrons, implying that
ar

K= (1.6)

mp

where o7 is the Thomson cross-section and m,, is the mass of the protons.

The optical depth (also called the optical thickness of a source) is defined as (Carroll
and Ostlie, [2014)),

T= /OZ kp(ry)dr,, (1.7)

where p(r,) (in units of g - cm™) is the mass density of the particles that travelled over a
distance .. The optical depth can therefore tell us ‘how transparent’ the disc is.

For a limited accretion rate M at which mass can be accreted around a [BH| the disc
luminosity Ly can be parametrised as (Carroll and Ostlie, 2014]),

Ly = eMc>. (1.8)

where € is the efficiency of converting potential energy into radiation and it is defined as a
fraction of the rest-mass energy and depends on the BH spin. For a non-rotating BH € is
constant. If € is zero, matter will fall in radially over the event horizon into the [BH] taking
all of its energy along with it, meaning none of it is radiated. But in real circumstances the
matter that is accreting onto the BHl has angular momentum so that an accretion disc is
formed. The accretion rate of the disc can be defined as

M = 27 Ru, > = constant (1.9)
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with the radial in-spiral velocity of disc material v,, the surface density > = f(f{ p(ry)dr,
~ (p(r;))H and p(r,) the gas density at disc thickness H. The direct dependence between
the accretion rate and opacity can be seen from equation ((1.7)) and equation (|1.9)).

The Eddington accretion rate Mpaq is where the disc luminosity is equal to the Eddington
luminosity so that it follows from equations (1.5 and (1.8 that

neGMpr = ¢ Mpgqc” (1.10)
. ArGM

=  Mpa = b L GCUBHmp. (1.11)
T

1.2.2.1.2 Thin Accretion disc Spectrum

The following calculations are done by assuming geometrically thin, optically thick (opaque)
accretion discs. have very high accretion rates which results in them having optically
thick accretion discs (Caol, 2018; Netzer, [2013). A description of the temperature profile and
emission as a function of radius will now be given.

The local disc spectrum is assumed to be in the form of black body radiation, with
every annulus between R and R + RdR of the accretion disc radiating as a black body. The
emissivity per unit area can be parametrised as (Netzer, [2013),

Q(R) = 0T (R)* (1.12)

with o the Stefan Boltzman constant and T'(R) the temperature of the disc at radius R. This
temperature is dependent on the [BHl mass Mpy and the accretion rate M, as

T(R) = [?)GMBHM] " (1 - R”“)M (1.13)
8o R3 R ’ '
where R;, is the inner disc radius. This can be rewritten as(Carroll and Ostlie, [2014),
1/4
T(R) =T, (%”)3/4 (1 - ]Z”) , (1.14)
with »
Ty = <3§7ﬁ%j\4> (1.15)

Differentiating equation ((1.14) to R and setting the result equal to zero gives the radius
where the maximum disc temperature occurs for a[SS accretion disc model. The calculation
for this is shown in more detail in Appendix [A] The important thing to keep in mind is that
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Ty oc R=3/*. The maximum disc temperature is found to be at a radius of R = 49/36 - R
and by substituting this into equation (|1.14)), the maximum temperature is found as

66

Tmaw - W : TO (]_]_6)

T _6V6 3GMprMpaq i (1.17)
mer /A 8ro(3R,)3 ‘

Toae ~ 10° K (1.18)

for MBH ~ 109 M@

The radiation spectrum for a accretion disc model will now be described by calcu-
lating the expression for the luminosity L, at a frequency v (Shakura and Sunyaev |1973).
Again, each annulus of the accretion disc is treated as a black body spectrum. For a black
body spectrum the intensity is given by the Planck function:

2hv3
et CT

L(R) = B,(T(R)) (e tT 1) (1.19)
where T'(R) is the temperature defined in equation ([1.13). The intensity at a frequency v is
defined as the amount of energy through an area element dA in time dt given by (Bottcher
et al., [2012)) as
I - d*E
Y dAdtdvdY’

which is measured in erg - cm™2-s7! - Hz7! - sr~! and the luminosity at a frequency v is given

by

(1.20)

d*E

Y dtdy

From equations and it follows that dL, /([ cos8d)) = [ I,dA, where the cosf

factor is included because black bodies are Lambertian radiators. This means that the in-

tensity has the same value in every direction that it is emitted. But, the intensity that we

observe is multiplied by the cosine of the angle between the direction of observation and the

surface normal of the source. The luminosity is calculated by integrating the black body flux
over the surface area on the one side of the disc (Shakura and Sunyaevl, [1973),

(1.21)

_d / N B (T(R))2r RAR (1.22)
J cosBdS2  Jr,, v i ‘
Rmaﬂ)
dL, = / B,(T(R))27RdR / cosfdQ (1.23)
R'Ln
Rmaz 21 7'('/2
dL, = / B,(T(R))27RdR / do / cosBsind. (1.24)
Rin 0 0

where the solid angle d€) = sinfdfd¢. For the spectrum from both sides of the disc, the
luminosity is
Rmax 27 71'/2
L, = 2 B,(T(R))2wRdR / d¢ / cosfsind (1.25)
0 0

Rin
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Ronas . 20 /2
L, = 47r/ B,(T(R))RdR - 21 [Sm ] (1.26)
Rin 0
Rmaz
L, = d4n? / B,(T(R))RdR (1.27)
Rin
8mPhv®  (Rmax oy g -1
L, = = /R (en/®T) 1) RaR, (1.28)
The corresponding flux is
Ld
Fé = 1.2
v dmd? (1.29)
2hi [ Rmas o
d hv/(kT(R)) __
Eo= an /R (e 1) RdR, (1.30)

where dj, is the disc luminosity distance.

The expected spectrum for an accretion disc is shown in Figure where the accre-
tion disc is visible in the optical [UV] band. The corona will not be considered in our
model since it does not give a significant flux contribution. The accretion disc spectrum in
Figure will now be described from left to right.

Different regions within the disc emit different temperatures at different frequencies.
The first part of the spectrum follows a black body spectrum F), oc v (Netzer, 2013). The
spectrum then shows a break at the frequency vy, ~ 2.8 - KT (Rou)/h, where the outer
disc radius is R,,;. The next break at frequency v;, corresponds to the inner radius R;, of
the disc where the temperature will be at a maximum. The maximum temperature of the
disc is given by equation (1.18)) and at maximum disc luminosity for Mgy = 10° Mg it is
emitted at the frequency vy, = 2.8 - ke /h ~ 4.6 x 10'° Hz, with T),4, l1/4M§}{/4 with
| = Mpy/Mgaq = Lq/Lgaq. In the frequency range vy, the spectrum follows as F), oc v'/3.
For frequencies larger than v;, the spectrum decreases exponentially as L, oc e/ (KTmaz)

1.2.2.2 Emission Lines from the Broad Line Region

The prominent emission lines in the optical spectrum of quasars are redshift dependent (Frank
et al.;[2002). When the source has a low redshift, the hydrogen Balmer lines will dominate. At
high redshifts the C, Mg, and Lya hydrogen lines that are in the [UVlregime in the co-moving
frame are redshifted into the optical regime in the observers frame. Emission line peaks in
spectra can for our purposes be assumed to be in the form of a Gaussian:

(v—w?

G, p,o0)=b-e 29 (1.31)

where b is the height of the emission line, p is the frequency at which the peak is emitted and
o is the standard deviation, that is the width of the emission line.

1.2.2.3 Synchrotron Radiation

This section will first describe the geometry of the power emission of a gyrating particle and
thereafter three different ways are given in which the synchrotron radiation can be calculated.
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A description of a typical synchrotron spectrum is given.

Relativistic particles gyrate around a magnetic field (Figure left). In the electron’s
rest frame, the angular distribution of its emitted power has a doughnut shape (Figure m,
middle) (Rybicki and Lightman, |1979). The magnetic field accelerates electrons and this
accelerated motion causes them to lose energy which is carried away by photons. The
radiation is beamed in the direction in which the electron is moving (Longair, 2011). For
non-relativistic particles the radiation is called cyclotron radiation and for the relativistic
particles, it is called synchrotron radiation (Rybicki and Lightman| (1979). The angular
distribution of cyclotron radiation has a characteristic doughnut shape, while the angular
distribution of synchrotron radiation has a characteristic shape where the lobe in the direction
of the motion of the particle extends farther out than the backward lobe (illustrated in the
middle and right of Figure [[.13] respectively).

radius

acceleration
’

=t electron

- ]

electron trajectory

Figure 1.13: Left: The magnetic field is shown to be into the page with the orbit of the
electron around it. The area within the grey lines illustrates the radiation of the electron.
Middle: Angular distribution of cyclotron radiation in a characteristic doughnut shape.
Right: Angular distribution of synchrotron radiation in an extended forward lobe. The left
illustration is taken from |Spectral Properties of Synchrotron Radiation (2010). The middle
and right illustrations are taken from Eberhardt| (2015)).

The extended forward lobe is due to relativistic beaming and Doppler shift. The forward
lobe has emission in the angle 2/, with the half angle # = 1/~ and contains much more power
than the backward lobe As the electron gyrates along the magnetic field, an observer will see
this beam of radiation for a short time (see Figure [[.14)). The observer can see radiation from
cone 1 when the velocity of the particle is at an angle 1/ to the and will continue seeing
radiation until the velocity is again at this angle at the other side of the observer’s at
cone 2 (Rybicki and Lightman, [1979). There is a triangle for which the angle of the orbit A#
constitutes the one angle and the other two angles are equal to 7/2 — 1/, so that A = 2/~.
The duration of emission is At,,, = Af/w, where w, = Bq/(ym.c) is the gyration frequency
with B the magnetic field, ¢ the electron charge and m, the mass of the electron. The time
that the radiation takes to travel from 1 to 2 is Aty e = B - Af/wy so that the time within
which the radiation is observed is

2
Atobs = Atem - Attr(wel = 7(1 - 5) (132)

Wy
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Figure 1.14: Power emitted within beams at different times at point 1 and point 2, during
the gyration of the beam with half-angle § = 1/+. The labels a and Af are used to indicate
the radius of the orbit and the angle between point 1 and 2, respectively. This figure is taken
from Rybicki and Lightman| (1979).

Since 1— 8 = (1= B)/(1+ 8) = 1/(43(1+ 8)) ~ 1/(242), it follows that Atg, = 1/(wy?) =
mec/(Bgqy?) so that the observed synchrotron frequency has the dependence

1
Y — B~2. 1.33
Vobs Atobs 8 "Y ( )

1.2.2.3.1 Radiative Power Output

Bottcher et al. (2012) describes three possible functions to calculate synchrotron radia-
tion. These functions are compared to each other in Figure|[1.15] The third function is used
within our model.

1. For a particle with energy E = ymc?® moving at a pitch angle n to a magnetic field B,
the synchrotron radiative power is given by Rybicki and Lightman| (1979) as

V3¢*B
mc?

P (yin) = sinn F'(x) (1.34)

where z = v /v, with v, = v*3¢Bsinn/(4mmc) and

F(x) = 33/:0 Ks/3(&)d¢, (1.35)

where K53 is the modified Bessel function of order 5/3. The function F(z) is shown
in Figure having the asymptotes

/3 for x <« 1

F 1.36
(@) o { vt/2e7®  for x> 1. (1.36)
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Figure 1.15: This figure shows the synchrotron spectrum using the full function, J-function
approximation and the v/3e*/¥r approximation for a pure power law relativistic electron
distribution with index p = 2.5 and energy cut-offs vy = 10 and 7, = 10*. This is for a
magnetic field B = 1 G. This graph is taken from |Bottcher et al.| (2012])

For a collection of particles with isotropic pitch angle distributions the angle-averaged
synchrotron radiation is given by

1
B (y) = */ ByY(y;m)dS2. (1.37)
A Jar
The full expression is evaluated by |Crusius and Schlickeiser| (1986) and found as
V3r¢*B
sy —
P() = VB 005 (), (139

where C'S(z) is a function of Whittaker functions

CS(CL’) = W07 4/3([)3) W07 1/3([L’) — W]_/Qy 5/6(l'> W_1/27 5/6(33)7 (139)
and z = v/v,,., with the critical frequency
3qB e
Vo = 17 02 — 4.2 % 10° B2 2 S H. (1.40)
4mme m

The 2CS(x) function can be seen in Figure m to have a dependence on x'/3 for low
frequencies and an exponential cut-off at high frequencies, similar to the F(z) function
(Bottcher et al., [2012)). The peak occurs around v,.. It can be time-consuming to use
the full equation to calculate the synchrotron flux.
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Figure 1.16: The synchrotron power for a single particle as described by F'(z) and xxCS(z) is
graphed as a function of 2 = w/w,. On this graph, z'/? describes the low frequency asymptote.
A z'/3¢~* approximation can be seen. This figure is taken from Béttcher et al.| (2012).

2. For practical applications, the J-function approximation can be used, which is given by
Bottcher et al.| (2012) as

9\ 2
P = B () wnsste - ) (L)
This d-function represents the synchrotron emissivity when the photon output is at a
maximum for electron energies v at v, (equation[[.40). This allows for an electron
distribution with a power law profile and a spectral index p, which reproduces the
synchrotron photon power law index a, = (p — 1)/2 (equation [1.2). In Figure [[.17] it
can be seen that the approximation agrees fairly well where the function follows a power
law, but not at the lower and higher energy cut-offs v, = 1/07%72.

3. In Figure it can be seen that x'/3¢~® approximates the full expression xCS(x)
rather well. The v/3e /Y approximation can be found by normalizing the total

emitted power so that it entails a multiplication of this asymptotic behaviour:

The total emitted power as derived by [Rybicki and Lightman| (1979) is

s 4
Poi(v) = gUBCUTﬁz’YQ- (1.42)
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Knowing that the gamma function has the form T'(z) = [;° 2" e "dz, it follows by
substituting in = = v/v,,. that

4 oo
r <3> = y A3 / V1BV Iverqy, (1.43)
0

1 o)
1 = 'V_4/3/ 3 ver (1.44)
0

O

With this the total emitted power can be normalized as

s 4 2 2 1 13 —v/ver
Pi(v) = gUBCUTﬁ Y .11()’/?7"/3/0 v BevIverdy, (1.45)

ST

Solving for the radiative power output P:¥(v) at a frequency v

LMy = PAG) (1.46)

The Thomson cross section
or = 87;? (1.48)
op = 8;(756202>2, (1.49)

where r, = ¢*/(m.c?) is the classical electron radius.
Substituting the Thompson cross section in equation (1.47)), it follows that

2
PY(v) = éuBc R B2y? - #Vl/g’e_”/”” (1.50)
v 377713 \me? T(2)vef?
327c q* 2 i3
sy _ 2.2 7 —v/ver
PY(v) = e ( 802) upfBy e (1.51)
1.2.2.3.2 The Synchrotron Spectrum
The luminosity spectrum of a source is defined as
Luy) = [ PN Gy, (1.52)

Using the asymptotic approximation in equation (1.51)), the synchrotron luminosity at fre-
quency v can be calculated as

32c11/3
176) = S

2\ 2 p2
q B= )3 v (e
o) ) 7/ B2 (vgy?)~H3e /I N () dry. (1.53)
3

mc? ) 8w Jy
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The flux of the source at a frequency v can be calculated as

sy
LV

F%Y = 1.54

v A d? (1.54)
1 32e0' 3 [ 2 B2 e 2

Y — . 7/ 2. 2 2\—4/3 —v/(voy )Ne d~. 1.55

v Ad? 91-1(%) <m02> ST " /8 Y (VO,Y ) € (’7) g ( )

By substituting the electron distribution equation ([1.1)) into equation (|1.55]), it can be seen in
our case (for a broken power law and exponential cut-off electron distribution) that the flux
should follow as

p/3 for v < vpn
-1
F3¥(y) oc { v ) = pmen for Vmin <v < . (1.56)
Vf(p22_1) . eil’/l’c — V*a2 . er/VC fOI' Vp S v S Ve

1.2.3 High-Frequency Radiation Models for Blazars

The high-frequency radiation in the [UV] through gamma-ray is calculated by taking into
account the contributions from emission and External Compton (EC) emission. When
photons are scattered by relativistic electrons, the process is called Inverse Compton scat-
tering. The electrons are then in two processes; first they emit photons in a synchrotron
radiation process and then they receive or emit energy from photons in a Compton scattering
process and thereby they are said to be in a Synchrotron Self-Compton (SSC) process. When
the seed photons are produced outside of the jet, the Compton scattering emission is called
[EC] emission (Radiative Processes in High Energy Astrophysics, 2013)).

There are two different models that can describe the high frequency emission from [AGN]
namely the Leptonic and Hadronic models. The difference between the Leptonic and
the Hadronic models is the particles that produce their radiation in their high-frequency
components (Cerruti et al., 2017). The Leptonic model has an electron distribution in its
emission region (blob). In the Hadronic model the emission region contains a distribution of
relativistic electrons and protons. In the Hadronic model it is the protons that lose energy
through processes such as photo-pion production and pair production to emit gamma-rays
(Mastichiadis, [1996). The Leptonic and Hadronic models are described separately in the
following paragraphs.

1.2.3.1 Leptonic SED-model

In Leptonic models the radiation in the [EM]| spectrum is dominated by leptons (electrons,
with the possibility of positrons) (Bottcher et al., 2013). The possible protons that are in
the emission region are not accelerated to high enough energies to contribute to the radiation
output (Bottcher et all 2012; Bottcher et al 2013). However, the proton energy should still
be included in total energy considerations. This is because momentum carried by the jet
can sometimes be dominated by the more massive protons. The electrons cause synchrotron
radiation at low frequencies, that can Compton scatter low-energy photons to high-energy

radiation. The [SEDI of this model (Figures[1.3) and [1.21]) has a low-frequency component
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that is the sum of the electron-synchrotron and (thermal) accretion disc radiation. Its high-
frequency component is the sum of the [SSC]| radiation and the [EC] scattering radiation from
the disc and the [BLRI] (Zhang and Bottcher] 2013).

1.2.3.2 Hadronic SED-model

The low-frequency component of the Hadronic model is the sum of the electron-synchrotron
and accretion disc radiation. In the high-frequency component the radiation in the X-
ray and gamma-ray bands is due to proton-proton interactions or photo-pion interactions
(p+~v— 7"+ por p+~vy — n+a") which produce particle cascades (7 — ~-ray+y-ray or
n— e +v.+pand 7" — pt+v, where ut — et 4+, +v, or for 77 decay pm — e+ v, +7.).
These cascades produce gamma-rays and provide the necessary particles for photon-photon
production, synchrotron radiation of relativistic protons and synchrotron radiation from sec-
ondary electron-positron pairs (when ~-ray+y — e~ + et) (Bottcher et al, 2012; Cerruti
et al., [2017; [Katz and Spiering, 2012; Mastichiadis, [1996; |Zhang and Bottcher, 2013). These
particle processes are illustrated in Figure [I.I7] Protons will always undergo synchrotron
radiation, but if they have high enough energies they can undergo photo-pion production
to produce [EM| cascades (Bottcher], 2007; Bottcher et all 2013). The different radiation
components of the Hadronic model are illustrated in the of Figures and [I.21]

V\‘\*M n

T \\ 1" s e+ e" /l Yhigh en.
pPY—T"n \ ;,/x /‘
\ |

,' lsynchr
Synchrotron
Radlatlon \;'/’Ysynchr
( (fff ==

Figure 1.17: Schematic of particle processes of the Hadronic model. At the top of the figure it
is shown that a neutron can escape the magnetic field and decay outside of the jet to provide

the cosmic rays detected on Earth (Katz and Spiering), [2012)). This figure is taken from
and Spiering| (2012).
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1.2.4 Polarisation

Polarisation is described on a very basic level and then a specific explanation for synchrotron
polarisation is given. A short description is given on the polarisation for the high-energy
models.

The polarisation of an electromagnetic wave is defined by the direction of its oscillat-
ing electric field vector. The wave equation for an electric field E can be calculated with
Maxwell’s equations (Griffiths, D. J., |2013). Faraday’s law is given by

0B
E = 1.
V x TR (1.57)
Taking the curl of Faraday’s law yields
0
Vx(VxE) = —a(v x B) (1.58)
0 0
. — 2 —
V(V-E)-V’E at(u0J+u0608t ) (1.59)
0? 0 p
2 _ L
V*E = M0€08t2E + /l,oat«] -+ v<€0) (160)

where J is the current density, p is the charge density, V x (V x E) = V(V - E) — V2E is
a vector identity, V x B = pod + poeog - OE /Ot is Ampére’s law with Maxwell’s correction
and Gauss’s law V - E = p/e. This is in the form of the inhomogeneous wave equation
Vip = 9%p/(c*0t?) + A, with ¢ = 1/,/ligég. For a homogeneous wave equation that is far
away from the source where p =0 and J =0,

0*E

V’E = .
Ho€o a8

(1.61)

The homogeneous wave equation for the magnetic field V2B = pgeq - 9B /0t can also be
calculated with Maxwell’s equations. The solutions of the wave equations are given as

E(r,t) = E0~cos(k:-'r'—wt+5)'ﬁ, (1.62)
B(r,t) = By-cos(k-r—wt+08)(kx ) (1.63)

where Fy and By are the amplitudes of the £/ and B wave equations, k is the wave vector and
1 the direction of polarisation in the direction of E. For these transverse waves 1 - k = 0,
with E and B perpendicular to each other in the relationship B = (k x E)/c.

The light we receive can be circularly polarised, linearly polarised or elliptically polarised.
Figure |1.18| shows the electron’s velocity vector described by a velocity cone, as it gyrates
along the magnetlc field. The acceleration a of the electron will be in the direction of v x B
(Longair} 2011)). Linear polarisation will be observed when our is perpendicular to the
magnetic field. If our is parallel to the magnetic field, the electric field oscillation in
the beam of the electron will be seen to move in a circle as the electron orbits around the
magnetic field. This is called circular polarisation (Figure [I.19) and can be in both rotation
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Figure 1.18: Geometry of synchrotron polarisation. This figure was taken from
Longair| (2011).

directions, that is left- or right handed, depending on whether the magnetic field is pointing
in our direction or away from us. If the gyration of the electron is viewed with our at an
inclination angle to the magnetic field, elliptical polarisation is seen. Elliptical polarisation
can also be left- or right handed depending from which side it is observed. For elliptical
polarisation the electric field vector will trace out an ellipse in the x-y plane (Figure .
The amplitudes of the wave in the x and y direction E, # F,. The x and y components are
in a different phase ¢, so that for a wave moving in the z-direction

Egx = E;sin(kz —wt+9)x (1.64)
Ey = Egsin(kz —wt)y (1.65)

fOf E:E$+Ey

2 Z 2

Linear Circular _ Elliptical

Figure 1.19: The classification of polarisation. This figure is taken form (n.d)).

[EM] radiation can be composed out of components that are polarised and unpolarised. Po-
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larimetry is the measurement of the polarisation of [EMl waves. The degree of polarisation
tells us how much of the radiation is polarised. Observing 0% polarisation implies that
the [EMl radiation is completely unpolarised, whereas 100% polarisation will mean that the
radiation is completely polarised.

1.2.4.1 Synchrotron polarisation

Synchrotron emission has the attribute of being strongly polarised. A single relativistic elec-
tron (or other charged particle) produces elliptically polarised radiation (Rybicki and Light-
man, (1979), as illustrated in Figure [[.I9] For synchrotron polarisation the emission of not

R

Projection of magnetic
tield onto sky

/

Radiating
particle

~2

observer

t

Plane of the sky

Figure 1.20: The power components F,, | and P, | with their electric field vectors perpendic-
ular and parallel to the projection of the magnetic field on the plane of the sky. This figure
is taken from |[Rybicki and Lightman| (1979).

just one particle but a distribution of particles that are at different pitch angles to the mag-
netic field should be considered. Some electrons are observed to have radiation that is left
hand polarised and some electrons are observed to have radiation that is right hand polarised
at the same time. These can cancel each other out so that the overall radiation is mostly
linearly polarised. Synchrotron radiation is then said to be partially linearly polarised and
can be completely described by the power components P,, | and P,, || (as illustrated in Figure
[1.20), at a certain frequency. For a single particle, Rybicki and Lightman| (1979) derived these
powers at angular frequency w = 27v and found them as
3
P,i = V@B G, (1.66)

drmc?

Py = VOB L G, (167)

4mrmc?

where x = w/w,, F(x) is defined in equation (|1.35)) and
G(z(7)) = 2(7) Kz/3(z(7)) (1.68)
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with K53 the modified Bessel function of second kind of order 2/3.
For particles at a single energy v the degree of linear polarisation is given as

Pw,L_Pw,H _F G((Ii)

%Y = Fpy - =
w B P, L+ P U F(x)

(1.69)

where Fp (unitless) indicates how well the magnetic field is ordered. For a distribution
of electrons the synchrotron polarisation is calculated as

(G(z))

1% = Fy - T (1.70)
with
(G@) = [ N)Ga)dr = [ No()z()Kajs(e()dy (L.7)

(F@) = [ Ny = [ Ne) [ Kople(@)dedy  (172)

by substitution of equation (1.68) and equation ((1.35]).

The maximum degree of polarisation for a power law distribution of electrons is given
by Rybicki and Lightman (1979)) as

—_

P+
P+

Hsy asy + 1
Qgy + g

max, powerlaw

= [y-

— [y -

(1.73)

Wi~

For a broken power law, two maximum polarisations can be calculated as will be shown in a
plot in the next chapter.

The total polarisation II, is calculated by knowing that the degree of linear polarisa-
tion will be a fraction of the total emission contributed by all the components. Since the
accretion disc and emission lines are unpolarised, the total polarization will only be a fraction
of the synchrotron polarization, giving

- 115V . F5v
v Flfy + Fyd + Fliine

(1.74)

where F'"¢ is the flux of the lines.

1.2.4.2 High-Frequency Component Polarisation

Zhang and Bottcher (2013) developed a code to model the [SSC| polarisation. Their code
includes the Leptonic and Hadronic models and is fitted to the observations from blazars.
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The high-frequency component in the Leptonic model is from and [EC] processes. Only
the polarisation is calculated, since the [EC] emission is expected to be unpolarised.
For the Hadronic model the polarisation is calculated from the synchrotron emission from
primary electrons and protons, the synchrotron emission from secondary electron-positron
pairs produced in cascade processes and the emission from primary electrons.

For the [FSRQE, 3C279 and PKS 05284134 (Figure[L.21)), it is found that the Leptonic
model produces a lower degree of polarisation compared to the Hadronic model. It is
suggested that in order to distinguish between the Leptonic and Hadronic models, optical
polarimetry should be included with X-ray and gamma-ray polarimetry, to constrain the
ordering of the magnetic field.

3C279 PKS 0528+134
1.0 T I T 1.0 T
r Lept. total o
08 0 A |- Lept. SSC (I s
F s = —— Had. total = . e
=0.6 --- Had. p-sy =06 | | e
g —————————— —..— Had. puir‘sy g . Lept. total
g 04 —-= Had.e-SSC ] 504F oz Lept. SSC
] - L Had. total
0.2 . 021 Had. p-sy
1] [ L | -—--— Had. pair-sy
] -—-— Had. e-SSC
13
10°E E 10"
N I N
T ,]: = Lf
= 5 ! 2 107
= 10" Tz
5 E i 10” : e
11 -
10 . , . . E 10" :
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Figure 1.21: The high-frequency components produced by the Zhang and Bottcher| (2013))
code. Leptonic (red) and Hadronic models (green) and polarisation for the [FSRQ}
3C279 (left) and PKS 0528+134 (right). These plots cover frequencies in the [UV] through
gamma-ray bands. The contributing components are labelled in the legend. Top panels:
The maximum degree of polarisation. Bottom panels: The
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1.3 Outline

A few selected previously conducted related work, the problem statement and the research
goal will now be given towards the subject of this dissertation.

1.3.1 Previously Conducted Related Work

Smith et al.| (1986) found through polarimetric (near-infrared and optical) and photometric
monitoring of 4C345 that it always showed a higher degree of polarisation towards shorter
optical frequencies. The source had a higher degree of polarisation in its flare state compared
to its quiescent state. They used a model that consisted of a power law synchrotron compo-
nent and black body component (for the optically thick thermal accretion disc) to show how
the thermal component diluted the polarised light. Their black body component was found
to be at temperatures of 13 000 — 20 000 K and they concluded that it is not well constrained
since it might have a higher temperature because they did not include wavelengths shorter
than 2260 A (in the rest frame).

Ghisellini et al.| (2010) modelled the of blazars of known redshifts with a Lep-
tonic model and implemented the accretion disc model (Ghisellini and Tavecchio, 2009;
Shakura and Sunyaev, 1973). The dust torus component was also taken into account.
Ghisellini et al.| (2011]) studied the of 19 blazars (FSRQk) that are at redshifts z > 2
and it was estimated that almost all blazars in their sample (including 4C+01.02) have [BHI
masses ~ 10° M®. For the source 4C+01.02, their model obtained its[BHlmass as 5 x 10° M,
(Ghisellini et al., 2010). In this dissertation this source will be modelled by not only taking
its into account, but also its spectropolarimetry to estimate the mass of its[BHL Most of
the work on quasars are not taking the spectropolarimetry into account. Spectropolarimetry
holds additional information that is important to our understanding of quasars.

Barres de Almeida et al.| (2014)) used optical polarisation observations to model the of
blazars. Their method was able to simultaneously describe the and variability of the
source PKS2155-304. A simultaneous fit of the multiwavelength spectrum, variability and
polarisation was conducted by [Zhang et al.| (2015)), for a flare of 3C279.

Constraining the [BH|] mass will be an important result in this dissertation. Other tech-
niques that I will briefly mention, include firstly, reverberation mapping that can estimate
the size of the [BLRI and the mass of the [BH. With this, [Park et al.| (2017) estimated the
[BH masses in the range 10%° — 10™ M, for six reverberation-mapped [AGN| at redshift
z = 0.005 — 0.028. Secondly, Shen et al| (2011) compiled a catalogue of the properties of
105 783 quasars by using the emission lines Ha, HS, Mg IT and C IV to produce continuum
and emission line measurements to compile virial mass estimates.

1.3.2 Problem statement

When modelling the [SEDI of an [AGNI| there are uncertainties in its physical parameters, such
as the characteristic energies 71, 7, and 7. in the emission region, the spectral indices, the
ordering of the magnetic field, the magnetic field strength, the [BHl mass and the size and
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location of the emission region. This is due to the absence of polarisation data (for example
in the [JV] and X-ray band) and variability data (observations of a source in a specific [EM]
band over a period of time that will show variability). More observations and information
need to be included that will enable these parameters to be better constrained.

The following questions will be explored in this dissertation: What are the electron
distribution parameters? Does the degree of ordering of the magnetic field decrease from the
flare to the quiescent state? How well are the flare and quiescent states fitted, by knowing
that in both these states the [BHl mass should be the same? What is the disc luminosity in
these two states and can they be interpreted as expected, that is the flare will have a higher
disc luminosity than the quiescent state? How does this model compare to previous models?

1.3.3 Research Goal

In this dissertation we focus on producing a Python coded model to fit the radio through
optical [UVISED] and frequency-dependent degree of polarisation within the optical spectrum
of a nonthermal [FSRQ)jet and its thermal accretion disc. The model will be fitted to the
and spectropolarimety data of the 4C+01.02. With this, the relationship between the
and polarisation of can be studied and the unpolarised accretion disc contribution
can be constrained in the optical [UV] spectrum. From the code the following parameters
can be determined: the [BH mass, disc luminosity, degree of ordering of the magnetic field,
electron distribution energies and spectral indices.

The content of this dissertation follows as:

In Chapter [2] the and polarisation model is presented. Chapter [3| describes the
observations and what processing has been done to obtain the data that is used to fit the
model. The results are given in Chapter [4] and they are discussed in Chapter [5| The
summary and conclusions are given in Chapter [6] Future work is discussed in Chapter [7]
Lastly, the contributors to this project are acknowledged.
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Chapter 2

Spectral Energy Distribution and
Polarisation Model

We present a code that simultaneously fits the low-frequency component of the and
the optical degree of polarisation of [FSRQk. The model calculates the synchrotron [SED| and
polarisation components from a broken power-law, exponential cut-off electron distribution.
The unpolarised accretion disc flux is then added to the along with the most
prominent emission lines from the [BLRI The model is fitted to the observations of the source
4C+01.02 (z = 2.1) for which the Ly« and C IV lines are most prominent. In the optical/UV
band, the total degree of polarisation as a function of frequency can be calculated assuming
that the accretion disc flux and [BLR] emission lines are unpolarised.

Within this chapter the input parameters are first defined and thereafter there is a section
describing and testing the code for the [SEDI components and the synchrotron polarisation
without implementing a fit. Lastly, the main code is described.

2.1 Input Parameters

For our studied source, the [FSRQ]4C+01.02, the values of the input parameters follow as:

e >z — The redshift for 4C+01.02 is given by [INED results for object 4C +01.02 (2018) as
z=2.1.

e d; — The luminosity distance to 4C+01.02 is d, = 4.952 x 10%® cm.
e 0 — The Doppler factor is taken as 6 = 10.

e R;, — The innermost stable orbit for a non-rotating [BH| is R;, = 3Rs (Shakura and
Sunyaev, 1973)).

e R, — The outer radius boundary of the accretion disc which is assumed to be
Rowt = 103R,. At a radius this far out from the [BH] there is a negligible contribution
to the optical /UV emission beyond this radius.

e ¢ — The efficiency of converting potential energy into radiation is assumed to be
e=1/12.
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e B — The magnetic field is assumed as B ~ 0.3 G.

The electron distribution at the characteristic Lorentz factor energies Y,nin, v and 7. in the
emission frame where calculated from the observed characteristic synchrotron frequencies, by
using the relationship 7, = 172, - 6/(z + 1), as was described in section [[2l Log-spaced
range interpolations are used throughout the code.

By only including the synchrotron component of the nonthermal radiation during the
model fit, there are degeneracies in the electron distribution energies 7’s and the magnetic
field B. These parameters can be more accurately constrained by including the Compton
scattering components in the fit.

2.2 Initialisation and Code tests of
Electron Distribution, Flux Components and Syn-
chrotron Polarisation

In this section the electron distribution, flux components and synchrotron polarisation are
calculated, separately. Tests are done without taking cosmological redshift and Doppler
boosting effects into account. They are taken into account in the main code.

The electron distribution is calculated as a broken power law with an exponential cut-off
spectrum, as given by equation , and the result is shown in the upper left plot of Figure
2.1

The accretion disc flux is calculated using equation by implementing the midpoint-
integration technique (see Appendix to integrate over the disc radius. This technique is
also implemented for the integrations over the Lorentz factor energies v for the synchrotron
flux, given by equation ([1.55) and the synchrotron polarisation, given by

J Ne(y)z(7) Kos(x(7))dy
J Ne(v)z(7) ff&) Ks3(x(§))dEdy’

when equations (1.71)) and ([1.72]) are substituted into equation ((1.70). The resulting accretion
disc and synchrotron radiation spectra are shown in the upper right and lower left plots of

Figure [2.1] respectively. The plot of the synchrotron radiation spectrum is in agreement with
equation (T.56) by following the relationships: vF, oc v4/3 for v < vpin, vF, o vY/? for p = 2,
where Vpin < v < 1 and vF, oc V99 . e7/Ye for p = 2.9, where v, < v < v,.

%Y = Fp

(2.1)

For the synchrotron polarisation described by equation , the polarisation is di-
vided by the Fp factor and plotted as function of v in the right lower plot of Figure [2.1]
The Bessel functions Ky/3 and K53 are calculated using the inbuilt python Bessel function
mpmath.besselk(), where mpmath is the python package. The upper limit of the Bessel
function [;° K5/3(£)d€ requires an integration to infinity. In the program this was achieved
using the midpoint integration technique, and a DO LOOP stepping through logarithmically
increasing values until the term [° Kj5/3(£)d€ gives insignificantly small values and then the
loop is exited. In Figure [2.1] (lower right) it can be seen that II3¥ (p, = 2)/Fp = 0.69 and

max
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Figure 2.1: Model components. An electron distribution (upper left) of ny = 1 x 105
electrons is defined by a broken power law energy distribution with spectral indices p; = 2
and py = 2.9, and Lorentz factors 7, = 2.899 x 102 and 7. = 1.242 x 10* that are calculated
from the synchrotron flux cut-off frequencies with the v = 1yy? relation, yielding the break
frequency v, = 6.48x 10! Hz and the cut-off frequency v, = 8.19x10'* Hz. The accretion disc
flux (upper right) for the mass of a[BHl Mpy = 10° Mg, disc luminosity Lq = 10%6 erg - s™!
and the distance to the source d = 4.952 x 10?® cm. The synchrotron flux (lower left)
and synchrotron polarisation (lower right) from this given electron distribution, with the
ordering of the magnetic field Fg = 1.

I12v (pe = 2.9)/Fp = 0.75 correspond to the zero slopes of the plot, in agreement with

max

equation (|1.73)).
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2.3 Main Code: The Simultaneous SED and
Polarisation Fit

In this section the main code will be described. Two fits are simultaneously conducted: (1) the
total flux function is fitted to the low-frequency data, and (2) the total polarisation degree
function is fitted to the optical degree of polarisation data. The fit is done by using the fit
function curve fit () from the python scipy.optimize package, to find the parameters agreeing
with both the and degree of polarisation observations. Our model is dependent on the
following components: the synchrotron flux nuF_sy(), the accretion disc flux nuF_d(), the
synchrotron polarisation SyPolDeg() and the flux of the lines Fnu_line(). The contribution
of the most prominent emission lines Lya and C IV is calculated by using the Gaussian
(equation [I.31)). The free parameters hy and hy, are used to determine the heights of the
emission lines. The flux of the emission lines is not included in the total flux function, since it
is negligible during the total flux fit. The first argument in the functions is the frequency nu,
with the other entries the free parameters. The free parameters are: the number of electrons
ng, the characteristic energies v,in, 7 and 7., the spectral indices p; and py, the ordering of
the magnetic field Fpg, the BHl mass Mgy, the accretion disc luminosity Ly and the emission
line parameters hy and hs. In the code they are written as n0, gamma 1, gamma b, gamma c,
pl, p2, F_B, Mbh, Ld, hl and h2, respectively.

def nuF_total(nu, n0, pl, p2, gamma.l, gamma.b, gamma.c, Mbh, Ld):
return nuF_sy(nu, n0, pl, p2, gamma.l, gammab, gammac) + nuF_d(nu, Mbh,
Ld)
Code Excerpt 2.1: Python Code — The total flux nuF _total() is defined as a function of
frequency nu and free parameters. It is calculated as the sum of the synchrotron flux function
nuF_sy() and accretion disc flux function nuF_d().

def TOTALPOLDEGREE(nu, n0, pl, p2, gamma.l, gammab, gammac, FB,
Mbh, Ld, hl, h2):

return SyPolDeg(nu, pl, p2, gamma.l, gammab, gamma.c, F_B)xnuF_sy(nu, n0,
pl, p2, gamma.l, gammab, gammac)/(nuF_sy(nu, n0, pl, p2, gamma_l, gamma_b
, gamma_c) + nuF_d(nu,Mbh,Ld)+nuF line (nu, n0, pl, p2, gamma_l, gamma.b,
gamma_c, hl, h2))

Code Excerpt 2.2 Python Code —~ The total optical degree of polarisation

TOTAL_POL_DEGREE() (equation [I.74) is a function of the synchrotron polarisation degree

SyPolDeg(), the synchrotron flux nuF_sy(), the accretion disc flux nuF_d() and the flux

of the lines nuF_line().

Since the data obtained are in the observer’s frame, the accretion disc flux and emission lines
flux are redshifted to the observer’s frame using equation . The synchrotron flux and
polarisation are redshifted and Doppler-shifted using equation to the observer’s frame.
The redshift and Doppler-shift (in the case of calculating the synchrotron flux) are coded
into the flux component functions: nuF_d(), nuF_line() and nuF_sy().
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The following code excerpt shows the code that does the simultaneous fit, adapted
from |Simultaneous data fitting in python with leastsq (2014)):

def simul_fit (curvefit_xdata , n0, pl, p2, gammal, gammab, gammac, F_.B, Mbh,

Ld, hl, h2):
x1 = curvefit_xdata [0]
x2 = curvefit_xdata [1]

fitl = nuF_total(x1l, n0, pl, p2, gamma.l, gammab, gamma.c, Mbh, Ld)
fit2 = TOTALPOLDEGREE(x2, n0, pl, p2, gamma_l, gamma.b, gamma.c, F_.B, Mbh

, Ld, hl, h2)
return numpy.concatenate ((fitl , fit2))
curvefit_xdata = numpy.concatenate ([[x1,x2]])
curvefit_ydata = numpy.concatenate ([yl,y2])
popt = curve_fit (simul_fit ,curvefit_xdata , curvefit_.ydata , p0,
bounds = ([nO_lower, ps_lower, ps_lower, gammal_lower, gammab_lower,

gammac_lower , FB_lower, Mbh_lower, Ld_lower, hl_lower, h2_lower],
[n0_upper, ps_upper, ps_upper, gammal upper, gammab_upper, gammac_upper,
FB_upper, Mbh_upper, Ld_-upper, hl_upper, h2_upper]))

Code Excerpt 2.3: Python Code — Simultaneous Fit.

In the function simul fit() the model functions (Code Excerpts and are as-
signed, which will be used to calculate the residual between the model and the data in the
curve fit () function. (x1, y1) contains the archival and photometry flux data. (x2, y2) con-
tains the optical degree of polarisation data from the SALT spectropolarimetry observations.
These observations will be described in Chapter [3] Since we desire the curve_fit () function
to calculate the parameters of both of these functions simultaneously, the two functions fit1
and fit2 are concatenated together. This means that the output array of the first function
is followed by the output array of the second function. The curve fit() function also has
one input for z-data and one for y-data. The x1 and x2 arrays are therefore concatenated
together as curvefit xdata, inserted as the x-data and split again within the simul fit
function. The same procedure is followed for y1 and y2.

The curve fit() built-in scipy fitting function is called in line 9. The input arguments for
this function follow as our defined simul fit() function, the arguments that are the
and degree of polarisation data, the initial array of estimate parameters that guides the fit
that is given by a p0 array and bounds that contains two arrays, one for the lower boundaries
of the parameters and the second for the upper boundaries. The returned output popt holds
the obtained parameters. When the free parameters are constrained, the maximum disc
temperature can be calculated with equation (|1.18]).
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Chapter 3

Observations

Studying the physics of [AGN| has rapidly developed in the past few years due to better
observational instruments. By observing blazars, their structure, continuum spectrum, and
polarisation variations can be studied.

A general introduction is given about the multiwavelength observations. We then focus
in on the observatories that contributed to collecting the data of our studied source. The
main analysis procedures are given for data contributed by collaborators within this project.

3.1 Multiwavelength Observations

Figure 3.1 shows an illustration of observatories at the different regimes in the spectrum.
A wave illustrates the [EMl spectrum with increasing wavelength from the gamma-ray band
to the radio band. Some detectors must be placed in orbit above Earth since the atmosphere
is only transparent to optical and radio wavelengths.

Observations within this project are conducted in collaboration with the Southern African
Large Telescope (SALT]) Large Program (PI: David Buckley, from the South African As-
tronomical Observatory (SAAQI) (Bottcher et al), 2017). This program entails Target of
Opportunity ([ToQl) spectroscopy and spectropolarimetry observations of transient objects
such as X-ray binaries, cataclysmic variables, tidal disruption events, gamma-ray bursts, no-
vae, microlensing events and blazars. Table lists the blazars for which spectropolarimetry
observations have been obtained. The programme continues and more observations have been
obtained. The preliminary polarisation degrees are shown within the last column of this ta-
ble. When the Fermi Large Area Telescope (Fermi-LAT]) detects a flare, Large Program
observations are triggered. When possible, optical photometry data from Las Cumbres
Observatory (LCQOI) and X-ray data from Neil Gehrels Swift Observatory (Swiftl) are obtained
for the same flare. The observations discussed below are for the [FSRQ|4C+01.02 (also known
as PKS B0106+4-013). Additional archival data for radio-, microwave-, visible- and UV band
observations are taken from |NED results for object 4C +01.02 (2018)).
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Figure 3.1: Spacecraft and telescopes (operational in February 2013) observing at different
wavelengths across the [EMl spectrum. This illustration is not complete in showing all the ex-
isting observatories. Illustration credit: Observatory images from NASA, ESA (Herschel and
Planck), Lavochkin Association (Specktr-R), HESS Collaboration (HESS), Salt Foundation
(SALT), Rick Peterson/WMKO (Keck), Germini Observatory/AURA (Gemini), CARMA
team (CARMA), and NRAO/AUI (Greenbank and VLA); background image from NASA.

3.1.1 SALT — Spectropolarimetry

[SALT] is one of the largest optical telescopes in the world with a hexagonal primary mirror
array with a diameter of 11 metres, consisting of ninety-one 1 m hexagonal mirrors (Crawford
et al., 2012). It is located at the [SAAQI field station, near Sutherland in South Africa.

One of the main instruments of the telescope - the Robert Stobie Spectrograph (RSS])
- can perform spectroscopy (the study of spectra) in the wavelength range 3200A—9000A
(Kobulnicky et al., 2003). The RSS has spectropolarimetry capabilities which allows for
polarimetry measurements of near-infrared and optical waves. Figure [3.2] shows the spec-
tropolarimetry observations for five observation windows, that is for 9 July 2016; 27, 28 and
29 November 2016 and 25 July 2017. A flare is observed on 9 July 2016 and a low polarisation
state is observed on 25 July 2017. Our model will interpret and distinguish these two (high
and low) states from one another. The top panel shows the count spectra for the
different observations. The first dominant peak (from the left) is the Ly« line and the second
dominant peak is the C IV line. The fifth dashed line is a telluric absorption line. The second
panel shows the degree of polarisation where there is a decrease in polarisation towards
lower wavelengths/higher frequencies. This indicates that there should be an unpolarised
component, that is, the accretion disc. The bottom panel shows the equatorial polarisation
angle. Our model is not dependent on the polarisation angle. The spectropolarimetry was
taken with the RSS in “LINEAR”-mode (Crawford et al. [2012). These observations were
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Blazar Type Redshift  Obs. dates Grating Waveplate pattern  Exposure % polarisation

PKS 2023-07 FSRQ z=14 15 Apr 2016 PG 300 LINEAR-HI 2400 s 25-27
PKS 1510-089 FSRQ z=10.36 01 Jun 2016 PG 300 LINEAR-HI 2400 s 1-2
4C +01.02 FSRQ =z=210 08 Jul2016 PG 300 LINEAR 2400 s 9-11
27 Nov 2016 PG 300 LINEAR 2400 s ~6
28 Nov 2016 PG 300 LINEAR 2400 s 8-10
29 Nov 2016 PG 300 LINEAR 2400 s 8-10
PKS 0524-485 FSRQ z=13 23 Oct 2016 PG 900 only spectrum 800 s NA
PKS 0907-023 FSRQ z=096 19 Jan 2017 PG 300 LINEAR 2400 s 0-4
PKS 0426-380 BLL z =111 21 Jan 2017 PG 300 LINEAR 2400 s 10-11
20 Feb 2017 PG 300 LINEAR 2400 s 11-12
PKS 0447-439 BLL z=0.10 21 Feb 2017 PG 900 LINEAR 480 s 5-6
3C 279 FSRQ 2z =054 28 Mar 2017 PG 900 LINEAR 480 s 12-14
31 Mar 2017 PG 900 LINEAR 480 s 8-10
17 May 2017 PG 300/900 LINEAR 720 8/720 s ~21/-
21 May 2017 PG 300 LINEAR 1200 s 20-22
3C 273 FSRQ z=0.17 13 Jun 2017 PG 300 LINEAR-HI 160 s <1
14 Jun 2017 PG 300 LINEAR-HI 160 s <1
NVSS J141922-083830 FSRQ =z =0.903 02 Jun 2017 PG 300 only spectrum 2400 s NA
4C +01.02 FSRQ z=210 24 Jul2017 PG 300 LINEAR 2400 s 0.5-3
TXS 05064056 BLL z=0.34 288Sep2017 HRS Low Res 2500 s NA
(IC-EHE) 14 Oct 2017 PG 900 LINEAR 2400 s -
20 Oct 2017 PG 900 LINEAR 2400 s -
PKS 0131-522 FSRQ z=092 19 Nov 2017 PG 300 LINEAR 3200 s 7-10
22 Nov 2017 PG 300 LINEAR 3188 s 5-8
PKS 0346-279 FSRQ z=099 09 Feb 2018 PG 300 LINEAR 2000 s 18-19
PKS 0903-57 BCU z=0.70 16 May 2018 PG 300 LINEAR 3200 s 6-15
3C 279 FSRQ z=0.54 05Jun 2018 PG 300 LINEAR 1600 s 17-19
PKS 0035-252 FSRQ z=0.50 20Jul 2018 PG 300 LINEAR 2500 s ~7
PKS 2023-07 FSRQ z=14 04 Oct 2018 PG 300 LINEAR-HI 2400 s ~9
TXS 0646-176 FSRQ =z=123 07 Nov 2018 PG 300 LINEAR 2400 s ~18
PKS 0035-252 FSRQ z=0.50 11 Nov 2018 PG 300 LINEAR 2500 s ~5

Table 3.1: [SALT] Large Program [ToQOl spectropolarimetry observations for flaring blazars.
Last modified: 13 November 2018.

conducted with an exposure time of 600 s for each of the orientations of the half wave plates
(0°,45°,22.5° and 67.5°) (Bottcher et al. [2017). Data was reduced with the POLSALT
reduction pipeline (Polarimetric reductions for SALT| 2019).

3.1.2 LCO — Optical Photometry

In the optical spectrum the brightness of the source can be measured in different bands
by using different filters. Measuring the brightness of a source is called photometry. The
brightness of a source is measured in magnitudes. Differential photometry is the process in
which the magnitude of a target source is evaluated by comparing its photon count rates
to those of a source that is non-variable and (preferably) of the same spectral type as the
target. Differential photometry corrects for atmospheric effects and the change in magnitude
of the target source to be determined. The magnitude of the target source can also be found
when there is a source with a calibrated magnitude in its field of view, that is, when the two
sources are observed through the same changing atmosphere.

The Las Cumbres Observatory (LCO) is a global network of telescopes which contributes
to continuous observations over several days. [SAAQOL near Sutherland, is part of the [LCOI
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Figure 3.2: observations of 4C+01.02 for five observation windows: the flare state in
9 July 2016 is shown in dark blue, 27 November 2016 is shown in green, 28 November 2016
is shown in red, 29 November 2016 is shown in cyan blue and the quiescent state in 25 July
2017 is shown in purple. Dashed lines indicate the following emission lines in the emission
frame from left to right: Lya 1216A, Si IV 1400A, C IV 1549 A, C II1 1909 A (in this plot,
they are plotted in the observed frame). The last line is a telluric absorption line. Top
panel: The SALT-RSS count spectra. Middle panel: The linear polarisation percentage at
different wavelengths. Bottom panel: The Equatorial polarisation angle for these different
wavelenghts. These are produced by Brian van Soelen and Richard J. Britto (UES], [SALT))
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network and collaborators from the contributed to the photometry data within our
project. So far, the has a network of eighteen telescopes but, after its construction is
complete there will be two 2 m Faulkes telescopes, seventeen 1 m telescopes and twenty-three
40 cm telescopes world wide (Brown et al., [2013). This observatory can perform observations
in the near-infrared and optical bands.

Photometric observations were conducted with the 1m class telescope along with the
Santa Barbara Instrument Group (SBIG) CCD. Data reduction was performed using the
IRAF/NOAO packages (Bottcher et al., 2017). The magnitudes of four comparison stars
were used to perform differential photometry. These magnitudes were taken from the
NOMAD catalog. For the flare state of the source in 2016, contemporaneous photometric
data points were observed on 2 August 2016 and reduced by Johannes P. Marais and for

the quiescent state in 2017 the contemporaneous photometry magnitudes were observed on
27 October 2017 and reduced by Brian van Soelen.

3.1.2.1 Converting Photometric Magnitudes to Fluxes

A python code was programmed to do a magnitude to vF,, flux conversion. This conversion
is explained by applying the following procedure on the photometric observations for the
quiescent state of 4C+01.02 on 27 Oct 2017:

The apparent Johnson photometry magnitudes in the B-; V- and R filters in the opti-
cal band and the I filter in the near-infrared band, their magnitude errors, the extinction
coefficient and the zero-point flux normalisation for each filter are listed in Table 3.2l

Filter Frequency v Fy [Jy] A, Magnitude Magnitude Error
[x 10 Hz|

B 6.849 4063 0.088 18.489 0.109

\Y% 5.505 3636 0.066 18.375 0.062

R 4.680 3064 0.053 18.145 0.092

I 3.759 2416 0.036 17.457 0.122

Table 3.2: Input values for converting photometry magnitudes to fluxes. The third col-
umn gives the zero-point flux (Bessell et al.| |1998) and the forth the extinction coefficient
(NED results for object 4C +01.02,2018). The last two columns give the B-; V-, R- and I-
magnitudes and their errors obtained with [LCOI for 4C+01.02 on 27 Oct 2017 (produced by
Brian van Soelen).

The flux vF, in units of [1072* - erg - cm™2 - s7! - Hz '] is calculated as
vE, = vFy x 104A=m)/25 (3.1)

where m is the magnitude, F), is the flux at frequency v, A, is the interstellar extinction
coefficient and Fj is the zero-point flux normalisation (zero point of the magnitude scale).
The magnitude error is added and subtracted from the magnitude value to calculate the upper
limit and lower limit magnitude for each filter, respectively. By substituting the resulting
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magnitudes in equation (3.1 the vF, upper and lower limits are obtained. The results are
shown in Table [3.3

Filter Frequency v Flux vF, Flux Error vFS™"
[x10* Hz] [x101° Jy - Hz] [x101° Jy - Hz]

B 6.849 12.139 1.277

\Y% 5.505 9.500 0.553

R 4.680 8.311 0.738

I 3.759 9.769 1.163

Table 3.3: Photometry points to flux conversion results: vF, versus v.

3.1.3 Swift — X-rays

The X-ray spectrum was observed by [Swiftl which is a spacecraft that carries three instru-
ments: an X-ray Telescope (XRT) (covering an energy range of 0.2 — 10 keV) which obtained
our data, but it also has an [UV]/Optical Telescope (UVOT) (covering a wavelength range of
170 —600 nm) and a Burst Alert Telescope (BAT') which is an all-sky monitor for the primary
purpose of detecting gamma-ray bursts and other soft gamma-ray transients (covering an en-
ergy range of 15—160 keV) (Barthelmy et al., 2005; |[Burrows et al.,|2005; [Roming et al., 2005)).

The X-ray spectrum for the flare state used in our model is the archival data from the
summed observations from 2007 to 2008 (Ghisellini et al., 2011)), since these correspond
to the flare/elevated gamma-ray flux state (Bottcher et al) 2017). Abe Falcone and
Amanpreet Kaur performed the data reduction for the quiescent state that was observed on
2 August 2017. A y?-analysis was performed to obtain the corresponding spectral index for
a fixed column density Ng. Their results are given in Table [3.4]

3.1.3.1 Converting XRT-data from Spectral Index and Unabsorbed Flux

In this section the analysis to obtain the X-ray [SEDI fluxes for the quiescent state of 4C+01.02
is described using the information from Table [3.4] and the results are shown in Figure [3.3]
The physical meaning of these results will be described.

X-rays propagate through a column of gas from the source to the observer. In the analysis
the density was fixed to the Galactic hydrogen density. An X-ray photon will interact with
an electron in the atom of this gas to remove the electron from its shell, with the incident
X-ray photon being completely absorbed. This is called the photoelectric effect and can
take place when the photon has an energy equal to or higher than the binding energy of
the electron in its shell. The spectrum we receive is therefore going to be different than the
intrinsic spectrum before absorption.
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Value

Unabsorbed flux F| ;o 1oV _¢ keV 1.19 x 10712 [%}
€0 0.45

€1 6

Spectral index I’ 1.43

Spectral index error I',,., 0.23

Table 3.4: Swift observations for 4C+01.02 on 2 August 2017 for fixed Ny = 2.42 - 10%° cm—2,
produced by Abe Falcone and Amanpreet Kaur.

— 101 1

logvF,|JyHz

10 I
10 1017 1018

log V[ H?Z]|

Figure 3.3: Results of the XRT-data analysis python code by interpolating the range of
energies into 100 points. The black line indicates the v F,, fluxes and the cyan filled in area
gives the uncertainty area of these fluxes.

The total unabsorbed photon flux F (that is the flux the source emitted and that was
corrected for the absorption) will be equal to the integration of the flux F as a function of
photon energy F, integrated over the entire energy range (Fo, F1), that is

Ey
F=[ FpdE. (3.2)

Eo

The flux at a specific energy is given by
Fp = ¢k (3.3)

where ¢ is the photon number flux

- 3.4
cm? - s - keV (3-4)

Op = dre " [ ph 1

with ¢; being the normalisation parameter, € the energy per 1 keV and I' the spectral index.
The units are indicated in the square brackets. Substituting equation ([3.4]) into equation ((3.3)

45



and then substituting this result into equation (3.2} yields

Eq
F = ¢ Ee T dE. (3.5)

Ey

Solving for F' with the energy of a photon £ =€ (1 keV) and dE = de - (1 keV), gives

F = ¢ / El(e-lkeV)e*F(de&ke\/) [M}
= ¢ / 1r g [ keV” ]

m2 s - keV
= S2es [ ] (3.6
Rewriting the result in terms of ¢, yields
-2
o= C T 3.7
The frequency times the flux can then be calculated as
vF, = g7 . (3.8)
To write € in terms of frequency, thereby converting keV to Hz:
1keV = 1.602x 107°
Planck’s constant b = 6.626 x 10727 erg - s
! iev [el;;:] — 2418 x 10" Hz (3.9)
so that
€=17 lfeV =1 ﬁlév = S I07 W 3.10)
v =¢(2.418 x 10'" Hz) . (3.11)
This implies that V r
vE = o (2.418 X 1017 Hz) (keV)* (3.12)

with

6 = (2—T)F ( i )H - ( il )H h (keV)2  (3.13)
2.418 x 107 Hz 2.418 x 1017 Hz

The analysis then follows as:

1. The frequency range can be calculated with equation (3.11)) and the lower and upper
limits of € that are given in the table. Calculate the upper and lower limits of I" by
adding and subtracting the error from the I'-value, that is

Tpin = T —T., (3.14)
Fm(zm = F+Ferr- (315)
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2. Calculate the normalisation parameter as given by equation . Also calculate its
lower and upper ¢1, min and @1 e, With the lower and upper values of the spectral
index given by equation (3.14)) and equation (3.15)), respectively. The error of the
normalisation parameter can be calculated as

le, err — ’¢17 e ; ¢17 mm‘ . (316)

3. Calculate the flux vF, at a frequency v by using equation (3.12). To find the error of
the flux, note that vF, .., is dependent on ¢; ¢, and I, where I, is an exponent.

By setting fr = (5507 5)°  and evaluating its error

Q_Fmin
Jmin = (2.418><1017 Hz) (3.17)
2_Fmam
fmaz = (2.418><1017 Hz) 3.18)
fr, epr = maz—tmin] (3.19)

the flux error can be calculated as

o le, err ? fl", err ? 2
VE, e = b1+ fr T (keV)?, (3.20)
¢1 fF

where vF, = ¢y - fr.

The results fall within the expected X-ray frequency region within the SEDI as shown in
Figure [3.3]

3.1.4 Fermi-LAT — Gamma-Rays

The Large Area Telescope (LAT]) is a scientific instrument on board the Fermi spacecraft,
covering an energy range below 20 MeV to > 300 GeV (Atwood et al., 2009)). Within the first
month of its operation the number of known gamma-ray emitting blazars was doubled, since
Fermi has an increased sensitivity by more than a magnitude compared to its predecessor
the Energetic Gamma-Ray Experiment Telescope (EGRET) (Abdo et al., [2009; Ghisellini
et al., 2010)).

The Fermi data for the flare and quiescent states were obtained by Richard J. Britto
using Pass 8 [Fermi-LAT] data (Atwood et al., 2013)) in the 100 MeV — 300 GeV range and
analysis with the Fermi Science Tools version v10rOp5 (Bottcher et al., 2017). A Region of
Interest (ROI)= 50°, source region = ROI +10°, SOURCE class, front and back type event,
zenith angle < 90°, DATA _ QUAL=1, LAT_CONFIG=1, diffuse emission: gll_iem_v06.fits
(Galactic) and ISO_P8R2_SOURCE_V6_v06.txt (extragalactic) templates, were used in the
analysis. Lightcurve processing was performed with the unbinned likelihood gtlike/pyLike-
lihood tool where the source was modelled with a power law spectrum. The was
processed with the binned likelihood analysis from the Enrico Python package.
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The lightcurve for 4C+401.02 during its flare state is shown from 11 May to 15 August
2016 in the top panel in Figure [3.4, The large gamma-ray flare can be seen in the 2-20 July
period where the flux peaks. This is also the highest observed flux yet detected by
for this source (Bottcher et al. 2017). For the quiescent state, gamma-ray observations were
obtained during the period 3 July-2 August, 2017.
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Figure 3.4: Top panel: Fermi-LAT lightcurve for 4C+401.02. A plateau, main flare and
postflare are indicated between the vertical dashed lines. The main and post flare are also
observed by [SALT]and the South African Astronomical Observatory (SAAO) 1.9m Telescope,
respectively. Middle panel: The photon spectral index for a single power law is indicated
as a function of the Modified Julian Date (MJD), showing a fluctuation around the average
spectral index of 2.4 (indicated by the red dotted line). Bottom panel: Photon Energy
(GeV). Every point indicates one photon received with an energy > 5 GeV. Very few photons
are received with such high energies. The different colours indicate the confidence levels that
these photons are from the source. This figure is contributed by Richard J. Britto.
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Chapter 4

Results

This chapter gives the results of the simultaneous and optical degree of polarisation
model fitted to the 4C+01.02 (= = 2.1), in its flare state of 2016 and quiescent state of
2017. The broad-band [SED|was calculated by applying the parameters found from this model
code in the Bottcher et al. (2013)) code. To compare the results of the model to previous work
that has been done, the [BH mass obtained by |Ghisellini et al.| (2011)) was tested.

4.1 Simultaneous Fit Results

The simultaneous fit results obtained by the model are plotted in Figures [4.1] and [4.2]

The model components of the flare and quiescent state are shown in the left plots
in Figure [4.1] In each of these plots, the synchrotron flux component and accretion disc flux
component are fitted to the optical flux and the archival data. The photon spectral indices
for the synchrotron spectrum are calculated with o = (p — 1)/2 (equation [I.2)).

On the right side in Figure the components and degree of polarisation compo-
nents are plotted in the frequency range 2 x 10! to 10'® Hz to show the optical/UV regime.
Prominent emission lines: C IV and Lya are at 6.6 x 104 Hz and 7.93 x 10'* Hz, respectively.
For the flare, the low total degree of polarisation data point at ~ 5 x 10** Hz could indicate
the non-prominent C III emission line. The line heights h; and hsy values obtained during
the flare fit are used in the quiescent state fit, since the BLRI does not change significantly
from one state to another.

4.2 Broad-band SED

In Figure 4.3 the X-ray and gamma-ray components (EC| and components) of the Lep-
tonic model are produced with the Bottcher et al. (2013) code that implements the parameters
obtained by the model (Tabel [.1]), that is the radiating electron distribution from the emis-
sion region and the magnetic field ordering. The high-frequency component is the sum of
the [SSC| External Inverse Compton (BLR) (EIC]), External Compton (Disc) (ECD) and
Extragalactic Background Light Absorption (EBL_Absl). The parameters used in their code
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are shown in Table[4.2l The distance from the [BHl to the emission region is defined by z.
The observation angle is the angle between our and the jet. The BLR] radiation field is
approximately a black body. Lg(jet) is the magnetic field luminosity, that is the energy that
the magnetic field carries out along the jet. Lg/L. = Ug/U, is the equipartition factor, where
Ug is the energy density of the magnetic field and U, is the energy density of the relativistic
electrons.

4.3 Comparison to Previous Work: Model Results Us-
ing the BH| mass obtained by Ghisellini et al. (2011)

For 4C+01.02, the BHl mass 5 x 10 M, obtained by (Ghisellini et al.| (2011) was taken and
used in the and total degree of polarisation model. This[BHlmass was tested in two ways:
firstly, a sufficiently high enough synchrotron flux component compared to the accretion disc
flux component is required to reproduce high enough total degree of polarisation when the
unpolarised accretion disc emission dilutes the polarised synchrotron emission from the jet.
These results are plotted in Figures [4.4] and and obtained parameters with the fit and
calculated values are given in Table 4.3l Note that for the quiescent state, the accretion disc
peak could not be fitted to right of the optical photometry points, because this requires that
the Eddington disc luminosity be exceeded. In the second way the disc luminosity is increased
to shift the accretion disc component to the appropriate frequencies at which a decrease in the
total degree of polarisation is expected. This required an accretion disc dominated spectrum
(similar to how |Ghisellini et al. (2011) have modelled their spectrum). These results are
shown in Figures and and Table 4.4l The comparison between the results obtained
where the BH mass is 4.0 x 10* M and 5 x 10? M, is discussed in the next section.
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Figure 4.1: The simultaneous and polarisation model (lines) fitted to the ob-
servations (points) of 4C+01.02 in its flare (upper plot) and quiescent state (lower
plot). The different model components and data are shown within the legend, where
the archival data for the radio-, microwave-, visible- and [UV] spectra are taken from
NED results for object 4C +01.02 (2018), and the photometry points for the flare are
from 2 August 2016, produced by Johannes P. Marais and for the quiescent state are from
27 October 2017, produced by Brian van Soelen. The plots are shown as the low-frequency
component (left), in the optical [UV]frequency range (upper right) and the model
prediction of the total degree of polarisation with the degree of synchrotron polarisation and
(RSS)) degree of polarisation data (lower right). The total degree of polarisation data
for the flare is from 9 July 2016 and for the quiescent state from 25 July 2017, which are
produced by Brian van Soelen and Richard J. Britto.
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Parameter Flare Quiescent
State
Parameters Obtained with Fit
Number of electrons ng 6.4 x 10°! 2.0 x 10°!
Minimum gamma Y,,in 27 27
Gamma break 7, 1.2 x 102 1.9 x 102
Critical gamma .. 6.1 x 103 2.3 x 103
Minimum frequency v, [Hz] 1.0 x 101 1.0 x 10
Break frequency v, [Hz] 1.8 x 101 4.8 x 10
Critical frequency v.[Hz] 5.0 x 101 2.2 x 1013
Electron spectral index p; 2.0 2.2
Electron spectral index po 2.7 2.5
Ordering of magnetic field Fiz 0.17 0.03
Disc luminosity Ly [erg - 7] 2.0 x 1016 3.8 x 106
BH mass [Mq)]
C IV line height hl
Lya line height h2
Calculated Values
Photon spectral index oy 0.5 0.6
Photon spectral index ap 0.9 0.8
Maximum synchrotron polarisation I13¥, (py)/Fp [%] 69 71
Maximum synchrotron polarisation 115Y, (ps)/Fp [%] 74 72
Maximum disc temperature T4, [K] 7.8 x 104 9.2 x 104
Accretion disc peak at vy, [Hz] 1.5 x 10" 1.7 x 10*°

Table 4.1: Parameters and values obtained with the model fit for 4C+01.02 in its flare,
2016 (column two) and quiescent state, 2017 (column three). The obtained Lorentz factors
(energies) 7’s are in the emission frame and the characteristic synchrotron frequencies v are
in the observer’s frame.

52



Flare state (2016) Quiescent state (2017)
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Figure 4.2: Degree of synchrotron polarisation divided by Fz, in units of percentage. This re-
sult, together with the results of Figure [f.I]and Table 1] obtains a[BHlmass of 4.0 x 10% M.
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Figure 4.3: Broad-band for 4C+01.02 in its flare state of 2016 (red) and quiescent state
of 2017 (green). The Leptonic model’s X-ray and gamma-ray components are added to the
model with the Bottcher et al. (2013) code. The model components are described by the
legend. The X-ray data in the flare state is archival data from the summed observations of
2007-2008, since these correspond to the gamma-ray flux state and the quiescent state (2
August 2017) data is provided by Abe Falcone and Amanpreet Kaur. Gamma-ray data in
the flare state (2-20 July 2016) and quiescent state (3 July-2 August, 2017) are produced by
Richard J. Britto. This figure was produced by Markus Bottcher. Note that these fits are
based on a preliminary version of the results.

93



Parameter Flare Quiescent

State

Magnetic field [G] 0.3

Emission region height zg [pc] 0.2

Emission region radius R, [cm] 9.5 x 10%7 7.5 x 1017
Observing angle 6,,s = 1/I" [rad] 5.7

External radiation field energy density u [erg - cm ™3] 5.5 x 1073 4.0 x 1074
External radiation field black body temperature [K] 5.0 x 10*
L.(jet) [erg - s7!] 8.0 x 10%
Lp(jet) [erg - s™!] 3.3 x 10%6 2.0 x 106
Ls/L. 4.1 2.5

dtyar, min 9.8 x 105 s 7.7 % 10% s

=27x10h =22x10*h

Table 4.2: 4C+01.02 Leptonic model parameters used in the [Bottcher et al.| (2013) code.
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Figure 4.4: The (left) and degree of polarisation (right) of 4C+01.02 in its flare state
of 2016 (upper plot) and quiescent state of 2017 (lower plot) as calculated by the model
by implementing the BHl mass of 5 x 10° M, obtained by |Ghisellini et al.| (2011)). The figure
data is as in Figure [4.1] Parameters obtained with the fit and calculated values are given in

Table .31
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Parameter Flare Quiescent
State
Parameters Obtained with Fit
Number of electrons ng 3.0 x 10°! 6.4 x 10°!
Minimum gamma Y,y,ip 27 27
Gamma break -, 1.7 x 102 1.2 x 102
Critical gamma, 7.7 x 103 2.6 x 103
Minimum frequency v, [Hz] 1.0 x 1010 1.0 x 1010
Break frequency v, [Hz] 3.9 x 10" 1.9 x 10"
Critical frequency v.[Hz] 8.0 x 10™ 9.0 x 10
Electron spectral index p; 2.0 2.0
Electron spectral index po 2.9 2.7
Ordering of magnetic field Fg 0.15 0.02
Disc luminosity Ly [erg - s7'] 9.0 x 10% 1.0 x 10%6
C IV line height hl 0.5
Ly« line height h2 1.4
Calculated Values
Photon spectral index oy 0.5 0.5
Photon spectral index aw 0.1 0.9
Maximum synchrotron polarisation I12Y, (p1)/Fp [%] 69 69
Maximum synchrotron polarisation 115%, (ps)/Fp [%] 75 74
Maximum disc temperature T},q. [K] 1.8 x 10* 1.9 x 10*
Accretion disc peak at v;, [Hz| 3.3 x 10M 3.6 x 101

Table 4.3: Parameters and values obtained for 4C+01.02 in its flare, 2016 (column two) and
quiescent state, 2017 (column three) by implementing the BH mass 5 x 107 M, obtained by
Ghisellini et al| (2011). These results correspond with Figures [4.4] and
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Figure 4.5: Accretion disc dominated (left) and degree of polarisation (right) of
4C+01.02 in its flare state of 2016 (upper plot) and quiescent state of 2017 (lower plot)
as calculated by the model by implementing the [BHl mass of 5 x 10° Mg obtained by
ellini et al.|(2011). The figure data is as in Figure 4.1} Parameters obtained with the fit and

calculated values are given in Table 4.4
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Parameter Flare Quiescent
State
Parameters Obtained with Fit
Number of electrons ng 9.0 x 10°¢ 6.4 x 10°¢
Minimum gamma 7,yin 27 27
Gamma break 1.0 x 102 1.2 x 102
Critical gamma, ~, 8.6 x 10? 7.7 x 10?
Minimum frequency vy, [Hz] 1.0 x 101 1.0 x 10
Break frequency v, [Hz] 1.4 x 10t 2.0 x 10"
Critical frequency v.[Hz| 1.0 x 10 8.0 x 10*2
Electron spectral index p; 2.0 2.0
Electron spectral index po 2.8 3.0
Ordering of magnetic field Fiz 0.99 0.02
Disc luminosity Ly [erg - s7'] 5.0 x 1016 2.2 x 101
C IV line height hl 0.5
Lya line height h2 1.4
Calculated Values
Photon spectral index oy 0.5 —0.5
Photon spectral index as 0.9 0.8
Maximum synchrotron polarisation 115Y, (p1)/Fp [%] 69 44
Maximum synchrotron polarisation I15Y, (ps)/Fp [%] 74 73
Maximum disc temperature T;,q. [K] 2.8 x 104 2.3 x 104
Accretion disc peak at vy, [Hz] 5.3 x 10M 1.7 x 10"

Table 4.4: Parameters and values obtained for an accretion disc dominated fit for 4C+01.02
in its flare, 2016 (column two) and quiescent state, 2017 (column three) by implementing the
[BH mass 5 x 10° M, obtained by Ghisellini et al. (2011). These results correspond with

Figures [4.5] and [4.7]
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Figure 4.6: Degree of synchrotron polarisation divided by Fp, in units of percentage. This
result, together with the results of Figure[f.4] and Table[43] implements the [BHl mass
5 x 10° M, obtained by |Ghisellini et al.| (2011).
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Figure 4.7: Degree of synchrotron polarisation divided by Fp, in units of percentage. This
result, together with the results of Figure[£.5] and Table 4.4l implements the [BHl mass
5 x 109 M, obtained by |Ghisellini et al. (2011).
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Chapter 5

Discussion

The results were presented in Chapter [4 The model results are plotted in Figures [4.1] and
4.2l The obtained parameter values from the fit are given in Tabel LIl The broad-band
is plotted in Figure and the high-frequency component parameter values are given
in Tabel 1.2l The results of implementing the obtained [BHI mass of |Ghisellini et al.| (2011]))
is shown in Figures [£.4] [4.6] [4.5] and [4.7] and Tables [L.3 and [4.4l The parameter values that
are given in this chapter corresponding to the flare and quiescent state will be indicated by
the superscripts f and ¢, respectively. Our model results will be indicated with superscript
m. The parameters obtained by implementing the mass of (Ghisellini et al. (2011) will
be indicated with superscript G and G, PS for the results where the accretion disc peak has
shifted and G, AD for the results with a dominating accretion disc component.

5.1 Simultaneous Fit Results

The general model results are described, where-after the results of the flare and quiescent
state are compared to one another.

In the left plots of Figure the synchrotron and accretion disc flux components are
disentangled to determine the decrease in polarisation attributed by the accretion disc to the
total polarisation.

In the right, lower plots of Figure the total degree of polarisation shows a decrease
towards the higher frequencies. This supports the main expected result: the accretion disc
dilutes the synchrotron polarisation degree. The total polarisation degree decreases towards
higher frequencies due to the unpolarised accretion disc. Thereby, the model constrains the
disc component with the use of SALT] spectropolarimetry observations.

Comparing the degree of synchrotron polarisation of the lower right plots of Figure [4.1]
11/ Fg(v), to II*¥(v) Figure f.2] the fit clearly necessitates a choice of Fg < 1, i.e., an only
partially ordered magnetic field. The maximum degree of synchrotron polarisation in the first
part of the broken power law spectrum 118 (pl)/FL = 69 and 1%V, (p?)/F% = 71, can be
seen at the zero slopes of these plots, with p{ = 2.0 and p{ = 2.2. In the second part of the
broken power law spectrum, II%%, (p})/F}, = 74 and II%¢,(p%)/F% = 72, which can be seen

at the zero slopes of these plots, with p£ = 2.7 and p? = 2.5. These obtained spectral indices
fall into the expected range of 2 < p < 3.
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In the right plots of Figure the total flux peaks at the Lya and C IV emission line
frequencies. In the lower plot the total polarisation percentage decreases at the locations of
the unpolarised emission lines.

Comparing the Flare and Quiescent State

Examining the right plots of Figure 4.1, the percentage of polarisation is higher for the
flare, being observable in the range ~ 4 — 12.1 %, compared to that of the quiescent state
~ 0.1 — 1.9 %. The higher degree of polarisation corresponds to the higher ordering of the
magnetic field for the flare state F ]{; = 0.17, compared to the lower degree of polarisation
corresponding to F% = 0.03 in the quiescent state. This is a known relationship where a
higher degree of polarisation is found for a higher ordering of the magnetic field (Smith
et al.| [1986; [Zhang and Bottcher, 2013)). The higher synchrotron radiation level is due to a
higher ng and higher v.. The degree of polarisation of the flare data is over a greater degree
of polarisation region than the quiescent state’s, resulting in the error bars of the flare data
to be less visible in the plots than those of the quiescent state.

The maximum disc temperature during the flare, T/ =~ = 7.8 x 10* K, increased to

T4 .. = 9.2 x 10* K during the quiescent state. The maximum temperature is dependent
on the accretion rate, since Thae o< [Y4M 511{/4 for | = Mpy/Mgpqq (from Chapter [I). The
accretion rate is dependent on the disc luminosity, since Mpy = Lg/ec?, thereby a higher
accretion rate will mean that there is a higher disc luminosity in the quiescent state, which
the results agree with having a direct dependence between the disc temperature and disc

luminosity with (L4 = 3.8 x 10% erg.s™!) > (L = 2.0 x 10%® erg.s7!).

5.2 Physical Interpretation of the Broad-band [SED

The lower radiation from the higher accretion disc radiation in the quiescent state,
could be due to a higher mass accretion rate suppressing the jet formation during this state.
Furthermore, the lower external radiation field in the quiescent state u? = 4.0x10~* erg-cm ™
compared to the flare’s uf = 5.5 x 1073 erg-cm ™3, suggests that the emission region is further
away from the disc during the quiescent state to produce a lower component than the
flare’s.

The [EIC] component is dominant in the contribution to the total high-frequency com-
ponent of the flare. Since, the [EIC] emission is due to scattering of photons from the [BLR]
this could indicate that the whole emission region is radiating inside the (where the
energy density could be isotropic) during the flare and is outside the BLRI (where the
emission region only has clouds on one side giving anisotropic energy density) suppressing
[EIC] radiation, during the quiescent state.

The higher ordered magnetic field in the flare state suggests the presence of shocks
(Fermi acceleration) which compress, enhance and order the magnetic fields. This agrees in
obtaining higher jet components (synchrotron, [SSCl [EIC] andECDI). Magnetic reconnection
destroys magnetic fields and leads to lower degree of polarisation. In the quiescent state, the
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lower ordering of the magnetic field implies that there are different magnetic field orientations
that can cancel each other out. The synchrotron radiation producing photons to produce
radiation, also behaves as expected with higher/lower synchrotron radiation producing
higher /lower radiation for the flare/quiescent state.

5.3 Comparison to Previous Work

Ghisellini et al.| (2011) obtained disc luminosities 1072 < L;/Lg4q < 1 for [FSRQp, z > 2,
with [BH] masses in the range ~ 10® Mg to 10'* M. The disc luminosities of our model
are L} = 2.0 x 10% erg - s7! and LY = 3.8 x 10% erg - 7!, so that L}/Lpz = 0.40 and
LY/ Lpqg = 0.76, with Lggg = 5.0 x 10% erg - s7!. The [BH mass obtained by the model
M7y = 4.0 x 10° M) and the disc luminosities fall within the range of Eddington ratios
found by |Ghisellini et al.| (2011).

The acquired [BHl mass M7y, = 4.0 x 10® M) from the model is lower than the predic-
tion of Ghisellini et al. (2011) who obtained M§, =5 x 10° M. The comparison results
with Mgy, and 1072 < Ly/Lggq < 1 are given in Figures [£.4] and 4.7 and Tables [4.3]
and . By implementing M§;; in the model, it is demonstrated how [BH mass influences
the accretion disc flux component and thereby the total degree of polarisation fit:

For BHl mass M7y, the peak of the accretion disc flux component frequency at the
inner disc radius is at 7/ = 1.5 x 10'® Hz for the flare and v"¢ = 1.7 x 10'® Hz for the
quiescent state. For the higher BHl mass M§,, these accretion disc flux peaks are at
l/i(,i’ P51 — 3.3 % 10" Hz for the flare and VZ% P54 — 36 x 10" Hz for the quiescent state.
Therefore, higher BHlmass M§}; shifts the peaks to lower frequencies, as expected from the re-

. in —1/4
lation v/ o< Mgy

e . This causes the polarisation to decrease at lower frequencies (Figure [4.4],
lower right). This demonstrates how the total degree of polarisation curve profile moves to
lower frequencies for higher [BH|l mass. With increased disc luminosities, dominating accretion
disc flux components can fit the optical photometry data points in the for which the
accretion disc peaks are at 1o P/ = 5.3 x 101 Hz for the flare and v 479 = 1.7 x 10'® Hy
for the quiescent state. Although the disc component is at the expected frequency region,
these dominating accretion disc result in total degree of polarisation of about zero due
to the high emission of the unpolarised accretion disc diluting the low emission of the polarised
synchrotron radiation from the jet (Figures [£.4] and . Note that increasing F'p increases
the synchrotron polarisation, but the ratio between the accretion disc and synchrotron emis-
sion will stay the same (equation ) Our best-fit value of 4.0 x 10® M, is favoured by

the combined [SED| and spectropolarimetry fitting.
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Chapter 6

Summary and Conclusions

With the use of archival, optical, X-ray and gamma-ray flux data, and the spectropo-
larimetry observations from the Large Program (Chapter [3), 4C+01.02 (z = 2.1)
was successfully modelled with a simultaneous and spectropolarimetry fit (Chapter [2)).
This source is modelled in its flare and quiescent state with its mass obtained as
4.0 x 10® Mg (Chapter[d). The fit is based on synchrotron, accretion disc and emission
lines components contributing to the and optical [UV] polarisation. The decrease in the
total degree of polarisation is due to the unpolarised disc that is diluting the synchrotron
polarisation. The and optical polarisation model constrained the accretion disc to the
blue end of the optical spectrum, thereby disentangling the disc and synchrotron components.

The flare/quiescent state was characterized by a lower/higher accretion rate (and, thus,
accretion disc luminosity), but more/less intense particle acceleration in the jet, and, hence,
higher /lower non-thermal emissions from the jet. In the quiescent state, a high accretion
rate could be suppressing the jet formation, a process that is also present in Galactic [BH]
X-ray binary systems. The higher jet components during the flare suggest the presence of
a shock accelerating particles more efficiently and in turn producing the higher degree of
total polarisation. A higher external radiation field energy density in the flare state produces
higher radiation compared to the quiescent state, implying that the emission region in
the quiescent state could be further away from the disc. The high/low [EIC] radiation during
the flare/quiescent state suggest that the emission region is inside/outside the

The acquired [BHl mass 4.0 x 10* M), from the model was compared to the prediction
of |Ghisellini et al| (2011) who obtained a [BH| mass of 5 x 10° M. The position of the
accretion disc peak and the correct ratio of synchrotron to accretion disc flux, are essential
ingredients to fitting the total degree of polarisation. A higher mass shifts the accretion
disc flux component peak to lower frequencies in the spectrum and shifts the decrease
in the total degree of polarisation towards lower frequencies. A dominating accretion disc
flux component in the has the result of about zero total degree of polarisation. The [BH]
mass obtained by |Ghisellini et al.| (2011) gave an accretion disc peak at too low frequencies
or a dominating accretion disc component in the spectrum. The model discussed in this
dissertation constrains the accretion disc component and [BHl mass by fitting the total degree
of polarisation data.
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The results are preliminary, since the degeneracy in electron energies and the magnetic
field, in this study, was only done posteriorly and not used as independent constraints on the
electron energy distribution. By only including synchrotron radiation, the emission region
radius is not taken into account. When Compton scattering radiation is also included in
the model fit, this radius can be constrained, which gives the density of the particles in the
emission region. For future fitting of sources the dust torus and host galaxy can also be
considered.
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Chapter 7
Outlook

My studies will be continued by further developing this code with my supervisor,
Professor Markus Bottcher. The Leptonic model will be used to extend our model to
include the radiation and [EC] radiation. The polarisation can be modelled similarly
to [Zhang and Bottcher (2013) and with the future Imaging X-ray Polarimetry Explorer
(IXPE), X-ray polarisation observations will test the polarisation predictions in the X-ray
spectrum.

In this dissertation we studied one source, the 4C+01.02. The Large Program
[ToOl program is continuing and with co-ordinated multi-wavelength observations data more
sources will be available to fit spectropolarimetry and with our model.
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Appendix A

Finding the Maximum Accretion disc

Temperature

Differentiate equation ((1.14)) and set the result equal to zero to find the radius at which the

maximum disc temperature occurs:

OT(R) _
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) Rln 3/4
OR 0( R ) (
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The maximum disc temperature is at this radius and therefore by substituting equation (A.9))
into equation (|1.14]) it can be easily found:

1/4
36 3/4 36
Tmax — (49> (1 — 49) TO (AlO)

36 3/4 1 1/4

- (5) (7)) (A1)
1\ 3/2 ; 1\ 1/4

_ (* /2 (2t
(7) 6 <7> T, (A.12)
6v/6

= 77/4T. (A.13)
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Appendix B

Numerical Calculations:
Midpoint Integration Technique

The numerical midpoint integration technique is used in the model code to calculate the syn-
chrotron flux, accretion disc flux and synchrotron polarisation. The integration of a function
f(z) is approximated as

/abf(a:)dm .y (xo—;—aq) b (1:1 JQr Iz) v hf <a:n12+xn> . (B

where the increment length hy = 1 — xg, hs = 2 — 21, ..., h, = x,, — x,,_1, With x; increasing
logarithmically for every ¢ = 0,1, 3, ..., n.
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