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Abstract

Well-sampled optical photo-polarimetric observations are paramount to understanding
emission mechanisms and particle populations within the inner, highly collimated ac-
celeration region of relativistic jets. This thesis presents the results of multiwaveband
photo-polarimetric monitoring of a sample of -ray bright blazars. This includes the
development and implementation of reduction pipelines used to calibrate and analyse

data from the Liverpool Telescope RINGO3 and MOPTOP instruments.

The Python pipelines developed in this work incorporated standard di erential photom-
etry techniques, alongside instrument-speci c calibration methods such as determining
non-standard waveband reference star magnitudes for RINGO3, accounting for tele-
scope mirror degradation, and deriving polarimetric coe cients for MOPTOP. A novel
approach was developed to correct for the 180 electric vector position angle (EVPA)
ambiguity, reducing the need for manual intervention and accounting for measurement

uncertainties.

Long-term optical and -ray photometric correlations were observed across most sources,
with trends suggesting that low-synchrotron peak (LSP) blazars demonstrate more scat-
tered relationships than high-synchrotron peak (HSP) sources. These results support a
predominantly leptonic emission scenario in blazar jets while allowing for the possibility
of additional hadronic contributions, particularly in LSP sources where greater scatter
in optical{ -ray ux- ux space was identi ed. Spectral analysis of optical variability re-
vealed logarithmic colour evolution trends, implying the presence of spectral variability
stabilisation during increased optical photometric activity. These trends, classi ed as
bluer-stable-when-brighter and redder-stable-when-brighter, require a two-component
emission model, with contributions from both thermal (disk) and non-thermal (jet)

emission.



Photo-polarimetric analysis revealed signi cant correlations and anti-correlations be-
tween optical and -ray ux and polarisation degree, consistent with emission mech-
anisms such as relativistic shocks and magnetic eld kink instabilities. Frequency-
dependent polarisation variability was detected, with LSP sources dominating the sam-
ple of objects exhibiting bluer- and redder-when-brighter polarisation trends. Optical
EVPA rotations were identi ed across multiple sources, primarily during heightened pho-
tometric states. By analysing the accompanying polarimetric states, distinct rotation
mechanisms were inferred, further supporting shock propagation and kink instabilities

within blazar jets in addition to stochastic variability.

The 2015 0J287 binary black hole impact outburst was examined in detail, con rming
a dual-peak aring episode. The rst are was attributed to thermal bremsstrahlung
originating from the primary accretion disk while the second are was attributed to
synchrotron emission from the jet. These data were corroborated with multi-frequency
observations and supported the formation of a knot propagating along the jet’s helical

magnetic eld.

Intranight monitoring of PKS 0735+178 during heightened -ray activity uncovered
an intranight, red-leading temporal lag in the optical wavebands, suggestive of second-
order Fermi acceleration processes such as magnetic reconnection. Multiple epochs of
signi cant intranight variability were detected across the sample, with statistical tests
con rming variability in 0J287 and PKS 0735+178. Colour trends were also observed
during some of the variable nights, with both redder- and bluer-when-brighter behaviours

detected in PKS 0735+178.

Long-term photo-polarimetric monitoring of blazars allows one to determine the dom-
inant emission mechanisms occurring within the jet, leading to a better understanding
of the structure and evolution of the involved magnetic eld structures. These results
collectively contribute to the understanding of multiwaveband blazar variability and jet
emission mechanisms, while providing new insights into the connections between photo-

metric, polarimetric, and spectral behaviours.

Callum MccCall June 2025
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Chapter 1

Introduction

1.1 Active galactic nuclei

It is widely accepted that at the centre of all massive galaxies resides one or more su-
permassive black holes (SMBHs) (Kormendy & Richstone, 1995). SMBHs exist within
a range of masses. Generally, the smallest SMBHs have masses of approximately 10
M  with the largest going up to the model-predicted theoretical maximum at a few 16°

M (King, 2016). They are referred to as an active galactic nucleus (AGN) if subject
to the accretion of dust and gas via an accretion disk around the black hole. Figure
1.1 shows a generalised schematic of an AGN, with the di erent structural components
labelled. These will be explored throughout this section. Table 1.1 shows a summary of
the di erent AGN components with approximate values for the radius, electron density,
and electron column density for each. The column density describes the total number of
electrons integrated along a line of sight through a particular region. Accretion disks are
typically sized at roughly 1013 m in radius (Guo et al., 2022; Jha et al., 2022) and consist
of material spiralling inwards towards the black hole through the loss of angular momen-
tum, primarily driven by friction and magnetic turbulence within the disk (Shakura &
Sunyaev, 1976; Balbus & Hawley, 1991; Abramowicz & Fragile, 2013). Bremsstrahlung
emission is thought to be a key cooling mechanism within the disk (Yarza et al., 2020;
Gopal-Krishna, 2024), whereby the deceleration of charged particles during Coulomb in-
teractions causes the production of thermal photons (Rybicki & Lightman, 1986). The
rate of accretion onto the compact object varies with the type of source, but on average is
relatively high; up to a few tens of solar masses of material can be accreted per year (Bian

1
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& Zhao, 2003). Surrounding the accretion disk at radii of approximately 134 ®m sit
high density, large column density gas clouds moving with velocities 10°kms . These
clouds produce strong, broad emission lines, with equivalent width (EW) of 16 2 A due
to their high velocities. The EW of an emission line is the width of the continuum that
would contain the same energy as the emission line. The emission lines observed at op-
tical frequencies in AGN spectra primarily include hydrogen Balmer lines (e.g., H, H ,
H ), as well as lines from other ions such as carbon (e.g., C 1], C IV), magnesium (e.g.,
Mg I1) (Peterson, 1997) This component of the AGN structure is known as the broad
line region (BLR). Further out from the central engine, at roughly 1016 10" m, resides
the torus consisting of dusty clouds with high column density. The torus is optically
thick (i.e. a short photon mean free path), showing a large temperature gradient along
its cross-section. Situated around 18 8m from the central black hole is the narrow
line region (NLR). This region consists of slower moving, 18kms 1, low density, low
column density clouds. The clouds can be optically thin (i.e. a long photon mean free
path), showing emission lines with much smaller EW than the BLR (Urry & Padovani,

1995; Netzer, 2006).

Table 1.1: Table showing the properties of the di erent components of an AGN. The
distance from the central SMBH, and electron densities and column densities for each
component are also given.rq, gravitational radius, = i—'\z" Table taken from Netzer
(2006).

Component  Radius [m] Density [e cm °] Column Density [e cm ?]

Accretion disk 1013 101 1010 100
BLR 1014 16 1010 10%3
Torus 1016 17 10° © 107°
NLR 1018 19 10° ° 1070 21

An additional feature of some AGN are the jets emanating perpendicular to the accre-
tion plane of the SMBH. These objects are known as quasars (Chiu, 1964). The jets
themselves are highly collimated, forming very close to the black hole, and composed of
charged particles that are accelerated through radiation and magnetic elds at speeds
close to the speed of light (i.e. mildly-relativistic to relativistic) depending on factors
that will be explored in this chapter. They extend out on vast scales; from a few as-
tronomical units (AU) up to several megaparsecs (Mpcs) into the intergalactic medium
where the jets form large radio lobes (Blandford et al., 2019). It is this feature that
di erentiates the two main classes of AGN; the radio-loud (RL), \jetted", AGN and the
radio-quiet (RQ), \non-jetted”, AGN (Padovani, 2016).
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Figure 1.1: A structural overview of AGNs, cropped and taken from Beckmann &
Shrader (2012). The various components that characterise AGNs include the accretion
disk, torus, emission regions and relativistic jets.

Non-jetted AGN make up the majority of the population, comprising  90% of all known
AGN sources (Padovani, 2011). The Seyfert galaxies were rst identi ed by Carl Seyfert
in 1943 as resolvable, high-surface-brightness galaxies with \stellar appearing cores".
Today, they are de ned by their strong, high-ionisation emission lines and almost exclu-
sively exist in spiral galaxies, implying likely young, low-mass central engines (Peterson,
1997). In general, spiral galaxies have not undergone large-scale galactic mergers, which
typically lead to the formation of larger elliptical galaxies with a combined SMBH (Ko-
rmendy & Ho, 2013).It was Khachikian & Weedman (1974) who di erentiated the class
into type | and Il Seyfert galaxies given the presence of broad and/or narrow emission
lines, with type Is showing both broad and narrow lines and type lls showing only nar-
row lines. From a morphological perspective, this can be explained if the two types are
the same system, viewed from di erent angles. If the type Il Seyfert galaxies are those

viewed \edge-on", the dusty torus obscures the view of the central engine and BLR so
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only the narrow lines would be visible. Conversely, if the source was observed at some
angle away from the plane of the accretion disk/torus, the emission from the BLR would
become visible and both broad and narrow lines would be observed, as in type | Seyfert
galaxies. Recent studies however suggest some Seyfert I-type galaxies (around 16%; Var-
glund, 1. et al., 2022) may also host a jetted AGN on account of high-energy -rays (Abdo

et al., 2009) and superluminal motion at radio frequencies (Brunthaler et al., 2000; Lis-
ter et al., 2016). Superluminal motion refers to the phenomenon whereby parsec-scale
regions within jets appear to move with apparent velocities faster than the speed of
light (Cohen et al., 1977). In practice, this is a geometric e ect arising from the relative
velocity between the observer and region rest frames (Xiao et al., 2022). While Seyfert
I-type jet powers are relatively weak, these sources would help populate the low-mass

(< 18 M ) quasar distribution (Foschini et al., 2015; Foschini, 2017).

Despite being the minority of AGN sources, jetted AGN still show many di erent fea-
tures and characteristics that require the population to be sub-classi ed. Fanaro &
Riley (1974) classi ed jetted AGN based on the ratio, Rgr, of the distance between the
brightest regions on either side of the core to the size of the whole system. Setting a
threshold of 0.5, they split the jetted AGN population into two classes, FR Is and FR
lls. FR | sources haveRgr < 0:5 and become fainter as distance increases further from
the central core, known as \edge-darkened". FR Il sources havd&Rgg > 0:5 and have
bright hotspots in their radio lobes, known as \edge-brightened". A diagram showing
the observable di erence between FR | and Il sources is shown in Figure 1.2. A possible
reason for the di erences comes from the interaction between the jet and the surround-
ing environment. Assuming the central engines of FR | and Il sources are the same and
the jets always emerge at relativistic speeds, a denser inner interstellar medium (ISM)
core can decelerate the jets of FR Il sources to less energetic supersonic or subsonic
speeds (De Young, 1993). While these initial jet{environment interactions and subse-
guent sub-sonic jet speeds would explain the di erences between the two FR classes and
are the most likely theory, alternative suggestions have been put forward to explain the
di erences. An alternative includes intrinsic di erences in the properties of the central

SMBHSs, such as the accretion rate and the spin parameter (Baum et al., 1995).

As shown in Figure 1.1, jets are generally believed to be oriented perpendicular to
the accretion disk, which is itself surrounded by a torus and aligned with the black

hole's spin axis (Drouart et al., 2012). However, both observations and simulations have
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Figure 1.2: Diagram showing the observational di erence between FR | and FR I
sources. The jets of FR | sources become fainter away from the core, whereas FR 1l
sources show bright lobes away from the core.

demonstrated that this alignment is not always maintained. A misalignment between
the black hole spin and the accretion disk can occur, as the infalling gas that forms the
disk is not immediately in uenced by the black hole's spin (Chatterjee et al., 2020). Over
timescales much shorter than the typical lifetime of a jet (i.e. 10 years; Natarajan
& Pringle, 1998), the black hole spin rst aligns the inner regions of the accretion disk,
leading to a warped disk structure before the outer disk also aligns. This warping
alters the orientation of the jets, causing them to appear misaligned with the accretion
plane on parsec scales. Similarly, the torus retains its original angular momentum for
longer before aligning with the angular momentum of the disk, leading to potential
misalignments between the torus, the disk, and the jet (Greenhill et al., 1996; Hopkins

et al., 2012).

Furthermore, out ows from AGN are not limited to relativistic jets. Winds originating
from the accretion disk, composed of matter and radiation, also play a signi cant role
in shaping AGN structure and in uencing both the host galaxy and the surrounding
interstellar medium (ISM). For example, X-ray photons can be absorbed by the sur-
rounding torus and subsequently re-emitted as ultraviolet radiation, contributing to the
ionisation and heating of the ISM (Murray et al., 1995; Giustini & Proga, 2019). Addi-
tionally, magnetically driven winds can extract angular momentum and mass from the
disk, facilitating both accretion and out ows (Pelletier & Pudritz, 1992; Wang et al.,
2022). These outows are a key component of AGN feedback, halting star formation
and the growth of the host galaxy, which in turn lessens the rate of accretion and black

hole growth (Fabian, 2012).
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Figure 1.3: As Figure 1.1 but with source classi cation shown around the AGN
structure. This gure is taken from Beckmann & Shrader (2012) and highlights how
viewing the system from di erent angles changes how the object is classi ed.

Urry & Padovani (1995) produced a uni ed scheme for AGN, tying together decades of
research categorising their various features, using the presence of any broad and narrow
line emission, and the jet. Figure 1.3 shows the uni ed AGN model, with each structural
component also labelled. The classi cation of the object depends on two things: the
orientation of the system, and the presence of jets. When viewed edge-on, the torus
obscures BLR emission, resulting in type Il Seyferts (non-jetted) and Narrow-line Radio
Galaxies (NLRG; jetted), with the latter being populated by FR | and Il sources. As
the angle with respect to the plane of the accretion disk increases and BLR emission
becomes prevalent, one can expect to observe type | Seyferts (non-jetted) and Broad-line
Radio Galaxies (BLRG; jetted), with the latter, again, being populated by FR | and

Il sources. Figure 1.3 also shows an additional class of AGN, observed at very small

viewing angles with respect to the relativistic jet; blazars.
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1.2 Blazars

Blazars are a subclass of jetted AGN whose relativistic jet is oriented along the observer's
line of sight to within . 15 (Hovatta et al., 2009). As a result of this, the jet emission is
strongly Doppler boosted. Doppler boosting, or relativistic beaming, is the phenomenon
whereby radiation emitted from a region travelling at speeds comparable to the speed
of light appears brighter and more concentrated along the direction of travel. This
has the e ect of transforming small changes in the intrinsic luminosity of the jet into
large changes in the observed (apparent) brightness. This makes blazars highly variable
sources from radio to very high energy (VHE) -ray frequencies, and at a variety of

timescales from minutes to years.

While the relativistic jet can be probed at all frequencies, and most often dominates
the total ux, the emission from other structures can contribute signi cantly depending

on the observation wavelength and general activity state of the blazar. At sub-GHz
frequencies, one can observe the extended structure of blazar jets, namely the radio lobes
and hotspots. The contribution from any dusty torus is evident at infrared frequencies,
and at optical one can observe thermal emission from the accretion disk and BLR, as

well as the host galaxy emission (Prandini & Ghisellini, 2022).

As seen in Figure 1.3, blazars can be split into two classes: BL Lacs and Flat Spec-
trum Radio Quasars (FSRQs). These classes can be distinguished by the size of any
emission lines in their optical spectra originating from the BLR and NLR. Speci cally,
FSRQs have lines with EW > 5A and in BL Lacs these lines are weaker or altogether
absent (Stickel et al., 1991). Morphological di erences between blazars might explain
the reasoning for this di erence. FSRQs have been found to have signi cantly higher
accretion rates than BL Lacs (Cavaliere & D'Elia, 2002), implying a greater thermal
emission contribution and stronger emission lines (Boroson & Green, 1992). The lack of
any observed thermal emission in BL Lacs is not only suggestive of radiatively ine cient
accretion but also the absence of any signi cant torus and BLR (Chiaberge et al., 1999).
The increased thermal emission from FSRQs is further supported by the presence of the
\blue-" or \UV-bump" seen in the optical region of the spectral energy distributions of
FSRQs (more on this in Section 1.2.1), given thermal emission is intrinsically bluer than

non-thermal emission.
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Figure 1.4. A generalised blazar spectral energy distribution (SED) showing its
double-peak structure. The dierent lines show dierent source classi cations, but
in general the shape is the same. Figure taken from Ulrich et al. (1997).

1.2.1 Spectral energy distribution

A spectral energy distribution (SED) describes the energy output of an object at a given
frequency. In general, blazar SEDs show a distinct double-peak structure. The rst peak
is found at infrared to X-ray frequencies, while the second peak is at -ray frequencies.

These are referred to as the lower- and higher-energy peaks, respectively.

The lower-energy peak in blazar SEDs is generally accepted to be the result of non-
thermal synchrotron emission in the jet and is the dominant source of emission at op-
tical frequencies (Prandini & Ghisellini, 2022). As mentioned previously in Section 1.2,
emission from the host galaxy and thermal contributions from the accretion disk and

BLR also peak at optical frequencies, however these are most often outshone by the jet
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by several orders of magnitude (Olgun-Iglesias et al., 2016). In the synchrotron sce-
nario, relativistic electrons spiral through the magnetic elds within the jet, causing the
emission of photons due to their transverse acceleration relative to velocity (Hofmann,

2004). It follows that this peak is often referred to as the synchrotron peak.

The origin of the higher-energy peak in blazar SEDs is more uncertain. The emission
can be explained through leptonic or hadronic modelling, with the nomenclature of
the latter evolving to \lepto-hadronic" modelling to better emphasise the possibility
of a combination of emission mechanisms (Reimer, 2012). The fundamental di erence
between these two models is the population of particles producing the emission. Leptons
(electrons, muons, taus, neutrinos, and their antiparticles) are elementary particles which
do not interact with the strong nuclear force, whereas hadrons, namely baryons and
mesons, do. Baryons refer to those particles which are made up of three quarks (protons,
neutrons, and their antiparticles), while mesons are made up of two quarks (pions, kaons

and their antiparticles).

In the leptonic model, it is inverse-Compton processes that are responsible for the high-
energy emission, where lower-energy seed photons are upscattered through interactions
with relativistic electrons. The location of the origin of the seed photon elds describes
the exact process, with synchrotron-self Compton emission (SSC; Maraschi et al., 1992)
referring to the same relativistic electrons that produce the lower energy synchrotron
emission upscattering the synchrotron photons, and external Compton emission (EC;
Dermer & Schlickeiser, 1993) referring to thermal photons travelling into the jet from

the accretion disk and BLR which are instead the seeds for upscattering.

Conversely, in hadronic modelling, it is processes completely independent of lower-energy
variability that produce the higher-energy emission. This can be achieved through the
decay and emission from products of proton-photon interactions, or by the Synchrotron
Proton Blazar model (SPB; Mucke & Protheroe, 2001). Here, protons are accelerated
to relativistic energies producing synchrotron emission as they spiral through the mag-
netic eld of the jet, and collide with soft photons. Soft photons are those with lower
energy and frequency and populate the synchrotron SED peak, while hard photons are
those with higher energy and frequency and populate the high-energy SED peak. These
collisions produce other particles, including electrons, which in turn generate additional

synchrotron emission. The presence of proton-photon interactions also allows for the
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photo-meson channel, where the interaction between any nucleon and photon produces
mesons, including charged and neutral pions (Macke et al., 2003; Reimer, 2012). It is
the decay of charged pions that produces leptons and, more importantly, neutrinos (Cer-
ruti, 2020). It follows that neutrino emission is the smoking gun signature of hadronic
emission mechanisms (proton-synchrotron) in relativistic jets. While many neutrino
detections have error circles containing no aring blazars, neutrino emission has been
detected coinciding with several aring blazars (Plavin et al., 2023), with the rst de-
tection in 2017 associated with the blazar TXS 0506+056 while in a -ray aring state
(IceCube Collaboration et al., 2018).

To demonstrate the di erences between blazar classes, the SEDs of two sources, 3C
454.3 and MRK 501 (an FSRQ and BL Lac, respectively) are shown in Figure 1.5. In
the SED of 3C 454.3 the superposition of the jet emission is shown, represented by the
two peaks at optical and -ray frequencies, in addition to components from the accretion
disk, dusty torus, and X-ray corona. These additional features slightly alter the shape
when compared to a BL Lac type such as that of MRK 501. This additional thermal
emission is particularly prevalent at optical frequencies (16°Hz), where a small bump
is seen in the SED. This will be explored further in Section 1.5.2. The SED of MRK 501
only shows the contributions from the jet and the host galaxy (Prandini & Ghisellini,
2022). This further supports the idea of a lack of dusty torus and BLR associated with
BL Lac types as their contributions are not observed in their SEDs. In both gures,
the di erent lines correspond to the t of the SED at di erent epochs, showing how the

shape of the SED changes with variability of the source.

1.2.2 The Blazar Sequence

The uni cation of jetted AGN was rst proposed by Fossati et al. (1998) as \The Blazar
Sequence". This was updated by Ghisellini et al. (2017) who detail the observational
di erences between blazar classes from their SEDs. Prandini & Ghisellini (2022) present
a recent review of the current state of the Blazar Sequence. Figure 1.6 shows some of
the results from this work. The left gure shows the -ray luminosity as a function of
redshift. From this, one can see a general trend in that FSRQs tend to show higher
-ray luminosities and are located at higher redshifts, whereas BL Lac sources tend to

dominate the lower -ray luminosity{lower redshift regime. This data is then binned,
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Figure 1.5: Plots highlighting the di erences in the SEDs of BL Lac and FSRQ type
objects. The SED of 3C 454.3, an FSRQ, is seen on the left, and of MRK501, a BL
Lac, on the right. Plot taken from Prandini & Ghisellini (2022).

shown by the horizontal lines, and SEDs computed (Figure 1.6 right) to highlight inter-
and intra-class di erences. Here, one can see a dependence on the SED higher- and
lower-energy peaks on -ray luminosity (i.e. class), most prevalent in BL Lacs where the
peak frequencies increase for lower-ray luminosity objects. Furthermore, the Compton
dominance (CD), that is the ratio between the peaks of the luminosities attributed

to Compton and synchrotron emission (i.e. the higher-energy peak luminosity divided
by the lower-energy peak luminosity), increases with -ray luminosity for FSRQs but
does not change for BL Lacs. It is important to note, however, that binning the data
into groups like that which has been described above masks any intra-class di erences.
Blazars are highly variable sources, and at times may appear more similar to other

(sub)classes. This will be explored further in Section 1.5.

It is these works that support the need for subclassi cation of blazars. Abdo et al.
(2010b) suggests a method of subclassifying blazars, expanding on the work of Padovani
& Giommi (1995). This method is based on the location of the lower-energy synchrotron
SED peak, s, of the object. Low synchrotron peaked sources (LSPs) haves < 1014 Hz,
corresponding to IR emission. High synchrotron peaked sources (HSPs) have >
10 Hz in UV or X-ray. Those with a synchrotron peak frequency in the optical regime
between 134 s 10™Hz are classed as intermediate synchrotron peaked sources
(ISPs). While both FSRQs and BL Lacs populate the LSP regime, only BL Lac sources

show synchrotron peak frequencies corresponding to ISP and HSP classi cation. For
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Figure 1.6: Left: blazar -ray luminosity as a function of redshift. Right: SEDs of
di erent blazar classes for the bins are highlighted by the solid horizontal lines in the
gure on the left. Both plots are taken from Ghisellini et al. (2017).

this reason, in this work, LSP, ISP, and HSP BL Lac objects will be referred to as LBL,
IBL, and HBL objects, respectively.

Population statistics across blazar classes can help to reveal intrinsic di erences in their
observational properties. Liodakis & Pavlidou (2015) shows that FSRQs typically ex-
hibit faster jets with higher bulk Lorentz factors (') than BL Lac objects. Furthermore,
FSRQs also show a trend of increasing luminosity with redshift, indicating they are in-
trinsically brighter at higher redshift (i.e. younger). Despite this, BL Lac and FSRQ
beaming characteristics are comparable, supporting the idea that the di erences ob-
served in classes are intrinsic, rather than due to any geometric-related relativistic e ects
such as di erences in Lorentz factors or viewing angles. (Kugler et al., 2014) showed
that BL Lacs are hosted by massive elliptical galaxies, suggestive of older galaxies with
larger SMBH masses. In their sample, synchrotron peak frequency distribution across
all sources spanned 15 peak 16, peaking at 14.5 (indicating an IBL-dominated
sample). While a potential high-redshift BL Lac population was noted, the large red-
shift uncertainties associated with BL Lac objects limited conclusions. Mingaliev et al.
(2017) found LBLs generally exist at slightly higher redshifts than IBLs and HBLs, and

show higher radio ux densities with greater variability.

Itis important to note that not all blazars t nicely into these classes and some \extreme"



Introduction 13

sources have been found. Ultraluminous FSRQs or \MeV blazars" (PKS 0201+113,
S4 0642+449, PKS 1351-018, PKS 2126-158; Marcotulli et al., 2020) have their SED
shifted to lower energies, with their higher-energy peak at hard X-rays. In addition to
this, some HBLs known as \extreme synchrotron" or \TeV" blazars have their lower-
and higher-energy peaks at X-ray and TeV (107 Hz) frequencies, respectively (Pran-
dini & Ghisellini, 2022). Such TeV sources include MRK 421 and 1ES 1959+650 (see

Krawczynski, 2004; Prandini & Ghisellini, 2022, and references therein).

Furthermore, recent studies have suggested an additional population of transitional
blazars (Ghisellini et al., 2011). These objects, also known as masquerading BL Lacs,
show Eddington ratios much more similar to that of FSRQs than other BL Lacs, but are
classi ed as BL Lacs due to emission from the broad line region being overpowered by
the jet continuum, diluting or obscuring emission lines (Ruan et al., 2014). The Edding-
ton ratio is given by = L=Lggq WhereL is the accretion-related observed luminosity,
and Lgqq is the Eddington luminosity. The Eddington luminosity for a given object is
given by Legq =1:26  10%(J1-)ergs  where s~ is the mass of the SMBH expressed
in solar masses. The Eddington luminosity, or Eddington limit, refers to the maximum
rate of accretion onto the black hole before outwards radiative pressure balances the
black hole's gravitational pull, halting further accretion. In FSRQs (and masquerading
BL Lacs), this ratio is higher than BL Lac objects, implying a brighter thermal con-
tribution due to a higher accretion rate and a more radiatively e cient accretion ow

(Padovani et al., 2019).

In general, masses of SMBH, notably blazars, can be measured through reverberation
mapping. Reverberation mapping is the process of measuring the time delay between
variations in the emission from the accretion disk and a response in the broad emission
lines originating from the BLR. This time lag, combined with the velocity dispersion
of the gas in the BLR, allows for an estimation of the central black hole mass using
the virial theorem (Wandel et al., 1999; Greene & Ho, 2005; Castignani et al., 2013).
However, similarly to redshift, BL Lac type blazars often have weak or absent emission
lines (see Section 1.2), making reverberation mapping techniques di cult. As a result,
alternative statistical methods, such as correlations between black hole mass and host
galaxy properties or black hole luminosity, can be used to give blazar mass estimates

(Rakshit et al., 2020).
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1.3 Jets

The relativistic jets of blazars can be observed across the electromagnetic spectrum from
low-frequency radio waves to VHE -rays. At most frequencies, the jet appears highly
collimated and cannot be spatially resolved, except for low-frequency radio and millime-
tre waves (GHz frequencies), which are capable of resolving the radio lobe structure
(e.g. Hovatta & Lindfors, 2019). It follows that launching, structure, and acceleration

mechanisms are debated features of relativistic jets.

There exists a disparity between theory and simulations on the launching of AGN jets.
Current models suggest jets form as a result of the spectral state of the accretion disk and
the direction of the surrounding magnetic eld lines originating from the disk plasma.
The action of the plasma accretion ow along with the mass of the disk and subsequent
gravitational pull causes an accumulation of the magnetic ux around the black hole,
twisting it around the axis of disk rotation and launching jets at perpendicular angles.
This is described by the magnetically-arrested disk (MAD; Narayan et al., 2003) and
would result in the formation of jets capable of extracting the spin energy of the black
hole at high e ciencies. The requirement in this scenario is a radiatively ine cient (i.e.
a short photon mean free path) thick disk at sub- or super-Eddington accretion rates
(Tchekhovskoy, 2015). Sub- and super-Eddington accretion rates refer to< 1% and
100% respectively. A thick disk has height, H, comparable to the radial distance to the
black hole, R, (H R) whereas a thin disk has height smaller than the radial distance
to the black hole (H R) (Frank et al., 2002). In contrast, recent simulations suggest
that jets may be more resilient to accretion disk spectral state, thickness, and inclination
angle than theory suggests. Davis & Tchekhovskoy (2020) present a simulation review
on possible jet launching from di erent disk parameters. They show jets can form from
both thin and thick disks, with initial toroidal (horizontal around a torus) or poloidal
(vertical around a torus) magnetic eld lines, and with or without large disk tilts relative
to the black hole spin plane. In either case, the magnetic elds at the base of the jet are
strong and likely twisted into a helical structure (Marscher et al., 2008; Tchekhovskoy

et al., 2011).

Using low-frequency VLBA observations, Attridge et al. (1999) resolved the outer jet
structure and found that the central core region showed a polarisation angle perpendic-

ular to the jet axis, whereas the outer regions surrounding the core showed polarisation
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angles parallel to the jet axis. This was the rst observational evidence for a spine{
sheath jet structure (Ghisellini et al., 2005). The spine of the jet is equivalent to the
jet core, consisting of high particle velocities and Lorentz factors. The edges of the jet
correspond to the sheath, where the jet slows due to interaction with the surrounding
medium (Laing, 1996; Georganopoulos & Kazanas, 2003). Logically, this region consists
of slower particles and lower Lorentz factors. Figure 1.7 shows a diagram of the spine-
sheath jet structure, comprising regions with di erent Lorentz factors. This \two- ow"
model ts well into the leptonic scenario, where the seed photons for SSC processes can
originate from both the spine and sheath. It is believed that the \active" zone, where
emission from both the spine and sheath originates, lies between 1/2 and 3/2 black hole
radii along the jet. This model fails, however, to explain -ray ares without a lower-
energy optical counterpart (orphan ares). Despite this, a spine{sheath con guration

remains the most widely accepted jet structure.

Figure 1.7: Figure showing the spine-sheath relativistic jet structure. Figure taken
from Sikora et al. (2016).

The most probable mechanism behind particle acceleration in blazars is through the

propagation of shocks through the jet (Guetta et al.,, 2004; Liodakis et al., 2022b).
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Shocks form as a result of ow rate changes in the jet out ow, producing plasma waves or
\plasmoids" of density inhomogeneities in the jet structure, each with di ering velocities,
Lorentz factors, and masses Canb et al. (2013); Angelakis et al. (2016). It follows
that faster propagating plasmoids are capable of catching up to slower ones and then
interacting. The result is the dissipation of bulk motion kinetic energy into the magnetic
eld and radiated electron random energy, known as shocks (also referred to as shock-
in-jet in this work). This process is described by Spada et al. (2001) as the Internal

Shock Model.

First-order Fermi acceleration, also known as di usive shock acceleration (DSA), de-
scribes the mechanism by which charged plasma particles gain energy through repeated
crossings of magnetised shock fronts. As particles scatter across the shock, they interact
with magnetic irregularities on either side, resulting in a net energy gain and e cient
acceleration (Baring, 1997). In contrast, second-order Fermi acceleration does not re-
quire a shock front; instead, particles are accelerated through stochastic interactions
with randomly moving magnetic elds in a turbulent medium, leading to slower and less

e cient energy gains (Petrosian, 2012).

However, the internal shock model for particle acceleration in relativistic jets struggles
to explain the speed of variability at TeV energies (Ghisellini et al., 2005). Emission
regions would require bulk Lorentz factors much larger ( & 50 100) than those which
have been observed within the jet ( . 10) (Begelman et al., 2008) unless, after the
TeV emission, e cient deceleration occurs on sub-parsec scales. Giannios et al. (2009)
suggests an alternative \jet-in-jet" explanation, whereby the emission arises from regions
or \blobs" with higher bulk Lorentz factors than the surrounding jet plasma and is
dissipated through magnetic reconnection. Relativistic magnetic reconnection is another
acceleration model that shows promise in replicating observed blazar emission (Giannios
et al., 2009; Sironi et al., 2015; Petropoulou et al., 2016). In this scenario, oppositely
directed magnetic eld lines within jet plasma rearrange and release signi cant energy,

resulting in particle acceleration (Zhang et al., 2022b).

MacDonald et al. (2015) suggests an emission mechanism involving a blob propagating
through the jet spine, interacting with a shocked region of the sheath. The sheath
provides a localised \ring" of seed photons for upscattering by the blob, resulting in

orphan -ray ares but still aligning with the structured jet model.
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The location and mechanisms behind particle acceleration in blazars are widely debated
and are important questions given their connection to -ray emission. From Figure
1.5 one can see that the SED of an FSRQ becomes more Compton-dominated during a
aring state. This implies a disproportionate increase in -ray emission and therefore an
excess of seed photons outside of those generated through synchrotron emission alone.
The implication of this is that external seed photons are required to make up this
de cit. It has been proposed that BLR emission is the most promising candidate for
this emission (Ghisellini & Madau, 1996; Ghisellini et al., 2010; Marscher et al., 2010),
but requires the accelerating region of the jet to be within the BLR, given the fast
decrease in photon density away from the BLR. It follows that the acceleration region
must be located within the radius of the BLR, or no more than 10 m (1 pc) from the
central engine (Hovatta & Lindfors, 2019, and references therein). This implies that the
synchrotron (optical) and high-energy ( -ray) emission, probed in this work, originates
from the inner jet region of the blazar where particle acceleration must occur. Optical
and -ray variability trace the evolution of acceleration zones and associated magnetic

eld structures in the highly-collimated jet regions.

1.4 Polarisation

As previously discussed in Section 1.2.1, the dominant source of emission at optical fre-
guencies is non-thermal synchrotron emission originating from the jet. Strong evidence
for this comes from the detection of high polarisation levels of radio to X-ray emission.
Polarisation can be described as the preferential oscillation of the electric eld of electro-
magnetic radiation. Two quantities can be obtained in order to describe the polarisation
of the incoming light: The proportion (degree) of light that is polarised, and the angle

of the electric eld plane.

The degree of polarisation is the proportion of polarised light in the incident beam and
is generally expressed as a percentage. It can refer to several types of polarisation,
including linear, circular, and elliptical. Linear polarisation describes the oscillation of
the electric eld in a xed, non-rotating plane, where as circular polarisation describes
the electric eld plane rotating about 360 as the wave travels. Elliptical polarisation is

a more general case, where the electric eld traces out an ellipse rather than a straight

line or circle. It can be seen as a combination of linear and circular polarisation, where
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the circular motion is stretched along one axis. Circular polarisation has rarely been
detected in blazars. This is due to a suppression factor which scales roughly with=1¢
where . is the Lorentz factor of the emitting electrons. For blazars and their large
Lorentz factors, this suppression is typically large (Toma, 2021). This, however, has not
stopped attempts to measure circular polarisation in blazars, but currently it is only
constrained by upper limits (Liodakis et al., 2022a). The degree of polarisation, or just

polarisation, henceforth refers to the fraction of linearly polarised light only in this work.

The electric vector position angle (EVPA) gives the orientation of the electric eld of
linearly polarised light relative to an arbitrarily xed plane. While individual mea-
surements of this angle provide little information, successive measurements over a given
timeframe provide useful clues into the evolution of the emission region and its magnetic

elds.

The optical polarisation variability in blazars is extreme. They are capable of showing
some of the highest levels of polarisation of any astrophysical object, up to around
50% (zZhang, 2019, and references therein), and can vary signi cantly down to minute
timescales (Covino et al., 2015). This is close to the theoretical maximum polarisation
degree from synchrotron emission, around 70%. The maximum value of synchrotron
polarisation for a population of electrons with energy distribution following a power law

of index p can be derived as
p+1

p+
where the power law index of the electrons is typically between 2 and 3 (Rybicki &

Lightman, 1979; Nalewajko & Sikora, 2012; Nava et al., 2016).

(1.1)

WIN

Like the degree of linear polarisation, the polarisation angle can be equally variable.
During optical observations of -ray bright blazars, the EVPA has been observed to
undergo large swings in excess of 90over a variety of timescales ranging from hours to

years, showing a rotation in the polarisation plane (Blinov et al., 2015).

Synchrotron emission has a natural polarisation signature originating from the prefer-
ential oscillation of the charged particles perpendicular to the magnetic eld (Rybicki
& Lightman, 1986). Figure 1.8 1 shows the process of synchrotron emission, detailing

the emission of photons from an electron travelling helically through a uniform magnetic

! https://lemmaalexander.github.io/resources.html
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Figure 1.8: Schematic of the emission of synchrotron radiation and the direction of
its preferential polarisation plane perpendicular to the magnetic eld. Figure from 1.

eld, with the direction of the preferential polarised plane perpendicular to the surround-
ing magnetic eld. Consequently, the optical polarisation properties and variability of
blazar emission can provide valuable information on the magnetic eld properties and

evolution of the emitting regions within the jet.

1.4.1 Stokes parameters

As discussed previously, the electric vector of polarised light traces an ellipse on a 2D
plane. This ellipse is shown in Figure 1.9. The electric eld components in theX and
Y direction are denoted by Eox and Eqy, respectively. and represent the major
and minor principal axes of the ellipse, respectively, with the former o set from the X
axis by angle . The ellipticity, , can be calculated by tan = -. Not shown is the
chirality of the ellipse, which denotes the rotation direction of the electric eld; clockwise

(right-handed) or counterclockwise (left-handed).

It is also important to note an inherent ambiguity in the angle  which arises due to
the symmetrical nature of the ellipse about the minor axis. Since the ellipse is identical
under a 180 rotation, the angle and + 180 describe the same orientation of the

major axis. When only intensity measurements are made, as is relevant to the work
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Figure 1.9: Diagram showing the elliptical path traced by the electric eld vector of
polarised light. Figure from Schaefer et al. (2007).

presented in this thesis, there is no way to distinguish between these two cases. This

phenomenon will be explored further in Section 2.4.1.

The Stokes parameters (Stokes, 1851) are able to fully characterise the polarisation
properties of an incident beam of light. There are four parameters, traditionally given as
IQUV but more modernly known asS;S,S3S4 or SpS1S,2S3. In this work, the traditional
IQUV and S;:S,S3S, will be used interchangeably to align with the nomenclature in
Clarke & Neumayer (2002). A visual depiction of the Stokes parameters and how they
characterise the polarisation of the incident light beam is given in Figure 1.10'. The |
parameter is simply the total ux density (intensity) of the beam, including the polarised
and unpolarised light. Q and U measure the intensity of linearly polarised light in the

0 and 90 planes, and 45 and 135 planes, respectively. Finally, the V parameter
measures the intensity of both left- and right-handed circular polarisation. Equations
1.2 { 1.5 from Jermak (2016) summarise how one can calculate the Stokes parameters
using the intensity, S, of the beam at di erent angles of a rotating polarising lter. The
detectors in this work do not measure circularly polarised light so theV parameter is not
used. Whilst attempts have been made to measure circular polarisation from blazars,

this work focuses on linear polarisation.
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Figure 1.10: Schematic providing a visual representation of the Stokes parameters
and how the intensity of the incident light beam at di erent angles is combined to
produce them. Figure from*.

| = So= So + Seo (1.2)
Q=S1=S0 Soo (1.3)
U=S,=S45 Sizs (1.4)
V =8S3= Srcp Sicp (1.5)

If one considers that the polarisation ellipse shown in Figure 1.9 collapses into a straight
line along the major axis when considering linear polarisation only, the Stoke€) and U

parameters can be read directly as theX and Y coordinates.

1.5 Variability overview

Table 1.2 shows a summary of the observable variability for various models explored

throughout the remainder of this chapter and relevant to this thesis.

Zhang et al. (2015b)
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Table 1.2: Observable variability properties of dierent blazar emission models.
IMarscher (2014),2Shablovinskaya et al. (2023),2Bettcher (2016), *Bettcher & Dermer

(2010), 5Zhang et al. (2022b),8Acharya et al. (2023), “Dong et al. (2020),8Zhang et al.
(2017), °Zhang et al. (2020),'°Bachev et al. (2023).

Model Variability
Optical -ray Polarisation Polarisation angle Lags Timescales
Shocks chromatid  yes chromatic? yes’ variable®*  days/weeks
Kink instabilities chromatic ® yes’ anticorrelation” yes' no® weeks/months’
Magnetic reconnection  chromati®¢  yes chromatic® yes no® hours/days®
Doppler factor changes achromatié - yes'© yes'© no'®  minutes/hourst®
1.5.1 Flux

In Section 1.2.1, Figure 1.4 showed the double peak structure of blazar SEDs with emis-
sion peaks around optical and -ray frequencies. It follows that the behaviour of blazars'
optical and -ray ux may give valuable insight into the locations of emitting regions and
the underlying emission mechanisms occurring within the jet. Strongly correlated be-
haviour between the two uxes suggests the emission may originate from linked processes
within the jet, favouring leptonic models. Speci cally, an increase in synchrotron pho-
tons leads to an increase in the seed photons available for inverse-Compton upscattering
(Bettcher & Dermer, 2010). On the other hand, a lack of correlated behaviour including
orphan optical and -ray ares could favour both leptonic and hadronic (lepto-hadronic)

models (Sol & Zech, 2022).

Hovatta et al. (2014) analysed the correlations in the optical and -ray ux{ ux space
and found a tighter connection between the correlation of ISP and HSP objects over LSPs
(both BL Lacs and FSRQs). If one assumes leptonic modelling, a tighter correlation is
expected where the -rays are produced via SSC due to the same level of Doppler boost-
ing in the emitting regions. Conversely, Dermer (1995) showed the inverse-Compton
emission arising from external photons is more strongly boosted, meaning the linear
ux{ ux dependence breaks when EC emission occurs. For sources with higher disk,
BLR, or torus (thermal) contributions, like the LSP subclass discussed in Section 1.2,
one would expect greater EC contributions and therefore a more scattered optical{-ray

ux correlation.

Some blazars have also been shown to demonstrate periodicity in their light curves.
0J287 is the best-known candidate for hosting a hanohertz gravitational wave emitting
SMBH in the present observable universe, with observations dating back to 1888 (Sil-

lanpaa et al., 1988; Valtonen et al., 2021). It has been a target of extensive multi-facility
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observation campaigns (Sillanpaa et al., 1988; Valtonen et al., 2016, 2019), particularly
over the past 20 years, resulting in the discovery of quasi-periodic doublet ares sep-
arated by a few years following a roughly 12 year cycle (Sillanpaa et al., 1988), along
with a longer 60 year periodicity (Valtonen et al., 2006). These features are best inter-
preted as an eccentric binary system where the secondary SMBH \impacts" and crosses
through the accretion disk of the primary twice during the 12 year orbital period. Such
collisions are likely to signi cantly disturb the disk, resulting in detectable changes to
jet out ow (producing shocks) or directly perturbing the base of the jet (Jormanainen
et al., 2025). The longer approximately 60 year period can be interpreted as the advance
of the periastron by approximately 36 per orbit. If one assumes the precession e ects
are asymmetric about the accretion disk plane, after roughly 60 years the periastron
would be exactly halfway through its orbit whereby the variability cycle repeats (Dey
et al., 2019). Lehto & Valtonen (1996) rst proposed the binary SMBH model to explain
the variability of 0J287, with subsequent re nements to the model over the subsequent

decades (Valtonen et al., 2011, 2023).

While binary SMBHs are a good model for explaining periodic emissions in blazars, it is
not the only possibility. Jet precession, or jet wobbling, has been invoked numerous times
to explain the long-term periodic variability observed in some blazars (PG 1553+113;
Ackermann et al. 2015, 0J287; Britzen et al. 2018, A0 0235+164; Escudero Pedrosa
et al. 2024). In this scenario, periodic ares can be the result of geometric changes to
the system, rather than any intrinsic luminosity variability (Britzen et al., 2023). During

the precession, the apparent Doppler factor of the emission would change, arising from
the small but signi cant changes in the jet angle (Sobacchi et al., 2017). Furthermore,
Britzen et al. (2019) suggests jet precession may be responsible for the neutrino emission
in TXS 0506+056. In their model, the neutrino emission arises from the interaction
between crossing jet features on parsec scales, causing a large increase in high-energy

and photo-hadronic interactions, the process that generates neutrinos.

1.5.2 Colour

A frequent optical photometric feature of blazars is their colour evolution during various
levels of jet activity. The colour of a source is given by the di erence between the

magnitude observed in di erent wavebands. It can take a positive or negative value,
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with positive implying the source is brightest/coloured more in the rst waveband in the
subtraction, while negative implies the opposite. In general, BL Lac type sources tend
to exhibit \bluer-when-brighter" (BWB) trends where their spectral index at optical
frequencies attens during periods of higher ux. While some FSRQs also show this,
a larger fraction show the opposite behaviour, a \redder-when-brighter" (RWB) trend
where their SED at optical frequencies steepens during periods of higher ux (Zhang
et al., 2015a). Negi et al. (2022) present a study into the colour variability of 897 blazars
(455 BL Lacs and 442 FSRQs), nding 18.5% of BL Lacs display BWB trends and just
9% show RWB trends. For FSRQs, 10.2% of sources showed BWB trends and 17.6%
RWB trends. In any case, the colour changes of blazars can be used to determine the

origin of the emission and re ne emission mechanisms.

BWB behaviour can be explained through di erent models. One proposed mechanism
is synchrotron cooling of internal shock accelerated electrons, where higher-energy elec-
trons cool faster making bluer light appear more variable than redder light (Kirk et al.,
1998). Synchrotron cooling refers to the energy loss of accelerated particles via syn-
chrotron emission. Alternatively, the one-component synchrotron model implies an in-
jection of fresh electrons into the jet with a hard energy distribution. These subsequently
cool, resulting in increased radiation that is naturally bluer in colour. However, these

fail to explain the RWB trend in FSRQs, which requires additional components.

As the name suggests, two-component modelling suggests two underlying components
to the observed ux. One of these components would be more intrinsically stable, with
a larger spectral index ( const) @and the other variable with a atter spectral index ( var)
such that const >  var (Spectral index is de ned in equation 3.3 and will be explored
further in Chapter 3). When the variable component ares, the composite spectrum
becomes atter, showing a BWB trend (Fiorucci et al., 2004). The stable component
would consist of thermal emission from the accretion disk and broad line regions (BLR),
and the variable originating from non-thermal synchrotron emission. This model can also
be adopted to explain the RWB behaviour in FSRQs. If the thermal contribution from
BLR and disk emission is signi cantly larger, the composite spectrum would be atter
than the variable, non-thermal component. In this case, the composite spectrum would
therefore steepen during a are (Gu et al., 2006). Observationally, this is supported by
the \blue-bump", sometimes called the \UV-bump", which is a thermal emission excess

in FSRQ SEDs at optical and near-UV frequencies (Paltani et al., 1998).
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In some cases, RWB behaviour has been observed in BL Lac objects. Where this is
the case, the majority of sources tend to be host-galaxy-dominated (Negi et al., 2022),
implying an increase in thermal emission. In other cases, this can come from more in-
trinsically luminous accretion disks than seen in the general BL Lac population, alluding

to the masquerading BL Lac type objects.

Moreover, some objects display more complex optical colour behaviour. A stable-when-
brighter (SWB) trend has been observed in some objects (Ghosh et al., 2000; Zhang
et al., 2015a), where the colour of the source remains constant during ux increases.
Additionally, some objects have been observed to display RWB during low states but
BWB during high states (lkejiri et al., 2011; Bonning et al., 2012). The analysis of Zhang
et al. (2022a) showed that blazar colour variability could be modelled purely non-linearly
whereby source colour follows a logarithmic trend, changing rapidly in lower ux states
and remaining constant, or relatively stable, during heightened optical activity. The
behaviour can be brie y named bluer-stable-when-brighter (BSWB) and redder-stable-
when-brighter (RSWB). This model can reproduce both linear BWB and RWB colour
trends as well as SWB behaviour if the source was only sampled during a high or low

state, resulting in an apparent linear trend.

1.5.3 Polarisation

Correlations, or a lack thereof, comprising polarimetric quantities can provide valuable

insight into emission locations and the jet's local magnetic eld morphology.

Plasmoids are regions of relativistic particle density inhomogeneities and enhanced mag-
netic elds with slowing changing direction. If accelerating, the plasmoid can produce
small rotations in the polarisation angle (< 180 ) and can show a slight frequency depen-
dence in polarisation degree across the optical waveband (Marscher & Jorstad, 2021).
Petropoulou et al. (2016) suggest plasmoids may be the direct result of the magnetic
reconnection processes in relativistic jets, with the timescale of variability correlated to
the size and speed of the plasmoid. Giannios (2013) suggest that the combination of
multiple plasmoids can produce fast-evolving TeV ares (notably in the case of PKS

1222+2186).
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One of the most widely accepted acceleration and emission mechanisms in blazar jets
is shocks (Guetta et al., 2004; Liodakis et al., 2022b) (see Section 1.3 for more details
on shocks). Depending on the shock speed and magnetic eld strength in the emis-
sion region, one can expect to observe di erent polarisation variability. Assuming a
weakly magnetised region, one would expect to see prolonged periods of high polarisa-
tion (roughly 40%) without any decay phase. This is due to the shock (faster or slower
in speed) permanently changing the magnetic eld topology. This type of behaviour has
not been observed in blazars, so one can presume the variability does not originate from
weakly magnetised regions. Conversely, a strongly magnetised emission region can tem-
porarily alter the local larger-scale magnetic eld topology as it passes through the jet,
after which it returns to its initial state. A slower-moving shock is incapable of produc-
ing any large ares or structured polarisation degree/angle variability and only erratic
variability is seen. Conversely, for a faster shock, the magnetic eld at the shock front
becomes more ordered producing ares in the photo-polarimetric data, with smooth ro-
tations in the polarisation angle (Zhang et al., 2014, 2016; Liodakis et al., 2022b). These

describe behaviours more typical of observed blazar variability.

It is also through shocks that one may observe frequency-dependent polarisation be-
haviour (Liodakis et al., 2022b; Shablovinskaya et al., 2023). Across the relatively small
optical regime, this e ect is only minor and very di cult to observe. However, through
well-sampled observations of aring blazars, the phenomenon has been possible to detect
at optical frequencies (Smith & Sitko, 1991; Sillanpea et al., 1993; Tommasi et al., 2001).
Most detections are of polarisation variability increasing with decreasing frequency (i.e.
polarisation is stronger in redder wavelengths than bluer ones) but this could also be
interpreted as dilution of the bluer polarised blazar emission from the host galaxy (Tom-
masi et al., 2001). It follows that polarimetric variability increasing with frequency (i.e.
the polarisation being stronger in bluer wavelengths than redder ones) is much more cer-
tain evidence of frequency-dependent polarisation behaviour. Coincidently, this trend is
also a signature of shock acceleration in relativistic jets (Angelakis et al., 2016; Liodakis

et al., 2022b).

Ordering of the local emitting region's magnetic eld however is not necessary to explain
some blazar variability. Plasma blobs contain randomly tangled magnetic elds which
can be modelled as a number of magnetic cells. In this case, the mean polarisation degree

would be low and would uctuate over time. The polarisation angle would be capable
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of varying signi cantly, showing large (> 180 ) clockwise and anticlockwise rotations

(Marscher & Jorstad, 2021) arising from the stochastic magnetic elds.

Jet kinks (or kink instabilities) refer to current-driven plasma instabilities which cause
twists in the jet magnetic eld and the transverse displacement of plasma (Dong et al.,
2020). These kinks are proposed to be an e cient mechanism to dissipate magnetic en-
ergy resulting in particle acceleration through magnetic reconnection (Begelman, 1998).
Kink instabilities can cause quasi-periodic oscillations (QPOSs) in the optical and -ray
light curves, with characteristic timescales of weeks to months (Zhang et al., 2017).
Interestingly, the photometric ares are anti-correlated with increases in polarisation.
Also during the ares, the polarisation angle can undergo large rotations & 180 ) (Dong

et al., 2020). This low polarisation alongside -ray ares during EVPA rotations has
been observed in the RoboPol and Liverpool Telescope samples (Blinov et al., 2015;
Jermak et al., 2016a). Furthermore, recent simulations have shown shocks can form at
the kinked region where subsequent cooling is dominated by EC processes giving rise to
multi-wavelength (MWL) ares Acharya et al. (2023). This scenario is one such possi-
bility to explain the recent shorter time-scale (less than a few days) variability observed

in BL Lac (Raiteri et al., 2023).

As mentioned in Section 1.3, it is theorised that the larger-scale magnetic eld structure
of the jet follows a helical trajectory. This structure arises as a direct consequence of the
twisting of the accretion disk's magnetic eld by the SMBH gravitational pull (Gabuzda,
2021). A strongly magnetised emitting region (i.e. shock) travelling through the jet
would have a unique polarisation signature in that throughout long timescale monitoring,
one would expect many smooth EVPA rotations, each in the same direction. These
rotations would be followed by a \restoring” or \plateau" phase, where the disturbed
large-scale magnetic eld restores itself after the interaction (Zhang et al., 2016). In
this model, rotations are accompanied by polarisation and MWL ares (Zhang et al.,
2016). A helical magnetic eld paired with the shock-in-jet model has been successfully
applied to explain the observed photo-polarimetric emission of several aring blazars
(MRK 501; Villata & Raiteri, 1999) (BL Lac; Marscher et al., 2008) (PKS 1510-089;
Marscher et al., 2010) (0J287; Jormanainen et al., 2025)

Section 1.4 introduced a key feature of the optical polarisation angle variability in -ray

bright blazars which is the tendency to display large swings/rotations. How and why
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these rotations occur have been the focus of dedicated campaigns. Blinov et al. (2015)
and Jermak et al. (2016a) found that a signi cant fraction of optical EVPA rotations
were associated with -ray ares, indicating a likely connection. They also showed
that EVPA rotations were a feature of all blazar subclasses, but more prevalent in LSP
sources (Blinov & Pavlidou, 2019). Blinov et al. (2016) also showed that the polarisation
degree is generally lower during EVPA rotations. Blinov et al. (2015) showed that
not all rotations could be explained by random walk processes and that an alternative
mechanism is required. Shishkina et al. (2024) showed a preferred rotation direction
across a small sample of blazars, likely caused by the direction of the helical magnetic

eld structure in the jet.

1.5.4 Time lags

When discussing models for observed blazar variability, it is important to consider a
temporal separation between ares on both inter- and intra-waveband scales. A time
lag between di erent frequencies can provide useful information into the mechanisms and
locations of the emitting particles, as well as determining true orphan ares from those
that are just separated in time from other emission counterparts. Optical and -ray
are time lags have been the focus of many recent works (Chatterjee et al., 2008; Gaur
et al., 2012; Liodakis et al., 2018). In the leptonic scenario, time lags between optical
and -ray emission can constrain the locations of seed photons for inverse-Compton
upscattering. Seed photons produced in the BLR must travel to the acceleration and
synchrotron emitting regions within the jet, whereas synchrotron photons are already
produced within the jet. Taking the distance as 10°m from Table 1.1 and assuming

d=c the timescales here are of the order of days to weeks. For this reason, one may

expect an observable delay in the higher energy-ray emission compared to the optical.

While inter-band lags have been observed with relatively low uncertainties (Marscher
et al., 2004; Cohen et al., 2014; Liodakis et al., 2019), intra-band lags are much less
commonly observed. Wu et al. (2009) proposed the rst detection of an approximately 2
minute intra-band time lag within the optical waveband ( B and R bands). The internal
shock model predicts time lags across all synchrotron emission frequencies, and therefore
within the optical waveband. The rate of synchrotron cooling is frequency dependent,

meaning variability at higher-energy precedes that at lower energies thus producing a
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time lag (Kirk et al., 1998). Irregularly sampled data and limited time resolution make
intra-band time lags di cult to detect, especially across the optical waveband which

makes up only a very small part of the electromagnetic spectrum.

One of the biggest uncertainties around the detection of both inter- and intra-band time
lags is their timescales. While the internal shock model predicts optical and -ray lags,
the leading emission and the temporal separation can vary drastically depending on
several parameters, producing lags on timescales of minutes to hours. For example, in-
creasing external photon densities (more EC emission) increases the rate of cooling and
decreases the -ray leading time lags. Decreasing external photon densities reveals SSC
emission, producing optical-leading lags. As the size of the shell radius increases, its
density decreases along with the magnetic eld strength, increasing the Compton dom-
inance. The size of any lags between optical and higher frequency emission increases
with shell radius likely due to an increasing synchrotron cooling timescale. The rela-
tive Lorentz factor of the colliding shells ( ) also a ects the timescale of interband
lags. A larger ¢ decreases the cooling timescales (i.e. more radiatively e cient) and

subsequently any time lags Bettcher & Dermer (2010).

1.5.5 Intranight variability

Blazars can show variability on a variety of timescales, from years down to minutes,
with the latter being referred to as intranight variability. While intranight variability
campaigns predominantly focus on optical frequencies, successful e orts have been made
to study the phenomenon at infrared (Gupta et al., 2008) and UV frequencies (Chand
et al., 2021). For the remainder of this work, intranight variability will refer to that at
optical frequencies only (intranight optical variability; INOV). The intranight variability

of blazars has been the focus of numerous campaigns over the past 30 years (Miller
et al., 1989; Sagar et al., 2004; Chand et al., 2021), but it is still not a well-understood

characteristic of their emission.

Variability on intranight timescales can include quasi-periodic oscillations (QPOSs)
(Jorstad et al., 2022), micro- ares (Bhatta et al., 2015), and gradual ux changes (Subbu
Ulaganatha Pandian et al., 2022), observed over minute- to hour-long timescales. Many
models have been proposed to explain the di erent types of variability, and these predict

time lags between di erent wavebands, colour evolution, and polarisation degree and
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angle changes. Geometric changes correspond to the evolution of the physical features
of the jet and its structure. When an emitting region traverses through the relativistic

jet and around any helical magnetic eld, it may be possible to detect photometric
variability arising from the changing Doppler factor (Gopal-Krishna & Wiita, 1992).
Variability intrinsic to the jet emission implies changes to its energy output. Changes

to particle energy distributions can arise from shock propagation and magnetic recon-
nection which are associated with spectral trends and intra-band time lags (Urry et al.,
1997; Tavecchio et al., 1998; Bachev et al., 2012; Bachev, 2015). It is also possible
that variability is caused by reasons extrinsic to the blazar system. One such example
includes microlensing from objects outside the blazar system along our line of sight and

is associated with large, individual apparent aring events (Paczynski, 1996).

There has been substantial recent progress in obtaining intranight or high cadence data
through the use of dedicated facilities (ROBOPOL,; Blinov & Pavlidou, 2019) or by
combing e orts across di erent telescopes (Whole Earth Blazar Telescope (WEBT);

Villata et al. 2002, NOn-stop Polarisation Experiment (NOPE); Liodakis et al. 2024).

1.6 Blazars in a wider context

1.6.1 Multiwavelength variability

While this thesis focuses on the variability of blazars in optical (photopolarimetric) and
-ray (photometric), studies at radio and X-ray frequencies can provide further valuable
insights. Similar to optical observations, radio observations are generally agreed to probe
non-thermal synchrotron emission originating from the relativistic jet. The di erence
between optical and radio observations, however, is that optical frequencies probes the
sub-parsec scale (collimated inner jet) and radio frequencies probe the parsec scale (less
collimated outer jet). X-ray observations are capable of probing both the lower- and
higher-energy (Bettcher, 2019) SED peaks, depending on the classi cation of the source;
The synchrotron peak extends more into the X-ray regime for HBL sources, whereas the

higher-energy peak emission dominates in X-rays for LSP objects (Abdo et al., 2010b).
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Radio monitoring of blazars has long been used to trace jet activity, particularly through
ux and polarisation variability with typical timescales of days to years. Long-term mon-
itoring programmes such as the Owens Valley Radio Observatory (OVRO) 40m blazar
monitoring programme (Richards et al., 2011) and the MOJAVE project (Lister et al.,
2019) have provided high-cadence radio light curves and VLBI imaging, respectively,
enabling detailed studies of parsec-scale jet kinematics, Doppler factors, and the cor-
relation of radio variability with aring at higher energies. Polarisation variability in
the radio band also helps constrain magnetic eld structures and the evolution of the
energy density in the jet. Conclusions from radio photopolarimetric studies include:
higher frequency radio observations show more polarisation variability than those ob-
servations at lower frequencies, and that the polarisation and radio spectral index are
correlated, suggesting synchrotron emission from the jet (Fan et al., 2008); BL Lac ob-
jects display signi cantly larger variability amplitudes, but FSRQs vary more strongly
(Richards et al., 2011); The shapes of some blazar jets suggest the switching on and o

of the jet, or the realignment between the disk and jet (Baghel et al., 2023).

In the X-ray domain, instruments such as Swift-XRT and XMM-Newton have con-
tributed extensively to time-domain studies, revealing aring episodes and spectral
changes indicative of particle acceleration processes (Piconcelli & Guainazzi, 2005;
D'Ammando & Orienti, 2013; Giommi et al., 2021). Perhaps the most signi cant ad-
vancement in blazar observations in recent times has been the launch of the Imaging
X-ray Polarisation Explorer (IXPE), which began science operations in January 2022.
This observatory is the rst X-ray polarisation telescope and has begun to make valuable
contributions to the eld of MWL photopolarimetric blazar observations, supported by
simultaneous MWL observations, including those presented in this work. Observations
of the blazar MRK 501, a HBL with synchrotron peak emission at X-ray frequencies,
revealed a polarisation degree higher than those at optical wavelengths, and variability
suggesting an increasingly turbulent plasma with distance from the core, with shocks
being the dominant particle acceleration mechanism (Liodakis et al., 2022b). Further-
more, time lags between the dierent X-ray energy bands are a useful tool to detect
cooling timescales of X-ray particle populations, with results suggesting the presence of

soft lags of order minutes to hours (Zhang et al., 2002).
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1.6.2 Other jetted sources

It is important to recognise that astrophysical relativistic jets are not restricted to blazars
and AGN, but also appear in other transient or time-variable sources such as gamma-
ray bursts (GRBs; Piran 2004), microquasars (X-ray binaries; Mirabel & Rodrguez
1999), and tidal disruption events (TDEs; Burrows et al. 2011). While the timescales,
energies, and scales of these systems are vastly di erent, they do share several physical
characteristics, such as the presence of collimated, relativistic jets thought to be powered
by accretion onto compact objects and launched via magnetohydrodynamic processes

(De Young, 1991; Tordella et al., 2011).

The bene t of studying blazars lies in their large size and longer variability timescales. In
contrast, many other jetted transients, such as GRBs, exhibit extremely rapid variability,
often evolving on timescales of seconds to minutes. This variability can arise due to
similar mechanisms to blazars, such as jet out ow variability (shocks) (Ziaeepour, 2009),
jet instabilities (Kyla s et al., 2012), or jet precession (Huang & Liu, 2024). Such short-
duration behaviour on small scales poses signi cant challenges for acquiring detailed
photopolarimetric data, which are required for probing the magnetic eld structure and
re ning emission mechanisms in the jets (Toma et al., 2009; Gill et al., 2021; Bernardini

& Cackett, 2014).

Blazars serve as a unique laboratory for exploring jet physics. Their extended activity
and variability over longer timescales make them ideal for testing theoretical models and
inferring properties that are likely applicable to more quickly evolving jetted sources.

Furthermore, improved understanding of blazar jets can inform the design of observa-

tional campaigns and multiwavelength follow-up for GRBs, TDEs, and X-ray binaries.

1.7 Summary and thesis overview

The purpose of this thesis is to better understand the emission mechanisms across a large
sample of -ray bright blazars of di erent classi cations through the analysis of Liverpool
Telescope photo-polarimetric data. Fermi-LAT -ray data have also been obtained to

identify any related multi-wavelength behaviour. Together, the optical photometric,
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polarimetric, and -ray data allow the investigation into the structure and evolution of

emitting regions and magnetic elds within the inner jets of blazars.

The photopolarimetric data presented in this work comprise regular monitoring across
multiple optical wavebands over an 11 year period, from 2013 to 2024. Although similar
datasets exist, such as RINGO2/DIPOL (Jermak et al., 2016b), Tuorla/KVA (Nilsson

et al., 2018), and RoboPol (Blinov & Pavlidou, 2019), few provide (quasi-)simultaneous
multiwaveband observations of a large sample of sources over such extended timescales.
This dataset captures blazar variability across low, high, and quiescent states, enabling
unbiased and statistically robust conclusions regarding the origins of the observed be-
haviour. While higher-cadence monitoring could have been achieved by reducing either
the sample size or the number of wavebands, as e ectively demonstrated in other cam-
paigns, the approach taken here allows for meaningful inferences about trends across and
within blazar subclasses, while also providing insight into the wavelength-dependent na-

ture of photopolarimetric variability, key to constraining emission models and jet physics.

Some of the open questions surrounding blazar science that this thesis aims to contribute

towards can be summarised as follows:

" Where is the location of high energy emission, and what particles are responsible?

- Is the emission leptonic or hadronic in origin?
~ What are the mechanisms associated with particle acceleration?
What is the magnetic eld structure of the relativistic jets?
~ Are there any di erences between observed trends in di erent classes of blazars?

" What are the causes of periodic variability observed in some blazars?

This work aims to help answer these questions through the analysis of multi-band, long-
term photo-polarimetric monitoring of a sample of blazars observed with Liverpool Tele-
scope polarimeters from 2013 to 2024. Flux, colour, polarisation degree and polarisation
angle changes in addition to both intra- and inter-band lags will be explored, provid-
ing insight into both long- and short-term behaviours. Table 1.3 summarises emission
mechanisms and the possible observable channels (opticalfray, neutrino, and polarised

emission) explored in this chapter.
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Table 1.3: Summary of emission mechanisms and their associated variability across
di erent observational channels. *Maraschi et al. (1992), ?Rybicki & Lightman (1979),
3Bloom & Marscher (1996), “Sikora et al. (1994),°Macke & Protheroe (2001), 8Gopal-
Krishna (2024).

Emission Variability
Optical -ray Neutrino Polarisation
Synchrotron yes-3 no no yes
Synchrotron-self Compton no yed3 no no
External Compton no yest no no
Proton synchrotron yes’ yes yes yes
Bremsstrahlung ye$ no no no

The ndings from the previous generation RINGO3 polarimeter inform the decisions
for the continuation of the Liverpool Telescope blazar monitoring program with the new
generation polarimeter, MOPTOP. Observations with MOPTOP allow for more e cient

source follow-up and investigation of fainter objects. These new observations will bene t
from optical data with increased sensitivity and improvements to the observing cadence.
This will allow a deeper investigation into the observed relationships and enable the
identi cation of any new behaviour associated with individual sources and across the

blazar population.

The thesis is organised as follows. Chapter 2 discusses the facilities and instrumentation
used in this work, including the development of any data reduction pipelines. Chapter 3
details the photometric analysis and results from both the RINGO3 and MOPTOP po-
larimeters, in addition to comparison to -ray data. Chapter 4 details the polarimetric
analysis and results from both the RINGO3 and MOPTOP polarimeters, which again
includes comparison to -ray data. Chapter 5 presents an intranight monitoring cam-
paign of a small sample of blazars. Chapter 6 concludes the thesis and discusses future

work to be explored following on from the ndings presented in previous chapters.



Chapter 2

Instrumentation and Data

Reduction

2.1 Liverpool Telescope

The Liverpool Telescope (LT) is a 2-metre class, fully robotic telescope located at the
Observatorio del Roque de los Muchachos in La Palma. First light for the telescope was
achieved in July 2003, with science operations from January 2004. Since October 2004,
operations have been fully autonomous (Steele et al., 2004). The main scienti ¢ goals
of the LT consist of rapid target-of-opportunity (ToO) follow-up such as with gamma-
ray bursts, supernovae, electromagnetic gravitational wave counterparts etc, and the

monitoring of variable targets or small-scale surveys.

The LT is a fully robotic telescope with no permanent on-site astronomers. Instead, the
telescope is controlled by a scheduling algorithm that is capable of planning observations
based on a variety of constraints and variables, such as the observing program priority,
current weather and atmospheric conditions, and the current location and trajectory of
the source on the sky with respect to its zenith. Additionally, the scheduler can override
current observations using ToO mode if triggered by short duration, high variability

time-domain science.

The telescope itself has arf=10 Ritchey-Chetien optical con guration, consisting of a

0:62m secondary mirror re ecting light back through the primary. In addition to an

35
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instrument located at the Cassegrain focus (straight-through port), a rotating tertiary
fold mirror can be placed before the focus which allows up to eight instruments to sit
at side ports. The eld-of-view (FOV) at these side ports reduces from 42 arcminutes
at the straight-through port to 7.5 arcminutes. During its lifetime, there have been
many instruments situated on LT for a variety of scienti ¢ purposes, such as optical and
infrared imaging, low- and high-resolution spectra, and polarimetry. LT instruments
relevant to this work and their data reduction processes are detailed in the following

sections.

211 RINGO3

The RINGO3 polarimeter operated on the Liverpool Telescope from January 2013 until
it was decommissioned in January 2020. The instrument utilised a polaroid which ro-
tated every 2.3 seconds to produce eight separate exposures synchronised to the phase
of the polaroid. Speci c phase positions can be stacked to calculate the polarimetric
and photometric values. Stacking corresponding frames from multiple runs was used to
increase signal-to-noise. Before reaching the detector, the light was split by two dichroic
mirrors into red (770-1000 nm), green (650-760 nm), and blue (350-640 nm) light and
detected by three separate cameras, d, f and e respectively. For the remainder of this
work, these non-standard lters will be referred to asr*, g*, and b* for red, green, and
blue light respectively. This con guration allowed for simultaneous photo-polarimetric
measurements of a given source across the entire optical spectrum (Arnold et al., 2012;

Slowikowska et al., 2016).

Soon after its commission, it was discovered that the interaction between the polarised
beam and dichroic mirror coatings was not as expected. Instead of a constant rate of
depolarisation, the coatings caused depolarisation correlated with the polarisation of the
source. This was seen in thg{ u plots of polarised standard stars which were expected to
show a circle aroundq =0, u = 0 for each Iter when observing at di erent sky angles
(the rotation of the sky relative to the instrument), but instead showed circles with
di ering origins. For variable sources, there would therefore be a degeneracy between
the actual g{u of the source and the instrumentalg{u plane 1. To correct for this, in

December 2013 a depolarising Lyot prism was tted before the collimator as after the

Lhitps:/itelescope.livim.ac.uk/Tellnst/Inst/RINGO3/
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polaroid, only the intensity of light is needed for any photo-polarimetric measurements
(Slowikowska et al., 2016). Photometric data remained una ected by this interaction,
but only polarimetric measurements after the prism was tted to RINGO3 could be

used. The structure of the instrument can be seen in Figure 2.1.

Figure 2.1: Structural overview of the RINGO3 polarimeter from Arnold et al. (2012).
Light enters the instrument and passes through the rotating polaroid before being
depolarised by a Lyot prism (not shown). Two dichroic mirrors split the light which is
then detected by three cameras. The instrument was located on one of the telescope
side ports.

2.1.1.1 Photometric reduction

The initial reduction of each frame is performed via the LT automated reduction pipeline
which performs de-biasing, dark subtraction, at elding, and world coordinate system
(WCS) tting. Respectively, these remove the signal added to ensure the analogue-

to-digital converter always receives a positive count value, remove the thermal noise
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generated by the detector, account for the three detectors di ering pixel-to-pixel sensi-
tivities, and assign right ascension (RA, ) and declination (Dec, ) coordinates to each

pixel in the frame.

The photometric information was extracted using di erential photometry. In this way,
the apparent instrumental magnitude of an object in the frame with a known magnitude
was used to calibrate the instrumental magnitude of the source. This is done using
Equation 2.2 where the instrumental magnitude of an object is given by Equation 2.1.
The errors on apparent and instrumental magnitudes are given by Equations 2.3 and

2.4 respectively.

inst = 2:5l0g,0(S1) (2.1)
magsrc = iNStsrc + Magecal  INSt cq (2.2)
q 2 2
magsrc =  ( instge)”+( instca) (2.3)
2.5 Sl
st = —0— —— 2.4
Maginst In(10) S, (2.4)

An advantage to calculating the magnitude of variable sources in this way is that the
nightly variability induced by seeing and airmass is negated due to the observation of
both the source and in-frame calibration star occurring at the same time. This technique,
however, requires a known magnitude for the calibration star in the respective waveband.
This is di cult for RINGO3 observations given the non-standard waveband ranges of the
three detectors. It was therefore necessary to devise a method to calculate the magnitude

of the calibration star in each Iter before performing di erential photometry.

During the lifetime of RINGOS3, observations of AQV stars were performed during various
photometric nights. AOV stars have a unique property in any Vega-referenced magnitude
system which is that their magnitude is consistent across all wavebands, implying that
these stars have neutral colour (i,e.V = b = g = r ) and also exhibit very little

variability (Pecaut & Mamajek, 2013). These AOQV star observations will therefore have
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a known magnitude in the RINGO3 photometric system. Ideally, the observations of
the AQV star will be taken on the same night as the observations of the blazar to negate
the e ects of mirror degradation changing the zero point over time. Unfortunately, this
was not the case, so by adjusting the counts from the objects to account for mirror
degradation, one can use these observations to calculate a zero point for a xed date to

then be used to calculate the magnitude of the calibration star in the RINGO3 waveband.

To nd the rate of mirror degradation, one can use the nightly observations of polarimet-

ric standards taken with RINGO3. The rate was calculated using data from the period
MJD 57202 to 58296 for 3 standard stars, BD+64 106, BD+25 727, and HILT 960 and
averaged across all sources. The rate was calculated a$8 0:13 10 “ day ! relative

to the initial counts measured from the object at \day zero". The rate was also found to

be consistent between cameras. This speci ¢ interval to calculate the degradation rate
was chosen as the longest period between mirror cleans, which causes a large increase in

throughput not consistent with the degradation rate.

The observations of the AQOV stars spanned two mirror cleaning intervals: MJD
57202-58296 (primary mirror re-coating on 29/06/2015 and tertiary feed mirror clean
on 27/06/2018 respectively) and MJD 58296-58862 (tertiary feed mirror clean on
27/06/2018 and decommissioning on 14/01/2020 respectively). The AQV stars used
and the dates of observation under photometric conditions are detailed in Table 2.1.
These data were reduced and the counts were calibrated to the beginning of the re-
spective cleaning interval using Equation 2.5 whereR is the mirror degradation rate
(4:65 0:13 10 4 day ')and mjd was the number of days elapsed since the beginning

of the cleaning period.

Chefore

1 (R mjd) (2:5)

Cafter =

After calibration, the zero point at the beginning of each cleaning epoch was calculated
for each observation for all AQV stars. The zero points for each camera at the start of
each epoch are shown in Table 2.2. The error on each value has been calculated as the
standard error from all the calculated values (ﬂB%ﬂ). All the calculated zero points

for each epoch are shown in Figures 2.2 and 2.3 for epochs beginning MJD 57202 and
58296 respectively.
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Table 2.1:

magnitude (* H g et al. (2000)), and the dates of observation.

Table showing a list of AQV stars observed with RINGO3 with RA, DEC,

Source

RA

DEC

Magnitude (V)

Observation Dates

HD50188

06:52:04.953

-00:18:18.256

9.309

30/01/2016
31/01/2016
30/01/2019
31/01/2019

HD24083

03:49:08.835

-27:25:37.171

30/01/2016
31/01/2016
10/02/2016
30/01/2019
31/01/2019
01/02/2019

30/01/2016
31/01/2016
10/02/2016
30/01/2019
31/01/2019
01/02/2019

HD92573

10:42:07.669

+45:50:54.171

30/01/2016
30/01/2019
31/01/2019

HD96781

11:08:56.367

+13:21:11.258

13/06/2019
14/06/2019
15/06/2019

HD208368

21:56:08.041

-12:36:01.827

13/06/2019
14/06/2019
15/06/2019

BD+30 2355

13:01:52.962

+29:34:57.159

13/06/2019
14/06/2019
15/06/2019

BD+67 675

10:58:58.943

+67:03:29.652

13/06/2019
14/06/2019
15/06/2019

BD+25 2478

12:16:33.885

+24:36:33.740

13/06/2019
14/06/2019
15/06/2019
15/06/2019

Table 2.2:

Table showing the zero points calculated for nding the calibration star

magnitudes in the RINGO3 photometric system. These zero points have been calculated
for the beginning of each mirror cleaning epoch where observations of AQV stars were

taken.

zero point

Epoch MJD

r*

g*

b*

57202 - 58295

23.695 0.019

24.423 0.029

25.799 0.046

58296 - 58862

23.382 0.013

24.045 0.014

25.342 0.024
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Figure 2.2: Zero points calculated with RINGO3 A0V star data calibrated for mirror
degradation at MJD 57202.

With the calibrated zero points, reference magnitudes of the in-frame calibration star

for each lter were obtained. This was done by taking the science observations from
within either epoch and adjusting the counts for mirror degradation in the same way

as previously described by equation 2.5. By doing this, the counts were calibrated to
the same dates as the zero points. The magnitude of the calibration star was found by
summing the associated zero point and instrumental magnitude. The average magnitude
across both epochs using all available observations was used as the nal calibration star

magnitude.

2.1.1.2 Optimum aperture size

A procedure to calculate each source's optimum reduction aperture size was produced
to obtain the best quality data for each source in the RINGO3 sample. This pipeline
took a small sample of frames for each object and computed the SNR of the source for
di erent aperture pixel radii ranging from 1 to 20 in increments of 0.1 pixels. Plotting

the SNR vs. pixel size and identifying the pixel size value corresponding to the average
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Figure 2.3: Zero points calculated with RINGO3 A0V star data calibrated for mirror
degradation at MJD 58296.

peak SNR gave the aperture size used for reduction. Those sources whose plots produced
an irregularly shaped curve were inspected. This irregularity was found to be due to

a coincident foreground star entering the background annulus , the size of which was
set by some multiples of the aperture radius. These multiples were adjusted to remove
any objects from within the annulus. Figure 2.4 shows a plot of the di erent SNR vs.
aperture size curves for ther* -band data of OJ287. Each line represents a di erent
frame and the vertical dotted line shows the average peak value. The same procedure
was carried out forg* - and b* -band data and the nal three aperture sizes were averaged

to give the nal value used in the reduction.

2.1.1.3 Polarimetric reduction

As described previously, RINGO3 observations consisted of a set of eight successive
exposures taken with each camera as the polaroid rotated every 45Each observation,

therefore, consisted ofN 24 frames whereN is the number of consecutive rotations.
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