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Abstract

Blazars form part of the jetted class of Active Galactic Nuclei (AGN), with a relativistic jet closely aligning
to the observer’s line of sight. Due, in part, to this viewing angle, these sources are characterised by
Doppler-boosted emission across the entire electromagnetic spectrum that is variable on timescales from
years down to minutes. These are some of the most numerous extragalactic y-ray sources, dominated by
polarised non-thermal emission produced by relativistic leptons and/or hadrons moving within the jet-
component. Blazars are subdivided into two categories: BL Lac-type objects (BLLs), and Flat-Spectrum
Radio Quasars (FSRQs). They are classified based on the presence/absence and equivalent widths of
optical spectral features, as well as the location of their synchrotron peak frequencies. Blazar SEDs are
characterised by two broad, non-thermal components, along with an underlying thermal contribution at
optical/ultraviolet wavelengths due to the accretion disc, host galaxy, and broad-line region of the blazar.
However, the nature and origin of the non-thermal, high-energy emission remains unclear, as it can be
reproduced by two different models, each assuming different particle populations and emission regions that
produce the emission. Polarimetry provides a unique diagnostic tool to probe the polarisation signatures
of the emission at optical wavelengths. The investigation of the polarisation of blazar emission aides in
constraining the particle populations and acceleration mechanisms responsible for the non-thermal emission
at lower energies, and constraining the high-energy emission and polarisation. It also places constraints on
the accretion disc component and mass of the supermassive black hole, and sheds light on the structure of
the jet’s magnetic field. Here, an optical spectropolarimetric study of a selection of high-energy blazars was
undertaken. The aims of this project was to: first, investigate the change in the degree of polarisation from
high to low states, second, monitor the evolution of polarisation in BLLs and FSRQs over a long period of
time, and last, investigate overall trends in the behaviour of the sample of blazars, and compare it to what
has been found in other population studies. To achieve these goals, optical spectropolarimetric observations
were taken of eighteen blazars (six BLLs and twelve FSRQs) using the Southern African Large Telescope
(SALT), complemented by optical photometric data from the Las Cumbres Observatory (LCO), and -
ray data from the Fermi Large Area Telescope (LAT). For the population of blazars investigated, it was
found that FSRQs tend to reach higher degrees of polarisation than BLLs during high states. More regular
occurrences of high states and a wider range of polarisation levels were observed for FSRQs. For both BLLs
and FSRQs, the average degree of polarisation was higher while the y-ray fluxes were still on the rise than
while it was decreasing to a lower state. In agreement with what was found by the RoboPol monitoring
campaign, the degree of polarisation showed no clear correlation with the «-ray luminosity or redshift of
the source, but showed a significant anti-correlation with the location of the synchrotron peak frequency
(vsy) of the sources. Two sources with noteworthy results were AP Lib and PKS 1510-089. For AP Lib,
long-term variations in the optical and v-ray fluxes were detected, with the same behaviour mirrored in the
degree of polarisation, but lagging by ~ 54 days. PKS 1510-089 was observed multiple times in 2022, during
an unprecedented low-state in which the non-thermal emission from the jet diminished completely. This
project serves as a good basis for further investigation of blazar polarisation, both in optical/ultraviolet and
X-ray/~-ray regimes.

Key words: galaxies: active, Galaxy: nucleus, quasars: supermassive black holes, BL Lacertae objects:
general, quasars: general, polarisation, techniques: photometric, techniques: polarimetric, techniques: spec-
troscopic
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Chapter 1

Introduction

What drives the formation and evolution, as well as what the structure of galaxies emit-
ting vast amounts of radiation from a small central region is, are pivotal questions in the
study of galactic cores. These sources have a long and complicated history. It was first
proposed that these central active cores of galaxies, or Active Galactic Nuclei (AGN),
are powered by the accretion of material onto a central, supermassive black hole (SMBH)
in the 1960s (Lynden-Bell, 1969; Lynden-Bell and Rees, 1971; Salpeter, 1964; Zel’dovich
and Novikov, 1964). Today, this model is widely accepted, as it explains much of the ob-
served phenomena of AGN. The study of AGN is an important facet of astrophysics, as it
presents a unique astrophysical laboratory to study accretion phenomena and relativistic
jet physics in an environment that cannot be reproduced on Earth.

AGN are detected in nearly every wavelength regime (radio to v-ray bands), with large
energy outputs across the electromagnetic spectrum and variability on short timescales
(Beckmann and Shrader, 2012b). This led to a myriad of different types of AGN being
reported over the years, leading to a “zoo” of different AGN being identified, as seen in
Figure 1.1. In an attempt to unify all the different flavours of AGN, a unified model
has been developed, in which the observed type of AGN is determined mainly by three
parameters, namely the orientation of the AGN with respect to an observer, the presence
or absence of a relativistic jet, and the accretion rate of material onto the central SMBH.
In the unified model, all AGN broadly have the same underlying physical structure: a
central SMBH, an accretion disc, broad- and narrow-line regions, dusty torus, and (in
some cases), a strong, collimated, relativistic jet.

Blazars form part of the jetted class of AGN, with the relativistic jet closely aligning
with the observer’s line of sight. Due to the presence of the jet, the observed emission
from blazars is highly Doppler boosted, characterised by rapid, multi-wavelength out-
bursts/flares occurring on timescales from years down to seconds in extreme cases (see
e.g. Albert et al., 2007, on the second-scale variability of Mrk 501). The bulk of the emis-
sion originates from within the jet-component, and the resulting emission is, by definition,
non-thermal and polarised in nature, consisting of a lower- and higher energy contribu-
tion, with an underlying thermal (unpolarised) contribution from other components of
the galaxy superimposed at optical/UV wavelengths (Bottcher, 2019). For a more de-
tailed discussion on AGN and blazars see, for example, Beckmann and Shrader (2012b);
Boettcher et al. (2012), and Shields (1999).
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Figure 1.1: A cartoon illustration of the types of active galaxies — the so-called AGN zoo — in an attempt at unification
based on accretion rate and black-hole rotation. Figure adopted from Dermer and Giebels (2016).
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However, the problem remains that the precise origin and nature of the non-thermal,
high-energy emission in blazars is still unclear, as it can be reproduced by two different
models, each assuming different particle populations and emission regions that produce
the emission (see e.g. Bottcher et al., 2017; Mannheim, 1993; Zhang, 2019, for a discus-
sion on leptonic and hadronic models). Since there still exists so much uncertainty in the
nature and origin of the particle population producing the observed radiation, disentan-
gling blazar emission is a challenge not yet fully met. Consequently, there is a gap in the
knowledge and understanding of blazars, their jets, and accretion mechanisms, and since
no two blazars behave in exactly the same way, models are unable to fully explain the
behaviour of the blazar population as a whole.

To bridge this gap, polarimetry can be used to disentangle the thermal, unpolarised
and non-thermal, polarised emission in the optical/UV wavelength regime. This will aide
in constraining the particle population and acceleration mechanisms responsible for the
non-thermal emission at lower energies, and potentially constrain the high-energy emis-
sion as well (Schutte et al., 2022). The polarisation signatures of blazars will also allow
for constraints to be indirectly placed on the SMBH-mass and the structure and evolution
of the jet’s magnetic field.

This project is an optical spectropolarimetric study of a selection of high-energy
blazars, with the aims of a) investigating the change in the polarisation as blazars tran-
sition from high/flaring states to low/quiescent states, b) monitoring the evolution of
polarisation in different types of blazars over a longer period of time, ¢) determining the



overall trends in the behaviour of the selected blazars, and d) investigating the possible
link between blazars and radio galaxies and how polarisation can be included in the study
of astrophysical jets in future work. This will address the problem of understanding the
physics of AGN jets.

The study was undertaken by performing both photometric and spectropolarimetric
observations of blazars in the optical regime, using the Las Cumbres Observatory (LCO)
Telescope Network and the Southern African Large Telescope (SALT), respectively. Ob-
servations were done in two different ways. The first was to investigate sources during
various states of activity, requiring two SALT spectropolarimetric observations (a low-
state and high-state observation). The second was to investigate some blazars over a
longer period, which required multiple SALT spectropolarimetry observations to track
the changes in the polarisation over time. To complement the spectropolarimetric obser-
vations, optical photometric lightcurves from the LCO Telescope Network, and long-term
~v-ray lightcurves were taken from the publicly available Ferm: Large Area Telescope
(LAT) to investigate the change in the optical and y-ray fluxes around the period of the
SALT observations.

The structure of this dissertation is as follows. Chapter 2 contains a literature review
of the historical development of AGN-theory, the composition of AGN, the development
of a unified model of AGN, and an outline of blazars and their classification, along with a
discussion on the multifaceted nature of blazar emission and its underlying emission mech-
anisms. Chapter 3 provides a detailed discussion of the various observations performed on
the selection of blazars reported in this text, including information on the telescopes and
science instruments used, the data reduction processes, and the resulting data obtained
from the various observational campaigns. Chapter 4 provides a brief literature review of
selected sources of interest, along with the results from the observations outlined in the
previous chapter. Thereafter, Chapter 5 discusses possible trends from the behaviour of
the blazars investigated in this project as a whole. Chapter 6 provides concluding remarks
on the results from this study, and how it can be improved upon in future work.

Appendix A includes the results of the blazars not discussed in detail in the main
body of the text. The research done in the duration of this study has been presented at
several local and international conferences, and the conference proceedings published so
far are shown in Appendix B.



CHAPTER 1. INTRODUCTION



Chapter 2

Active Galactic Nuclei

In this chapter, the historical development of the theory of Active Galactic Nuclei will be
briefly discussed in Section 2.1, along with an outline of the main components of Active
Galactic Nuclei and how they fit into a unified model in Section 2.2. The last section will
focus on blazars and their observational signatures (Section 2.3).

2.1 Historical Development of AGN-Theory

Extragalactic Astronomy

In the known universe, there are an estimated 2 x 10'? galaxies within the observable
limits. Of all of these galaxies, only about 1% can be classified as Active Galactic Nuclei
(AGN) by the presence of an additional emitting component in its centre (i.e. more than
just stellar related contributions). These sources are some of the most exotic and violent
sources in the extragalactic sky, characterised by the production of high luminosities in a
small emitting region, as well as extreme underlying physics that produces the observed
emission (Urry and Padovani, 1995). However, many of the physical mechanisms that
produce the non-thermal emission of these energetic sources are still unclear. Here, the
historical development of the theory of AGN is briefly summarised, which, for the pur-
poses of this dissertation, will mainly focus on the development in the optical wavelength
regime. For a more detailed discussion see, for example, Beckmann and Shrader (2012b,
pp. 1-9) and Shields (1999).

The idea of extragalactic astronomy dates back to the 18th century, with the likes
of philosophers Immanuel Kant and Thomas Wright, introducing the concept of island
universes (Kant, 1755), which are observed nebulae that do not form part of the Milky
Way Galaxy (Wright, 1750). This was the first time our understanding of the universe
expanded beyond the Milky Way Galaxy (Pigatto, 2005). These island universes were
observed as “fixed stars”, or faint, disc-like nebulae. However, at the time, it was largely
accepted that these nebulae were of a Galactic origin and some, in fact, are (for example
globular clusters and planetary nebulae). Hence, an argument for extragalactic nebulae
seemed far-fetched at the time, and proper arguments for it were difficult to produce.

Unfortunately, for many years, these insights into the extragalactic nature of some
“nebulae” were practically forgotten, until Francois Arago called the attention of as-
tronomers back to Immanuel Kant and his idea of extragalactic island universes in 1854



6 CHAPTER 2. ACTIVE GALACTIC NUCLEI

(Arago and Barral, 1854). At this time great strides were made observationally, with the
emergence of large catalogues of the so-called nebulae (see e.g. Dreyer, 1888; Herschel,
1864, 1785). In addition to Galactic nebulae, these catalogues also listed strange nebu-
lae, with redshifts indicating velocities greater than the escape velocity of the Milky Way
(Slipher, 1913), implying that they might have an extragalactic nature.

The argument over the galactic or extragalactic nature of these nebulae reached its
peak in the April of 1920, when H.D. Curtis and H. Shapley entered the famous “Great
Debate” (Pigatto, 2005). In this debate, hosted by the National Academy of Science in
Washington, D.C., the existence of other galaxies was discussed, with Shapley arguing for
nebulae as part of the Milky Way, and Curtis leaning towards an extragalactic interpre-
tation. In the end, neither viewpoints won, and the debate served only to highlight the
issues, rather than solve the dilemma (Beckmann and Shrader, 2012b). The debate was
only settled some years later, when Edwin Hubble detected Cepheid variable stars in M31
and M33, two nearby spiral “nebulae” (Hubble, 1926). From the absolute brightness of
these Cepheids, he was able to determine their distance from the Earth, and that M31 and
M33 must be extragalactic, with stars similar to that of the Milky Way Galaxy (Heckman
and Best, 2014). With this, the scene for extragalactic astronomy was set.

Active Galaxies

In 1909, Edward A. Fath found that most spiral nebulae had continuous spectra with stel-
lar absorption lines, indicating that the emission was formed by a collection of unresolved
extragalactic stars. However, one of the nebulae he observed, NGC 1068, had a compos-
ite spectrum displaying both emission and absorption lines (Carroll and Ostlie, 1996).
The composite spectrum of NGC 1068 was confirmed in 1917 by Vesto M. Slipher, and
Edwin Hubble was able to show a similar result for two other galaxies in 1926 (Shields,
1999). Then, in 1943, almost 20 years after the existence of extragalactic sources was
proven, Carl Seyfert found the first evidence that some galaxies display an additional
emitting, stellar-type component in their centres (Beckmann and Shrader, 2012b; Shields,
1999). He took spectrograms of six of the brightest galaxies and found that broad, high-
excitation nuclear emission lines were superimposed on the typical (G-type) absorption
spectra (Seyfert, 1943). This led to the coining of the term Seyfert Galazies, which are
characterised by these high-excitation nuclear emission lines (Shields, 1999).

Concurrently, significant progress was made in radio astronomy, leading to Grote Re-
ber publishing a map of the radio sky at 160 MHz. This showed that some of the local
maxima present in the radio-sky map were in fact discrete extragalactic sources, like
Cygnus A (Reber, 1944). Some of these local maxima would later be connected to Seyfert
Galaxies; a crucial step for the development of AGN-theory (Padovani et al., 2017). Hence,
correlating radio-sources with optical counterparts was at the forefront of astronomy in
the 1940s and 1950s, and many surveys and catalogues were produced, highlighting the
nature of extragalactic nebulae in both wavelength bands. These surveys made it clear
that the emission was non-thermal in nature, with synchrotron processes being the main
driver in the radio-band. During this time, it was also discovered that some of these
radio galaxies showed evidence of strong magnetic fields, with a double-lobed structure
surrounding its centre (Shields, 1999). Studies of the spectra of radio galaxies led to the
discovery that some of these sources were star-like, and showed broad emission lines at
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very high redshifts. These are the so-called “quasi-stellar radio sources”, or quasars for
short (Kellermann, 2015; Schmidt, 1963; Shields, 1999).

One of the first proposals was that the emission of quasars could be reproduced by a
large cluster of stars. However, the central 100 pc of the galaxies would have to have an
accumulated mass of a few x10%® M, (Woltjer, 1959). Hoyle and Fowler suggested that,
instead, there resided a hypermassive, stellar-type object driven by accretion processes
from a disc surrounding it (Hoyle and Fowler, 1963), but this hypothesis was not able to
fully explain the immense amounts of energy emitted from these sources. Finally, it was
put forward that instead of a stellar-type object, the nucleus contained a Supermassive
Black Hole (SMBH) at their centre, with an accretion disc surrounding it (Lynden-Bell,
1969; Lynden-Bell and Rees, 1971; Salpeter, 1964; Zel’dovich and Novikov, 1964). The
model suggesting that active galactic nuclei housed an accreting SMBH at its centre is a
powerful one, as it explains not only the large energy output across multiple wavelength
bands, but also the small emitting region and the short variability timescales (Beckmann

and Shrader, 2012b).

By the 1960s, radio to optical observations of AGN were well established, while X-ray
and ~-ray astronomy was still in the early stages of its development. Today, high-energy
observations are at the forefront of AGN studies, and for a review of the development of
X-ray and 7-ray astronomy of AGN see, for example, Bassani and Dean (1983), Degrange
and Fontaine (2015), and Dermer and Giebels (2016). These historical events, along with
many more, led to immense progress in both the observational and theoretical under-
standing of AGN, and AGN became part of typical astronomical terminology. In a short
period of time, AGN became a prominent field of research in astrophysics, as it allows for
the study of accretion phenomena, thermal and non-thermal emission mechanisms, and
relativistic jet physics.

2.2 Towards a Unified Model of AGN

As has already been mentioned, AGN are highly luminous objects emitting across the
entire electromagnetic spectrum from a very small region. Since AGN are detected in
nearly every wavelength/energy regime (from the radio to the v-ray band), a significant,
and ever increasing, number of AGN-types have been recorded. This led to a number of
different “flavours” with different characteristics being identified — from Seyfert Galaxies
and quasars/quasi-stellar objects (QSOs) to narrow- and broad-line radio galaxies and
blazars (Urry and Padovani, 1995). This made it very challenging to form a unified the-
ory of AGN.

In order to create “order out of chaos”, many attempts at unification and identifying
the various components within AGN were undertaken by, for example, Antonucci and
Miller (1985), Osterbrock (1993a), Antonucci (1993), and Urry and Padovani (1995). By
the end of the 20th century, the basic structure of AGN was known, and it was generally
accepted that AGN are split into two main classes, namely radio-loud AGN, and radio-
quiet AGN (Antonucci, 1993). However, the picture was — and still is — far from complete,
as their intrinsic rarity, the precise nature of the SMBH, dominant accretion mechanisms,
origin and presence/absence of collimated jets, nature and morphology of the dust torus,
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Figure 2.1: A schematic representation of the unified model of AGN. The diagram is separated into two main sub-classes:
radio-loud AGN, and radio-quiet AGN. The radio-loud class comprises AGN with a prominent jet structure present, and
the radio-quiet class consists of AGN with a negligible or non-existent jet-component. From this figure, it is evident that
the observer’s line of sight also plays a significant role in AGN classification. Figure adopted from Beckmann and Shrader
(2012b).

etc. are still open issues (see e.g Beckmann and Shrader, 2012a; Bottcher, 2019; Padovani,
2017a; Zhang, 2019, for a detailed overview of unanswered questions in AGN studies).

It is now accepted that, despite of the different appearances across the electromagnetic
spectrum, all AGN have the same basic underlying physical structure and nature. This
Unified Model is shown in Figure 2.1 (Osterbrock, 1993a,b). This structure is axisym-
metric, with components aligning to the central axis along the jet. Below follows a brief
discussion on some of the main individual components of the unified model, as well as the
effect each component has on the observational features.

Central Supermassive Black Hole

At the centre of all AGN (1077 — 1073 pc), there is an actively accreting central SMBH
(M > 10°My,), driven by a continuous supply of material (Netzer, 2015; Padovani et al.,
2017). This process of accretion onto the central SMBH is the main driver of an AGN’s
large energy output (Ho, 2008). In general, black holes (BHs) have two defining traits,
namely mass and spin, and both of these traits play a crucial role in the observational
features of AGN.

The bolometric luminosity of an AGN is (in part) proportional to the mass of the
central SMBH. Therefore, the luminosity is often characterised in terms of the Edding-
ton ratio Lagn/Lrqa where Lgqgq is the Eddington luminosity; the maximum luminosity
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a body can have and still remain in pressure equilibrium. The Eddington luminosity is
~ 1.3 x 103 Mgy /M, erg s~!. However, because the emission from AGN is not necessarily
isotropic, super-Eddington luminosities have been reported for some sources (Castell6-Mor
et al., 2016).

The spin, or angular momentum, of the SMBH affects the inner radius of the accre-
tion disc of the AGN, as a rapidly spinning SMBH may have an accretion disc extending
closer towards it than a non-rotational SMBH of similar mass (Padovani et al., 2017). For
AGN to conserve total angular momentum, the SMBH has to be rotating (from the Kerr
Metric), which impacts the radiative efficiency and accretion rate of the accretion disc,
and, therefore, affects the emission of the AGN as a whole.

Accretion Disc

Material from the outer regions of the AGN is accreted onto the SMBH through an ac-
cretion disc that is generally modelled by an optically thick (but geometrically thin) type
disc as in the Shakura and Sunyaev (1973) model. Note that there are many different
accretion disc models of varying optical and geometrical characteristics, but it is beyond
the scope of this dissertation to discuss these in detail (see e.g. Yuan and Narayan, 2014).
The accretion of matter onto the SMBH converts gravitational potential energy to elec-
tromagnetic radiation through viscous and turbulent processes (Urry and Padovani, 1995).

The radiation originating from the disc is thermal as it is produced by the loss of angu-
lar momentum via viscous heating/radiation processes through the rotationally dominated
inflow of material onto the SMBH (Carroll and Ostlie, 1996; Netzer, 2015). The accretion
disc produces continuum emission at optical, ultraviolet (UV), and soft X-ray wavelengths
(Urry and Padovani, 1995), and is observed as the “big blue bump” (BBB), an underlying
thermal component in the typical spectral energy distribution of AGN (e.g. Shang et al.,
2005).

Broad-Line Region

The broad-line region (BLR) is located between the SMBH’s accretion disc and the inner
ring of the dust torus (0.01—1 pc), and this is where the strong, kinematically broadened
emission lines observed in the optical/ultraviolet (UV) wavelength regimes are produced
(Netzer, 2015; Urry and Padovani, 1995). It is one of two identified regions of ionised
gas in the structure of AGN (Bennert et al., 2002). The BLR consists of a collection of
individual, high density clouds of turbulent photoionised gas moving at high velocities
>1000 km s~ (Padovani et al., 2017). The produced emission lines are broadened by the
motion of the high velocity gas clouds (Kollatschny and Zetzl, 2013). It is likely formed
by the evaporation of dust from the dusty torus surrounding the central engine, and the
material spirals inwards to later form part of the accretion disc (Gaskell, 2009).

The BLR emits both high-ionisation and low-ionisation broad emission lines that are
typically emitted in the optical regime (e.g. high-ionisation He II, He I, O VI, and low-
ionisation Mg II, Ca II, O I, Fe II, respectively, along with H I Balmer lines). The broad
emission lines provide an aide in estimating the masses of the central SMBHs, since the
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motions in the BLR are predominantly Keplerian, and therefore, directly related to the
BH mass (Tran, 2003). It has been found that the BLR has a flattened structure with
cylindrical symmetry (Gaskell, 2009). Thus, due to obscuration from the dust torus, the
BLR is not visible in all AGN, which is part of the reason why different classes of AGN
are observed.

Dust Torus

Surrounding the accretion disc and BLR is the dust torus, extending from 0.1 — 10 pc from
the central SMBH (Netzer, 2015). Depending on the inclination angle, it can completely
obscure the central SMBH, accretion disc and BLR (Antonucci, 1993; Urry and Padovani,
1995). At high inclination angles, the radiation from the central region of the AGN is
absorbed by the dust torus, and re-emitted as continuum emission in the infrared (IR)
wavelength regime (Mor et al., 2009).

The structure, shape and kinematics of dust tori in AGN are still uncertain and com-
plex — since it is not a fixed structure universal to all AGN, but can vary from AGN type
to AGN type (Padovani et al., 2017). The structure and dust distribution in the torus
vary from smooth to clumpy, and the underlying kinematics vary from static to in- or
outflowing models (Padovani et al., 2017). However, recent reviews indicate that most
AGN tori are thick, clumpy, and axisymmetric structures that surround the accretion disc
and SMBH (see Netzer, 2015, for a full review).

Narrow-Line Region

The second region of ionised gas and dust in the AGN structure is the narrow line region
(NLR). It is located just beyond the dust torus, extending out to hundreds of parsecs
beyond the torus (Netzer, 2015). It is a conical, symmetrical structure due to the so-
called “ionisation cones” caused by escaping photons being funneled by the dust torus
encircling the accretion disc (Osterbrock, 1993b). The NLR is a universal optically thin
component in the AGN structure, that scales with photoionisation (luminosity-size) from
Seyfert galaxies to quasars (Bennert et al., 2002).

The NLR is where the narrow emission lines observed in optical AGN spectra are pro-
duced. It consists of low density ionised gas and dust, moving at relatively low velocities
from approximately 300 to 1000 km s~! (Padovani et al., 2017). The most prominent
emission lines produced in the NLR are the forbidden [O III] and [N II] lines, along with
the H, line (Bennert et al., 2002). The dust in the NLR can also greatly contribute to
the infrared continuum (Bennert et al., 2002; Netzer, 2015).

Radio Jet

For a few AGN (less than 10% Netzer, 2015), strong, highly collimated jets, generally
occurring at the poles of the disc/torus are produced (Urry and Padovani, 1995). The
expulsion of energetic particles in a collimated stream — or jet — is common in any instance
where matter accretes onto a central object, and becomes relativistic when the central
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object is compact, like a neutron star, stellar-mass black hole, or SMBH (Romero et al.,
2017). In AGN, these relativistic jets are the main energy transport mechanism from
the SMBH outward, and produce highly Doppler-boosted non-thermal emission that can
range from the radio to the y-ray energy regimes. The emission from the jet is highly vari-
able across the electromagnetic spectrum, with no apparent periodicity (Romero et al.,
2017). However, much about the jets in AGN is still poorly understood, as the jet for-
mation, magnetic fields, radiation mechanisms, and population of particles producing the
non-thermal emission are still unclear. Jet-physics remains one of the main fields of re-
search in the field of radio-loud AGN (Beckmann and Shrader, 2012a; Romero et al., 2017).

Host Galaxy

Current research indicates that there are no “standalone” supermassive black holes, i.e. all
SMBHs reside at the centre of a galaxy (Beckmann and Shrader, 2012a). Therefore, the
effects of the host galaxy on the central engine of AGN, and vice versa, cannot be ignored.
The type of AGN observed is dependent on the type of the host galaxy, e.g. elliptical galax-
ies host AGN with strong radio jets, and gas-rich spiral galaxies host AGN with weak or
no radio jets (Urry and Padovani, 1995). It is now known that a SMBH exists in almost
all galactic bulges and, provided the central SMBH is not dormant, AGN are observable
from all types of galaxies (Beckmann and Shrader, 2012a; Heckman and Best, 2014; Urry
and Padovani, 1995). Due to the symbiotic relationship between the host galaxy and the
SMBH, AGN play a critical role in the formation and evolution of galaxies, as the AGN
phenomenon forms part of the typical lifespan of galaxies (Best et al., 2005; Heckman
and Best, 2014). One of the main observational effects the host galaxy has on the study
of AGN, is that there is a selection effect, or observational bias, tending towards higher-
luminosity AGN. Hence, there is an intrinsic uncertainty in the population of faint AGN
(Padovani et al., 2017).

Evidently, AGN are by no means simple objects — they have a complex, composite
structure, exhibiting a wide array of diverse observational features across the electromag-
netic spectrum. Yet, however complex the classification of AGN might become, in the
unification of AGN, there are only three main parameters that determine the type of
AGN that is observed: the orientation of the AGN, or viewing/inclination angle of the
observer; the presence or absence of a relativistic jet; and the accretion rate of material
onto the central SMBH.

From this, and from the basic components of AGN, all of the various AGN classes can
be typified into a single, unified model as represented in Figure 2.1. As mentioned before,
AGN can be split into two main classes, radio-loud and radio-quiet. However, there is a
push to change the nomenclature from radio-loud/radio-quiet to something more accu-
rate and descriptive of the physical scenario, as radio-loudness is a vague and inaccurate
naming scheme, kept only for its historical importance (Padovani, 2017b). Therefore,
from hereon out, we will refer to jetted AGN, and non-jetted AGN. Then, following from
the unified model in Figure 2.1, Seyfert 1 and 2 type AGN are non-jetted (radio-quiet)
sources, whereas blazars are jetted (radio-loud) AGN (Mor et al., 2009).
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Figure 2.2: The viewing geometry of an AGN jet in the co-moving (left) and observer (right) frames, with the jet-
component in the z-direction. Figure adapted from Boettcher et al. (2012).

2.3 Blazars

As shown in Figure 2.1, blazars form part of the jetted class of AGN, with a jet-component
closely aligning with the observer’s LOS (with a viewing angle of 0,5 < 15—20°, Padovani
et al., 2017). These jets are highly collimated, relativistic outflows that extend outward
to kiloparsec or megaparsec scales (Zhang, 2019). The observed non-thermal emission is
highly Doppler boosted and, therefore, highly luminous, and extends across a wide range
of energies (radio to y-ray). At an angle 0, (in the observer frame) with respect to the
line of sight, the frequency emitted from a region moving with a bulk Lorentz factor of

r=(1- 61%)_%, at speed v = frc, will be Doppler boosted by a factor of:

v=20v, (2.1)

where § = (I'[1 — Br cos fops]) " is the Doppler factor. The observed luminosity will be
Doppler boosted by:

L,=4¢L,, (2.2)

and the observed flux of the emission will be Doppler boosted by a factor of:

F, =°F,, (2.3)

while any timescale variability in the observed emission will be shortened by:

t=0"1t. (2.4)

In Equations (2.2) — (2.4), the primed quantities are in the co-moving frame and the
unprimed quantities are in the observer frame (see Figure 2.2 exhibiting the viewing ge-
ometry of blazars; Bottcher, 2019).

Blazars are rare sources, since only about 10% of all AGN can be classified as jetted
sources. Of these, it is often stated that only one in every 100000 is a blazar. Despite the
intrinsic scarcity of blazars, as seen by the Fermi-LAT, the relativistic beaming effects of
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Figure 2.3: A generic SED model for typical blazar emission, indicating various contributions that led to the characteristic
double-humped spectrum. Figure adapted from Bottcher et al. (2013).

the jet-emission make them the most numerous and brightest extragalactic y-ray sources
in the universe, as well as the most extreme type of known AGN (according to the Fermi-
LAT 4FGL 8-year source catalogue, blazars formed > 98% of the observed AGN popu-
lation; Ackermann et al., 2015; Bottcher, 2019). Blazars are characterised by extreme,
rapid variability in both flux and polarisation, with the emission varying throughout the
electromagnetic spectrum on timescales from years down to minutes, with high-energy
outbursts, or “flares” occurring at seemingly random intervals (Beckmann and Shrader,
2012b; Marscher, 2013). These flares are generally observed in multiple wavelength bands,
but in some instances, so-called orphan flares have been observed, in which the flare is
only observable in one wavelength band (e.g. Blazejowski et al., 2005).

2.3.1 Spectral Energy Distributions of Blazars

The broad-band continuum spectral energy distributions (SEDs) of blazars are dominated
by non-thermal emission radiating from the jet-component (Bottcher, 2019). They display
a characteristic double-humped, composite structure as shown in Figure 2.3, consisting of
a low-energy and high-energy component.

The low-energy component extends from radio to optical/UV frequencies, but can
sometimes extend into the soft X-ray frequencies (Zhang, 2019). It is generally accepted
that this component is produced by leptonic synchrotron emission from relativistic elec-
trons in the jet, and that the emission is intrinsically polarised. The lower-energy com-
ponent of blazar SEDs also has an underlying thermal contribution at infrared-UV wave-
lengths due to emission originating in the accretion disc, dusty torus, BLR, and host
galaxy itself. Hence, the low-energy component is a superposition of both thermal and
non-thermal contributions, leading to the highly variable degree of polarisation in blazars,
as the dominance of the non-thermal, polarised synchrotron contribution fluctuates with
jet-activity (Bottcher et al., 2017).
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The high-energy component of blazar SEDs spans the X-ray to vy-ray wavelength bands,
and can be reproduced by two different models, generally referred to as the leptonic or
hadronic models (Bottcher et al., 2013). In the leptonic scenario, it is assumed that any
protons present in the jet have a negligible contribution, and the high-energy emission is
produced by the inverse-Compton (IC) scattering of low-energy (soft) photons by the same
population of relativistic electrons that produce the low-energy component (Boettcher,
2010; Bottcher et al., 2013; Degrange and Fontaine, 2015). In the leptonic scenario, the
jet magnetic field strength is relatively low (mG to G levels), and the target photons
that are upscattered can originate either within the jet itself, or from an external region
(Zhang, 2019).

The photons originating in the jet are the direct result of the synchrotron emission
producing the low-energy component, and are upscattered via IC processes (e.g. Bloom
and Marscher, 1996; Maraschi et al., 1992). In this Synchrotron-Self Compton (SSC)
scenario, the radio-optical/UV seed photons provided by the synchrotron emission are
upscattered to X-ray and/or v-ray frequencies (Beckmann and Shrader, 2012b; Rybicki
and Lightman, 1985). When the target photons originate externally to the jet, this is
known as External Compton (EC) emission. The photons can originate from a number
of regions, for example, radiation from the accretion disc (the BBB) and the BLR could
contribute optical, UV, and soft X-ray photons (Dermer and Schlickeiser, 1993; Dermer
et al., 1997), and the dusty torus contributes infrared seed photons (Blazejowski et al.,
2000). These seed photon fields, both external and from within the jet itself, produce the
high-energy component of blazar SEDs in the leptonic scenario.

Leptonic models have been largely successful in recreating the high-energy component
of the SEDs, as well as the spectral variability of blazars (e.g. Boettcher, 2010; Celotti
and Ghisellini, 2008; Ghisellini et al., 1998). They are also successful in explaining the
strong radio-y-ray correlation, since both are produced by the same population of elec-
trons (Lister et al., 2015). However, some blazars are characterised by extremely rapid
TeV variability, and others are characterised by orphan flares, in which TeV v-ray flares
happen days before activity becomes apparent at lower energies (e.g. Aharonian et al.,
2007; Albert et al., 2007; Blazejowski et al., 2000). These characteristics are difficult to
explain with the standard leptonic model (Dermer and Giebels, 2016).

In the hadronic scenario, it is assumed that hadrons (i.e. protons and /or nuclei) are suf-
ficiently accelerated to produce the high-energy emission via proton initiated synchrotron
cascade emission and/or photomeson processes (photo-pion production; Mannheim, 1993;
Zhang, 2019). To achieve this, the protons must be accelerated in a highly magnetised
environment (several tens of G; Boettcher, 2010) to overcome the threshold for secondary
particle production (Mannheim and Biermann, 1992). These secondary particles are neu-
tral muons and mesons — generally pions (7°) — that form high-energy 7-rays through
pion-decay (Degrange and Fontaine, 2015).

These processes are able to explain the orphan flares, as well as the rapid very high
energy (VHE > 100 GeV) variability of some blazars. It can also explain the detection
of high-energy neutrinos (as seen in TXS 0506+056, Tanaka et al., 2017), pointing to
the multi-messenger nature of blazars (e.g. Bottcher, 2019; Dermer and Giebels, 2016).
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Figure 2.4: Modelling of the SEDs of two different blazars, RX J0648.74+1516 (left), and RBS 0413 (right), fitted with
three different models. First, the solid curve was fitted with a leptonic SSC model. Second, the dot-dashed curve is a
leptonic SSC + EC fit, and third, the dashed curve was fitted with a semi-analytical hadronic model. Figure adopted from
Boettcher (2012).

However, the strong magnetic fields required to accelerate the protons to sufficiently high
energies, is challenging (Zhang, 2019).

Due to the multitude of various contributing radiation components, uncertainty of the
particle population, and acceleration mechanisms at high energies, disentangling blazar
emission from the SEDs alone can be very challenging (Boettcher, 2010; Bottcher et al.,
2017; Zhang, 2019). For example, as shown in Figure 2.4, the observed SEDs of some
blazars can be well reproduced by both leptonic and hadronic models. However, since
the low energy component is accepted to be produced by synchrotron processes, this pro-
vides a way of constraining the electron (leptonic) population of particles. Combined
with polarisation, the thermal and non-thermal contributions at optical wavelengths can
be disentangled. This not only allows for constraints on the SMBH-mass, but also more
successful modelling of the high-energy component (see e.g. Schutte et al., 2022). When
coupled with polarisation signatures of the emission at higher frequencies (X-ray and
~-ray), the optical —7-ray connection can be explained, and will promote a better under-
standing of what produces the high-energy emission observed in blazars.

2.3.2 Blazar Classification and the Blazar Sequence

Even though all blazars broadly have the same properties, blazars can be further sub-
divided into two different classes, namely BL Lacertae type objects (BLLs) and Flat-
Spectrum Radio Quasars (FSRQs). BLLs and FSRQs have some intrinsic differences, and
can be classified based on a number of different features (Fossati et al., 1998).

Firstly, BLLs and FSRQs are classified based on the spectral features in their opti-
cal/UV spectra. The optical spectra of BLLs display a largely featureless continuum, with
— in some cases — weak, narrow absorption features or weak emission lines with equivalent
widths typically set at |Wy| < 5A. This indicates that the thermal contribution from
the accretion disc, BLR, and dust torus is diminished due to the strong presence of the
jet-component (Dermer and Giebels, 2016). Contrastingly, FSRQs tend to have strong,
broad emission features with |TWy| > 5 A due to the BLR- and dust torus emission. Note
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Figure 2.5: The SEDs of LSP and HSP blazars, with the shift in the synchrotron peak frequency from FSRQs to HBLs
clearly visible. Figure taken from Urry (1998).

that, despite the practical application of the 5A dividing line, it is an arbitrary value
that does not point to a physical distinction (Ghisellini et al., 2011; Meyer et al., 2011;
Padovani and Giommi, 1995a,b). BLLs have weak or, in some cases, a total absence of
spectral features. These spectral features often arise from the host galaxy itself, making
BLLs hard to distinguish from normal galaxies. To distinguish BLLs from normal galax-
ies, the presence of a Ca Il H/K break with a ratio < 0.4 is often used (Abdo et al., 2010b;
Dermer and Giebels, 2016).

Secondly, blazars can be classified based on their flux variability over all wavelengths,
~-ray dominance, and photon indices, etc. For example, it is expected that FSRQs will be
more variable than BLLs, with rapid outbursts or flares being a more regular occurrence
in FSRQs than in BLLs (Boettcher, 2012). This is due to the suggested difference in the
accretion discs of FSRQs and BLLs, as FSRQs have radiatively efficient (thin) accretion
discs, leading to the radiation being dominated by External Compton emission, whereas
BLLs have less radiatively efficient discs and therefore more synchrotron dominated emis-
sion (Ruan et al., 2012). A more detailed summary of the spectral properties and SEDs
of blazars can be found in Abdo et al. (2010a,b).

Lastly, blazars (both BLLs and FSRQs) can be further subdivided based on the fre-
quency at which the low-energy component peaks (v4y ), as shown in Figure 2.5. The more
luminous FSRQs generally have lower synchrotron peak frequencies than the less lumi-
nous BLLs. Thus, blazars can be divided into three different categories; Low-Synchrotron-
Peaked (LSP) blazars, Intermediate-Synchrotron-Peaked (ISP) blazars, and High-Synchrotron-
Peaked (HSP) blazars, as originally proposed by Padovani and Giommi (1995a). The
population of LSP blazars consists of both FSRQs and low-frequency peaked BLLs, or
LBLs, with vy, < 10" Hz, whereas ISP- and HSP blazars are mostly BLLs (IBLs, HBLs),
with 10™ < vy, < 10" Hz and vy, > 10" Hz, respectively (Bottcher et al., 2013; Rani
et al., 2011). The different types of blazars can then be arranged as a continuous sequence:
FSRQ — LBL — IBL — HBL.

The phenomenon connecting the location of v, to the observational signatures of
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Figure 2.6: Two versions of the blazar sequence. The panel on the left shows the original blazar sequence as proposed by
Fossati et al. (1998), consisting of a sample of 126 blazars. In contrast, the panel on the right shows a more recent version
of the blazar sequence by Meyer et al. (2011), suggesting a blazar “envelope”, rather than the original blazar “sequence”.

blazars is known as the so-called blazar sequence. It was first pointed out by Fossati et al.
(1998) as shown in the left panel of Figure 2.6, and was later reproduced by Ghisellini
et al. (1998). Fossati et al. (1998) used a sample of 126 blazars (mostly LSP FSRQs and
HSP BLLs), and found an anti-correlation between the observed bolometric luminosity
and location of the synchrotron peak frequencies in different types of blazars; with increas-
ing luminosity, vs, moves to lower frequencies. It was proposed by Ghisellini et al. (1998)
that this could be due to the differences in the radiative cooling processes in FSRQs and
BLLs, respectively.

Meyer et al. (2011) revisited the original blazar sequence, but with a much larger
sample of BLLs and FSRQs at a wider range of observation angles (therefore including
FR T and FR II radio galaxies).! From this, Meyer et al. (2011) showed that the “up-
dated” blazar sequence forms an L-shaped envelope, contradicting the original sequence
proposed by Fossati et al. (1998). This could also explain the “missing” ISP population
in the blazar sequence, as ISPs are possibly just more misaligned versions of HSPs at
similar jet powers (for a more detailed overview on the blazar sequence, see e.g. Dermer
and Giebels, 2016; Meyer et al., 2011).

The blazar sequence may, therefore, point to an evolutionary track where blazars evolve
from FSRQs, to HBLs, and might be due to intrinsic differences in the jet structure or
SMBH’s accretion mechanisms (e.g. Bottcher and Dermer, 2002). However, its existence
and whether or not it points to a true evolutionary sequence or any intrinsic physical
difference, is still widely debated. For example, the blazar sequence predicts HBLs should
be more numerous than LBLs, but observationally, this is not the case. It might also
be that the anti-correlation between the synchrotron peak frequency and observed power
and the clear divide between BLLs and FSRQs based on vy, is largely due to selection

'Radio galaxies (FR I and FR II type radio galaxies) are believed to be the misaligned counterparts
of BLLs and FSRQs, respectively (see Figure 2.7; Fanaroff and Riley, 1974; Meyer et al., 2011; Urry and
Padovani, 1995)
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effects (Padovani, 2007).

The above discussion about blazar SEDs and the widely debated blazar sequence
implies that much of blazars is still unclear. It is evident that new ways of investigating
them are required to gauge information from blazars to understand their SEDs and the
way they evolve or link together. One of these improved means of investigating blazars, is
the polarisation signatures in blazar emission. Polarisation can be used as an additional
diagnostic tool to aide in disentangling the emission components and constraining the
particle population responsible for producing said emission. Polarimetry is defined as the
measurement of polarisation in electromagnetic radiation, and can be used to understand
the underlying particle populations and acceleration mechanisms in blazars, as well as
probe AGN jets, their magnetic field and the central SMBH (Zhang, 2019).

2.3.3 Optical Polarisation Signatures of Blazars

This section contains a brief introduction to the polarisation of electromagnetic waves,
followed by the definition of synchrotron radiation and polarisation, and how it can be
applied to the specific case of blazars. Lastly, there will be a brief discussion on the recent
observational and theoretical progress in blazar polarimetry studies.

Polarisation

Following the discussion by Jackson (1975, pp. 202-207) and Rybicki and Lightman (1985,
pp. 62-69), Maxwell’s equations in a vacuum fully describes the electric (E) and magnetic
(B) fields of plane electromagnetic waves (light). These are given by:
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v E = 0 (2.5)
7B = 0 (2.6)
10B
10E

where c is the speed of light in a vacuum. The E-field has a possible vector wave solution
of the form:
1 0’E
E—=—=0 2.9
and, since Equations (2.5) to (2.8) are invariant under the transformation E — B and
B — — E, the B-field can have a similar wave solution:
’B — 182B—o (2.10)
otz '
From this, it follows that the plane-wave solutions to Equations (2.9) and (2.10) have
the form:

E(r,t) = & Eye'kr=1 (2.11)
B(r,t) = &Bye'*r, (2.12)

where £, and &, are constant real unit vectors, Ey, By are the complex wave amplitudes at
a time ¢, k = kn is the wave vector, and w = 27 the angular frequency of the wave. From
Equations (2.5) to (2.12) it is clear that the wave propagates in the direction n, and that
the wave motion is transverse (i.e. perpendicular) to the direction of propagation, and that
the electric E and magnetic B fields are always in-phase and perpendicular to one another.

For a more generalised solution, consider two electromagnetic waves oscillating in
perpendicular directions. The observed electromagnetic radiation can be in various stages
of polarisation. Since the magnetic field vector B is always perpendicular to the E, and
has the same amplitude, we can consider only the electric field vectors to describe the
general state of polarisation. For a given wave of k and w, the electric field vector can be
described by:

E(r,t) = (6,F) + éyB,)e'®T=), (2.13)

where the complex wave amplitudes F; and E5 are given by:

E, = &e* (2.14)
By, = &%, (2.15)

with real components:
E., = & cos(wt— ¢) (2.16)

E., = & cos(wt— ¢a). (2.17)



20 CHAPTER 2. ACTIVE GALACTIC NUCLEI

Figure 2.8: The polarisation ellipse tracing the rotation of the z and y components of an E-field vector through an angle
x- This defines the plane of rotation and the type of polarisation that an observer will see. Figure adapted from Jackson
(1975); Rybicki and Lightman (1985).

The rotation of the electric field components described by Equations (2.13) to (2.17)
traces out the polarisation ellipse as seen in Figure 2.8, implying that the general state
of polarisation for electromagnetic waves is elliptically polarised.

Two special cases arise for the polarisation of electromagnetic waves. The first is where
E; and E, have the same orientation (i.e. with a phase difference of ¢ = ¢ — ¢; = 0),
oscillating only in one plane. The observed emission for such a case will be linearly po-
larised. The second case is circular polarisation, when E; and E; have a phase difference
of ¢ = m/2. For any other phase difference ¢, the polarisation is elliptical (Griffiths,
2013; Jackson, 1975). Elliptical and circular polarisation can be further defined by the
“handedness” or direction of rotation as viewed by the observer (see the polarisation el-
lipse in Figure 2.8), as the rotation can be clockwise (right-handed) or counterclockwise
(left-handed).

The polarisation of electromagnetic radiation can be described by the Stokes param-
eters. The Stokes parameters can be expressed in terms of the averaged product of the
x and y components of the linearly combined E-field vectors of a beam of radiation (e.g.
Landi Degl'Innocenti et al., 2007). For the general case of incoherent/partially polarised
light, the Stokes parameters can be expressed as:

I{w) o< [{ea(w) en(w)) + (gy(w) ey (w))] (2.18)
Qw) o [(ex(w) ea(w)) = (gy(w)ey(w))] (2.19)
Uw) o [(ealw)ey(w)) + (ey(w) ea(w))] (2.20)
V(w) o [(ex(w)ey(w)) — (ey(w)ex(@))], (2.21)

or, when considering only the real components of the electric field vector, by:
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Figure 2.9: Visualisation of the definition of the Stokes Parameters @, U, and V. Figure taken from Landi Degl’Innocenti
et al. (2007).

1:<W+ﬁ) (2.22)
Q = (B2 E) (2.23)
U = <2EE cos(y — ¢z)) (2.24)
V = (2E,E,sin(¢, — é.)), (2.25)

where ¢, — ¢, is the phase difference between F, and E,. Here, I represents the total
intensity of the observed emission, () is the difference between the E-fields oscillating
along and perpendicular to the reference direction, U is the difference between the E-
fields oscillating at 45° and 135° with respect to the reference direction, and lastly, V' is
defined as the difference between the right-handed and left-handed circular polarisation
of the observed emission (see Figure 2.9).

Spectropolarimetry is defined as the measurement of the state of polarisation of light as
a function of wavelength (Landstreet, 2015). Depending on the method of observation (see
Section 3.1 for the full details of the SALT observations), it is possible to measure both
linear and circular polarisation. However, in blazar emission the contribution of circular
polarisation is negligible, and only the linear degree of polarisation is measured. Then,
when performing linear spectropolarimetry, I gives the total intensity of the observed
emission as a function of wavelength, and the degree of linear polarisation is given by:

P, =/P3+ P2, (2.26)

where Py = Q/I and Py = U/I are the reduced Stokes parameters. The polarisation
angle 6 is the angle of maximum polarisation relative to the celestial meridian (Landi
Degl’Innocenti et al., 2007), and is given by:

1 Po

0 = —sign(Py) arccos | ——— | ,
\/ P§+ Pp

> (2.27)



22 CHAPTER 2. ACTIVE GALACTIC NUCLEI

as outlined in a discussion by Landi Degl'Innocenti et al. (2007).

The linear spectropolarimetric data can then be represented by intensity (I) as with
normal spectroscopy, degree of linear polarisation (Pp), and linear polarisation angle (6)
as a function of wavelength (\). These results are of immense importance in polarisation
studies, as it gives valuable information regarding the nature of the observed emission, as
well as underlying activity and emission mechanisms in astrophysical sources.

Synchrotron Radiation and Polarisation

When relativistic charged particles are accelerated by a magnetic field, they will radiate
and lose energy via a process called synchrotron emission. Relativistic electrons mov-
ing within a magnetic field B, will be accelerated because the magnetic field exerts a
force perpendicular to the electrons’ original direction of motion. An electron travelling
with some velocity will be accelerated to follow a circular motion around the magnetic
field lines. This will result in the particles following a helical path, gyrating around the
magnetic field at a frequency wp = ¢B/ymc. As shown in many standard texts, such
as Rybicki and Lightman (1985, pp. 167-191), for an isotropic distribution of velocities,
averaged over all pitch angles (o, the angle at which the particle is moving with respect
to the magnetic field) for a given speed f3, the total power of the radiation is given by:

4
P= gaTcﬁzfyzUB, (2.28)

where o7 is the Thomson scattering cross section, and Up = B?/87 the magnetic energy
density. A more detailed analysis shows that the total emitted power per unit frequency
for a single particle can be separated into its parallel and perpendicular components (with
respect to the projection of the magnetic field on the plane of the sky) as:

Piw) = %[P(m)—k(}(@] (2.29)
Piw) = Y0 ) Gy 2:30)

where:
Fla) = [ Kopl€)de (2:31)

is an integral over a modified Bessel function of order 5/3 with = w/w,, and,

G(z) = vk (x), (2.32)

is a modified Bessel function of order 2/3. Here, w, is the critical or peak frequency of
the emitted synchrotron radiation, and is defined as:
3 5 )
we = 57 wpsina. (2.33)

The total emitted power per unit frequency is given by the sum of its perpendicular
and parallel components from Equations (2.29) and (2.30); i.e.:
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Figure 2.10: Synchrotron polarisation as projected on the plane of the sky, following Equation (2.38). Figure adopted
from Rybicki and Lightman (1985).

Plw) = Pw)+Pw)

V3 ¢*Bsina
= ——F (), 2.34
Sy N C) (2.34)
For astrophysical sources, synchrotron radiation is often produced by a power-law
distribution of electrons. In this case, the number density of particles with energies (v to

v + dy) is approximated by:

N(v) = CyPdy, (2.35)

where p is the particle distribution index, and C' is a constant. The total power radiated
per unit volume per unit frequency is then found by the integral:

Pr(w) = / " Pl)N (), (2.36)

where the power per unit frequency per particle is given by Equation (2.34). It can then
be shown that Equation (2.36) scales as:

pt1

Pt xw™ 2 ocw™?, (2.37)

where s is the observed spectral index.

As already mentioned, synchrotron radiation from a single charged particle is inher-
ently elliptically polarised. In a relativistic plasma, the contributions of all the individual,
elliptically polarised photons can be summed up, with each photon having a different
“handedness”. The elliptically polarised contributions from each individual particle will
effectively cancel out, and the ensemble will not produce any circularly or elliptically
polarised emission. Instead, the observed synchrotron emission will be partially linear
polarised. The synchrotron radiation of the jet plasma can be fully described by the
power per unit frequency in directions parallel and perpendicular to the projection of
the magnetic field on the plane of the sky (Figure 2.10). The degree of polarisation is
determined by:
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_Piw)-A) _ Gl)

P(w)+ Pw)  F(z)
which can be simplified by some assumptions. For an electron population with a power-
law distribution in a uniform magnetic field, Equation (2.38) reduces to:

T (w) (2.38)

_p+1
Pty
The allowed polarisation is quite high, and can go up to as high as ~ 75% (for p < 3).
The observed polarisation of blazars does not reach such high levels, as it typically remains
below 20 to 30% (Zhang, 2019). Since the synchrotron polarisation in blazars is always

linear, for the remainder of this dissertation, the term “polarisation” will refer to linear
polarisation unless otherwise specified.

I (2.39)

2.3.4 Synchrotron Polarisation in Blazars

As already discussed in Section 2.3.1, the synchrotron radiation producing the low-energy
component of blazar SEDs; and possibly the high-energy component via leptonic pro-
cesses, is intrinsically polarised. Due to the underlying thermal (unpolarised) contribution
from the host galaxy and dust torus at lower frequencies, as well as the accretion disc
towards the bluer end, the degree of linear polarisation in these frequency ranges will be
reduced slightly (Bottcher et al., 2017). From this, it is clear that the non-thermal emis-
sion in the radio-optical/UV wavelength bands will be partially linear polarised emission
originating in the jet of the blazar (see e.g. Beckmann and Shrader, 2012b; Rybicki and
Lightman, 1985, for a detailed overview of synchrotron emission in jet plasmas).

The degree of synchrotron polarisation (radio - optical wavelength bands) in blazars
can vary from a few to tens of percent in a partially ordered magnetic field (Zhang et al.,
2014). The polarisation of blazars is highly variable in both degree and angle, especially
during outbursts or flares, and can increase up to 50% during very high-energy or TeV
flares (Smith, 2017), and large (2 180°) polarisation angle swings have been reported
during flaring activity (Marscher et al., 2008, 2010).

Polarisation signatures in blazars can be used to directly probe the evolution, compo-
sition, and magnetic field structure of AGN jets, aide in identifying periodic variability
in blazar activity (e.g. Zhang and Wang, 2022). However, blazar polarimetry is still
a fairly new field, and has yet to expand fully into the high-energy (X-ray and ~-ray)
regimes (see Liodakis et al., 2019; Zhang and Bottcher, 2013, for an overview on the ex-
pected/theoretical X-ray and v-ray polarisation signatures of blazars). Below, the recent
progress in polarimetry, both observational and theoretical, is briefly discussed.

Observational findings by RoboPol

The RoboPol programme? (2014 - present) is the first large-scale data collection attempt
at studying statistical trends in blazars connected to the polarisation signatures in their

2https://robopol.physics.uoc.gr/
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Figure 2.11: Findings by Angelakis et al. (2016) from the RoboPol programme. The left column (top and bottom) shows
the cumulative distribution function (CDF) of the median (top) and intrinsic (bottom) fraction of polarisation in y-ray loud
(GL) and ~-ray quiet AGN (GQ). The top right panel shows the median polarisation fraction versus the logarithm of the
synchrotron peak frequency, whereas the bottom right panel gives the median polarisation fraction as a function of emitted
rest-frame luminosity.

emission. RoboPol is a specialised photopolarimeter designed to have high observing ef-
ficiency and automated operations. One of the RoboPol Collaboration’s primary science
goals is to monitor the optical linear polarisation of v-ray bright blazars over a long period
of time and identify trends in their overall behaviour. This programme has significantly
boosted the field of polarisation studies in AGN — and specifically blazars — with the
myriad of information it presents. Below is a short summary of some of the RoboPol
Collaboration’s main findings.

A comparison of y-ray loud and ~-ray quiet AGN shows that there seems to be a
general trend for the polarisation levels to increase with increased v-ray activity, with
~v-ray loud AGN displaying systematically higher polarisation fractions than y-ray quiet
AGN (Angelakis et al., 2016). This is shown in the left column of Figure 2.11, which gives
the cumulative distribution function for the observed AGN. This is likely due to ~-ray
loud AGN’s emission being highly Doppler boosted, jet-dominated, and highly variable,
leading to higher observed degrees of polarisation than for «-ray quiet AGN. There is also
an anti-correlation between the median fraction of polarisation and the location of the
synchrotron peak frequency (vgy; top right plot in Figure 2.11), where HSP sources have
lower polarisation fractions compared to LSPs. Since LSP sources peak in the infrared,
the optical regime represents the high-frequency portion of the synchrotron radiation, and
is, therefore, more polarised than HSPs (Angelakis et al., 2016). The average degree of
linear polarisation does not seem to depend on the observed rest-frame spectral luminos-
ity, indicating that the difference in polarisation fraction of v-ray quiet and ~-ray loud
sources cannot be traced to differences in the jet luminosity at optical wavelengths (see
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Figure 2.12: Results from Blinov et al. (2018) on the link between polarisation angle rotations and 7-ray flares. The
figures on the left show the v-ray lightcurves with detected Electric Vector Polarisation Angle (EVPA) rotations of three
sources (of a larger sample of 24) observed with the RoboPol programme in 2013. The red datapoints indicate periods of
flaring activity, and the green ticks indicate when EVPA measurements were taken. The pink shaded area indicates the
duration of the polarisation angle rotation, and the green shaded area gives the season interval. The histogram to the
right shows the distribution of the observed time lags (7obs, not yet redshift-corrected) between the y-ray flares and EVPA
rotations.

the bottom right plot in Figure 2.11; Angelakis et al., 2016).

RoboPol found no significant difference in the overall polarisation properties of TeV-
detected and non-TeV-detected BLLs. This indicates that the TeV loudness of blazars,
or BLLs in particular, is not directly linked to their polarisation properties. Rather, the
TeV loudness of BLLs is more likely a consequence of flaring activity, redshifts, and the
location of the synchrotron peak frequency (vs,; Hovatta et al., 2016). All of these trends
hint towards a possible connection to the blazar sequence (Fossati et al., 1998; Meyer
et al., 2011).

A major achievement of the RoboPol monitoring programme, is that it has measured
polarisation angle swings in blazars. Although polarisation angle swings are very rare
and do not occur in all blazars, it was found to happen in BLLs and FSRQs with equal
probability (Blinov et al., 2016). In blazars that show polarisation angle rotations, there is
a decrease in the average degree of polarisation during the rotation. There is also a corre-
lation with higher and more variable v-ray emission during the polarisation angle rotation.

A connection between the RoboPol observed polarisation angle swings and «-ray flar-
ing activity detected by the Fermi-LAT in blazars was also found. This was detected
for a total of 24 sources, and the figures on the left of Figure 2.12 show the Fermi-LAT
lightcurves for three of these sources, indicating both the periods associated with ~-ray
flares (red datapoints), and the periods associated with polarisation angle swings (pink
shaded areas).
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A cross correlation between the polarisation angle rotations and ~-ray flares gives the
distribution of the time lags between the two events in the plot to the right in Figure
2.12. This distribution has a peak around 7,,s = 0, with an average delay consistent
with zero when the lags are redshift-corrected ((Teorr) = 1.5 + 3.1d, where 7., is the
redshift-corrected time lags), indicating that these events occur with a time-lag between
the flare and polarisation angle swing consistent with zero (see Figure 2.12; Blinov et al.,
2018). The authors suggest that, in principle, every ~-ray flare should be accompanied
by a polarisation angle rotation, but more continuous monitoring of blazars would be
required to test this hypothesis.

Progress in Blazar Spectropolarimetry

Another example of the importance of including polarimetry and multi-wavelength ob-
servational data can be seen in Figure 2.13, where Schutte et al. (2022) simultaneously
fitted the thermal and non-thermal components of the observed blazar flux, as well as
the degree of optical linear polarisation. This model was applied to the FSRQ 4C+01.02
during both a flaring (top plots in Figure 2.13) and quiescent state (bottom plots), during
which the emission was dominated by the jet-synchrotron emission, and accretion disc
emission, respectively. The authors were able to not only constrain the thermal accretion
disc emission component and determine the mass of the SMBH (Mgypg ~ 3 x 10 M),
but also shed some light on the electron distribution in the jet. The degree of ordering
of the jet magnetic field, Fg, was also constrained. Here, Fjy is a unitless parameter such
that the polarisation is given by,

(G(x))
¥ = Fg - : (2.40)
(F(x))
and it was found that the magnetic field was partially ordered, with ordering of the mag-
netic field Fp < 1 during both flaring (Fp = 0.188) and quiescent (Fp = 0.040) states.

There has also been significant progress in theoretical polarimetry studies regarding
the long and short-term polarisation signatures, the physical structure of the jet-magnetic
field, as well as fluid-dynamical simulations of blob-injections, shocks and particle accel-
eration within the jet (e.g. Marscher, 2014; Marscher et al., 2008; Zhang et al., 2014, to
name just a few).

By investigating the degree of polarisation in frequency space, one can use the slope of
the polarisation to gauge what is happening in the jet-component at the time of observa-
tion. As shown in e.g. Schutte et al. (2022), a decrease in the degree of linear polarisation
toward the blue/higher frequency end of the optical spectrum is due to the contribution
of the thermal (unpolarised) accretion disc emission (see Figure 2.13).

In contrast, an increase in the degree of linear polarisation toward the blue/higher
frequency end might be due to a shock in the jet. This is the so-called “shock-in-jet”
model, as outlined by Tavecchio et al. (2018) as a possible jet energy dissipation mecha-
nism, and is shown in Figure 2.14. In this model, a rapidly decaying B-field component
perpendicular to the direction of the shock’s motion is generated by instabilities in the
vicinity of the shock front. Due to the highly ordered B, one expects the emission from
the highly energetic electrons (e.g. emitting at X-ray wavelengths in the case of HBLs)
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Figure 2.13: An example of simultaneous SED and spectropolarimetry modelling of the emission of blazar 4C+01.02
during flaring and quiescent states by Schutte et al. (2022). The figures in the left column gives the SED model fitted to
the blazar during a flaring (top) and quiescent (bottom) state, whereas the figures in the right column give the model fit to
the degree of polarisation in the optical/UV regime.

to be characterised by a high degree of polarisation. However, due to strong radiative
losses, the electrons cool rapidly, and the highly polarised emission is only emitted in
a small volume close to the shock region. At lower energies (optical/IR), the emission
is produced by low-energy electrons that fill the post-shock region. The quasi-parallel B
field is dominant over B, and the electrons, therefore, experience a less ordered magnetic
field and lower degrees of polarisation.

An implementation of this model is shown in Figure 2.15. Here, the shock-in-jet model
is implemented with a fixed viewing angle of 6, = 0.1°, with the degree of polarisation
(IIy) and polarisation angle (x,) modelled for a wide range of frequencies (IR — X-ray),
and various decay rates (m) of the perpendicular component of the magnetic field (scaling
as a power-law). Here, the predicted high degrees of polarisation at X-ray wavelengths
are seen, along with a gradual (for m = 0.4, m = 1) decrease in the degree of polarisation
towards lower frequencies, reaching a plateau in the optical regime (for m = 1, m = 3).
The low degree of polarisation in the optical regime is in agreement with what is observed
for typical HBLs (II < 10%). For a more detailed discussion on the shock-in-jet model
and its implications for optical and X-ray polarimetry, see, for example, Schutte et al.
(2022); Tavecchio et al. (2018) and Paliya et al. (2018).

Evidently, polarimetry proves to be especially useful in blazar research in the optical
wavelength regime. Recently, the Imaging X-ray Polarimetry Ezplorer® (IXPE) has been
launched (2021, December 9) in an attempt to expand polarimetry studies into the higher
energy regime. One of the IXPE’s main science objectives is to provide simultaneous spec-

3https://ixpe.msfc.nasa.gov/
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Figure 2.14: An illustration of the shock-in-jet model proposed to explain the concentration of synchrotron polarisation
around the shock (red region) at higher (X-ray) frequencies. Here, the downstream direction is to the left. Figure taken
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Figure 2.15: The behaviour of the degree of polarisation (top panel) and polarisation angle (bottom panel) as a function of
frequency in HBL sources when considering the shock-in-jet model from Tavecchio et al. (2018). These results were obtained
with a fixed viewing angle, but varying decay rates for the magnetic field component perpendicular to the shock normal
(B.), where m indicates the power-law index with which the B intensity is fitted. The vertical dashed lines indicate the
central frequencies of Johnson R, V, and U optical filters, and the orange shaded region indicate the energy range covered
by the IXPE.
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tral, spatial and temporal X-ray measurements to determine the geometry and emission
mechanisms of AGN. This will provide crucial information about the particle population
producing the high-energy component of blazar SEDs, and will lead to a clearer under-
standing of the behaviour of these highly energetic sources.*

In the chapters to follow, an optical spectropolarimetric study of the behaviour of a
selection of high-energy blazars will be presented. In the following chapter, a summary of
the optical spectropolarimetric observations taken with SALT, as well as the complemen-
tary photometric observations performed with the Las Cumbres Observatory telescope
network, and the Fermi-LAT ~-ray lightcurves, will be given.

4While finalising this dissertation, the first-ever X-ray polarisation was detected from the blazar
Mrk 501 with the IXPE (IIx (2 — 8keV) = 10 4+ 2%, twice that of the optical degree of polarisation;
Liodakis et al., 2022). These results are in agreement with the shock-in-jet model as proposed by Tavec-
chio et al. (2018).



Chapter 3

Observations of selected sources

This chapter provides an overview of the telescopes and science instruments, observations,
and data reduction processes that were used/performed to obtain the observational data
for this project. This covers a selection of eighteen blazars, of which six were BLLs and
twelve were FSRQs. Section 3.1 will summarise the optical spectropolarimetric observa-
tions, Section 3.2 will outline the optical photometry, and Section 3.3 will cover the v-ray
monitoring of the selection of blazars.

3.1 Optical Spectropolarimetry

As already mentioned in Chapter 2, spectropolarimetry is the measurement of the to-
tal intensity and polarisation in electromagnetic radiation as a function of wavelength
(Landstreet, 2015). Spectropolarimetry provides insight into the geometrical structure
and physical nature of astrophysical sources like, for example, blazars. For this project,
all optical spectropolarimetric observations were taken with the Southern African Large
Telescope (SALT; Buckley et al., 2006) using the Robert Stobie Spectrograph (RSS; Burgh
et al., 2003; Kobulnicky et al., 2003), located at the South African Astronomical Obser-
vatory (SAAO) near Sutherland in the Northern Cape province of South Africa.

The observations used in this project were taken under two different SALT observ-
ing programmes. The first is “Observing the Transient Universe” (2021-2-LSP-001) with
Principle Investigator (P.I.) David A.H. Buckley. It is an ongoing Target-of-Opportunity
(ToO) observing campaign that aims at investigating virtually all of the major transient
classes. For studying the transient behaviour of blazars, this project relies on triggers
from the Fermi Large Area Telescope (LAT) and the High Energy Stereoscopic System
(H.E.S.S.) of enhanced ~-ray activity in blazars, and then utilises SALT’s capabilities for
follow-up observations in the optical regime. Ideally, observations in both high and low
states are required to monitor the change in flux and polarisation. From the start of the
campaign in 2016 up to 2022, twenty-four blazars have been observed, of which seventeen
were FSRQs, six were BLLs, and one was a blazar candidate of unidentified classification
(BCU). The aim is to obtain quasi-contemporaneous optical and ~y-ray observations of
blazars during various states of activity to track the change in flux, degree of polarisation
and polarisation angle.

!The NASA/TPAC Extragalactic Database (NED) is funded by the National Aeronautics and Space
Administration and operated by the California Institute of Technology.

31
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Table 3.1: Coordinates, type, redshift and apparent visual magnitude of all of the blazars studied in this dissertation.
Note that most of the information comes from already published data from the Simbad database (Wenger et al., 2000), and
the NASA /TPAC Extragalactic Database.'Note that, since blazars are highly variable sources, the state during which the
catalogue apparent visual magnitudes were taken is not necessarily quiescent. The synchrotron peak frequencies (vsy) were
taken from the Fourth Catalog of Active Galactic Nuclei detected by the LAT (4LAC; Ajello et al., 2020; Lott et al., 2020).

Target RA (J2000) Dec. (J2000) Type Redshift V-mag v, (Hz)

PKS 0426-380 04:28:40.42 -37:56:19.56  BLL 1.111 19.00 4.79 x 1012
PKS 0447-439 04:49:24.70  -43:50:08.96  BLL 0.107 15.24  4.47 x 1015
TXS 05064056 05:09:25.96  4+05:41:35.33 BLL 0.337 14.78  3.55 x 1014
PKS 0537-441 05:38:50.36  -44:05:08.94  BLL 0.894 16.48  6.24 x 1012
PKS 1454-354 14:57:26.71  -35:39:09.98  BLL 1.424 19.50  1.01 x 1013
AP Lib 15:17:41.81  -24:22:19.48  BLL 0.049 14.00  9.06 x 1013
PKS 0035252 00:38:14.74  -24:59:02.23 FSRQ  0.498 17.29  2.57 x 1012
PKS 0131-522 01:33:05.76  -52:00:03.95 FSRQ  0.020 20.30 4.37 x 102
PKS 0208-512 02:10:46.20  -51:01:01.89 FSRQ  1.003 16.93  8.61 x 10'?
4AFGL J0231.2-4745 02:31:11.80 -47:46:11.58 FSRQ  0.765 17.87  1.31 x 1012
PKS 0346279 03:48:38.14  -27:49:13.56 FSRQ  0.991 18.63  1.41 x 10'3
PKS 08374012 08:39:49.61 +01:04:26.74 FSRQ  1.123 19.09 3.24 x 10'2
PKS 0907-023 09:09:44.92  -02:31:30.36  FSRQ  0.957 18.56  5.56 x 1013
PKS 1034293 10:37:16.08  -29:34:02.82 FSRQ  0.310 16.46  6.92 x 1012
3C 273 12:29:06.70  +02:03:08.60 FSRQ  0.158 14.83  7.00 x 10'3
PKS 1424-418 14:27:56.30  -42:06:19.44 FSRQ  1.522 17.70  1.40 x 1013
PKS 1510-089 15:12:50.53  -09:05:59.83 FSRQ  0.360 16.54  1.10 x 103
PKS 2023-07 20:25:40.66  -07:35:52.69 FSRQ  1.388 18.23  4.16 x 1012

The second observing programme is a pilot project named “Untangling variability in
blazars through spectropolarimetry and relativistic magnetohydrodynamic (RMHD) sim-
ulations” (2019-2-MLT-001) with P.I. Brian van Soelen. This observing campaign was a
long-term monitoring of two sources — a BLL (AP Lib) and an FSRQ (PKS 1034-293)
— over the course of ~1 year (from 2020 May to 2021 July). The aim of the long-term
observing campaign is to correlate the variability signatures (in flux, spectral features,
and polarisation) of BLLs and FSRQs with dynamical variations in the jet structure.

The complete list of all the sources included in this project is given in Table 3.1.

SALT and the RSS

SALT (see Figure 3.1) is an optical 10m-class segmented-mirror telescope, and is the
largest single optical telescope in the southern hemisphere. It is capable of high time-
resolution observations and dynamic scheduling with rapid response times, and is able to
change between observing modes in less than a minute.? SALT houses three main science
instruments, namely SALTICAM, the fibre-fed High-Resolution Spectrograph (HRS), and
the Robert Stobie Spectrograph (RSS). Thus, it is well-suited for observing faint and/or
transient sources in various modes (Buckley et al., 2006).

The RSS (Figure 3.2) is the main, all-purpose spectroscopic instrument on SALT, with
an 8 Field of View (FoV), operating between 3200 A (UV cutoff due to the atmosphere)

2See e.g. https://astronomers.salt.ac.za/proposals/
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Figure 3.1: A schematic diagram of the Southern African Large Telescope, highlighting its various components and
instruments. The Payload is enlarged to the left of the diagram, indicating the position of the Robert Stobie Spectrograph.

Figure adapted from https://www.salt.ac.za/telescope/.
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Figure 3.2: The optical layout of the RSS in longslit spectropolarimetry mode. Figure taken from Buckley et al. (2005).



34 CHAPTER 3. OBSERVATIONS OF SELECTED SOURCES

Table 3.2: All the possible imaging and spectroscopy configurations when using SALT and the RSS.

Imaging Modes Wayveplates used
Filter Imaging N
Fabry-Perot Imaging N
Imaging Polarimetry Y
Fabry-Perot Polarimetry Y
Spectroscopy Modes Waveplates used

Longslit Spectroscopy
Multi-slit Spectroscopy
Longslit Spectropolarimetry
Multi-slit Spectropolarimetry

< <Zz2Z

to 9000 A (IR /instrument response cutoff) at a resolving power of between R = 1000 and
R = 10000, depending on the diffraction grating and slit width used. The RSS is capa-
ble of various modes of observations: medium-band imaging, Fabry-Perot narrow-band
imaging, long-slit grating spectroscopy, and multi-slit grating spectroscopy (see Table 3.2
for all the possible observing modes when using the RSS; Kobulnicky et al., 2003). All
polarimetry observations can be taken in LINEAR, LINEAR-HI, CIRCULAR, CIRCULAR-HI,
and ALL-STOKES modes.

The basic layout of the RSS can be seen in Figure 3.2 in longslit spectropolarimetry
mode. The RSS consists of the field lens, followed by a slot for a modulator/retarder used
in polarimetric modes, consisting of two rotating, superachromatic mosaic 1/2 and 1/4
waveplates. Then, the beam passes through the collimator groups and folding flat mirror
that redirects the beam by 90°. For polarimetric modes, the beam is passed through
a polarising beamsplitter, which is an array of calcite Wollaston prisms. The beam is
then passed through a shutter and disperser (either a rotatable transmission grating, or
a double-etalon Fabry-Perot system). Lastly, to utlise the gratings at various angles (see,
for example, the articulation of the grating in Figure 3.2), the mosaicked detector of three
CCD 2048 x 4096 cameras is mounted in a tube that articulates around an axis that coin-
cides with the grating rotation axis (Burgh et al., 2003; Kobulnicky et al., 2003; Nordsieck
et al., 2003; Potter et al., 2016).

The subsystem used in polarimetric modes, therefore, consists of two elements, the
polarising beamsplitter, and the waveplate modulator. The purpose of the polarising
beamsplitter is to separate the collimated beam along its centre into two orthogonally
polarised fields (the Ordinary (O) and Ezxtraordinary (E) beams; see Figure 3.3). The
waveplates precede the beamsplitter, and modulate the difference in the intensities be-
tween the O- and E-beams with time. The waveplates are rotated (with different con-
figurations depending on the mode of polarimetry), and the difference between the O-
and E-beam intensities are measured for each waveplate orientation/step. After the full
waveplate pattern is completed, the Stokes parameters are calculated from the relative
intensity of the O- and E-beams of the observed emission (Burgh et al., 2003; Kobulnicky
et al., 2003).
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4200 Ang

Figure 3.3: An example of an image frame taken with the RSS in long-slit spectropolarimetry linear mode. Indicated on
this figure are the orthogonally polarised O- and E-beams that the original light is dispersed into. Figure adapted from
Nordsieck and Groenewald (2019).

Figure 3.4: A reduced image frame for AP Librae, taken with the RSS in long-slit spectropolarimetry linear mode. This
frame has been passed through the original polSALT pipeline for basic image reduction, and is ready to be split into its
separate O- and E-beam frames by the modification to the polSALT pipeline.

RSS Data Reduction

The optical spectropolarimetric observations taken with the SALT RSS were reduced us-
ing a modified version of the pySALT/polSALT pipeline (Crawford et al., 2010).> The
original polSALT reduction pipeline handles the basic CCD reductions of the raw images,
which includes bias subtraction, gain and cross-talk correction, distortion correction and
the mosaicking of the CCD chips. After the basic data reductions are complete, the image
frames resemble that of Figure 3.4, which are passed to the modification of the pipeline
for wavelength calibration.

The modification to the polSALT pipeline is three-fold (see Figure 3.5; Cooper et al.,
2022). Firstly, since the image frames contain both the orthogonally polarised O-beam
and E-beam (as seen in Figure 3.4), the frames are split into two along a central axis
so that each frame contains only one spectral trace on the dispersion axis (either O- or
E-beam). This is done so that the image frames are recognisable by IRAF /N0AO,*? which
is the image reduction package used for the wavelength calibration of spectroscopic data.
This allows the user to use IRAF in conjunction with the polSALT pipeline, and allows for
a more “hands-on” approach to the wavelength calibration. This proves to be especially
useful when using an observational setup (i.e. grating, grating angle and corresponding
arc lamp) that provides very few arc-lines to perform wavelength calibrations with. A
user-defined wavelength solution is then found for the O- and E-beams separately in IRAF,
using the standard wavelength calibration, namely identify, reidentify and fitcoords
tasks.

The second leg of the pipeline allows the user to perform an optional cross-correlation
of the O- and E-beams to ensure that the wavelength calibration was done correctly,
without affecting the polarisation signatures of the original data. Since the wavelength

3https://github.com/saltastro/ & http://pysalt.salt.ac.za/
‘https://iraf.net/
Shttp://ast.noao.edu/data/software
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Figure 3.5: A flow chart explaining the modification to the original pySALT/polSALT reduction pipeline. Figure adopted
from Cooper et al. (2022).

calibration is performed for the O- and E-beams separately and then later recombined,
such a cross-correlation is necessary to ensure that the O- and E-beam’s wavelength so-
lutions are identical. An example of good cross-correlation between the O- and E-beam’s
wavelength solutions for each 1/2 waveplate orientation is shown in Figure 3.6. Here,
the features of the wavelength callibrated spectra align perfectly, and no wavelength shift
is seen. In such a scenario, the user may proceed to the next step of the modified pipeline.

Lastly, the modified pipeline performs enhanced cosmic ray rejection for each frame
using the python-based LACOSMIC cosmic ray cleaning package.® After the frames un-
derwent cosmic ray cleaning, the modified pipeline rejoins the O- and E-beams for each
image, and attaches a wavelength solution to the image frames as an extra extension that
will be recognised by the original polSALT pipeline.

After the wavelength calibration and rejoining of the data, the original polSALT
pipeline is used to perform spectral extraction (with beamsplitter distortion and tilt
correction applied before extraction), raw- and final Stokes calculations. The polSALT
graphical user interface (GUI) allows for the visualisation of the results: intensity, linear
degree of polarisation, and equatorial polarisation angle, all as a function of wavelength.

Observations

All spectropolarimetric observations for this project were taken with the RSS in either
spectropolarimetry LINEAR or LINEAR-HI mode. This is performed using the 1/2 wave-
plate at angles 0°, 45°, 22.5° and 67.5° for LINEAR mode; with 11.25°, 56.25°, 33.75°,
and 78.75° added for the LINEAR-HI mode. Each observation was taken using either the
PG0300 or PG0900 grating, at varying grating angles, depending on the source. Arc
frames were taken immediately after the science cycle using an Ar, ThAr, Xe, or Ne arc
lamp, depending on the spectrograph setup. The different observational setups for all of

Shttps://github.com/larrybradley/lacosmic
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Figure 3.6: An example of the cross-correlation between the O- and E-beams of the image frames performed before the
rejoining of the separate frames. Frames 1 to 4 give the wavelength callibrated spectra of the O- and E-beams for each
1/2 waveplate orientation. The last panel gives the cross-correlated signal between the O- and E-beams per 1/2 waveplate
orientation, along with the maximum lag (in A), or shift between the two solutions, given by the vertical lines.

the sources are summarised in Table 3.3.

Since the SALT pupil changes during observations, the amount of light collected by the
telescope during the observations does not remain constant. Because of this, absolute flux
calibration of SALT spectroscopic data is not possible without independent photometric
measurements. Relative flux calibration, however, is possible by using additional spec-
tropolarimetric observations of spectrophotometric standard stars. For the data presented
in this project, the flux calibrations of a selection of sources were performed using the
standard polSALT pipeline, with spectrophotometric standard star LTT 7987 observed
in three different observational setups (see Table 3.4).

3.2 Optical Photometry

The purpose of photometry as it relates to this project, is to serve as a complement to
the SALT spectropolarimetric observations, and to investigate the optical fluxes of the
blazars as they enter a high/active state. To this end, optical photometric observations
were taken with the LCO Telescope Network.

The LCO Telescope Network

The LCO is an optical photometric telescope network consisting of twenty-five telescopes
at seven different sites around the world. The network consists of various 2-metre, 1-
metre and 0.4-metre telescopes, each designed and suited for the observation of transient
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Table 3.3: The SALT RSS spectropolarimetry observational setups for all sources. The observation dates, grating, grating
angle, arc lamp used and exposure time of all of the blazars observed in both observing campaigns (2021-2-LSP-001, 2019-
2-MLT-001) are given. Note that the exposure time is given as the exposure time per 1/2 waveplate angle, multiplied by
the number of 1/2 waveplate angles used, with four corresponding to LINEAR mode, and eight corresponding to LINEAR-HI
mode.

Target Obs. Dates  Grating Grating Angle (°) Arc Lamp Exp. Time (s)

PKS 0426-380 2017-01-21 PG0300 5.375 Ar 600 x4
2017-02-20

PKS 0447-439 2017-02-21  PG0900 19.625 Ne 120x4

12.500 ThAr

TXS 05064056 2017-10-15  PG0900 14.000 Ar 600x4
2017-10-21 12.875 ThAr

PKS 0537-441 2019-01-14  PG0900 14.375 Ar 650x4
2019-03-05

PKS 1454-354 2021-06-13  PG0300 5.375 Ar 600x4

AP Lib 2020-05-14 - PG0300 5.375 Ar 30x8
2021-07-31

PKS 0035-252 2018-07-21 PG0300 5.375 Ar 625 x4

PKS 0131-522 2017-11-19 PG0300 5.375 Ar 800x4
2017-11-22

PKS 0208-512 2019-12-05 PG0300 5.750 Ar 300x8
2019-12-19

4FGL J0231.2-4745 2019-10-23 PG0900 15.500 Xe 274%8
2019-10-29

PKS 0346279 2018-02-09 PG0300 5.375 Ar 500x4
2021-11-05 600 x4

PKS 0837+012 2021-03-16 PG0300 5.375 Ar 500x4

PKS 0907-023 2017-01-19 PG0300 5.375 Ar 600x4

PKS 1034-293 2020-05-15 - PG0300 5.375 Ar 600 x4
2021-06-11

3C 273 2017-06-13  PG0300 5.375 Ar 20x8
2017-06-14

PKS 1424418 2022-07-26 PG0900 12.875 ThAr 600 x4
2022-08-15

PKS 1510-089 2021-04-06 - PG0900 12.875 ThAr 300x4
2022-07-31

PKS 2023-07 2016-04-16  PG0300 5.375 Ar 300x8
2018-10-04

Table 3.4: The observational setup with which the spectrophotometric standard LTT 7987 was observed with the SALT
RSS.

Spectrophotometric Standard Grating Grating Angle (°)  Obs. date
PG0300 5.375

LTT 7987 PG0300 5.750 2022-09-03
PG0900 12.875
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astronomical events.”

All the optical photometry observations for this project were taken as a quasi-contem-
poraneous, ToO complement to the SALT spectropolarimetric observations of strongly
variable sources detectable by H.E.S.S. and the Fermi-LAT in the high-energy (v-ray)
regime. The observations were taken with the various 1.0 m telescopes using Sinistro CCD
(charge-coupled device) cameras at various observatories within the telescope network.
All of the observational details are summarised in Table 3.5, including observation dates,
exposure times, filters, and observatories used.

Data Reduction

The raw LCO photometry data is first processed through the automated BANZAI®
pipeline, which performs the initial reduction steps. This includes bad pixel masking,
bias and dark subtraction, flat-field correction, source extraction, and astrometric cali-
bration. Corrections are also done to standardise the CCD response across the multiple
instruments/telescopes that form part of the LCO telescope network. The final data are
multi-extension FITS frames, and these image frames are available from the LCO observ-
ing portal.

Photometry was performed on all LCO data frames using a python-based pipeline,
built on ASTROPY,? PHOTUTILS,!Y and ASTROQUERY.!! First, using ASTROQUERY, all
sources within a radius of 0°13'01” around the target are found in the AAVSO!? Pho-
tometric All Sky Survey (APASS) DR catalogue (accessed via Vizier'¥). The APASS9
survey was conducted in eight different filters (Johnson B and V', and Sloan ¢, v/, i, z,
and Z), and currently contains photometric information for 128 million objects over 99%
of the sky (Henden et al., 2016, 2018). The position and magnitude of all found sources
in the preferred filters is then downloaded.

To avoid faint and overexposed sources, the source list is trimmed to sources between ~
7" and 16" magnitude, since this falls within the magnitude range that APASS9 is valid
for. Sources that did not have any repeat measurements, and/or had bad measurements,
were removed. Where needed, the Johnson-Cousins R and I magnitudes were found by
converting the Sloan magnitudes using the conversion functions for Sloan to Johnson-
Cousin filters for stars:'*

R = ' —0.2936(r — ) — 0.1439 (3.1)

o(R) = \/(0.7064 x a(r")* + (0.2936 x o (i))?, (3.2)

and:

Thttps://lco.global /

8https://github.com/LCOGT/banzai

‘https://www.astropy.org/
Onhttps://pypi.org/project/photutils/
Uhttps://www.astropy.org/astroquery/
12The American Association of Variable Star Observers, https://www.aavso.org/
Bhttps://vizier.u-strasbg.fr/viz-bin/VizieR-2
Ynhttps://www.sdss3.org/dr8/algorithms/sdssUBVRITransform. php#Lupton2005
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Table 3.5: Observational setup for each source observed with the LCO. The observatory acronyms refer to Siding Spring
Observatory (coj), SAAO (cpt), McDonald Observatory (elp), Cerro Tololo Interamerican Observatory (Isc), Haleakala
Observatory (ogg), and Teide Observatory (tfo). Note that the number of exposures for each source, in each filter, is given
in brackets after the filter name.

Target Obs. Dates Exp. Time  Observatory Filters
per Obs. (s)

TXS 0506+056 2017-10-15 - 50 coj, lIsc, cpt B(5), V(5), R(5), I(5)
2018-12-08

PKS 0537441 2019-03-05 - 10 cpt, Isc B(30), V(30), R(30)
2019-03-10

AP Lib 2020-05-15 - 10 coj, cpt, lsc B(38), V(52), R(50), 1(47)
2021-06-29

PKS 0035-252 2018-07-15 - 250 coj, cpt, lsc B(17), V(18), R(18), I(17)
2018-07-19

PKS 0131-522 2017-11-19 - 400 coj, cpt, lsc B(3), V(24), R(24), I(3)
2017-11-27

PKS 0208-512 2019-12-09 - 30 coj, lsc B(10), V(9), R(10), I(7)
2019-12-25

4FGL J0231.2-4745 2019-10-22 - 30 coj, cpt, Isc B(190), V(189), R(338
2019-11-14

PKS 0346279 2018-02-08 - 250 coj, cpt, lsc g'(2), 1'(9), '(2)
2021-11-08

PKS 08374012 2021-03-16 - 150 coj, cpt, Isc g'(5)
2021-03-18

PKS 1034-293 2021-11-30 - 100 coj, cpt, Isc B(33), V(32), R(31), 1(32)
2021-07-21

3C 273 2017-05-12 - 10 coj, cpt, elp, B(9), V(9), R(10),
2017-06-14 Isc g’(18), 1/ (18), i'(17)

PKS 1424-418 2022-07-22 - 120 coj, cpt B(3), V(6)
2022-07-30

PKS 1510-089 2018-08-05 - 60 coj, cpt, elp, B(247), V(235), R(94), 1(44),
2020-06-22 Isc, ogg, tin 1'(61)

PKS 2023-07 2017-10-13 - 250 coj, cpt B(6), V(6), R(6), i'(6)

2017-10-15
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[ = ¢ — 12444 (¢ — ') — 0.3820 (3.3)

o(I) = /(=0.2444 x o () + (12444 x o(i"))?. (3.4)

Next, the pipeline calculates the instrumental magnitude, using standard aperture
photometry with PHOTUTILS, for all sources for a range of aperture and annulus sizes (1
— 20 for aperture radii, and 25 or 30 for annulus radii, both in pixels). The aperture and
annulus radii which give the highest average signal-to-noise ratio, (S/N), are used for the
final magnitude calculations.

The instrumental magnitude of the target is converted to the apparent magnitude
by performing a linear fit of the instrumental to catalogue (apparent) magnitudes of the
other measured sources. The fit is performed with an orthogonal distance regression
(ODR) method, using the implementation in SCIPY.!® The ODR method is used in order
to obtain a residual from the fit that takes into account the errors for both the dependent
and independent variables. Thus, when fitting a straight line to the apparent magnitude
(Mapp) as a function of the instrumental magnitude (Minst):

Mapp = @ Myipgt, + b7 (35)

the error in both a and b will be calculated and given along with the diagonal ab term
from the covariance matrix. The final error in the target magnitude is then calculated
as an error propagation of a possibly nonlinear combination, mapp(a,b), in the form of a
truncated series expansion:

2 2

OMeapp

o(a)?® + ’—(%

OMeapp

0 (Mapp) = UW

Sigma-clipping is also performed to remove any outliers above a 3¢ level, and the tar-
get’s apparent magnitude is calculated from the resulting fit. An example of a successful
fit of the catalogue magnitude versus the instrumental magnitude, with sigma-clipping
implemented, is shown in Figure 3.7.

OMeapp

da

OMeapp

ob

1/2
a(ab)] . (36)

ﬂW+‘

From the apparent magnitudes for the source in the various filters produced by this
pipeline, the apparent magnitude lightcurves can be converted to flux lightcurves by using
flux zero point values'® and Galactic extinction parameters for each filter.!” The formulae
used for the magnitude-to-flux conversion are given by:

F, = Fyx107:"" (3.7)
In(10
c(B) = B0 s olma), (3.8)

2.5

where ma,,,;, is the apparent magnitude, Fj is the flux zero point, and A, is the galactic
extinction coefficient. The flux zero point values depend only on the filter in question, and

https://scipy.org
nttp://coolwiki.ipac.caltech.edu/index.php/Central_wavelengths_and_zero_points
"https://irsa.ipac.caltech.edu/applications/DUST/
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Catalogue Magnitudes
[]

ODR: (1.017+\-0.002)x +(-1.16+/-0.031)
L] 4 Data
4 Target 13.854 +/- 0.007 | 15.259 +/- 0.01

10 12 14 16 18
Instrumental Magnitudes

Figure 3.7: An example of the fit to the catalogue magnitudes as a function of the instrumental magnitudes for all the
comparison stars within the defined search radius on the image, with sigma-clipping implemented (black squares are the
data points thrown out by the sigma-clipping). From this fit, the magnitude of the target is calculated, and indicated by
the green datapoint.

the values for each filter used are listed in Table 3.6. Note that the Sloan filters (¢’, r’, and
i') are all in the AB magnitude system, and, therefore, one flux zero point value is used
for all of them. The Galactic extinction coefficients give the amount of extinction due to
Galactic dust reddening, which is dependent on both the filter/bandpass and the region
of the sky that the source is located in (line of sight towards the source; Schlafly and
Finkbeiner, 2011; Schlegel et al., 1998). Hence, these values are unique for each source,
and are tabulated in Table 3.7.

3.3 Gamma-ray Observations

Gamma-ray observations were obtained from the Fermi Gamma-ray Space Telescope, a
space-based observatory that covers an energy range from 8keV to ~300 GeV. Launched

Table 3.6: The flux zero point values used to convert apparent magnitudes to flux values using Equations 3.7 and 3.8.
Note that, since the Sloan filters are already in the AB magnitude system (i.e. with reference to a flat spectrum source),
the flux zero point is the same for all bands.

Filter Flux Zero Point Fy (Jy)
B 4000.87
A% 3597.28
Rc 3080.00
Ic 2432.84

All Sloan Filters 3631.00
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Table 3.7: Galactic extinction coefficients for each source, in each bandpass/filter it was observed in. These are the
extinction coefficients used to convert apparent magnitudes to flux values using Equations 3.7 and 3.8.

Target Filter Extinction Coefficient Ay (mag)
TXS 0506+056 0.466
0.349
0.284
0.211
0.162
0.122
0.099
0.596
0.446
0.363
0.270
0.523
0.063
0.047
0.039
0.029
0.111
0.083
0.067
0.050
0.087
0.065
0.053
0.039
0.064
0.048
0.039
0.041
0.030
0.023
0.178
0.223
0.167
0.136
0.101
0.089
0.067
0.054
0.078
0.057
0.043
0.529
0.396
0.437
0.327
0.266
0.198
0.278
0.163
0.122
0.100
0.079
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Table 3.8: The Likelihood Analysis Summary used to extract the information given on the Ferm: LCR.

Time bins 3 day, 1 week, and 1 month
Energy bins 100 MeV - 100 GeV
Event selection P8R3_SOURCE
Instrument response function P8R3_SOURCE_V3
Acceptance cone (ROI) 12 deg (radius)

Zenith angle cut (zmax) 90 deg

Fit optimizer MINUIT

Galactic interstellar emission model gll_iem_v07.fits

Isotropic spectral template iso_.P8SR3_SOURCE_V3_vl
4FGL-DR2 catalog gll_psc_v27.fit

Upper limits confidence level 95% (Bayesian profile)
Minimum detection threshold TS = 1-4 (~1-20)

in 2008, it houses two science instruments: the Large Area Telescope (LAT), and the
Gamma-ray Burst Monitor (GBM). Its main instrument, the LAT, is a pair-production
telescope with a large field of view (covering ~ 20% of the sky at any given instant), and
an angular resolution of ~ 0.6° at 1 GeV (Abdo et al., 2009; Atwood et al., 2009). It is
a continuously monitoring instrument, covering the entire sky roughly every three hours.
All Fermi-LAT data are publicly available, and can be freely accessed and reduced with
standard analysis software provided by the Fermi Science Support Centre.!8

A new database of light-curves for over 1500 variable v-ray sources in the 10-year
Fermi-LAT point source catalogue has been launched in 2021, called the Fermi Light
Curve Repository (LCR).!Y The likelihood analysis summary of the LCR’s operation is
given in Table 3.8. The LCR provides flux-calibrated lightcurves on 3-day, 1-week or 1-
month binned timescales covering the entire Fermi mission (2008 — present, Fermi Large
Area Telescope Collaboration, 2021). All Fermi-LAT ~-ray light-curves presented in this
project were taken from the Fermi-LCR to complement the optical photometric and spec-
tropolarimetric data from SALT and LCO. All of the data for this project was downloaded
from the LCR with 3-day binning, a minimum detection significance (test-statistic, or T'S-
value) of TS = 4(20), and was fitted with a fixed photon index. An additional selection
cut to exclude any datapoints with T'S > 0, was performed on the data prior to plotting
the v-ray lightcurves.

It should be noted that, while the LCR is advantageous if the user wants a quick view
of the y-ray lightcurves of a source, care should be taken when using the the information
given by the LCR, as there are some caveats in the resulting data produced by the LCR.
For example, while the likelihood analysis summarised in Table 3.8 works well for most
time bins, there is no set strategy recommended by the Fermi-LAT collaboration, and
higher level analyses are required to verify the fit convergence. Although contamination
from solar flares and/or gamma-ray bursts are accounted for, the effects of the Sun and
Moon during quiescence, however, are not. Lastly, since the data is made available on the
LCR in real-time, the resulting data is not validated by the LAT collaboration, and it is
up to the user to perform sanity checks on the data prior to use.

Bhttps://fermi.gsfc.nasa.gov/ssc/
Yhttps://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
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Above was a detailed discussion on the instruments and observational setup for all the
data used in this project. In the next chapter, the observational results will be presented
and discussed, along with a brief literature review of some highlighted sources. Additional
results for sources not highlighted in the main body of the text are given in Appendix A.
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Chapter 4

Summary of Observational Results

This chapter will provide a detailed, source-specific outline of the results for a selection of
blazars that formed part of the larger sample of eighteen blazars (see Table 3.1 in Chap-
ter 3). These were selected due to the presence of interesting or compelling behaviour,
generally characterised by the increase in activity in the optical and v-ray regime, or good
observational coverage. Section 4.1 will cover the results for three BLLs (TXS 0506+056,
PKS 0537-441 and AP Lib); two that presented flaring activity as observed under the
transient SALT programme (as outlined in Chapter 3), and one that was observed over
a long period under the long-term SALT observing campaign. Section 4.2 will cover
six FSRQs (PKS 0131-522, PKS 0208-512, 4FGL J0231.2-4745, PKS 1034-293, PKS
1510-089 and PKS 2023-07), of which five were observed under the transient monitoring
programme, and one was observed under the long-term monitoring campaign. The results
for the other sources are summarised in Appendix A.

4.1 BL Lac-Type Objects

Three BLLs will be highlighted in this section. TXS 05064056 and PKS 0537-441 formed
part of the ToO SALT transients observing campaign, and was observed during a period
of enhanced activity. AP Lib is the chosen BLL for the long-term observing campaign,
and was observed eighteen times over a period of approximately one year (from 2020 May
to 2021 July).

4.1.1 TXS 05064056

TXS 0506+056 is a BLL with a redshift of z = 0.337, apparent visual magnitude of
V = 14.78 and synchrotron peak frequency vgy = 3.55 x 10" Hz. It has most famously
been associated with neutrino production (as detected by ICE Cube) during an en-
hanced/flaring ~-ray state in 2017 (see e.g. de Naurois and H. E. S. S. Collaboration,
2017; Dornic and Coleiro, 2017; Evans et al., 2017; Franckowiak et al., 2017; Lucarelli
et al., 2017; Mirzoyan, 2017; Steele, 2017; Tanaka et al., 2017; van Soelen et al., 2017).

The ~-ray lightcurve for TXS 05064056 from 2017 July to 2018 February is shown
in Figure 4.1, where the enhanced ~v-ray activity is visible from ~MJD 57985, having
increased by a factor of ~6 when compared to the average flux reported in the 3FGL
Fermi-LAT catalogue (Tanaka et al., 2017). To investigate the behaviour of the optical

47
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Figure 4.2: Spectropolarimetric observations for the BLL, TXS 05064056, observed on 2017 October 14 and 2017 October
20. The top panel gives the normalised counts spectra of the two observations, where the middle and bottom panels give the
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Figure 4.3: The degree of linear polarisation as a function of frequency for the BLL, TXS 0506+056, on both of the
SALT observation dates. The black and red datapoints indicate the polarisation as observed on 2017 October 14 and 2017
October 20, respectively.

polarisation during this period of enhanced ~-ray activity and associated neutrino pro-
duction, two SALT spectropolarimetric observations were taken on 2017 October 14 and
October 20, respectively, as shown in Figure 4.2.

The redshift was determined by Paiano et al. (2018) from high S/N spectra (S/N =
650 — 1200), exhibiting three weak emission lines in the range of A = 4100 — 9000 A.
The emission lines were [O IT] at A = 4981.14 A, [O TII] at A = 6691.86 A, and [N II] at
A = 8798.18 A. Given the wavelength range of the observations, the [O II] and [O III]
emission lines should, therefore, be visible in the spectra shown in Figure 4.2, but do not
seem to appear. This could be due to a number of reasons. Firstly, the SALT optical
spectra do not have high enough S/N ratios. Secondly, since the observational data had
substantial cosmic-ray contamination, it may be that some cosmic rays were on the trace
of the target, and cosmic ray cleaning was not sufficient to extract “clean” spectra.

During the first spectropolarimetric observation, the averaged degree of polarisation
was observed to be (IT) = 10.73 4+ 0.34 %" (from A = 4000 — 6400 A), with an average
polarisation angle of 29.92 + 0.86°. The second observation displayed a slightly lower
degree of polarisation of (IT) = 8.65 £ 0.36 %, with a polarisation angle of 52.43 4+ 1.49°.

Note that the optical lightcurve for this source is not shown, as only one observation
was taken during the 2017 flaring period. To investigate the jet activity during the
reported period, the degree of linear polarisation is shown in Figure 4.3. During the
first spectropolarimetric observation, the degree of polarisation increased towards higher
frequencies, and during the second observation, it decreased towards higher frequencies.
This might indicate that the observed emission transitioned from shock-dominated to
accretion disc dominated between the two observations. Note that nearly all sources
(excluding PKS 0131-522 and PKS 0907-023), were observed with an accompanying
comparison star on the slit to compare the polarisation of the blazars to the general degree
— and slope — of polarisation within that region of the sky. The slope of the frequency

!The errors in the reported values for the averaged degree of polarisation and polarisation angle are
taken as the standard deviation of the data. However, note that some spectra show an intrinsic frequency
dependent slope in the degree of polarisation.
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two SALT observations.

dependece of the polarisation, as well as the degree of polarisation of the comparison star
was always checked to ensure that the residual polarisation was low. Since blazars are
extragalactic sources, there is an expected, yet low, level of polarisation that arises from
the interstellar medium (ISM) that cannot be fully accounted for during the reduction
processes, and a ~ 2% systematic error is assumed for all of the results.

4.1.2 PKS 0537-441

PKS 0537-441 is a highly luminous and variable extragalactic source with a redshift of
z = 0.894 and apparent visual magnitude of V' = 16.48 (see Table 3.1), that was identified
as a quasi-stellar object in 1972 as part of the Palomar survey (Peterson and Bolton, 1972).
It is an LBL with a synchrotron peak frequency of vy, = 6.24 x 102 Hz, as stated in the
ALAC catalogue (Table 3.1). It was known to have regular outbursts over the years, and
was classified as a BLL due to its continuous optical spectrum (Cristiani, 1985). However,
it was later found to have broad emission lines, which is a distinct trait of FSRQs (Wilkes
et al., 1983). The presence of broad emission lines hints that PKS 0537441 might be a
transitional object between an FSRQ and a BLL (D’Ammando, 2010).

In mid-December 2018, PKS 0537-441 was observed to be steadily recovering from a
low state in the y-ray wavelength band (Nesci and Ojha, 2019), with the flux increasing
by a factor of ~ 12 when compared to the average historical flux as recorded by the Fermi
4FGL catalogue. The ~-ray and optical behaviour of PKS 0537441 during the reported
period is shown in Figure 4.4, and the recovery from the low state in 2018 can be seen
clearly in the Fermi-LAT ~-ray lightcurve at around MJD 58465. The optical photometric
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Figure 4.5: Spectropolarimetric observations for the BLL, PKS 0537-441, observed on 2019 January 14 and 2019 March
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data during the reported period is unfortunately sparse, and, as a result, not much can
be deduced from the lightcurve.

A SALT spectropolarimetric observation was taken on 2019 January 14, revealing
a high degree of linear polarisation, with an average of (II) = 37.52 + 0.66 % between
4100 A and 6855 A (Figure 4.5). The high degree of polarisation observed indicates that
the emission is dominated by the non-thermal synchrotron emission originating in the
jet-component.

Approximately three months later, on 2019 March 05, the BLL was observed in a high
state again with a significantly lower degree of linear polarisation of (II) = 12.604+0.51%
(between 4100 A and 6855 A). During both observations, the equatorial polarisation angle
remained fairly constant (9.57 + 0.19° and 8.36 + 1.01°, respectively), rotating only by
~ 1.21°. The optical spectra display a forbidden [Mg II| emission line at A = 5303.52 +
1.49 A. No significant change in the [Mg II] emission line strength was observed between
the two spectropolarimetric observations, with the equivalent widths measured to be
Wyl = 6.39 £ 0.17A, and [W,| = 6.48 & 0.24 A, respectively. Note that all reported
equivalent widths (W)) of spectral features reported in this project were calculated by (as
outlined in a discussion by Vollmann and Eversberg, 2006):

IV e o
Wy = / (T) d, (4.1)
A c

wn e @ER). e

where Fy is the continuum/background flux, Fj is the flux of the spectral line, A\ is the
wavelength range over which the equivalent width is measured, and S/N is the signal-
to-noise ratio of the spectrum. Here, the S/N ratio was estimated as the average of
the background counts divided by the standard deviation of the background counts, i.e.

with an error of:
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To investigate the activity in the jet during the reported period for PKS 0537441, the
degree of linear polarisation as a function of frequency is given in Figure 4.6. For both of
the SALT observations, the degree of linear polarisation increases with decreasing wave-
length (i.e. towards the optical/UV end). Since PKS 0537-441 is an LBL, the increase
towards higher energies could be indicating that there is a shock travelling downstream
in the jet, with the bulk of the synchrotron radiation centred at the shock. Thus, the
polarisation will be highest at higher (X-ray) frequencies, and decreases towards lower fre-
quencies. This is in agreement with the enhanced v-ray activity, or high-state emission,
as noted by Nesci and Ojha (2019).

4.1.3 AP Lib

AP Lib is a BLL that shows remarkably similar features to that of the namesake of BLLs;
BL Lacertae, with a smooth optical spectrum and faint emission/absorption features
(Rodgers, 1971). It was classified as the optical counterpart to the radio source, PKS
1514-241 (Bond, 1971), and was classified as a BLL-type object in 1973 by Bond (1973).
AP Lib is a nearby source, with a redshift of z = 0.049, and apparent visual magnitude of
V' =14.00 (see Table 3.1). The SMBH-mass has been found to be ~ 10*-49£0-03 M (Woo
et al., 2005), and is an LBL with a synchrotron peak frequency of v, = 5.90 x 10! Hz (as
found by Hervet et al., 2015), or v, = 9.06 x 10'* Hz (as in the 4LAC catalogue, cited in
Table 3.1).

The source exhibits an extremely broad high-energy component, making it difficult to
model the emission with single-zone SSC or EC models (Roychowdhury et al., 2022). AP
Lib was detected in the TeV energy range in 2015 by H.E.S.S., and is one of four known
LBL-type blazars that emit in the VHE regime (H. E. S. S. Collaboration et al., 2015).
Interestingly, AP Lib also has a resolved non-thermal X-ray jet (Kaufmann et al., 2013).

AP Lib has been monitored closely over the period between 2020 May to 2021 July
as part of the long-term observing campaign. To complement the optical spectropolari-
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Figure 4.7: Gamma-ray (top panel) and optical (second panel) lightcurves of the BLL, AP Lib, along with the aver-
aged degree of polarisation and equatorial polarisation angle in seven different wavelength bands, reported for each SALT
observation (third and bottom panel, respectively).
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Table 4.1: Equivalent widths of the [Mg I] and [N II] emission lines for each spectropolarimetric observation taken for the
BLL, AP Lib.

Obs. Date [MgI] (A) [N (A) [ Obs. Date [MgI] (A) [NII] (A)

2020-05-14 1.99 + 0.49 2.01 + 0.18 | 2021-04-21 0.94 + 0.44 2.58 £ 0.16
2020-06-08 2.27 & 0.43 1.46 + 0.16 | 2021-05-02 1.46 + 0.41 2.26 £ 0.15
2020-06-24 3.55 + 0.54 1.18 4+ 0.20 | 2021-05-08 0.51 + 0.39 2.57 + 0.14
2020-08-07 1.31 & 0.46 2.57 + 0.16 | 2021-05-14 1.42 + 0.56 1.80 £ 0.20
2020-09-04 2.69 + 0.61 2.60 + 0.23 | 2021-06-03 0.49 + 0.39 4.09 & 0.14
2021-02-18 0.34 & 0.38 3.27 + 0.14 | 2021-06-09 1.32 + 0.49 3.81 £ 0.17
2021-03-12  0.28 + 0.34 3.17 + 0.12 | 2021-06-10 1.13 £ 0.29 3.77 £ 0.10
2021-04-04 1.05 + 0.42 1.56 + 0.15 | 2021-07-10 0.14 + 0.39 3.81 £ 0.14
2021-04-11 1.13 £ 0.36 2.22 + 0.13 | 2021-07-31 1.59 + 0.27 4.41 £ 0.10

metric data, the ~v-ray and optical fluxes in the reported time period are shown in Figure
4.7. The v-ray flux in the top panel of Figure 4.7 maintained low levels of variability,
remaining fairly constant up to ~ MJD 59200, after which there is a steady increase in
the observed ~y-ray emission lasting up to ~ MJD 59400. The optical fluxes, though with
less coverage, follow the same trend (as seen in the middle panel of Figure 4.7). The
bottom two panels of Figure 4.7 give the average degree of polarisation and the average
polarisation angle in different wavelength ranges for each SALT observation. The average
degree of polarisation seems to follow the same trend of variation as the optical and 7-ray
lightcurves, but appears to lag behind during the 2021 semester.

AP Lib was observed successfully with SALT 18 times (Figure 4.8), during which
the average degree of polarisation fluctuated between (II) = 12.00 £ 0.66 % and (II) =
2.72 + 0.56 % within the wavelength range of A = 3900 — 9150 A. During this period,
the equatorial polarisation angle rotation fluctuated within a range of 42.49 4+ 0.73°. The
optical spectra display two forbidden lines, namely [Mg I] (A = 5426.10440.64 A) and [N
IT) (A = 6876.16+7.33 A). The Ca Il H & K lines are also seen in the optical spectra. The
equivalent widths of the [Mg I] and [N II] emission lines for each of the spectropolarimetric
observations are tabulated in Table 4.1.

During all but one of the SALT observations, the degree of linear polarisation in-
creases towards higher frequencies (see Figure 4.9). This indicates that (since AP Lib
is an LBL) the polarisation is likely concentrated around some form of shock travelling
in the jet-component, and is therefore centred around X-ray frequencies and falls off to
the lower frequency range. During one observation, however, on 2021 February 18, the
polarisation decreases toward the blue end, which is consistent with the non-thermal syn-
chrotron emission being diluted by the thermal accretion disc component. However, the
accretion disc component generally contributes less in BLLs than FSRQs, and a strong
dilution of the polarisation is not expected. Interestingly, this negative slope in the degree
of polarisation is seen for the date on which the lowest degree of polarisation is observed,
as shown in Figure 4.10.

There is a general trend in the data from Figure 4.10 for this source, where the fre-
quency dependent slope of the polarisation becomes increasingly positive towards higher
degrees of polarisation. A Spearman’s test was performed on the data shown in Figure



4.1. BL LAC-TYPE OBJECTS 95

e o e o 0| ca sk g 1 i 10| ca sk v o
oo o N
2 0.85 ! l0.85 085
~ oajun2020 12 or 2021 0B May 201 — 031m2021  — oojuma0al  — 312021
o -
(¥ | 2 W N* } PRI )

R 4 t 4 g 12 L O T et
N H N HGMNW it ‘“‘N."N‘W n’o, N H,mow byttt WM’M" K W N’ 4 e K """"“"o“",.. W "’...".n‘.’ Lt it Aol | b ' ottt ot g b
é . * Hlt *ui t } 7 } . *‘\ it u""","‘.o R TARIEEA m‘om,' hi «:,n.. i u ;“ | 09“ it oo". S
£ . . s e O e i

5. M'l itl “ 1 4*1 1‘ mi ti 1f0 o u M;’i ? ; sig.i:; " "f i’t«fi“.Z‘t:tv"”‘ it ..“" """ i """“‘1 i
E i t b ty ‘ P AR ST J { RIOKIDRN it x'..m...x,. ity 1;. e 'm!‘ 4

] { i WH H 0 MM; WH i .4“0”"‘.“4 ‘.W’ i ’ | - “Wm’“\ w.0’m“,o,‘..o.oo.,,«.o,.,n bttt Mﬂ " o ‘W‘ ’W‘“ ’m‘“.’u‘w’.o‘ o W"i ) I;;W Sm,g ,’ﬁ‘ 1.1 I¢ t
o " ‘

| 1 ") gl * Q

. i il B i ‘z.' ” ,”‘ Mw .;,;'m.::l . ‘ i u’ W, b "“‘\ N,M + {
g f | 4 . | W vw VL 150 [
sw%i gm”wwmu{wxmwwww” a mwmuwmmmmwwmwa MM‘
L iy o
L i tt :t’ fi .W".M ’mwm; i wxm%.» g wmtwtqqitm}*ltl } H f * * r ‘ H M

i o s
130 A 4 ’”W"ﬁ‘ u‘,o.,, it ittt t:"thitt;bwut? . \
120 %0
ke E - o Erliinn Em o o Eeliinm E EE— o o
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respectively. The gaps in the spectra in the top panels from A = 7560 — 7700 A, X\ = 4475 — 4670 A, and X = 7725 — 7900 A
are due to the removal of a skyline, and the two chip gaps of the CCD detector mosaic, respectively.
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Figure 4.9: The degree of linear polarisation as a function of frequency for the BLL, AP Lib, on all eighteen of the SALT
observation dates, separated into three terms: the 2020, 2021 February to April, and 2021 May to July observing periods,
respectively). The different coloured datapoints represent the observation dates, as labelled in Figure 4.8.

4.10, and a correlation of p = 0.618 (p-value = 6.251 x 1073) was found. The Spearman’s
rank correlation test measures the strength as well as the direction of a relationship be-
tween two variables as a way of estimating the monotonicity of a dataset. This correlation
is given by,

6542
n(n?—1)’

where d; is the difference between the ranks of each corresponding variable, and n is the
number of points in the dataset. The quoted p-value is the probability that the observed
correlation of the variables is due to randomness of the data, as opposed to it being sig-
nificant and/or sufficient to support a true correlation. A significant correlation has a
p-value generally defined to be < 0.05.

p=1- (4.3)

An interesting feature arising from the observational results outlined in Figures 4.7
to 4.10, is that the increase in the v-ray and optical fluxes appears to occur long before
there is an observed increase in the degree of linear polarisation (the regions of interest
are highlighted in the first two plots of Figure 4.11). Since the optical data is sparse and
unevenly sampled, a z-transformed discrete correlation function (zDCF; Alexander, 2014)
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for each of the observation dates, as observed for the BLL, AP Lib. The dashed grey line indicates where the slope is zero.

[0.1-100 GeV]

Photon Flux
(1077 ph/cm?/s)
~
—e—
——

-

%
g 4y Mﬁ*ﬁﬁﬁﬁﬁ# it

91‘00 9200
Modified Julian Date (MJD) - 50000

| :

8900 9000

= =
o © 1) ~
L]

Average Degree of
Polarisation (%)

IS

=

Correlation

Figure 4.11: The zDCF performed between the v-ray lightcurve and the average degree of linear polarisation for the BLL,

8900

9100

920

Modified Julian Date

0.8

0.6

0.4

0.2

0.04

|
N
N

|
N
IS

|
o
o

0
(MJD) - 50000
i

9400

9500

%
R

~-~ Max lag at 54.06 + 2.59 days

—200 -100 0 100 200

Redshift-corrected Lags Tcor (days)

AP Lib, to investigate the time-lag between the two events.

300

400




4.2. FLAT-SPECTRUM RADIO QUASARS 57

N
=}

===+ SALT Obs: 19 Nov 2017
=== SALT Obs: 22 Nov 2017

|

=
o

Photon Flux
[0.1-100 GeV]
(107 ph/cm?/s)
-

o

o
[

LA

O | Fmmmmmmm e

Average Degree of
Polarisation (%)
o i o o

o o N N 0 ©

:

80‘50 80‘60 80‘70 SdEU EdQU 81‘00
Modified Julian Date (MJD) - 50000

3
&
14
= 12/ — 4600 A - 5000 A
5 —&— 5150 A-5300A
§A1°’ & 5450?-5550? o
T -
o o ok e :
g
g
<

N A o ®

Figure 4.12: Gamma-ray (top panel) and optical (second panel) observations for the FSRQ, PKS 0131-522, where the
black and red dashed lines indicate the dates of the SALT spectropolarimetric observations. The third and last panel gives
the averaged degree of polarisation and equatorial polarisation angle in six different wavelength bands, reported for each of
the two SALT observations.

was performed between the y-ray lightcurve and the average degree of linear polarisation
to determine the time lag between these two events. The resulting correlation function is
shown in the bottom panel of Figure 4.11. The zDCF indicated that the increase in y-ray
flux occurred 54.06 4 2.59 days before there is an observed spike in the degree of linear
polarisation.

The observed time-lag, along with the fact that the polarisation slope changed between
2021 February 18 (where it decreases towards higher frequencies) and the next observation
on 2021 March 12 (where the polarisation increases towards higher frequencies again), may
indicate that the jet of AP Lib undergoes some sort of large-scale change. However, we
caution that we are limited by the observational data, and further investigation will be
required to confirm this hypothesis.

4.2 Flat-Spectrum Radio Quasars

Below, the results for six FSRQs are highlighted. Of these, five (PKS 0131-522, PKS 0208—
512, 4FGL J0231.2-4745, PKS 1510-089 and PKS 2023-07) were observed under the ToO
SALT transients observing campaign, and one (PKS 1034-293) was observed for the long-
term programime.

4.2.1 PKS 0131-522

PKS 0131-522 has a reported redshift of z = 0.020, apparent visual magnitude of
V' =20.30, and vg, = 4.37 x 10" Hz (as in Table 3.1). It has only recently been identified
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Figure 4.14: The degree of linear polarisation as a function of frequency for the FSRQ, PKS 0131-522, on both of the
SALT observation dates. The black and red datapoints indicate the polarisation as observed on 2017 November 19 and 22,
respectively.

as an FSRQ, and was not published in any of the Fermi-LAT catalogues prior to 2014
(Becerra et al., 2014). It was first detected by the LAT on 2014 June 5. Three years later,
in 2017 November, it entered an extremely high flux state (detected by both AGILE and
Fermi-LAT), increasing by a factor of 200 relative to the average -ray flux reported in
the 3FGL Fermi-LAT catalogue (Ojha et al., 2017; Piano et al., 2017).

The 2017 November ~-ray flare can be seen in the top panel of Figure 4.12; and to
observe this source in its flaring state, optical spectropolarimetric observations were taken
on 2017 November 19 and 22, just before and just after the peak of the flare. Again, the
optical lightcurve in the second panel of Figure 4.12 is sparse, but is highest during the
peak of the y-ray flare (reaching a maximum of V' = 16.89 4+ 0.04 on MJD 58077), as
expected. On November 19, the average degree of polarisation was (II) = 8.28 + 0.49 %
between 4600 A and 6855 A (as seen in Figure 4.13). On November 22, the average degree
of polarisation decreased to (II) = 6.43 4+ 0.52%. Between the two SALT observations,
the equatorial polarisation angle changes from 2.44 + 1.65° to 7.05 %+ 2.04°.
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The optical spectra display a strong emission line at A = 5375.57 + 2.80 A. Dur-
ing the first observation, the observed emission line had an equivalent width of |W,| =
11.99 + 0.27A (likely diminished due to the increased jet activity), and increased to
[Wy| = 15.32 £ 0.22 A during the second observation as the jet contribution decreases
after the flare. Using the published redshift, this emission line does not correspond to
any of the typical blazar lines. The closest match would be [Mg I]. The published redshift
given in Table 3.1 is taken from NED, and appears to come from Johnston et al. (1995),
but no spectrum is shown. Hence, assuming the observed emission line is [Mg 1], using a
rest wavelength of Ay = 5172.68 A, we propose a new redshift of z = 0.039 % 0.001.

The degree of linear polarisation during both observations decreased towards the
higher frequency end, as shown in Figure 4.14. The comparison star observed for this
source had an average degree of polarisation of (IT) = 2.50 4 1.45 %, with a fairly flat, if
slightly increasing towards higher frequencies, slope. This is an indication that, for PKS
0131-522, the thermal accretion disc component dilutes the polarisation/non-thermal syn-
chrotron component at higher frequencies during the flare.

4.2.2 PKS 0208-512

PKS 0208-512 is a highly variable v-ray blazar that was first identified as the optical
counterpart of an unresolved radio source in 1976 (Savage, 1976; Stacy et al., 2003). It is
a relatively bright, distant source with a redshift of z = 1.003, apparent visual magnitude
of V' =16.93, and vy = 8.61 x 10'?Hz. This source is highly variable, known to emit
regularly at ~-ray energies, and has been in this “recurring” active state for the last couple
of decades (Khatoon et al., 2022).

PKS 0208-512 was in a state of enhanced ~-ray activity from 2019 October to 2020
May 31 (MJD 58780 — 59000), and underwent a major flaring event from 2019 November
to 2020 May. On 2019 November 29, the Fermi-LAT detected enhanced ~-ray activity
from the source, with the vy-ray flux increasing by a factor of 13 when compared to the
averaged daily flux in the 4FGL Fermi-LAT catalogue (Angioni, 2019). This flaring state
is comparable to the previous highest ~-ray flare observed by the LAT for this source in
2011 May (Szostek, 2011). Two major flares occurred during this period, peaking on 2019
December 16 and 2020 March 15, respectively (Khatoon et al., 2022).

To observe the source during its 2019/2020 flare, two SALT spectropolarimetric obser-
vations were taken in 2019 December to investigate the changes in the observed polarisa-
tion signatures during the first major flaring event of this extremely high state. The optical
and y-ray fluxes of PKS 0208-512 are shown in the first two panels of Figure 4.15. There
is a visible increase in the y-ray flux from MJD 58810, with two peaks, or sub-flares during
the high/flaring state in the observed emission around which the SALT spectropolarimet-
ric observations were taken (reaching maxima in the y-ray regime of F(0.1 — 100 GeV) =
1.16 £ 0.10 x 10 ®phem™2s7! and F(0.1 — 100 GeV) = 1.39 4+ 0.09 x 107 phem 257!,
respectively). The optical lightcurve does not provide coverage around the first y-ray

peak, but indicates an increase in activity around the second ~-ray peak, decreasing from
V' =15.93 £ 0.11 on MJD 58826 to V = 15.64 4+ 0.08 on MJD 58836.

The optical spectropolarimetric observations (Figure 4.16) were taken during the first
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Figure 4.15: Gamma-ray (top panel) and optical (second panel) observations for the FSRQ, PKS 0208-512, where the
black and red dashed lines indicate the dates of the SALT spectropolarimetric observations. The third and fourth panels
give the averaged degree of polarisation and equatorial polarisation angle in six different wavelength bands, reported for
each of the two SALT observations.

major flare, on 2019 December 5 and 19. During the first observation (prior to the peak
of the first major flare), the average degree of polarisation from A = 3900 — 9150 A was
observed to be (II) = 27.30 4+ 0.54 %. At the time of the second observation, right after
the peak of the first major flare, the y-ray and optical fluxes began to steadily decrease.
Along with this, there was a decrease in the polarisation ((IT) = 5.19 +0.38 %). Between
the two observations, a fairly large polarisation angle swing was observed, with a rotation
from 19.56 4 1.03° to 97.65 4+ 1.49°.

A forbidden [Mg II] emission was observed in the optical spectra at A = 5597.97 +
14.58 A. During the first observation, the [Mg II] emission line had an equivalent width
of [Wy] = 10.34 + 0.06 A. At the time of the second observation, the [Mg II] emission
line’s equivalent width increased to |[Wy| = 15.20 & 0.14 A, indicating a decrease in the
non-thermal jet emission contribution in the spectrum as the flare subsided.

During the first SALT observation (before the peak of the first major flare), the degree
of linear polarisation decreases towards the higher frequency end (see the black datapoints
in Figure 4.17), indicating the dilution of the polarisation due to the accretion disc’s
contribution toward the emission. However, during the second observation shortly after
the peak of the first major flare (red datapoints in Figure 4.17), the polarisation increased
towards the higher frequency end. The comparison star observed for this source had an
essentially flat slope, with an average degree of polarisation of (IT) = 0.99 £ 0.39 %. From
this, it can be inferred that the observed change in the frequency dependent slope of the
polarisation of PKS 0208-512 is intrinsic to the source itself. Therefore, it is possible
that the jet underwent some sort of change, as such a trend is observed when there is a
shock moving downstream in the jet, and the polarisation at higher (X-ray) frequencies
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are higher than at lower(optical/IR) frequencies.

4.2.3 4FGL J0231.2-4745

4FGL J0231.2-4745, or PMN J0231-4746, is a fainter FSRQ, with an apparent visual
magnitude of V = 17.87, a redshift of z = 0.765, and vy = 1.31 x 102 Hz (from Table
3.1). The Fermi-LAT detected enhanced 7-ray activity from this source in 2019 Octo-
ber, starting from October 17 (Principe and Angioni, 2019). On October 19, this source
reached its highest ever average daily flux, increased by a factor of 60 when compared
to the average flux from the 4FGL Fermi-LAT catalogue (Principe and Angioni, 2019).
The Fermi-LAT detection of the flare led to contemporaneous follow-up observations with
the Swift-XRT and Swift-UVOT, and La Palma observatory, confirming enhanced flaring
activity in X-ray, UV, and optical as well (D’Ammando et al., 2019; Pursimo et al., 2019).

The flare, extending from MJD 58770 to MJD 58790 in both the optical and ~-ray
regimes, can be seen in Figure 4.18. During this time, the optical LCO observations show
a maximum of V' = 16.24 + 0.02 on MJD 58778, while the v-ray fluxes were still on the
rise (increasing from F(0.1 — 100 GeV) = 7.26 £ 0.78 x 107" phem 2?5~ on MJD 58778
to a maximum of F(0.1 — 100 GeV) = 7.66 + 0.79 x 10" phem?s~! on MJD 58781).
After the peak of the y-ray flare, the optical fluxes decreased dramatically, reaching an
apparent visual magnitude of V' = 17.50 £ 0.06 on MJD 58785.

Optical spectropolarimetric observations were taken on 2019 October 22 and 2019
October 29, and are shown in Figure 4.19. The first SALT observation, taken prior to
the peak of the flare, had an average degree of polarisation of (II) = 27.47 £ 1.93%
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29, respectively.

(A = 4350 — 7100 A). During the second observation (after the peak of the flare, with
significantly lower fluxes in both the optical and ~-ray bands), the observed degree of po-
larisation decreased to (IT) = 8.39 + 1.30 %. The low optical and 7-ray fluxes, along with
the low degree of polarisation, indicate that the non-thermal contribution to the emission
was significantly lower during the second SALT observation than during the first. The
polarisation angle at the time of the two observations changed from 143.76 4+ 1.01° to
132.61 + 2.76°.

The optical spectra in Figure 4.19 also exhibit a [Mg II] emission line at A = 4966.10+
6.67 A, with equivalent widths increasing from |Wy| = 11.79 + 0.98 A on October 22, to
[Wy| = 21.27 = 1.20 A on October 29, indicating that the strength of the non-thermal
emission contribution had diminished greatly between the two spectropolarimetric ob-
servations. This is in agreement with the behaviour observed in the optical and v-ray
lightcurves as shown in Figure 4.18.
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the averaged degree of polarisation and equatorial polarisation angle in seven different wavelength bands, reported for each
SALT observation (third and bottom panel, respectively).

For both of the SALT spectropolarimetric observations, the polarisation levels de-
creased to the blue end of the spectrum, suggesting that the non-thermal emission is di-
luted by the accretion disc’s contribution during the flare (Figure 4.20). The comparison
star observed for this source had an average degree of polarisation of (II) = 2.50+1.45 %,
with an essentially flat slope, indicating that the observed negative slopes for the two
observations shown in Figure 4.20 are intrinsic to the source itself.

4.2.4 PKS 1034-293

PKS 1034293 is the selected FSRQ observed for the long-term observing campaign, and
has been monitored between 2020 May and 2021 July (Figure 4.21). It is a bright, rel-
atively nearby galaxy with a redshift of z = 0.310, and apparent visual magnitude of
V = 16.46. The low-energy component of this blazar has a synchrotron peak frequency
of vy, = 8.3 x 10" Hz (as found by Lin et al., 2017), or v5, = 6.92 x 102 Hz (as in the
ALAC catalogue, cited in Table 3.1).

The ~-ray and optical lightcurves are shown in Figure 4.21. The ~v-ray fluxes fluctu-
ate somewhat, but remain fairly low throughout the reported period, with the majority
of LAT datapoints being upper limits. The bottom two panels of Figure 4.21 give the
average degree of polarisation in different wavelength bands for each SALT observation.

During the reported period of observation (2020 May to 2021 June), six successful
SALT spectropolarimetric observations were taken, and are shown in Figure 4.22. The
average degree of polarisation reached a maximum of (IT) = 19.13+£1.31 %, and a minimum
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Table 4.2: Equivalent widths of the two forbidden [O III] emission lines for each spectropolarimetric observation taken for

the FSRQ, PKS 1034-293.

Obs. Date [O III]; (A) [O IIT); (A)
2020-05-15 0.71 &+ 0.04 2.71 + 0.05
2021-02-08  2.08 & 0.08  6.39 + 0.09
2021-03-17  2.24 + 0.09  6.07 + 0.09
2021-04-09 1.71 4+ 0.08  4.86 + 0.09
2021-06-05 1.91 &+ 0.06 4.83 + 0.07
2021-06-11  1.08 &+ 0.07  3.39 + 0.07

of (II) = 11.45 4+ 0.11 % (in the wavelength range of A = 3900 — 9150 A). The equatorial
polarisation angle exhibited high variability, rotating through a range of ~ 150° during
the observation period (from 160.72 = 1.91° to 12.03 & 3.12°). An interesting feature in
the behaviour of the polarisation of this source occurs in 2021 June, where the average
degree of polarisation changed rapidly between the observations taken on June 05 (MJD
59370) and June 11 (MJD 59376). The polarisation changed from (IT) = 19.13 £ 1.31%
to (IT) = 11.45 4+ 0.86 %, where the polarisation angle remained effectively unchanged,
observed to be 135.56 £ 1.07° and 132.21 4 1.83° on the two respective dates. Two for-
bidden [O II1] lines are observed in the optical spectra at A = 6500.02 + 9.20 A and
A\ = 6561.93 +5.09 A. The equivalent widths of these emission lines for each of the spec-
tropolarimetric observations are given in Table 4.2.

During all of the SALT observations, the degree of linear polarisation increased towards
higher frequencies, as shown in Figure 4.23, possibly indicating that a shock is travelling
in the jet. Interestingly, the y-ray and optical lightcurves remain fairly constant at low
values. This is also represented in Figure 4.24, where the trend of an increasingly posi-
tive polarisation slope of frequency dependence towards higher degrees of polarisation is
again observed, similarly to what was observed for AP Lib in Section 4.1.3. However,
the correlation is not significant, as a Spearman’s test gives p = 0.714 (p-value = 0.111).
Therefore, more data is required to fully investigate these results.

Maraschi et al. (1995) found that the X-ray spectrum is inverted in the vF, repre-
sentation, and that the observed X-ray fluxes are in excess of the extrapolation of the
optical spectrum. The authors put forth two possible interpretations for this. The first
is that the observed X-ray emission is due to a different (likely IC processes) emission
mechanism than the IR /optical emission (which is produced by synchrotron radiation).
The second alternative is that the observed X-ray emission is the high-energy extension
of the lower-energy synchrotron radiation. The latter result from Maraschi et al. (1995)
could possibly provide an explanation for the increased degree of polarisation towards
higher frequencies as shown in Figure 4.23, as the polarisation might be concentrated in
the X-ray regime rather than the optical.

4.2.5 PKS 1510089

PKS 1510-089 is a famous, highly polarised blazar situated at a redshift of z = 0.36
with an apparent visual magnitude of V' = 16.54 and synchrotron peak frequency of
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SALT observation dates. The different coloured datapoints represent the observation dates, as labelled in Figure 4.22.
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Figure 4.24: The frequency dependent slope of the degree of polarisation as a function of the averaged degree of polarisation
for each of the observation dates, as observed for the FSRQ, PKS 1034-293.

vey = 1.10 x 10" Hz (as given in Table 3.1). It was classified as a flat-spectrum radio
source in 1996 by Tanner et al. (1996). The source displayed highly variable emission
in the v-ray regime during the first eight years of Fermi-LAT monitoring, but has since
been less active. During low states, strong VHE emission was still observed with MAGIC,
establishing it as the first FSRQ to be a continuous or persistent VHE ~-ray emitter, pos-
sibly explained by hadronic processes (Dzhatdoev et al., 2022; Zacharias, 2018).

PKS 1510-089 is characterised as one of the most variable FSRQs, emitting very high
~-ray fluxes during outbursts. The jet-component shows superluminal motion of up to
20c, and is one of the most highly aligned radio galaxies known (177°), i.e. the jet is in a
near-perfect alignment with the observer’s line of sight (D’Ammando et al., 2010; Homan
et al., 2002; Wardle et al., 2005). To explain some of this source’s behavioural traits, it

has been proposed that the central engine might be a binary black hole system (Li et al.,
2007; Wu et al., 2005).

However, from the full Fermi-LAT lightcurve in Figure 4.25, it is clear that the strength
and regularity of the variability of PKS 1510-089 in the 7-ray regime has been gradually
decreasing over time, reaching a near constant low-state in 2021 July. This source, for all
its interesting traits, has been observed as part of the SALT transients spectropolarimet-
ric monitoring campaign from 2021 April to 2022 July, and the ~-ray lightcurve around
the SALT spectropolarimetry observations (2021 April to 2022 July) is given in the top
panel of Figure 4.26. Since the LCO data for this source only spans the time period from
2018 August to 2020 June, no optical lightcurves were plotted for this source.

Spectropolarimetric observations with SALT were taken nineteen times between 2021
April and 2022 July, as shown in Figure 4.28. During the 2021 semester, the source
was observed eight times, and exhibited some activity in the v-ray regime (as shown
in the top left panel of Figure 4.27), with the average degree of polarisation reaching a
maximum of (IT) = 12.45 + 1.14 % and a minimum of (IT) = 2.18 £+ 0.54 % (taken from
A = 4100 — 6200A). During this time, the polarisation angle varied substantially, ranging
from 4.73 + 2.69° to 178.93 4+ 4.82°.
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Figure 4.27: Gamma-ray observations for the FSRQ, PKS 1510-089 during the two different observing periods (top left
and top right panels, respectively), along with the averaged degree of polarisation and equatorial polarisation angle in four
different wavelength bands, reported for each SALT observation during the two observing periods (middle and bottom
panels, respectively).

During the 2022 semester, the source was observed eleven times, and exhibited little
to no activity in the y-ray regime (see the top right panel of Figure 4.27). This “quiet”
state is mirrored in the behaviour in the optical regime, with the strength and width of
the emission features remaining constant, and the degree of linear polarisation remaining
below 2 % for the entire observing period, reaching a maximum of only (IT) = 1.99+0.99 %.

Throughout both the 2021 and 2022 observing periods, a comparison star was ob-
served on the slit alongside the target. The comparison star exhibited polarisation levels
consistently below 2 %, averaging around (IT) = 1.26 4+ 0.69 %. The average degree of po-
larisation observed for PKS 1510-089 during the 2022 semester was comparable to that of
the comparison star. Thus, the observed polarisation levels of PKS 1510-089 in 2022 can
be attributed to some intergalactic effect in that region of the sky, rather than intrinsic
polarisation in the jet-component of the target itself.

The polarisation angle remained more constant during the 2022 observing period,
ranging from 83.88 £ 22.87° to 48.96 £ 13.93°. The optical spectra show three emis-
sion lines: [Mg II] at A = 3804.38 £ 1.50A, Hs at A = 5578.83 + 1.59 A, and H, at
A = 5904.46 4 0.85 A. The equivalent widths for each of these emission lines, for each of
the spectropolarimetric observations, are given in Table 4.3. Note the increase in equiva-
lent widths of the emission lines during the 2022 semester when compared to those of the
2021 semester. This gives further indication that the non-thermal jet emission contribu-
tion has decreased significantly from 2021 to 2022.

There is a definite change in the slope of the frequency dependence of the degree of
linear polarisation between the 2021 and 2022 observing semesters, and this is shown
in Figure 4.29. For the SALT observations taken during the 2021 observing period, the
degree of linear polarisation was observed to decrease towards the higher frequencies in
the optical regime, indicating the dilution of the non-thermal synchrotron contribution
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Table 4.3: Equivalent widths of the [Mg II], Hs, and H,, emission lines for each spectropolarimetric observation taken for

the FSRQ, PKS 1510-089.

Obs. Date

Mg I1] (A)

H; (A)

i, (&)

2021-04-06
2021-04-09
2021-04-17
2021-04-20
2021-05-08
2021-05-13
2021-06-05
2021-06-10
2022-04-25
2022-04-26
2022-05-24
2022-05-25
2022-05-30
2022-06-05
2022-06-20
2022-06-26
2022-07-27
2022-07-28
2022-07-31

25.62 £ 0.16
29.11 £ 0.13
29.06 £ 0.14
28.73 £ 0.13
20.41 £ 0.08
25.75 £ 0.10
13.75 £ 0.10
12.85 £ 0.06
33.07 £ 041
31.54 + 0.31
31.92 £ 0.30
33.22 £ 0.27
30.92 £ 0.63
31.46 £ 0.30
32.18 +£ 0.32
31.31 £ 0.26
32.03 £ 041
30.58 + 0.52
31.88 £ 0.27

3.42 + 0.18
5.17 £ 0.16
5.03 £ 0.17
5.17 £ 0.15
2.36 £ 0.08
3.65 £ 0.11
1.50 £ 0.10
1.29 + 0.06
6.27 + 0.48
5.29 £ 0.39
0.22 £ 0.38
5.27 £ 0.35
4.87 £ 0.77
5.55 £ 0.36
4.80 £ 0.41
4.70 + 0.33
4.44 £ 0.55
4.40 + 0.71
4.77 + 0.36

23.40 £ 0.52
30.71 £ 0.43
30.11 £ 0.48
29.58 + 0.42
15.53 £ 0.24
22.76 + 0.33
13.04 £ 0.29
10.26 £ 0.18
41.02 £1.24
39.87 £ 0.97
38.88 £ 0.96
38.52 £ 0.89
40.27 £ 1.90
38.24 £ 0.94
36.96 + 1.04
34.02 £ 0.87
36.48 + 1.41
33.38 £ 1.88
35.99 £ 0.94

by the thermal accretion disc component. However, the picture changes during the 2022
observing period, in which the polarisation decreased to less than 2%, with a flattened
slope in the degree of polarisation — barring the two observations taken on 2022 May
24, the degree of linear polarisation is observed to increase towards the higher optical
frequencies. The comparison star exhibited flat slopes in the degree of polarisation (com-
parable to that of the target in 2022), thus providing further evidence that the observed
polarisation is an intergalactic or interstellar effect.

The slope in the frequency dependence of the degree of polarisation versus the averaged
degree of polarisation for each observation during the 2021 semester is given in Figure
4.30. In this plot, the increasingly negative slopes are associated with the higher average
degree of polarisation. The days on which a positive/flattened slope in the polarisation
is observed, the degree of polarisation remained low and comparable to the polarisation
levels of the comparison star (i.e. the 2022 observing term), and is therefore not shown
in the figure. A Spearman’s test on the data from the 2021 semester resulted in a strong
anti-correlation of p = —0.782 (p-value = 7.519 x 107°). However, since polarisation
levels of (IT) < 2% are comparable to that of the comparison star, a Spearman’s test
was conducted on the data from the 2021 semester excluding all points with polarisation
levels below 3%. This resulted in a slightly weaker, less significant anti-correlation of
p = —0.314 (p-value = 0.544). This anti-correlation is the opposite of what has been
observed for the BLL, AP Lib, and the FSRQ, PKS 1034293 as discussed in Sections
4.1.3 and 4.2.4, respectively.

The change in the slopes of the degree of polarisation between 2021 and 2022, together
with the “switched off” high-energy emission observed (Figures 4.25 and 4.26), and the
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Figure 4.30: The frequency dependent slope of the degree of polarisation as a function of the averaged degree of polarisation
for each of the observation dates, as observed for the FSRQ, PKS 15150-089 during the 2021 semester. The dashed grey
line indicates where the slope is zero.

near-zero polarisation levels in the optical regime during the 2022 period, indicate that
the source is in an unprecedented low-state, with little (if any) non-thermal contribution
to the observed emission. The historically active and superluminal jet-component seems
to have been completely diminished. The mysterious behaviour of this source requires
much more observation and modeling in future work.

4.2.6 PKS 202307

PKS 2023-07 is a faint, distant FSR(Q with apparent visual magnitude of V = 18.23, a
redshift of 2 = 1.388, and a synchrotron peak frequency of vg, = 4.16 x 102 Hz (Table
3.1). It has been identified as a persistent weak 7-ray emitter (Piano et al., 2016, 2018),
with outbursts or flares sometimes occurring.

PKS 2023-07 was in a quiescent state for ~ 5.5 years before enhanced activity was
detected by the Fermi-LAT in 2015 July (Ciprini and Fermi Large Area Telescope Collab-
oration, 2016). In 2016 April, the blazar reached a high/flaring state, and was detected
by AGILE, Swift and the Fermi-LAT, with average daily fluxes ~ 16 times greater than
that of a four-year averaged flux as given in the 3FGL Fermi-LAT catalogue (see the
~-ray lightcurve as shown in the top panel of Figure 4.31; Ciprini and Fermi Large Area
Telescope Collaboration, 2016; Piano et al., 2018). Since the LCO data for this source
spans only about three days in 2017, no optical lightcurves were plotted for this source.

An optical SALT spectropolarimetric observation for PKS 2023-07 was taken once
during the 2016 flare (Figure 4.32). The spectrum was featureless with an average de-
gree of polarisation of (II) = 26.43 £+ 0.82 % and a polarisation angle of 167.14 + 0.70°
(between A = 3900 — 9150A). The -ray flux during the 2016 SALT observation was
F(0.1 —100GeV) = 2.77 4 0.16 x 107 *phcm=2s! (Figure 4.31). The degree of linear
polarisation was observed to be decreasing slightly towards higher frequencies, indicating
that the synchrotron emission is diluted by the accretion disc component (see Figure 4.33).

After the initial spectropolarimetric obserations in 2016, a follow-up observation was
taken on 2018 October 04 during a low state (see Figure 4.32). During this observation, the
observed degree of polarisation was found to be (IT) = 10.63 +2.00 %, with a polarisation
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Figure 4.33: The degree of linear polarisation as a function of frequency for the FSRQ, PKS 2023-07, on both of the
SALT observation dates. The black and red datapoints indicate the polarisation as observed on 2016 April 16 and 2018
October 4, respectively.

angle of 88.4743.03°. The optical spectrum taken on 2018 October 04 displayed a forbid-
den [Mg II] line at A = 6684.67 + 9.12 A (with equivalent width |W,| = 14.59 £ 0.52 A),
whereas the earlier spectrum taken on 2016 April 16 displays no such feature. This in-
dicates how the non-thermal synchrotron emission was dominant during the flare, and
diluted the thermal spectral features. The v-ray flux during the 2018 observation was
F(0.1 — 100GeV) = 2.40 & 0.54 x 10~ "phem=2s71. During the 2018 observation, the
degree of polarisation was observed to increase towards higher frequencies, as shown by
the red datapoints in Figure 4.33.

The next chapter will present a summary of all the findings from the observational
data, along with some statistical analyses performed on the sample as a whole in a search
for trends in the overall behaviour of the sample of blazars presented in this project.



Chapter 5

Discussion

This chapter will provide a discussion of all the results from the observational data, as
well as provide some comments on the behaviour of the sample of blazars investigated as
a whole. A summary of all the observational results for the entire sample will be given in
Section 5.1, while Section 5.2 to Section 5.7 will discuss the behaviour of the polarisation
for the blazar population, and how it relates to the slope of the frequency dependence of
the polarisation, the v-ray flux and luminosity, synchrotron peak frequency, and redshift
of all of the sources.

Throughout this project, a cosmology was adopted with the following parameters: the
Hubble constant defined as Hy = 70kms~! Mpc~™?, and ©,, = 0.3.

5.1 Summary of Observational Results

Table 5.1 provides a summary of all the observational results obtained for all of the sources
investigated in this project. This includes the y-ray state, whether the fluxes were rising
or falling (as seen in the ~-ray lightcurves given in Chapter 4 and Appendix A), the aver-
age degree of polarisation and polarisation angle, the slope of the frequency dependence of
the polarisation — where a positive (+) slope indicates an increase in polarisation towards
higher frequencies, and a negative (—) slope indicates a decrease in polarisation towards
higher frequencies — and the isotropic-equivalent y-ray luminosity on the respective dates
of observation. The v-ray states were defined as active/high based on what has been re-
ported in literature, and /or when the observed fluxes were greater than the daily averaged
flux in the Fermi 4FGL catalogue by a factor of ~ 10.

In total, six BLLs and twelve FSRQs were investigated in this project. Of the six
BLLs, three were LBLs (g, < 10 Hz), two were IBLs (10" < vy, < 10" Hz), and one
was an HBL (v, > 10" Hz). All twelve FSRQs observed were LSPs, with v, < 10 Hz,
as shown in Figure 5.1. The distribution of «-ray luminosities of the BLL and FSRQ
samples at the time of the SALT observations is shown in Figure 5.2. During low states
of activity, the FSRQs had a wider range of observed v-ray luminosities than BLLs. Dur-
ing high states, the ranges of luminosities were similar, but the FSRQs reached higher
luminosities (L, > 10*"ergs™') than the BLLs.

A noteworthy remark is that more observations were taken during ~-ray active states
than during quiescent states due to the nature of the observing campaigns as outlined in

75
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Figure 5.2: The behaviour of the v-ray luminosities of BLLs and FSRQs during low states (left panel) and high states
(right panel) of the entire blazar sample. The 7-ray luminosities for BLLs are indicated by a solid black line, whereas for
the FSRQs, it is indicated by a dashed black line.

Chapter 3. Since the bulk of this project aimed at investigating the spectropolarimetric
behaviour of flaring/active blazars, having a sample containing more FSRQs than BLLs
was to be expected, as FSRQs tend to be more variable with more regular outbursts than
BLLs. It was also expected to see larger changes in the degree of polarisation in FSRQs
than in BLLs, and flaring FSRQs were observed more frequently, due to the stronger and
more variable non-thermal emission component at optical wavelengths. Hence, any inter-
pretation discussed here may be biased towards high/active, or flaring, states of largely

FSRQs.

It is also of interest to note that, for the majority of the sources that were observed
multiple times during y-ray high states, the average degree of polarisation, (II), was higher
while the ~-ray fluxes were still on the rise, and lower while the «-ray fluxes were falling,
even if the level of flux was similar. This effect is seen in, for example, PKS 0131-522
(see Section 4.2.1, p.57) and 4FGL J0231.2-4745 (see Section 4.2.3, p.62), as discussed
in Chapter 4.

From the observational results summarised in Table 5.1, it is also interesting to see
that an active or high y-ray state does not necessarily imply a high degree of polarisation,
as is seen for e.g. PKS 1454-354 and PKS 0035252 (see Sections A.1.3 on p.121, and
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Figure 5.3: The averaged degree of polarisation of the entire blazar sample. The polarisation levels during low/quiescent
states are indicated by the solid black line, whereas the high/active states are indicated by the dashed black line. The dashed
magenta line indicates the distribution when only the maximum degree of polarisation is considered for PKS 0537—441,
PKS 0208-512, and 4FGL J0231.2-4745.

A.2.1 on p. 123 in Appendix A, for the observational data for these two sources). However,
there does seem to be a general trend in the optical polarisation levels to increase with
increased 7-ray activity. This finding is in agreement with the findings from the RoboPol
collaboration (see Angelakis et al., 2016). Since optical photometric coverage for most of
the sources observed was limited, the nature of the enhanced state of activity cannot be
constrained from this data alone. Below, the behaviour of the optical polarisation of the
eighteen selected blazars will be discussed.

5.2 Polarisation Levels of the Blazar Population

Of the eighteen blazars investigated, three were observed only during low states, eleven
were observed only during high states, and four were observed during both high and low
states. The distribution of the average degree of polarisation (between A = 4100 — 6200 A)
for the entire sample during low and high states is shown in Figure 5.3. Here, it is impor-
tant to note three things. First, where multiple observations were taken during the same
(high or low) state, the average was found over the whole of that specific state. Second,
for the FSRQ PKS 0346-279, where observations were taken during two different periods
of enhanced ~-ray activity (i.e. two different high states, one in 2018 February, and one
in 2021 November), only the period with the highest average degree of polarisation was
used. Last, for three sources (PKS 0537-441, PKS 0208-512, and 4FGL J0231.2-4745),
the degree of polarisation changed by more than 15% during the same high state, being
higher at the rise of the flare. The dashed magenta line in Figure 5.3 shows the distri-
bution if only the higher degree of polarisation is included for these sources. However,
for consistency, all the results discussed below will be given with respect to the averaged
degree of polarisation for all of the sources.
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Figure 5.4: The averaged degree of polarisation of the BLLs (left) and FSRQs (right) for the sample of blazars investigated.
The polarisation levels during low/quiescent states are indicated by the solid black line, whereas the high/active states are
indicated by the dashed black line.

For all but one blazar (PKS 0537-441), the average degree of polarisation remained
below 30% during high states. During low states, the average degree of polarisation
remained below ~ 15% for both BLLs and FSRQs. During low states, the degree of
linear polarisation ranged from a minimum of (IT) = 0.39 £+ 0.16 % to a maximum of
(IT) = 15.43+2.82%. The spread/standard deviation in the degree of polarisation during
low states over all of the sources was o ~ 5.26 %. During high states, the degree of linear
polarisation ranged from (II) = 1.614+1.12 % to (II) = 26.70 £0.42 %, with a significantly
larger spread in the data, with a standard deviation of o ~ 7.08 %.

The distributions for BLLs and FSRQs are shown separately in Figure 5.4. Of the six
BLLs in the sample, two were observed in low states, and all six were observed during
a high state. During a low state of activity, the average degree of polarisation remained
below 15% for all of the BLLs, reaching a maximum of II = 8.65 + 0.38 %. During high
states, the average degree of polarisation remained below 15% for all but one BLL, for
which an average degree of polarisation was found to be IT = 25.02 + 0.53 %.

Of the twelve FSRQs studied, five were observed during a low state of activity, and
nine were observed during a high state, as shown in the right panel of Figure 5.4. The
average degree of polarisation reached a maximum of IT = 15.43+2.82% during low states,
and IT = 26.69 + 0.42% during high states. From the results shown in Figure 5.3 and 5.4,
it can be seen that, on average, the degree of polarisation during high states are higher
for FSRQs than for BLLs.

5.3 Nature of the Polarisation Slopes

The nature of the observed polarisation of blazars can be investigated by both its degree
or level of polarisation, and the frequency dependent slope in the observed degree of po-
larisation. However, from the results discussed in this project, it is clear that the nature
of the polarisation does not depend only on the state of activity of the blazar, or the
observed flux alone. Therefore, further investigation is required.

The analysis of three individual sources with multiple observations (AP Lib, PKS
1034-293 and PKS 1510-089) indicated a trend between the frequency dependent slope
of polarisation and the average degree of polarisation. To investigate this further, the
analysis is extended to all sources in Figure 5.5. There does not seem to be a general
trend for the entire sample (both BLLs and FSRQs), as a Spearman’s test resulted in
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Figure 5.6: The relation between the frequency dependent slope in degree of polarisation and the normalised ~-ray flux
for all of the sources in the sample. The open circles indicate the normalised flux of blazars during high/active states,
and the filled squares indicate the normalised flux of blazars during low/quiescent states. Green datapoints indicate values
associated with BLLs, and blue datapoints indicate the values associated with FSRQs.

p = —0.080 (p-value = 0.621) during high states. However, during low states, a Spear-
man’s test showed a slightly more significant correlation of p = 0.375 (p-value = 0.054).
No strong correlation is observed when investigating the BLLs and FSRQs separately.
BLLs show p = 0.167 (p-value = 0.693) during low states, and p = 0.189 (p-value =
0.424) during high states, while FSRQs show p = 0.289 (p-value = 0.229) during low
states, and p = —0.319 (p-value = 0.158) during high states. Thus, there is no strong
monotonic relationship between the observed degree of polarisation and the slope of that
polarisation.

As the slope in the degree of polarisation can be either positive (increasing towards
higher frequencies) or negative (decreasing towards higher frequencies), and therefore be
indicative of different scenarios surrounding the high-energy jet-emission, a correlation
may occur between the slope and the observed v-ray flux. In order to investigate this, we
compared the slope of the frequency dependence of the polarisation against a normalised
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Figure 5.7: The relation between the frequency dependent slope in degree of polarisation and the normalised y-ray flux for
the BLL, AP Lib. The open circles indicate the normalised flux of blazars during high/active states, and the filled squares
indicate the normalised flux of blazars during low/quiescent states.

flux or flare parameter (Figure 5.6). The flare parameter is the observed vy-ray flux di-
vided by the flux given in the Fermi 4FGL catalogue (or Fyps/Fypgr). This is done so
that the flare-parameter indicates the strength of the flare, rather than just the level of
observed flux.

For the entire sample (both BLLs and FSRQs), a Spearman’s test resulted in p = 0.085
(p-value = 0.672) during low states, and p = —0.096 (p-value = 0.550) during high states,
indicating no correlation. For the BLL sample, p = —0.310 (p-value = 0.456) during
low states, and p = —0.320 (p-value = 0.169) during high states, was found. The FSRQ
sample gave p = 0.153 (p-value = 0.533) during low states, and p = 0.182 (p-value =
0.430) during high states. These values all indicate that there was no observed correlation
between the slope in the degree of polarisation and the strength of the flare in the y-ray
regime.

These results may be skewed due to both the quantity of observational data, as well
as the observed behaviour of AP Lib, PKS 1034-293, and PKS 1510-089. For AP Lib,
a time lag was observed between the optical polarisation and ~-ray fluxes. As such, the
behaviour of the slope and degree of polarisation with y-ray flux during high states is
skewed, and a stronger correlation could arise if this effect is corrected for. The slope of
polarisation against the normalised flux is shown for AP Lib alone in Figure 5.7. A Spear-
man’s test for this source resulted in a stronger correlation of p = 0.900 (p-value = 0.037)
during low states, and a less significant anti-correlation of p = —0.363 (p-value = 0.223)
during high states. Although these results are constrained by the limited observational
data, it seems as if the slope of the polarisation increases (i.e. becomes more positive)
with increasing y-ray flux during low states, and decreases (becomes more negative) with
increasing y-ray flux during high states.

PKS 1034-293 was observed in a persistent low state with varying levels of polarisation
and ~-ray fluxes, always exhibiting an increase in polarisation towards higher frequencies
(see Figure 5.8). For this source, a Spearman’s test resulted in p = 0.029 (p-value = 0.957),
and showed no correlation in the data. However, the observational data is severely lim-
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Figure 5.8: The relation between the frequency dependent slope in degree of polarisation and the normalised ~-ray flux
for the FSRQ, PKS 1034-293.
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Figure 5.9: The relation between the frequency dependent slope in degree of polarisation and the normalised ~-ray flux
for the FSRQ, PKS 1510-089. The open circles indicate the normalised flux of blazars during high/active states, and the
filled squares indicate the normalised flux of blazars during low/quiescent states.

ited, and, since the source was not observed during a high state of activity, the possibility
of correlation cannot be excluded.

The behaviour of PKS 1510-089 completely changed from 2021 to 2022, entering an
unprecedented low state in 2022. The behaviour of the slope of the frequency depen-
dence of the polarisation with y-ray flux mirrors this low/high state change in Figure 5.9.
During high states, the data shows a correlation of p = 0.595 (p-value = 0.120), where
the degree of polarisation decreased with increasing v-ray flux, and the slope remained
negative. During low states, there is also no significant correlation, with p = —0.255
(p-value = 0.450). This is as expected, as the observed polarisation levels during the
2022 semester are comparable to that of the comparison star, and are due to intergalactic
effects. By including the observational data from the 2022 observing period, the overall
results for the sample may be more random than it truly is, as the polarisation effects are
not intrinsic to the source itself.
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Table 5.2: The parameters used to initialise the emission region, its magnetic field, the electron population, as well as
some properties of the blazar’s accretion disc and SMBH. These were used to model how the SED and the slope of the
frequency dependence of the polarisation changes with varying flux and ordering of the magnetic field.

Property Value
Magnetic field strength B [G] 0.82

Bulk Lorentz factor I" 15

Blob radius Rpjep [cm] 3 x 1017
Minimum energy Ymin 54.8
Break energy vpreak 7.27 x 10?
Maximum energy Ymax 4 % 10°
Electron spectral index p; 2.62
Electron spectral index po 3.00
Normalisation of electron spectrum k [em™3] 0.5 x 1075
Black hole mass Mgyvpa [Mo)] 3 x 107
Disk luminosity Lap [erg/s] 4.5 x 1046
Redshift z 0.35

As already mentioned, the frequency dependent slope and degree of the observed po-
larisation for blazars depend on a multitude of factors. These include, for example, the
observed flux F (across the electromagnetic spectrum), the redshift (z) of the source, the
location of the synchrotron peak frequency (v ), and the ordering of the magnetic field
(FB). The nature of the polarisation will also differ between BLLs and FSRQs, as FSRQs
generally exhibit a stronger accretion disc component than BLLs, which plays a role in
the dilution of the non-thermal synchrotron radiation at higher (optical/UV) frequencies.

To investigate how the SED and the slope of the frequency dependence of the polarisa-
tion might be predicted to vary with the ~-ray flux and the ordering of the magnetic field,
an illustrative, or toy model, was constructed. The SEDs were modelled using AGNPY
(Nigro et al., 2022). Here, a one-zone model is assumed, with a single blob producing
the synchrotron emission component. To set up the model, the parameters were based
off of what was found by Schutte et al. (2022), and are summarised in Table 5.2. Note
that these parameters are not representative of all blazars, specifically not for BLLs, but
used just as a demonstration of the idea. The thermal accretion disc component was
modelled using a Shakura and Sunyaev accretion disc (Shakura and Sunyaev, 1973), and
the synchrotron emission was calculated for a broken power-law energy distribution of
relativistic electrons. The total observed degree of polarisation is calculated from (see e.g.
Schutte et al., 2022),

fNe(V)x(V)Kw?, (z(y)) dvy
TNz () [ Ko (2(€)) dédy
where N, is the electron distribution, Ky/3 and K53 are Bessel functions of the second

kind of order 2/3 and 5/3, respectively, and Fp is introduced to indicate the level of or-
dering of the magnetic field.

I = F - (5.1)

First, to see how an increase in the non-thermal flux will change the slope of the
polarisation, the ordering of the magnetic field was kept constant and the normalisation
constant (ng) of the electron distribution was increased by a factor of 500. In Figure
5.10, the top panel shows the low-energy component of the SED at varying flux levels,
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Figure 5.10: An illustration of the low-energy component of a blazar SED (top panel) at varying flux levels, with the
corresponding expected degree of polarisation (bottom panel). The solid coloured lines give the combined synchrotron and
thermal emission contributions at different flux levels, whereas the dashed black line gives the accretion disc (thermal)
component. From bottom to top, the coloured lines indicate the flux as increased by an arbitrary factor of 3.5, 12.3, 43.2,
and 151.7, from the lowest flux level considered (solid blue line). The grey shaded region indicates the optical frequency
range.
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Figure 5.11: An illustration of how the slope of the frequency dependence of the polarisation will change with the degree
of polarisation at optical frequencies as the flux levels vary. The coloured marked circles correspond to the model illustrated
in Figure 5.10.
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Figure 5.12: An illustration of the low-energy component of a blazar SED (top panel) with varying ordering of the
magnetic field (Fg, with the corresponding expected degree of polarisation (bottom panel). The solid coloured lines give
the combined synchrotron and thermal emission contributions with different F-values, whereas the dashed black line gives
the accretion disc (thermal) component. From bottom to top, the coloured lines correspond to Fg = 0.01, 0.21, 0.41, 0.61,
and 0.81. The grey shaded region indicates the optical frequency range.

whereas the bottom panel shows the degree of polarisation, with the vertical grey strip
indicating the optical regime (v = 4 — 7 x 10 Hz). Figure 5.11 shows how the slope of
the polarisation in the optical regime will change with increasing flux levels. First, the
slope becomes increasingly negative; then the slope becomes less negative with increasing
polarisation as the optical region becomes dominated by the synchrotron emission.

Second, the synchrotron flux was kept constant, and only the ordering of the magnetic
field (Fp) was increased, ranging from Fg = 0.01 — 1.00. This effectively increases the
degree of polarisation. The top panel of Figure 5.12 shows the low-energy component of
the SED at a constant flux level, whereas the bottom panel shows the varying levels of
polarisation as the ordering of the magnetic field (Fg) changes. This predicts that, as
the average polarisation increases, the slope of the polarisation will become increasingly
negative in the optical regime (as shown in Figure 5.13).

While the relation of increasingly negative slopes as the degree of polarisation in-
creases, is found for some individual sources (for example, 4FGL J 0231.2-4745, PKS
1510-089, and PKS 0346-279), the effect is not seen for the population as a whole (see
Figure 5.5). This is likely due to the fact that many sources were only sampled once or
twice, and not necessarily during two different states of activity. In order to further test
the hypotheses outlined by this model, higher cadence observations are required during
both high and low states of activity.

However, this simple, first-approximation model shows that the most simplistic idea
that increased non-thermal flux results in higher degrees of polarisation and polarisation
slopes, is not necessarily true. The ordering of the magnetic field within the region where
the emission is produced, also plays a critical role. The redshift of the source, as well
as the assumed electron spectrum, is also important, as this will change the slope of the
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Figure 5.13: An illustration of how the frequency dependent slope of the polarisation will change with the degree of
polarisation at optical frequencies as the ordering of the magnetic field varies. The coloured marked circles, correspond to
the model illustrated in Figure 5.12.
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Figure 5.14: The relation between the frequency dependent slope in degree of polarisation and the normalised y-ray flux
for all of the sources in the sample. The open circles indicate the normalised flux of blazars during high/active states,
and the filled squares indicate the normalised flux of blazars during low/quiescent states. Green datapoints indicate values
associated with BLLs, and blue datapoints indicate the values associated with FSRQs.

polarisation in the narrow optical regime.

5.4 Polarisation vs. y-ray Flux

The average degree of polarisation as a function of the normalised flux (Fys/Firar) for
the entire sample, is shown in Figure 5.14. For the entire sample, a Spearman’s test re-
sulted in a significant correlation of p = 0.623 (p-value = 5.223 x 1073) during low states.
This indicates that, during low states, the average degree of polarisation increases with
increasing y-ray flux. During high states, p = —0.068 (p-value = 0.671), no correlation
is found. For the BLL sample, no significant correlations were found, with p = —0.405
(p-value = 0.320) and p = —0.468 (p-value = 0.038) during low and high states, respec-
tively. For the FSRQ sample, a strong correlation of p = 0.695 (p-value = 9.630 x 1073)
was found during low states. However, during high states, there was no clear correlation,
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Figure 5.15: The averaged degree of polarisation of the entire blazar sample vs. the y-ray luminosity (L) of each source.
The open circles indicate the averaged degree of linear polarisation of blazars during high/active states, and the filled
squares indicate the averaged degree of linear polarisation of blazars during low/quiescent states. Green datapoints indicate
values associated with BLLs, and blue datapoints indicate the values associated with FSRQs.

with p = 0.191 (p-value = 0.407).

5.5 Polarisation vs. y-ray Luminosity

The average degree of polarisation as a function of the v-ray luminosity is shown in Figure
5.15. There does not seem to be any clear trend or correlation in the data, as various
levels of polarisation are detected for the same range of v-ray luminosities for both FS-
RQs and BLLs. A Spearman’s rank order correlation test between the average degree
of polarisation and v-ray luminosity during a low state yields a correlation coefficient of
p = —0.179 (p-value = 0.702). During a high state, a correlation of p = 0.296 (p-value =
0.283) was found. This erratic behaviour of the polarisation with -ray luminosity is in
agreement with findings from the RoboPol programme (Angelakis et al., 2016), as shown
in Figure 2.11 in Chapter 2, p.25. This indicates that there is no discernable trend with
which an increasing y-ray luminosity correlates or anti-correlates with the observed degree
of polarisation in the optical regime.

For the polarisation angle and y-ray luminosity during low states, the correlation was
p = —0.214 (p-value = 0.645). During high states, the correlation was p = 0.236 (p-value
= 0.398), showing no clear correlation or trend. The erratic behaviour of the polarisation
angle with v-ray luminosity as shown in Figure 5.16 is, therefore, also in agreement with
observational findings by, for example, Angelakis et al. (2016) and Blinov et al. (2016).

5.6 Polarisation vs. Synchrotron Peak Frequency

For both FSRQs and BLLs, during both high and low states of ~-ray activity, the aver-
age degree of polarisation appears to anti-correlate with the location of the synchrotron
peak frequency (vs,) as shown in Figure 5.17. Here, higher degrees of polarisation are
observed for sources with lower synchrotron peak frequencies during both active and qui-



90 CHAPTER 5. DISCUSSION

200 - 4 BLLs: Low State
#+  BLLs: High State

175 4 FSRQs: Low State ®
. #  FSRQs: High State *
< 150
o '_.—._'e_. @ "
2 125 @
<
C
_g 100 A —_——
© o L ]
T 754 g
©
[e]
& 504 - ®

25 © e

-
0 L4
10’43 10’44 10’45 10’46 10’47 10’48 10’49 10’50
Ly (ergs™h)

Figure 5.16: The averaged polarisation angle of the entire blazar sample vs. the v-ray luminosity (L~) of each source.
The open circles indicate the averaged polarisation angle of blazars during high/active states, and the filled squares indicate
the averaged polarisation angle of blazars during low/quiescent states. Green datapoints indicate values associated with
BLLs, and blue datapoints indicate the values associated with FSRQs.
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Figure 5.17: The averaged degree of polarisation of the entire blazar sample vs. the synchrotron peak frequencies (vsy) of
each source. The open circles indicate the averaged degree of linear polarisation of blazars during high/active states, and the
filled squares indicate the averaged degree of linear polarisation of blazars during low/quiescent states. Green datapoints
indicate values associated with BLLs, and blue datapoints indicate the values associated with FSRQs.
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Figure 5.18: The averaged polarisation angle of the entire blazar sample vs. the synchrotron peak frequencies (vsy) of
each source. The open circles indicate the averaged polarisation angle of blazars during high/active states, and the filled
squares indicate the averaged polarisation angle of blazars during low/quiescent states. Green datapoints indicate values
associated with BLLs, and blue datapoints indicate the values associated with FSRQs.

escent states. For this sample of blazars, a Spearman’s test yielded p = —0.357 (p-value
= 0.432) during low states, and p = —0.414 (p-value = 0.125) during high states. The
correlation agrees well with what has been found by Angelakis et al. (2016), who found
p = —0.300 (p-value = 2 x 1073) for their sample. The significance of the correlation for
this sample is not as strong as that of the sample used by Angelakis et al. (2016), which is
likely due to a lack of sufficient data. Thus, the anti-correlation between the polarisation
and synchrotron peak frequency (as found by Angelakis et al., 2016, 2017) shows that
LSP blazars are, as a whole, more polarised than HSPs. This result is shown in Figure
2.11 of Chapter 2, p. 25.

The polarisation angle as a function of v, for both FSRQs and BLLs, during both
high and low states, are shown in Figure 5.18. During low states, a correlation coefficient
of p = —0.357 (p-value = 0.432) was found between the polarisation angle and location
of the synchrotron peak frequency. During high states, these values were found to be
p = 0.121 (p-value = 0.666). From the Spearman’s test, there does not seem to be a
clear monotonic relation between the observed polarisation angle and vs,. However, it
was suggested by Angelakis et al. (2016) that — from additional statistical tests — the
randomness of the polarisation angle does indeed depend on the location of the source’s
synchrotron peak frequency, with p = 0.340 (p-value = 0.044). Specifically, the authors
showed that LSP sources will be less likely to have a preferred direction of polarisation
than HSP sources.

The dependence of the degree of polarisation and the randomness of the polarisation
angle on the location of the synchrotron peak frequency (vgy) hint towards a helical mag-
netic field structure downstream of a shock, as in the shock-in-jet model explained in
Chapter 2 (see, for example, Figures 2.14 and 2.15 on pages 29 and 29). For a more
detailed discussion, see e.g. Angelakis et al. (2016) and Tavecchio et al. (2018).
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Figure 5.19: The averaged degree of polarisation of the entire blazar sample vs. the redshifts (z) of each source. The
open circles indicate the averaged polarisation angle of blazars during high/active states, and the filled squares indicate the
averaged polarisation angle of blazars during low/quiescent states. Green datapoints indicate values associated with BLLs,
and blue datapoints indicate the values associated with FSRQs.

5.7 Polarisation vs. Redshift

We found no correlation between the observed degree of polarisation and the redshift of
the blazars (see Figure 5.19), which is in agreement with what was found by the RoboPol
monitoring campaign. During low states, the correlation between the degree of polarisa-
tion and redshifts was found to be p = 0.179 (p-value = 0.702). During high states, a
similar result was obtained, with p = 0.225 (p-value = 0.420).

From the discussion above, it is clear that the observational findings in this project
correlate well with what was found by the RoboPol monitoring campaign. In the following
chapter, some concluding remarks will be given on the overall and noteworthy results from
this project, along with a brief discussion of the intrinsic caveats and biases in this study,
as well as how to improve upon it in future work.



Chapter 6

Conclusion

Blazars are some of the most numerous, brightest, and extreme sources in the ~-ray
sky. The observed emission from blazars is jet-dominated and, therefore, highly Doppler
boosted, emitted across the entire electromagnetic spectrum (radio to y-ray bands). These
sources are characterised by highly variable emission, with rapid outbursts/flares occur-
ring on short timescales. At optical/UV wavelengths, blazar emission is a superposition
of the non-thermal (polarised) synchrotron emission originating within the relativistic jet,
and thermal (unpolarised) emission from the accretion disc, host galaxy, and other com-
ponents of the AGN structure. However, their jet-dominated, multi-wavelength, variable
and polarised emission has proven to be exceptionally difficult to explain and/or model,
as the precise nature of the particle populations and resulting emission is still unclear.

Spectropolarimetry, then, is a powerful diagnostic tool in the study of blazar emission,
as it allows for the thermal (unpolarised) and non-thermal (polarised) emission compo-
nents to the emission at optical/UV wavelengths to be disentangled. This, in turn, can
constrain the accretion disc component of the observed emission, and provide an insight
into the particle population that produces the non-thermal emission, the magnetic field
in the jet, and mass of the central SMBH.

To investigate the spectropolarimetric behaviour of the blazar population as a whole
is a critical step towards a better understanding of blazars. To this end, both low-energy
(i.e. optical/UV) and high-energy (X-ray, v-ray) polarimetric monitoring campaigns have
been launched/are to be launched in the near future, like, for example, the RoboPol op-
tical monitoring campaign at optical wavelengths, and the IXPE mission in the X-ray
regime. The information resulting from these campaigns will provide critical information
on the nature and origin of blazar emission, and will lead to a clearer understanding of
these highly energetic, extragalactic sources.

To this end, an optical spectropolarimetric observation campaign of a number of high-
energy blazars was undertaken to investigate their polarimetric behaviour. The aims of
this project were to a) investigate the change in the degree of polarisation as the blazars
transition from high/flaring states to low/quiescent states, b) monitor the evolution of
polarisation in different types of blazars over a longer period of time, and c) determine
the overall trends in the behaviour of the selected blazars. Such a project is of impor-
tance, not only to constrain the parameters in combined SED and polarimetry modelling,
but also to serve as a complement to the upcoming results from high-energy polarimetry
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missions, such as the IXPE. Combined, the polarimetry information might lead to a clear
understanding of the various contributions to the observed blazar emission.

This study looked at the optical spectropolarimetric behaviour of eighteen different
blazars (of which six were BLLs and twelve were FSRQs), spanning the period from 2016
to 2022. A total of 68 optical spectropolarimetric observations were obtained using SALT,
all of which where reduced and analysed in this investigation. This was complemented by
optical photometry obtained with the LCO Telescope Network, and the publicly available
~v-ray light curves from the Fermi LCR. The observations showed how the polarisation
changed for each blazar during different stages of activity, including how the slope of
polarisation changed. The behaviour of all the sources was considered, showing results
consistent with, for example, the RoboPol analyses. From the observations, the most
noteworthy results are summarised in Section 6.1, while in Section 6.2, we discussed how
this study could be improved and expanded on in future work.

6.1 Noteworthy Results

Two blazars with interesting, out of the ordinary results were observed. The first is the
LBL AP Librae, where the y-ray and optical emission underwent some large-scale, long-
term variability during the first half of 2021. The observed degree of linear polarisation
followed the same trend, but lagged behind the behaviour of the lightcurves by ~ 56 days.
The optical and ~-ray behaviour of this source indicates some large-scale change in the
structure of the jet, but this hypothesis is constrained by the limited observational data
available.

The second source exhibiting interesting behaviour is the FSRQ PKS 1510-089. This
source was in an active state during the 2021 observing period, but diminished greatly
in the y-ray and optical regimes during the 2022 semester. The observed degree of po-
larisation also decreased from (II) ~ 6.60% in 2021 to consistently < 2% in 2022. All

the observational results seem to indicate that the jet-component of the emission has
“switched off”.

The overall behaviour of the observed BLLs and FSRQs were consistent with what
is expected from literature, with FSRQs displaying higher degrees of polarisation, and a
wider spread in the degrees of polarisation, accompanied by more regular outbursts/flares
than BLLs. During quiescence, the average degree of polarisation remained below ~ 15%
for both the FSRQ and BLL samples, with an average of II ~ 5.99% and II ~ 8.93%,
respectively. This increased to an average of II ~ 14.56% for FSRQs, and II ~ 11.57%
for BLLs during high states.

An interesting result that arose from this project is that, for the sources that were ob-
served twice during the same high/active y-ray state, the degree of polarisation observed
while the flux values were still on the rise was significantly higher than what was observed
after the peak of the enhanced state, while the fluxes were decreasing. This is especially
clear for three sources, namely PKS 0537-441, PKS 0208-512, and 4FGL J0231.2-4745,
where the degree of polarisation changed by more than 15% in all three cases.
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There does not seem to be a significant correlation between the slope of the polari-
sation and the degree of the polarisation, nor between the slope of the polarisation and
the normalised 7-ray flux (Fops/Fargr). For both BLLs and FSRQs, the slope and the
degree of polarisation, a correlation of p = 0.375 (p-value = 0.054) and p = —0.080 (p-
value = 0.621) during low and high states, respectively, was found. For the slope and
the y-ray flux, a correlation of p = 0.085 (p-value = 0.672) was found during low states,
and p = —0.096 (p-value = 0.550) during high states. However, the lack of a strong
correlation/anti-correlation may be due to the uneven sampling of sources, since most
sources are only sampled once or twice during one state of activity. Stronger correlations
were found when considering individual sources, and further investigation is warranted.
It would be expected that combined changes in the level of the non-thermal flux, as well
as the ordering of the magnetic field would introduce changing slopes in the polarisation
(as discussed in Section 5.3 of Chapter 5, p.81).

There appears to be a trend between the average degree of polarisation and ~-ray
flux. A Spearman’s test (for both BLLs and FSRQs) resulted in a strong correlation of
p = 0.623 (p-value = 5.223 x 1073) during low states. However, no correlation during high
states, with p = —0.068 (p-value = 0.671), was found. For both BLLs and FSRQs, we
found no correlation between the average degree of polarisation and 7-ray luminosity. A
Spearman’s test resulted in p = —0.179 (p-value = 0.702) during low states, and p = 0.296
(p-value = 0.283) during high states.

The average degree of polarisation does, however, by eye appear to be anti-correlated
with the location of the synchrotron peak frequency. This is similar to what has previously
been found by the RoboPol studies, where higher degrees of polarisation are observed for
LSP blazars than for HSPs. However, from our small sample, no significant correlation
could be found, with p = —0.357 (p-value = 0.432) and p = —0.414 (p-value = 0.125)
during low and high states, respectively. This anti-correlation has been suggested to be
linked to a helically structured magnetic field in the downstream direction of a shock in
the blazar-jet.

There is no clear correlation between the average degree of polarisation of blazars
and its corresponding redshift, with p = 0.179 (p-value = 0.702) during low states, and
p = 0.225 (p-value = 0.420) during high states. This is also in agreement with what has
been found by the RoboPol collaboration, where the modulation index of the polarisation,
rather than the polarisation itself, depends on the redshift of the source.

6.2 Future Work

The overall results from this spectropolarimetric study are in general agreement with the
findings from, for example, the RoboPol monitoring campaign, despite the smaller sample
of sources and the bias towards flaring activity. This study, however, adds the additional
element of the slope of polarisation, which showed varying behaviour during different flar-
ing states, as well as trends with the level of polarisation for a few sources.

This highlights that a larger, more systematic, multi-wavelength survey of blazars is
required. This will require an unbiased, high-cadence investigation that does not focus
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only on blazars in an enhanced state of activity, but investigates BLLs and FSRQs with
equal weight. Additional observational data in other wavelength bands (specifically in the
radio and X-ray regimes) is required to investigate the radio signatures of the jet, as well
as the high-energy polarisation of the jet. Further, modelling of the nature of polarisation
as it varies with flux, ordering of the magnetic field, redshifts, etc., is required to fully
understand these highly energetic sources.

Future work would involve more detailed modelling of the individual sources observed,
considering any available multiwavelenth observations. But, more importantly, a more
systematic spectropolarimetry survey is required of a selected number of blazars. This
will provide a more objective study of the optical spectropolarimetric behaviour of blazars,
and will serve as an excellent complement to the behaviour of the polarisation in the X-ray
regime (as will be detected by the IXPE in the near future), and it is left as a future work
to perform such a survey.
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Appendix A

Additional Observational Results

Here, the observational results of the blazars not discussed in the main body of the text
are given.

A.1 BL Lac-Type Objects

In this section, the spectropolarimetric and photometric observational data will be given
for three BLLs (PKS 0426-380, PKS 0447-439, and PKS 1454-354) observed under the
SALT transients monitoring campaign.

A.1.1 PKS 0426-380

PKS 0426-380 is a high-redshift (z = 1.111) BLL with an apparent visual magnitude of
V' = 19.00 and synchrotron peak frequency vgy = 4.79 x 10" Hz. It has been associated

with quasi-periodic oscillations in the v-ray regime (Ait Benkhali et al., 2020; Covino
et al., 2019; Ren et al., 2022).

In 2017, PKS 0426-380 was in an enhanced state of v-ray activity (that started on
~MJD 57509, and lasted to approximately MJD 58087), as shown in Figure A.1. It was
observed with SALT on 2017 January 21 and February 20 in this enhanced state (Figure
A.2). During the first spectropolarimetric observation, the averaged degree of polarisa-
tion was observed to be (II) = 10.74 4+ 0.49 %, with an averaged polarisation angle of
10.03 4 2.19° (taken from A = 3900 — 9150 A). During the second observation, the y-ray
flux was slightly lower than that of the first observation, and showed (IT) = 10.77+£0.99 %
and polarisation angle 50.52 £ 1.26°.

In the optical spectra shown in Figure A.2, two intervening [Mg II] absorption lines
were detected at A ~ 4352.08 A and A\ ~ 5679.94 A, which is in agreement with Heidt
et al. (2004) and Sbarufatti et al. (2005). These lines are not intrinsic to the BLL itself,
but rather due to intervening systems located at z = 1.030 and z = 0.559. The only
feature identified to be intrinsic to PKS 0426-380, was a weak forbidden [Mg II] emission
line at A\ =~ 5870.20 A. Note that the feature at A ~ 5592.13 A is an artefact (remnant of a
skyline) due to insufficient background subtraction that could not be removed successfully.
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Figure A.1l: Gamma-ray lightcurve for the BLL, PKS 0426—380, where the black and red dashed lines indicate the dates
of the SALT spectropolarimetric observations.
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Figure A.2: Spectropolarimetric observations for the BLL, PKS 0426-380, observed on 2017 January 21 and 2017 February
20. The top panel gives the normalised counts spectra of the two observations, where the middle and bottom panels give
the degree of linear polarisation, and the equatorial polarisation angle, respectively. The gaps in the spectra in the top
panel from A = 7560 — 7730 A, X\ = 4485 — 4670 A, and A = 7730 — 7900 A are due to the removal of a skyline, and the two
chip gaps of the CCD detector mosaic, respectively.
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Figure A.4: Spectropolarimetric observations for the BLL, PKS 0447-439, observed on 2017 February 21. The top
panel gives the normalised counts spectra of the observation, where the middle and bottom panels give the degree of
linear polarisation, and the equatorial polarisation angle, respectively. The gaps in the spectrum in the top panel from
A = 4220 — 4280 A, A = 5280 — 5335 A are due to the removal of the two chip gaps of the CCD detector mosaic.

A.1.2 PKS 0447-439

PKS 0447-439 is a BLL with a redshift of z = 0.107, absolute visual magnitude V' = 15.24,
and synchrotron peak frequency of vy, = 4.47 x 10" Hz. This source has also been asso-
ciated with quasi-periodic oscillations in the y-ray regime (Ait Benkhali et al., 2020).

For this source, a spectropolarimetric observation was performed on 2017 February 21
during an elevated ~-ray state, as shown in Figure A.3. The optical spectropolarimetric
observation is given in Figure A.4, and revealed an averaged degree of polarisation of
(IT) = 1.74 + 1.72% and an averaged polarisation angle of 151.06 + 45.48°.

A.1.3 PKS 1454-354

PKS 1454-354 is a distant BLL with redshift z = 1.424, absolute visual magnitude
V' = 19.50 and synchrotron peak frequency vgy = 1.01 x 10"® Hz. Renewed ~-ray ac-
tivity was detected in 2021 June, with daily averaged fluxes increased by a factor of ~75
when compared to the average flux recorded in the 4FGL-DR2 catalogue (D’Ammando
and Garrappa, 2021; Garrappa, 2021). The 7-ray lightcurve during the flaring period is
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Figure A.5: Gamma-ray lightcurve for the BLL, PKS 1454-354, where the black dashed line indicates the date of the
SALT spectropolarimetric observation.
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Figure A.6: Spectropolarimetric observations for the BLL, PKS 1454-354, observed on 2021 June 13. The top panel gives
the normalised counts spectra of the observation, where the middle and bottom panels give the degree of linear polarisation,
and the equatorial polarisation angle, respectively. The gaps in the spectrum in the top panel from A = 4480 — 4670 A,
A =7720 — 7900 A, and \ = 7560 — 7720 A are due to the removal of the two chip gaps of the CCD detector mosaic, and a
skyline, respectively.

shown in Figure A.5.

To observe this source during its flaring state, an optical spectropolarimetric observa-
tion was taken on 2021 June 13 (Figure A.6), just after the peak of the flare. It revealed a
fairly low averaged degree of polarisation of (II) = 6.8940.64 % and averaged polarisation
angle of 122.33 4 2.28°, taken from A = 3900 — 9150 A.

A.2 Flat-Spectrum Radio Quasars

This section will outline the spectropolarimetric and photometric observational data of
six FSRQs (PKS 0035-252, PKS 0346-279, PKS 08374012, PKS 0907-023, 3C 273, and
PKS 1424-418) observed under the SALT transients monitoring campaign.
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Figure A.7: Gamma-ray (top panel) and optical (bottom panel) lightcurves for the FSRQ, PKS 0035-252, where the
black dashed line indicates the date of the SALT spectropolarimetric observation.

A.2.1 PKS 0035-252

PKS 0035-252 is an FSRQ with a redshift of z = 0.498, an apparent visual magnitude
V = 17.29, and a synchrotron peak frequency of vy, = 2.57 x 102 Hz. It was observed
to have entered an optical, X-ray, and v-ray flaring state on 2018 June 30, and reached
a daily averaged y-ray flux of > 120 times that of the average flux reported in the 3FGL
catalogue (Angioni et al., 2018; Pacciani and Ambrosino, 2018; Piano et al., 2019).

The v-ray and optical lightcurves for PKS 0035252 are given in Figure A.7. The -
ray lightcurve clearly shows the enhanced activity during the flaring state, and although
the optical lightcurve does not provide good coverage, the optical fluxes also seemed to
have been enhanced during the flaring event, reaching a maximum of V' = 14.48 + 0.12
on MJD 58315, which decreased to V' = 15.97 £ 0.08 later, on MJD 58341.

An optical spectropolarimetric observation was taken on 2018 July 20, after the peak of
the y-ray flare, and is shown in Figure A.8. During this observation, the average degree of
polarisation was (IT) = 7.31 + 0.67 % with an average polarisation angle of 78.00 + 1.40°,
taken from A\ = 3900 — 9150 A. Two absorption lines were observed in this spectrum;
namely [Ne ITI] at A = 5797.0447.20 A, and [O III] at A\ = 6549.80 = 6.40 A. An [Fe VII]
emission line was also observed at A\ = 8570.40 & 4.36 A.

A.2.2 PKS 0346279

PKS 0346-279 is an FSRQ with a redshift of z = 0.991, apparent visual magnitude
V = 18.63, and synchrotron peak frequency of vy, = 1.41 x 103 Hz. This source has been
in an extended high state in the v-ray, X-ray and optical regime since 2018 February (An-
gioni, 2018; Nesci, 2018a,b). Since 2018, regular outbursts/flares have occurred across the
electromagnetic spectrum (e.g. Gokus and Angioni, 2019; La Mura, 2021; Mereu, 2020).
The variable v-ray lightcurve is shown in the top panel of Figure A.9, with the optical
data given in the bottom panel of the figure.



124 APPENDIX A. ADDITIONAL OBSERVATIONAL RESULTS

4 —— 20jul 2018 [Ne 1lI] [O 1] [Fe VIl]

-
N

Normalised
Counts
o -
©o o
. <§:§
.

Li
IS
L

90 4 '

)

©

S
!

Equatorial PA
o
o
.
.
.
H
.
.
.
.
N
o
.
.
.
.
.
b
.
.
.
.
.
.
.
.
.
o
.
.
.
.
.
.
o
.
.
.
.
.
.
.
.
.
.
.
.
.
.
o
.
Py

~
o
!

v v v v v v
4000 5000 6000 7000 8000 9000
Wavelength (4)

Figure A.8: Spectropolarimetric observation for the FSRQ, PKS 0035-252, observed on 2018 July 20. The top panel gives
the normalised counts spectrum of the observation, where the middle and bottom panels give the degree of linear polarisation,
and the equatorial polarisation angle, respectively. The gaps in the spectrum in the top panel from A = 4360 — 4610 A,
A =7725—"7900 A, and \ = 7550 — 7725 A are due to the removal of the two chip gaps of the CCD detector mosaic, and a
skyline, respectively.

During two flaring periods (2018 February and 2021 November), optical spectropolari-
metric observations were taken for PKS 0346279, and are shown in Figure A.10. During
the first observation on 2018 February 09, the observed average degree of polarisation was
(IT) = 18.23 + 0.93 %, and the average polarisation angle was 116.80 £ 1.19°. During the
second observation on 2021 November 06, the average degree of polarisation was (II) =
5.23+1.53 %, with an average polarisation angle of 77.1446.37° (from A = 3900—9150 A).
In both spectra, a [Mg II] emission line was detected at A = 5566.70 & 37.39 A,

A.2.3 PKS 0837+012

PKS 0837+012 is an FSRQ with a redshift of z = 1.123, apparent visual magnitude
V' =19.09, and synchrotron peak frequency of vgy = 3.24 x 10'? Hz. The source entered
an active/high state in the 7-ray regime on 2021 March 01 (MJD 59274), and reached
an averaged daily flux ~150 times that of the average flux given in the 4FGL catalogue
(Mereu and Fermi Large Area Telescope Collaboration, 2021). This follows after a larger
~-ray flare that occurred in 2020 December (Angioni, 2020), and both these flares can be
seen in the ~-ray lightcurve Figure A.11. The optical fluxes shown in the bottom panel
of Figure A.11 also show a high flux during the ~-ray flare (with V' = 17.02 £ 0.21 on
MJD 59289), and decreases after the peak of the flare to an apparent visual magnitude
of V"=17.50 £ 0.02 on MJD 59293.

An optical spectropolarimetric observation on 2021 March 16 (Figure A.12) showed
that the source had an average degree of polarisation of (IT) = 10.69 £+ 1.96 % (from \ =
3900 — 9150 A) The polarisation angle at the time of the observation was 132.09 + 3.63°.
A [C III] emission line was found at A = 4053.32 4 28.76 A, as well as a [Mg II] at
A = 5946.96 & 10.32 A.
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Figure A.11: Gamma-ray lightcurve for the FSRQ, PKS 08374012, where the black dashed line indicates the date of the
SALT spectropolarimetric observation.

121 [C‘III] [Mg‘] ]
2 1-°*wA~w/’
2
—— 16 March 2021
0.8 T T T T T T
* *
mM"‘W i ﬂ\WW\W +
160
&
T 10 * W 1
ot N
g 120
t t .
40‘00 50‘00 6600 70‘00 80b0 9600

Wavelength (4)

Figure A.12: Spectropolarimetric observations for the FSRQ, PKS 08374012, observed on 2021 March 16. The top
panel gives the normalised counts spectrum of the observation, where the middle and bottom panels give the degree of
linear polarisation, and the equatorial polarisation angle, respectively. The gaps in the spectrum in the top panel from
X = 4465 — 4685 A, A = 7725 — 7900 A, and X = 7550 — 7725 A are due to the removal of the two chip gaps of the CCD
detector mosaic, and a skyline, respectively.
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SALT spectropolarimetric observation.
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Figure A.14: Spectropolarimetric observations for the FSRQ, PKS 0907-023, observed on 2017 January 19. The top
panel gives the normalised counts spectrum of the observation, where the middle and bottom panels give the degree of
linear polarisation, and the equatorial polarisation angle, respectively. The gaps in the spectrum in the top panel from
X = 4475 — 4680 A, A = 7725 — 7920 A, and A = 7550 — 7725 A are due to the removal of the two chip gaps of the CCD
detector mosaic, and a skyline, respectively.

A.2.4 PKS 0907-023

PKS 0907-023 is an FSRQ with a redshift of z = 0.957, apparent visual magnitude
V = 18.56, and synchrotron peak frequency of vy = 5.56 x 103 Hz. The 7-ray lightcurve
is shown in Figure A.13, with the enhanced 7-ray activity visible from ~ MJD 57740 to
~ MJD 57800.

An optical spectropolarimetric observation was taken just after a y-ray flare, on 2017
January 19 (MJD 57772), as shown in Figure A.14. This observation showed that the
source had an averaged degree of polarisation of (IT) = 3.40 + 3.05% and an average
polarisation angle of 80.23 4 38.80° (taken from A = 3900 — 9150 A). A [Mg II] emission
line was observed at A\ = 5483.61 & 5.61 A.

A.2.5 3C 273

The FSRQ 3C 273 has a redshift of z = 0.158, apparent visual magnitude V' = 14.83 and
synchrotron peak frequency of vgy = 7.00 x 10" Hz. The ~-ray and optical lightcurves are
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red dashed lines indicate the dates of the SALT spectropolarimetric observations.
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Figure A.16: Spectropolarimetric observations for the BLL, 3C 273, observed on 2017 June 13 and 14. The top panel
gives the normalised counts spectra of the two observations, where the middle and bottom panels give the degree of
linear polarisation, and the equatorial polarisation angle, respectively. The gaps in the spectra in the top panel from
A = 4480 — 4700 A, A = 7740 — 7925 A are due to the removal of the two chip gaps of the CCD detector mosaic.

shown in Figure A.15. The ~-ray lightcurve show low levels of variability, with a small
increase in flux between MJD 57910 and MJD 57930, reaching a maximum on MJD 57915
of 6.84 x 10~ " phem 257,

Two spectropolarimetric observations were obtained for this source on 2017 June 13
and 14, as shown in Figure A.16. During both of these observations, the thermal emission
component was dominant, and extremely low degrees of polarisation were observed, with
averages of (II) = 0.40 & 0.19% and (II) = 0.41 + 0.16% (from A = 3900 — 9150 A),
respectively. The polarisation angle fluctuated from 25.21 £ 27.06° to 43.69 £ 20.32°
between the two observations. Five emission lines were observed in the optical spectra,
namely Hs at A = 4754.60 + 12.24 A, H,, at A = 5030.75 + 6.39 A, Hy at \ = 5633.38 +
2.47A, [O II1] at A = 5798.11 +2.67 A, and lastly [ N II] at A = 7596.49 & 6.74 A.
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Figure A.17: Gamma-ray (top panel) and optical (bottom panel) lightcurves for the FSRQ, PKS 1424-418, where the
black and red dashed lines indicate the dates of the SALT spectropolarimetric observations.

A.2.6 PKS 1424-418

PKS 1424-418 is an FSRQ with a redshift of z = 1.522, apparent visual magnitude
V = 17.70, and synchrotron peak frequency of v, = 1.40 x 10'® Hz. It is a highly variable
blazar that is associated with quasi-periodic oscillations (Ren et al., 2022). In 2022 July,
the source underwent a steady increase in brightness in the optical regime, coinciding with
enhanced ~-ray flaring activity as observed by the Fermi-LAT (Jankowsky et al., 2022).
In both the optical and v-ray regimes, the 2022 July flare exceeded the highest historical
fluxes recorded for this source. The y-ray and optical lightcurves during the 2022 flaring
period is shown in Figure A.17.

To investigate the polarisation signatures of this source during the 2022 flaring period,
two optical spectropolarimetric observations were taken on 2022 July 26 (MJD 59786)
and August 15 (MJD 59806), respectively, as shown in Figure A.18. During the first
observation, the average degree of polarisation was found to be (II) = 7.05 + 0.30 %,
taken from A = 3600 — 6250 A. The average polarisation angle during this observation
was 159.82 + 4.92°. During the second observation, the average degree of polarisation
decreased to (II) = 3.23 £ 0.58 %, with an average polarisation angle of 140.54 £+ 4.80°.
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Figure A.18: Spectropolarimetric observations for the FSRQ, PKS 1424-418, observed on 2022 July 26 and 2022 August
15. The top panel gives the normalised counts spectra of the observations, where the middle and bottom panels give the
degree of linear polarisation, and the equatorial polarisation angle, respectively. The gaps in the spectra in the top panel
from \ = 4360 — 4425 A, A\ = 5420 — 5480 A are due to the removal of the two chip gaps of the CCD detector mosaic.
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The research done for the duration of this study has been presented at several local and
international conferences, and the proceedings submitted are as follows:

e Barnard, J., van Soelen, B., Cooper, J., Britto, R.J., Marais, J.P., van der West-
huizen, [.P., Buckley, D.A.H., Schutte, H.M., Bottcher, M., Vaidya, B., Acharya,
S., and Martin-Carrillo, A. (2022), Optical spectropolarimetry monitoring of flaring
blazars, in A. Prinsloo ed., The Proceedings of SAIP2019, the 65th Annual Confer-
ence of the South African Institute of Physics, online conference, 20 - 30 July, 2021,
pp. 364 — 369.

e Barnard, J., van Soelen, B., Cooper, J., Britto, R.J., Marais, J.P., van der West-
huizen, I.P., Buckley, D.A.H., Schutte, H.M., Bottcher, M., Vaidya, B., Acharya,
S., and Martin-Carrillo, (2022), Optical spectropolarimetry observations of the BL
Lac-type object PKS 0537441 after a period of quiescence, 9th Annual Conference
on High Enerqy Astrophysics in Southern Africa (HEASA2021), online conference,
13 - 17 September, 2021, PoS(HEASA2021)0009.

More conference proceedings are expected to result from this work, due to be published
in 2023, after having attended the following conferences in 2022:

e The 7th Heidelberg International Symposium on High-Energy Gamma-Ray Astron-
omy (I'2022), Barcelona, Spain, 4 - 8 July 2022.

e The 10th Annual Conference on High Energy Astrophysics in Southern Africa
(HEASA2022), Bloemfontein, South Africa, 28 September - 01 October 2022.

e The 10th International Fermi Symposium, Johannesburg, South Africa, 9 - 15 Oc-
tober, 2022.
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Abstract. Blazars are a subclass of radio-loud active galactic nuclei, with relativistic jets
closely aligned with the line of sight. These sources are highly variable across all time-scales,
and emit non-thermal emission across all wavelength regimes. Blazar-emission is characterised
by a double-humped structure in its spectral energy distribution, indicating different emission
mechanisms at play. At optical wavelengths, there is an underlying thermal component from the
accretion disc, broad line region, and dusty torus, making it difficult to separate the different
emission components. As part of a long term campaign, we are undertaking spectropolarimetric
observations of flaring blazars, using the Southern African Large Telescope. This could be used
to help disentangle the thermal from the non-thermal emission. We present results on the degree
of linear polarisation of a selection of fourteen blazars observed between April 2016 and June
2021 , with emphasis on five sources of interest. Three sources, namely 4FGL J0231.2-4745,
PKS 0537-441, and PKS 2023-07 were observed during/around periods of increased activity.
The degree of linear polarisation for all three of the above sources was observed to be higher
close to the peak of activity, and decreased as it returned to quiescence. Two sources, AP
Lib (a BLL) and PKS 1034-293 (an FSRQ) was observed continually over a period spanning
roughly one year. Both of these sources showed some variability in polarisation over the period
in question.

1. Introduction

Active galactic nuclei (AGN), the central active cores of some galaxies, are believed to be
powered by accretion of material onto a central supermassive black hole (SMBH). They display
broad-band emission across the entire electromagnetic spectrum which, in some cases, outshines
the host galaxy itself [1]. AGN present unique observational signatures across the different
wavelength bands, which led to many different classes of AGN being identified [2]. The unified
model suggests all AGN consist of a central SMBH and an accretion disc, a dusty absorber or
torus, broad- and narrow-line regions, and in some cases, a strong, collimated jet [3], and the
type of AGN observed depends strongly on the viewing angle of the observer.



Table 1. List of FSRQs and BLLs observed with the SALT . The mean linear polarisation
was measured between 4000 A and 8000 A.

Target Type  Obs. Date  Mean Pol. (%) Target Type  Obs. Date  Mean Pol. (%)
4FGL J0231.2-4745 FSRQ 22/10/2019 27.5 PKS 0208-512 FSRQ 05/12/2019 274
29/10/2019 08.7 19/12/2019 05.3
AP Lib BLL 14/05/2020 05.3 PKS 0346-279 FSRQ 09/02/2018 18.2
08/06,/2020 05.0 PKS 0426-380 BLL 17/01/2017 10.8
24/06/2020 03.4 20/02/2017 10.9
07,/08/2020 08.9 PKS 0447-439 BLL 21/02/2017 05.1
04/09/2020 06.3 PKS 0537-441  BLL  14/01/2019 37.4
18/02/2021 03.4 05,/03/2019 12.6
12/03/2021 05.2 PKS 0837+012 FSRQ 16/03/2021 10.6
04/04,/2021 08.5 PKS 0907-023 FSRQ  19/01/2017 05.1
11/04/2021 09.1 PKS 1034-293 FSRQ 15/05/2020 16.2
21/04/2021 11.0 08/02,/2021 17.9
02/05/2021 08.6 17/03/2021 13.8
08/05/2021 09.6 09/04/2021 12.7
14/05/2021 07.1 05/06/2021 19.1
03/06/2021 06.2 PKS 2023-07 FSRQ 14/04/2016 27.5
PKS 0035-252 FSRQ 20/07/2018 02.6 04/10/2018 09.1
PKS 0131-522 FSRQ 19/11/2017 07.8 TXS 05064056 BLL 14/10/2017 10.7
22/11/2017 06.4 20/10,/2017 08.6

Blazars are a radio-loud subclass of AGN, with relativistic jets that propagate in a direction
closely aligned with the observer’s line of sight (viewing angle < 10°). As a result, the non-
thermal emission originating in the jet is highly Doppler boosted, making blazars the brightest
gamma-ray sources in the extragalactic sky [4]. Blazar emission is extremely variable on all
time-scales ( on time-scales from minutes up to several years), with dramatic variation present
across the entire electromagnetic spectrum. Blazars are subdivided into two different categories,
namely BL Lac type objects (BLLs) and Flat-Spectrum Radio Quasars (FSRQs). These can be
distinguished by their optical spectral features: FSRQs display strong, broad emission lines ,
while BLLs display absorption or weak emission lines, or featureless spectra dominated by the
non-thermal jet emission [2].

The spectral energy distributions (SEDs) of blazars are characterised by a double-humped
structure. The lower-energy component (radio to optical/UV and sometimes soft X-rays) is
powered by synchrotron emission from relativistic electrons in the jet. However, both leptonic
and hadronic models have been previously postulated for the high-energy (X-ray to gamma-
ray) component. The leptonic model assumes that the high-energy emission is dominated by
Compton scattering of low-energy photons, whereas the hadronic model assumes that the high-
energy component is produced through proton-synchrotron radiation or photomeson processes
[4]. At optical wavelengths, there is also an underlying thermal contribution originating from the
accretion disc, dusty torus, broad-line region (BLR) and host galaxy [5]. Since both the leptonic
and hadronic models are able to reproduce blazar SEDs, separating the emission regions can
be very difficult.

Polarimetry can be used as a diagnostic tool to disentangle the emission components in blazar
SEDs. In the optical, it serves as a tool to separate the thermal (non-polarised) contributions
from the non-thermal (polarised) contributions, allowing constraints to be placed on the jet’s
magnetic field structure, the non-thermal electron population, and the state of the accretion disc
[5]. Here we present optical spectropolarimetry observations of a selection of blazars observed
with the Southern African Large Telescope (SALT).
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Figure 1. Spectropolarimetry observations of 4FGL J0231.2-4745 taken around a period of
increased activity, where a) is the spectra and b) the observed degree of linear polarisation.

2. Observations

The spectropolarimetry observations (listed in Table 1) were taken with the SALT to observe
blazars in different states, as well as track the long-term evolution of the degree of polarisation in
both BLLs and FSRQs. The observations were performed using the Robert Stobie Spectrograph
(RSS) in spectropolarimetry LINEAR mode to measure the degree of linear polarisation [6, 7].
The sources were observed using either the pg0300 grating ( with a resolving power of R=190-
560 from 3400 A to 9867 A) or with two orientations of the pg0900 grating (R=620-1655
from 3750 A to 9000 A), with either the argon or thorium-argon arc lamp used for wavelength
calibration.

Data reduction was performed using a modified version of the POLSALT reduction
pipeline (https://github.com/saltastro/polsalt.git). The modification allowed the wavelength
calibration to be performed using the IRAF/NOAO package (http://ast.noao.edu/data/software).
Additional cosmic-ray cleaning was performed in PYTHON using the LACOSMIC package
(https://github.com/larrybradley/lacosmic.git). ~ All other reductions followed the standard
procedure given by the POLSALT pipeline. The two larger spaces in the spectra are due to gaps
in the CCD detector mosaic, and the smaller missing region at ~5600 A is due to the removal
of a skyline.

3. Results

3.1. Flaring Blazars

Figures 1 - 3 show the spectropolarimetry results on three blazars during both flaring and/or
quiescent state. The spectra are normalised with respect to counts, and the degree of linear
polarisation is represented as a percentage. Using the normalised spectra allows us to show
the relative change in the emission/absorption line strengths. 4FGL J0231.2-4745 (Figure
1) was observed twice around a period of increased gamma-ray, X-ray and optical emission
[8, 9, 10], where the gamma-ray flux increased by a factor of ~60 with respect to the reported
catalogue value [8] on 2019 October 19. The observations showed a significant decrease in linear
polarisation from the first observation on 2019 October 22 to the second a week later (2019
October 29). There is also an increase in the equivalent width of the Mg II line, which indicates
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Figure 2. Spectropolarimetry observations of PKS 0537-441 taken around a period of increased
activity, where a) is the spectra and b) the observed degree of linear polarisation.
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Figure 3. Spectropolarimetry observations of PKS 2023-07 taken during a flaring and non-
flaring state, where a) is the spectra and b) the observed degree of linear polarisation.

a decrease of the non-thermal emission component between the two observations. In FSRQs,
the non-thermal, beamed jet-emission often outshines the host galaxy, BLR, and accretion disc.
Hence, a strengthening of the non-thermal component during a flare can cause the emission lines
originating in these regions to appear less prominent/weaker than during quiescence [2].

PKS 0537-411 (Figure 2) was observed at the start of a period of increased activity following
a quiescent period [11]. The two observations were taken 50 days apart. While the observations
show no significant change in the equivalent width of the Mg II line, they show a large change
in the degree of linear polarisation (decrease from 37% to 13%). The publicly available
data from the monitoring of Fermi-LAT sources indicated that, in the weekly bins, there
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Figure 4. Long-term spectropolarimetry observations of AP Lib, a BLL. Observations were
taken from 14 May 2020 to 3 June 2021 . Here, only a selection of five observations are shown,
with each colour representing an observation date, and a) is the spectra and b) the observed
degree of linear polarisation.

was a decrease in the flux (>100MeV) by a factor of ~1.8 between these two observations
(https://fermi.gsfc.nasa.gov/ssc/data/access/lat /msl_lc/).

PKS 2023-07 (Figure 3) was observed once during a flaring state in April 2016 [12], and
once during a quiescent state in October 2018. The optical spectrum clearly shows the switch
from being dominated by the non-thermal synchrotron emission where no emission lines are
observable during the flare, to showing a Mg II emission line during the quiescent state. The
degree of polarisation changed by roughly 18% between the two observations.

3.2. Long-term Monitoring

Long-term monitoring of AP Lib (a BLL) and PKS 1034-293 (an FSRQ) has been performed
over approximately one year (May 2020 to June 2021) to study the long-term variation in
polarisation. Although there were no large changes in the degree of linear polarisation for either
of the sources, there was definite variation over time. The spectropolarimetry results are shown
in Figures 4 and 5, respectively, where the spectra are normalised with respect to counts.

4. Discussion and Conclusion
To date, the degree of polarisation has been successfully measured for fourteen blazars, both
BLLs and FSRQs, during both flaring and/or non-flaring states. For the two sources presented
in Figures 1 - 2, observations were taken during periods of increased activity. For these sources,
the degree of linear polarisation decreased substantially after the initial observations. The blazar
presented in Figure 3 was observed during a flare, along with a follow-up observation taken some
time later during quiescence. We expect the thermal component to contribute more at shorter
wavelengths. Therefore, there should be a general decrease in the degree of linear polarisation
towards the bluer end, and it appears to be the case for the three blazars in question.

For the two long-term sources, both AP Lib (BLL, Figure 4) and PKS1034-293 (FSRQ,
Figure 5), displayed some variability in polarisation over the observational period. The FSRQ
source had a higher mean polarisation (12-20%) than the BLL (3-12%), while the BLL showed
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Figure 5. Long-term spectropolarimetry observations of PKS 1034-293, an FSRQ. Observations
were taken from 14 May 2020 to 05 June 2021, with each colour representing an observation
date, and a) is the spectra and b) the observed degree of linear polarisation.

a slightly larger range in polarisation. However, this may be due to observational bias and can
only be confirmed through more observational data.

These are the initial results from an ongoing, long-term project. The variation found in the
degree of linear polarisation will now be compared to the multi-wavelength behaviour of these
sources. The change in the measured polarisation could be used in the modelling of the blazars’
jet-behaviour.
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Blazars are a radio-loud subclass of active galactic nuclei with relativistic jets closely aligned with
our line of sight. They are highly variable across all time-scales, and display rapid flares across
multiple wavelength bands. At optical wavelengths, the observed emission is a superposition of
non-thermal emission arising from the jet, and thermal emission that originates from the accretion
disc, broad-line region, dust torus and host galaxy. Optical spectropolarimetry observations of
blazars can be used to disentangle the thermal non-polarised and non-thermal polarised emission
components in blazar emission during flaring and quiescent states. As part of a long-term
monitoring campaign, spectropolarimetry observations have been taken with the Southern African
Large Telescope of a selection of blazars during periods of increased activity. Here we focus on
spectropolarimetry results and Fermi-LAT light curve of the BL-Lac type object PKS 0537-441
observed around a period of increased activity. It was observed to be active at both optical
and gamma-ray energies after recovering from a faint state in late 2018. Spectropolarimetry
observations were taken twice, with the degree of linear polarisation being between 35% and 40%
during the first observation, and between 10% and 15% during the second, while there was no

significant change in the strength of the emission line.
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1. Introduction

The central active cores of some galaxies, or active galactic nuclei (AGN), which are powered
by the accretion of material onto a central supermassive black hole, display non-thermal, broad-
band emission across the entire electromagnetic spectrum [1]. Blazars are a radio-loud subclass of
AGN with a prominent jet-emission component, as the jet propagates in a direction that is within
~10° of the observer’s line of sight, resulting in highly Doppler boosted emission. Blazar emission
is extremely variable on minute up to year time-scales, with large variations observable across
multiple wavelength bands [2].

Blazar spectral energy distributions (SEDs) typically consist of two broad, non-thermal com-
ponents. The lower-energy component spans the radio to optical/UV and sometimes soft X-ray
wavelength bands. Two different emission components contribute in the lower-energy component:
a non-thermal, polarised component and an underlying thermal, non-polarised component. The
non-thermal component is produced by synchrotron emission from the jet, while the underlying
thermal emission originates from the accretion disc, dust torus, broad-line region (BLR) and host
galaxy itself [3]. The higher-energy component, extending from the X-ray to the gamma-ray
wavelength bands, can be reproduced by both leptonic and hadronic models [3].

For flaring blazars, optical polarimetry can serve as a diagnostic tool that separates the thermal
and non-thermal contributions from one another. This, in turn, allows for constraints to be placed
on various SED- and jet-model parameters [4]. Here we present optical spectropolarimetry ob-
servations of a blazar, PKS 0537—441, obtained around a period of increased gamma-ray activity,
following a quiescent state [5]. These observations form part of a long-term observing campaign
that aims at monitoring the optical spectropolarimetric behaviour of a large selection of blazars.

2. Observations

Spectropolarimetry observations were undertaken with the Southern African Large Telescope
(SALT) under the long-term transient observing programme 2018-2-L.SP-001, that observes various
transients, including novae, gamma-ray bursts, cataclysmic variables, and flaring blazars [4]. In
the case of blazars, observations are normally triggered by an increase in gamma-ray activity
detected by the Fermi Large Area Telescope (LAT). From 2016 April to 2021 May, the transient
programme has collected SALT spectropolarimetry observations of 21 different blazars, consisting
of 14 Flat-Spectrum Radio Quasars (FSRQs), 6 BL Lac type objects (BLLs), and 1 Blazar Candidate
of Uncertain Type (BCU). In the following we limit the discussion to one BLL observed during
a period of increased activity as it was recovering from a faint state, namely PKS 0537-441
(z =0.894) [6].

2.1 Optical Spectropolarimetry

The SALT observations were performed using the Robert Stobie Spectrograph (RSS) in spec-
tropolarimetry LINEAR mode to measure the degree of linear polarisation [7, 8]. Data reduction was
performed using a modified version of the poLsaLT reduction pipeline,! which allows the wave-

Thttps://github.com/saltastro/polsalt.git
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Figure 1: Spectropolarimetry observations of PKS 0537-441 taken around a period of increased activity
after quiescence, where (a) is the normalised counts, and (b) the observed degree of linear polarisation.

length calibration to be performed using the IRAF/Noao package.? After the wavelength calibration,
the modified pipeline performs additional cosmic-ray cleaning using the Lacosmic package.®> The
spectra in Figure 1 show two empty regions due to the chip gaps, and a smaller gap at ~5600 A due
to the removal of a strong skyline.

The spectropolarimetry observation of the BLL was performed using the pg0900 grating at an
angle of 14.375°, covering a wavelength range from 4500 A to 7500 A (with a resolving power of
R =870 - 1200). For wavelength calibration, the Argon arc lamp was used.

2.2 Gamma-ray Observations

The Fermi-LAT gamma-ray light curves were obtained from the Fermi-LAT Light Curve
Repository (LCR).# The data for PKS 0537-441 was obtained with a 3-day binned data cadence,
within an energy range of 0.1 - 100 GeV. The minimum detection significance, or upper limit, was
set at a Test Statistic (TS) value of 4 (~ 207), and the spectral fitting was done with a free photon
index.

3. Results

Figure 1 shows the spectropolarimetry results of PKS 0537-441 after the target has recovered
from a quiescent state (since 2018 December 13, MJD 58465) and showed activity in both optical and
gamma-ray since [5]. The degree of linear polarisation during the first observation was between 35%
and 40%. Seven weeks later, the degree of polarisation was observed to have decreased to between

2http://ast.noao.edu/data/software
3https://github.com/larrybradley/lacosmic.git
“https://fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository/
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Figure 2: The Fermi-LAT light curve (a), and photon spectral index (b) for PKS 0537-441. The flux
was measured at £ > 100 GeV in 3-day bins, spanning the period of 2017 December 15 to 2019 August 05
(MJD 58102 to 58700). The dashed lines in (a) indicate the dates at which the SALT spectropolarimetry
observations were taken.

10% and 15%, thus showing substantial variability. The Fermi-LAT light curve (Figure 2) spanning
a period of 2017 December — 2019 August clearly shows the transition from a quiescent to an active
state, increasing from an average photon flux (E > 100 GeV) of below 1 x 1077 photons cm™ s~ to
a varying flux of up to six times higher. On 2019 January 14 (MJD 58497), the gamma-ray photon
flux (E > 100 GeV) reached (1.92+0.54)x 107, and reached (3.36+0.771) x 10~ photons cm™2 s~
on 2019 March 05 (MJD 58547). Hence, there is an increase in the gamma-ray photon flux while
a decrease in optical polarisation is observed.

4. Discussion and Conclusion

For the BLL, PKS 0537-441, SALT spectropolarimetry observations were performed during
a period of increased gamma-ray and optical activity following a period of quiescence (see Figure
1). It can be seen from Figure 1 that the degree of linear polarisation has decreased between the
two observations. The gamma-ray light curve (Figure 2) obtained from the Fermi LCR show the
increased gamma-ray activity during the period in question. This trend is in agreement with what
is known about blazar jets: non-thermal synchrotron emission in the jet increases due to turbulence
in jet’s magnetic field, and therefore increases degree of linear polarisation. Hence, polarisation
studies can link directly to the jet’s magnetic field structure and can place constraints on model
parameters.

These observations form part of a long-term monitoring campaign that aims at contemporane-
ous, multi-wavelength observations of blazars during both flaring and quiescent states in an attempt
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to gain a better understanding of blazar jets, the jet’s magnetic field, the state of the accretion discs,
as well as the nature of the electron population in the jet.
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