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Abstract

This study presented results from our deep, wideband, high-spectral and high-spatial-resolution polarisa-
tion observations of the two most powerful radio galaxies, namely Cygnus A and Hydra A, with the Jansky
Very Large Array (JVLA). The high surface brightness and strong polarisation of these radio sources enabled
detailed polarimetric imaging, providing images at 0.75” resolution across 2 — 18 GHz and 2000 independent
lines-of-sight across Cygnus A, and images at 1.5” (2 — 12 GHz) and 600 lines-of-sight across Hydra A.

Our data revealed significant depolarisation and depolarisation structure, as well as deviations from
a A2-law. We also found complicated structures in the Faraday spectra ranging from single-peaked to
blended/resolved double- and multiple-peaked. The Faraday spectra of Hydra A were more multiple-peaked
than Cygnus A. The fractional polarisation increased monotonically with increasing resolution, as expected.
However, there were numerous lines-of-sight with complicated behaviour. We also found that the structure
and complexity in the depolarisation increased at lower resolutions, suggesting substantial spatial structures
across the lobes/tails.

We fitted the 0.3” (6 — 18 GHz) and 0.50” (6 — 12 GHz) images of Cygnus A and Hydra A, respectively,
with a simple model incorporating random, unresolved fluctuations in the cluster magnetic field to determine
the high-resolution, high-frequency properties of the sources and the cluster. We found rotation measures
(RM) between —5000 rad m—2 and 46400 rad m~2 across Cygnus A, and —2000 rad m~?2 and 411900 rad
m~2 across Hydra A, consistent with previous studies. From these derived properties, we generated predicted
polarisation images of the sources at lower frequencies (< 6 GHz), convolved to 0.75” for Cygnus A and
1.5” for Hydra A. The predictions were remarkably consistent with the observed emission in both sources,
providing strong support for the depolarisation being a result of unresolved fluctuations in the magnetic fields.

We fitted various analytical models to the wideband data. We found that the data for both sources were in-
consistent with a wholly mixed gas of thermal and synchrotron gas, particularly for regions with RM > 1000
rad m—2. Instead, the data required a dominant Faraday rotating screen in the foreground of the radio sources.
The wideband modelling also showed preference towards models with at least two or more unresolved Fara-
day rotating patches. Single depolarising models fail to describe the data. This implies the presence of more
than one depolarising screen in the vicinity of these sources.

The observations were consistent with the lower-frequency depolarisation due to unresolved fluctuations
on scales 2> 300 — 700 pc in the magnetic field or the electron density superposed on a partially ordered field
component. Both the large-scale magnetic fields and unresolved magnetic field fluctuations are external to
the radio emission. The magnetic fields around Cygnus A are located in the ambient cluster gas, the shocked
gas in the boundary of the lobes or both, while the magnetic fields around Hydra A are most likely located

in the ambient cluster gas.
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CHAPTER 1

Introduction

“And God made the two great lights — the greater light to rule the day (the Sun) and the lesser light to rule
the night (the Moon) — and the stars.”
Genesis 1:16

1.1 A Problem Statement

It is now well-established that the intracluster gas in clusters of galaxies is magnetised. However, we
still do not understand their structure, how they evolve or where they originate. What is currently known is
that magnetic fields play a crucial role in the Universe. For example, magnetic fields affect the formation,
evolution and dynamics of galaxies and galaxy clusters, regulate heat conduction and have the ability to trap
or accelerate cosmic particles. It thus appears that to understand the Universe, we need to understand the
magnetic fields.

We infer cluster magnetic fields using two main approaches: i) by studying large-scale, cluster-
associated synchrotron emitting sources such as radio halos and radio relics, ii) and Faraday rotation study
of background/cluster-embedded linearly polarised sources. Faraday rotation is the most commonly used of
the two, primarily because the emission of most radio sources is linearly polarised. Additionally, radio halos
and relics are usually very faint, so very few are detected (or known). Moreover, Faraday rotation offers the
opportunity to study both the strength and structure of the magnetic fields. The latter is possible when using
spatially extended radio sources to study cluster magnetic fields. A drawback of this approach is that the
estimated field strength is an average along a specific line-of-sight and has no information about the gas’s lo-
cation. It is most likely that there are multiple magnetised emission regions along the signal path, particularly
for extragalactic polarised sources. Thus, the major challenge is disassociating the contributions from differ-
ent Faraday rotating gas regions. Figures 1.1 and 1.2 show the Cygnus A field, with the radio emission from
radio observations shown in green contours and the ambient intracluster gas from X-ray observations shown
in colour. The X-ray brightness is enhanced around the radio source, suggesting the two are interacting. It
is safe to assume that if the two interact so noticeably, then it is also possible that the global intracluster gas
and X-ray enhanced region “may” contribute to the overall Faraday rotation. Furthermore, X-ray gas can
intermix with radio emission either within the entire volume or edges of the radio galaxy. In such situations,
we would also expect the radio source itself to produce its own internal Faraday rotation, which we need to
disentangle from the rest of the contributions. Thus, the question is “where is the Faraday rotation located
for cluster-embedded sources” - cluster-wide, local or internal to the radio galaxy? Moreover, the structure

of the magnetic fields is still far from understood. Some of the current assumptions are that the fields are



uniform across the cluster, tangled on single scales and/or turbulent.

Figure 1.1: Cygnus A field as seen in the radio and X-ray frequencies. Radio data were obtained using the Very
Large Array (green contours) and the X-ray using Chandra telescope (thermal emission shown in colour). Purple to
red represent faint to brightest X-ray emission. X-ray brightness enhancement near the radio lobes suggests some form
of interaction between the radio galaxy and its ambient intracluster gas. Image credit: Michael Wise 2019 private
communication (left) and Duffy et al. (2018) (right).

Figure 1.2: Shocked X-ray compressed gas surrounding the Cygnus A radio lobes. Left plot: Radio emission in
contours and the X-ray surface brightness in orange. Right plot: X-ray surface brightness profiles for three cuts across
the lobes — the arrows on the left figure show the location of the cuts. The peaks on each profile mark the enhanced
X-ray emission due to the shock driven by the expanding lobes. This is particularly visible for the red points. Image
credit: Snios et al. (2018).



1.2 Magnetic Fields Study Using Faraday Rotation

Whenever a linearly polarised emission passes through a region consisting of ionised gas and magnetic
fields, its plane of polarisation is rotated by this gas. This effect is known as Faraday rotation. In practice, we
observe Faraday rotation by a change in the degree of polarisation and polarisation angle (orientation) as a
function of wavelength squared. In the absence of Faraday rotation, we expect both the degree of polarisation
and polarisation angle to remain constant as a function of wavelength-squared. However, very early radio
observations using two or three frequencies revealed that the observed polarisation angle has the tendency to
vary linearly with wavelength squared, and the degree of polarisation tends to decrease as you go to longer
wavelengths (for example, Cooper and Price 1962; Slysh 1966; Mitton 1971; Dreher et al. 1987; Taylor
et al. 1990; Perley et al. 1997). The change in the observed polarisation properties of a source with frequency
implies that there is a Faraday rotating gas along the line-of-sight.

From a theoretical point of view, it is shown that the different physical situations result in unique Faraday
rotation behaviour (for example, Burn 1966; Tribble 1991; Sokoloff et al. 1998) — which can then enable us
to differentiate (or even locate) the different gases along the line-of-sight. A simple case is that of uniform
magnetic fields within a purely ionised gas. The observed degree of polarisation remains constant across
frequency and polarisation angle varies linearly with A\?. The gradient of polarisation vs \? gives a quantity
known as the rotation measure, RM, which is proportional to the product of the gas’ electron density and
line-of-sight magnetic field strength, integrated along the pathlength across the Faraday rotating gas region.

Suppose there is a region of intermixed gas — thermal gas that can cause Faraday rotation mixed with
the synchrotron emitting relativistic plasma. In that case, the degree of polarisation will decrease with in-
creasing A% and the polarisation angle may deviate from linearity as a function of A\2. The former is known
as ‘depolarisation’ and the latter as ‘nonlinearities’. How the emission depolarises reveals the nature of the
magnetic field structure. There are two extremes: i) uniform ii) and random magnetic fields. For uniformly
structured magnetic fields, the observed depolarisation shows sin(x)/x decaying behaviour, where z oc \2.
When the magnetic fields’ structure is entirely random, the depolarisation decays smoothly as ~ e~¥, where
y o< A%, It is also possible that the uniform and random magnetic fields are superimposed — this will lead
to intermediate decaying behaviour. These two situations are idealistic, since real-life magnetic field are
probably non-Gaussian and not completely random (for example, the interstellar gas, Armstrong et al. 1995;
Haverkorn et al. 2008; Hollins et al. 2017). Unfortunately, a similar depolarisation behaviour as that
from a mixed gas region can result from unresolved turbulent magnetic fields (Tribble 1991).

The point made here is that Faraday rotation remains a useful tool for investigating the gas’s location
responsible for Faraday rotations (as either external or internal). It also allows us to probe magnetic field

structures’ uniformity or turbulence.

1.3 Previous and Future Observing Capabilities

The capabilities of the observing instruments hindered much progress in Faraday rotation studies of radio

galaxies. Besides improving noise sensitivity and spatial resolution, the Faraday rotation study’s ideal obser-
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vation covers both the short wavelengths (\> ~ 0 m?) and long wavelengths (\?> ~ 1 m?). The wavelength
space should be finely sampled — high-spectral resolution combined with continuous sampling. First, short
wavelengths are essential because Faraday rotation effects are negligible in this wavelength-regime (assum-
ing that the intrinsic degree of polarisation is independent of frequency); this allows probing of polarised
source’ intrinsic properties. The depolarisation and Faraday rotations, on the other hand, are most dominant
and apparent at long wavelengths. The high-spectral resolution allows us to see small changes in the ob-
served polarisation measurements as a function of A\?. This is important because the presence or absence of
deviations have physical implication.

Building instruments with the above observing capabilities is challenging and expensive. At most, one
can have one or two of these capabilities: for example, short wavelengths and high spectral resolution, either
(or both) short and long wavelengths with sparsely sampled wavelength-space. Before the Very Large Array
(the VLA) was upgraded into ’Karl Jansky’ VLA (the JVLA, Perley et al. 2011), the VL A’s correlator limited
the observations to a narrow bandwidth, which then prevented any chance of finding non-linearities in the
polarisation angle dependence on \?. The previous observations include Dreher et al. (1987), Taylor et al.
(1990), Perley et al. (1997), and Taylor et al. (2009).

Thankfully, we are now in an era where instruments are beginning to catch up with the observing capa-
bilities desired for Faraday rotation studies. For example, the upgraded VLA in New Mexico, United States
is now able to observe at short and long wavelengths at a high-spectral resolution of 1 MHz and large band-
widths of up to 2 GHz with an 8-bit sampler, or using a 3-bit system which gives a full 8 GHz bandwidth with
2 MHz spectral resolution. The MeerKAT in Cape Town, South Africa has spectral resolution of 16.6 or 132.8
kHz at the UHF band (580 - 1015 MHz) and 26.1 kHz or 208.9 kHz at L-band (900 - 1670 MHz) !. Other
instruments with similar observing capabilities include the Australian Square Kilometre Array Pathfinder
(ASKAP) in Perth, Australia with bandwidth 1200 - 1800 MHz with 1 MHz channel width, the upgraded
Australia Telescope Compact Array (ATCA) covering 1100 — 3100 MHz and 4500 — 6500 MHz, sampled
at 1 MHz channel width (see Wilson et al. 2011) and ultimately the future international project the Square
Kilometre Array (SKA).

The study of magnetic fields through Faraday rotation of background/cluster-embedded polarised sources
forms a significant part of science goals for these instruments, for example, for the SKA see Heald et al.
(2020). Currently, there are on-going polarisation surveys that use some of the above instruments. These
include the MeerKAT International GHz Tiered Extragalactic Exploration survey (MIGHTEE, Jarvis et al.
2016), POlarisation Sky Survey of the Universe’s Magnetism with the ASKAP (POSSUM, Gaensler et al.
2010) and the JVLA Sky Survey using frequency range 2000 - 4000 MHz (VLASS, Lacy et al. 2020).

1.4 Previous Faraday Rotation Studies

Before late 2000, observations were made using at least two to five frequencies at most. Faraday rotation
studies at that time would fit a linear function to polarisation angle vs \? to estimate R/ from the slope —and

then magnetic field strengths. These studies led to significant findings; however, their physical interpretation
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was limited to a purely magnetised ionised gas due to the perfect linearity in polarisation vs A? (for example,
Dreher et al. 1987; Laing 1988; Taylor et al. 1990; Taylor et al. 2009; Guidetti et al. 2010).

We now know that the linearity might have been an observational limitation, in that high-frequencies may
have prevented one from probing any significant Faraday rotation effects that are apparent at low-frequencies.
Also, the sparse sampling may have prevented noticing any small changes between neighbouring frequencies.
See Section 7.5 of Anderson et al. (2016) for a consideration on the effect of bandwidth coverage.

These previous studies also observe depolarisation with decreasing frequency. The majority interpreted
the depolarisation as coming from unresolved magnetic field fluctuations within the foreground gas (for
example, Laing et al. 2008a). However, later work by Rudnick and Blundell (2003), Guidetti et al. (2011),
and Guidetti et al. (2012) argued that the same depolarisation and Faraday rotations could result from a
highly-dense, compressed thin-skin encompassing the radio lobes.

Knuettel et al. (2019), using wider VLA bandwidth between 1 — 4 GHz and complex polarisation mod-
elling, derived that the Faraday rotations associated with Coma A radio galaxy are a result of a turbulent
magnetic field around the lobes. The same interpretation was reached by Pasetto et al. (2018) after studying
12 radio sources using 1 — 2 GHz and 4 — 12 GHz VLA data. Other studies suggesting thin-skin around the
lobes and jets include Kaczmarek et al. (2018), using ATCA 1.3 — 3.1 GHz observations of NGC 612 and
O’Sullivan et al. (2012), using 1.1 — 3.1 GHz ATCA observations of PKS B1610-771 and PKS B1039-47.
Some studies claim internal mixing within the lobes or the jets; Anderson et al. (2018) explain the low frac-
tional polarisation patches in Fornax A as coming from an intermixing with the ambient ionised gas. Knuettel
et al. (2019) attribute a highly depolarised region within the southern lobe of Coma A radio galaxy to internal
mixing with the ambient Ha gas. O’Sullivan et al. (2013) used RM residuals to suggest internal mixing.

There is currently a wide range of claims for the origin of Faraday rotation for different environments.
It is believed that wider bandwidths, high-spectral resolution, and high-spatial resolution observations will

make it possible to properly distinguish between internal mixing and turbulent magnetic fields.

1.5 This Study

In this dissertation, we conduct a wideband study of two well-known radio galaxies; Cygnus A and Hydra
A. These radio galaxies are of different morphology: Cygnus A is an Fanaroff-Riley (FR) II radio galaxy and
Hydra A is an FR I (Fanaroff and Riley 1974). Both of them are nearby, Cygnus A is at redshift 0.056
(Spinrad and Stauffer 1982), and Hydra A at 0.054 (Dwarakanath et al. 1995). They are the most luminous
radio galaxies of their morphological class. Due to their proximity and high surface brightness, these radio
galaxies can be studied at exceptionally high spatial resolution and high signal-to-noise ratio. Moreover,
these radio galaxies are situated in centrally dense environments with core electron density ~ 10~2 cm™>
(Smith et al. 2002; McNamara et al. 2000). For these reasons, these two radio galaxies are considered the
best candidates for studying environmental effects.

Cygnus A and Hydra A are also associated with very large rotation measures, ranging between —4000
and +3000 rad m~2 for Cygnus A and between 3000 rad m~2 and —12000 rad m~2 for Hydra A. The RM

change sign across Cygnus A’s lobes on scales of 5 — 20 kpc (Dreher et al. 1987) and about 3 — 20 kpc across
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Hydra A (Taylor et al. 1990; Taylor and Perley 1993). Moreover, the RM gradients across the lobes of both
galaxies range between typical values of 300 rad m~? arcsec™! and few regions with gradients as high as
1000 rad m~2 arcsec™!. Previous studies of these radio galaxies claim that the large RM and gradients result
from a foreground Faraday rotating gas — either the cluster gas, thin-skin or both. Internal mixing within the
lobes was ruled out by arguing that the observed depolarisation between 15 GHz and 5 GHz is too small
to come from the observed large Faraday RM . The perfect linearity in the polarisation as a function of \?
supports an external gas.

The last detailed study of these radio galaxies dates back to 1987 for Cygnus A (Dreher et al. 1987; Perley
and Carilli 1996), and 1993 for Hydra A (Taylor and Perley 1993). These were observed extensively with the
VLA at frequency 5 — 15 GHz. These observations were made at four/five sparsely sampled frequencies. As
already mentioned above, with such sparsity in frequency, perfect linearity claims are still open for scrutiny.
Moreover, high-frequencies alone do not provide a full expression of the depolarisation involved.

The VLA wideband extension to include frequencies below < 5 GHz and increased spectral resolution
to ~ 1 MHz, presented an opportunity to revisit these radio galaxies. We observed Cygnus A from 2014
Nov to 2015 Nov and Hydra A from 2013 Dec to 2014 Dec. We used all the array configurations of the
JVLA for both sources: A (36 km), B (11 km), C (3 km) and D (1 km) to obtain both high spatial resolution
and sensitivity. Cygnus A was initially observed at four frequency bands, namely: the S-band (2 — 4 GHz),
C-band (4 — 8 GHz), X-band (8 — 12 GHz) and Ku-band (12 — 18 GHz) but later (in 2018) was also observed
also at L-band (1 — 2 GHz) and P-band (236 — 492 MHz). Hydra A, on the other hand, was observed at L,
S-, C- and X-band giving a total bandwidth of 1 — 12 GHz. However, in this dissertation, we only present
2 — 18 GHz (S-, C-, X- and Ku-band) for Cygnus A and 2 — 12 GHz for Hydra A. The reason for excluding
the low-frequency data is that the resolution is too low, which when combined with the large RM gradients
in these sources and the turbulent structures, results in too great a depolarisation to be useful.

These wideband data allows us to study these radio galaxies at a spatial resolution of 0.75” x 0.75"
for Cygnus A and 1” x 1.50” for Hydra A. The ellipticity in the beam for Hydra A observations is due to
the low declination of the source. These observations provide the widest continuous frequency coverage
and the highest spatial resolution data of this kind. Moreover, since these radio galaxies are exceptionally
luminous, they provide the highest signal-to-noise data possible. We plan to address the following research
questions using these wideband data: i) which gas along the line-of-sight is responsible for the observed
Faraday rotations and depolarisation? ii) where is this gas located? iii) and what is the structure of its

magnetic fields?

1.6 Dissertation Outline

This dissertation is arranged into seven chapters, including the introduction. Chapter 2 gives a general in-
troduction on clusters, cluster magnetic fields, radio galaxies and radio galaxy-cluster gas interaction. Chapter
3 provides a detailed discussion on Faraday rotation — our methodology for studying magnetic fields. We
also introduce the two Faraday rotation techniques used for our study: RM-Synthesis and QU-fitting. Chap-

ter 4 presents our wideband data of Cygnus A and high-frequency, high-spatial resolution Faraday rotation
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study. The majority of this chapter is published in Sebokolodi et al. (2020). Chapter 5 characterises different
RM-Synthesis spectra across Cygnus A and also models the wideband data. Chapter 6 presents a wideband
polarisation study of Hydra A. Chapter 7 summarises our findings and provides recommendations for future

observing and studies.



CHAPTER 2

Scientific Background

“The heavens declare the glory of God; and the expanse of heaven sheweth the work of His hands.”
Psalms 19:1

The purpose of this chapter is to provide an overview of galaxy clusters, cosmic magnetic fields and
radio galaxies which are most relevant to this dissertation. We refer the reader to Sarazin (1986) for a detailed
review on X-ray emission and Carilli and Taylor (2002), Govoni and Feretti (2004), and Beck and Wielebinski
(2013) on cosmic magnetic fields. Regarding radio galaxy physics we refer the reader to Begelman et al.
(1984) for a broader and detailed overview, and Carilli and Barthel (1996) as pertaining to Cygnus A radio
galaxy.

2.1 Galaxy Clusters

Galaxy clusters span a few mega-parsecs (Mpc) across the sky, making them the largest gravitationally
bound structures in the Universe. Typical clusters consist of possibly hundreds to thousands of luminous
galaxies, thousands of dwarf galaxies, hot gas and dark matter. Clusters typically have masses ranging be-
tween 10! and 10'5 M, — with the observable matter (such as galaxies and hot gas) making up only 20%
and the rest of the mass is attributed to dark matter.

2.1.1 Morphology

Clusters of galaxies are categorised into two morphologies: regular and irregular (Abell 1958; Abell
1965; Abell et al. 1989). Regular clusters are spatially smooth and spherically symmetric, similar to globular
clusters, while irregulars do not have a well-defined morphology, or symmetry, similar to open star clusters.
Figure 2.1 shows an example of a regular cluster on the left (Hydra) and irregular cluster on the right (Virgo).
Regular clusters are centrally concentrated and tend to be relatively more massive, hot, rich and luminous
than irregular clusters. These two types of clusters also differ in galaxy content: regulars predominantly
contain the elliptical (E) and lenticular (SO) galaxies, while irregulars have both kinds of galaxies, as well as
a significant fraction of spiral (S) galaxies. The distribution density of galaxies tends to increase towards the
cluster centre in regulars and is relatively uniform in irregulars.

Abell (1958) classified clusters of galaxies based on the number of galaxies within Abell radius (1.72/z
in arcminutes where z is the cluster redshift) with apparent magnitude in the range ms and m3+2, where mgs

is the magnitude of the 3™ brightest cluster galaxy member. Clusters with about 30 to 49 galaxies are called



Figure 2.1: An example of a regular and an irregular cluster. Left: An example of a regular cluster (Hydra A cluster).
Right: An example of an irregular cluster (Virgo cluster). Red shows the radio, blue the X-rays and yellow the optical
data. Image credit: chandra.harvard.edu

clusters of richness 0, 50 - 79 galaxies are of richness 1, 80 - 129 of richness 2, 130 - 199 of richness 3, 200
- 299 of richness 4 and 2> 300 are of richness 5. The majority of clusters tend to have a brightest (dominant)
member at their centre — either a giant elliptical galaxy (the D-type) and supergiant (cD-type). Using this
key observation, Bautz and Morgan (1970) developed a classification scheme based on the dominant cluster
member, namely type I, IT and III. Type I clusters have a cD galaxy at the centre, type II clusters have dominant
member intermediate in appearance to a cD galaxy or a giant elliptical and type III clusters do not contain
a dominant galaxy at their centre. There is also an intermediate form-type of the three, referred to as type
I-1T and II-I1I. Furthermore, Oemler (1974) classified clusters based on their galaxy content ratio, E:S0:S, i)
cD clusters are clusters with a dominant supergiant galaxy with galaxy ratio 3:4:2, and are generally regular,
ii) spiral-rich clusters have content ratio 1:2:3 and tend to be irregular, iii) and spiral-poor clusters are the

intermediate class with content ratio 1:2:1.

2.1.2 Cooling and Non-Cooling Clusters

In between galaxies in a cluster is hot X-ray gas, the intracluster medium (ICM). This ICM gas is detected
by thermal bremsstrahlung radiation and is found to have X-ray luminosities ranging between 1043 and 10%°
ergs s !, temperatures of ~ 107 - 10® K and electron densities, n, ~ 1073 - 105 cm~3. Figure 2.1 shows
two examples: the X-ray ICM gas is shown in blue. The Hydra A cluster shown on the left is studied in this
dissertation, see Section 6.

Clusters are also classified into cool-core (CC) and non-cool core (NCC) based on the properties of their
respective ICM. It was during 1970s that studies of the ICM via X-ray observations began to notice that
the surface brightness of some clusters peaks steeply towards the centre, and that the temperature decreases

significantly in the core (for example, Fabian, Nulsen, et al. 1981; Fabian, Hu, et al. 1981; Allen et al. 1993).



The estimated cooling time due to radiative losses was estimated to be less than the Hubble time (for example,
Mathews and Bregman 1978). This led to the cooling flow (CF) model which hypothesises that cool gas at the
centre of the cluster will be compressed gravitationally by the surrounding warm gas and ultimately this warm
gas will begin to flow inwardly to replace the cool compressed gas. However, later X-ray studies showed
that this model overestimates the cooling rates and cannot explain the lack of star formation. It was shortly
afterwards that these clusters were referred to CC and NCC rather than CF (Molendi and Pizzolato 2001). CC
clusters are generally associated with temperature drop towards the core (Sanderson et al. 2006; Hudson et al.
2010), short central cooling times of < 1 Gyr assuming Hubble constant Hy = 71 kms~! Mpc~—! (Sanderson
et al. 2006; Burns et al. 2008; Hudson et al. 2010), uniformity in temperature and cooling time distribution
(Sanderson et al. 2006), less entropy at the centre (Hudson et al. 2010), a brightest cluster galaxy at the X-ray
peak (Hudson et al. 2010), as well as mini-halos (Govoni et al. 2009; Kale et al. 2015; Giacintucci et al.
2017; Savini et al. 2018) and they also undergo minor mergers (Bauer et al. 2005; Mazzotta and Giacintucci
2008). The NCC are the opposite of CC: i) the temperature profiles are relatively flat (Hudson et al. 2010),
ii) cooling times are longer < 5 Gyr (Hudson et al. 2010), iii) they are highly non-uniform (Sanderson et al.
2006), iv) have high central entropy (Hudson et al. 2010), v) are associated with giant radio halos (Hudson
et al. 2010), vi) and are associated with major mergers (see Feretti 2000, and references therein).

2.2 Cosmological Magnetic Fields

The Universe is permeated by magnetic fields. Magnetic fields are observed in different cosmic objects,
for example, stars, planets, interstellar medium (ISM) and galaxies. One thing that is already obvious is that
magnetic fields tend to be much stronger in more compact and dense objects, than in larger and less dense
objects. For example, compact objects such as pulsars and neutron stars (with roughly 20 km diameters and
density 10'4 g cm~3) have field strengths of up to ~ 10'2 G. Normal stars, on the other hand, such as our Sun
have field strengths of 10 G at the poles and 10® G at the equatorial regions, and our planet Earth has field
strengths of ~ 0.5 G. Spiral galaxies have field strengths of ~ 5 nG to 30 pG within their arms and ~ 1 mG
at the bulge (central regions). Spatially larger and low-density objects such as the ISM, intergalactic medium
(IGM) and ICM have field strengths in the order of a few pG.

2.2.1 Importance of Magnetic Fields

Though magnetic fields are known to be important in the Universe, they are not yet well understood.
For instance, it is still not clear what their structure is, how they evolve or even where they originate (for
example, whether or not they are primordial). However, what is currently well-known is that the magnetic
field plays a significant role in the formation and evolution of galaxies, as well as in clusters of galaxies
(Beck and Wielebinski 2013). Magnetic fields are known to be able to regulate star formation, feedback
and heat conduction. Moreover, magnetic fields are essential in understanding non-thermal processes by
accelerating/trapping cosmic rays particles — this is possible when the magnetic fields are coupled to plasma
motions, for example, through reconnection layers, magneto-hydrodynamic (MHD) turbulence Eilek (2002).
They also play an essential part in AGN jet collimation and can inhibit the spatial mixing of gases.
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Moreover, magnetic fields can affect the dynamics of the cluster by providing an additional external

pressure term, the magnetic pressure:

Pp = ——, 2.1

where B is the magnetic field.
In clusters of galaxies, for example, the magnetic pressure from free-free emission adds to the thermal
pressure:
Pr = nkpT, (2.2)

where n is the total particle number density — related to the electron density, n., as n ~ 1.93 n..
These two pressures act against the gravitational force. The importance of magnetic pressure relative to

thermal pressure is usually quantified using pressure ratio (the 5-parameter):

_Ps

B = Py (2.3)

with 8 < 1 implying the fields are not important and 5 ~ 0.1 — 1 implying the fields are dynamically
important. For example, Vogt and Enflin (2003) found dynamically important magnetic fields associated
with 3C 75, 3C 465 and Hydra A radio galaxies — with 3 ranging 0.01 - 0.2.

2.2.2 Origin of Magnetic Fields

There are currently a large number of theories attempting to explain the origin of magnetic fields in the
ICM. However, the subject is still of great debate, but what is currently accepted is that the strength and large-
scale order (= 1 Mpc) of the observed magnetic fields cannot be produced by any known process/effect, for
example, the battery effect. Thus, the general idea of these theories is that the field started as a small seed
magnetic field sometime during the formation and early evolution of the Universe (primordial origin, Dolag
et al. 1999; Dolag et al. 2002), or was injected by the galactic or active galactic nucleus (AGN) during the
structure formation or evolution of the cluster itself (Rephaeli 1988; Ruzmaikin et al. 1989; Colgate and Li
2000; Furlanetto and Loeb 2001; Kronberg et al. 2001; Xu et al. 2009; Donnert et al. 2009). Cho (2014)
presupposes that primordial magnetic fields should already be permeating large-scales before any large-scale
structure formation occurs, while the galactic injected fields are initially localised. The seed fields, of what-
ever origin, are likely amplified to the observed strengths and spatial scales by turbulent dynamo processes
that are driven by hierarchical cluster mergers (Dolag et al. 2002; Xu et al. 2009). The only requirement for
producing a cluster-wide magnetic field is that the seed field injection should occur before the major merger
(Xu et al. 2010).

The MHD simulations of the cluster magnetic field origin and evolution find that the final magnetic
configuration, for example, the strength, energy and the degree of homogeneity does not depend strongly on
the initial magnetic field configuration but more on the properties of the turbulence (Dolag et al. 1999; Xu
et al. 2010). As a result, multiple magnetic field seed injections from on-going galactic or AGN activities

after the cluster field is established would not change the strength, the configuration or the energy of the
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final magnetic fields significantly (Xu et al. 2010; Xu et al. 2012). The initial seed magnetic field strength
of > 107! G for primordial and > 10~ G for galactic/AGN origin can produce the observed strengths by
dynamo effects if the turbulence has the right dissipative properties (for example, Cho 2014).

2.2.3 Synchrotron Emission Basics

Synchrotron radiation results from centripetal acceleration of relativistic electrons by the local, strong
magnetic fields. In the presence of a uniform magnetic field, the electron will move in a spiral along the field
lines with constant velocity. Since the electrons have relativistic speeds, the radiation will be confined to a
cone of opening angle, ~ 2/, where v = 1/,/1 — (v/c)? is the Lorentz factor and v is the velocity of the
relativistic electrons. For an optically thin emission region, an electron will result in a continuum spectrum

which peaks at the following critical frequency:
Veritical = 16.1 B'sin 02, (2.4)

in MHz, B is the magnetic field in micro-Gauss (LG) and ¢ is the energy of an electron in GeV. The relativistic

electron’s radiative power:

d
UTi ~ 6 x 1075 (Bsin 0)22, (2.5)

in ergs s—! and where # is the angle between velocity and magnetic field — also known as the pitch angle
(Govoni and Feretti 2004). The frequency at which we detect the peak synchrotron radiation depends on
both the strength of the magnetic field and the Lorentz factor. Assuming 6 = 90°, magnetic field strengths
of 1 puG and relativistic electron of v = 5000, the synchrotron radiation spectrum will peak at 100 MHz, and
for B = 10 pG, the spectrum will peak at 1000 MHz.

The radiation itself comes from the acceleration of a population of relativistic electrons. Assuming a
homogeneous and an isotropic population, the electron energy density will take the form:

N.de = Noe~de, (2.6)

for electrons with energies between £1 = ¢ and €5 = ¢ + de. The observed spectral distribution of radio
sources is a power-law. Thus, a power-law energy distribution is generally used to describe the spectral

energy of radio sources. The energy distribution in an optically thin region is defined as follows:

I, = Io(i)ﬂ, 2.7)

0

where 1 is the reference frequency and I is the intensity of the source at the reference frequency, and « is
the spectral index — which is related to the power-law index in Equation 2.6 as (6 — 1)/2.

The emission from radio sources is generally linearly polarised. Le Roux (1961) showed that in a uniform
magnetic field, the intrinsic degree of polarisation of the wave is related to the spectral index:

_3a+3
 3a+5

12

(2.8)
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Typical spectral indices for radio sources range between 0.6 to 1, giving a degree of polarisation of up to
75%. In the presence of irregularities (non-uniformities) in the magnetic fields, the degree of polarisation is
reduced significantly. Assuming a uniform magnetic field 3,, superimposed on a random magnetic field, 5;,
Burn (1966) showed that p; will be reduced as follows:

pi = B (2.9)
i = Pu Bg n B’% ) .
where p,, is p; in uniform fields (Equation 2.8). Suppose that B,, = B, = 1 pG, the degree of polarisation
of a source with & = 1 will be ~ 40% instead of the expected 75% in the absence of random fields. As
B, > B, the reduction in the degree of polarisation becomes slight and in the reverse situation, B,, < B,

the degree of polarisation approaches zero.

It is also important to note here that fractional polarisation is not a function of frequency. As such, any
variation in fractional polarisation with frequency is a direct indication of effects coming from the medium
itself and not the emission process.

Equations 2.8 and 2.9 mainly describe the degree of polarisation. However, an electric field vector of a
linearly polarised source also has an orientation — the polarisation angle, ;. Therefore, the linear polarisation

of a source is defined as follows in an optically-thin case described above:
p = pie*¥i. (2.10)

The electric field vectors are orthogonal to the projected magnetic fields (¢; + 7/2). In terms of the

observables — the Stokes parameters, the linearly polarised intensity of a source is:

P=\/@2+02, (2.11)

where () and U are Stokes parameters that represent the linear polarisation of a radio signal. The polarisation
angle is:

Q

The degree of polarisation (hereinafter, fractional polarisation) defined in Equation 2.10 as p; is:

p=P/I =1/¢>+u?, (2.13)

where ¢ = Q/I and w = U/I and [ is the total intensity.

Y = %arctan <U> (2.12)

The high linear polarisation in extended synchrotron emitting astrophysical objects is generally argued
to suggest uniformity in the magnetic fields. However, Laing (1980) argued that the magnetic fields need
not be uniform and showed that even if the fields were random, the high linear polarisation would still result
when the object’s surface boundaries are tangentially compressed. This compression (as well as shearing)
re-aligns the magnetic field vectors into a single plane. The linear polarisation is then highest when the

magnetic field vectors lie parallel to the lines-of-sight. This model was motivated by the observations at the
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time (for example, Burch 1979; Hogbom 1979): which found that the magnetic field vectors tend to follow
the object’s boundaries, and the degree of polarisation tends to be higher at the boundaries and decreases
towards the centre.

2.2.4 Magnetic Field Probes

There are two methods used to probe and study magnetic fields in the ICM, and these are: i) synchrotron
radiation from large scale diffuse emission, ii) and Faraday rotation effect. These two phenomena are de-
scribed below.

2.2.4.1 Diffuse Synchrotron Emitting Volume

Observing synchrotron emission provides a direct inference of the presence of a magnetic field. Cluster-
scale (500 kpc - 1 Mpc), low-surface brightness, diffuse synchrotron emitting objects have been observed
close to the centre of clusters (radio halos, for example, Giovannini et al.), as well as close to the periphery
of clusters (radio relics, for example, Bonafede et al.; van Weeren et al.). Both the radio halos and relics are
not seen to be associated with any galaxy in the cluster, as a result, it is believed that they are associated with
the cluster itself (Willson 1970; Feretti et al. 1999).

The total energy of a population of electrons is given by:

U, — V/ " N.de, 2.14)
€1

where V' is the volume of a synchrotron emitting region. The magnetic field energy is defined as:

82

U = —V.
887r

(2.15)

The total energy density, U, of a synchrotron emitting volume is then a sum of energy from relativistic
electrons and protons, U, + U, as well as magnetic field, /3. In most cases, U, ~ KU,, where K is the
ratio of energy in the relativistic protons to that in relativistic electrons.

One way in which magnetic fields are estimated is by assuming a minimum energy condition in which
U.(1 4+ K) ~ Ug (Burbidge 1959), such that

Z/{tot(min) ~ (1 + K)Ue = Z/{B. (216)

The resulting magnetic field strength is referred to as “equipartition magnetic field” and it takes the form:

12
Beq=<%w> : 2.17)

For a detailed derivation of final expression in Equation 2.17, see Govoni and Feretti (2004), and Miley
(1980) for a detailed review on this subject. The estimated magnetic field strengths from these approaches
range between 0.1 pG and 1 pG for radio halos (for example, Feretti and Giovannini 1996; Feretti et al.
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1999; Bacchi et al. 2003; Giovannini et al. 2009; Giacintucci et al. 2009), and 0.2 pG - 2.7 pG for radio relics
(Ensslin et al. 1998).

2.2.4.2 Faraday Rotation Effect

The presence of magnetic fields within an ionised plasma causes the plane of polarisation of an incident
linearly polarised wave to become rotated as the wave propagates through the plasma. This effect is known
as Faraday rotation. We discuss this phenomenon in more detail in Chapter 3. Figure 2.2 shows a schematic
diagram of this phenomenon. A linearly polarised wave is a sum of two opposite circularly-polarised waves:
the right- and left-circularly polarised waves. The right- and left- circularly-polarised waves propagate across
a magnetised plasma at different phase velocities, v = w/k, where w = 27v is the angular frequency, v is

the frequency, and % is the wave number:

2
w wp

k = —/l1-— 2.18
RL =" @ Fwg)’ (2.18)

where R and L represents right- and left-circular polarisation, respectively, c¢ is the speed of light, wp is the

plasma frequency:
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wg is cyclotron frequency:
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wo = —IL (2.20)
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where n. is the electron density, e electron charge, m. electron mass and 53| is the component of the magnetic
field along our line-of-sight. The two oppositely circularly-polarised waves will propagate out of phase,
resulting in a net rotation of the plane of polarisation.

The net angle of rotation of the linear polarisation due to the difference in phase velocity between two

circularly polarised modes is:

dyp = %(kL — kg)dl. (2.21)

Taking the limit w > wp and w > wgq, we find:

)\2 63 observer
[ = ne Bydl = \2RM, (222)

877203607”2 source
where RM is the rotation measure. Using astronomical units, RM is:
observer

RM = 812 / ne Bydl  [rad m™?], (2.23)

source
where B is in uG, n. in cm~2 and dl is kpc. If n. and RM are known, the average line-of-sight magnetic
field strengths can be estimated. The sign of RM indicates the orientation of the magnetic field along the
line-of-sight — positive R M means magnetic fields are pointing towards the observer, and vice versa.
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Figure 2.2: Schematic diagram showing Faraday rotation effect. In the far left is the observing telescope (“us”), mid-
way is the Faraday rotating gas and far right is the source of polarised emission. Image credit: Beck and Wielebinski
(2013).

2.2.5 Faraday Rotation Studies

Faraday rotation studies of extragalactic magnetic fields can be categorised into two, namely i) a statistical

study of polarised unresolved sources, ii) and the study of individually extended radio galaxies.

2.2.5.1 Statistical Approach

The statistical approaches study a statistically sufficient sample of polarised radio sources to infer cluster
magnetic fields. The sample must consist of sources situated at different radii across and behind the cluster.
Ideally, we wish to probe multiple polarised sources across a given cluster — unfortunately, that is usually
not possible due to poor sensitivity of the observing instruments. Current statistical studies are performed
by probing multiple polarised sources across different clusters. However, a precaution is taken by ensuring
that the clusters considered have similar characteristics. The requirement of this approach is that the po-
larised sources cover a wide range of impact parameters across the cluster and that the overall sample must
be statistically significant and must consist of both cluster-embedded sources, non-cluster and background
sources. The different impact parameters across the clusters allow the probing of different distances from
the cluster-centres, thus, radial properties of the cluster can be probed. Control sources are those sources that
are situated beyond the X-ray detectable emission and these are used to determine the contribution from our
Galaxy in the direction of each cluster. Background sources are sources situated along the lines-of-sight of
the cluster but are at higher redshift with respect to a cluster in question. These are used to remove local
effects on the cluster-embedded sources. However, other studies reveal that the IGM itself is permeated by
magnetic fields (Lee et al. 2009), as such, even background sources are subject to their own local effects
which must be properly accounted for.

Figure 2.3 shows the results from Clarke et al. (2001) (shown in circles) combined with those from Kim et

al. (1991) (shown in squares). Control sources are shown in black, embedded in red and background in blue.
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It is immediately obvious that sources at small impact parameters have high RM — with RM excess out to
impact parameters of more than 500 kpc. Moreover, RM for embedded and background sources are similar,
indicating that the majority of the RM excess comes from the ICM themselves. Clarke (2004) estimates
field strengths of 0.5 - 3 uG assuming uniform fields. A limitation of this approach is that unresolved data
can underestimate the true RM (Eilek and Owen 2002).

Bonafede et al. (2011) proposed an alternative approach to the statistical study: the use of fractional
polarisation to probe magnetic fields. The general idea in this work is that fractional polarisation of sources
close to the cluster centre (small impact parameters) is lower compared to those situated away from the centre.
The low fractional polarisation at the centre of a cluster is attributed to differential rotation occurring across
the observing synthesised beam — beam depolarisation. A very weak trend is observed in agreement with this
hypothesis.
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Figure 2.3: RM as a function of cluster impact parameter. Red: Cluster-embedded sources. Blue: Background
sources. Black: Control sources. Data in circles came from Clarke et al. (2001) and squares from Kim et al. (1991).
High RM values occur at small impact parameters — indicating cluster-associated magnetic fields. Image credit: Clarke
(2004).

2.2.5.2 Extended (Resolved) Emission

Statistical study of unresolved, compact sources is perhaps the best method for probing magnetic field
strengths as a function of cluster radii, as well as the location of the Faraday rotating medium. However,
magnetic field structures cannot be inferred through this approach. To probe a projected topology of the

magnetic fields, resolved radio sources are usually considered. Studying the spatial distribution of RM
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across a source can be used to constrain magnetic field coherence scale (scale length).

Using spatial distribution of Faraday depths across radio galaxies, field strengths of a few pG are found
for sources situated in NCC, ordered on scales of 2 - 15 kpc (Feretti et al. 1995; Feretti et al. 1999; Taylor
et al. 2001; Eilek and Owen 2002). Much higher magnetic field strengths are observed in CC ranging from
a few 2 pG up to 40 pG ordered on scales 5 - 30 kpc (Dreher et al. 1987; Taylor and Perley 1993; Perley
and Taylor 1991; Ge and Owen 1993). More specifically, Hydra A radio galaxy shown in Figure 2.4 consists
of very high RM with absolute values of a few 1000 rad m~2 and up to 12000 rad m~?2 ordered on 5 - 10
kpc-scales. Taylor and Perley (1993) estimates uniform magnetic fields of ~ 7 pG and tangled magnetic
fields of 40 pG.
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Figure 2.4: RM across an extended radio source (Hydra A radio galaxy). The spatial distribution of RM across the
extended sources is able to give insight to the magnetic field coherence scale. Image credit: Taylor and Perley (1993).

A more detailed study of extended sources is also possible in situations where multiple extended, cluster-
and non-cluster embedded radio galaxies are seen across the cluster. Such situations are extremely rare
because i) there are usually few (mostly just one) bright radio galaxies close to the cluster-centre, ii) their
emission is below the detection limit and iii) the central radio galaxy is so bright that it obscures the rest of
the field. Feretti et al. (1999) was able to carry one such study in Abell 119 with three extended polarised
sources located within the cluster impact parameters of 115 kpc (0053-015), 300 kpc (0053-016) and 1010
kpc (3C 29). They found that the magnitude of the RM, the RM dispersions and the depolarisation when
observed at low-frequencies decreases with increasing distance from the centre of the cluster. Estimating the
coherence length scale to be < 4 kpc, they derived a tangled magnetic field in the range of 12 - 17 pG.
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2.2.6 Galactic and Extragalactic Magnetic Fields

The ionised ISM within our Galaxy is permeated by magnetic fields. Galactic magnetic fields are of inter-
est for two reasons: primarily because they influence the dynamics of our Galaxy itself and secondly because
all extragalactic emission in our line-of-sight eventually passes through our Galaxy. RM of extragalactic
sources, for example, encapsulate a contribution from our Galaxy, the Earth ionosphere, the ambient ICM
and within the extragalactic radio source. Thus, studies of extragalactic magnetic fields need knowledge of
the Galactic Faraday rotations in order to remove its contribution from the observed RM. Survey studies of
Faraday rotation of compact extragalactic sources and pulsars across the entire sky have been used to probe
Galactic and extragalactic magnetic fields. Figure 2.5 shows a sky map of RM of compact, extragalactic
sources observed through the NRAO VLA Sky Survey (NVSS) covering a sky area north of declination
—40° (Taylor et al. 2009). The RM were determined using only two frequencies: 1364.9 MHz and 1435.1
MHz each with 42 MHz channel width, for a total of 37,543 sources. The map shows large-scale structure
ordering of the RM, as well as an increase in R amplitude towards the Galactic plane — towards strong
Ho and HII regions (see also Schnitzeler et al. 2019).

Figure 2.5: All-sky RM map. Red: Positive RM. Blue: Negative RM. The size of the circles increases linearly with
the magnitude of RM. The RM values are of 37543 compact sources over the sky north of —40°, observed by the
NRAO VLA Sky survey (NVSS). Image credit: Taylor et al. (2009).

Though this map can provide an estimate of Galactic contribution towards specific directions, the data
are sparse: there is roughly a single measurement per square degree — thus, more data are required. Taylor
et al. (2009) attempted a simple interpolation procedure by taking the median values of neighbouring pixels
(see Fig 4 of the paper) but the resolution was still very poor; ~ 8°. Other more sophisticated methods using
Information Field Theory have been proposed for interpolating for missing information by taking advantage
of the spatial correlations (see Oppermann et al. 2012; Oppermann et al. 2015; Hutschenreuter and Enflin
2020, for details). Figure 2.6 shows the result of this interpolation obtained by Hutschenreuter and Enflin
(2020).

19



Figure 2.6: Galactic RM interpolation obtained using information field theory. Image credit: Hutschenreuter and
Enflin (2020)

In statistical studies such as those presented in Section 2.2.5.1, Galactic contribution is generally esti-
mated using control sources (non-cluster sources). See for example Clarke (2000) and Clarke et al. (2001).
However, the goal of a map such as that shown in Figure 2.6 is to provide a template of sky RM. This
template is generally used for Galactic removal. For example, Johnston-Hollitt (2004) used an interpolated
RM map from Johnston-Hollitt et al. (2004) to remove Galactic contributions towards Abell 3667 cluster.

2.2.7 Computing Magnetic Field Strengths

Computing magnetic field strength and deriving its structure, is one of the most difficult tasks — partly
because of our limited knowledge of the 3D structure of the magnetic fields. In this section, we summarise

the currently used approaches, and highlight the limitations in each.

2.2.7.1 Unidirectional Magnetic Fields

Using radio observations at two or more frequencies, the R\ values can be derived from the slope of 1
vs \? (see Equation 2.22). Combining this estimate with measurements of n,. from X-ray observations, the
average line-of-sight magnetic field can be determined from Equation 2.23. However, the difficulty arises
when solving for B in Equation 2.23 from the fact that the field geometry must be assumed — which affects
the final estimate of the magnetic field strength (for example, Dreher et al. 1987). There are at least two
simple geometries generally assumed in the literature. The first one assumes a region of uniform magnetic
fields such that the field strength is constant across the cluster and is unidirectional. The second approach is
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similar to the first but assumes that the magnetic field strengths scales with electron density o< n7; see results
from MHD simulations in Dolag et al. (2002). For cases where flux-conservation is assumed v = 2/3 and for
situations were the magnetic energy density scales with thermal energy density v = 1/2. For all the above
assumptions, the derived magnetic field strengths represent the lower-limit of cluster field strength since the
field reversals are not taken into account.

2.2.7.2 Single-Scale Random Magnetic Fields

RM maps of spatially resolved radio sources show structure in the RM distribution with scale length,
AR, less than the size of the source. In practice, the value of Agrys is commonly taken to represent field
reversal scale-length, Ag. However, Enflin and Vogt (2003) argue that in typical astrophysical situations
ARy > Ap. Thus, studies that use Arps ~ Ap ultimately underestimate the strength of the magnetic field.
Vogt and Enf3lin (2003) estimate Az to be a factor of 2 to 4 larger than the actual magnetic field length scale
for Abell 400, Abell 2634 and Hydra A, respectively. The field reversals are usually modelled by assuming a
tangled magnetic field geometry consisting of an array of cells along the line-of-sight with each cell having a
constant field strength and electron density. Meanwhile, the direction of the magnetic fields across the cells
is assumed to be random, such that the RM distribution is a Gaussian with zero mean and dispersion:

(RM?)'/? = 812n,B. N*/* A, [rad m™2], (2.24)

where N = L /A, is the number of cells along the line-of-sight, L is the total pathlength across the cluster,
and A, is the cell size (constant for all the cells) and n. and B, is the cell electron density and magnetic field,
respectively (for example, Taylor and Perley 1993). Assuming statistically isotropic magnetic fields, Enfllin
and Vogt (2003) estimate A, = 3/2Ap.

However, this model is generally opposed (for example, Enflin and Vogt 2003; Vogt and EnfSlin 2003)
since it predicts a non-zero magnetic field divergence — contradicting Maxwell’s equation. Moreover, it is
more likely that there exists a wide range of scales rather than just a single scale. As such, assuming a
single-scale magnetic field will ultimately overestimate field strength (Newman et al. 2002). The existence
of multiscale magnetic fields is suggested through a detailed MHD simulations (see Dolag et al. 2002).

2.2.7.3 Power-Spectrum/Structure Function:

Attempts have been made in the past years to incorporate the multiscale nature of the magnetic fields,
while ensuring that V - B = 0 is not violated. This has been done through the study of the magnetic power-
spectrum (Enflin and Vogt 2003; Vogt and Enflin 2003; Murgia et al. 2004), tension force power spectrum
(Waelkens et al. 2009), auto-correlation function (Enflin and Vogt 2003; Vogt and Enflin 2003), or structure
function (see Laing et al. 2008b, and references therein). It should be noted that the power-spectrum (the
first two methods) and the functions (last two) are related; the former is in the Fourier space (wavenumber,
k = 27 /r) and the latter is in real space (spatial, ). Based on Wiener-Khinchin theorem, the same infor-
mation is present in both spaces, however, the results obtained in the k-space are shown to be more precise
(see Vogt and Enf$lin 2003). The basic assumption made for power-spectrum analysis is that the fields are
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statistically isotropic when averaged over a large volume and they obey Gaussian statistics. In this case, the
magnetic power spectrum takes the form (Waelkens et al. 2009):

M (k) = 47k (|B(k)|?). (2.25)

The average is taken over all &, and the resulting M (k) provides the magnetic power at a given wavenum-
ber. It should be noted that phase information is completely lost in this expression, as such one can only derive
the strength of the fields but cannot constrain the structure of the fields themselves. For this reason, differ-
ent magnetic field structures with the same power spectrum shape cannot be distinguished. Waelkens et al.
(2009) demonstrated this particular issue by comparing magnetic field structures of the same power spectrum
obtained using MHD simulations, as well as synthetic divergence-free Gaussian random field. See Figure
2.7 for the field structure. In this study, they proposed using magnetic tensor force spectrum, to distinguish
between completely random fields (right plot in Figure 2.7), and fields with organised structures such as
folded flux sheets and filaments — such as those seen on the left of Figure 2.7 and also those seen in real
observations (for example, Dreher et al. 1987; Taylor and Perley 1993; Taylor et al. 2001; Eilek and Owen
2002; Guidetti et al. 2011). For details, we refer the reader to Waelkens et al. (2009) and references therein.

Figure 2.7: Magnetic structure realisation of the same power spectrum. Left: Magnetic field realisation obtained from
MHD simulations. Right: Magnetic field realisation from a synthetic divergence-free Gaussian random magnetic field
simulation. The same power spectrum can result from two different magnetic field structures. Image credit: Waelkens
et al. (2009).

2.3 Radio Galaxies

2.3.1 Radio Galaxy Morphology

Radio galaxies are one of the most remarkable and most powerful radio objects in the sky. Radio galaxies

are active galaxies with bright extended radio emission. The morphology of a typical radio galaxy consists of
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a central AGN which harbours the supermassive black hole (SMBH), jet(s), lobes (or plumes) and hotspots.
There are two main classes of radio galaxies based on their morphology, namely Fanaroff-Riley (FR) of
type I and II (Fanaroff and Riley 1974). Figure 2.8 shows these two classes. The extended emission in
FR I is normally referred to as plumes/tails, and as lobes for FR II radio galaxies. FR I sources have the
brightest surface brightness emission close to the core and are generally associated with the jets, while the
high brightness emission regions are near the extreme edges of the (bounded) lobes in FR II galaxies. These
high surface brightness regions are referred to as hotspots in FRIIs. FR II interestingly tend to have a one-
sided jet. Fanaroff and Riley (1974) found that FR T are relatively less luminous compared to FR II and as a
result FR I are referred to as low-luminosity radio galaxies and FR II as high-luminosity radio galaxies. They
estimated a dividing luminosity threshold of the two classes (known as FR I - FR II break) to be ~ 10%4:
W Hz~! at 1.4 GHz. However, larger and less biased survey studies of radio galaxies show that there isn’t a
clear distinction: although FR II are generally more luminous than FR I, there is a large overlap — there are
low-luminosity FR II radio galaxies comparable to FR I (for example, Best 2009; Miraghaei and Best 2017;
Mingo et al. 2019).

Figure 2.8: Two types of radio galaxies morphologies: FR I (left) and FR II (right). The FR I shown is 3C 31 and FR
IT is 3C 98. Image credit: Hardcastle and Croston (2020).

There is another type (sub-class) of radio galaxy morphology: the wide-angle tailed (WAT) and narrow-
angle tailed (NAT) radio galaxies. Figure 2.9 shows examples of tailed radio galaxies. These two sub-classes
have bent jets (hence tailed), and the main difference between the two is the degree of bending of the tails;
the tails of NAT radio galaxies are bent significantly and are so close together that sometimes the jets are
unresolved and can be misclassified as one-sided tailed source (Terni de Gregory et al. 2017), and WAT tails
are slightly open making a “C”-like shape (Sakelliou and Merrifield 2000). The morphology of these tailed
radio galaxies is interpreted as indicating that the radio galaxy is moving across the ICM and the tails are
left behind by ram pressure (Rudnick and Owen 1976). One main observational evidence in support of this
picture is that tailed sources are mostly found in clusters compared to other types of radio galaxies (Thorat
etal. 2013; Mingo et al. 2019). Moreover, tailed sources are generally found in the outskirts of galaxy clusters
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and their tails tend to point directly towards or away from the cluster centre — suggesting that they are radially
orbiting about the cluster centre (Sakelliou and Merrifield 2000).

Figure 2.9: Two types of tailed radio galaxies. Left plot: WAT radio galaxy known as 3C 465. Right plot: NAT radio
galaxy known as NGC 6109. Image credit: Hardcastle and Croston (2020).

There is yet another set of radio galaxy morphology: the hybrid radio galaxies. These show FR I on one
side and FR II on the other (Gopal-Krishna and Wiita 2000; Kapinska et al. 2017; Mingo et al. 2019). Figure
2.10 shows two examples of hybrid galaxies from Kapinska et al. (2017).

Figure 2.10: Examples of hybrid radio galaxies. The white box indicates the optical host. Image credit: Kapinska
et al. (2017).
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2.3.2 FR1-FR Il Dichotomy

One of the important astrophysical questions is the origin of the two morphologies: the FR I - FR II
dichotomy. This topic has been of much scientific interest for many years. The key goal is understanding
whether the dichotomy is a result of the differences in the intrinsic properties of central SMBHs such as
the accretion mechanism, black hole spin, or jet kinetic power and content (Baum et al. 1995; Meier et al.
1997; Ghisellini and Celotti 2001), or due to external effects such as the deceleration and disruption of jets
upon interacting with the ICM (Bicknell 1995; Kaiser and Alexander 1997; Kaiser and Best 2007; Best
2009; Kawakatu et al. 2009; Thorat et al. 2013; Miraghaei and Best 2017; Mingo et al. 2019). Owen and
Ledlow (1994) and Ledlow and Owen (1996) found a separation of the two morphologies on a plot of radio
luminosity vs optical absolute magnitude. Figure 2.11 shows their results on the left. The interpretation of
the observed correlation is that the optical magnitude is indicative of the ISM density, with bright galaxies
found in dense ISM and vice versa. This means for a given jet power, a source will likely become FR I radio
galaxy in arich environment (bright host), or FR I in a relatively poor environment. A jet in FR I sources gets
disrupted very early on its journey by a dense ISM (Bicknell 1995), while FR II jets are able to travel large
distances undisturbed. Conversely, assuming that radio luminosity translates to jet power, for a given ISM
density, we would expect a more powerful jet to travel far distances without interruption than a less powerful
jet. Bicknell (1995), Kaiser and Best (2007), and Best (2009) argued that all sources begin as FR II — with
relativistic and collimated jets — but weaker jets are eventually disrupted by the dense environment forming
FR I radio galaxies. The result from Best (2009) shown on the right of Figure 2.11 using a less biased sample
found a large overlap in the distribution: there are low-radio power FR II radio galaxies in environments that
are conducive for FR I sources. Mingo et al. (2019) using data from LoTSS (a more complete survey) found
a similar overlap and also found that these low-radio power FR II are associated with fainter host galaxies
— consistent with the jet power - environment picture which predicts that less powerful jets “may” remain
undisrupted in low-density environments.

The jet power - environment picture is the well-accepted model. The evidence that is usually used to
support this picture and disprove the intrinsic differences picture is the existence of hybrid radio galaxies
(Gopal-Krishna and Wiita 2000; Kapinska et al. 2017). However, it should be noted that hybrid radio galaxies
may not be a separate class altogether, however could simply be FR I/FR II affected by projection effects (for
example, Kapinska et al. 2017). Supposing that there are indeed hybrid sources, intrinsic factors alone would
fail to explain these differing morphologies in the lobes belonging to the same source. Thorat et al. (2013) also
observed asymmetries in the lobes of radio galaxies (for example, one lobe being longer than the other) and
found that these are related to environmental anisotropies; with shorter lobes associated with higher galaxy

density regions.

2.3.3 Radio Galaxy Formation and Evolution: The Jet Model

The question of how radio galaxies form dates back to the early 1960s. The major areas of interest were
understanding: i) the source of energy, ii) the origin of the radio emission in the lobes, iii) the source of

confinement of the lobes (to reduce radiative losses or prevent the lobes from floating into space) and iv) the
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Figure 2.11: Radio luminosity as a function of optical luminosity for a sample of FRI and FR II radio galaxies. Red:
FR I radio galaxies. Blue: FR Il radio galaxies. A straight line shows the FR I - FR II break. Image credit: Owen and
Ledlow (1994) and Ledlow and Owen (1996) (left) and Best (2009) (right).

form of energy transportation and efficiency to large distances.

2.3.3.1 Source of Energy Supply

Various methods were proposed over the years, for example: the AGN as a source of energy supply
became apparent when observations revealed the evidence of violent activities (for example, explosions)
at the centre, significant variability in the optical emission and double structures merging from the AGN
(Ryle and Longair 1967; Longair et al. 1973; Scheuer 1974). Rees (1971) suggested that the emitted energy
results from a differential rotation of collapsing and colliding normal stars, pulsars and neutron stars occurring
at the galactic centre. Another hypothesis proposed in the literature was the existence of a more massive
phenomenon: SMBH accreting matter into itself. Black holes cannot be observed directly but have been
inferred through: i) Keplerian motions of mega-masers (Miyoshi et al. 1995), ii) reverberation mapping
(Blandford and McKee 1982; Netzer and Peterson 1997; Peterson and Wandel 2000) and iii) a shadow (EHT
2019).

2.3.3.2 Means of Transportation

The energy from the central SMBH was initially thought to be transported by means of either low-
frequency electromagnetic waves (Rees 1971), a beam (Scheuer 1974), clouds (Ryle and Longair 1967),
bubbles of relativistic particles (Gull and Northover 1973), or massive objects such as quasi-pulsars (Bur-
bidge 1967). How is the energy sustained for such large distances without dissipation? Hargrave and Ryle
(1974), using Cygnus A’ radio observation data, found that the radiative lifetime of the electrons in the
hotspots is far less than the travel time from the AGN to the hotspots, thus, we would expect the hotspot to
have faded away for the estimated source age. However, that is not what is happening, as a result, it was
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concluded that this must be an indication of a continuous supply and outflow of energy. The magnetic fields
close to the AGN are suggested to be the agency that collimates the relativistic particles into a beam-like

structure and sustains them for large distances.

2.3.3.3 Lobe Confinement

Various possible sources for confining radio lobes have been proposed, namely i) the inertial model
assumes the presence of cold matter (heavy particles) which traps both the relativistic particles and fields by
slowing them down, ii) ram pressure exerted by the IGM (De Young and Axford 1967), iii) thermal pressure
from the surrounding hot gas (Gull and Northover 1973) and iv) magnetic pressure.

2.3.3.4 The Jet Model

The current well-accepted model is called the jet or beam-model (Longair et al. 1973; Hargrave and Ryle
1974; Scheuer 1974). See Begelman et al. (1984) for an extensive review. In this model, the central SMBH is
the source of energy, the jets/beams are tunnels by which energy is transported and the lobes are waste-tanks
for decelerated jet materials. A SMBH is actively accreting matter unto itself; some of the material cannot
escape once it crosses the event horizon (a region around the black hole with an escape velocity exceeding
the speed of light), while others within the accreting disk get expelled (closely) along the black hole rotation
axis in the form of highly beamed, supersonic relativistic particles and magnetic fields — the jets. For FR I
sources, the jets get disrupted very early on their path due to the entrainment of external gas but for FR II
the jet travels uninterrupted for large distance and terminates in a strong shock at a point of contact with the
external gas. Most of the jet’s bulk kinetic energy gets converted to relativistic particles and magnetic fields
forming high brightness regions called hotspots. Some of the decelerated, high pressured material from the
jets expands sideways from the hotspot creating a cigar-shape (Scheuer 1974) and fills this *waste’ plasma
into cavities — the radio lobes.

The jet model also has a further implication. At the shock, two shocks are predicted to form: i) the
beam shock and ii) the bow-shock. The beam-shock stops the continually incoming jet, while the bow-shock
propagates into the unshocked gas and accelerates and heats the gas. The two beam-shock materials meet in

pressure balance along the boundary surface layer, referred to as a layer of contact discontinuity.

2.3.4 Radio Galaxy and ICM Interaction

Radio galaxies interact with their ambient ICM. Below we consider some of the relevant physical impli-
cations resulting from this interaction.

2.3.4.1 Shocked Displaced Gas

Jets are expected to push the surrounding gas away from its path as it propagates through the ICM —
creating cavities — inferred in X-ray studies as a reduction of X-ray surface brightness emission. These

cavities are filled with radio galaxy plasma — radio lobe emission. For example, such cavities are observed in
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the Perseus cluster (Boehringer et al. 1993), Cygnus A cluster (Carilli et al. 1994), Abell 2052 (Blanton et al.
2001), Abell 4059 (Heinz et al. 2002) and Hydra A (McNamara et al. 2000; David et al. 2001; Nulsen et al.
2002). The displaced gas is observed as a region of compressed gas of enhanced X-ray brightness surrounding
the lobes. Figure 2.12 shows an example of the Hydra A cluster — the enhanced gas is most notable on the
western side of the source, the right side of the figure. This compressed region around Hydra A (seen beyond
the radio emission at 330 MHz) is interpreted as a weak shock of Mach number ~ 1.3. Similar weak shocks
are also observed in the Perseus cluster (Fabian et al. 2003), M87 (Young et al. 2002) and Cygnus A (Snios
et al. 2018).

Figure 2.12: Shocked compressed gas at the boundary of Hydra A radio emission. Grey: X-ray cluster emission.
Contours: Hydra A Radio emission at 330 MHz. Image credit: Nulsen et al. (2005a).

2.3.4.2 Feedback: Core-Cooling Problem

One of the things mentioned in Section 2.1.2 about CC and NCC clusters was the inability of the standard
CF model to explain the much longer cooling rates, as well as lack of star formation at the centre of these
clusters. It was then suggested that there has to be a heating mechanism occurring at the centre of the cluster
which prevents both the cooling and star formation. Amongst the mechanisms proposed is heating by AGN
(known as AGN feedback) — through depositing energy via jets into the ICM (see Birzan et al. 2004; Dunn
and Fabian 2006; Rafferty et al. 2006; McNamara and Nulsen 2007).

2.3.4.3 Lobe-ICM Surface Layer Instabilities

It has been postulated that a mixing of gases can occur due to instabilities at the boundary surface layer
(contact discontinuity layer) between the radio lobe and the external ICM. Scheuer (1974) suggested that such
mixing can occur by means of convection, or diffusion. Bicknell et al. (1990) expanded on the diffusion-type
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of mixing by demonstrating that a layer undergoing Kelvin-Helmholtz instabilities is prone to mixing and also

suggested that the surface-wave like structures in the lobes of Cygnus A are indicative of this phenomenon.

2.4 Connection to the Dissertation

In this dissertation, we study two radio galaxies: Cygnus A and Hydra A. Cygnus A is an FR II radio
galaxy and is hosted by a cD galaxy. Hydra A has the same type of parent galaxy but is an FR I. Both of
these radio galaxies are situated at the centre of CC dense cluster systems. Enhanced surface brightness
X-ray emission is observed at the lobes’ boundaries, revealing that these radio galaxies interact with their
environment, as shown in Figure 2.12 and 1.2

Studies of Faraday rotation show extremely large RM associated with these radio galaxies. Figure 2.4
shows RM across Hydra A, ranging between 3000 and —12000 rad m~2 with gradients of a few 100 rad m—?
arcsec” ! up to 1000 rad m~2 arcsec~!. The RM of Cygnus A ranges between —4000 and +3000 rad m~2,
with similar gradients. The occurrence of Faraday rotation indicates the presence of a thermally magnetised
gas region along the galaxy’s line-of-sight. The possible locations along the path line include our Galaxy,
the ambient cluster gas, shocked compressed gas surrounding the lobes, or mixed gas at the boundaries of
or inside the lobes. Our Galaxy should contribute no more than 300 rad m~? (see typical sky RM in Figure
2.5). A mixing of gas in the lobes is argued against based on the observed amount of depolarisation between
5 and 15 GHz, which is far less than those expected from such large Faraday rotations (Dreher et al. 1987;
Taylor et al. 1990). Moreover, these observations infer perfect linearity between v» and A\?. This linearity
indicates an external origin for the observed Faraday rotations. However, these conclusions were made using
four sparsely sampled frequencies beyond > 5 GHz. At such sparsity, it is impossible to see any polarisation
variations with A\?. Additionally, the depolarisation is most dominant at lower frequencies, below 5 GHz.

Our study of these radio galaxies uses the new wideband observations taken with the JVLA covering
2 — 12 GHz for Hydra A and 2 — 18 GHz for Cygnus A at high spectral resolutions ~ 1 MHz and sub-
arcsecond spatial resolution. These observations allow us to investigate the origin of the observed Faraday
rotations, RM gradients, depolarisation and the structure of the magnetic fields in detail.
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CHAPTER 3

Methodology: Faraday Rotation

“He counts the number of the stars; He calls them all by name. Great is our Lord, and mighty in power; His
understanding is infinite.”
Psalms 147:4-5

3.1 Faraday Rotation

The Faraday rotation effect occurs when a linearly polarised wave is rotated as it propagates through an
ionised-magnetised gas. We first introduced this concept in Section 2.2.4.2. This chapter provides a detailed
description of this topic by considering the different astrophysical situations and their implications to the
observed polarised emission and the techniques used to interpret Faraday rotation observation data. The
concepts are introduced more generically and later narrowed down to those applicable to this dissertation.

3.1.1 Rotation Measure vs. Faraday-Depth

There are likely multiple polarised sources and Faraday rotating gases along a particular propagation line
in real life. For example, an extragalactic source’s emission will pass through gas emission regions such as
the IGM, the ISM in our Galaxy and Earth’s ionosphere. Thus, the observed polarised emission is a sum of
all possible contributions along the signal path (Burn 1966):

pO%) = [ @) o, @)

where ) is the observation wavelength [in meter], ¢ is the Faraday depth [in rad m—2]:

L
¢=A neBydl, (32)

where 0 is at the site of the Faraday rotating emission region furthest from the observer and L is the site of
the emission region closest to the observer, and f(¢) is the intrinsic complex fractional polarisation at ¢ —
hereinafter, Faraday spectrum. Equation 3.1 relates two spaces: A-space which is the “observation space”
and ¢-space that represents the “real space”.

In an ideal situation whereby there is only a single Faraday rotating gas permeated by uniform magnetic

fields in the foreground of a single polarised source, the Faraday depth in Equation 3.1 is equivalent to the



RM in Equation 2.23. Equation 3.1 reduces to:

p(N?) = petiti KM (3.3)

where p; and ¢; are the intrinsic fractional polarisation and polarisation angle, respectively. The Faraday

spectrum is a delta function:

() = pie*™5(¢ — o). (3.4)

Thus, “RM? is used to denote an ideal case of a single, uniform, foreground Faraday rotating
screen. The RM for this situation is identified with Faraday depth, ¢.

3.1.2 Rotation Measure Synthesis

RM synthesis, hereinafter RM-Synthesis, is a technique that was first introduced by Burn (1966) and
later developed for implementation by Brentjens and de Bruyn (2005). This technique utilises the Fourier
relation in Equation 3.1 to obtain the emission in real-space, f(¢). The spectrum from RM-Synthesis gives
important information — it is able to show us the number and the strengths of emission components
in the data as a function of their Faraday depth — essentially, the amount of rotation each component
experiences by passing from “there” to “here”.

However, performing the inverse Fourier transform of Equation 3.1 is made difficult by the fact that
we only measure p(A? > 0), at discretely (and sometimes sparsely) sampled channels. To solve these two
problems, Brentjens and de Bruyn (2005) treated them similarly to the issue of incomplete uv-coverage in

aperture synthesis, by assuming that the observed polarised emission, pops, is:

Pobs(A2) = p(AHW(A\?), (3.5)

where p(\?) is the true emission (“complete/continuous”) and W (A?) is the sampling function (or weighting
function). The idea is that W () takes a non-zero value at A* where measurements are made and zero else-
where. For example, when we assume a uniform weighting, then W (\?) is 1, where there are measurements
and 0 elsewhere. This immediately implies that W ()2) is 0 at A> < 0. The resulting inverse FT takes the

form:

fovs(0) = K / Pobs(A2)e 2PN A N2 (3.6)

-1
K = (/OO W(V)dﬁ) . (3.7)

Equation 3.6 can be expressed in short as:

where

fovs(0) = f(¢) x R(¢), (3.8)
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where x is a convolution and R(¢) is the RM transfer function (RMTF) — similar to the point spread function,
PSF in aperture synthesis: -
R(¢) = K / W (A2)e 20020 dx2, (3.9)
—0oQ

Equation 3.6 and 3.9 can be approximated as sums under the assumption that 6 \?> < 1 for all channels:

N
fobs = K> popsne 2400 =A0) (3.10)
n=1
N . 2 2
R(¢) = K Y Wye 2¢a=20) (3.11)
n=1

where 7 is the channel.

Brentjens and de Bruyn (2005) introduced an additional derotation term A3 to reduce large phase varia-
tions/rotations within the main beam of the RMTF. For illustration purposes, we will show a few examples
using simulated data. We generated these data by assuming a frequency range between 300 MHz (A = 1.0
m) and 30 GHz (A = 0.01 m). These are sampled equally in A-space (not \?) to give a total of 1000 chan-
nels. The Faraday space, on the other hand, is restricted to 150 rad m~2. Figure 3.1 shows examples of
the RMTF with and without the derotation. Left plots are without derotation A3 = 0 and those on the right
are with derotation — A3 is equal to the mean of A\2. We show results for different wavelength range: 0.01 m
to 0.95 m (first row), 0.3 m to 0.95 m (second), 0.6 m to 0.95 m (third), and 0.8 m to 0.95 m (fourth). The
large phase variations occur at longer wavelengths. Thus, the derotation is only necessary for observations
with narrower bandwidth at longer wavelengths. These rapid phase variations have the potential to prevent

us from accurately determining the polarisation angle (Brentjens and de Bruyn 2005).

3.1.2.1 RM-Clean

The derived fops is “dirty” — it is the true spectrum, f(¢) convolved by the dirty beam, the RMTF. One
way in which the dirty spectrum is deconvolved is by using the technique called RM-Clean (Heald 2009).
The RM-Cleaning procedure is as follows:

1) Identify a peak in | fops| and locate ¢ that corresponds to the peak, hence ¢pea.

2) Multiply the extracted component by gain factor: fops, peak X gain.

3) Store Step 2 as a clean component.

4) Shift and scale the RMTF: fobs peak X gain X R(¢ — Ppeak)

5) Subtract Step 4 from the fops to get the residual, fres.

6) Then repeat Step 1 to 5 using the resulting residual at each iteration until reaching some threshold or a
given total number of iterations.

7) Once the number of iterations/threshold is reached, convolve the clean components by an Gaussian of

width equation to that of the RMTF. The resulting spectrum is the cleaned spectrum.

All the spectra presented in this work are cleaned using this technique, otherwise we explicitly state that the
spectra shown are dirty or undeconvolved.
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Figure 3.1: RMTF at different minimum wavelengths with and without derotation. Left: RMTF at A2 = 0 (without
derotation). Right: RMTF at A} equal to the average of \? (with derotation). Black: Amplitude. Blue: Real part.
Green: Imaginary. The derotation is most needed for narrower bandwidths at longer wavelengths.
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3.1.2.2 Limitations

The wavelength coverage of the observations limits the results from RM-Synthesis. First, the bandwidth
AMN? of the observation determines our resolution in Faraday depth space — the full-width-half-maximum
(FWHM) of the RMTF (Brentjens and de Bruyn 2005; Schnitzeler et al. 2009):

3.8

5 = AOE (3.12)

where A(A\?) = )2

2 « — A2.. In large bandwidths, the resolution is determined predominantly by longer

min*

wavelengths such that § ~ 3.8/)\2... Faraday components separated by a width < §¢ will not be resolved,
and vice versa. Figure 3.2 demonstrates this limitation. A left plot shows two components in Faraday space
located at —75 rad m~2 and —67 rad m~2 respectively and a plot on the right shows a convolution of these
two components by the RM-Cleaned RMTF at three wavelength ranges, namely: 0.01 m - 0.90 m (shown in
green), 0.01 m - 0.70 m (blue) and 0.01 m - 0.50 m (red). These bandwidths result in 5¢ of ~ 5rad m~2, ~ 8
rad m~2 and ~ 15 rad m~2, respectively. These results show the importance of a large bandwidth, especially

the longer wavelengths.
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Figure 3.2: Effects of the bandwidth on the RMTF resolution. Left plot: Two real-valued components situated at —75
rad m~2 and —67 rad m~2. Right plot: Two components convolved with the RM-Cleaned RMTF. The wavelength
ranges show are 0.01 m - 0.90 m (green), 0.01 m - 0.70 m (blue) and 0.01 m - 0.50 m (red). Longer wavelengths and
larger bandwidths are important to obtain a higher resolution in Faraday space.

The second limitation is the maximum Faraday depth we can probe, ¢max. This value depends on the

channel width/spectral resolution, § \?:
1.9
Pmax = 308" (3.13)
The plane of polarisation of the emission with Faraday depths larger than ¢nax rotates rapidly across the

channel, causing the emission to depolarise. Brentjens and de Bruyn (2005) approximated §\? as:

2 2
5a2 = X f” (1 + 1<5") ) (3.14)
v 2\ v,

C
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where v, is the central frequency and dv the channel width. The inner term in the parenthesis is negligible
for high frequencies in which dv < v, so that the term in the outer parenthesis goes to 1. Suppose we
observe at central frequency v, = 300 MHz with a spectral resolution of v = 2 MHz, any emission with
Faraday depths greater than 140 rad m~2 will depolarise by more than 50%. This quantity is generally used
to determine the observable range of Faraday depths.

The third limitation is our sensitivity to extended structures in Faraday space. The sensitivity to Faraday

2

extended structure depends on our shortest wavelength, A7 (our highest frequency):

™

min

A¢ (3.15)

Figure 3.3 shows examples of this limitation for Apiy: 0.01 m, 0.1 m and 0.30 m. These correspond to
A¢ ~ 31500, 320 and 35 rad m~2, respectively. On the left is the input Faraday spectra with resolution 0
rad m 2 (first row) and ~ 5 rad m~2 (second row). We inverse Fourier transformed these input spectra using
Equation 3.1 as follows:

M
Pmodel(\2) = K3 f;e9X° (3.16)
=1

where K is the normalisation constant. We set this constant to 1. Thus, the resulting amplitudes do not have
physical meaning. However, what matters here is the relative amplitudes. We then obtain the output spectra
shown on the right panel of Figure 3.3 by performing RM-Synthesis using Equation 3.10 on ppoegel(A?)
restricted to 0.01 —0.95m, 0.1 —0.95 m and 0.30 — 0.95 m, respectively. Notice that the resolution for these
frequency intervals is relatively similar ~ 5 rad m~2. Therefore, the only factor that is affecting the results is
Amin-

has no width. An extended structure in Faraday space, on the other hand, is depolarised — the amplitude of

For a delta Faraday spectrum, the amplitude is unaffected by the value of Ap;, — since a delta function

the Faraday spectrum is reduced.

Figures 3.4 and 3.5 demonstrate another limitation to RM-Synthesis technique at two different wavelength
ranges. The left column shows the model Faraday spectra, the middle column shows pmodel()\2) obtained
using model spectra (the left column) and the right column shows the Faraday spectra obtained using RM-
Synthesis on pmodel()\z). We show three situations: the top row shows a simple delta Faraday spectrum,
the middle row is a Gaussian Faraday spectrum and the bottom row is a box Faraday spectrum. The input
Faraday spectra are real-valued functions and the output are RM-Cleaned. The bandwidth used in Figure 3.4
is0.02 — 0.3 m (1 - 15 GHz) and in Figure 3.5is 0.3 — 0.42 m (700 — 1000 MHz). In both examples, we did
not apply any derotation, A2 = 0.

For both frequency intervals, a simple Faraday spectrum is well reproduced — the real component equals
the amplitude and the imaginary is zero. The same is true for a Gaussian spectrum except that the imaginary
component is small but not zero. On the other hand, the reconstructed spectrum of a box-function is affected
significantly by the frequency interval. For the 1 to 15 GHz frequency interval, the real component is boxy,
while the imaginary component is non-zero and shows sharp edges. These sharp edges manifest themselves
in the amplitude as “ear-like” structures. The ears become extreme at longer wavelengths (see Figure 3.5).
In some cases, the ears can get so deep that they can easily be mistaken as two separate components.
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Figure 3.3: RM-Synthesis limitation to extended structures in Faraday space. Left: Input Faraday spectra. Right:
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Figure 3.4: RM-Synthesis limitation due to missing A\> < 0 for 0.02—0.3 m wavelength range. No derotation (\> = 0).
Left column: Input Faraday spectrum (real-valued function). Middle column: ppodel(A?) (see Equation 3.16). Right
column: RM-Synthesis and RM-Clean results. Top row: Delta Faraday spectrum. Middle row: Gaussian. Bottom row:
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the box function, this non-zero imaginary component manifests itself as an “ear-like” structure in the amplitude.
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This ear-problem results from the fact that measurements are only made at positive A\? (Frick et al. 2010).
This effect appears particularly for functions with sharp edges such as a top-hat. Therefore, the relatively
smooth functions deconvolve reasonably well. The ear-problem is an ill-posed inverse Fourier transform
problem in which there is an infinite number of Faraday spectrum models that satisfy the measured data,
p(A?). To solve this problem requires that we impose some prior knowledge of the spectrum in Faraday
space, ensuring that we select a unique model from an infinite number of models matching the data. Burn
(1966) assumed that f(¢) is strictly real so that p(\?) is Hermitian. This assumption is far from being an
accurate representation of the sky — f(¢) is complex. Frick et al. (2010) proposed a method for predicting
measurements in A2 < 0 by assuming that f(¢) is symmetric about a peak of interest, ¢g. Thus, p(A? < 0) is
chosen to ensure this symmetry. The drawback of this method is its locality — it ignores the rest of the Faraday
spectrum structures. However, the author introduced wavelets to solve for each peak locally and separately,
see Frick et al. (2010), for details. So far, there has not been a satisfactory solution to this problem and it
still researched by the community. However, as we have already demonstrated, this effect is less significant
at high-frequency intervals. For this reason, we argue that the observations used in this dissertation (using
2 — 12 GHz) are unlikely to be unaffected by this limitation, while observations with telescopes such as the
MeerKAT (900 — 1670 MHz) and ASKAP (700 — 1800 MHz) need to factor this issue into their spectrum
analysis. Moreover, there is good evidence that the problem has minimal effect on the presented data, as the

observed Faraday spectral structures are not of the type which has been shown to cause problems.

3.1.3 Faraday Structure

Faraday situations are generally classified as Faraday-simple or Faraday-complex depending on the nature
of f(¢) as a function of ¢, p(\?) as a function of A2, and 1/(\?) as a function of A\? (Anderson et al. 2016).
For example, a Faraday-simple source is a delta function in Faraday space, and Faraday-complex source has
a spread (or width) in Faraday depth space.

3.1.3.1 Faraday-Simple

In a most straightforward physical situation of a single, purely synchrotron polarised source situated
behind or embedded within a uniformly magnetised plasma, the complex polarised emission takes the form
described by Equation 3.3. Note that for this situation, ¢ = RM. Nevertheless, to define the Faraday
spectrum, we will use ¢ rather than RM.

If we suppose that a uniform screen has Faraday depth of ¢, the observed Faraday spectrum is simply
a delta function with amplitude |f(¢)| = |po|6(é — ¢o). The observed p(\?) is unchanged by the screen,
while the observed 1) will vary linearly with A\?. We demonstrated this in the top row of Figure 3.4 and 3.5.
The resolution of RMTF sets a limit to the observed Faraday spectrum (right plot) — the width of the RMTF
being ~ 45 rad m~2 in both cases.

Suppose there are two or more consecutive Faraday rotating screens along the lines-of-sight without any
intervening polarised emission and single background polarised source. In that case, the resulting Faraday

depths will be the sum of the individual Faraday depths: ¢ = ¢; +¢2+. ... The resulting Faraday spectrum,
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Figure 3.5: RM-Synthesis limitation due to missing A\*> < 0 for 0.3 — 0.42 m wavelength range. The simulation is
similar to Figure 3.4 but for a different wavelength range. The real and imaginary components vary noticeably across
the main beam and the ear-like structures are extreme — and likely to be misinterpreted as separate Faraday components.

39



f(#), will remain a delta function and the fractional polarisation, p(A\?), will remain constant across A? and
the observed 1 will vary linearly with A\?. Thus, it will not be possible to distinguish a single screen situation

from a presence multiple screens situation (without intervening polarised emission).

3.1.3.2 Faraday-Complex: Multiple-Screens

When there is an intervening polarised emission between the multiple Faraday rotating screens, the situ-
ation becomes Faraday complex. The resulting Faraday spectrum will take the form:

F(®) = fo(o) + fr(dn) + f(d2) + -+ fs(ds), (3.17)

where f; is a source furthest from the observer and fg is the closest, and ¢ denotes ¢ + ¢1 + o + - - - + ¢g,
é1is ¢1 + P2+ - - - + ¢ and so forth. The resulting f (¢) is the sum of the delta functions peaking at b0, 1,
... ¢g. Figure 3.6 shows an example of this situation. The left plot is the input Faraday spectrum consisting
of three polarised emissions at different Faraday depths. The middle plot is p()\?) obtained by taking the
Fourier transform of the input spectrum using Equation 3.16. The right plot is the output Faraday spectrum
for wavelengths ranging between 0.02 m and 0.3 m. The fractional polarisation is a complicated function of
A2. The three components are resolved in Faraday space for this wavelength range observation. This plot
demonstrates the importance of the results from RM-Synthesis: they allow a simple and more practical way
to determine the structure and strength of the emission, particularly when the emissions are resolved. On
the other hand, the emission as seen in wavelength-space lets us know that components are beating against
each other. Also, since there is no global decrease in fractional polarisation with increasing wavelength, the

individual emission components involved are Faraday simple (not extended in Faraday space).
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Figure 3.6: Polarisation structure from multiple Faraday rotating screens with intervening polarised emission. Left
plot: Input Faraday spectrum. Middle plot: pmogei(A?) (see Equation 3.16). Right plot: The “observed” RM-Cleaned
Faraday spectrum for observing wavelength range of 0.02 m - 0.3 m, with A2 = 0. The fractional polarisation is a
complicated function of A\2. For this wavelength-range, the multiple screens are resolved.
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3.1.3.3 Faraday-Complex: Intermixed Gases

Ionised gas can also mix with polarised emissions. The process by which this can occur is still not well-
known or understood. For example, Bicknell et al. (1990) proposed a mixing in the lobes of Cygnus A due
to Kelvin-Helmholtz instabilities at the contact surface layer between the lobes and the external cluster gas.
Another proposed process for the mixing of gases is when the material coming from the AGN moving along
the jet already contain a mixture of thermal gas and radio-loud relativistic gas. Assuming that gases have
mixed within some volume, we would expect different physical depths of the emission region to undergo
different Faraday rotation, hence “differential rotation”. In the presence of uniform magnetic fields within
a uniform slab-like emission region, Burn (1966) showed that the observed fractional polarisation will take

the form:

: 2
p(A?) = po €*¥" Slzqﬁ;)\ e 740N,
0

where ¢ is the Faraday depth from a layer closest to us (as the emission exits the mixed region). This

(3.18)

situation is generally referred to as a uniform “Burn-slab”. Figure 3.7 shows one realisation of this model:
¢o is 50 rad m~2 and v is 7 /3.
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Figure 3.7: Internally mixed region of thermal and synchrotron emitting gas in the presence of uniform magnetic fields.
Left plot: p(\?) obtained using Equation 3.18 for wavelength ranges between 0.01 m and 1.0 m. Middle plot: The
p(A\?) extracted between 0.02 m and 0.3 m. Right plot: Faraday spectrum of p(\?) for 0.02—0.3 m range. No derotation
A2 = 0 was applied. Ideally, the Faraday spectrum should resemble a box-function but instead, we see ear-like structure
described in Section 3.1.2.2.

It is also possible that the intermixed gas consists of both the uniform and random magnetic fields. In this
situation, differential Faraday rotation will occur due to both the uniform and random fields. Burn (1966)
derived an analytical expression for describing this phenomenon and showed that the fractional polarisation

assuming that the source is a uniform-slab (see also Sokoloff et al. 1998):
. 1—e "
p(N?) = poe*° (6 ) : (3.19)
n

where ) = 202\* — 2ig)\?, ¢y is the Faraday depth due to the source’s mean magnetic field and oy is the
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dispersion in the Faraday depths from randomly oriented cells of magnetised thermal gas:
oo =812n9BydVN  [radm~2], (3.20)

where ny is the electron density of the cell [cm 3], By is the magnetic field of the cell [pG] and N = L/d is
the number of turbulent cells of size d [kpc] lying along the path length L.

This “random magnetic field” is modelled in terms of cells of uniform electron density and magnetic field
strength, but random field direction — similar to a random walk problem. The resulting Gaussian distribution
has a mean of zero and a non-zero dispersion, og. This formulation of a Gaussian random field is used
extensively in the literature. However, it does not provide the best physical picture as described in Section
2.2.7.2 (see also Equation 2.24).

The behavior of the function in Equation 3.19 depends on the ratio of the real (o(-term) and imaginary
(the ¢p-term) parts. The two limiting cases are of interest:

* The real part dominates: 63\? >> ¢o. There is no rotation in the plane of the polarisation and the
resulting emission is highly depolarised: p — poog 2\,
» The imaginary part dominates: o3\? < ¢. In this case, the depolarising effect of the fluctuations is

negligible and the fractional polarisation behaves like a uniform Burn-slab: p — pg sin ¢gA? /A2,

Figure 3.8 shows an example of this situation. The values of p(\?) and the corresponding Faraday spec-
trum for situations whereby both o and ¢ are important (top row) and also where oy-term (random com-
ponent) dominates (middle row), and ¢g (uniform component) dominates (bottom row). For regions where
neither dominates, we would expect a complicated (less defined) Faraday spectrum. This represent a more
realistic situation than the two extreme limits. See Burn (1966) and Sokoloff et al. (1998) for other model
approximations such as a spherically mixed emission region, symmetry and asymmetry configurations, as

well as non-uniformities.

3.1.3.4 Faraday-Complex: Spatially Unresolved Fluctuations

In real-life, the observing instruments have limited spatial resolution. Thus, sometimes the resolution
beam may not be sufficient to resolve transverse fluctuations in the magnetic fields/electron density within
the Faraday rotating gas. In such situations, the beam will encompass multiple polarised vectors, which will
beat against each other. Thus, the resultant polarised emission will be the average of all the vectors within
the beam. We refer to this situation as an ’artificial’ Faraday-complexity or beam depolarisation since the
occurrence of complexity results from the limitation of our instrument, not lines-of-sight effect as in Section
3.1.3.1.

Consider two adjacent screens, both within the same resolution element of the telescope. We de-
note the polarised fluxes, total fluxes and Faraday depths of the two adjacent screens by Py, I1, ¢ and
Py, I, ¢o, respectively. The total flux within the beam is I = I; + I,. The Faraday spectrum is
f(®) = (P1o(¢p — é1) + P2d(¢p — ¢2))/I — the two adjacent screens provide two separate spectral com-
ponents, with strengths proportional to the polarised flux in each. The observed fractional polarisation flux
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Figure 3.8: Internally mixed region of thermal and synchrotron emitting gas in the presence of both uniform and random
magnetic fields. Left column: p(A\?) for wavelength range 0.01 — 1 m. Middle column: p(\?) restricted to 0.02 — 0.3
m. Right column: Faraday spectra of the restricted p(A?). We show different realisations obtained using Equation 3.19
for different values of o and ¢y. Top row: Both random and uniform fields are important (o = 10 and ¢y = 100 rad
m~2). Middle row: Random fields dominate (0o = 10 and ¢y = 10 rad m~2). Bottom row: Uniform fields dominate
(00 = 0.1 and ¢g = 100 rad m~2). Uniform fields results in oscillatory structure in p(A\?) and ear-like structure in the
Faraday spectra. Random magnetic fields result in smooth decaying p(A\?) and Gaussian Faraday spectra.
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is:

p = (PN 4 Pye?io22y /T (3.21)

that represents an oscillating function with amplitude:

p = /P + 2Pi Py cos(28¢)2) + P3/I (3.22)

where A¢ is the difference in the Faraday depth of the two patches. The Fourier transform has two separated
components beating in the polarised emission. Identifying the two components is possible if their separation
A¢ is greater than the resolution in Faraday space. In general, there could be M number of screens across
the resolution beam and the polarised vector takes the form:

M
p(N?) =D Pyt vos X L, (3.23)
J
where P, ; and v ; are the polarised intensity and intrinsic polarisation angle of an jth component within
the beam.
Figure 3.6 illustrates beam depolarisation for a situation with three polarised components within the beam.
As we have already noted earlier, the resulting p(\?) becomes a complicated function of A\?. For multiple
screens within the beam, p(\?) can be approximated to a well-known function, depending on the distribution
of ¢ within the beam. Supposing that there are linear gradients across the beam, with a slope in Faraday depth
of Ap/D:

¢ = o+ A¢(z/D), (3.24)

where ¢ at the centre of the beam and D is the FWHM of the beam. First, we assume a square beam, such
that:

1/D, if-D/2 <z < D/2.
w(z) = (3.25)
0, otherwise.
The observed fractional polarisation will the take the form:
D/2
pO2) = po ezwo% / 2060\ 2iA(z/D)N? g
-D/2
- , in(ApA?
— poein e ST (3.26)

In this scenario, the fractional polarisation is a decaying oscillatory function. The Faraday spectrum will
be a top-hat function whose width is the span of the Faraday depths, A¢ across the square beam. Note that
due to the limitation of RM-Synthesis we described above, the Faraday spectrum will consist of “ears” rather
than a perfect top-hat function. The polarisation behaviour will be similar to that of Burn-slab in the presence
of uniform magnetic fields shown in Figure 3.7.

The synthesised beam in real telescopes is approximately Gaussian. Thus, considering the same Faraday
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depth distribution, such as a uniform gradient, but now distributed across a Gaussian beam of FWHM ~ D,
such that opwpm = D/2v/21n 2:

w(z) = — , (3.27)
the observed fractional polarisation will be:
1 [e.9]
p(A2) = Doe2ito g2idoN? Nty / o—4In2(22/D?) 2iAd(x/ D)2 g,
—0c0
_ pOein()eQiqﬁo)\Qe—Aqﬁ)\‘l/ln2. (3.28)

The corresponding Faraday spectrum is a Gaussian with a width proportional to Faraday depths’ spread
within the beam.

It can also happen that the magnetic field structure within the beam is non-uniform. Such situations
are difficult to model. An extreme situation is that of unresolved random fluctuations. Various authors
(such as Sokoloff et al. 1998; Tribble 1991; Burn 1966; Gardner and Whiteoak 1966) have modelled this
depolarisation mechanism by assuming the foreground medium comprises of unresolved, randomly oriented
cells; with each cell having a constant electron density, n;, and constant magnetic field strength, B;, but

random magnetic field direction. The observed fractional polarisation, in this case, is given by:

p()\2) — poe2io e2i<z>>\2€—2a,?>\47 (3.29)

where oy is the dispersion with the same representation as Equation 3.20.

3.2 Complex Faraday Rotations

It is also possible that the situation is a bit more complicated than those described in Section 3.1.3. Real
observations already reveal the presence of complex polarisation structures and Faraday rotations (see for
example O’Sullivan et al. 2012; Anderson et al. 2016; Van Eck et al. 2017; Ma et al. 2019; Wolleben et
al. 2019; Riseley et al. 2020; Sebokolodi et al. 2020; Stuardi et al. 2020). We do not, however, have a
mathematical formulation for complex situations. In this section, we consider a few examples to demonstrate
such situations. For example, there are likely multiple emission regions (with or without mixing) along the
lines-of-sight. These regions may consist of very different Faraday rotation structures.

Figure 3.9 shows a few examples. The left column shows the input Faraday spectra, middle column the
fractional polarisation pmogel (\?) and right column the output Faraday spectra. The wavelengths are sampled
between 0.02 — 0.3 m, without derotation. The output spectra are RM-Cleaned. The top row shows three
emission regions along a line-of-sight with similar Faraday depth distribution; the random magnetic fields.
The second row shows a similar situation but for uniform fields. Note that the number of emission regions

is unlimited. Thus, using three emission regions was mainly for illustration purposes. Additionally, the
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emission distribution itself need not be Gaussian nor box-like.

The behaviour of p(A?) is complicated for both cases. Nevertheless, the global decay of the fractional
polarisation with increasing wavelength indicates that the components involved are extended in Faraday
space. Besides this point, very little can be said about the data based on the fractional polarisation. This is a
situation where RM-Synthesis comes in handy — since it reveals to us the different emission regions across
the Faraday-space. Thus, it is advisable to use the information from these two spaces: A\?-space and ¢-space

to derive a physical picture.
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Figure 3.9: Complicated polarisation structures resulting from multiple Faraday rotating and depolarising regions with
intervening polarisation emission regions. Left column: Simulated input Faraday spectra. Middle column: pmoge(A?)
obtained from Equation 3.16. Right column: RM-Synthesis output Faraday spectra for pmogel(A\?). The wavelength
range used is from 0.02 m to 0.3 m, without derotation. Top row: Multiple random depolarising screens. Bottom row:
Multiple uniformly depolarising screens. The behaviour of p(A\?) is complicated.

The models considered in Figure 3.9 are still limited: they inherently assume Gaussianity and uniformity
and uncorrelated spatial structures in the magnetic fields. Studies of the diffuse emission from Galactic ISM
(Armstrong et al. 1995; Haverkorn et al. 2008; Hollins et al. 2017) already reveal non-Gaussianity and spatial
correlations in the ISM magnetic fields.

Basu et al. (2019) considered a “more realistic” case by incorporating both spatial correlations and non-
Gaussianity of the field and electron density distribution. They generated these synthetic data using MHD
simulations, which assumes an isothermal, transonic and compressible turbulent plasma. Furthermore, the
plasma is assumed to consist of both synchrotron emitting gas and thermal magnetised gas — there is internal
depolarisation (see Section 3.1.3.3). Figure 3.10 shows an example of the total synchrotron emissivity (left)
and intensity (right) at 1 GHz from these simulations. The z-axis is the direction of our line-of-sight. The
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emissivity was integrated along this direction to obtain synchrotron intensity for each pixel in the 2D plane.

Figure 3.10: MHD simulated synchrotron emissivity and intensity at 1 GHz. Left: Total synchrotron emissivity. Right:
Synchrotron intensity integrated along the z-axis. Image Credit: Basu et al. (2019)

The synthetic polarisation data were extracted assuming mock observations with a frequency range be-
tween 0.5 GHz (0.6 m) and 6 GHz (0.05 m) split into 500 frequency planes — resulting in Faraday depth
resolution of 10 rad m~2. Figure 3.11 shows the result of the spatially correlated, non-Gaussian magnetic
field and electron density MHD simulation, which is a realistic situation. The Faraday spectra from a realistic
situation are very complicated. We would expect to see such complexity in the real-life data provided that we
have enough resolution in Faraday space. Seeing such complexities indicates the presence of very complex
magnetic field structures and electron density distributions.
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Figure 3.11: Example Faraday spectrum from MHD simulations. The simulations incorporate non-Gaussian, spatially
correlated magnetic fields and electron density. Right: A zoomed version of the left plot. Red: RM-Clean compo-
nents. Black solid: Convolved RM-Cleaned spectrum. Blue dots: Faraday spectrum model extracted directly from the
polarisation cubes. Black dots: Binned version of blue dots. Image credit: Basu et al. (2019)

Although the above examples describe the situation for the lines-of-sight effect, the same complexities
can occur due to beam depolarisation. Even worse, the two can occur at once: the lines-of-sight effect
combined with spatially unresolved fluctuations. The spectrum from RM-Synthesis including p(A?) cannot
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distinguish these two possibilities (internal/external). Moreover, the spectrum contains no information on the
location of the emission regions, let alone the order of occurrence along the lines-of-sight. Therefore, these
measurements must be complemented with other external information to describe the physics at play.
However, these extremely complicated scenarios shown above likely do not apply to Cygnus A or Hydra
A. They are relevant to (for example) galactic plane emission, which is truly messy. Cygnus A and Hydra A
are isolated systems, where we believe (for the most part) that the emission and rotation are taking place in

different physical regions.

3.3 Linear-Fitting to Polarisation Angle

Until now, we have only focused on the amplitude of the fractional polarisation and nothing on polari-
sation angle /(). During Faraday rotation, the plane of polarisation rotates according to equation Equation
3.30.

P = by + RMN?, (3.30)

where 1) is the source (intrinsic) polarisation angle.

By measuring 1 at two or more frequencies, it is possible to estimate g and RM — the former is the
y-intercept and the latter is the slope. The estimate of RM combined with measurements of n. from X-ray
observations allows us to estimate the strength of the line-of-sight magnetic field using Equation 2.23.

One challenge with this approach is called the nm-ambiguity problem. The solution to Equation 2.12
takes the form:

Y=Y xkn (3.31)

where k is a positive integer. Polarisation angle itself is a pseudo-vector that lies between 0 < ¥ < .
However, ) may experience many turns between successive frequencies. Therefore, proper care is needed
to avoid erroneous fit estimates. The n7-ambiguity is generally dealt with by observing with very closely
spaced frequencies, so that (Ruzmaikin and Sokoloff 1979):

s

A2 — )\ .
A2 1‘<2RM

(3.32)

For example, suppose we observe at two wavelengths: A\; = 0.075 m and Ay = 0.06 m, the observed
RM must not exceed 1330 rad m~2. Otherwise 1/ will experience multiple turns — thus, requiring even more
closer frequencies. For example, the sky RM of 37543 compact polarised sources shown in Figure 2.5 were
obtained by fitting a linear model in Equation 3.30 to two VLA frequency measurements: 1364.9 MHz and
1435.1 MHz (Taylor et al. 2009). RM < 680 rad m 2 can be determined accurately without nm-ambiguities.

A second major challenge is that for Faraday complex situations where 1/(A?) may vary non-linearly with
A2, Previous studies had often assumed linearity, however, the new high spectral resolution and wideband
observations are beginning to reveal departures from this linear behaviour, for example, Figure 10 and 13 of
O’Sullivan et al. (2012) and see Anderson et al. (2016).
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3.4 Direct QU-Fitting to Stokes Q and U

Direct QU-fitting is a technique for fitting well-defined analytical models such as those defined in section
3.1.3 directly to the observed Stokes Q and U, simultaneously. The fitting is usually done in A\?-space (for ex-
ample, O’Sullivan et al. 2012; O’Sullivan et al. 2013; Anderson et al. 2018; Pasetto et al. 2018; Kaczmarek
et al. 2018; Knuettel et al. 2019; Schnitzeler et al. 2019; Ma et al. 2019) and less often in Faraday-space
(Anderson et al. 2016). The advantage of QU-fitting is that it is parametric and considers the uncertainties in
the measurements. More importantly, the results are much easier to interpret since a fitted model describes
a specific physical situation. However, the latter is also a disadvantage since our analytical models are gen-
erally very simplified, are approximations (Gaussianity and uniformity) and are not suitable for describing
complicated physical situations (real-life). For this reason, a common practice for characterising real data is
by linearly combining different models (O’Sullivan et al. 2012; Anderson et al. 2015). A problem with this
practice is that we may over-fit the data under the disguise of a “best model”. Therefore, model selection
criteria such as the Bayesian information criterion (BIC) and Akaike information criterion (AIC) are often
used to choose the best model. These criteria take the complexity of the dimensionality model into account.

Compared to other Faraday rotation analysis techniques (for example, RM-Synthesis, linear fitting), QU-
fitting is shown to characterise polarisation structures better. Sun et al. (2015) found that the different tech-
niques, in general, can characterise a simple single Faraday screen— as we would expect — since the Faraday
spectrum is a single peak, and p()\?) is constant across A\? and 1)(\?) varies linearly with \2. QU-fitting
outperforms all the other techniques for Faraday complex models, such as two Faraday rotating screens, par-
ticularly, when the two components are unresolved in Faraday space. For example, RM-Synthesis often fails
to recognise two unresolved Faraday components (Sun et al. 2015; Miyashita 2019). Sun et al. (2015) also
found that when the two components are largely separated in Faraday space, the curves of g(\?) and u(\?)
are very similar across the bandwidth (1100 - 1400 MHz). As such, many realisations can {fit the data. At this
point, QU-fitting is unable to derive unique physical properties of the input model. Miyashita (2019) pointed
out this same issue for 700 - 1800 MHz bandwidth — but to a lesser extent (20% probability). With larger
bandwidths, this issue may be less problematic.

QU-fitting forms a significant part of this dissertation. For this, we will briefly demonstrate its capability
as it pertains to our wavelength coverage of 2 - 12 GHz for simple analytical models. The QU-fitting provides

a proper way to map the possible physical situation.

3.4.1 Modelling Procedure

3.4.1.1 Basic Definitions: Probability Theory

This section gives brief definitions of probability theory, primarily the notations used to represent different
types of probabilities. Most of the material in this section was taken from the *Towards data science’ website
!, There are three types of probabilities, namely, the marginal, joint, and conditional probability. Marginal
probability defines a probability of an event happening and is denoted by P(A), where “A” is an event. For

!https://towardsdatascience.com/

49



example, when throwing a fair die (fair means all sides have equal probabilities), the probability of finding a
“4” (A = 4), for example, is 1/6.

On the other hand, the joint probability describes a probability for an event “A” to occur together with

event “B”. The joint probability is denoted as P(ANB) or P(A, B). The Nor comma denotes an intersection

“and”). Consider, for example, playing cards: each card is described by both a colour (black/red) and a
number (2 to 10) or four alphabetic symbols. One may ask what the probability of picking a black-coloured
card with a number 6? In this case, black and 6 are two events such that P (black, 6). There are 52 playing
cards of which 26 are red and 26 are black, and of this only 2 have a number 6 (a spade and a club), thus,
P(black,6) = 2/52. Had we asked the question differently such as P (6, black) the answer would still be
the same because the joint probability is commutative: P(A, B) = P(B, A). The joint probability is also
associative: P(A, B,C) = P([A, B],C) = P(A, B, C]), where C is another event.

Events can be dependent or independent. The above example represents a case where the events are
dependent. An example of independent events is that of rolling two fair dice, the probability of finding any
number (say 4) on one dice is not dependent/affected by the result of the other dice. In this situation, the joint
probability is a product of the individual marginal probabilities: P(A, B) = P(A)P(B). So the probability
of finding a “4” on both dice is 1/6 x 1/6.

A conditional probability is a probability of an event (say A) occurring after one has already occurred (say
B) and is denoted by P(A|B). The conditional probability is somewhat similar to joint probability except
that one event has already taken place. For example, from the playing cards example above, we can assume
that we already know that the card is black (event B has occurred) and then we ask what is 7P(6|black)? In
this case, we no longer consider all the 52 cards but rather only 26 that are black and we find that of this 26
only two have a number 6 giving us P(6|black) = 2/26.

These three types of probabilities can be related using a multiplication rule as follows:

P(A,B)
AB)= ———. 3.33
For a playing cards example, P(black,6) = 2/52 and P(black) = 26/52, which results in

P(6|black) = 2/52 x 52/26 = 2/26. Similar to Equation 3.33, P(B|A) = P(B,A)/P(A) and since

the joint probability is commutative we find that:

P(BJ|A)P(A)

PAIB) = =5

(3.34)

Equation 3.34 is what is known as the Bayes’ theorem. The marginal 77(B) can be obtained from a joint
probability P(B, A) through a process called marginalising, which sums over a variable of no interest, which

happens to be A in our example:

P(B)=> P(B,A) =) _P(B|A)P(A). (3.35)
A A

Equation 3.35 describes a situation for a discrete random variable. The term within the sum is called the

probability mass function. When we assume that A and B are continuous random variables, a similar relation
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is obtained:

P(B) = /A P(B, A)dA — /A P(B|A)P(A) dA. (3.36)

The function P(B, A) is now called the probability density function.

3.4.1.2 Bayesian Inference

Bayesian inference is a method that uses Bayes’ theorem. These methods are generally concerned with
estimating a model’s parameter values and selecting the best model for the given data. To estimate parameter

values of a hypothesis (or model), H, the Bayes’ theorem takes the form:

P(D|O)P(©)

P(OID) = = 5hr

(3.37)

where © denotes a set of parameters, D are the data, and P(©|D) is the probability of © given D — and is
normally referred to as the posterior probability. P(D|O) is the probability of observing D given © and is
equal to £L(©|D) — the likelihood of © given D, and P(©) the prior probability and P(D) is the evidence
(often denoted as Z). The Z is the marginalised probability over © (for example, Equation 3.36):

Z- /E(@\D)P(@) iXe, (3.38)

where K is the dimensionality of the parameter space. The role of the Z is to normalise the posterior prob-
ability — such that the area under the posterior is unity. The way in which Z is computed is described in
section 3.4.1.3.

A prior probability is a probability distribution incorporating a piece of information known before the
current experiment. This prior knowledge may come from various sources such as a personal experience and
the current knowledge in the field. As such, the prior probability distribution may take any form depending
on how confident one is about the best ©, from now on ©p,,x. For example, if we are entirely sure about the
best fitting parameters, a prior distribution to use would be a delta function centred on ©n.x and peak given by
P(Omax ). However, that is generally never the case; instead, if Onax is known, it is usually within a margin of
error. Thus, the prior distribution is best chosen as a function of some width, for example, a Gaussian or box
function of some width, og. The difference between these two example prior distributions is the probability
given to each parameter value. For example, for Gaussian prior distribution, the parameter values closest to
the mean have higher probability than those further away from the mean, while for a box prior distribution,
all the parameter values within the range defined by the box are equally probable. However, what matters
most is that the parameter interval mapped by the prior distribution includes the parameters of the largest
likelihood. The process of choosing the maximum posterior is iterative and in each step, the Bayes’ theorem
narrows the posterior until it converges to the correct parameters.

For parameter estimation problems, Z is a constant since it is not dependent on ©. As a result, Equation
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3.37 reduces to:

P(6|D) x L(O|D)P(O). (3.39)

Parameter values are sometimes estimated using the Maximum Likelihood Estimate (MLE). MLE
searches for a set of parameters, say © = {61, 02, ... } of H, that maximises £. Bayesian inference approach,
on the other hand, uses the Maximum A Posterior (MAP) for estimating parameter values by incorporating
priors in finding the global peak in the posterior. In this dissertation, we use MAP for parameter estima-
tion. The advantage of using the MAP Bayesian approach over MLE is that it takes into account any prior
information, which improves the convergences to a global maximum likelihood.

To obtain MLE, let us assume that the data, D = {1, z2,...,zy}, are generated from a Gaussian
random process defined by the mean, 1, and the standard deviation, o. Such that the likelihood for a single
data point, x; takes the form:

1 (z1 — M)2>
Llp,o;21) = ex < . 3.40
(:U‘ 1) O'\/% p 252 ( )

The likelihood for N data points will then be £(u, 0;x1, x9,...,2y). To simplify this rather compli-
cated joint probability, an assumption of independence is made — the data are generated independently from
random Gaussian distribution. In this case, the likelihood will simply be a product of the individual marginal

probabilities:

L(p, o521, 22,...) = ! exp((ac1 —_ M>2> X a\}ﬂeXP((mz — ,u)2) X ... (3.41)

o2 202 202

Equation 3.41 can then we simplified by taking natural logarithm:

1 (z1 — p)? 1 (2 — p)?
In L, 0021, 29, ... ) = - - 3.42
n (/J“ 0;T1,X2 ) oo 252 + o/ 202 + ( )

From Equation 3.42 the parameters ;. and o that maximise the likelihood are solved for by taking
OlnL/op=0and 0lnL/do = 0.

To obtain MAP, the same approach is followed except that now we find the maximum of £(©|D)P(O).
From the MAP, we can then derive the mode, mean, median, standard deviation, covariances.

For best model selection, the Z becomes important. The Z is the average likelihood of a hypothesis
over its prior parameter space (Mackay 2003; Gregory 2005). As a result, the evidence can be used to assign
probabilities to different hypotheses. A measure of relative Z will allow us to select a best model. For
example, suppose we have two hypotheses, say H; and Ho, the relative probabilities can be obtained by
taking the ratio of their posteriors as follows:

P(H1|D) P(D|H1)P(H1)

BF12 = P(H,|D) ~ P(D|Hy)P(Hs) (343)

where BF is the Bayes factor. The notation is reversed since we are now investigating the probability of H
given D. The ratio of the priors P(H;)/P(Hz2) is often equated to 1 to show that there is no preference to
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the priors for one hypothesis over the other. Equation 3.43 becomes:

P(Hi|D) P(D|H1) 2

BFyy = — el
27 Pp(H,D) ~ P(D|H) 2,

(3.44)

An important characteristic of the Z is that it obeys Occam’s razor theorem which states that a simple
model (one with few parameters) will have a large Z compared to a complicated model (large number of
parameters), unless the latter explains the data significantly better. Thus, if a hypothesis has a large Z it is

preferred over the other. The BF is often expressed in terms of natural logarithm:
InBFi3 =1n Z; — In Z,. (3.45)

Table 3.1 shows the selection criterion using BF for discriminating against two hypotheses (Kass and
Raftery 1995).

Table 3.1: Model selection criterion using BF as derived by Kass and Raftery (1995)

InBF15 | BFq2 Evidence against hypothesis 2

0-1 1-3 Weak
1-3 3—20 Positive
3—-5 20 — 150 | Strong

> 5 > 150 Very strong

3.4.1.3 The Evidence via Nested Sampling

Computing the Z in Equation 3.38 can be very computationally intensive, especially for high dimensional
parameter space. Current methods for evaluating the Z include: thermodynamic integration, nested sampling
(Skilling 2004) and Savage-Dickey density ratio (Trotta 2007). Of these three methods, nested sampling has
been shown to be efficient in that it requires fewer posterior evaluations (Mukherjee et al. 2006). An extension
to the original nested sampling technique was made by Shaw et al. (2007) and Feroz and Hobson (2008) to
handle multimodal posteriors.

For consistency with the common literature, we let £L(©|D) = £(©) and P(©) = II(©), such that
Equation 3.38 becomes:

z- / £(©)TI(0) 56, (3.46)

Nested sampling method resolves a multi-dimensional problem by converting Equation 3.46 to a 1-

dimensional problem. It does this by defining a prior volume, V(s):

V(s) = / 11(0) d¥e. (3.47)
L(O)>¢
This prior volume contains all prior combinations whose £(©) > ¢. The volume is enclosed by an
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iso-likelihood contour £(0) = <. Equation 3.46 reduces to a 1D integral:

1
z- / LONTI(V) dV. (3.48)
0
The prior volume is sequence of decreasing values: {Vy, Vs, ..., Vs }, such that:
Vo=1>V1 >Vy...Vy > 0. (3.49)

The likelihood, on the other hand, decreases monotonically as a function of V (Feroz and Hobson 2008)
so that £(V;+1) > L(V;). Figure 3.12 demonstrates this point better (Feroz and Hobson 2008). On the left
is an example of a 2D posterior with iso-likelihood contours and on the right is the transformed £(V;). Note

that from here onwards we will use £; to denote L(V;).

L

X

0 X, XA e X, 1

Figure 3.12: Cartoon demonstrating a relationship between the likelihood and prior volume. Left: 2D posterior
showing four iso-likelihood regions as contours. Right: Transformed £(V;) . Image credit: Feroz and Hobson (2008).

The Z is then the weighted sum of all the £;:
M
Z =" L, (3.50)
i=1
where w; is the weight defined according to the trapesium rule as:

1
w; = §<Vi_1 — Vi—i-l)' (3.51)

The sum is done iteratively until reaching a specified Z precision. To begin with the process, the counter,
i, is set to 0 and a total of /N number of active points are drawn (or sampled) from the entire prior range I1(O).
This sampled prior volume corresponds to V. The likelihood of all the active points are then evaluated and
ordered. The smallest likelihood, Ly is then removed from the active sample and is placed in an inactive
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sample and is replaced by a randomly generated data point whose £ > Ly. It can be seen that in each
iteration, the prior volume is continually reduced while only the largest likelihoods are selected. This process
is repeated until the entire prior volume is transversed (Feroz and Hobson 2008). Details on how the data
points during the replacement are done efficiently can be found in Feroz and Hobson (2008) and references

therein.

3.4.1.4 PyQUfit

We use MULTINEST for modelling our data (Feroz and Hobson 2008; Feroz et al. 2009). MULTINEST
is a Bayesian inference that employs a nested sampling technique for computing the Z and also provides
the maximum likelihood estimate (hence, the parameters) as a by-product. We used a python version of
MULTINEST called pyMULTINEST (Buchner et al. 2014). We developed a more user-friendly and ready-
to-use software package called PyQUfit? for fitting. PyQUfit inputs Stokes Q and U, frequency and noise
text file. It then pre-processes the data, executes pyMULTINEST and outputs the best fitting parameters and
other fitting statistics.

For our modelling, we assume a Gaussian probability density function for our likelihood function:

exp —
2 2
Ou;0q; 204, 20,

oo ﬁ 1 —(qi — Qmod,i)2 —(ui — UmOdvi)2 (3.52)
=1

where ¢; and u; are the data points, ¢med,; and umeq,; are model data.

For prior distributions, we chose uniform distribution. The intrinsic source polarisation prior is ranged
between [0, 1], polarisation angle [—7 /2, 7/2] radians, Faraday depth between [—1500, 1500] rad m~2 and
Faraday dispersion and RM gradient [0, 300] rad m—2.

To qualitatively determine whether a model fits the data well or not, we use the reduced chi-square, 2
of the fit:

x?le_k Z(q_qi)Q, (3.53)

7 Og;
where N is the number of data points and k is the number of free parameters. When x?2 close to 1, the fitting
is considered good, x2 >> 1 a “bad fit” and x? < 1 an overfit. The x2 values that we report are the average
of XZ and x?2 of Stokes ¢ and u, respectively. We do note that a reduced chi-square is not always optimal
for non-linear problems (Andrae et al. 2010). Also, the value of x?2 is in itself subject to the noise. Thus, in

addition to using 2, we will also evaluate the fits by eye to ensure that the results are consistent.

3.4.2 Simulated Data

We consider a mock observation covering a frequency bandwidth between 2 and 12 GHz. The frequency
range choice is motivated by our real observation data presented in this dissertation for Cygnus A is 2 - 18
GHz and Hydra A is 2 - 12 GHz. We sampled frequencies between 2 - 3 GHz in steps of 4 MHz bandwidth
channels, 3 - 8 GHz in 16 MHz and 8 - 12 GHz in 64 MHz — resulting in a total of 626 frequency planes. At

*https://github.com/Sebokolodi/PyQUfit
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this bandwidth, the RMTF resolution is ~ 180 rad m~2, minimum \? of 6 x 10~* m? gives A¢ = 5000 rad
m~2 and spectral resolution of 4 MHz at 2 GHz gives ¢max = £20000 rad m~2.

For modelling purposes, we restrict the RM between 1200 rad m~2, polarisation angle between 47 /2
and fractional polarisation between 0 and 1. We generate Stokes I using Equation 2.7, with vy = 2 GHz, I
at this frequency to be 0.2 Jy pixel ~! and v is the above 626 frequency planes. To make the simulation seem
realistic, we added the noise, Ny, to I. The noise is generated randomly over a normal distribution with the
mean of zero and standard deviation of 2 x 1072 Jy pixel ~!. The “observed” oy is then I + N7.

Figure 3.13 shows an example of Stokes I model (top row). To generate Stokes () and U, we first generate
fractional ¢ and , for a specific model and then convert them to () and U, so that we add the noise to intensity

and not to fractional polarisation:

Q = q(\*)Iops + Ng
U=u

(A?)Iobs + Nu, (3.54)

where N and Ny are noise in Stokes () and U respectively.

The values of Ny and Ng were generated similar to N7 but with standard deviation of 1 x 1073 Jy
pixel . For a given realisation, we only change q and u by changing the different Faraday depths, intrinsic
fractional polarisation, polarisation angle, Faraday dispersion and noise. However, we use the same [ for all
realisations. We generated 100 realisations in total. The bottom row of Figure 3.13 shows ¢ and « from a
single realisation using a model of a single polarised emission behind a uniformly magnetised screen (see
Equation 3.3).

3.4.3 Modelling Results

3.4.3.1 Single Uniform Component

We generate the mock data by first considering a simple Faraday situation described in Equation 3.3 — a
single polarised source behind a uniform Faraday rotating gas along the line-of-sight. We then fit the same

analytical expression (“model 1) to these mock data, as well as a two-component model (“model 2”):

p(X?) =p BV ZIRMN® | ) o2itia 2IRMaX, (3.55)

The idea here is to see: i) whether BF is able to select a correct model (we use the word “correct” in
this context mainly because we know the true answer, however, in real-life, the most appropriate wording
is “the most probable”), ii) whether y2 is able to determine if the model describes the data well or not and
iii) whether QU-fitting is able to reproduce the correct parameters. We generate a total of 100 realisations.
Figure 3.14 shows two examples from a single component fitting. The two components also result in the
same fit so we decided not to show the plots.

Figure 3.15 shows the derived x? and In BF. Both models fit the data well, based on the values of x? ~ 1
— with slight overfitting. The In BF suggests that a single component model is the most preferred of the two

models (see Table 3.1). Tt is also immediately apparent that x? cannot be used to select the best model since
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Figure 3.13:
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Simulated Stokes I, fractional () and U examples. Top left: Stokes I. Top right: Noise distribution in

Stokes I. Bottom left: Fractional () and U. Bottom right: Noise distribution in Stokes @ and U. I is set to 0.2 Jy
pixel ! at 2 GHz and spectral index —0.75. The noise was generated randomly to have a normal distribution with the
mean of zero and the standard deviation of 2 x 10~3 Jy pixel ! for I and 1 x 10~3 Jy pixel~! for Q and U.
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Figure 3.14: Example QU-fitting of single component model to single component input data. Left and middle column:
Fractional @ and U respectively. Right column: Amplitude of the Faraday spectrum. The single component model

fits the simulated data well. We find that the two-component model also fits the simulated data in the same way as the
single component.

both models result in similar 2 values.
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Figure 3.15: x2 and In BF of model 1 and 2 fitted to a single purely Faraday rotating screen. Left plot: x2 of model
1. Middle plot: x2 of model 2. Right plot: In BF of model 1 and 2. According to x2, both models describe the data
relatively well. The In BF strongly favours a single uniform component hypothesis over a two-component model for
all realisations (see Table 3.1). The In BF was able to choose the correct model.

We looked into the residuals to check whether the estimated parameters are consistent with the input
model parameters. Table 3.2 shows the mean and standard deviation of the residuals of the difference between
the fitted parameter and input model parameter. The errors shown in this table are estimated mainly from

the fitting errors; the input parameters for the simulated data had no errors. We show the result of the single
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component model in the second column and the two-component model in the last two columns. The two-
component model results were sorted based on the value of p, into a “strong” and “weak” component. The
estimated parameters for the single-component model is consistent with that of the input data. The same is
true for the strong component of the two-component model except that estimated parameters are associated
with large fitting errors. On the other hand, the weak component is inconsistent with the input data for
all parameters. This weak component’s intrinsic polarisation is very small, therefore it indicates that this
component may not be necessary.

This example shows that if we have the data of a simple Faraday situation, the In BF can discrimi-
nate against fitting a complex model. We also find an incorrect model may tend to be associated with

large fitted parameter errors, which can be used as another diagnostic for discriminating between two

models.

Table 3.2: Residuals of two fitted models to the single uniform Faraday rotating screen
Parameter | Single-Comp Two-Comp strong Two-Comp weak
residuals | mean std mean std mean std
Do 2 x 1073 1x1072|1x10°6 2x107% | 5x 107! 3x 1071
po-err 1x1074 6x107° | 2x 107! 2x 1071 | 2x 107! 2 x 1071
o 5x 1074 7x1073 | 3x 1072 3x107t | 1x107! 1 x 10°
to-err 3x 1074 7x107% | 5x 107! 3x1071 | 8x 107! 2 x 1071
RM 3 x 1072 4x107t | 2x 1074 9x 1072 | 2 x 102 1x103
RM-err | 3 x 1072 5x 1072 | 5 x 10? 3x10% | 7x10° 2 x 102

3.4.3.2 Depolarising Single Component

We now consider a different situation whereby a single polarised emission is behind a turbulent Faraday
screen. The emission will now depolarise. We assume random fluctuations within the screen described
using Equation 3.29. The value of o; is generated uniformly between 10 and 100 rad m~2. We fit the same

analytical expression (“model 3”) to the data, as well as two-depolarising Faraday components (“model 4):

: ; 2_ 5. 234 ; : 2_ 5 244
p()\Z) — p162z1/11€21RM1/\ 20'1)\ 2u[)262zRM2)\ 20’2)\ ) (356)

+ pae
We refer the reader to Table 3.3 for the different models.

Figure 3.16 shows the results of the x? and In BF of model 3 and 4. We find that both models fit the
data well based on 2. However, In BF favours model 3 (the single depolarising screen) over model 4. The
results of the In BF are once again consistent with the correct model.
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Table 3.3: Models used for testing QU-fitting technique

Definition

Equation no.

single uniform screen
two uniform unresolved

single random screen

two random unresolved patches

patches

Equation 3.3

Equation 3.55
Equation 3.29
Equation 3.56
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Figure 3.16: x? and In BF of model 3 and 4 fitted to a single randomly depolarising Faraday rotating screen. Left
plot: X2 of model 3. Middle plot: x? of model 4. Right plot: In BF of model 3 and 4. According to x2, both models fit
the data well. The In BF, on the other hand, strongly favours a single depolarising screen (model 3) — consistent with

the truth.
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3.4.3.3 Two Purely Faraday Rotating Patches

We now consider a situation of two unresolved/partially resolved purely (non-depolarising) Faraday ro-
tating components, such that their separation is less than the RMTF width ~ 180 rad m~? (are unresolved
in Faraday space). We generate the input data using Equation 3.55 — the intrinsic pg and vy are determined
similarly to the single component simulated data above. The RM of the first component, RMj, is determined
randomly between +1200 rad m~2, while the RM of the second component is RM; + §RM, where § RM
is any random number between 4150 rad m—2. We fit these data with model 1 to 4 (see Table 3.3). Note that
model 2 is the correct model.

Figure 3.17 shows the fitting results of model 1 and model 2. Model 2 fits the data relatively well with
74/100 having x? < 1 and 10/100 with x2 > 10. The x2 of model 1, on the other hand, is < 1 for 8/100
and 2 10 for 77/100. Model 1 fails to describe the majority of the data as expected — the model is too simple
for the data. The In BF correctly selects model 2 as the best model. However, unlike the above examples,
the In BF has huge values. These large values seem to be the result of complex input data. We find that only
four realisations shown in red are in favour of model 1. These four realisations are associated with relatively
small In BF — indicating a weak evidence against model 2, the input p; and p2 are either very small, or the
component separation in Faraday space is small < 50 rad m~—2 (see Figure 3.18). Thus, when one or both
of the components have small fractional polarisation, combined with small separation, our modelling would

not be able to notice the second component.
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Figure 3.17: x2 and In BF of model 1 and 2 fitted to a two purely Faraday rotating patches. Left plot: x2 of model 1.
Middle plot: x2 of model 2. Right plot: In BF of model 1 and 2. Model 2 fits the data relatively well with 90% having
x2 < 10. The In BF strongly favours model 2 over model 1 — in agreement with the truth. Four realisations shown in
red are in favour of model 1. We find that these four data points are associated with | In BF| < 15 (a relatively weaker
evidence against model 2), the input p; and p, are either very small and/or their separation in Faraday space is small
(see Figure 3.18).

Figure 3.19 compares the results of model 3 and model 4. None of these models are true but the modelling
suggests that model 4 is more favourable than 3 — with four realisations in favour of model 3. We find that this
is so for the same reason as the one above: that either the input pg is very small for one or both components,
or the components are separated by no more than 50 rad m~2. We find that the latter is true for all the four

realisations (small separations) and only two realisations have p,, < 1072,
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Figure 3.18: Input parameters for two purely Faraday rotating patches. Left plot: Input p, (strong component) vs p,,
(weak component). Right plot: Separation of the components in Faraday space. Blue points: Realisations in favour of
model 2 (the true model). Red points: Realisations in favour of model 1. We find that the latter are associated with
small intrinsic polarisation, and/or their separation is small < 50 rad m—2. A realisation in red with large p, actually
has a separation of —1 rad m—2. At such separation, it is not surprising the modelling cannot recognise the second
component. The same is true when the input p,, (and sometimes p;) is extremely small.
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Figure 3.19: 2 and In BF of model 3 and 4 fitted to two purely Faraday rotating patches. Left plot: x2 of model 3.
Middle plot: x2 of model 4. Right plot: In BF of model 3 and 4. Blue points: Positive In BF in favour of model 4. Red
points: Negative In BF in favour of model 3. The In BF is strongly in favour of model 4.
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Figure 3.20 shows the result of model 2 and 4. Note that model 2 is the correct model. According to the
X2, both models fit the majority of the realisations well with x2 ~ 1. We find the realisations not in favour
of model 2 (red points in the left plot) are generally associated with large x2 — bad fitting. In BF, on the other

hand, is in favour of model 2 for 65/100 realisations and in favour of model 2 for 35/100 realisations.
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Figure 3.20: x2 and In BF of model 2 and 4 fitted to two purely Faraday rotating patches. Left plot: x2 of model 2.
Right plot: x2 of model 4. Right plot: In BF of model 2 and 4. Blue points: Positive In BF in favour of model 2. Red
points: Negative In BF in favour of model 4. Both models fit the majority of the realisations with y? ~ 1. Most of the
realisation in favour of model 4 over model 2 have large x? (poor fit, red points in the left plot), with fewer exceptions.
In BF is in favour of model 2 for 65/100 realisations (shown in blue) and in favour of model 2 for 35/100 realisations.

Figure 3.21 shows the fitted parameter solutions for model 2 and 4. See figure caption for details. In
general, solutions with large 2 should be discarded — the estimated errors will be wrong, when the estimated
separation is < 50 rad m~?2 care must be taken in interpreting the results. Additionally, the values and errors

in fitted parameters may provide an indication as to whether a term in a nested model is needed.

3.5 Summary

This chapter described Faraday rotation and showed that this could be a complicated phenomenon, par-
ticularly for real-life situations. We also presented the different analysis techniques, namely RM-Synthesis
+ RM-Clean, linear-fitting and QU-fitting. In this dissertation, we utilise RM-Synthesis and QU-fitting for
analysing the data. These techniques are complementary: RM-Synthesis allows us to “visualise” the physical
structure and emission strength in real space, while QU-fitting enables us to “model” the physical situation.
We have demonstrated that the BF can discriminate between two models — for example, a single component
from a double component model. We also showed cases where care must be taken in the interpretation of the
results, for example, in a case where there are unresolved or weaker components, as well as when the fitted
models are nested (see model 2 and 4 in section 3.4.3.3). In the latter situation, the estimated parameters tend
to be associated with large fitting errors, which can then be used to determine whether a parameter is essen-
tial/exists or not. The x?2 is best used to determine whether a model describes the data or not — and should
not be used to pick the best model. This is because a complicated model (with a large number of parameters)
will fit the data well due to overfitting. On the other hand, the In BF considers the model’s complexity — it
disadvantages a complicated model unless this model indeed describes the data better than the simple model.

63



0 b
0% o tinBFa E > ®
e —InBFy, -?_7 100 . I
1 (O separation <50 rad m~2 = 0% K @
g‘lO - ® - s e e  +INBFy,
g . ® = ol - ";.' ® o —InBF
= ® ] ST ., O InZa<0
2102 < L . . @® () Inzs<o
@ |2 s . @ Q
® = _100 for . ®
1073 ® ° ‘g ~
107! 100 ¢ 10° 10! 107 103
ps [input]
G
_.103 —_
~N <
K ]
8 102 3
E E
H s
% 10! separation <50 rad m~2 %
Q ® + +InBFy o
100 4 *  —InBFy4
10° 10! 107 103 10° 10! 107 103
ps/Pw [input] ps/pw [input]
*  +InBFy,
150 +  —InBFy, *
50
— * * —_ * i
Y 100 * s = * * *
g bil * * i bl 1 ** * Tt ::* #** g T * * **: *t *7 **: Lty
= 50 LI I wl, L4y D 0] xRk Moo x| o e A Ykl b
- * * ~
[s) ! * *f * % **’; Il 1 :# [s)
ol B P I VU PO L S T
-50
=30 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
ps [input] ps [input]

Figure 3.21: Estimated parameters for model 2 and 4 fitted to two-uniform Faraday rotating screens. Blue points:
Realisations in favour of model 2. Red points: Realisations in favour of model 4. Open green circles: Component
input separations < 50 rad m~—2. Empty cyan and magenta circles: Realisations with negative In Z for model 2 and
4, respectively. Top left plot: Input intrinsic fractional polarisation of the strong “s” and weak “w” component. Top
right: x2 of model 2 as a function of separation. Middle row: A ratio of the weak to strong component’s intrinsic
fractional polarisation of the input data vs model 2 (left), and model 4 (right). Bottom row: The derived o (larger) and
o4 (smaller) from model 4. In general, we find that realisations favouring model 4 tend to have separation < 50 rad
m~2, or are associated with larger x? values. The derived py ratios of the realisation favouring model 4 differ from the
input ratios — indicating failed solutions. These results show the limitation of our technique towards small separations.
The derived Faraday dispersions are close to 0 and those with large values are associated with large fitted errors. We
find that for small o9, roughly 72% have errors 2> the estimated o». This result reveals that o is not important to the
data (those close to 0), or the estimated values are unreliable (large errors).
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CHAPTER 4

A Wideband Polarisation Study of
Cygnus A

“I (God) have made the earth, and created man on it. I — My hands — stretched out the heavens, and all
their host I have commanded.”
Isaiah 45:12

4.1 Introduction

In this chapter, we present the results of our new wideband (2 — 18 GHz), full polarisation and high-
spectral resolution observations of Cygnus A taken with the JVLA. The majority of the work presented here
is also published in The Astrophysical Journal, titled “A Wideband Polarisation Study of Cygnus A with the
Jansky Very Large Array. 1: The Observations and Data” (Sebokolodi et al. 2020). The primary science
goals of this study are to determine the spatial and frequency dependence of the depolarisation, identify the
physical structures and conditions responsible for the depolarisation and to determine the structures in the
magnetic fields of the source and the surrounding cluster. In this chapter, however, we mainly present the
observations and primary data products and results from an analysis of the high-frequency data (6 - 18 GHz).
The analyses of the full-band data are presented in Chapter 5.

In Section 4.2, we provide the background, research questions and objectives of our general study of
Cygnus A radio galaxy. In Section 4.3, we present the details of our observations of Cygnus A, followed by
the calibration and imaging of the data. Section 4.4 presents our polarisation data as a function of frequency
and resolution. In Section 4.5, we present the results of high-frequency, high-resolution data modelling. In
Section 4.6, we used the derived high-frequency, high-resolution maps to predict the low-frequency, low-
resolution data. Section 4.7 compares the wideband data at two different resolutions, namely 0.75” and

1.50”. Section 4.8 concludes with a summary and discussion.

4.2 Background: Cygnus A

4.2.1 The Radio Galaxy

Cygnus A (3C 405) is the prototypical FR type II radio galaxy (Fanaroff and Riley 1974). It is one of

the best-known luminous radio galaxies and is exceptionally close (z = 0.056) compared to galaxies of



similar radio luminosity, see Figure 4.1 (Spinrad and Stauffer 1982). Adopting the ACDM cosmology with
Hy = 69.3km s~ Mpc~!, Q,, = 0.288, and 2, = 0.712 (Hinshaw et al. 2013), gives a distance of 227
Mpc and 1” = 1.1 kpc. Cygnus A’s high flux density (~ 1000 Jy at 2 GHz), combined with its relatively
small angular size (maximum projected extent of ~ 120”) means the source is unusually bright, making it an
outstanding target for high-resolution radio polarimetric imaging with synthesis telescopes like the VLA.
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Figure 4.1: Radio power as a function of redshift of 3CR galaxies. Cygnus A is extraordinarily bright in comparison
to radio galaxies at similar redshift. Image Credit: Stockton and Ridgway (1996).

4.2.2 The Ambient Intracluster Gas

Cygnus A is located at the centre of a dense CC X-ray emitting cluster (Giacconi et al. 1972; Fabbiano
et al. 1979). The cluster has a core of radius ~ 18 kpc and density of ~ 15 x 10726 g cm~3 (Smith et al.
2002; Halbesma et al. 2019). The gas temperature decreases from roughly 9 keV at 300 kpc radius to 3.5
keV within the core (Snios et al. 2018). Figure 4.2 shows the electron density, temperature and pressure of
the cluster as a function of radius.

Cygnus A is surrounded by a weak cocoon-shock which extends 33 kpc north and 74 kpc west of the
cluster centre (Carilli et al. 1994; Snios et al. 2018). The cocoon-shock is known to be driven by the expanding
lobes into the ambient cluster gas. The Mach numbers across the shock ranges between 1.18 — 1.66. Figure
4.3 shows the total intensity contours at 2 GHz with 1” resolution superimposed on the Chandra X-ray image
in the energy interval 0.5 — 7 keV. The well-known structures in the radio and X-ray are labelled, namely
the central AGN, the lobes, the four hotspots and the radio jet, as well as filamentary structures across the
lobes, a ring-like structure in the tail of the eastern lobe (Perley et al. 1984) and the X-ray “jet” (de Vries et al.
2018), cocoon-shock (Snios et al. 2018) and ribs (Duffy et al. 2018).
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Figure 4.2: X-ray properties of Cygnus A cluster gas. Top: Electron density as a function of radius. Middle: Temper-

ature radial profile. Bottom: Pressure radial profile. The cocoon-shock is visible at a radius of ~ 30 kpc. The plotted
data are obtained from Snios et al. (2018) (See Figure 4 of the paper).
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Figure 4.3: Cygnus A total intensity contours (2.4 GHz and 1”) superimposed on Chandra X-ray surface brightness
emission (0.5 — 7 keV). The contour levels are 0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0 Jy beam~!. The
radio features are shown; the hotspots A, B, D and E at the ends of the lobes, the ring-like feature at the tails of the
eastern lobe, the radio jet in the western lobe, and the central AGN. Also shown are the X-ray features: the X-ray jet,
cocoon-shock and the ribs (de Vries et al. 2018; Snios et al. 2018; Duffy et al. 2018). The off-source noise of the radio

image is 1.7 mJy beam~!.
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4.2.3 Polarisation and Faraday Rotations

Cygnus A is significantly polarised with typical values of < 40% and as high as 70% in the lobes and
hotspots at high-resolution (Carilli et al. 1989). Polarimetric observations of Cygnus A showed large Faraday
rotations across its lobes, asymmetry in the polarisation properties of the lobes, as well as significant decreases
in fractional polarisation with decreasing frequency at low resolutions (Slysh 1966; Mitton 1971; Dreher
1979; Alexander et al. 1984). The high-resolution study by Dreher et al. (1987) revealed typical RM ranging
between —4000 rad m~2 and 43000 rad m~? across the lobes, with gradients in the RA/ distribution of 300
rad m~2 arcsecond ! in most parts of the lobes and with a few places having gradients up to 1000 rad m—2
arcsecond—!. These large gradients are responsible for the low polarisation seen in the early low-resolution
studies. The primary focus since then has been to understand the origin of the depolarisation and extraordinary
Faraday rotations. The locations considered were our own galaxy, the X-ray cluster, the cocoon-shock or a

mixed thermal/synchrotron gas region located at the boundary of the lobes, or within the lobes themselves.

4.2.4 Origin of Faraday Rotations and Depolarisation

Our own galaxy contributes no more than RM ~ 300 rad m~2 at Cygnus A’s low galactic latitude of
b = 5.8° (Simard-Normandin et al. 1981), and the Galactic RM gradients do not exceed 180 rad m~? for
components separated by < 1° (Clegg et al. 1992). Therefore, the origin of the large RM and large gradients
must be local to the source (Dreher et al. 1987). Dreher et al. noting the high polarisation at 6 cm, the large
total rotation of the electric vector (up to 600° at that wavelength) and the apparently perfect linearity of
the observed electric field polarisation angle vs A? between 6 and 2 cm wavelength, concluded that the great
majority of the observed RM must be due to an external medium, and cannot originate from a mixed thermal-
synchrotron region inside the lobes. If the origin of the RM is distributed throughout the cluster, the resulting
magnetic fields were inferred to be ~ 5 pG. If the origin was confined to the cocoon-shock, the fields would
be ~ 20 times higher.

However, a cluster origin for the majority of the RM does not exclude smaller contributions from the
cocoon-shock. After discovering a region of enhanced RM in front of hotspot “D” of the western lobe,
Carilli et al. (1988) suggested that both the cluster gas and the cocoon-shock contribute to the observed
Faraday rotations. They estimated that the cocoon-shock is responsible for |[RM| < 1000 rad m~2 ordered
on scales < 5 kpc while the cluster is responsible for | RM| > 1000 rad m~2 ordered on scales > 20 kpc.

4.2.5 Why the New Observations

Dreher et al. (1987)’s results were based on only four wavelengths spanning A 6 cm to 2 cm. Subtle
depolarisation effects, such as those due to turbulence or to boundary layer effects, will not be visible with
such sparse sampling. Since depolarisation effects due to Faraday rotation are manifested at lower frequen-
cies, investigation of such mechanisms requires observations at frequencies below 5 GHz, with continuous
frequency coverage. With the completion of the wideband JVLA (Perley et al. 2011), we have now the capa-

bility to observe Cygnus A at lower frequencies than those available to Dreher et al. (1987), — notably, use of

69



the new 2 — 4 GHz receiver — and with complete frequency coverage. This new observing capability should

allow us to investigate these effects in detail.

4.3 Data Reductions

4.3.1 The Observations

The observations were taken under JVLA observing project 14B-336. The details of these observations
are shown in Table 4.1. TOS is the time spent on source. This project utilised all array configurations (A, B,
C and D) for four observing bands; 2 — 4 GHz (“S-band”), 4 — 8 GHz (“C-band”), 8 — 12 GHz (“X-band®)
and 12 — 18 GHz (“Ku-band”), providing complete frequency coverage from 2 to 18 GHz. The X-band
observation in A-configuration on July 14 was repeated on August 11 because of a system failure in the
control computers; none of the cross-hand (polarisation) data could be calibrated. All cross-hand data from

this observation were flagged. The parallel-hand data were not affected and were retained.

Table 4.1: Observing log

Configuration Date Band IAT Range TOS  LST Range
[H:M] [min] [H:M]
D 2015 Nov 15 S 20:09 - 01:96 20 16:40 - 22:20
2015 Nov 15 20:09-01:96 60  16:40 - 22:20
2015 Nov15 Ku 20:09-01:96 95  16:40 - 22:20
C 2014 Nov 03 S 18:10-04:40 105  14:00 - 00:15
2014 Nov03 C 18:10- 04:40 100  18:10 - 04:40
2014 Nov03 X  18:10-04:40 100  18:10 - 04:40
2014 Nov03 Ku 18:10-04:40 125 18:10 - 04:40
B 2015 Apr 05 S 09:15-16:50 130  15:10 - 22:30
2015 Apr 12 C 10:00-17:35 130  16:25 - 23:30
2015 Apr12 X  10:00-17:35 180  16:25 - 23:30
2015 Apr05 Ku 09:15-16:50 185  15:10 - 22:30
A 2015 Aug 15 S 03:00-10:30 390  16:40 - 00:00
2015 Jul 15 C 04:25-11:55 370 17:00 - 00:15
2015 Jul 14 X 04:25-11:42 350  16:40 - 00:00
2015 Aug11 X  01:00-08:25 365 15:10-22:30
2015Jun29 Ku 03:40-11:15 370 15:10-22:35

The correlator was configured to span the entire frequency range for each band. To facilitate data editing
(primarily for radio frequency interference, RFI), the time averaging was set to 2 seconds and the channel
width to 2 MHz for C, X and Ku bands and to 1 MHz at S band. Following editing and calibration, the data

70



were further time- and frequency-averaged, as described below.

A standard observing regimen was utilised — a nearby calibrator, J2007+4029 was observed periodically
to monitor system health and to provide both complex gain and antenna cross-polarisation calibration. At
S-band in D-configuration, the visibility from Cygnus A significantly perturbs observations of J2007+4029,

so the more distant but weaker calibrator J2023+5427, was utilised for that band and configuration.

4.3.2 Calibration

All data reduction was done using the Astronomical Image Processing System (AIPS) software package.

The procedures followed were standard and only a brief summary is given below:

1) To reduce spectral ringing due to RFI signals, the visibilities were Hanning smoothed.

2) Antennas that are shadowed at low observing elevations were identified and flagged.

3) Data corrupted by system failures or RFI were identified and removed.

4) Delay and bandpass calibration for each antenna was done using 3C286.

5) The flux densities of J2007+4029 or J2023+5427 were established by bootstrapping from 3C286.

6) The complex gains were computed from the calibrators and applied to all sources.

7) The cross-hand delays were found using 3C286 and applied to all sources.

8) Antenna cross-polarisation (D-terms) were computed using the calibrator observations and applied.
9) The cross-hand phase (to set the polarisation angle of the linearly polarised flux) was determined from

observations of 3C286 and applied to all sources.

Following these procedures, the data were then averaged in time and frequency to generate the databases
used in the imaging. The time and frequency averaging employed varied with the observing band as described
below.

Time averaging reduces the visibility amplitude due to the phase rotation of a source, which is offset
from the phase tracking centre. We adopted a criterion of a maximum loss of 10% on the longest baseline
for a point source offset by 70” — the location of the western hotspot with respect to the AGN. The resulting

condition is: N

St——
4 Bax w X

(4.1)

where By is the maximum baseline in metres, w is the earth’s rotation rate in radians s~ !, x is the offset
in rad and A is the observing wavelength in metres. For Cygnus A and the 35-km maximum baseline, the
integration time is 22, 11, 7.1 and 5 seconds, for the S, C, X and Ku-bands, respectively. We utilised 10
seconds for S and C, 8 seconds for X, and 6 seconds for Ku bands. Note that since the hotspots are well
resolved, the actual loss of brightness due to this effect will be considerably less than the 10% condition
utilised.

There are two conditions which set the maximum tolerable channel width — chromatic aberration (band-

width smearing) and polarisation intensity reduction due to the R}/. We discuss these in turn:

1) Frequency averaging radially stretches the emission from a source, with increasing offset from the
phase tracking centre. We applied the same condition as for time averaging — that the longest baselines
71



suffer a maximum of 10% loss in amplitude for a point-source 70” from the AGN. This results in the

following:
c

o =———
4 Bmax X

(4.2)

For the 70" offset of the western hotspot and the 35-km maximum baselines, the maximum channel
width is 6.3 MHz. We adopted 8 MHz. We note again that as the hotspots are well resolved on the
longest baselines, the actual intensity loss is much less than the 10% criterion.

2) A linearly polarised electromagnetic wave, propagating through a magnetised ionised medium has its

plane of polarisation rotated by:
Ax = RM)*  [radians]. (4.3)

Over a bandwidth dv, centred at frequency v, the rotation of the plane of polarisation is given by:

Ay = 2)\2RM5—V (4.4)
14

where it has been assumed that 6 << v. The absolute value of the maximum RM in Cygnus A is
known to be ~ 5000 rad m~2 (Dreher et al. 1987). With this value and utilising the stringent condition
of a maximum of 10 degrees rotation across a channel, the maximum channel width is 1.5 MHz at 2
GHz, 5.2 MHz at 3 GHz and 12.4 MHz at 4 GHz. Hence, only at S-band is the polarisation condition
more stringent than the chromatic aberration condition. Thus, we adopted 2 MHz for the lower half of
S-band (2 — 3 GHz), 4 MHz for the upper half of S-band (3 — 4 GHz) and 8 MHz for all other bands.

This data compression process resulted in a database for each spectral window (spanning 64 MHz at S-
band and 128 MHz in all other bands) — hence 32 channels for the lower half of S-band and 16 channels for
all other bands in each spectral window and each configuration — a total of 498 databases. These were then
combined over configuration, resulting in 144 databases, each containing the data from all configurations for
a single spectral window, from which the images were made.

Although Cygnus A has a nearby calibrator, standard phase calibration alone results in image dynamic
range (ratio of the brightest component to the rms noise) of less than 1000 , far less than that needed for
detailed imaging analysis. Fortunately, the high flux density of Cygnus A, combined with the “sharp” features
of the AGN and hotspots, permits application of the technique of self-calibration (Cornwell and Wilkinson
1981). To accomplish this, total intensity images of Cygnus A were generated from each of these decimated
databases for each spectral window, utilising a few central channels. These images were then used to self-
calibrate the data to remove the residual phase and gain fluctuations inherent in the process of calibration
with an external calibrator. During this process, care was taken to ensure the unresolved AGN was registered
in the central (phase-tracking) cell and that the total flux density of Cygnus A (following correction for the
primary beam) equalled the values published by Perley and Butler (2017). We believe the phase registration
is accurate to 5% of the full resolution at all bands, and that the flux density matches the Perley and Butler
(2017) scale to better than 2%. The resulting images showed imaging dynamic ranges up to 30, 000:1 — more

than an order of magnitude better than the initial images.
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4.3.3 Imaging

Figure 4.4 shows our best image of Cygnus A at S-band obtained using WSCLEAN imaging tool (Of-
fringa et al. 2014). However, for creating image cubes we used IMAGR in AIPS as it was much faster. We
used multiscale cleaning deconvolution algorithm for creating both Stokes (), U and I image cubes (Greisen
2003; Cornwell 2008; Greisen et al. 2009).
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Figure 4.4: Cygnus A total intensity map. This map is at 3.5 GHz, bandwidth of 896 MHz and resolution of
0.38" x 0.42". Off-source image noise 3 x 10~ Jy beam~!. This image was obtained using the WSCLEAN imaging
algorithm.

The number of frequency planes utilised to prevent depolarisation from the high RM of Cygnus A or
from chromatic aberration for each frequency band is shown in Table 4.2. In total, 1184 frequency planes
were used. The image cubes were made at two standard resolutions: i) 0.75” resolution — corresponding to the
highest resolution available at 2 GHz (which thus includes all frequencies) and ii) 0.30” which corresponds to
the highest resolution at 6 GHz. All the images were primary beam corrected using the AIPS task “PBCOR”.

For demonstrative purposes, spectral index maps at S- and C-band are shown in Figure 4.5. The spectral
index values of Cygnus A ranges between —0.5 and —1.5 at low-frequencies and steepens at relatively higher
frequencies. The spectral index is steeper in the tails of the lobes towards the AGN, except within the jet.
These spectral index distributions are consistent with the well-accepted model of FR II radio galaxies: that
the electrons at the tails are relatively older than those closest to the hotspot due to radiative ageing. Detailed
study of Cygnus A spectral index and spectral ageing is presented in Carilli et al. (1991).

We obtained both the amplitude of the polarised intensity P, and the polarisation angle using Equation
2.11 and Equation 2.12, respectively. Furthermore, we corrected the amplitude for Ricean bias using the
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Table 4.2: The number of frequency planes in each band utilised to avoid Faraday depolarisation

Band  rv-interval ~ Av  No. of averaged channels Total No. of channels
[GHz] [MHz]

Sio 2-3 2 1 512
Shi 3-4 4 1 256
Clo 4-6 8 1 256
Chi 6-8 32 4 64
Xlo 8-10 64 8 32
Xpi—Ku 10-18 128 16 64
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Figure 4.5: Spectral index maps of Cygnus A radio galaxy at 0.75". Left: Eastern lobe. Right: Western lobe. Top
row maps were obtained using a 2 - 4 GHz frequency range and the bottom row using 4 - 6 GHz. We only show pixels
with an error in spectral index less than 0.1. The spectral index is steeper towards the AGN and steepens at higher
frequencies.
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Maximum Likelihood approximation:

0.507%

Peow = P — PP (4.5)
where op is the error in P (Killeen et al. 1986). We derived fractional polarisation by taking the following
ratio: p

corr
= , 4.6
P=— (4.6)

Errors associated with these quantities were derived assuming standard propagation of error formulae
with the noise in ), U and I estimated in an off-source region of each map. At 0.30”, the off-source noise
ranges between 0.18 mJy beam~! and 0.5 mJy beam~! in Stokes @ and U and 0.3 mJy beam~! and 1 mJy
beam ™! in Stokes I. At 0.75” the off-source noise ranges between 0.6 mJy beam~! and 1.6 mJy beam™! for
Stokes () and U images, and 0.8 mJy beam~! and 6 mJy beam~! for Stokes I images.

We computed Faraday spectra using the RM-Synthesis and RM-Clean as described in Section 3.1.2. For
our 2 - 18 GHz data we find the resolution in Faraday space 175 rad m~2, and of 1700 rad m~2 for 6 - 18
GHz. Figure 4.6 shows the RMTF of our frequency data. Our \? sampling is non-uniform — resampling the
data on a uniform grid did not alter the results in any significant way. We used uniform weighting, W = 1,
for all channels and defined A3 as a weighted mean of the observed \2.

The maximum Faraday depth we can observe without significant attenuation is 25000 rad m~2 at 2 GHz.
For Cygnus A, the maximum derived RM is ~ 5000 rad m~2, thus we do not expect any appreciable atten-
uation. The widest breadth in RM we can observe without much attenuation should have a width < 10000

rad m~2 for our minimum A2 of 3 x 104 m2. We do not expect such extended structures in the case of

Cygnus A.
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Figure 4.6: RMTF of our data. Left: Includes 2 - 18 GHz data. Right: Includes 6 - 18 GHz data. The RMTF resolution
is ~ 175 rad m~2 for 2 — 18 GHz and ~ 1700 rad m~2 for 6 — 18 GHz.
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4.4 Polarisation Imaging of Cygnus A

Polarised emission of a source undergoing Faraday rotation can be used to study the properties of the
medium causing the rotation. Distinguishing between various depolarisation mechanisms can be difficult and
requires high-resolution, low-frequency observations. In this section, we show the polarisation characteristics
of Cygnus A as a function of resolution and frequency.

4.4.1 Polarisation as a Function of Frequency

4.4.1.1 Spatial Maps

Figure 4.7 shows the 0.75" resolution maps of the fractional polarisation across Cygnus A radio lobes at 10
GHz, 6 GHz, 4 GHz and 2 GHz. We show only those pixels with relative error in the fractional polarisation
(0p/p) < 0.5. As seen in the figure, the fractional polarisation of the lobes decreases significantly with
decreasing frequency. Note that the eastern lobe depolarises at higher frequencies than the western and for
both lobes, the depolarisation is more rapid in the inner regions — those closer to the AGN. The spatial
distribution of the fractional polarisation of the lobes is very uniform at high-frequencies, with typical values
of 20%, with some regions as high as 70% and becomes clumpy on scales of ~ 1 kpc at low-frequencies
(most notably at 2 GHz). The fractional polarisation at 2 GHz is less than 10% for virtually all lines-of-sight
at this resolution. The emission from the bright hotspots and from the jet, depolarises in the same manner as
that from the adjacent lobes. There is no correlation between the underlying source brightness or structure
and the nature of the depolarisation.

The strong depolarisation and the very turbulent appearance of the low-frequency fractional polarisation
images suggest that the depolarisation may be related to partially-resolved fluctuations in the Faraday depth of
the surrounding medium. To investigate this, we determined the dependence of the polarisation as a function
of frequency over our full bandwidth (2 - 18 GHz) at 0.75” resolution. This task is made challenging by the
sheer quantity of information — over the solid angle subtended by the lobes, there are over ~ 3000 independent

lines-of-sight. Thus, we can only show a few representative examples.

4.4.1.2 Lines-of-Sight View

In order to efficiently identify specific lines-of-sight, we have defined a relative coordinate system, cen-
tred on the galaxy AGN, with units of tens of milliarcseconds. Positive is to the west and north and negative
to the east and south, for example, a line-of-sight with coordinates (2444, —1024) is 24.44" west and 10.24"
south of the AGN. We analyse only those locations with error in the fractional polarisation < 10% at 8 GHz.
This resulted in a total of 2096 independent lines-of-sight.

Figure 4.8 shows these depolarisation functions for six representative lines-of-sight. Each row displays
the fractional polarisation in the left column and the polarisation position angle in the middle column, all as
functions of A\2. The right colum shows the amplitude of the Faraday spectrum, superimposed in red is the
Gaussian with width equal to that of the RMTF. The RMTF is shifted and scaled to match the location and
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Figure 4.7: Fractional polarisation maps of Cygnus A at 0.75" at different frequencies. First row: 10 GHz. Second
row: 6 GHz. Third row: 4 GHz. Bottom row: 2 GHz. The colour-bar ranges between 0.1% and 80%. Only pixels with
(0p/p) < 0.5 are shown. There is a global decrease in fractional polarisation with decreasing frequency. The eastern
lobe depolarises at higher frequency than the western. The inner regions (near the AGN) of the lobes depolarise more

rapidly than the outer regions.
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amplitude of the maximum amplitude of the Faraday spectrum. Each line-of-sight is labelled according to
the coordinate offsets defined above.

The fractional polarisation of all lines-of-sight decreases significantly with increasing A?. For some lines-
of-sight, the decrease is smooth, while for most, there is considerable structure in the depolarisation, ranging
from sharp nulls and peaks as shown in the top two rows of the figure, to more complex behaviours, as shown
in the bottom two rows. The polarisation angle as a function of A\? of the data (shown in black) is plotted
together with the residual angle (shown in blue); obtained by removing RMpeakA2 of the peak of the Faraday
spectrum. The residual polarisation angle, yes, Shows significant deviations; we find that 38% of the lines-
of-sight have 0 < yres < 7, 22% have m < xres < 37, 13% have 37 < xres < 67, 12% have 67 < Xres,
and the remaining 15% were noisy or the nm-ambiguity couldn’t be corrected. Lines-of-sight showing small
deviations are usually associated with simple smooth decaying fractional polarisation with A? or equivalently,
with a single, nearly unresolved peak, similar to that shown on the third row of Figure 4.8. The nonlinearities
are more prominent when the fractional polarisation vs A? consists of oscillatory behaviour.

The Faraday spectra show interesting structures — some lines-of-sight show a simple single peak, some
have multiple peaks and many lines-of-sight show a rather wide “base”, indicating a wide range of Faraday
depths within the resolving beam. As expected, the depolarisation curves with pronounced oscillations show
multiple-peaked spectra, with the separation of the peaks typically < 500 rad m~? and a maximum separation

of ~ 1500 rad m~2 (approximated by eye).

4.4.1.3 Depolarisation Structure and Spatial Correlation

To investigate whether these different depolarisation functions have any spatial relationship, we generated
a simple classification scheme based on the observed depolarisation behaviour. By viewing each fractional
polarisation as a function of A? (left column of Figure 4.8), we classified by eye the lines-of-sight into three

categories as follows:

1) “Sinc-like” decay: the behaviour in the decreasing fractional polarisation as a function of increasing
A? is approximately that of a sinc function: p oc sin(/K A?)/KA\2. The minima are sharp and occur at
nearly constant intervals, while the peaks decrease in amplitude towards large A\?. Examples are shown
in the top two rows in Figure 4.8.

2) Smooth decay: the fractional polarisation decreases smoothly with increasing A? within measurement
errors. Examples are shown in the third and fourth rows in Figure 4.8.

3) Complex decay: the depolarisation displays a combination of the above, or more complex behaviour
in the fractional polarisation vs. A2. We further classified complex lines-of- sight into two sub-classes:
“complex-oscillatory” and “complex non-oscillatory”. The former resembles sinc-like pattern than
smooth decay but the fractional polarisation doesn’t approach 0 across A? or the intervals are not peri-
odic, or both and the latter resembles smooth decay more than sinc-like but the decay is not completely

smooth. See the last two rows in Figure 4.8 for complex-oscillatory and non-oscillatory, respectively.

The fraction of lines-of-sight in each of these three classes are given in the second column of Table 4.3.
Moreover, columns 3 — 7 give a fraction of lines-of-sight with deviations in polarisation angle (the residual
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Figure 4.8: Wideband (2 — 18 GHz) polarisation data at 0.75" resolution for six representative lines-of-sight. Left
column: Fractional polarisation vs A\2. Middle column: Polarisationtion angle vs A\? (black) and the polarisation angle
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width equal to that of the actual RMTF. The residuals were obtained by removing RM \? of the dominant peak in the
Faraday spectrum.



angle, xres) in each of the intervals: low (0 < xres < ), med (7 < Xres < 37), high ( 37 < Xres < 67) and
limit( 67 < Xres), as well as a fraction of those that couldn’t be classified (denoted as “N/A”). Most lines-of-
sight are complex/intermediate — with the majority resembling smooth decays. In terms of the residual y, we
find that decaying behaviour without oscillations tends to have small deviations, while oscillatory structure
results in slightly higher deviations.

Figure 4.9 shows a colour-coded display of the distribution of these classifications across the lobes: lines-
of-sight with sinc-like behaviour are shown in red-orange (symbol x), smooth decay in green (o symbol) and
complex decay in navy (x symbol for oscillatory-like complex decay and “v” symbol for non-oscillatory). The
figure shows there are no clear spatial relationships for these behaviours, yet they are not completely random
as adjacent cells are more likely to show the same behaviour. These correlated “clumps” are typically of a
few kpc scale. There is a tendency for more complex behaviour in the eastern lobes, and relatively fewer
smooth decay and sinc-like behaviours. The distribution across the western lobe, on the other hand, consists
mostly of smooth decay particularly at the extremes of the lobes and complex decay.

It should be noted that these classifications are only valid for this frequency span (2 — 18 GHz) and 0.75"

resolution and that the classes are likely to change with a change in spectral coverage or resolution.

4.4.1.4 Frequency Depolarisation Ratio

Figure 4.10 shows the frequency depolarisation ratios (FDR): FDR; = pg/p19 and FDRe = p4/p1o
where the subscripts are the frequencies in GHz. We show only pixels with errors in the FDR of less than
0.1. The quantity is a ratio of two ratios and it is thus prone to large errors. However, this error limit seemed
to remove the majority of the pixels that look spurious.

The western lobe does not depolarise much between 6 GHz and 10 GHz, and the same is true for extreme
regions in the eastern lobe. Both lobes depolarise significantly at 4 GHz. This depolarisation occurs globally
across the lobes. There are, however, still regions in both lobes that still show a FDR of 0.8. In general,
the inner regions of the lobes depolarise more rapidly than the extreme parts of the lobes reaching a ratio of
< 0.2.

4.4.2 Polarisation as a Function of Spatial Resolution

The depolarisation behaviour shown in Section 4.4.1 can be explained by randomised fluctuations in the
foreground Faraday screen on scales less than the 0.75” resolution. If this is the case, then the fractional

polarisation will generally decrease as the resolution decreases at any given frequency.

4.4.2.1 Spatial Maps

Figure 4.11 shows the fractional polarisation at 4.0 GHz of Cygnus A at four resolutions — 0.45”, 0.75",
1.50” and 3.00”. The resolution 0.45" is the highest we can obtain at this frequency. We show only pixels
with (o,/p) < 50%. As expected, the fractional polarisation decreases as the resolution degrades, most

notably in the inner regions of the eastern lobe. The figure shows the effects of wavelength-dependent beam
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A fraction in % of lines-of-sight in different classes

Table 4.3
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Figure 4.9: Cygnus A lines-of-sight classified based on the behaviour of fractional polarisation vs A\?. Red x: Sinc-like
behaviour. Green o: Smooth decay. Navy *: complex-oscillatory decay. Navy v: Complex non-oscillatory. The lines-
of-sight are separated by the resolution beam of 0.75”. These classes show no obvious large-scale spatial correlations.
The majority (50%) of the lines-of-sight show complex behaviour, 25% show smooth decay, and show 11% sinc-like.
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depolarisation, as expected if the external medium is differentially rotating the polarised emission within the

resolution element, as discussed below.

4.4.2.2 LoS View: Polarisation as a Function of Beam Resolution

If the depolarisation is due to transverse fluctuations in the foreground screen, then at a resolution cor-
responding to the smallest significant angular scale of the fluctuations, these structures will be resolved out,
at which point the observed fractional polarisation will be that of the source itself. If this intrinsic value can
be established, any fractional polarisation changes with frequency must then be due to intermixed thermal
and synchrotron gas of the source itself, allowing an estimate of the thermal gas content. This is the only
method known to us which can clearly discriminate between internal depolarisation (within the lobes or a
mixed boundary layer) and external depolarisation (due to unresolved structures in the propagating medium).

Here, we describe our efforts to determine the intrinsic value of the polarisation by plotting the fractional
polarisation as a function of resolution () at five different frequencies, for 2096 lines-of-sight. Figure 4.12
shows a few examples of the typical behaviour. Each of the six plots shows the fractional polarisation at 2, 4,
6, 8 and 10 GHz as a function of resolution, from 3” to the highest permitted by the diffraction limit for given
frequency, for different lines-of-sight through the lobes chosen to display the range of behaviour. The left side
shows three lines-of-sight where the behaviour is close to the expected — a smooth rise in polarisation with
a flattening at sub-arcsecond resolutions. Note, however, that only in the top two is there any evidence for
asymptotic behaviour at the highest resolution. Even for these, the critical low-frequency polarisation needed
to establish whether there is internal depolarisation that does not have sufficient resolution to determine what
the asymptotic values are.

The right columns show much more complex behaviour, with structures in the depolarising behaviour
which are likely due to the structure of the fields in the emitting medium (such as the lobes), or the external
depolarising medium. We classified the lines-of-sight into three groups: i) those with fractional polarisa-
tion which increases monotonically at least across four frequencies (class A), ii) those with non-monotonic
behaviour (class B) at four frequencies — this class also includes lines-of-sight with fractional polarisation
which decreases at higher resolutions and iii) those whose fractional polarisation behaves differently at dif-
ferent frequencies as function of resolution (class C). For example, the left column of Figure 4.12 all fall into
class A, the top two plots on the right column fall into class B and the bottom-right plot fall into class C. This
classification was done by eye. Columns 7 — 11 of Table 4.3 gives the fraction of lines-of-sight in each of
the above classes for different decaying behaviour. We find that the same fraction (40%) of lines-of-sight are
found in class A and C. Moreover, the classes do not seem to depend on whether the line-of-sight is sinc-like,
smooth decaying, or complex.

It is clear that much higher resolutions — by at least an order of magnitude — are needed to be able to resolve
out the beam depolarisation effects and permit an estimate of the true source polarisation at the critical lower
frequencies where depolarisation phenomena are manifest. These plots emphasise that even with the VLA
and its sub-kpc resolution, the responsible depolarising mechanisms and underlying structures cannot be

uniquely identified. A much larger instrument will be needed to finally clarify the processes responsible.
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Figure 4.11: Fractional polarisation maps at 4.0 GHz at different resolutions. First row: 0.45”. Second row: 0.75".
Third row: 1.50”. Bottom row: 3”. The colour-bar ranges between 0.1% and 80%. Only pixels with (o, /p) < 50%
are shown. The fractional polarisation decreases as the resolution degrades. This depolarisation is higher in the eastern

lobe, especially in the region close to the galaxy.
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4.5 Modelling the Rotation Measure Screen at 0.3"

In the previous section, we showed the result that the depolarisation of the majority of the lines-of-sight
are non-monotonic, showing fluctuating and in some cases oscillating, fractional depolarisation with increas-
ing wavelength. For all lines of sight, there is strong overall depolarisation, resulting in almost complete
depolarisation by a frequency of 2 GHz.

The higher frequency data provide a much higher resolution — at 6 GHz, the limiting resolution is 0.3".
Noting that the oscillatory behaviour in the depolarisation is restricted to the lower frequencies — it is not
seen above 6 GHz in all the 2000 independent lines-of-sight — we can determine the properties of the Fara-
day screen with the high-resolution, high-frequency data alone and use this to predict the lower-frequency,
lower-resolution data which displays the complex depolarisation behaviour. A good match between such
a prediction and the observations would be strong evidence that the unresolved fluctuations are primarily

responsible for the majority of the depolarisation.

4.5.1 Fitting Procedure

We fitted simple models incorporating random unresolved fluctuations in a depolarising screen to our

high-frequency, high-resolution data:

D= po £2iX0 eQiRMA2—202>\4’ (4.7)
where RM is the Faraday depth due to any large-scale magnetic field, pg and x( are the intrinsic “zero
wavelength” fractional polarisation and polarisation angles respectively and o is the Faraday dispersion due

small scale, random, Gaussian fluctuations in Faraday depths within clouds of fixed size (Burn 1966):
o =812nB;,dvVN  [radm™?] (4.8)

where N = L/d is the number of turbulent cells of size d lying along the path length L, n; is the electron
density in the cell and B; is the magnetic field of the cell.

Note however that the dispersion parameter can also describe the spread due a linear gradient across a
Gaussian beam — the first-order term in a Taylor series expansion defined in Equation 2 of Laing et al. (2008a).

We used the LMFIT ! software package to perform a nonlinear least-squares fitting. We performed fitting
without weighting so that we do not disadvantage the high-frequency data since they are of low signal-to-
noise ratios and are relatively less represented due to frequency averaging. We considered only pixels with
an intensity in the 2 GHz image 5x the off-source noise. Figure 4.13 shows a few examples of the fitting of
this model to the data, indicating a reasonable fit to the data, as judged by eye.

The modelling returns values of the intrinsic (zero wavelength) fractional polarisation and polarisation
polarisation angle, the Faraday depth (¢), (here equal to the RM, as there are no significant deviations from
A?) and the Faraday dispersion, o, which describes the overall decline in fractional polarisation between 18

!https:/Imfit.github.io/lmfit-py/
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and 6 GHz, at 0.3" resolution.

Figure 4.14 shows images of the intrinsic fractional polarisation across the two lobes (top row), the RM
(middle row) and the Faraday dispersions (bottom row). These are discussed in the next section. The left
columns show the eastern lobe, the right-hand columns show the western lobe. We consider only pixels with
orm/RM < 0.2 and 0, /po < 0.2, where oy and oy, are errors derived from the fits. This step ensures

that we remove pixels which are less reliable.

4.5.2 Intrinsic Fractional Polarisation

The derived intrinsic fractional polarisation maps indicate that Cygnus A is highly polarised in nearly all
areas, with typical values between 15% and 45% and some as high as 70%. Even the inner portions of the
eastern lobe — which depolarises the most rapidly — show “zero wavelength” polarisation similar to all other
parts of the source. These are consistent with the 10 GHz map shown in Figure 4.7. These results indicate
that the low polarisation seen at intermediate wavelengths are not intrinsic to the source. The low fractional
polarisation regions across the lobes seen at lower frequencies and resolutions are clearly largely a result of
unresolved fluctuations.

4.5.3 Rotation Measure

The RM maps presented here are much more detailed than those derived by Dreher et al. (1987). These
new results extend the RV mapping into the inner region of the eastern lobe and the tail of the western lobe.
Both areas reveal extremely high RM, resulting in an increased maximum RM range: —4500 rad m~2 and
+6400 rad m~? in the eastern lobe and —5000 rad m~2 and 43000 rad m~? in the western lobe. More
striking is that the inner large RM have opposite signs suggesting field reversal in the surrounding material.
In most regions, the RM gradients are typically a few 100 rad m~2 arcsec™!, with a few regions having
gradients as high as ~ 1000 rad m~? arcsec~!. The RM changes sign on 3-20 kpc scales, and this change
in sign seems to occur along the source axis, particularly in the eastern lobe. The RM are relatively smooth
across the western lobe and in general increase with decreasing radial distance from the AGN. These confirm
the results, made with more limited data, given by Perley and Carilli (1996). The RM in the eastern lobe are
relatively chaotic at this resolution, with the | RM | showing no clear radial dependence but instead occurring
in bands of large and small RM, similar to those seen in M84, 3C 353, 0206+35 and 3C 270 (Guidetti et al.
2011). Note that, with the exception of the enhanced RM arc surrounding hotspot B found by Carilli et al.
(1988), there is no evident correlation between the RM/ values and the source brightness or with any of the
evident structures in total intensity (the hotspot, jet, or filaments). This supports the interpretation that the

observed RM structures originate outside the source of the emission.

4.5.4 Random Rotation Measure Dispersion

The bottom row of Figure 4.14 shows the dispersion images from the 0.3” modelling. This parameter

essentially describes the rate of depolarisation between 18 and 6 GHz, also seen in Figure 4.13. The error in
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these measurements is < 10 rad m~2 for the brighter, outer regions in the lobe, rising to < 50 rad m~2 at the
tails of the lobe.

Typical dispersion values across the western lobe are < 300 rad m~2 with a few regions having disper-
sions of up to ~ 400 rad m~2. Regions with very small dispersions close to zero may be a result of a lack
of significant depolarisation, or due to repolarisation. The latter can be real or due to the noise — the form of
Equation 4.7 does not account for this effect. The dispersion values in the eastern lobe are similar to those in
the western lobe, with typical Faraday dispersions of << 200 rad m~? in the extreme parts of the lobe close
to the hotspots and regions closest to the AGN having dispersions of ~ 400 rad m~2, with a few spatially
narrow regions having a dispersion of ~ 800 rad m~2. However, these latter regions are associated with
very large errors — 100 — 300 rad m~2 and are mostly coincident with regions of large RM gradients and low
polarisation, similar to 3C 31 (see Appendix C in Laing et al. 2008a). Note that the dispersions are rather
chaotic in the innermost regions of the eastern lobe, likely indicating considerable structure remains on scales
less than 0.3”. The similarity in o across both lobes is also suggestive of a common medium encompassing
both lobes, with the more complex structures in the eastern lobe likely a result of the Laing-Garrington effect
(Garrington et al. 1988; Garrington et al. 1991; Laing 1988) — with the eastern lobe further from us than
the western lobe. However, it should be noted that this effect cannot explain the banded RM distribution
across the lobes. Instead, the bands indicate the ordering of the large-scale magnetic field component, with a

relatively large field ordering across the western lobe.

4.5.5 Intrinsic Magnetic Field Orientations

The fitting described above determines the intrinsic polarisation (“zero wavelength”) angle values, from
which we can directly determine the intrinsic projected magnetic field (xo + 7/2) of the source. Figure 4.15
shows the magnetic field orientations superposed on a colour-coded image of the total intensity at 4 GHz.
The fields follow the boundaries and filamentary structures of the lobe emission. This behaviour is quite
common in radio galaxies, seen for example in 3C 465 (Eilek and Owen 2002), Hydra A (Taylor et al. 1990)
and Pictor A (Perley et al. 1997) is generally understood as an effect resulting from shearing (compression at
outer parts of the lobes) of the tangled lobe magnetic field at the lobe boundary, resulting in suppression of
field components normal to the lobe boundaries (Laing 1980). The field vectors are generally smooth across
the western lobe and brighter parts of the eastern lobe, while becoming slightly chaotic in the inner region of
the eastern lobe. As with the other fitted parameters, this is likely due to significant structures on scales less
than the 0.3” resolution utilised here.

4.5.6 Rotation Measure vs. Random Rotation Measure Fluctuations

One question that arises is whether the observed Faraday dispersions are correlated with the RM . This
might occur if the major RM structures are associated with a mixing layer surrounding the source. The
higher RM might then be associated with higher field values within the turbulent cells. Figure 4.16 shows
the derived RM as a function of o for lines-of-sight classified as described in Section 4.4.1. Shown are

only those lines-of-sight with fractional errors in Faraday dispersions of less than 80%. There is no clear
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Figure 4.14: Cygnus A high-Frequency, high-resolution QU-fitting estimated parameter maps. Top row: Intrinsic
fractional polarisation. Middle row: RM. Bottom row: Faraday dispersions. The intrinsic fractional polarisation is
consistent with the maps at high-frequencies and high-resolution (see Figures 4.7 and 4.11). RM range between —4500
rad m~2 to +6400 rad m~2 in the eastern lobe and —5000 rad m~2 and +3000 rad m~—?2 in the western lobe. RM change
signs on 3 - 20 kpc scales, with a banded structure orthogonal to the source axis particularly evident in the western lobe.
The lobes depolarise much more rapidly in the inner regions towards the AGN as seen in the Faraday dispersion maps.
Pixels shown have a fractional error in RM and pq of less than 0.2.
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correlation between these two quantities, from which we conclude that the Faraday dispersions are not a
direct result of the observed RM, suggesting that the observed large-scale RM are not coming from a mixed
region. However, there is a clear tendency for regions of very high RM to have high dispersions. A likely
explanation is that a high RM gradient across the resolution beam will cause a larger apparent depolarisation,
leading to an apparent increase in the dispersion. The regions with high gradients are the inner lobes, where

the highest RM are accompanied by high dispersions.

4.5.7 Jet Rotation Measures and Magnetic Field Orientation

To obtain detailed solutions for the jets, we performed the above fitting separately for regions enclosing
the jet emission. Figure 4.17 shows fractional polarisation, R}/, Faraday dispersion and magnetic field
orientation across the western jet. The pixels shown have ory/RM < 0.2. No reliable solutions were
found on or close to the counter jet — even with RM-Synthesis. The analysis of this region (and nearby
structures such as the AGN and the ring structure in the eastern lobe) awaits more sensitive observations at
higher frequencies.

The intrinsic field orientations lie parallel to the jet axis across most parts of the jet where the jet polar-
isation is visible. This polarisation behaviour along the jet is common in strong FR II sources (Bridle and
Perley 1984). The RM of the jet are very similar to those of the lobe (see Figure 4.14) both in magnitude
~ —300 to —2000 rad m~2 and angular scale ~ 2 - 5 kpc, again supporting the argument that the origin of
the RM is exterior to the source. The jet has similar Faraday dispersions as those of the lobe emission in
the vicinity of the jet: ~ a few 100 rad m~2 — with a slight (not conclusive) indication of larger dispersions
towards the AGN. The jet is intrinsically highly polarised — with fractional polarisation ~ 20% to 50%.

The similarity of the jet RM to that of the lobes has been used to argue against mixing of external gas

into the synchrotron-emitting regions — see Taylor and Perley (1993) for the case of Hydra A.

4.6 Predicting Low-Frequency Depolarisation

Section 4.4.2 showed that beam depolarisation — depolarisation from transverse fluctuations unresolved
by the resolution beam — is an important factor in the depolarisation of Cygnus A. Can we state that the
observed depolarisation is entirely explained by this effect? This is an important question, which can only be
fully answered by observations with much higher resolution likely better than 0.20” at 2 GHz, which are not
possible with current instruments. However, there is a hint in Figure 4.7 and 4.11, showing the polarisation as
a function of resolution and frequency, that a significant fraction of the foreground depolarisation is resolved
by a resolution of 0.45”, which raises the question of whether the high-resolution, high-frequency foreground
screen images shown in Figure 4.14 can be used to predict the lower-frequency, lower-resolution images
where the depolarisation effects are very strong. An accurate prediction would be strong evidence for a
screen origin of all, or nearly all, the observed depolarisation.

We assume that the fractional polarisation, py and polarisation angles, x(, derived in Section 4.5 represent
the intrinsic polarisation properties of the source. Further, we assume that the RM map is an accurate repre-
sentation of the foreground Faraday rotating screen on a 0.3” scale — essentially assuming that this resolution
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has fully resolved the RM screen. With these, we can calculate the low-frequency polarisation (< 6 GHz)

at 0.3" resolution, by simply rotating the observed polarisation angle by RM \? as follows:
P()2) = pole?XoHRMAY, (4.9)

We estimated I at 0.30” across 2 - 18 GHz first by determining the spectral index ? at this resolution between
6 - 18 GHz, and then using this spectral index to extrapolate the total intensity at low-frequencies. We then
convolved (using AIPS task “CONVL”) the resulting estimates of the (), U and I to the desired resolution
(0.75") providing the model images. These were then compared to the observed polarisation.

Figure 4.18 shows a few illustrative examples showing our original data at 0.75” (in black) and the model
predictions (in red). The left column shows the fractional polarisation as a function of A2, the middle column
shows the polaris ation angle as a function of A? and the right column shows the amplitude of the Faraday
depths.

Table 4.3 shows the result of the predictions. The top two rows show examples with smoothly decaying
fractional polarisation as a function of A\?. The top row shows an example where the predictions match the
data very well — ~ 13% of the smooth decaying lines-of-sight fit as well as this. The second row shows an
example in which the prediction underestimates the rate of depolarisation — denoted in Table 4.3 as “approx”.
About ~ 72% of the lines-of-sight fall within this category. The remaining lines-of-sight (~ 15%) are not
accurately predicted by our simple model (denoted in Table 4.3 as “N/A”).

The bottom four rows show examples of lines-of-sight with oscillatory behaviour. In general, the presence
of an oscillatory depolarisation is well predicted by our model. This result suggests that although the dominant
depolarisation mechanism is associated with unresolved fluctuations, larger-scale components responsible for
the oscillatory depolarisation characteristics must be present in these cases, likely operating on scales only a
little less than our standard 0.75” resolution.

The extraordinarily good fit shown in the third row is not common. Most often, the predicted nulls occur
at longer A2 values than the data, so that the predicted peaks in the Faraday spectrum are too close together,
as can be seen in the second column. See results of the predictions for sinc-like lines-of-sight in the first row,
columns 12 — 14. Results for complex lines-of-sight are given in rows 3 — 5 and columns 12 — 14.

Thus, on average (weighted by the total number of lines-of-sight in each class), we find that ~ 14% of the
lines-of-sight are accurately predicted (within measurement errors) and ~ 72% have the correct functional
form but with a scaling error, and ~ 14% of the predictions are incorrect.

What could be causing the shifting of the predicted nulls to higher A\? as well as underestimating the
depolarisation? The simplest explanation for the latter is that the 0.3” resolution image from which these
estimates are made is missing some smaller-scale structure. This is a reasonable conclusion given that we are
still seeing depolarisation at 0.30”, which we characterised using . The shifting of the nulls to higher \?,
on the other hand, is caused by an underestimation of the RM difference between the “patches” of polarised

emission as resolved on the 0.3” RM image. It is not clear to us why this small underestimation occurs.

2Using task SPIXR in AIPS.
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4.7 Small-Scale Fluctuations

In the above section, we demonstrated how fluctuations in the R\ map at 300 pc are able to explain the
depolarisation and structures at 750 pc. This provides evidence of small-scale magnetic field fluctuations in
or around Cygnus A. In this section, we demonstrate this even further, by showing the wideband data at two
resolutions: 0.75” and 1.50”. In this case, we convoled our original data at 0.75” to 1.50” using CONVL in
AIPS. Figures 4.19 to 4.24 show examples of the results. We provided more lines-of-sight for the reader to
appreciate the complexity in the data. Additionally, to demonstrate that our favoured hypothesis is supported
by the data: the complexity in the data is due to multiple RM components within the synthesised beam — the
higher the resolution, the simpler the Faraday spectra must become. This shows the presence of fluctuations

even at larger (1500 pc) scales.

4.8 Summary

In this chapter, we presented the results from our wideband (2 - 18 GHz), high-spectral resolution po-
larimetry data on Cygnus A. We have shown how the fractional polarisation varies as a function of frequency
and resolution. We also conducted a Faraday rotation analysis using high-frequency data, > 6 GHz at 0.30”
resolution. In this Faraday rotation study, we derived maps of RM, intrinsic fractional polarisation (pg),
intrinsic polarisation angles () and Faraday dispersions (o), from which we predict the depolarisation be-
haviour at lower frequencies and resolutions with remarkable success. A complete analysis (physical inter-

pretation) of our full band data will be presented in Chapter 5. A summary of our results shows:

1) All lines-of-sight through the lobes depolarise significantly with decreasing frequency. There is no
relation between depolarisation behaviour and the various structural features (hot spots, filaments, jet).
The eastern lobe, particularly those regions nearer the AGN, depolarise at higher frequencies than the
western lobe.

2) The distribution of the fractional polarisation across the lobes is smooth at high-frequencies but be-
comes increasingly clumpy on ~ 1 kpc scales, at low-frequencies.

3) The fractional polarisation as a function of \? for the different lines-of-sight reveal complex depo-
larisation behaviours: some lines-of-sight smoothly depolarise, while others show oscillations, which
in extreme cases have “sinc-like” behaviour. By classifying these polarisation behaviours into three
simple categories: i) smooth decaying, i) sinc-like and iii) complex, we find that 25% fall into the first
class, 11% the second and 50% are complex, and the remaining 14% could not be classified. There
is a tendency for more complex decay in the eastern lobes, with relatively fewer smooth decay and
sinc-like behaviours. The distribution across the western lobe, on the other hand, consists mostly of
smooth decay, particularly at the extremes of the lobes and complex behaviour. There is no clear spa-
tial correlation between these decay patterns across the lobes, except that they are not random but are
clumped on few-kpc scales.

4) Lines-of-sight with oscillations in their depolarisation behaviour also show strong deviations of the
polarisation angle from linearity.
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Figure 4.19: Wideband polarisation behaviour at 0.75" compared to 1.50”. Two left columns: Fractional polarisation
vs A2, Last two columns: Faraday spectra. Blue: 0.75”. Red: 1.50”. There is significant structure at poor resolution.
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Figure 4.20: Continuation of Figure 4.19.
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Figure 4.21: Continuation of Figure 4.19.
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Figure 4.22: Continuation of Figure 4.19.
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Figure 4.23: Continuation of Figure 4.19.
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Figure 4.24: Continuation of Figure 4.19.
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5)

6)

7)

8)

9)

10)

11)

12)

The lobe emission also depolarises significantly with decreasing resolution. The inner region of the
eastern lobe (closest to the AGN), depolarises more rapidly than other regions of this lobe.

Plots of fractional polarisation as a function of resolution and frequency for different lines-of-sight
reveal that the beam-related effects are complicated and that our observations do not have sufficient
resolution to completely resolve the depolarising structures present in or around Cygnus at frequencies
below 6 GHz.

The RM values derived are consistent with those found by Dreher et al. (1987) and Perley and Carilli
(1996) and extend those results to the weaker emission nearer the AGN. Our new observations reveal
very high RM values at the tails of the lobes — ranging between —4500 rad m~2 and +6400 rad m 2
in the eastern lobe and —5000 rad m~2 and +3000 rad m~2 in the western lobe. We find that the R\
values in the eastern lobe occur in bands of low and high RM along the source-axis. The RM values
are ordered on 3 - 20 kpc scales. There is no relation between the RM values and the presence of
structural features in the total intensity (hotspots, jet, filaments).

The intrinsic magnetic fields follow the boundary and filamentary structures of the lobes — consistent
with other radio galaxies. The only exception is the inner region of the eastern lobe where the fields
appear to be slightly chaotic.

The derived intrinsic fractional polarisation of the source found from analysis of the high-frequency
data alone at 0.3” resolution shows that Cygnus A is intrinsically highly polarised, with typical frac-
tional polarisation between 15% to 45% and some regions as high as 70%. The intrinsic fractional
polarisation of the inner region of the eastern lobe is very similar to that of the rest of the lobe, indicat-
ing that this region is not unique and that the observed depolarisation as well as the rapid depolarisation
have an external origin.

We find that the Faraday dispersions across both lobes decrease with increasing distance from the AGN.
The outermost regions in both lobes have small Faraday dispersions ~ 0 rad m~2. These increase
towards the AGN to typical values of ~ 200 rad m—2 to 400 rad m~2. The innermost regions of the
eastern lobe show the highest dispersions — up to ~ 800 rad m~2. The Faraday dispersions are weakly
correlated with the observed RM, again suggesting that the RM are external to the lobes.

Assuming that the derived pg, xo and RM generated from the high-frequency, high-resolution data
represent the intrinsic polarisation properties of the source and that there is no synchrotron emission in
the external medium, we generated predictions of the low-frequency polarisation emission at 0.3" res-
olution, which were then convolved to our resolution of 0.75”. Comparison of the predictions with the
observations shows remarkable agreement, with about 14% of the lines-of-sight predicted accurately
and a further 72% with the correct shape but with small scale errors. This result supports the interpre-
tation that the majority of the observed depolarisation is due to unresolved fluctuations on scales of
0.3” —0.7” in the external medium.

Fractional polarisation data as a function of \? and Faraday spectra data are made available via
an online tool http://cygnus.ratt-ru.org/cygnus/. This tool was developed by Lexy Andati, a PhD
student at Rhodes University, South Africa.

105


http://cygnus.ratt-ru.org/cygnus/

106

CHAPTER 5

Cygnus A: Wideband Data Modelling
and Characterisation

“He who made the Pleiades and Orion and turns deep darkness into morning and darkens the day into
night, who calls for the waters of the sea and pours them out on the surface of the earth, the Lord is His
name.”

Amos 5:8

5.1 Introduction

In the previous chapter, we presented the data of the wideband observations of Cygnus A and showed
that the data reveal significant complexities, namely the large depolarisation, depolarisation structures and
single-, double- and multiple-peaked Faraday spectra. Using high-frequency (6 - 18 GHz), high-resolution
(0.30") data, we have demonstrated that the depolarisation structures are predominantly a result of unre-
solved fluctuations. In this chapter, we analyse our full-band (2 - 18 GHz) data at 0.75” with the intention of
describing the nature (such as the structure) of the magnetic fields within or surrounding Cygnus A.

In Section 5.2, we classify and describe the data as seen in Faraday space (using Faraday spectrum). In
Section 5.3, we characterise the Faraday spectra by fitting a simple 1D Gaussian function to the amplitude of
the spectra. The Faraday spectra classes are combined with the depolarisation classifications (from Section
4.4.1.3) to choose the form of analytical models to fit to the data. From Section 5.4 to 5.9, we present our
wideband data modelling results. Section 5.10 summarises the results of the model selection and determines
the best model for the 0.75” data. Section 5.11 summarises the derived parameters of the best model(s) and
compares these parameters with those derived from high-frequency, high-resolution modelling as well as
those from Faraday spectra characterisation section. Section 5.12 provides the overall physical picture of the

magnetic fields within and around Cygnus A, as depicted by the wideband modelling.

5.2 Faraday Spectra Classification

In Section 4.4.1.2, we classified the various (~ 2000) lines-of-sight across Cygnus A based on the struc-
ture in the depolarisation as a function of \2. In this section, we provide a further classification based on the
structure in the Faraday spectrum, specifically based on the number of resolved and unresolved peaks. We

were able to categorise the different Faraday spectra into six classes, as defined below.



Single-peaked: the Faraday spectrum is dominated by one strong peak. We find that the width of the
peak in the spectra is most often larger than the width of the RMTF.

Single-peaked with smaller peaks: the spectrum is dominated by one strong Faraday component with
additional weaker components, which are usually blended with the strong component but occasionally
separate.

Blended double-peaked: the spectrum is dominated by two strong Faraday components which are
blended together — their separation is less than their width.

Resolved double-peaked: the spectrum is dominated by two strong Faraday components that are
partially or almost fully resolved. Weaker components are often seen.

Blended multiple-peaked: the spectrum is dominated by three or more Faraday components that are
closely blended together and sometimes partially separated.

Resolved multiple-peaked: several Faraday components are apparent, with some well separated peaks
(by more than their width). There is no significant distinction between these with the blended multiple-
peaked spectra. However, we separated these two classes to bring attention the existence of some
Faraday spectra with well-resolved multiple-peak components.

We find that roughly 40% of the lines-of-sight have single-peaked Faraday spectra, 14.5% have single-

peaked with smaller peaks, 19.6% have blended double-peaked spectra, 7% resolved double-peaked spectra,

14.5% blended multiple-peaked spectra and 4.4% resolved multiple-peaked spectra. Table 5.1 shows how

this classification in Faraday depth space compares with the classification made in A\?-space (see Chapter

4 for the details on the classification). We find that the majority of the single-peaked spectra are associated

with smooth and non-oscillatory decaying fractional polarisation as a function of A2, while more complicated

spectra are associated with lines-of-sight having structure in their depolarisation. No smooth-decaying line-

of-sight has a resolved double- and multiple-peaked Faraday spectrum.

Table 5.1: Faraday Spectra Classification

Faraday Spectra Class Depolarisation Class Classifiable
sinc-like smooth  complex complex
oscillatory non-oscillatory
Single-peaked 24 440 26 206 696
Single-peaked with smaller peaks 11 47 47 148 253
Blended double-peaked 111 19 104 109 343
Resolved double-peaked 39 68 13 120
Resolved multiple-peaked 10 0 52 15 7
Blended multiple-peaked 23 8 124 99 254

Figure 5.1 shows example lines-of-sight with single-peaked Faraday spectra. For each line-of-sight, we

show the amplitude of the fractional polarisation as a function of A\> and the RM-Cleaned Faraday spectrum.

The Faraday spectra are superimposed on a Gaussian of width equal to that of the RMTF (~ 180 rad m~?).

In almost all cases, the width of the Faraday spectra is larger than the width of the RMTF. The top row
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shows examples with smooth decaying depolarising lines-of-sight, the second with sinc-like decay, third
with complex oscillatory decay and last row with complex non-oscillatory decay. These plots demonstrate
the importance of evaluating both the Faraday-space and A\2-space to obtain a better picture of the polarisation
behaviour, as noted in Section 3.4. In the case of the single-peaked spectra, we find that the Faraday space
reveals very little structure, while the data in A2-space show depolarisation structure.
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Figure 5.1: Cygnus A example lines-of-sight with single-peaked Faraday spectra. Left plot: Fractional polarisation as
a function of \2. Right plot: RM-Cleaned Faraday spectrum amplitude (blue) superimposed by a Gaussian RMTF of
width equal to that of the actual RMTF. Top row: Smooth decaying lines-of-sight. Second row: Sinc-like decay. Third
row: Complex-oscillatory. Fourth row: Complex non-oscillatory.

Figure 5.2 shows another set of examples, however for lines-of-sight with single-peaked Faraday spectra
with smaller peaks. There is no case where the smaller peaks are completely resolved — they are always
situated next to the stronger component.

Figure 5.3 shows example lines-of-sight with blended double-peaked Faraday spectra. In this case, the
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Figure 5.2: Cygnus A example lines-of-sight with single-peaked spectra with smaller unresolved (or partially resolved)
peaks. Similar to Figure 5.1 (from top to bottom): smooth decaying, sinc-like, complex oscillatory and complex non-
oscillatory depolarisation, respectively.
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two peaks have relatively similar strengths. The pronounced nulls are immediately noticeable for the sinc-like
depolarisation with blended double-peaked Faraday spectra. This behaviour is different from those associated
with single-peaked spectra (see Figures 5.1 and 5.2). Moreover, sinc-like depolarisation patterns are largely
associated with the blended double-peaked Faraday spectrum (roughly 50%).
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Figure 5.3: Cygnus A example lines-of-sight with unresolved blended double-peaked Faraday spectra. From top to
bottom: smooth decaying, sinc-like, complex oscillatory, and complex non-oscillatory depolarisation, respectively.

Figure 5.4 shows six examples with resolved double-peaked spectra. None of the lines-of-sight with
smooth-decaying depolarisation has a spectrum of this type. The width of each component is usually rel-
atively wider than the RMTF — suggesting that each Faraday component is extended in Faraday space and
not a simple delta function. Additionally, although the peaks are resolved, they are still connected at their
base. This could suggest the presence of weak unresolved Faraday components that connect the two strong

peaks, or a continuum distribution of Faraday depths with weaker strength. For example, a plot on the top
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left is suggestive of the former; a case where a “connecting” weaker, partially resolved Faraday component is
situated in between the two strong components, while the left plot in the middle row is somewhat suggestive
of a continuum distribution. There are a few cases wherein two peaks appear — there is usually much weaker

partially resolved Faraday peaks in between or at the extreme of the two strong peaks.
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Figure 5.4: Cygnus A example lines-of-sight with resolved double-peaked Faraday spectra. From top to bottom: sinc-
like, complex oscillatory and complex non-oscillatory depolarisation, respectively.

Figures 5.5 and 5.6 show another set of interesting lines-of-sight with complex multiple-peaked Faraday
spectra. Figure 5.5 show examples where the multiple peaks are not resolved or are partially resolved. Figure
5.6, on the other hand, shows examples where the peaks are resolved. We find that none of the resolved
multiple spectra have a smooth decaying depolarisation pattern.

Figure 5.7 shows the distribution of the different Faraday spectrum classes across the lobes. The single-
peaked spectra occur predominantly across the western lobe and tend to occur at the extreme regions of the
lobes — further from the AGN. The lines-of-sight with multiple peaked spectra are situated mostly at the tails
of the western lobe, and everywhere across the eastern lobe.

Why are simple spectra predominantly within the western lobe and at the extreme regions of the lobes?
First, these extreme regions have relatively small rotation measures (see Figure 4.14) and depolarisation (see
Figure 4.10). Secondly, Snios et al. (2018) shows that the cocoon-shock is more prominent in this region (see
their Figure 7 also shown in the right plot of Figure 1.2). Thirdly, they are far from cluster centre — were the
gas is most dense and largely structural (for example, the ribs). Using MHD simulations for cluster formation
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Figure 5.5: Cygnus A example lines-of-sight with blended multiple-peaked Faraday spectra. From top to bottom:
Smooth decaying, sinc-like, complex oscillatory and complex non-oscillatory depolarisation, respectively.
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Figure 5.6: Cygnus A example lines-of-sight with resolved multiple-peaked Faraday spectra. From top to bottom:
Sinc-like, complex oscillatory, and complex non-oscillatory depolarisation, respectively.
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and evolution, Dolag et al. (1999) showed that the magnetic fields are more turbulent in the cluster centre (see
their figure 3). So the relatively simpler polarisation structure (singe-peaked) at the extreme regions could
be a result of less turbulence.

It is not clear why the Faraday spectra class’ distribution and dominance across the two lobes significantly
differ. The western lobe is associated with relatively simpler (single-peaked) spectra than the eastern lobe.
The difference between the nature of these two lobes remains a mystery. Could it be that the eastern lobe is
intrinsically different from the western lobe? Given the similarity with the tail of the western lobe, the eastern
lobe is likely to be submerged into a relatively denser local environment or is farther from us. As such, the

increased complexity in these regions can be attributed to the Laing-Garrington effect.
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Figure 5.7: Spatial distribution of the Faraday spectrum classes across Cygnus A. Green *: Single-peaked spectra.
Orange x: Single-peaked with smaller peaks. Navy v: Blended double-peaked. Green O: Resolved double-peaked.
Orange Q: Blended multiple-peaked. Navy Y: Resolved multiple-peaked. The single-peaked Faraday spectra are largely
found across the western lobe and are situated at the extreme regions (further from the AGN) of both lobes. The multiple-
peaked Faraday spectra lines-of-sight, on the other hand, are situated at the tails of the western lobe. In general, the
eastern lobe is associated with multiple-peaked spectra.
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5.3 Faraday Spectra Properties

To characterise the Faraday spectra, we decided to fit the following single 1D Gaussian function to the
amplitude of the spectrum for each line-of-sight:

_ e ()
f = fe (S (5.1)
where @nean is the mean, ogqey is the width of the distribution and fj is the amplitude.

The goal is to characterise the width, amplitude and mean Faraday depth of each spectrum. This spectra
fitting procedure is a straightforward task which we accomplish using a simple x? minimisation via LMFIT.
Moreover, we are not interested in characterising the individuals peaks in the spectra — these will require
sophisticated modelling.

Figure 5.8 shows examples of the Gaussian fitting to the different spectra. The derived amplitudes for
spectra with large Faraday spread are underestimated. Therefore, from the fitting results, we only consider
the mean, ¢mean and the width, oggey. We derive the amplitudes by taking the maximum peak of the each
spectrum. We evaluate the goodness-of-fit by eye. We find that the 1D Gaussian function provides a good
approximation of the mean and width for most lines-of-sight. A few exceptions are with single-peaked spectra
with smaller peaks, in which the Gaussian function tends to exclude the smaller peaks (see Figure 5.8 top
right). A reason may be that the smaller peaks (weaker) are erroneously considered as part of the noise.

Figure 5.9 shows the maximum peak of the Faraday spectra as a function of fractional polarisation at 8
GHz for the 2000 lines-of-sight. The different Faraday classes are shown in different colours. Lines-of-sight
with low fractional polarisation in A\? have a low peak in Faraday space. The different Faraday classes occur
uniformly across A\?-space — the classes are not clustered at any fractional polarisation values. However, in
Faraday space, the single-peaked Faraday spectra tend to have relatively higher peak values, followed by
single-peaked spectra with smaller peaks and blended double-peaked spectra. The separation between the
resolved double-peaked spectra, blended and resolved multiple-peaked spectra is obscured.

Figure 5.10 shows the derived Gaussian oggey as a function of ¢mean. The different Faraday classes are
shown in different colours. Due to resolution limitation in Faraday space, the smallest Gaussian ogqey We
can derive is ~ 77 rad m~2 (FWHM/2.35, where FWHM ~ 180 rad m~2). The Gaussian ey goes as
high as 1600 rad m~2, that is roughly a factor of 20 larger than our RMTF resolution. The single-peaked
spectra have smaller widths and lower mean Faraday depths. This may be because most the single-peaked
spectra are situated at the extremes of the western lobe, where the lower RM are found and there is less
turbulence due to the emission being closer to the edge of the cluster gas. Multiple-peaked Faraday spectra
(including resolved double-peaked spectra) are associated with large Faraday spectra width of up to 1600 rad
m~2. There is a weak correlation between the mean Faraday depth with the Faraday spectra width. Large
mean depths are associated with large ogey. This implies that for the most part, the width is independent of
the mean Faraday depths. A similar pattern is seen in a plot of RM as a function of Faraday dispersions (see
Figure 4.16).

Figure 5.11 compares the RM and Faraday dispersions derived from fitting the random-depolarising
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Figure 5.8: Fitting examples of 1D Gaussian function to Faraday spectrum amplitudes. Title: Line-of-sight position
in milli-arcsecond. Legend in parenthesis: The mean, ¢mean and spectra width, oggey of the fitted Gaussian function.
Top row: Single peaked spectra class (left) and single peaked spectra with smaller peaks (right). Second row: Blended
double-peaked spectrum (left), and blended multiple-peaked spectrum (right). Bottom row: Resolved double-peaked
(left), and resolved multiple-peaked spectrum (right).
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model to 6 — 18 GHz data at 0.30” (see Section 4.5) t0 @mean and oggev at 0.75”. RM values at 0.30”
are consistent with ¢mean. This comparison is important as it demonstrates that the 1D Gaussian fits are
consistent with the simpler fits performed in Section 4.5. A reason for the similarity is that high-frequency
Faraday spectra are a smoothed version (by a large RMTF) of the low-frequency spectra.

The o at 0.3” and oggev, although plotted together, represent different things. The o describes the decay
rate of fractional polarisation with increasing A2, while 0gqey Tepresents the maximum separation of the
Faraday components in the spectrum. The ¢ seems independent of the Faraday spectra class. The single-
peaked spectra depolarise at a similar rate as double-peaked and multiple-peaked spectra. However, there
seems to be a tendency for the multi-component spectra to have relatively large Faraday dispersions. The
Ostdev, ON the other hand, is larger for resolved double-peaked and multiple-peaked spectra.

In a simple case of a single random depolarising screen, ¢ and oggey Should be relatively similar — assum-
ing that we have a sufficient resolution in Faraday space. These results imply that all the spectra lines-of-sight
have a common o ranging between 50—400 rad m 2. It could be that the individual components in the double-
and multiple-peaked spectra are all affected by the same depolarising screen. Another possibility is that the
components have intrinsic width in Faraday space; that is, they are depolarising in themselves in a similar

manner.
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Figure 5.11: A comparison of the derived parameters from high-frequency, high-resolution modelling with solutions
from 1D Gaussian fitting. Left plot: Compares the high-frequency RM (see Section 4.5) with ¢mean. Right plot:
Compares the Faraday dispersions at 0.30"” (see Figure 4.14) with ogqey. The Faraday dispersions shown have fractional
errors of less than 0.5. The RM at 0.30” are consistent with ¢pean. Faraday dispersions are independent of the Faraday
class, with a weak tendency for large o to be associated with large oggey-

5.4 Modelling of Wideband Data

This section uses the QU-fitting technique described in Section 3.4 to model our wideband (2 - 18 GHz)
data of Cygnus A. We fit mainly to the lines-of-sight with single-peaked Faraday spectra, single-peaked spec-
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tra with smaller peaks, blended double-peaked spectra, and resolved double-peaked spectra. The blended
multiple-peaked and resolved multiple-peaked spectra will require much more advanced models that are cur-
rently not available or models with a combination of multiple components that are computationally expensive
and difficult to interpret. The models we fit are defined in previous chapters, however we will repeat them
in this chapter; we will also make mention of their location within the dissertation.

The data revealed that all the lines-of-sight across Cygnus A depolarise and have non-zero RM . There-
fore, each model must consist of a RM and the depolarisation term. We fit the following models/hypothesis
to the data: (note that we shorten the names of each model: to represent a foreground screen we use a
symbol “F”, internal mixing a symbol “I”, random magnetic fields with “R”, unresolved uniform R}/-
difference “U” and a depolarisation screen with “D”. Preceding these symbols is a number indicating
the number of components/screens — this number is only written if the number of screens is greater
than 1).

1) The first model is the random foreground depolarising Faraday rotating screen, hereafter referred to as
RFD, first defined in Equation 3.29:

p()\Q) _ poezz'xo+2z'¢>,\26—20%47 (5.2)

where o describes the Faraday dispersion due to random magnetic fields, ¢ is the Faraday depth of the
screen and pg and o are the intrinsic fractional polarisation and polarisation angle of the background
radio galaxy (Cygnus A). This model assumes that the depolarisation around Cygnus A results from a
turbulent magnetic field in the foreground cluster gas or cocoon-shock (the compressed cluster gas at
the contact layer between the lobes and the cluster).

2) The second model is a single uniform foreground depolarising screen, first defined in Equation 3.26

(hereinafter UFD):
(20x0+2i9N? sin(ApA?)
ApNZ 7

where A¢ is the uniform R -difference across the beam. This model assumes that the depolarisation

p(A\*) = po (5.3)

is due to unresolved uniform RM -differences across the beam. It can also represent uniform mixing
within the lobes or sheath with ¢ = ¢1cm + % ¢rose and A¢p = ProBE-
3) The third model is a single random, uniform foreground depolarising screen (hereinafter RUFD):

: 2
2y _ . 2ixot2ieA2,— 20234 SI(AGA®)
p(A?) = ppe”XoTHeN g2 Aoz (5.4)
This model is similar to UFD except for the fact that we also incorporate random fluctuations. The
physical picture supposes that the random and uniform magnetic fields are superimposed.

4) The fourth model is a random, uniform internal depolarising gas defined in Equation 3.19 (hereinafter
RUID):

p(A2) = poe?ixo (1 _776_”> , (5.5)
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where = 202\* — 2i¢oA%. This model assumes that the observed RM and depolarisation across
Cygnus A come from an intermixed gas along the line-of-sight. This model is generally ruled out for the
case of Cygnus A for two main reasons. The first reason is that the observed R\ do not correlate with
the observed depolarisation (see Figure 4.16). Secondly, the large rotation > 600° will lead to a large
depolarisation not seen in the data (when using 15 GHz and 5 GHz maps). However, the hypothesis of
ruling out this possibility has never been tested using analytical models over a wider bandwidth (2 — 18
GHz) and at frequencies below < 5 GHz.

5) The fifth model is a random, uniform internal depolarising gas behind a single Faraday rotating screen
(hereinafter RUID+F):

P(A2) = poe?ixo (1 —¢ n>e2iRM)\2. (5.6)
n

This model is similar to RUID except that in addition to a mixed gas, we also have a purely foreground
Faraday rotating screen.

6) The sixth model is a two randomly depolarising Faraday foreground screens (or “patches” in the case
of unresolved fluctuations) (hereafter 2RFD):

; ; 2 9. .2y4 ; ; 2 9. .244
p()\Q) :p162zX1+21¢1)\ e 207\ _|_p2€27,)(2+2w52>\ e 205\ 7 (57)

where p; = Py /It and p2 = Py /Iy are the fractional polarisation of the two patches/screens, respec-
tively, P; and P, are the polarisation intensity for patch “1” and “2” respectively and Iy is the total
intensity Iy + Is.

This model can represent a line-of-sight effect where there are two emission regions along the line-of-
sight passing through two intervening randomly depolarising screens. It could also represent beam-
related effects, whereby the two depolarising patches and two emission components occur within the
same beam resolution. We will later discuss which of the two is likely to occur across Cygnus A.

7) The seventh model is a two random, uniform foreground depolarising screens (hereafter 2RUFD):
) . _ i Aqbl)\2) . N9 o 944 Sin(AqSQ)\Q)
A2) — 2ix1+2ip1 A2, —203 X4 sin 2ix2+2ipaA? 203 . 538
p(A") = pie e “Aga TP e TAGN (5.8)

8) The eighth model is a three random foreground depolarising screens (hereafter 3RFD):

; N2 o 234 ; N2 9. 234 1958 22 o 234
p()\Q) :p1€21x1+22¢1/\ e 207\ +p2621x2+21¢2>\ e 205\ +p3621xa+21¢3)\ e 205\ ’ (5.9)

where p; is Py /I is the intrinsic fractional polarisation of patch “1”, and py = P»/Iio and p3 = P3/ o,
and [y = 11 + Is + Is.

The fractional polarisation of each component is its respective polarised intensity normalised by
the sum of the total intensities of the components within a patch.

Table 5.2 summarises these models.
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Table 5.2: Models used for QU-fitting to Cygnus A lines-of-sight

Acronym | Full name Reference Equation no.
RFD Single random foreground depolarising screen Equations 3.29 and 5.2
UFD Single RM -difference foreground depolarising screen Equation 5.7

RUFD | Single random + uniform depolarising screen Equations 3.26 and 5.3

RUID Single random + uniform internal mixing depolarising gas | Equation 5.4
RUID+F | RUID behind a non-depolarising Faraday rotating screen | Equations 3.19 and 5.5
2RFD | Two random foreground depolarising screens Equation 5.6

2RUFD | Two random foreground depolarising screens Equation 5.8

3RFD | Three random + uniform foreground depolarising screens | Equation 5.9

5.5 Fitting and Analysis Procedure

We use the In BF to select a best fitting model between two models. As explained in Section 3.4, the In BF
is reliable for choosing a best fitting model as it takes into account the complexity (increasing number of free
parameters) of the models. This quantity prevents erroneous selection of a relatively complex model due to
overfitting. The In BF is the difference of the models’ Log-evidences: In BF = In Z; — In Z,, where Z; and
Z5 is the evidence of model 1 and model 2, respectively. The definition and description of the evidence is
presented in Section 3.4.1.3. A model with the largest evidence, In Z, is favoured. If Z; > Z,, then In BF
is > 0 and model 1 is favoured over 2 and if Z5 > Z;, then In BF < 0, model 2 is favoured over model 1.
The magnitude of the In BF, on the other hand, provides the degree by which one model is preferred over
the other. For example, if the magnitude of In BF is ~ 10 between model 1 and 2, and 100 for model 1 and
3, then model 1 is strongly favoured over model 3, than model 2. Table 3.1 provides the selection criteria.
A value of In BF greater than 3 indicates model 1 is strongly favoured over model 2. The In BF is a relative
quantity — it only tells us a model that is most preferred between two models. It is does not tell us whether
a model is true or false, nor does it tell us whether a model fits the data well or not. As a result, a model
selected as “best” may not necessarily be a true representation of the data, but rather, the most preferred of
the two.

We use the reduced chi-square, X%: to determine whether a model describes the data. A value of X72~ ~1
indicates a good fit, 2 < 1 an overfit and Y2 > 1 a bad fit. We do not use 2 to select a best-fitting model
since this quantity takes no account of a model’s complexity. Thus, a more complex model is most likely to
have small x? due to overfitting. For this reason, we use the x2, mainly to determine whether a best fitting
model describes the data. There are factors that can affect the value of x2: i) nonlinear problems, ii) the
noise (Andrae et al. 2010), iii) and high signal-to-noise data tends to have x2 >> 1 than low signal-to-noise
data. This latter bias was also noted by Schnitzeler et al. (2019). We do not have an immediate solution. We
consider x? value of 5 as a median threshold — with lines-of-sight with x? < 5 most reliable and than those
with x2 =~ 5. However, bearing in mind that due to the third limiting factor, a line-of-sight may have 2 < 5

because it is relatively noisy and another may have x? > 5 because of high SNR. We also evaluate the fits
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by eye to check if they are good or bad.

We compare a pair of models at a time, and eliminate models sequentially — the In BF can only compare
two models at a time. For example, we compare RFD with UFD, RUID with RUID+F and so forth. We
assume a uniform distribution for all our prior probabilities. The intrinsic fractional polarisation is set to
range between 0 and 1, polarisation angle between +7 /2 radians, RM /Faraday depth between +7000 rad
m~?2, Faraday dispersion and uniform gradient between 0 — 1500 rad m~—2.

In this study, we focus on a model that is preferred for the majority of the lines-of-sight and a model that
best describes most of the lines-of-sight, rather than checking a success of each model per line-of-sight. A

detailed modelling of the individual lines-of-sight is beyond the scope of this dissertation.

5.6 Single-Peaked Faraday Spectra

We start by modelling the lines-of-sight with single-peaked Faraday spectra. For Cygnus A, these lines-
of-sight represent a significant fraction of the lines-of-sight — 40%. We fit all the eight models described in
Section 5.4 to the single-peaked lines-of-sight, namely RFD, RUFD, UFD, RUID, RUID+F, 2RFD, 2RUFD
and 3RFD.

The single-peaked spectra may appear single-peaked because they consist of a single Faraday component
or it could be that there are multiple unresolved Faraday components (separated by < 180 rad m—2). We hope
to determine whether the single-peaked spectra data are best described by single or multiple components

models.

5.6.1 Best-Fitting Model

Figure 5.12 shows the In BF for model RFD, UFD and RUFD. The left plot compares RFD and UFD,
middle plot compares RFD and RUFD and right plot compares RUFD and UFD. The blue points show
positive In BF in favour of RFD (left and middle) and RUFD (right). The red points correspond to the
negative In BF in favour of UFD (left and right) and RFD (middle). RFD is favoured against UFD for 83%
of the lines-of-sight and against RUFD for 66% of the lines-of-sight. However, data points against RUFD
(middle plot) consist of small values of In BF, with values concentrated between 4 + 1. These small values
suggest a weak evidence against RUFD. RUFD, on the other hand, is favoured over UFD for 94% of the
lines-of-sight. These results suggest that random fluctuations are important for the majority of the lines-of-
sight, while the unresolved uniform RM -difference are important for only 1/3 of the lines-of-sight. RUFD
is the most preferred model of the three.

We now compare our most preferred model from the above step to RUID and RUID+F models. Figure
5.13 shows the In BF of model RUFD, RUID, and RUID+F. The blue points show lines-of-sight in favour
of RUFD (left and middle) and RUID+F (right). The red points show those in favour of RUID (left and
right) and RUFD (middle). RUID is highly disfavoured for 97% of the lines-of-sight. RUID+F, on the
other hand, is favoured against RUFD for 2/3 of the lines-of-sight. The large degree of disfavour for RUID

implies that the data cannot be explained by a completely mixed gas. Rather, the data require that there
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Figure 5.12: In BF solutions of model RFD, RUFD and UFD fitted to single-peaked spectra lines-of-sight. Blue points:
In favour of RFD (left and middle) and RUFD (right). Red points: In favour of UFD (left and right) and RUFD (middle).
Vertical lines (from left to right) separate the smooth, sinc-like, complex oscillatory and complex non-oscillatory lines-
of-sight. RFD is favoured over UFD for 83% of the fitted lines-of-sight and over RUFD for 66%. The data points against
RUFD (middle) have small values clustered between 4 & 1 — indicating a weak evidence against this model. RUFD
is favoured over UFD for 94% of the fitted lines-of-sight. These results suggest that random fluctuations are the most
important to the data, while the uniform RM -differences are important for only 1/3 of single-peaked lines-of-sight.
RUFD is the most preferred model of the three.

exist a foreground Faraday rotating screen to account for the large RM. This result is consistent with the
conclusion reached by Dreher et al. (1987) — who argued that the observed depolarisation is too small to
result from the observed Faraday rotations (> 600°). Our wideband data show that even upon incorporating
the new information (the low-frequency and the high-spectral resolution), a mixed gas alone cannot explain
the situation in/around Cygnus A. Of the three models, RUID+F leads. Noting that RUFD and RUID+F are
similar, the only difference is that the latter is able to account for any asymmetry in the emission distribution,
while the former cannot. Thus, a favour towards RUID+F suggests some form of asymmetries in the emission
gas region — consistent with what can be expected in real life.

Figure 5.14 shows In BF of model RUID+F and 2RFD. In this situation, we want to determine whether the
single component models are sufficient to explain the data or whether the data require multiple components.
2RFD is favoured over RUID+F for 89% of the lines-of-sight. Thus, the single-peaked Faraday spectra data
are best described by a two-component model. This implies that there may be two emission regions along
the line-of-sight or unresolved patches (separated by < 180 rad m~?) across the beam.

Figure 5.15 compares the multi-component models, namely 2RFD, 2RUFD and 3RFD. The blue points
show lines-of-sight in favour of 2RUFD (left) and 3RFD (middle and right). The red data points show the
lines-of-sight in favour of 2RFD (left and middle) and 2RUFD (right). 2RFD is highly disfavoured when
compared to the other two models, with only 2% of the lines-of-sight in favour of 2RFD over 3RFD and 15%
in favour of 2RFD against 2RUFD. We find that roughly 69% lines-of-sight favour 3RFD over 2RUFD.

5.6.2 Goodness-of-Fit of Competing Models

Figure 5.16 shows the x2 for model 2RUFD (left), 3RFD (middle) and the right plot shows the difference
in the x2 of the two models. Both models describe most of the lines-of-sight relatively well, with 78%
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Figure 5.13: In BF solutions of model RUFD, RUID and RUID+F fitted to single-peaked spectra lines-of-sight. Vertical
lines are the same as in Figure 5.12. Blue points: In favour of RUFD (left and middle) and RUID+F (right). Red points:
In favour of RUID (left and right) and RUFD (middle). RUID is highly disfavoured for 97% of the fitted lines-of-sight,
RUID+F is favoured over RUFD for 66% fitted lines-of-sight. A completely internal mixed region (described by RUID)
cannot explain the data, instead, the data require the presence of a Faraday rotating foreground screen to explain the
large RM — consistent with the conclusion reached by Dreher et al. (1987).
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Figure 5.14: In BF solutions of model RUID+F and 2RFD fitted to single-peaked spectra lines-of-sight. Vertical lines
are the same as in Figures 5.12 and 5.13. Blue points: In favour of 2RFD. Red points: In favour of RUID+F. 2RFD is
favoured over RUID+F for 89% of the fitted lines-of-sight. The data are best described by a two-component model.
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Figure 5.15: In BF solutions of model 2RFD, 2RUFD and 3RFD fitted to single-peaked spectra lines-of-sight. Vertical
lines are the same as in Figure 5.12. Blue points: In favour of 2RUFD (left) and 3RFD (middle and right). Red points:
In favour of 2RFD (left and middle) and 2RUFD (right). 2RUFD is favoured over 2RFD for 85% of the fitted lines-
of-sight, with those in favour of model 2RFD clustered around small values of In BF ~ 7 + 2. 3RFD is favoured
over 2RFD for 98% of the fitted lines-of-sight (middle) and over 2RUFD for 69% (right). 3RFD model is the most
favoured of all the three models, followed by 2RUFD. These results suggest that 69% of the single-peaked spectra are
best described by a three-component model, while 31% are best described by a two-component model with random
fluctuations superimposed on unresolved uniform R M -difference.

having x? < 5. However, the difference in the x? indicates that 3RFD describes the majority ~ 69% of
the lines-of-sight much better than 2RUFD. These results are consistent with those of the In BF. We cannot
immediately rule out 2RUFD since our results show that this model does well for at least 31% of the lines-of-
sight. We conclude that both models are relevant to the data and require consideration. This result suggests
that some line-of-sight are best represented by a three randomly-depolarising model, while others require two

components with random fluctuations superimposed on unresolved uniform R M -difference.
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Figure 5.16: x2 of model 2RUFD and 3RFD fitted to single-peaked spectra lines-of-sight. Left plot: x? of 2RUFD.
Middle plot: x2 of 3RFD. Right plot: The difference in x2 of 3RFD and 2RUFD. For 2RUFD, ~ 77% of the fitted lines-
of-sight have x2 < 5 and ~ 79% for 3RFD. Right plot: Blue points show lines-of-sight (31%) where model 2RUFD
describes the data better than 3RFD and red points show the opposite. Most of the single-peaked spectra lines-of-sight

are best described by 3RFD.
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5.6.3 Fitting Examples

Figure 5.17 shows fitting examples to single-peaked spectra lines-of-sight in favour of model 2RUFD

over 3RFD. In most cases, both models appear to the eye to fit the data relatively similar.

Figure 5.17: Fitting examples in favour of 2RUFD over 3RFD for lines-of-sight with single-peaked Faraday spectra.
First column: Fractional ) vs A\?. Second: Fractional U vs A2. Third: Fractional P vs \2. Left title: Lines-of-sight
location. Middle title: The In BF. These represent 31% of the fitted lines-of-sight. In particular, we show examples
where 2RUFD is highly favoured (large negative In BF).

Figure 5.18 shows fitting examples where model 3RFD is favoured over 2RUFD.
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Figure 5.18: Fitting examples in favour of 3RFD over 2RUFD for lines-of-sight with single-peaked Faraday spectra.
First column: Fractional @ vs A\2. Second: Fractional U vs A\?. Third: Fractional P vs A\2. Left title: Lines-of-sight
location. Middle title: The In BF. These represent 69% of the fitted lines-of-sight. Top row: Both models seem to fit
the data well (~ 50%). Second row: 3RFD obviously outperforms 2RUFD (~ 42%). Third and fourth row: Large x2
(~ 4%). The latter mostly correspond to lines-of-sight with high SNR.
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5.6.4 The Estimated Parameters for the Leading Models: 2RUFD and 3RFD

In the above sections, we have demonstrated that our 3RFD is the leading model, followed by 2RUFD.
3RFD explains 69% of the lines-of-sight better than 2RUFD. However, we also find that 2RUFD explains
the remaining lines-of-sight, 31%, significantly better than 3RFD. Since 31% still forms a significant part of
the data, we present both models’ estimated parameters. We only show estimated parameters for the lines-
of-sight with 2 < 5 and fractional errors < 0.1. In each plot’s title, we provide the percentage number of

the lines-of-sight that satisfy these two conditions.

5.6.4.1 Three-Random Depolarising Screens

Figure 5.19 shows the estimated intrinsic fractional polarisation of the three components in model 3RFD
(top) and ratios (bottom). The estimated values suggest the presence of a strong, intermediate and weak com-
ponent. The strong component is generally about a factor of < 5 stronger than the intermediate component

and a factor of 2 — 60 highly polarised than the weaker component.
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Figure 5.19: Estimated intrinsic fractional polarisation of model 3RFD fitted to lines-of-sight with single-peaked
Faraday spectra. Top row: Intrinsic fractional polarisation. Bottom row: Ratio of the intrinsic fractional polarisation.
The lines-of-sight shown have x? < 5 and fractional errors < 0.1. Title: A percentage of fitted lines-of-sight that
satisfy both conditions. The estimated fractional polarisation suggest the presence of a strong, intermediate and weak
component. The intermediate component is generally a factor of 2 to 5 smaller than the strong component, while the
weaker component is a factor of 2 to 60 less polarised than the strong component.

Figure 5.20 shows the separation of the components in the Faraday space. The strong and the intermediate

components are separated by no more than 4250 rad m~—2. The weaker component is separated from both
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the strong and intermediate by up to 500 rad m~2 and never less than ~ 50 rad m~2 from the intermediate
component (rightmost plot).
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Figure 5.20: The estimated components’ separation in Faraday space of model 3RFD fitted to line-of-sight with single-
peaked Faraday spectra. The strong and intermediate (left) components are separated by < +250 rad m—2, while the
weaker component is separated from the other two components by up to 500 rad m~2 (with fewer larger separations).
The right plot also suggests a minimum separation of ~ 50 rad m~2 between the intermediate and weak component.

Figure 5.21 shows the Faraday dispersions of the three components in model 3RFD for the lines-of-sight
with single-peaked Faraday spectra. The dispersions of the three components range between 0 — 300 rad
m~2, with few lines-of-sight having larger dispersions going up to ~ 600 rad m~2. The dispersions of the
strong and the intermediate component are concentrated within 0 — 150 rad m~2 and between 0 — 100 rad
m~?2 for the weak component.
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Figure 5.21: The estimated Faraday dispersions of model 3RFD fitted to lines-of-sight with single-peaked Faraday
spectra. The dispersions of the components range between 0 — 300 rad m~2, with a few lines-of-sight having larger
dispersions of up to < 600 rad m~2. The dispersions of a strong and the intermediate component are clustered between
0 — 150 rad m~2, while the dispersions for the weaker component are clustered between 0 — 100 rad m~2 .

5.6.4.2 Two Random-Uniform Depolarising Screens

Figure 5.22 shows the derived intrinsic fractional polarisation of the first component (left, the strong com-
ponent), the second component (middle, the weak component) and the ratio of the two-component (right).
The lines-of-sight shown have y? < 5 and fractional polarisation < 0.1. The strong component’s fractional
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polarisation ranges between 0.1 — 0.6, and the weak component between ~ 0.01 — 0.3. The intrinsic polari-
sation of the weaker component is a factor of 1 — 10 less polarised than the strong component. The majority
of the ratios are clustered < 4.
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Figure 5.22: The estimated intrinsic fractional polarisation of model 2RUFD fitted to lines-of-sight with single-peaked
Faraday spectra. Left and middle plot: Intrinsic fractional polarisation. Right plot: Ratios of the intrinsic fractional
polarisation. Lines-of-sight shown have x? < 5 and fractional errors < 0.1. Component 1, “the strong component”, is
about a factor of 1 — 10 more polarised than component 2, “the weak component”.

Figure 5.23 shows the Faraday dispersions of the two components in model 2RUFD (left and middle
plot) and the separation of the components in Faraday space (right). The dispersions of the strong component
range between 0 — 150 rad m~—? and the weak component between 0 — 50 rad m~2. The components are
separated by < 4+250 rad m~
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Figure 5.23: The estimated Faraday dispersion and the components separation of model 2RUFD fitted to lines-of-sight
with single-peaked spectra. Left and middle plot: Faraday dispersions. Right plot: Component separation in Faraday
space. Faraday dispersions of the strong component range between 0 — 150 rad m~2 and the weaker component between
0 — 50 rad m—2. The two components are separated by no more than +250 rad m 2

Figure 5.24 shows the unresolved uniform R/ -difference of the two-components in 2RUFD. The RM -

difference range between 0—500 rad m~? for a strong component, and 0—800 rad m 2 for a weak component.

130



40.8 % 44.0 %

800 1000
* * *
8007 « * *
600 * * - o « *
~ . * *
|E - * . . Y . ‘E 600/ ** * ** . *: :
* * * * * * *
5 400 *oxe * * o© A N il *
e A I R T T i A
s WAL T oA P N 400 y*"&;&? *‘3‘&3*:2’( Ak K Ko *
< *&*‘ * w f*'* PEL N bolgd = * " * i ** ol b T 3:(‘,,' %
20071 * * : R R 2 Tt *.1”*&‘, Nt ,f’;}’( o . " * * xy el *:’;1”,‘(**
5 g 27X A P 200 Hoo.mteor T eRama
Kk A :*lﬁi,f"?* PO I S PP 51 ’&*,: I F N
* * * * * e * % * T X ¥ Kk
* * * * L * *  *
0 0
0 50 100 150 200 250 0 50 100 150 200 250 300
Lines of Sight Lines of Sight

Figure 5.24: The estimated RM -difference of model 2RUFD fitted to lines-of-sight with single-peaked spectra. The
lines-of-sight shown have solutions with X% < 5 and fractional errors < 0.1. RM-difference associated with the strong
component range between 0 and 500 rad m~?2 and the weak component between 0 and 800 rad m~2.

5.7 Single-Peaked Spectra with Smaller Peaks

The lines-of-sight with single-peaked spectra with smaller peaks represent 15% of the lines-of-sight.
Since the Faraday spectrum of the lines-of-sight shows two or more peaks, the single screen/component
models need not be fitted to the data. For these lines-of-sight, it is no longer a question of whether there are
multiple components or not, but rather, our interest is in determining a model that best describes the data. We
consider the multi-component models, namely 2RFD, 3RFD and 2RUFD.

5.7.1 Best-Fitting Model

Figure 5.25 shows the results of the In BF for the three models. 3RFD and 2RFD are compared in the
left plot, 2RUFD and 2RFD in the middle plot, and 2RUFD and 3RFD in the right plot. The blue points
are in favour of 3RFD (left and right) and 2RUFD (middle), and the red points are in favour of 2RFD (left
and middle), and 2RUFD (right). 3RFD is most favoured for 99% of the lines-of-sight against 2RFD and
78% lines-of-sight against 2RUFD. 2RUFD, on the other hand, is preferred over 2RFD for 83% lines-of-
sight. 3RFD outperforms 2RUFD and 2RFD for the majority of the lines-of-sight. This implies that the
single-peaked spectra with smaller peaks lines-of-sight are best described by a model with at least three

components.

5.7.2 Goodness-of-Fit of Competing Models

In Section 5.7.1, we have shown that model 3RFD is the most preferred of the three models. We consider
the x2 < 5 to indicate whether a model describes the data or not. Figure 5.26 shows x? for the three models:
2RFD, 2RUFD and 3RFD. 3RFD also describes 80% of the single-peaked spectra with smaller peaks data,
while 2RUFD describes 70% and 2RFD describes 55%. Model 3RFD describes the majority of the lines-of-
sight.
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Figure 5.25: 1n BF solutions of model 2RFD, 3RFD and 2RUFD fitted to lines-of-sight with single-peaked spectra with
smaller peaks. Blue points: In favour of 3RFD (left and right) and 2RUFD (middle). Red points: In favour of 2RFD
(left and middle) and 2RUFD (right). Vertical lines (from left to right) separates lines-of-sight with smooth decaying,
sinc-like, complex oscillatory, and complex non-oscillatory depolarisation. 3RFD is favoured over 2RFD for 99% of
the fitted lines-of-sight and over 2RUFD for 78%. 2RUFD is favoured over 2RFD for 83%. The red points in favour
of 2RFD (middle) are associated with small In BF, with ~ 2/3 having In BF < 10 — indicating a weaker preference
towards 2RFD. 3RFD is the most favoured model of the three models for the majority of the lines-of-sight.
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Figure 5.26: x2 of model 2RFD, 2RUFD and 3RFD fitted to lines-of-sight with single-peaked Faraday spectra with
smaller peaks. Left: x? of 2RFD. Middle: x? of 2RUFD. Right: x? of 3RFD. The horizontal lines correspond to
X2 = 2 (magenta), x> = 5 (red), and x? = 10 (green). For all the models, the majority of the lines-of-sight have

X?

~

< 5. For 2RFD, we find ~ 55%
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of the fitted lines-of-sight have x2 < 5, ~ 70% for 2RUFD and ~ 80% for 3RFD.



Figure 5.27 shows the difference in the x? of 2RFD and 3RFD (left), 2RFD and 2RUFD (middle) and
2RUFD and 3RFD (right). The blue points are in favour of 3RFD (left and right plot) and 2RUFD (middle
plot). The red points in favour of 2RFD (left and middle plot) and 2RUFD (right). 2RFD describes the
data poorly, while 2RUFD and 3RFD are able to describe a significant fraction of the data. However, 3RFD
outperforms 2RUFD by describing 75% of the lines-of-sight better. We can confidently discard 2RFD.
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Figure 5.27: The difference in x? of models 2RFD, 3RFD and 2RUFD fitted to lines-of-sight with single-peaked with
smaller peaks. Blue points: In favour of 3RFD (left and right) and 2RUFD (middle). Red points: In favour of 2RFD
(left and middle) and 2RUFD (right). 3RFD outperforms 2RFD for 97% of the fitted lines-of-sight and outperforms
2RUFD for 75%.

5.7.3 Fitting Examples

In the above sections, we were able to demonstrate that 3RFD outperforms 2RFD and 2RUFD. Although
3RFD significantly outperforms 2RFD, the same is not always true for 2RUFD (see right plot of Figures 5.25
and 5.27). We find that 2RUFD is significantly favoured for 18% of the lines-of-sight over 3RFD.

In Figure 5.28, we show six examples whereby model 2RUFD is favoured over 3RFD (red points in
Figure 5.25). The top row shows an example where both models seem to fit the data reasonably well, as
such, model 3RFD is disfavoured mainly because of its relatively high complexity. We find that roughly
~ 56% of the lines-of-sight in favour of 2RUFD are fitted well by both models. Second row shows an
example where 3RFD fails to fit the data at lower-frequencies. We find that 24% of the fitted lines-of-sight
in favour of 2RUFD are of this kind. The third row is one of the three (5%) situations where 3RFD fails at
higher-frequencies. The fourth is an example where 3RFD is unable to reproduce the oscillatory behaviour
— only five (9%) cases were found.

Figure 5.29 shows situations where 3RFD is favoured over 2RUFD (blue points in Figure 5.25).

5.7.4 The Estimated Parameters for the Leading Models

5.7.4.1 Three-Random Depolarising Screens

Figures 5.30 shows the estimated intrinsic fractional polarisation and ratios for model 3RFD. We only
show fitting solutions with fractional errors less than 10% and X% < 5. In each plot, we indicate a frac-
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Figure 5.28: Fitting examples in favour of model 2RUFD over 3RFD for lines-of-sight with single-peaked spectra with
smaller peaks. Red: 2RUFD. Blue: 3RFD. First column: Fractional @ vs A2. Second: Fractional U vs A\2. Third:
Fractional P vs A\2. Right column: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle
title: The In BF. See Section 5.7.3 for details.
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Figure 5.29: Fitting examples in favour of model 3RFD over 2RUFD for lines-of-sight with single-peaked with smaller
peaks. Red: 2RUFD. Blue: 3RFD. First column: Fractional Q vs A\?. Second: Fractional U vs A2. Third: Fractional
P vs \2. Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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tion of lines-of-sight satisfy these two conditions. There seem to be at least three components with different
strengths, namely the strong, intermediate, and weak component. The strong component is a factor of 0 — 10
more polarised than the intermediate component and a factor of 0— 30 more polarised than the weaker compo-
nent. The components are associated with small fitting errors in the derived intrinsic fractional polarisation,

which suggests that the components are important and may very well be real.
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Figure 5.30: The estimated intrinsic fractional polarisation of model 3RFD fitted to lines-of-sight with single-peaked
spectra with smaller peaks. Top row: Intrinsic fractional polarisation. Bottom row: Ratios of the intrinsic fractional
polarisation. Lines-of-sight shown have fractional errors < 0.1 and x? < 5. Title: A fraction of lines-of-sight that
satisfies these two conditions. The derived polarisation suggests three components of differing strengths, namely a
strong (more polarised), intermediate and weak component (less polarised). The strong component is a factor of 1 — 10
more polarised than the intermediate component and a factor of 1 — 30 more polarised than the weak component.

Figure 5.31 shows the estimated components’ separation in Faraday space. The lines-of-sight shown
have fractional errors in the estimated separations less than 0.1 and x> < 5. The strong and intermediate
components are relatively close in Faraday space, with separations not exceeding 300 rad m~2 —about < 1.6 x
the width of the RMTF. The weaker component is separated from the strong component not more than 500
rad m~2 for most of the lines-of-sight. The weak and intermediate components are much further from each
other in Faraday space — with separations not less than 200 rad m~2 and of up to +700 rad m—2

Figure 5.32 shows the estimated Faraday dispersions. Lines-of-sight shown have fractional errors in the
estimated dispersions of < 0.1 and x? < 5. The Faraday dispersions range between 0 — 400 rad m~? for the
strong component and 0 — 100 rad m~2 for both the intermediate and weak component. This result implies
that the strong component depolarises much more rapidly than the two relatively weaker components.

However, an issue that arises is whether can we trust the dispersions smaller than our resolution (~ 180 rad

136



0, 0, 0,
1000 53.4 % 1000 62.8 % 1000 64.0 % *
750 750{ ", . . 7501 * . .
* * L *x
* * * * *
TE >00 * . * * *,* * : T’E 500 * f**: ’(** * F . :* '\I‘E 500 *x a"* * X * e *‘
O * ox * & * * . * ok D .
- 250 A ';*: L S - 250 * :‘;* e ***,*:****: . o 2501 = W T * s
o 0 S A Pl A - c 0 D * * ok © 0 Y
= bR S e Y o oS N P < b
Y * * * * Kk x * E=Y * % * b.ak * *x, < x * * oy
I 250 *om SR TR L o—2s0] St T A e | T 2250 LR R P Ty
'SH- o * _e._: . ,‘*** :*,,‘*&***: -é\‘. ***** ******ﬂ*‘{ *:’(
= -500 o . = -500 - * T .| T -500(** ot s
* * * * *
-750 t * —-750 N —-750 «
~1000 5550 75 100 135 —100075 50 100 150 —100075 50 100 150

Lines of Sight Lines of Sight Lines of Sight

Figure 5.31: The estimated components’ separation of model 3RFD fitted to lines-of-sight with single-peaked spectra
with smaller peaks. Lines-of-sight shown have fractional errors < 0.1 and Xf < 5. The title shows a fraction of lines-
of-sight that satisfies these two conditions. The strong and intermediate components are relatively close in Faraday
space with separation for most lines-of-sight not larger than 4300 rad m~2 — about a factor 1.6 wider than our RMTF.
The weaker component is separated from the strong component by no more than 500 rad m~2 (middle). The weak
and intermediate components are largely separated > 4200 and < 4700 rad m~2 (right).

m~2) and separations less than the width of the RMTF? There is no straightforward answer to this question.
However, we do know that the Faraday components need to have a width in Faraday space to produce the
global decaying fractional polarisation as a function of A2. A delta function (a purely Faraday rotating gas
without depolarisation) cannot produce this observed global decline. The only way a purely Faraday rotating
screen can produce a decline is if there is an infinite number of screens across the resolution beam, as such,
their average ultimately converge to a continuous distribution.
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Figure 5.32: The estimated Faraday dispersions of model 3RFD fitted to lines-of-sight with single-peaked spectra with
smaller peaks. Lines-of-sight shown have fractional errors less than 0.1. The title shows a fraction of lines-of-sight
that satisfies these two conditions. The strong component depolarises more rapidly with dispersions ranging between
0 — 400 rad m~2, while the other components depolarise less rapidly with typical values ranging between 0 — 100 rad
m~2,

5.7.4.2 Two Random-Uniform Depolarising Screens

Figures 5.33, 5.34 and 5.35 show the estimated fitting parameters for model 2RUFD fitted to lines-of-
sight with single-peaked with smaller peaks Faraday spectra. The lines-of-sight shown have x? < 5 and
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fractional errors < 0.1 in the estimated parameters. Figure 5.33 shows the intrinsic fractional polarisation of

the two-components (left and middle) and the ratios (right). A strong component is a factor of 1 — 10 more

polarised than the weak component.
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Figure 5.33: The estimated intrinsic fractional polarisation of model 2RUFD fitted to lines-of-sight with single-peaked
with smaller peaks Faraday spectra. Lines-of-sight shown have solutions 2 < 5 and fractional errors < 0.1. The title
shows a fraction of the fitted lines-of-sight that satisfy these two conditions. The strong component is a factor of 1 — 10
more polarised than the weak component.

Figure 5.34 shows the Faraday dispersions of the components (left and middle) and their separation in
Faraday space (right). The Faraday dispersions of the strong component range between 10 — 300 rad m—?2
and of the weak component ranges between ~ 1 — 60 rad m~2. The components are separated by no more
than +250 rad m—2.
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Figure 5.34: The estimated Faraday dispersions and components separation in Faraday space of model 2RUFD fitted
to lines-of-sight with single-peaked spectra and smaller peaks. Left and middle plot: Faraday dispersions. Right plot:
Separations in Faraday space. Lines-of-sight shown have x? < 5 and fractional errors of < 0.1. The titles show
a fraction of fitted lines-of-sight that satisfy these two conditions. The dispersions of the strong component range
between 10 — 300 rad m~2 and weak component between ~ 1 — 60 rad m~2. The components are separated by no
more than £250 rad m—2.

Figure 5.35 shows the derived unresolved uniform RM -difference. For both components, the RM -

differences range between ~ 10 — 800 rad m—2.
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Figure 5.35: The estimated R M -difference of model 2RUFD fitted to lines-of-sight with single-peaked Faraday spectra
and smaller peaks. Lines-of-sight shown have x? < 5 and fractional errors of < 0.1. The titles show a fraction of
the fitted lines-of-sight that satisfy these two conditions. The estimated RM -difference for both components range
between ~ 10 — 800 rad m~2.

5.8 Blended Double-Peaked Spectra

The blended double-peaked spectra represent 20% of the lines-of-sight. We fit 2RUFD, 2RFD, and 3RFD
models to these lines-of-sight, similar to single-peaked spectra with smaller peaks.

5.8.1 Best-Fitting Model

Figure 5.36 shows the results of the In BF for 2RFD, 2RUFD and 3RFD models. The In BF of 3RFD and
2RFD is shown in the left plot, of 2RUFD and 2RFD in the middle plot, and 2RUFD and 3RFD in the right
plot. The blue points are in favour of 3RFD (left and right) and 2RUFD (middle) and the red points are in
favour of 2RFD (left and middle), and 2RUFD (right). 3RFD is favoured for 98% of the fitted lines-of-sight
over 2RFD and 73% lines-of-sight over 2RUFD. 2RUFD, on the other hand, is favoured over 2RFD for 80%
of the fitted lines-of-sight. In general, 3RFD is the favoured for the majority of the lines-of-sight.

5.8.2 Goodness-of-Fit of Competing Models

Figure 5.37 shows x2 for the 2RUFD (left), 3RFD (middle) and the difference in their y? (right). There
are 67% lines-of-sight with x2 < 5 for 2RUFD, and 76% for 3RFD. 3RFD describes the majority of the
lines-of-sight better than 2RUFD.

5.8.3 Fitting Examples

We present a couple of examples showing fitting to blended double-peaked Faraday spectra by 2RUFD
and 3RFD. Figures 5.38 and 5.39 show examples where 2RUFD is favoured over 3RFD, and Figures 5.40
and 5.41 shows those where 3RFD is favoured over 2RUFD.
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Figure 5.36: In BF solutions of model 2RFD, 3RFD and 2RUFD fitted to lines-of-sight with blended double-peaked
Faraday spectra. Blue points: In favour of 3RFD (left and right) and 2RUFD (middle). Red points: In favour of
2RFD (left and middle) and 2RUFD (right). Vertical line (from left to right) separates lines-of-sight with smooth, sinc-
like, complex oscillatory, and complex non-oscillatory decaying depolarisation. Model 3RFD is favoured over 2RFD
for 98% of the fitted lines-of-sight and over 2RUFD for 73%. 2RUFD is favoured over 2RFD for 80% of the fitted

lines-of-sight. 3RFD is the most favoured model.
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Figure 5.37: x?2 of model 2RUFD and 3RFD fitted to lines-of-sight with blended double-peaked spectra. Left: x? of
2RUFD. Middle: x? of 3RFD. Right: Difference in x? of 2RUFD and 3RFD. Horizontal lines correspond to x2 = 2

(magenta), 5 (red) and 10 (green). Blue points (right plot): In favour of 3RFD. Red points: In favour of 2RUFD. We
find that for both models, most of the lines-of-sight y? are concentrated between 0 — 5 — roughly 67% of the fitted

lines-of-sight for 2RUFD and 76% for model 3RFD. Model 3RFD is favoured for the majority of the lines-of-sight.

140




Figure 5.38: Fitting examples in favour of model 2RUFD over 3RFD for blended double-peaked spectra lines-of-sight
with sinc-like decay. First column: Fractional @ vs A\?. Second: Fractional U vs A2, Third: Fractional P vs A\?. Fourth:
Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.39: Fitting examples in favour of model 2RUFD over 3RFD for blended double-peaked spectra lines-of-sight
with complex oscillatory decay. First column: Fractional  vs A\?. Second: Fractional U vs \2. Third: Fractional P vs
A2. Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.40: Fitting examples in favour of model 3RFD over 2RUFD for blended double-peaked spectra lines-of-sight
with sinc-like decay. First column: Fractional @ vs A\?. Second: Fractional U vs A2, Third: Fractional P vs A\?. Fourth:
Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.41: Fitting examples in favour of model 3RFD over 2RUFD for blended double-peaked spectra lines-of-sight
with complex oscillatory decay. First column: Fractional  vs A\?. Second: Fractional U vs \2. Third: Fractional P vs
A2. Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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5.8.4 The Estimated Parameters for the Leading Models

5.8.4.1 Three-Random Depolarising Screens

Figure 5.42 shows the derived intrinsic fractional polarisation of 3RFD fitted to lines-of-sight with
blended double-peaked Faraday spectra. The ratios of the intrinsic fractional polarisation are shown in the
bottom row. The lines-of-sight shown have fitting fractional errors < 0.1 and x? < 5. The number of
lines-of-sight that satisfy these two conditions are given at the top of each plot. We find that the predicted
components have different strengths, namely a strongly polarised component, intermediate and weak com-
ponent. The strong component is generally a factor of 5 more polarised than the intermediate component and

a factor 1 — 80 more polarised than the weak component.
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Figure 5.42: The estimated intrinsic fractional polarisation of model 3RFD fitted to lines-of-sight with blended double-
peaked Faraday spectra. Top row: Fractional polarisation. Bottom row: Ratios of the fractional polarisation. Lines-
of-sight shown have x? < 5 and fractional errors < 0.1. Title: A fraction of lines-of-sight that satisfies these two
conditions. The fitting predicts components of different strengths, namely a strong, intermediate and weak component.
The strong component is a factor of 5 more polarised than the intermediate component and a factor of 20 — 80 more
polarised than weak component.

Figure 5.43 shows the components’ separation in Faraday space. The strong component is separated from
the intermediate component by 4-250 rad m~2, with a few lines-of-sight showing small separations close to
~ 0 rad m~2. The strong and the weak component, as well as the intermediate and the weak component
are separated by no more than 500 rad m~2. The minimum separation between the intermediate and weak

components is roughly 4200 rad m—?2
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Figure 5.43: The estimated components separation in Faraday space of model 3RFD fitted to lines-of-sight with
blended double-peaked Faraday spectra. Lines-of-sight shown have x? < 5 and fractional errors < 0.1. The strong
and intermediate components are separated by no more than 250 rad m~2, the strong and weak components, and the
intermediate and weak by no more than 4500 rad m~2. The intermediate and weak component largely apart from each
other, with minimum separation of ~ 4-200 rad m 2

Figure 5.44 shows the derived Faraday dispersions of model 3RFD fitted to lines-of-sight with blended
double-peaked Faraday spectra. The dispersions of the strong component range between 0 — 300 rad m™
of the intermediate and weak component between 0 — 100 rad m 2
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Figure 5.44: The estimated Faraday dispersions of model 3RFD fitted to lines-of-sight with blended double-peaked
Faraday spectra. Lines-of-sight shown have 2 < 5 and fractional errors of < 0.1. The dispersions of the strong
component range between ~ 0 — 300 rad m~2 and of the weak and intermediate between 0 — 100 rad m~2.

5.8.4.2 Two Random-Uniform Depolarising Screens

Figures 5.45, 5.46 and 5.47 show the estimated parameters for model 2RUFD fitted to lines-of-sight with
blended double-peaked Spectra. The lines-of-sight shown have x? < 5 and fractional error of < 0.1 in the
estimated parameters. Figure 5.45 shows the intrinsic fractional polarisation of the two components (left
and middle) and their ratios (right). The weak component is a factor of < 10 less polarised than the strong
component.

Figure 5.46 shows the derived Faraday dispersions of the two components (left and middle plot), and
the separation of the components in Faraday space. The strong component has dispersions ranging between

146



63.0 % 62.1 % 62.7 %

1.0 1.0 - 10
*
0.8 * 0.8 8 * - * * *  *
*
* % * * X *
* * * g
0.6 . *k . * 0.6 * 6 . « % N *
— * * * ’(ﬁ ~ * S . * * . * *
Q & e * L e * * *, Q = * ** . *

0.4 + Pt 0.4 . « . S Ll .o oo

LU P | »,,*y* * h‘, % * o *y * * o x * Fuox ¥

*oh ok B % - Fa #* 3 * * ow o x o >k et 4 * * o k%
:i& A e o CA ‘f‘f s P e Hxox * * A - * o *F
* *
021 B# wa? du S5 e 02] """2 o, o 20 Vet e iy e
* gk *, * * ok

L s * ﬁ& - "i’(i’:ﬂ m ’9?'::'33 ”9"9«; \5* % ‘:":::yf#*:& P 1&3 * ok :*
0.0 0.0 "™ 0

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

Lines of Sight Lines of Sight Lines of Sight

Figure 5.45: The estimated intrinsic polarisation of model 2RUFD fitted to lines-of-sight with blended double-peaked
Faraday spectra. Lines-of-sight shown have y? < 5 and fractional errors < 0.1. The weak component is within a
factor of 10 less polarised than the strong component.

0 — 100 rad m~2, while the dispersions of the weak component range between 0 — 60 rad m~2, with a few
lines-of-sight having larger dispersions. The strong and weak components are separated by no more than
4200 rad m—2
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Figure 5.46: The estimated Faraday dispersions and components separation in Faraday space of model 2RUFD fitted
lines-of-sight with blended double-peaked Faraday spectra. Left and middle: Faraday dispersions. Right: Separation.
The dispersions of the strong component range between ~ 1 — 100 rad m~?2 and of the weak component between
~ 1 — 60 rad m~2. The components are separated by no more than +200 rad m~2.

Figure 5.47 shows the unresolved uniform R M -difference of the two components in 2RUFD model. The
RM -difference of the strong component are clustered between 200 — 400 rad m~2, with fewer points going
up to ~ 1000 rad m~2. For the weak component, the RM -difference are clustered between 100 — 400 rad

II1_2.

5.9 Resolved Double-Peaked Spectra

We now fit to the lines-of-sight with resolved double-peaked Faraday spectra, our final spectra data.
The resolved double-peaked data represent only 7% of the lines-of-sight across Cygnus A at 0.75” beam
resolution. We fit these data to similar models, namely 2RFD, 2RUFD, and 3RFD. Although we have already
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Figure 5.47: The estimated R M -difference of model 2RUFD fitted to lines-of-sight with blended double-peaked Fara-
day spectra. The RM-difference of the strong component are clustered between 200 — 400 rad m—2 and of the weak
component between ~ 100 — 400 rad m~2, with fewer lines-of-sight having larger values.

demonstrated that 2RFD is not worth fitting to these data, we include the results for consistency.

5.9.1 Best-Fitting Model

Figure 5.48 shows the In BF of 2RFD, 2RUFD and 3RFD models. Vertical lines separate from left to right
the lines-of-sight with sinc-like, complex-oscillatory and complex non-oscillatory decaying depolarisation,
respectively. The blue points are in favour of 3RFD (left and middle plot) and 2RUFD (middle), and the red
points are in favour of 2RFD (left and middle) and 2RUFD (right). 3RFD is favoured for 99% of the lines-
of-sight over 2RFD, and for 76% of the lines-of-sight over 2RUFD. 2RUFD, on the other hand, is favoured
over 2RFD for 86% of the lines-of-sight.
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Figure 5.48: In BF solutions of model 2RFD, 2RUFD and 3RFD fitted to lines-of-sight with resolved double-peaked
Faraday spectra. Vertical lines (from left to right) separates lines-of-sight with sinc-like, complex oscillatory and
complex non-oscillatory depolarisation. Blue points: In favour of 3RFD (left and right) and 2RUFD (middle). Red
points: In favour of 2RFD (left and middle) and 2RUFD (right). 3RFD is favoured over 2RFD for 99% fitted lines-
of-sight and over 2RUFD for 76%. 2RUFD is favoured over 2RFD for 86% lines-of-sight. Model 3RFD remains the

most favoured of the models.
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5.9.2 Goodness-of-Fit of Competing Models

Figure 5.49 shows the x? of 2RUFD and 3RFD for lines-of-sight with resolved double-peaked spectra.
3RFD fits 78% of the resolved double-peaked spectra relatively better than 2RUFD. The remaining 12% of
the lines-of-sight are best described by 2RUFD.
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Figure 5.49: x2 of model 2RUFD and 3RFD fitted to lines-of-sight with resolved double-peaked spectra data. Left:
X2 of 2RUFD. Middle: x? of 3RFD. Right: Difference in the x2 of 2RUFD and 3RFD. Model 3RFD is favoured over
2RUFD for 78% of the fitted lines-of-sight.

5.9.3 Fitting Examples

Figure 5.50 shows example lines-of-sight with resolved double-peaked spectra in favour of 2RUFD over
3RFD. Figures 5.51 - 5.56 show example lines-of-sight in favour of 3RFD over 3RUFD. We show more
examples to allow the reader to appreciate the complicated structures that these models can reproduce.

5.9.4 The Estimated Parameters for the Leading Model

In this section, we present the estimated model fitting parameters for 2RUFD and 3RFD models fitted
to the resolved double-peaked lines-of-sight. The parameters presented have y? < 5 and fractional errors of

< 0.1. A fraction of lines-of-sight that satisfy these two conditions are specified in the title of each plot.

5.9.4.1 Three-Random Depolarising Screens

Figure 5.57 shows the derived intrinsic fractional polarisation (top row) and ratios (bottom row) of 3RFD
for lines-of-sight with resolved double-peaked Faraday spectra. The strong component is 10% — 70% po-
larised and the intermediate and weak components are similarly polarised up to 20%. The intermediate and
weak components are about a factor of 1 — 15 less polarised than the strong component.

Figure 5.58 shows the estimated components’ separation in Faraday space of model 3RFD. The lines-of-
sight in question are those with resolved double-peaked spectra. The intermediate and weak components are
separated from the strong component by no more than 500 rad m~?2 but from each other by up to ~ 1200
rad m~2 with a minimum separation of +-200 rad m~—2.
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Figure 5.50: Fitting examples in favour of model 2RUFD over 3RFD for lines-of-sight with resolved double-peaked
spectra. First column: Fractional  vs A\?. Second: Fractional U vs \?. Third: Fractional P vs A\2. Fourth: Amplitude
of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.51: Fitting examples in favour of model 3RFD over 2RUFD for resolved double-peaked spectra lines-of-sight
with complex non-oscillatory decay. First column: Fractional  vs 2. Second: Fractional U vs A\?. Third: Fractional
P vs \2. Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.52: Fitting examples in favour of model 3RFD over 2RUFD for resolved double-peaked spectra lines-of-sight
with complex oscillatory decay. First column: Fractional  vs A\?. Second: Fractional U vs \2. Third: Fractional P vs
A2. Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.53: Similar to Figure 5.52. First column: Fractional Q vs A\?. Second: Fractional U vs \2. Third: Fractional
P vs A2, Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.54: Fitting examples in favour of model 3RFD over 2RUFD for resolved double-peaked spectra lines-of-sight
with sinc-like decay. First column: Fractional @ vs A\?. Second: Fractional U vs A2, Third: Fractional P vs A\?. Fourth:
Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.55: Similar to Figure 5.54. First column: Fractional Q vs A\?. Second: Fractional U vs \2. Third: Fractional
P vs A2, Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The In BF.
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Figure 5.56: Similar to Figures 5.54 and 5.55. First column: Fractional @ vs A\?. Second: Fractional U vs A2, Third:
Fractional P vs \2. Fourth: Amplitude of the Faraday spectrum. Left title: Lines-of-sight location. Middle title: The
In BF.
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Figure 5.57: The estimated intrinsic fractional polarisation of model 3RFD fitted to lines-of-sight with resolved double-
peaked Faraday spectra line-of-sight. The lines-of-sight shown have fractional errors < 0.1 and x? < 5. Title: A
fraction of lines-of-sight that satisfy these two conditions. The modelling predicts three components with different
fractional polarisation, namely the strong, intermediate and weak. The intermediate and weak components are com-
parable in strength (both having polarisation of up to 20%) and are a factor of 1 — 10 less polarised than the strong

component.
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Figure 5.58: The estimated components separation in Faraday space of model 3RFD fitted to lines-of-sight with re-
solved double-peaked spectra. Lines-of-sight shown have y? < 5 and fractional errors < 0.1. The intermediate and
weak components are separated from the strong component by no more than 500 rad m—2 and from each other by
~ 200 — 1200 rad m—2.
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Figure 5.59 shows the derived Faraday dispersions of model 3RFD fitted to lines-of-sight with resolved
double-peaked Faraday spectra. The strong component has dispersions going up to 600 rad m~2, and the
dispersions of the intermediate and weak components range between ~ 1 — 100 rad m~2.

0, 0, 0,
65.0 % 600 66.7 % 200 60.0 %
600 *
* *
500

500 . 300
~ * * ~ 400 N *
I_ 400 * ) )
£ * * * € £
o L e ol © 300 . © 200
©300{ 7, « * . e o
il * * N} * o
) -~ x X ©500 Lt ) N

200 * * * x * .

* ':: *f*: el **** M * Faowekow e 100 P )
** PO 100 « ok, # e - * *
* ** * py * %
1007 « . . "'«: *{* . *,{* ’&;;*: " *w?;z‘;&‘ *** :,, #”"'v@::," :**“:‘::,*:& ,,*
0 0
0 20 40 60 80 0 20 40 60 80 0 20 40 60
Lines of Sight Lines of Sight Lines of Sight

Figure 5.59: The estimated Faraday dispersions of model 3RFD fitted to lines-of-sight with resolved double-peaked
Faraday spectra. Lines-of-sight shown have y2 < 5 and fractional errors < 0.1. The dispersions of the strong

component range between 10 — 600 rad m 2 and the intermediate and weak components have dispersions 1 — 100 rad
-2
m~-.

5.9.4.2 Two Random-Uniform Depolarising Screens

Figure 5.60 shows the derived intrinsic fractional polarisation (left and middle plot) and ratios (right plot)
of model 2RUFD fitted to the resolved double-peaked spectra data. The strong component is polarised to
about 10% —60%, with a few lines-of-sight having > 60% polarisation, and is a factor of 2—4 more polarised
than the weak component.
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Figure 5.60: The estimated intrinsic fractional polarisation of model 2RUFD fitted to lines-of-sight with resolved
double-peaked Faraday spectra. Lines-of-sight shown have x? < 5 and fractional errors < 0.1. The strong component
is 10% — 60% polarised, with a few lines-of-sight having > 60% polarisation, and a factor of 2 — 4 more polarised than
the weak component.

Figure 5.61 shows the Faraday dispersions of model 2RUFD (left and middle plot) and the component’s

separation in Faraday space (right). The dispersions of both components range between 1 — 100 rad m~2,
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with the majority of the solutions concentrated below 50 rad m~2. The components are separated in Faraday
space by no more than +600 rad m—2.
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Figure 5.61: The estimated Faraday dispersions and components separation of model 2RUFD fitted to lines-of-sight

with resolved double-peaked spectra. Left and middle plot: Faraday dispersions. Right plot: Components separation.

Lines-of-sight shown have x2 < 5 and fractional errors < 0.1. Title: A fraction of lines-of-sight that satisfy these two

conditions. The dispersions of both components range between 1— < 100 rad m~2, with most dispersions concentrated
below 50 rad m~2. The components are separated by no more than +600 rad m~2.

Figure 5.62 shows the unresolved uniform RM -difference of model 2RUFD across the 0.75” resolution
beam for lines-of-sight with resolved double-peaked spectra. The RM -difference associated with the strong
component range between 200 — 1300 rad m~2, with the majority clustered between 200 — 800 rad m~2,

The unresolved uniform R -differences of the weak component range between 50 — 1000 rad m~2, with
the majority concentrated below 400 rad m~2.
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Figure 5.62: The estimated R M -difference of model 2RUFD fitted to lines-of-sight with resolved double-peaked Fara-
day spectra. Lines-of-sight shown have y? < 5 and fractional errors < 0.1. Title: A fraction of lines-of-sight that
satisfy these two conditions. The RM -difference associated with a strong component range between 200 — 1300 rad
m~2, with the majority concentrated between 200 — 800 rad m~2. The RM -differences of the weak component range
between 50 — 1000 rad m~2, with the majority of the RM-difference clustered below 400 rad m~2.
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5.10 Summary: Model Fitting

Table 5.3 presents a fraction of lines-of-sight in favour of 2RUFD over 2RFD (second column), 3RFD
over 2RFD (third column) and 3RFD and 2RUFD (fourth column) as determined using the In BF. 3RFD is
favoured for almost 100% of the lines-of-sight over 2RFD and for ~ 75% of the lines-of-sight over 2RUFD.
2RUFD is favoured over 2RFD for ~ 85%. These results suggest that the data are best described by multiple

random depolarising components, both with and without unresolved uniform R M -differences.

Table 5.3: A fraction of lines-of-sight favouring by one model over the other based on the In BF

Faraday Class 2RUFD over 2RFD | 3RFD over 2RFD | 3RFD over 2RUFD
[%] [%] [%]
Single-peaked 85 98 69
Single-peaked + small peaks 83 99 78
blended double-peaked 80 98 73
resolved double-peaked 86 99 76

Table 5.4 presents a fraction of lines-of-sight with solutions having x2 < 5 for the 2RUFD, 2RFD and
3RFD models. On average, 2RFD only fits 50% of the lines-of-sight well, 2RUFD fits about 69% and 3RFD
about 77%. The performance of each model decreases towards complex spectra. Ideally, we would prefer
X2 = 1. However, the value of the x? is affected by several issues (see Section 5.5). We would like to point
out that the components need not be three, it is possible that as we increase the number of components, the
fits improve and the In BF also favours these models. However, we ended with three components due to time
constraints. In the near future, it will be important to incorporate more components to check what N-number
of components is needed. The current fits provide an important insight: the presence of multiple Faraday

components.

Table 5.4: A fraction of fitted lines-of-sight with x2 < 5

Faraday Class 2RFD | 2RUFD | 3RFD
[%] [%%] [%]
Single-peaked 60 78 78
Single-peaked + small peaks 56 70 80
Blended double-peaked 45 67 76
Resolved double-peaked 38 61 74

Table 5.5 shows a fraction of lines-of-sight with the difference in the models’ x? greater than zero. The
second row shows those in favour of 2RUFD and the third and fourth columns show those in favour of 3RFD.
2RUFD best describes the data than 2RFD, for 81% of the lines-of-sight. 3RFD best describes the data than
2RFD for 97% of the lines-of-sight and 2RUFD for 73% of the lines-of-sight. Thus, unresolved uniform RM -
differences are important for 27% of the lines-of-sight over an additional depolarising component (3RFD).
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Table 5.5: A fraction of fitted lines-of-sight with the difference in x2 greater than zero

Faraday Class 2RUFD over 2RFD | 3RFD over 2RFD | 3RFD over 2RUFD
[%] [%] [%]
Single-peaked 79 95 69
Single-peaked + small peaks 80 97 75
Blended double-peaked 78 98 69
Resolved double-peaked 86 99 78

Figure 5.63 shows the spatial distribution of the lines-of-sight favouring 3RFD (blue) and 2RUFD (red)
for the four Faraday classes, namely the single-peaked spectra, single-peaked with smaller peaks, blended
double-peaked and resolved double-peaked spectra. The distribution is not random and yet also not largely
clustered except for a few nearby lines-of-sight.
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Figure 5.63: Spatial distribution of the fitted lines-of-sight in favour of model 3RFD and 2RUFD across Cygnus A.
Blue “*”: In favour of 3RFD. Red “x”: In favour of 2RUFD.

5.11 Reconciling the Estimated Parameters

Tables 5.6 and 5.7 give a summary of the range of the estimated parameters for 3RFD and 2RUFD,
respectively. This range excludes outliers. In both models, the intrinsic fractional polarisation of the strongest
component ranges between 10%—60%. The weaker component of 2RUFD is consistent with the intermediate
component of model 3RFD. With the exception that 2RUFD estimates a relatively more polarised component
ranging between 2% — 40%, while 3RFD estimates a range between 1% — 30%.

The two components in 2RUFD have similar Faraday dispersions ranging between 10 — 200 rad m—2.
These dispersions are consistent with the intermediate and weaker components of 3RFD. 3RFD estimates
larger dispersions for the strong component ranging between 20 — 400 rad m~2.

2RUFD estimates components that are separated by 10 — 200 rad m~2; going up to 600 rad m~? for the
resolved double-peaked spectra data. 3RFD, on the other hand, estimates larger separations ranging between
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10 —400 rad m~2 for the strong component and 10 — 500 rad m~2 for the intermediate and weak components,
going up to 750 rad m~? for the resolved double-peaked spectra.
The estimated unresolved uniform RM -differences for model 2RUFD range between 40 — 800 rad m~2;

with fewer lines-of-sight with resolved double-peaked spectra having RM -difference up to 1000 rad m~2.

Table 5.6: Estimated Parameter Ranges of Model 3RFD

Parameter | Single-peaked | Single-peaked + | Blended double-peaked | Resolved double-peaked
small peaks
D1 0.1 -0.6 0.1 -0.6 0.1-0.5 0.1-0.6
D2 0.01 -0.3 0.02 -0.3 0.02 — 0.25 0.02-0.2
D3 0.005 — 0.1 0.005 — 0.1 0.004 — 0.125 0.0125 —0.15
o1 20 — 150 40 — 350 40 — 350 40 — 400
09 10 — 100 20 — 120 15 — 150 20 — 150
o3 10 — 80 20 — 100 10 — 80 15 — 80
|1 — P2 10 — 200 50 — 400 25— 300 50 — 750
|1 — 3| 10 — 500 50 — 500 25 — 400 50 — 750
|2 — 3| 50 — 500 100 — 500 150 — 600 200 — 750

Note: o and RM separation are in units of rad m™~.

2

Table 5.7: Estimated Parameter Range of model 2RUFD

Parameter | Single-peaked | Single-peaked + | Blended double-peaked | Resolved double-peaked
small peaks

Pl 0.1-10.6 0.1-10.6 0.1-0.6 0.1-0.6

P2 0.02—-0.2 0.02—-0.2 0.02—-0.4 0.04—-04

o1 20 — 150 20 — 200 10 — 120 15—-175

09 20 — 80 10 — 60 10 — 100 20 — 80

|1 — @2 10 — 100 20 — 200 25 — 200 25 — 600

Apy 40 — 500 100 — 700 250 — 600 150 — 1000

Ao 40 — 800 100 — 800 100 — 400 100 — 800

Note: o, RM separation and A¢ are in units of rad m™~.

2

Figure 5.64 compares the mean of the 1D Gaussian fitted to Faraday spectra data with the average of the
Faraday depths of the components weighted by their respective intrinsic fractional polarisation. The left plot
shows 3RFD and the right plot shows 2RUFD. The derived weighted RM are consistent with the mean of
the Gaussian fits. A few data points deviate from the straight line, however these are generally associated
with large fitting errors. Figure 5.11 have already demonstrated that the mean RM of the 1D Gaussian is

consistent with RM at 0.30”. Thus, we expect the same consistency between weighted RM at 0.75” with
RM at 0.30”.
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Figure 5.64: A comparison of RM derived from wideband modelling with those derived from fitting 1D Gaussian
function. Lines-of-sight shown have y? < 5 from wideband modelling solutions. The RM are consistent, with a few
deviations. However, the points that deviate are associated with large fitting errors.

Figure 5.65 compares the intrinsic fractional polarisation derived from model fitting to 2 — 18 GHz data
at 0.75” and those derived from fitting to 6 — 18 GHz data at 0.30”. The intrinsic fractional polarisation at
higher resolutions are relatively larger than at lower resolutions. We, therefore, attribute the deviation from

a straight line to beam-related depolarisation.
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Figure 5.65: A comparison of py from wideband modelling with those derived from high-frequency, high-resolution
modelling. We compare pg of the strongest component. We show results with 2 < 5 from our wideband modelling.
The pg predicted from high-frequency modelling is relatively higher than from wideband modelling. We attribute the
decline in polarisation to beam-depolarisation.

Figure 5.66 compares the derived Faraday dispersions of 2RUFD and 3RFD to the dispersions derived
from the high-resolution, high-frequency fits. We only compare the dispersions of the strongest components
from both models. The dispersions for model 2RUFD at 0.75” are smaller than those at 0.30”. This may
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be because of the unresolved uniform RM -differences in the model, which also account for some of the
depolarisation. The dispersions of the strong component in 3RFD are larger for the double-peaked spectra
and smaller for the single-peaked spectra. However, the dispersions at 0.30”, which describe the decay rate
of high-frequency fractional polarisation as a function of \?, indicate that the decay is independent of the
spectra class. As such, the single-peaked spectra decay at the same rate as the double-peaked spectra.
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Figure 5.66: A comparison of the derived Faraday dispersions from wideband modelling with those derived from high-

frequency, high-resolution modelling. We compare the dispersions of the strong components. We show results with
2 . . . . . .

X7 < 5 from wideband modelling and fractional errors < 30%. The high-frequency dispersions are generally larger

than those from wideband modelling, particularly for 2RUFD. The high-frequency dispersions and those of 2RUFD

seem to be independent of the Faraday class. For 3RFD, the double-peaked spectra are associated with larger dispersions

than the single-peaked spectra.

Figure 5.67 compares the separation in Faraday space of the two strongest components with the width,
Ostdev » Of the 1D Gaussian fitted to Faraday spectra data. These two quantities represent the same property
except that one is the width of a Gaussian function, while the other is top-hat like, with width determined by
the actual component separation. The ogqey are relatively larger than the separation between the two strong

components.

5.12 The Overall Physical Picture

5.12.1 Large-Scale Magnetic Fields

Using our wideband modelling, we find that RUID significantly fails to describe the data. This indicates
that the observed large RM cannot originate entirely from a mixed region. We find that a foreground Faraday
rotating screen is required to describe the data. This is consistent with the conclusion reached by Dreher et al.
(1987), that the observed rotations of up 600° will cause significant depolarisation not seen in the data (at 5
GHz). We can confidently rule out the possibility of internally mixed gas, particularly for RM larger than
~ 1000 rad m~2. Therefore, the large-scale magnetic field is external to the radio lobes, either within the

large-scale cluster or cocoon-shock.
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Figure 5.67: A comparison of the derived ogq4., with the Faraday separation of the two strongest components. We
show results with x2 < 5 and fractional errors in the separation < 10%. The estimated ogqey is generally larger than
the components’ separation.

Given the similarity in the mean RM values across both lobes, the gas responsible for the observed Fara-
day rotations should encompass the whole source suggesting field scales = 120 kpc. The distribution of RM,
on the other hand, show field reversals on scales in the order of ~ 3 — 20 kpc, indicating multiscale fields. We
are also aware that there exists field scales ~ 300 pc. We can, therefore, compute the magnetic field strengths
associated with each scale using RM = 812 ng By d, where ny is the electron density, By is magnetic field
strength and d is a scale-size. We take Cygnus A’s cluster-core electron density to be n, = 0.045 cm ™3,
cluster-core average temperature to be 4.5 keV (7.2 x 10~ dyn cm, see Figure 4.2 and Section 4.2.2), and
thermal gas pressure (Pr, obtained using Equation 2.2 and n = 1.93n.) to be ~ 6.3 x 107'° dyn cm—2.

Figure 5.68 shows the estimated field strength as a function of scale (left) and the corresponding (-
parameter (the ratio of magnetic to thermal gas pressure, see Equation 2.3). The scales range between
0.30 — 130 kpc. The cyan colour encompasses a region corresponding to the minimum energy magnetic
field strengths and the 3-parameter corresponding to these fields (45 — 65 pG, Carilli and Barthel 1996).
The magnetic fields are important at small-scales < 25 kpc and large RM > 1000 rad m~2. For example,
to find dynamically important fields, say 5 = 0.1, we need field strengths > 40 pG. This requires RM of
4300 rad m~2 at 3 kpc, and ~ 30000 rad m~2 at 20 kpc. The former value is consistent with those across
Cygnus A, while the latter is not. Since the RM across the eastern lobe of Cygnus A are mostly ordered
on small-scales of ~ 3 kpc and are as large as > 4000 rad m~2, the magnetic fields across this lobe may
be dynamically important. The magnetic fields across the western lobe, on the other hand, are likely to be
dynamically unimportant, given that the RM across this lobe are largely ordered on scales > 5 kpc and have
magnitudes > 2000 rad m—2.

5.12.1.1 Radial Dependence of the Magnetic Fields

The approach we used in the above paragraph assumes that the electron density and magnetic field

strengths are independent of the location across the lobes, thus, constant across a given pathlength. However,
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Figure 5.68: Magnetic field strengths (left) and the corresponding B-parameter (the ratio of magnetic to thermal gas
pressure, right) as a function of spatial scale. Cyan: The range of field strength and -parameter corresponding to
the minimum energy magnetic fields in the lobes. The different coloured curves correspond to different RM values.
We used the electron density of the cluster of 0.045 cm~3, temperature of 4.5 keV and spatial scales ranging between
0.30 — 130 kpc. The field strengths at RM ~ 200 rad m~2 are dynamically unimportant at all scales, while for
RM > 1000 rad m~2 the fields become important at scales < 1 kpc.

that is an ideal situation since we would expect these quantities to vary with the cluster radius. X-ray mea-
surements show that the electron density decreases with increasing radius from the cluster centre (see Figure

5.69). To characterise this profile, we fit to it the electron density profile defined in Equation 5.10.

Ne = n()(L)c. (5.10)

To

We find 79 ~ 8 kpc, ¢ ~ —1.5 and ng ~ 0.3 cm~3. These solutions are only valid for data r > 45 kpc
(right side of the blue solid line in Figure 5.69).

The way in which magnetic fields vary with radial distance is unknown. There are a few basic assump-
tions used in the literature but their practice is generally criticised (see Section 2.2.7). For the case of flux
2/3

conservation, magnetic fields vary as o< ng’” = r~!. For magnetic energy density that scales with thermal

energy density, the magnetic fields vary as oc ne/? = =075, The RM can then be evaluated as follows:

45 103 -1.5 -1
RM — 812/ neBdL+812 [ no( L) By( L)L, (5.11)
0 45

o o
where 2 = (L? + 2?), z is the distance from the centre to the any location within the lobes and L is the
line-of-sight pathlength. The first term represents the core region of the cluster. The electron density in the
core region does not change significantly with radius, so we assume that n, = ng = 0.045 cm™3. We can
further assume that the magnetic field also remains constant with radius in the cluster-core but still varies as
Boy(ne/ n0)2/ ®_ The second term, on the other hand, integrates up to the cluster radius of 1 Mpc. To simplify
the integral, we consider the AGN, such that » =/ and « = 0, thus dl = dr. Equation 5.11 becomes:

3
10 r

(7) P (5.12)

To

RM = 8121 Bo L + 812n030/
45
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ne = 0.3 * (radius/7.5)~1, radius > 45
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Figure 5.69: Model fitting to Cygnus A cluster electron density radial profile. Data points: X-ray data. Red line: A
fitting of a model defined in Equation 5.10. We only fit to the data on the right of the solid blue line. X-ray data credit:
Snios et al. (2018).

The integral term integrates to ~ 0.06 kpc, causing the second term to contribute a little to the overall
RM across the lobes. Therefore, the above estimated magnetic field strengths using constant densities remain
good approximations of the large-scale field strengths.

5.12.2 Random Magnetic Fields

Modelling of the wideband data using simple analytical models predicted the existence of multiple Fara-
day components within our 0.75” (~ 750 pc). Single component models cannot sufficiently describe the
data. The preference towards multiple Faraday components in model selection is consistent with the spectra
consisting of a single-peaked with smaller peaks, double-peaked and multiple-peaked lines-of-sight. Addi-
tionally, our wideband data modelling also suggests that even the single-peaked spectra consist of more than
one Faraday component.

Multiple Faraday structures may occur along the line-of-sight or across the resolution beam (due to un-
resolved fluctuations). However, in the case of along the line-of-sight, the multiple Faraday structures only
work if there is an intervening emission. Consecutive Faraday screens, without intervening emission, occur
concurrently; there is simply no way to separate them. Our prediction analysis in Section 4.6, and the convo-
lution of 0.75” data to 1.5” data in Section 4.7, have demonstrated that small-scale fluctuations are present
in the vicinity of Cygnus A. Combining these results, we can safely conclude that the magnetic fields around
Cygnus A are mostly turbulent. So instead of using the term turbulent “screens”, we will use “patches” — to
differentiate between a line-of-sight effect from beam-related effect. These unresolved patches are responsi-
ble for the observed depolarisation. We were able to rule out internal mixing, particularly for RM > 1000

rad m—2. However, our analysis supports unresolved fluctuations as a primary cause for the observed depo-
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larisation. It will only be possible to investigate internal mixing in regions with RM < 1000 rad m~2 once
we are able to resolve the patches (or fluctuations). We estimate the upper limit for the fluctuations to be
0.30”, our highest resolution at 6 GHz. Obtaining a better resolution than 0.30” at 2 GHz, will require an
instrument with a maximum baseline of at least 100 km.

In Section 2.2.7.2 and 3.2, we made mention that the Gaussian random fields, quantified by o, are not the
best representation of real-life turbulent magnetic fields. However, we do not know of other analytical models
that incorporate non-Gaussian and spatial correlations. Our understanding and parameterisation of magnetic
fields is still poor. Thus, our estimate of random magnetic fields from the derived dispersions should be taken
as approximations of the real “non-Gaussian” random fields.

The derived dispersions for 3RFD range between 10 — 400 rad m~2 for the patches. We use Equation
3.20 to estimate the strength of the random magnetic fields. The random fields are situated either within
the cluster-core or the cocoon-shock. We assume the cluster-core of pathlength, L =~ 70 kpc, cluster-core
electron density, ng ~ 0.045 cm~3 (see Figure 4.2) and unresolved patch sizes that range between ~ 0.3—1.5
kpc.

Figure 5.70 shows the strength of the random magnetic fields and the corresponding 3-parameter as a
function of spatial scale. The spatial scale range between 0.05 — 1.5 kpc. The fields are important at scales
< 0.1 and dispersions > 100 rad m~2
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Figure 5.70: Estimated random magnetic field strengths using Equation 3.20 (left) and the corresponding [3-parameter
(right) as a function of spatial scale across Cygnus A. The spatial scales are set to range between 0.05 kpc and 1.5 kpc.
The different coloured curves correspond to different dispersion values. We used the electron density value of the
cluster-core of 0.045 cm~2 and temperature of 4.5 keV across. The random magnetic fields are important at scales
< 0.1 kpc for dispersions > 100 rad m—2.

5.12.3 Magnetic Fields due to Unresolved Uniform R)/-difference

Our wideband data modelling also demonstrates that model 2RUFD fits at least 30% of the data better
than the three-component random depolarising model. It is thus important to consider the magnetic fields
implied by the presence of unresolved uniform RM -difference. These RM -differences can be thought of as
unresolved uniform patches. We use Equation 2.23 to estimate the field strength of each patch. The derived
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unresolved uniform RM -differences range between 40 — 1000 rad m~2. The resulting field strengths are
consistent with those in Figure 5.68 for RM < 1000 rad m~? and patch-size ranges between 0.05 — 1.5 kpc
(the red and blue curves). The magnetic fields are dynamically unimportant at small values of R -difference
(blue curve) and dynamically important at larger values of RM -difference (red curve), particularly at spatial
scales < 1 kpc. The field strengths at large R/ -difference are comparable to those in the lobes: the minimum
energy magnetic field (Carilli and Barthel 1996).

5.12.4 Mixed Gas

Unresolved uniform RM -difference in model 2RUFD can also represent internal mixing in the presence
of uniform magnetic fields (see Equation 3.18). This implies that internal mixing is feasible for Faraday
depths not exceeding 1000 rad m~2, the upper limit of the unresolved uniform RM -difference. Taking the
magnetic field in the mixed gas to be By = 65 nG (Carilli and Barthel 1996) the mixed gas regionto be L = 25
kpc in width (lobe width) and the mean Faraday depths to range between ¢y = 40 — 1000 rad m—2. Figure
5.71 shows the electron density limit for a wide range of lobe filling factors, f (note that ¢g = 812 f ng By L).
It is only at the lobe filling factor of < 2% that the electron density in the lobes approaches that of the external
cluster gas. The estimated electron density values at 100% filling factor are consistent with those derived by
Dreher et al. (1987) (assuming a uniform Burn slab).
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Figure 5.71: Estimated internal electron density as a function of lobe filling factor. The different coloured curves
correspond to different internal RM. The horizontal cyan line indicates the electron density of the cluster gas (0.045
cm~3). The electron density at 100% filling factor is consistent with those derived by Dreher et al. (1987). At filling
factor < 2%, the estimated internal electron density approaches that of the ambient cluster gas.

5.12.5 RM-Components

Our modelling results give consistent estimates of the R, regardless of the modelling technique or the
spatial resolution. This means that there is a mean R that is unaffected by the difference in resolution, width
in Faraday space, nor frequency coverage. As a result, there must exist a large-scale, ordered, foreground
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magnetic field that affects all lines-of-sight across the lobes. Moreover, we find that the Faraday dispersions
and separations of the individual components are smaller than the width of the Faraday spectra, the oggey-.
This is particularly true for double- and multiple-peaked spectra. This further suggests that the components
may be experiencing an additional Faraday rotation before they pass through the turbulent broadening screen,
which broadens each component to the same width. The individual components themselves do not contribute
significantly to the RM, as their separation needs to be no more than 800 rad m~2. The RM of the component
should also consist of both negative and positive values, so that the components are distributed about the
observed mean component.

We are surprised to find these multiple RA components, and we do not have a good understanding of
what they are. These components may be physically separate structures within the observing beam, or may
be polarisation structures coming from the complicated, non-Gaussian MHD turbulence (see Section 3.2).

5.12.6 Possible Locations of the Magnetic Fields

Our data are consistent with the presence of turbulent gas, consisting of a wide range of spatial scales.
This purely turbulent gas may be located in the ambient cluster or the cocoon-shock. Our data cannot rule
between these two locations as both can equally account for the observed structures and Faraday rotation.
However, given the presence of scales larger than ~ 6 kpc (the physical size of the cocoon-shock), the large-
scale cluster-core is the most favourable location. However, making a conclusion is difficult as it has broader
implications; specifically, is it possible that Cygnus A (and Hydra A) are unique? This question necessitates
further wideband observations of other clusters.
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CHAPTER 6

A New Wideband Polarisation Study of
Hydra A

“Who commands the sun and it does not shine; Who seals up the stars from view; Who alone stretches out
the heavens and tramples the waves of the sea; Who made the constellations the Bear, Orion and the
Pleiades and the vast starry spaces of the south; Who does great things beyond understanding,
unfathomable and marvellous and wondrous things beyond number?”

Job 9:7-10

6.1 Introduction

This chapter presents the results of our new wideband (2 — 12 GHz), full-polarisation, high-spectral
resolution observations of Hydra A radio galaxy. We observed Hydra A using the JVLA from December
2013 to October 2014.

In Section 6.2, we present the background information relevant to this study, followed by the observations
and calibration of the data in Section 6.3 and imaging of the data in Section 6.4. Section 6.5 presents the
polarisation results as a function of frequency and resolution. Section 6.6 presents the result of our high-
frequency, high-resolution Faraday rotation study and Section 6.7 presents low-frequency, low-resolution
data predictions using maps from the high-frequency, high-resolution Faraday rotation study. In Section 6.8,
we present our wideband data at two different resolutions, namely, 1.50” and 3.0”. Section 6.9 presents a
classification of the data in Faraday space (the Faraday spectra). Section 6.10 gives summary of the data
and Section 6.11 presents a wideband data modelling and provides our proposed physical picture around and

within Hydra A as revealed by our study.

6.2 Background

6.2.1 Hydra A Radio Galaxy

Hydra A (3C 218) is a wide-tailed FR I radio galaxy. It is one of the most luminous FR I galaxy
(Prrsmiz = 3 x 1026 w) — roughly a factor of 10 above the FR I - FR II break (Taylor et al. 1990). The
parent galaxy of Hydra A is a cD elliptical galaxy with redshift of 0.054 (Dwarakanath et al. 1995; Owen
et al. 1995; Taylor 1996). Assuming Hy = 70 km s~ Mpc~!, Qp; = 0.3 and Q, = 0.7, the projected



linear scale of the Hydra A is 1.05 kpc arcsec™!. The parent galaxy is the dominant member of the relatively
poor Abell cluster A780 (Abell 1958). The low-frequency radio emission structure of Hydra A shows tails
extending ~ 530 kpc in the north-south direction and ~ 265 kpc in the east-west direction (Taylor et al. 1990;
Lane et al. 2004). The radio emission from the jets to the tails display a “S” symmetry about the core. The
southern tail shows a hotspot a few kpc from the AGN, while the northern tail has no hotspot (Taylor et al.
1990).

Figure 6.1: Contour image of Hydra A radio emission at 330 MHz. Data: A, B and C VLA configurations. Image
resolution: 15.7” x 13.9”. Contour levels are in multiples of 3x image noise, 0.01605 x (—1, 1,2, 4,8, 16, ... ). Image
Credit: Lane et al. (2004).

6.2.2 Hydra A Intracluster Gas

Hydra A is embedded in a CC X-ray cluster gas of luminosity of L = 4 x 10%* ergs s~! between 0.5 and
4.5 keV (David et al. 1990). The cluster gas temperature decreases from ~ 4 keV at 200 kpc radius to 3 keV
at 10 kpc (McNamara et al. 2000; David et al. 2001). The electron density, n., within 10 kpc is 0.06 cm 3
and decreases with radius as »~% out to 30 kpc and as ' out to 100 kpc (McNamara et al. 2000; David
etal. 2001). Figure 6.2 shows the electron density and temperature profiles of Hydra A X-ray cluster (Nulsen
et al. 2005b). X-ray deficit regions (cavities) are also found coincident with the radio tails (McNamara et al.
2000; David et al. 2001; Nulsen et al. 2002). These cavities are most obvious in a X-ray map superimposed
on a radio intensity at 330 MHz (see Fig 1 and 2 of Simionescu et al. (2009) and Figure 2 of Nulsen et al.
(2005b)). Such cavities are common in clusters of galaxies (for example, Boehringer et al. 1993; Carilli et al.
1994; Fabian et al. 2000; Blanton et al. 2001; Heinz et al. 2002), and are believed to result from an exclusion
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of the thermal cluster gas by the expanding bubble of synchrotron-emitting relativistic gas originating from
the AGN. Surrounding the cavities in the cluster gas is a region of enhanced X-ray surface brightness gas and
pressure (Nulsen et al. 2005b; Simionescu et al. 2009). This enhanced region extends 6’ north of the AGN
and 4.3’ east of the AGN (200 — 300 kpc from the AGN ) (Nulsen et al. 2005b). This region is interpreted
as weak shocks of mach number ~ 1.3 due to expansion (buoyantly rising) of the tails into the cluster gas.
Similar weak shocks are also observed in the Perseus cluster (Fabian et al. 2003), M87 (Young et al. 2002)
and Cygnus A (Snios et al. 2018).
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Figure 6.2: Electron density (left) and temperature (right) profiles of western shock (along the position angle
240° — 300°) in Hydra A X-ray cluster. The weak shock is seen at radius 211 kpc. Image Credit: Nulsen et al.
(2005b)

6.2.3 Previous Faraday Rotation Study

The radio emission from Hydra A displays extremely large RM, with the northern tail showing RM's
ranging from —1000 and +3300 rad m~2 and southern tail showing RM ranging between a few +1000 rad
m~2 and up to —12000 rad m~? (Taylor et al. 1990; Taylor and Perley 1993). The RM are predominantly
positive in the northern tail and predominantly negative and very patchy in the southern tail (Taylor and
Perley 1993). Large rotation measure gradients are observed in both tails, with gradients of up to ~ 1000
rad m~?2 arcsec ™! in the northern tail and much larger values in the southern tail (Taylor and Perley 1993).
Furthermore, the southern tail is less polarised compared to the northern tail and depolarises much rapidly
with frequency between 15 — 5 GHz (Taylor and Perley 1993).

6.2.4 Origin of Faraday Rotations

Our Galaxy contributes < 100 rad m~? at the Galactic latitude of Hydra A. Therefore, our Galaxy cannot
explain the observed RM across Hydra A (Simard-Normandin et al. 1981). The IGM contributes no more
than 2 rad m—2 (Vallee 1990). The observed optical gas only extends to a radius of 15” from the AGN; thus, it
cannot account for the overall RM across Hydra A (Baum et al. 1988). Given these reasons, Taylor and Perley
(1993) attributed the observed large RM to a gas at the radio galaxy; either in the ICM, cocoon-shock and
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mixed gas in the tails or the boundary layer. The latter two regions are expected to result in depolarisation and
non-linearities in the polarisation angle as a function of A?. The observation data used by Taylor and Perley
(1993) only consisted of five sparsely sampled frequency channels between 5 — 15 GHz. At such sparsity, it
was not possible to see deviations and peculiarities in the data. For these reasons, the authors were inclined
to the ICM being responsible for the observed R M. However, our new wideband data show that the situation
is much more complicated and interesting. Therefore, we revisit the question of the origin and location of
the large RM, RM gradients, RM asymmetries and depolarisation.

6.2.5 Why the New Observations?

Previous work by Taylor and Perley (1993) consists of only five wavelengths spanning A 3.6 cm to 2 cm.
With such sparse sampling, subtle depolarisation effects such as those due to random small-scale magnetic
fields or due to boundary layer effects will not be visible. Additionally, the depolarisation effects do not
manifest at short wavelengths. With the completion of the wideband JVLA (Perley et al. 2011), we have now
the capability to observe Hydra A at lower frequencies than those available to Taylor et al. (1990) and Taylor
and Perley (1993). Notably, we could make use of the 2 — 4 GHz system — and with complete frequency

coverage.

6.3 Observations and Calibration

Hydra A was observed in all four JVLA configurations under project code 13B-088 at L. (1 - 2 GHz), S (2
-4 GHz), C (4 - 8 GHz) and X (8 - 12 GHz) band resulting in a total frequency coverage of 1 - 12 GHz. The
original PI for the observations is Mike Bell. The observing dates, durations and configurations are shown
in Table 6.1.

Table 6.1: Observing log

Configuration Date Duration

[dd:mm:yy] [hr]

D 27: 06: 2014 4.0

D 08/09: 09: 2014 3.5

DnC 16: 09: 2014 2.7

C 19: 10: 2014 4.0

C 23: 10: 2014 2.7

B 14: 12: 2013 6.0

A 27: 02: 2014 5.0

A 07: 03: 2014 5.0

The data were taken with a time-resolution of 2 seconds at A-configuration and 3 seconds at other config-

urations. The frequency channelisation varied with band and configuration: 2 MHz for S-, C- and X-bands
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in B, C and D configuration, 1 MHz for L-band in those same configurations. For A configuration, 2 MHz
was used for X-band, 1 MHz for C-band, 0.5 MHz for S-band and 0.25 MHz for L-band. These data were
subsequently resampled to the same spectral resolution as in the B, C and D configurations using the AIPS
program SPEC. This resulted in a spectral resolution of 1 MHz in L-band and 2 MHz in the other bands.
These values were chosen so as to minimise both the bandwidth smearing and bandwidth depolarisation.

The editing and calibration procedures are the same as those for Cygnus A (see Section 6.3 of Chapter
4, for the details). After calibration, the data were averaged in frequency and time to: 1 MHz/12 seconds
for L-band, 2 MHz/12 seconds for S-Low (2 - 3 GHz), 4 MHz/12 seconds for S-Hi (3 - 4 GHz), 8 MHz/12
seconds for C- and X-band.

The original, external phase and amplitude calibration does not enable high-fidelity imaging, self-
calibration of the Hydra A data was performed in the same way as in Cygnus A. The self-calibration process
can introduce small temporal gain drifts between the individual spectral windows. To eliminate these, we
utilised the emission from the bright, unresolved AGN to put all the data on a common flux density scale and

also to spatially correct the images.

6.4 Imaging

Following the self-calibration, we made cube images of Stokes (), U, and [ using a single scale cleaning
algorithm. We generated 4096 x 4096 images sampled in pixel sizes of 0.05”. The cubes were made at two
standard resolutions, namely 1.50” x 1.0” and 0.50” x 0.35”, hereinafter 1.50” and 0.50”, respectively. The
lower resolution includes data between 2 - 12 GHz and the higher resolution includes data between 6 - 12
GHz. The L-band data, being at lower resolution and frequency, are completely depolarised and not useful
in the analysis. As a result, the L-band data were excluded from our analysis. Figure 6.3 shows an image of
Hydra A at 10 GHz and 0.35".

In terms of channelising each band, we took note of the maximum number of channels we can combine
while avoiding bandwidth depolarisation. Equation 4.4 is used to the determine the number of channels,
Navg, to average together at frequency v, bandwidth Av and maximum RN . We chose N,y such that the
rotation of the plane of polarised emission between channels due to the maximum RM of 12000 rad m~2 is
less than 10 degrees. Table 6.2 shows the channelisation utilised for the different bands.

We used single-scale CLEAN because of its speed and simplicity. The accuracy of single-scale deconvo-
lution by CLEAN degrades at high frequencies and high resolutions, particularly for extended structures such
as those of Hydra A. The problem is particularly severe in Stokes I, where the brightness of the extended
regions is broken into synthesised beam-sized “islands” of emission. To reduce these effects, we first fitted a
smooth brightness profile across frequency to all image pixels. We then used the spectral index value derived
from the profile fitting to generate the Stokes I emission at all frequencies. We carried out this procedure
separately for 2 - 6 GHz and 6 - 12 GHz cubes. The polarised emission is not affected by this problem. Figure
6.4 shows the spectral index maps used for deriving the model / images.

Following the same procedure as in Section 4.3.3, we derived maps of the polarised intensity P (with

corrected Ricean bias), fractional polarisation and polarisation angles. Errors are derived using the propa-
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Figure 6.3: Stokes I image of Hydra A at 10 GHz and 0.35" resolution. Pixels shown have intensities 3 X opeise, Where

Onoise = 0.2 mJy beam ™.

Table 6.2: A number of averaged frequency planes utilised to avoid Faraday depolarisation for each band

Band v-interval  Av  Nayg  Nplanes
[GHz] [MHz]

L 1-2 1 1 1024
Sio 2-3 2 1 512
Shi 3-4 4 1 256
Clo 4-6 8 1 256
Chi 6-8 16 2 128
X0 8-10 32 4 64
X 10-12 64 8 32
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Figure 6.4: Hydra A spectral index maps at 1.50”. Top row: 2 — 6 GHz. Bottom row: 6 — 12 GHz. We show pixels

with fitting error in spectral index < 0.1 and > 3x off-source image noise in Stokes I at 1.5 GHz.
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gation of error method, with the noise in each map estimated in a region far from the source emission. At
0.50”, the off-source noise ranges between 0.03 mJy beam~! and 0.07 mJy beam™! in Stokes ) and U and
ranges between 0.04 m Jy beam~! and 0.05 mJy beam ™! in Stokes I. At 1.50”, the off-source noise ranges

L and

between 0.06 mJy beam ! and 1.1 mJy beam ! in Stokes () and U and ranges between 0.1 mJy beam ™~
5 mJy beam~! in Stokes I.

We also derived Faraday spectra using RM-Synthesis and RM-Clean. The resulting RMTF is similar to
Figure 4.6 of Cygnus A. The resolution in the Faraday space is ~ 175 rad m~2 for 2 - 12 GHz and ~ 2030
rad m~? for 6 - 12 GHz. We used uniform weighting (W = 1, see Section 3.1.2) for all channels and defined
A2 to be a weighted mean of all \? for a particular frequency-range. The maximum Faraday depth we can
observe is 25000 rad m 2, well beyond those of Hydra A (~ 12500 rad m~—?2). The largest extended Faraday
structure we are sensitive to without significant attenuation is 5000 rad m~2, far wider than those expected

in Hydra A (see Section 6.9 and right plot of Figure 6.26).

6.5 Polarisation Data

In this section, we look at the polarisation data of Hydra A in detail. In particular, we look at how the
polarisation changes with frequency, as well as with resolution. This is essential since the depolarisation can
occur due to differential rotation along the lines-of-sight, or within our synthesised beam. Thus, we need to
have a clear understanding of both phenomena if we are to fully understand the underlying physics associated

with this radio galaxy.

6.5.1 Polarisation as a Function of Frequency

Figure 6.5 shows the fractional polarisation maps across the inner tails of Hydra A. The northern tail is
more highly polarised than the southern tail at all the four frequencies. In general, the fractional polarisation
of both tails decreases with decreasing frequency. The inner regions of the tails close to the AGN depolarise
more rapidly than the outer regions further from the AGN. Similar to Cygnus A (Sebokolodi et al. 2020),
the structural features such as the hotspot (the high surface brightness spots) and jets are not discernible in
the fractional polarisation maps. The fractional polarisation is relatively smooth across the northern tail and
patchier across the southern tail. The fractional polarisation of both tails becomes clumpier towards low
frequencies.

To properly determine the degree by which the tails depolarise, we computed the depolarisation ratio, by
dividing the fractional polarisation map at 2 GHz with a map at 10 GHz and 6 GHz with 10 GHz. Figure
6.6 shows the FDR maps. Note that the FDR is prone to large errors since it is a ratio of ratios. To remove
spurious emission in the images shown, we exclude all pixels with fractional errors greater than 60%. The
FDR; are commonly larger than 0.01 but less than 0.1, implying that the tails depolarise by more than ~ 90%
between 10 GHz and 2 GHz at ~ 1 arcsecond resolution. The northern tail is dominated by ratios < 0.075,
while the southern tail is dominated by ratios < 0.075 at regions closer to the AGN and > 0.075 — 0.2 at
the extreme regions (away from the AGN). However, we cannot tell if the high FDR; in the southern tail are
real or not, especially given that this tail is associated with low-SNR — particularly in the extreme regions.
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Figure 6.5: Hydra A fractional polarisation maps at 1.5” as a function of frequency. Left: Northern tail. Right:
Southern tail. Pixels shown have fractional errors o,,/p < 60%. Both tails depolarise significantly with decreasing
frequency. In general, the northern tail is less depolarised than the southern tail.

179



Increasing the pixel selection criteria (increasing the fractional errors in fractional polarisation) to remove
the high ratio regions only compromises the signal across the rest of the tails. The FDRy, on the other hand,
show relatively little depolarisation between 6 and 10 GHz. FDRjy range between a few 1% to 80%. There

are regions of large and small FDR, throughout the tails.
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Figure 6.6: FDR maps at 1.50” of Hydra A radio tails. Pixels shown have oppr/FDR < 60%. Top row:
2GHz/10 GHz. Bottom row: 6 GHz/10 GHz. FDR; of both tails range between 0.01 — 0.1, with the majority of
the pixels across the northern tail and the inner southern tail having ratios < 0.075 and the extreme regions of the
southern tail having ratios > 0.075 — 0.2. FDRy range between 1% — 80%. FDR shows narrow regions of large and
small depolarisation values across the tails. The areas of large FDR may or may not be real but we think they are
most likely unreal especially given they are associated with low-SNR. In general, the tails depolarise by up to ~ 90%
between 10 — 2 GHz.

We have so far studied how the polarisation behaves globally across the tails in all regions. We found
that the tails are depolarising with decreasing frequency. Next, we look at the polarisation behaviour of
the different lines-of-sight across the tails as a function of frequency (high-spectral resolution). These will
provide a more detailed probing of the nature of the depolarisation. However, this approach is made difficult
by the large number of lines-of-sight available. Therefore, for the purpose of this dissertation, we will show
a few representative examples.

We use the same coordinate system used for Cygnus A study. To select the lines-of-sight, we considered
pixels separated by 0.7” with fractional polarisation above 0.1 at 8 GHz. This resulted in 696 lines-of-sight.
We looked through the individual lines-of-sight and found that 562/696 are usable, while the remaining are
extremely noisy. The majority of the excluded lines-of-sight are from the southern tail with a few in the
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outskirts of both tails (further from the centre).

Figure 6.7 shows six polarisation functions for six representative lines-of-sight. For each line-of-sight
(each row), we display fractional polarisation as a function of A\ (left), polarisation angle as a function of \?
(middle) and the amplitude of the deconvolved Faraday spectrum (right, in blue) superimposed on a Gaussian
of width equal to that of the RMTF (in red). To match the Gaussian function to the data, we shifted and scaled
its amplitude to the location and amplitude of the peak in the Faraday spectrum. Each line-of-sight is labelled
using the derived coordinate system.

The fractional polarisation of all the lines-of-sight decreases significantly with increasing A?. Similar
to Cygnus A, the decline in the fractional polarisation with increasing A? is non-monotonic. The fractional
polarisation of some lines-of-sight decreases relatively smooth (first two rows), some consists of well-defined
oscillations (third and fourth row) and others show intermediate and less defined decaying behaviour (last
two rows). Hereafter, we refer to these decaying behaviours as “smooth decay”, “oscillatory decay” and
“complex decay”, respectively.

The middle column shows the polarisation angle as a function of A\? in black and the residual polarisation
angle in blue. The residual angles are obtained by removing RM \? of the peak component in the Faraday
spectrum (right column) from the observed polarisation angles. The polarisation angles reveal significant
deviations from linearity with A\? for most of the lines-of-sight. These deviations are concentrated at low
frequencies, as expected since the Faraday rotation effects are most dominant in this frequency-regime. As a
result, the earlier observations would not have allowed us to notice the deviations in the polarisation angles,
due to the fact that these observations were at high-frequencies (> 5 GHz) and had a few, sparsely sampled
frequency channels.

The observed Faraday spectra reveal very interesting structures (right column of Figure 6.7). In general,
the Faraday spectra of the smooth-decaying lines-of-sight consist of a single dominant peak and in some
cases, a broadened Faraday spectrum whose width is larger than that of the RMTF (~ 180 rad m~2). The
oscillatory decaying and complex decaying lines-of-sight, on the other hand, are associated with resolved
multiple-peaked Faraday spectra. Evaluating the peak separations and spectra widths by eye, we estimate that
the separations and widths range between ~ 500 — 5000 rad m 2, with the majority having separations/widths
between 1000 — 3000 rad m~2. The Faraday spectra give a good impression of the number and strengths of
the individual Faraday patches/components within the resolution beam or along the lines-of-sight.

We classified the different lines-of-sight into one of three categories: smooth, oscillatory or complex
based on the decay in fractional polarisation with increasing A\?>. We find that roughly 22% are smooth
decays, 11% are oscillatory decays and 67% are complex decays. Figure 6.8 shows the spatial distribution of
the three classes across the tails. It should be noted that these classes are only valid for this frequency range
(2 - 12 GHz) and resolution (1.5”). The polarisation behaviour may completely change by adjusting the
resolution and frequency range span (most notably, the lower frequency bound). We find that the majority of
the complex decays resemble the bottom row of Figure 6.7 rather than fifth row — the fractional polarisation
rapidly drops to near zero, with no subsequent structures visible at lower frequencies.

The northern tail consists of all the decaying classes, while the decays across the southern tail are mostly

complex and smooth with no oscillations. Most of the smooth decays are situated at the ends of the tails
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Figure 6.7: Hydra A wideband (2 — 12 GHz) polarisation data at 1.50” for six representative lines-of-sight. Left
column: Fractional polarisation vs A?. Middle column: Polarisation angles vs \? (black) and the residual polarisation
angles (blue). Right column: Faraday spectra (blue) superimposed on a real-valued Gaussian RMTF (red). The residual
polarisation angles were obtained by subtracting RM A\? the dominant peak in the Faraday spectrum from the observed
polarisation angles. First two rows: Smooth decaying. Middle two rows: Oscillatory decay. Last two rows: Complex



(further from the AGN), and the complex decays are near the AGN. It makes sense that there is a few oc-

currence of oscillatory decays, since this decaying behaviour results from a special physical setup of two or

more polarised patches “patches” with different R 's within the resolution element.
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Figure 6.8: Classifications of the lines-of-sight frequency depolarisation across Hydra A tails. Red x: Oscillatory
decays. Green o: Smooth decays. Navy blue *: Complex decays. The oscillatory constitutes 11% of the lines-of-sight,
smooth decay about 22% and complex decay about 67%.

6.5.2 Polarisation as a Function of Spatial Resolution

The observed depolarisation can be a result of differential rotation along the line-of-sight or across the
synthesised beam. These two have completely different physical implications: the first implies a mixing of
gases and the second implies the presence of turbulent magnetic fields. It is thus important that we distin-
guish these two physical situations. However, the only definitive way to distinguish the two is to eliminate
beam-depolarisation by increasing our resolution until all transverse variations are resolved. Any remaining
depolarisation can then be attributed to the line-of-sight effect. In this section, we investigate whether our
data are limited by the observation’s resolution or not.

Figure 6.9 shows a 6 GHz fractional polarisation map at different resolutions, from 3" to the highest
possible resolution of 0.5”. It is evident that the tails depolarise with decreasing resolution, with the largest
depolarisation occurring in the inner regions of the tails, close to the centre.

To see the degree by which the tails depolarise with resolution, we compute a depolarisation ratio map
by dividing a 10 GHz fractional polarisation map at 3" with a map of the same frequency at 0.3”, and 6
GHz maps at 3” with 0.5”. Figure 6.10 shows the resolution depolarisation ratio (RDR) maps. Similarly,
we consider pixels with fractional errors of less than 60%. The RDR at 10 GHz across the northern tail is
small, particularly in the outer regions of tail (further from the centre), while the southern tail is significantly
depolarised in most of the regions (except in region near the hotspot). The tails are most depolarised at
a low-frequency even though the difference in the minimum and maximum resolutions is less than at 10
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Figure 6.9: Hydra A fractional polarisation maps at 6 GHz as a function of resolution. We only show pixels with
op/p < 60%. The tails depolarise with decreasing resolution.
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GHz, indicating a wavelength-dependent beam-depolarisation. Beam-depolarisation accounts for more than
70% depolarisation (bluer regions) at 6 GHz, with a few regions showing slight depolarisation of about 20%

(redder regions).
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Figure 6.10: Resolution depolarisation ratio (RDR) across Hydra A tails. Left column: RDR= 3"/0.30" at 10 GHz.
Right column: RDR= 3"/0.50" at 6 GHz. Pixels shown have ogrpr/RDR < 60%. The 10 GHz RDR indicate small
beam-related depolarisation at the extreme regions of the northern tail. The depolarisation is strong at low-frequency,
suggesting wavelength-dependent beam-depolarisation.

Figure 6.11 shows plots of fractional polarisation as a function of resolution for a few selected lines-
of-sight. We classify the lines-of-sight into Class A, Class B and Class C using the classification scheme
developed in Section 4.4.2.2 for Cygnus A data. The first row shows examples from class A, which constitutes
about 59% of the lines-of-sight. The second row shows examples from Class B, which constitutes ~ 12%
of the total lines-of-sight. The bottom row shows examples from Class C, which constitutes about ~ 29%
lines-of-sight. In the case of Cygnus A, we find 40% of the lines-of-sight belong to Class A and C, and 20%
to class B.

The general expectation is that in the presence of small-scale transverse fluctuations, the observed frac-
tional polarisation should increase (usually) monotonically with increasing resolution, until it reaches a reso-
lution which resolves the foreground fluctuations in the depolarising screen. At this resolution, the observed
fractional polarisation will be that of the source itself. However, the way in which fractional polarisation
varies with resolution in Hydra A is complex; there are instances where the fractional polarisation begins to

decrease at higher resolutions, or decrease/increase at mid-resolutions. Furthermore, the form of variation
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Figure 6.11: Lines-of-sight fractional polarisation as a function of resolution. Green: 10 GHz. Red: 8 GHz. Cyan: 6
GHz. Black: 4 GHz. Magenta: 2 GHz. Plot titles: Lines-of-sight position coordinates and the RDR value at 3" /0.3"
(10 GHz). Top row: Class A. Second row: Class B. Third row: Class C. We find that 59% of the lines-of-sight fall in
Class A, 12% in Class B and 29% in Class C.
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of the fractional polarisation with resolution of some lines-of-sight differs for different frequencies; which

indicates significant wavelength-dependent effects.

6.6 High-Frequency, High-Resolution Faraday Rotation Study

In the previous section, we showed that Hydra A is experiencing significant depolarisation with decreas-
ing frequency at the resolution of our data. The data also strongly suggest that the depolarisation is mostly
beam-related and wavelength-dependent. These results, therefore, imply the presence of a turbulent magneto-
ionic medium dominant on scales less than 1.5 kpc lying between us and the source of emission.

At higher frequencies, we can achieve even higher resolutions, minimising beam-related depolarisation
effects. Additionally, wavelength-dependent depolarisation structures (such as oscillatory and complex de-
cays) are mostly concentrated at longer wavelengths. Utilising the high-frequency data will allow us to
derive the “true” emission properties of the polarised source and the ambient Faraday rotating gas, without
the complications introduced by the turbulent propagation gas exterior to the source. We intend to use these
estimations of the “true” emission properties of the tails and ambient cluster gas to predict polarisation data
at lower-frequencies and lower-resolution. A good match between such predictions with the observed data
would provide strong evidence that the foreground Faraday rotating gas alone is primarily responsible for the
majority of the depolarisation through beam-related effects.

Thus, we utilised the 6 - 12 GHz frequency data at the highest resolution of 0.5” x 0.35”. By looking
through the 567 lines-of-sight, we find that the structures in the depolarisation functions are negligible within
this frequency range. We fit the fractional () and U of our images to the real and imaginary parts of the
following model, respectively:

p= poe%xo 621'(;5/\2—202)\4’ 6.1)

where pg and x( are the zero wavelength fractional polarisation and polarisation angle of the source, respec-
tively, RM is the rotation measure of the ambient gas and o represents the dispersion of the Faraday depths’
distribution due to unresolved fluctuations:

o =812n;BydvV/N radm™2, (6.2)

where N = L/d is the number of turbulent cells of size d along the total pathlength L, n; is the electron
density in the cell and B; is the magnetic field strength of the cell (Burn 1966; Sokoloff et al. 1998).

We use a simple non-linear least squares fitting algorithm for fitting our model to the data. This was done
using minimisation tools provided through the LMFIT software. The parameter search space was confined to
[0.0001, 1] for pg, +7 /2 for xo, £12500 rad m~2 for RM and [0, 2500] rad m~2 for o. We only considered
pixels with flux density five times above the off-source noise in Stokes I at 1 GHz. This is so that we avoid
evaluating spurious/noisy pixels and also to reduce computational time. Figure 6.12 shows the example fits,
indicating that the model fits the data well (checked by eye).

Figure 6.13 shows maps of the derived zero wavelength fractional polarisation (top row), RM (middle

column) and Faraday dispersions (bottom column). The left column shows the northern tail and the right
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Figure 6.12: [Lines-of-sight examples showing a model fitting of a single random depolarising screen (see Equation
6.1) to 6 - 12 GHz Hydra A data at 0.50”.. Left column: Fractional () and U as a function of A\?. Middle column:
Fractional p as a function of A2. Right column: Polarisation angle as a function of A\?. The jumps in the polarisation
angle on the right side are due to the null in the fractional polarisation, which marks the beginning of the importance
of the patchy nature of the Faraday rotating gas. The simple random depolarising model is able to characterise these
high-frequency, high-resolution data.
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column shows the southern tail. We display pixels with fractional errors of RM and pg less than 0.5. The
projected magnetic fields (yo + 7/2) across the tails are shown in Figure 6.14. These images are discussed

in the following sections.
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Figure 6.13: Maps of the estimated parameters obtained by fitting a randomly depolarising model to 6 — 12 GHz
0.50 x 0.35"" Hydra A data. Left column: Northern tail. Right column: Southern tail. First row: Intrinsic fractional
polarisation (extrapolated to zero A\?). Second row: RM. Third row: Faraday dispersions. We show pixels with
fractional fitting errors in RM and pg less than 0.5.
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6.6.1 Intrinsic Fractional Polarisation

The derived zero wavelength fractional polarisation indicate that Hydra A is intrinsically highly linearly
polarised, with typical values between 20% and 55% in the northern tail and up to 65% towards the edges
of the tail. The southern tail is less polarised and is extremely patchy, with typical polarisation values as
low as 0.5% and as high as 50%. The patchiness in the fractional polarisation of this tail could indicate
that our resolution is not sufficient to allow probing of the source properties, or that there is an interesting
phenomenon occurring inside the tail. We think that the former is probably what is taking place in this
tail, especially because in Section 6.5, we showed that the depolarisation structure across this tail is mostly
complex with smooth- and complex-decays, which indicate the presence of small-scale magnetic fields. It
should be noted that this does not rule out the possibility that this tail may be intrinsically different but at this

point, there is no substantial evidence to support this claim.

6.6.2 Rotation Measures

The RM maps presented in this paper are much more detailed than those available in the literature (for
example, Taylor and Perley 1993; Laing et al. 2008a). RM range between —2000 rad m~2 and 3300 rad
m~2 across the northern tail and —2000 rad m~2 and 11900 rad m~2 across the southern tail. The RM across
the southern tail are mostly negative, with a small region situated in the south-eastern parts of the tail with
positive RM. The RM associated with this tail are remarkably patchy on small-scales of ~ 1 kpc. A region
of extremely high RM does not seem to be associated with any obvious tail features: neither in total intensity,
fractional polarisation, or dispersions. The RM across the northern tail, on the other hand, are both negative
and positive and are relatively more ordered on small-scales of ~ 2 to 6 kpc. They also seem to occur in
alternating bands of positive and negative values. The rotation measures at the tail of the source (further
from the AGN) are similar to that of the body of the tail. Alternating bands in RM are very common in radio
sources; they were observed in Cygnus A (Sebokolodi et al. 2020), as well as in M84, 3C 353, 0206+35 and
3C 270 (Guidetti et al. 2011). Similar to the results of Taylor and Perley (1993), the RM across the jets are

consistent with those of the nearby tail, suggesting a common origin.

6.6.3 Faraday Dispersions

The Faraday dispersions characterise the rate of depolarisation between 12 GHz and 6 GHz. The dis-
persions in the northern tail range between 150 rad m~2 and 450 rad m~2 and a few narrow regions with
dispersions going up to 850 rad m~2. Errors associated with these dispersions range from typical values of <
10 — 30 rad m—2. There are regions which display very small dispersions close to zero. These regions can be
a result of no significant depolarisation, or re-polarisation due to a noisy signal. The dispersions across the
southern tail range between 300 — 950 rad m~2. The small dispersions are generally associated with small
fitting errors of no more than 10 rad m~2, and higher dispersions with errors of up to 100 rad m~2. The
dispersions across this tail are extremely chaotic. However, it is not surprising given the large RM gradients

associated with this tail. Looking through the narrow regions in the northern tail, we find that these narrow
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high dispersion features are indeed associated with large RM jumps. Similar features can be seen across 3C
31 (Laing et al. 2008a). There is no dependence of the dispersions on radial distance. The dispersions are
similar across both the tails and in the jets.

6.6.4 Intrinsic Projected Magnetic Field Orientation

Figure 6.14 shows the intrinsic magnetic field orientation across the tails obtained by adding 7 /2 to
the derived intrinsic polarisation angle, xo. The fields follow the boundaries and filamentary structures of
the tail emission. This behaviour is quite common in radio galaxies, for example 3C 465 (Eilek and Owen
2002), Cygnus A (Dreher et al. 1987; Sebokolodi et al. 2020) and Pictor A (Perley et al. 1997); it is generally
understood as an effect resulting from shearing (and compression) of the tangled tail magnetic fields at the
tail boundary, resulting in suppression of field components normal to the boundaries of the tails (L.aing 1980).
The field vectors are generally smooth across the northern tail, while slightly chaotic across the southern tail.
As with the other fitted parameters, this is likely due to significant structures on scales less than the 0.5”

resolution.

6.6.5 Faraday Dispersions vs Rotation Measures Across Hydra A at 0.5"”

Figure 6.15 shows the RM as a function of Faraday dispersions for lines-of-sight with fitting error in
RM and o less than 20 rad m~2. There is a tendency for larger dispersions to be associated with larger
Faraday RM. The general correlation is very weak. The observed Faraday dispersions are likely a result of
larger gradients which are associated with large RM.

6.6.6 V-shaped Structure in Northern Tail

An examination of the highest resolution intensity image from the inner part of the northern tail shows
a distinct V-shaped feature. It sits ~ 12 kpc north of the galactic core and is oriented roughly along the
local direction of the tail. It is apparent in total intensity and is also traced by projected magnetic field lines.
However, there is only a small effect in the fractional polarisation on the V-shape. A close-up image is shown
in Figure 6.16. The apex of the “V” points toward the galaxy, which is also the “upstream” direction relative
to the systematic outflow likely to be moving through the northern bright spot.

We do not know the cause of this structure, however, its shape suggests a bow shock or magnetic draping
around an object within the tail. If it is a bow shock, its opening angle requires a Mach number of ~ 3 — 4.
Although large-scale tails in FR I sources are thought to be subsonic, the jets close to the AGN are likely
supersonic. If this is the case, the supersonic flow may continue through the growth of the instability which
causes the bright spot and changes the narrow inner jet to a broad tail. Alternatively, a slower flow can ‘drape’
a weak magnetic field around an object in the flow (for example, Lyutikov 2006; Dursi and Pfrommer 2008)
and can also explain the ordered magnetic fields along the sides of the structure. A third possibility suggested
by the V-shape could be a wake behind some object in the flow. However, the ordered magnetic field along

the sides of the “V’ seem inconsistent with the turbulence characteristic of subsonic wakes.
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The vector lengths represent the fractional polarisation scaled by a factor of 10 (for magnification).

Figure 6.14
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in Figure 6.8 with fitting error in RM and o less than 20 rad m—2.

Each of these possibilities depend on the existence of a heavy object — say a cold gas cloud — within
the flow. The inner regions of many galaxies in CC clusters contain filaments and clouds of thermal and
molecular gas (Olivares et al. 2019). Similar objects might exist in the Hydra A galaxy, however they have
not yet been detected. The Hydra A galaxy contains a 5 kpc cool gas disk, rotating around the core of the
central galaxy (Rose et al. 2019) but no H « or molecular emission has been detected yet outside of this disk.

6.7 Predictions of Low-Frequency, Low-Resolution Data

In Section 6.5, we showed that the interpretation of the depolarisation in Hydra A data is limited by spatial
resolution — our observations do not provide enough resolution to properly resolve the variations occurring
across the tails. Though it is clear that the beam-related effects are important, it is still uncertain as to how
much of the effects are beam-related. This can only be fully answered with higher-resolution observations,
particularly at low-frequencies. Based on the left column of Figure 6.10, we would need resolutions much
better than 0.30” (perhaps 10 times better), at frequencies down to 2 GHz. Instruments with such observing
capability are currently not available. Thus, we have developed a method of using the high-frequency, high-
resolution images of the derived RM and polarised emission to predict the lower-resolution, lower-frequency
emission properties. Comparison of the observed with the predicted emission will then allow a judgement
on whether the assumptions inherent in the prediction are correct. The basic assumption here is that these
high-resolution maps approximate that of the true emission of the tails and rotating gas. A close prediction
will be a strong indication for a foreground Faraday rotating screen with small-scale magnetic fluctuations
which cause the depolarisation. A mismatch, on the other hand, will be an indication of either the presence

of much smaller scales < 0.35”, which were not accurately modelled, or that the beam-related effects are not
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a dominant effect and the depolarisation is due to a different physical origin. Both of these have an important
physical implication but this is beyond the scope of this work.

Given the derived pg, xo and RM, we determine the model polarised flux as:
P = pole2iX0 2iRMN* (6.3)

We obtain [ by first determining the spectral index at 0.50” x 0.35” (using 6 - 12 GHz data) and using this
index map to predict total intensities across 2 - 12 GHz. The polarised flux in Equation 6.3 are computed for \?
between 2 - 12 GHz — the resulting polarised cubes will be at the resolution of the input maps (0.50” x 0.35").
We then obtain Stokes ) and U by taking the real and imaginary part of Equation 6.3, then convolve these
Stokes maps, including Stokes I to 1.50” x 1.0”. The convolution is done using AIPS task CONVL, with
factor input as 0. This is the same procedure which was used for Cygnus A (see Section 4.6, Sebokolodi
et al. 2020).

Figure 6.17 shows the predictions in red and the actual data in black. The plots show fractional polarisa-
tion as a function of A? in the left column, polarisation angle as a function of A? in the middle column, and the
Faraday spectra in the right column. The two top rows in Figure 6.17 show example lines-of-sight whose data
are predicted well within measurement errors. We find that roughly 4% of the lines-of-sight are reproduced
well. The last three rows show example lines-of-sight whose general depolarisation pattern/structure is well
reproduced but with underestimated depolarisation (nearly all) or shifted nulls of the oscillations. We find

that roughly 71% of the lines-of-sight are partially reproduced. The remaining 25% are poorly predicted, or
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are too noisy to make any accurate judgment. We used fractional polarisation (the left columns) to decide
whether a prediction is good or not. This judgment was done by eye.

Although this approach is simple and naive, we find that the depolarisation structures that are seen in the
data are reproduced remarkably well. This has an important implication, namely that the structures in the
RM map are responsible for the observed depolarisation. Thus, beam-related effects are indeed the main
contributor to the depolarisation. This is perhaps more obvious when looking at the Faraday spectra; the
different peaks in the data come from different R}/ components across the resolution beam. The shift in the
nulls of the oscillation occur very rarely, while the underestimation of the depolarisation is common. These
underestimations are likely due to the presence of smaller field scales not mapped by our 0.50” x 0.35”
resolution. If this is the case, we would expect broadening of the components in the Faraday spectra, which
is not seen. However, it could simply be because the resolution in Faraday space is too poor to notice this
effect. This will imply scales of < 0.35 kpc and changes in RM < 180 rad m~2. Another possible cause for
the underestimations is systematic errors, or lines-of-sight effects. Thus, we emphasise that these predictions
should be treated as approximations, not as proof but still indicative of the main effect for the depolarisation.

The oscillatory structures are remarkably reproduced, indicating well-resolved field scales on the order
of our resolution beam 2> 0.5 kpc. This work provides further evidence for a very complex magnetic field
structures around this radio galaxy. Moreover, to definitively probe the line-of-sight effects (mixing of tail
emission and the ambient cluster gas), we are going to need high-sensitivity instruments with exceptionally
high-resolution. To obtain a 0.1” resolution across the 2 - 12 GHz, will require an instrument with a maxi-
mum baseline ~ 10 times larger than that the current maximum baseline of JVLA at A-configuration. Such
baselines are proposed for future instruments. For example, the SKA phase 1 mid-frequency in South Africa
will have a baseline of up to 150 km (allowing a resolution of ~ 0.3" at 1.4 GHz) and six times more sen-
sitivity than the JVLA. The SKA phase 2, on the other hand, is planned to have fifty times better sensitivity
and ten times better spatial resolution (at 1.4 GHz) than the JVLA. The New Generation of VLA (ngVLA)
in the United States is planned to have ten times better sensitivity than the JVLA and baselines thirty times
longer than the current VLA, allowing sub-arcseconds to a few milli-arcseconds resolutions (McKinnon and
Selina 2018; Selina et al. 2018; Dunbar et al. 2019; Murphy and ngVLA Science Advisory Council 2021)

6.8 Small-Scale Fluctuations

In the above section, we demonstrated how fluctuations in the R M map at ~ 500 pc are able to explain the
depolarisation and structures at ~ 1500 pc. This provides evidence of small-scale magnetic field fluctuations
in or around Hydra A. In this section, we demonstrate this even further, by looking at the wideband data at two
resolutions: 1.5” and 3”. In this case, we convolved our original data at 1.5” to 3” using CONVL in AIPS.
Figures 6.18 to 6.20 show examples of the results. We provided more lines-of-sight so that the reader might
further appreciate the complexity in these data. Once again, the importance of spatial variations across the
tails of the source is evident. The Faraday spectra become simpler at higher resolutions, further suggesting

the presence of unresolved fluctuations on scales < 3 kpc.
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Figure 6.17: Predictions of low-frequency, low-resolution data using high-resolution polarisation and RM maps. Left
column: Fractional polarisation vs A\?. Middle column: Polarisation angle vs A\?. Right column: Faraday spectra.
Black: Observed data. Red: Predictions. Two top rows: Good predictions (roughly 4% of the lines-of-sight). Last
three rows: Partially reproduced (~ 71%).
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Figure 6.19: Lines-of-sight polarisation behaviour at 1.5 and 3". Similar to Figure 6.18.
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Figure 6.20: Lines-of-sight polarisation behaviour at 1.5 and 3”. Similar to Figure 6.18 and 6.19.
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6.9 Classification and Characterisation of the Faraday Spectra

We classified the different lines-of-sight based on their Faraday spectra as in Section 5.2. There are six cat-
egories, namely the single-peaked spectra, single-peaked with smaller peaks spectra, blended double-peaked
spectra, resolved double-peaked spectra, blended multiple-peaked and resolved multiple-peaked spectra. Ta-
ble 6.3 summarises the results. Figure 6.21 shows a few examples of these classes for smooth decaying
depolarising lines-of-sight, Figure 6.22 show similar examples but for lines-of-sight with oscillatory depo-
larisation structures and Figure 6.23 shows example lines-of-sight with complex decaying depolarisation.
The majority of the Faraday spectra across Hydra A spectra are multiple-peaked, with a few (about 10%)
showing single peaks. This is unlike the case of Cygnus A, where there are 40% of the lines-of-sight that
are single-peaked. The differences between the polarisation behaviour in Hydra A and Cygnus A may be
attributed to the difference in resolution: the data of Cygnus A are at resolution ~ 0.75 kpc, while the data
of Hydra A data are at resolution ~ 1.5 kpc. In Figure 4.19 to 4.24, we showed that Cygnus A data tends
to show complexity (such as multiple structure) in the Faraday spectra at poorer resolution. However, some
single-peaked lines-of-sight are not affected by the change in resolution, thus we doubt that the difference
in resolution is the only factor contributing to the difference in Faraday structure. The second contributing

factor may be the presence of more turbulence in the Hydra A’s ambient cluster gas magnetic fields.

Table 6.3: Faraday Spectra Classification

Definition Depolarisation Class Classifiable

smooth oscillatory complex

Single-peaked 43 0 12 55
Single-peaked with smaller peaks 15 1 57 73
Blended double-peaked 13 8 51 72
Resolved double-peaked 0 8 12 20
Blended multiple-peaked 46 20 109 175
Resolved multiple-peaked 7 23 128 158

Figure 6.24 shows the distribution of the six Faraday classes across the tails. The southern tail is domi-
nated by blended and resolved spectra and the northern tail consists of all the Faraday classes. The distribution
of the spectra does not show any spatial correlation, suggesting some level of randomness.

Further, we characterise the width and mean of Faraday spectra by fitting a 1D Gaussian function. We
did the same fitting for Cygnus A data (see Section 5.3). Figure 6.25 shows fitting examples to the different
Faraday spectra across the tails. The location of each line-of-sight is indicated at the top of each plot. The
derived mean @mean and the width ogqey, are shown inside the parenthesis, respectively. The mean and width
are presented in rad m—2.

Figure 6.26 shows fractional polarisation in A2-space at 8 GHz as a function of peak of the fractional
Faraday spectrum (left). On the right, the derived ¢mean and ogqey Of the 1D Gaussian fitted to the Faraday

spectra. The multiple-peaked spectra tend to have a low peak Faraday amplitude. The fractional polarisation
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Figure 6.21: Faraday spectrum classes for lines-of-sight with smooth decays. Top row: Single-peaked spectrum.
Second row: Single-peaked with smaller peaks. Third row: Blended double-peaked. Fourth row: Blended multiple-
peaked. Fifth row: Resolved multiple-peaked.
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Figure 6.22: Faraday spectrum classes for lines-of-sight with oscillatory decays. Top row: Blended double-peaked
spectra. Second row: Resolved double-peaked. Third row: Blended multiple-peaked. Fourth row: Resolved multiple-
peaked spectra.
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Figure 6.23: Faraday spectrum classes for lines-of-sight with complex decays. Top row: Single-peaked spectra. Sec-
ond row: Single-peaked with smaller peaks. Third row: Blended double-peaked. Fourth row: Resolved double-peaked.
Fifth row: Blended multiple-peaked. Sixth row: Resolved multiple-peaked.
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Figure 6.24: Spatial distribution of the different Faraday spectrum classes across the tails of Hydra A. Green *:
Single-peaked. Orange x: Single-peaked with smaller peaks. Navy v: Blended double-peaked. Green O: Resolved
double-peaked. Orange Q: Blended multiple-peaked. Navy Y: Resolved multiple-peaked. The tails of Hydra A are
dominated by lines-of-sight with multiple-peaked Faraday spectra, most of which are blended.
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Figure 6.25: Fitting examples of 1D Gaussian function to Faraday spectrum amplitudes. Blue: Data. Red: A fitted
Gaussian function. Plot titles: Lines-of-sight location. Legend in parenthesis: Mean and width of the Gaussian function
in rad m~2. Top left: Single-peaked Faraday spectra. Top right: Single-peaked with smaller peaks. Middle left:
Blended double-peaked. Middle right: Blended multiple-peaked. Bottom left: Resolved double-peaked. Bottom right:
Resolved multiple-peaked.
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in \2-space, on the other hand, does not seem to depend on the Faraday class. The ogge, ranges between

> 100 — 3000 rad m—2. The spread of the Faraday depths in Hydra A are a factor of < 2 larger than those

in Cygnus A (the oggey of Cygnus A only goes up to ~ 1600 rad m~2).
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Figure 6.26: Fractional polarisation at 8 GHz vs Faraday spectrum peak amplitude (left) and derived ¢pmean VS Tstdev
(right). Multiple-peaked spectra are associated with a low peak Faraday amplitude. Fractional polarisation in A2-space
is independent of the Faraday spectra class. The spectra of Hydra A have oggey ranging between = 100 — 3000 rad
m~2 — about a factor of < 2 larger than those of Cygnus A.

Figure 6.27 compares the RM and Faraday dispersions derived by fitting a random depolarisation screen
to high-frequency (6 — 12 GHz), high-resolution (0.50”) data with the ¢mean and oggey derived by fitting a
1D Gaussian to the Faraday spectra. We find that the RM derived at high frequencies are consistent with
®mean Of the Faraday spectra. A plot on the right, on the other hand, indicates an independence of the rate of
depolarisation at high frequencies on the spread of Faraday thickness in Faraday spectra. We found a similar
behaviour in the case of Cygnus A.

6.10 Summary of the Data

In the above sections, we presented the results from our wideband (2 - 12 GHz), high-spectral resolu-
tion polarimetry data on Hydra A. We looked at how the source polarisation emission changes across both
frequency and resolution. We have also derived high-resolution maps of the intrinsic polarised emission of
the tails, the rotation measure and Faraday dispersion of a foreground cluster gas. Further, we used these
high-resolution maps to predict the data at low-frequencies and low-resolution. The results are summarised
as follows:

1) The tails as well as the jets depolarise globally with decreasing frequency. The regions closest to the
AGN depolarise more rapidly than those further away.
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Figure 6.27: A comparison of parameters derived from 1D Gaussian fitting with those from high-frequency, high-
resolution modelling. Left plot: Compares RM at 0.50” with ¢peqn at 1.50”. Right plot: Compares Faraday dispersions
at 0.50” with oggey. The derived RM are consistent. The rate of decay at high frequencies is independent of the spread
of Faraday depths in Faraday space.

2)

3)
4)

5)

6)

7)
8)

The fractional polarisation across the northern tail is smooth at higher-frequencies while the southern
tail is patchier. However, both the tails become clumpier towards lower-frequencies.

We find that the tails depolarise by more than 90% between 10 GHz and 2 GHz.

Fractional polarisation as a function of \? of the different lines-of-sight across the tails reveal very
complex depolarisation behaviour, with some lines-of-sight showing smooth decaying fractional po-
larisation (roughly 22% of the lines-of-sight), some show oscillations (11%) and others show com-
plex/intermediate decaying structure (67%). The depolarisation across the southern tail is mostly com-
plex, with a few lines-of-sight decaying smoothly. There are no oscillatory decaying lines-of-sight
across the southern tail. The northern tail, on the other hand, consists of all three depolarisation struc-
tures, with the smooth decaying lines-of-sight concentrated at extreme regions of the tail (further from
the AGN) and the complex decays situated close to the AGN.

We derived Faraday spectra of the lines-of-sight using RM-Synthesis and we find interesting structures
in the spectra. In general, the spectra for smooth decaying lines-of-sight consist of a single peak (or a
few closely-separated peaks), while the spectra of oscillatory and complex decays show multiple peaks
and large broadening of the spectra. The peak separations range between ~ 500 — 5000 rad m~2. Most
of the large separations are between 1000 — 3000 rad m~2.

Polarisation angles as functions of A\? show significant deviations from linearity. The deviations are
> 1 rad. Most deviations are associated with multiple-peaked Faraday spectra.

We also find that the tails depolarise with decreasing resolution.

The fractional polarisation of the different lines-of-sight across the tails decreases with decreasing
resolution. The fractional polarisation of roughly 59% of the lines-of-sight fall within Class A, while
~ 12% fall within Class B, and 29% within Class C. These results indicate that beam-related effects
are complicated.
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9)

10)

11)

12)

13)

14)

15)

Convolving the wideband data at 1.5” to 3" resolution, reveal the increase in the complexity of the data
at poor resolution, indicating the presence of an unresolved foreground Faraday rotating gas.

We classified the Faraday spectra data of Hydra A. We find that ~ 60% of the lines-of-sight consist of
multiple-peaked spectra, ~ 17% are double-peaked and ~ 23% are single-peaked.

The high-resolution (0.5”) RM map across the northern tail range between —2000 rad m~2 and 3300
rad m~2 and between —2000 rad m~2 and ~ 11900 rad m~2 across the southern tail. The RM are
ordered on scales 2 — 6 kpc across the northern tail and ~ 1 kpc across the southern tail. RM across the
northern tail occur in bands of alternating positive and negative values. Those of the southern tail are
mostly negative, with a small region of positive values situated in the outskirts of the tail (south-east).
The derived intrinsic fractional polarisation at 0.5” shows values ranging between 20% — 50% across
the northern tail and 0.5% — 50% across the southern tail. There is also a highly polarised region
with fractional polarisation of up to 65% at the edge of the northern tail (the west side) and narrow
regions of up to 70% polarisation across the southern tail. In general, the southern tail is relatively
less polarised and is patchier. The southern tail is either intrinsically different or is behind the more
turbulent cluster gas. The turbulent cluster gas is likely the major contributing factor to the observed
polarisation behaviour. However, our data cannot disprove any intrinsic effects.

The magnetic field orientation follows the boundary and filamentary structures in the tails, consistent
with other radio galaxies. The orientations are slightly chaotic in the southern tail.

The Faraday dispersions range between 150 rad m 2 and 350 rad m~? across the northern tail and 300
rad m~2 and 950 rad m~2 across the southern tail. The dispersions show no radial dependence. The
dispersions are extremely chaotic across the southern tail. The southern tail also consists of narrow
regions of higher dispersions, that are coincident with large gradients.

We used the derived intrinsic fractional polarisation and RM at high-resolutions (0.5” x 0.35") to
predict low-frequency, low-resolution data (1.50” x 1.0”). The assumption is that these high-resolution
maps present a close representation of the “true” source properties and foreground Faraday rotating
gas. We find that the depolarisation structure in the data are reproduced, with 4% lines-of-sight closely
reproduced and 71% partially reproduced. For the latter, the depolarisation are mostly underestimated
and in some rare cases the nulls in the oscillatory decay are shifted to lower frequencies. These results
suggest that the depolarisation is mostly a result of small-scale fluctuations across a foreground Faraday
rotating medium. This depolarising medium must consist of multiscale magnetic fields ordered 0.30 -
1.5 kpc.

6.11 Preliminary Modelling of the Wideband Data

In this section, we model the wideband data of Hydra A radio galaxy following the same procedure we

used for Cygnus A in Section 5.4. We assume a uniform distribution for all priors. The intrinsic fractional

polarisation ranges between 0 and 1, polarisation angle between +7/2 radians, RM /Faraday depth between

415000 rad m~2, Faraday dispersions and unresolved uniform R/ -differences between 0 and 5000 rad

-2
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6.11.1 Best Fitting Model

We fit to the data of Hydra A the eight analytical models described in Section 5.4 and summarised in
Table 5.2. The models are RFD, UFD, RUFD, RUID, RUID+F, 2RFD, 2RUFD and 3RFD, where “R” stands
for random magnetic fields, “U” stands for unresolved uniform RM -difference, “F” stands for foreground,
“I” stands for internal mixing, “D” is the depolarising gas and the preceding number indicate the number of
media in question. We fit these eight models to the single-peaked spectra, single-peaked with smaller peaks
spectra, blended and resolved double-peaked spectra. These spectra data account for 220/553 (40%) of the
lines-of-sight across Hydra A.

Figure 6.28 shows the In BF solutions of RUFD, RFD and UFD models. Positive In BF is shown in blue
and negative In BF in red. The blue points are in favour of RUFD (left and middle plot) and RFD (right) and
the red data points are in favour of RFD (left) and UFD (middle and right plot). The vertical lines separate the
different Faraday spectra classes. The single-peaked spectra are in the far left, followed by the single-peaked
with smaller peaks, blended double-peaked and resolved double-peaked spectra. RUFD is favoured over
RFD for 60% of the fitted lines-of-sight and over UFD for 94% of the fitted lines-of-sight. Additionally, we
find small values of In BF (red points in the left plot) are in favour of RFD against 2RUFD — suggesting a
weak evidence against RUFD. Our overall results suggest that random fluctuations are particularly important

to these data, while unresolved uniform RM -differences are weakly important to ~ 40% of the fitted lines-

of-sight.
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Figure 6.28: 1n BF of model RUFD, RFD and UFD fitted to the lines-of-sight across Hydra A. Blue points: In favour
of RUFD (left and middle plot) and RFD (right plot). Red points: In favour of RFD (left) and UFD (middle and right).
Vertical lines (from left to right) separate lines-of-sight with single-peaked, single-peaked with smaller peaks, blended
double-peaked and resolved double-peaked. RUFD is favoured over RFD for 60% of the fitted lines-of-sight and over
UFD for 94%. RFD is preferred over UFD for 76% of the fitted lines-of-sight. 2/3 of the fitted lines-of-sight have
In BF < 10 in favour RFD over RUFD. These small values suggest a weaker evidence against RUFD over RFD. The
random fluctuations are particularly important to these data, while the unresolved uniform R M -differences are weakly
important ~ 40% of the fitted lines-of-sight.

Figure 6.29 shows the In BF of RUFD, RUID and RUID+F models. The blue data points are in favour
of RUID+F (left and middle) and RUFD (right) and the red data points are in favour RUFD (left) and RUID
(middle and right). RUID is disfavoured for 99% of the fitted lines-of-sight over RUID+F and RUFD. These

results rule out a completely mixed region as a location for the observed RM but necessitates the presence
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of a foreground Faraday rotating screen. These results are consistent with the previous claim by Taylor et al.

(1990) and Taylor and Perley (1993). We reached the same conclusion, even for the Cygnus A radio galaxy.
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Figure 6.29: 1In BF of model RUID+F, RUID and RUFD fitted to lines-of-sight across Hydra A. Blue points: In favour
of RUID+F (left and middle) and RUFD. Red points: In favour of RUFD (left) and RUID (middle and right). RUID+F
is favoured over RUFD for 63% of the fitted lines-of-sight and over RUID for 99%. A completely mixed gas cannot
explain the data, instead, a foreground screen is required to account for the observed RM.

Figure 6.30 shows the In BF of the 2RFD, RFD and RUID+F. The blue data points are in favour of 2RFD
and the red data points are in favour of RUFD (left) and RUID+F (right). 2RFD is favoured over RUFD for
77% of the fitted lines-of-sight and against RUID+F for 67% of the fitted lines-of-sight. There also seems
to be a tendency for these two single-component (RUFD and RUID+F) to fit the blended doubled-peaked
spectra well. This could be due to two reasons: i) a second component is not needed for the majority of the
blended double-peaked lines-of-sight, ii) or the lines-of-sight in question require unresolved uniform RM-
difference to be incorporated in the models. In general, these results suggest that the majority (~ 70%) of

the data require multiple Faraday components.
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Figure 6.30: In BF of model 2RFD, RUID+F and RUFD fitted to lines-of-sight across Hydra A. Blue points: In favour
of 2RFD (left and right). Red points: In favour of RUFD (left) and RUID+F (right). 2RFD is favoured over RUFD for
77% of the fitted lines-of-sight and over RUID+F for 67%.

Figure 6.31 shows the In BF for 2RUFD, 2RFD and 3RFD fitted to the Hydra A data. The blue data
points are in favour of 2RUFD (left and middle) and 3RFD (right) and the red data points are in favour
of 2RFD (left and right) and 2RUFD (middle). 2RFD is the most disfavoured of the three models. On
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average, 2RFD is favoured for ~ 16% of the fitted lines-of-sight. 2RUFD is favoured over 3RFD for 58%
of the fitted lines-of-sight. These results indicate the importance of unresolved uniform RM -differences
over an additional purely random depolarising component. The results are quite the opposite of Cygnus A,
where 3RFD was strongly favoured (2 70% of the lines-of-sight) over 2RUFD. The difference in the model
preferences possibly indicates the difference in the dominant structures in the magnetic fields in and around
these radio galaxies. However, we also note that the model preference between 2RUFD and 3RFD remains

small, particularly for Hydra A. As a result, we consider these as competing models.
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Figure 6.31: In BF of model 2RUFD, 3RFD and 2RFD fitted to lines-of-sight across Hydra A. Blue points: In favour
of 2RUFD (left and middle) and 3RFD (right). Red points: In favour of 2RFD (left and right) and 3RFD (middle).
2RUFD is favoured over 2RFD for 82% of the fitted lines-of-sight and over 3RFD for 58%. 3RFD is favoured over
2RFD for 86% lines-of-sight. 2RUFD and 3RFD compete but the former is the most favoured of the two.

Figure 6.32 shows the spatial distribution of model selection results. In blue, we show lines-of-sight in
favour of 3RFD and in red, those in favour of 2RUFD. Similar to Cygnus A, the model preference does not
depend on the location of a line-of-sight across the tails of the radio galaxy. Given the few fitted lines-of-sight
across the southern tail, the analysis best represents the physics in the northern tail and very little about the
southern tail. Analysis of the southern tail requires including the remaining spectra classes (the blended and

resolved multiple-peaked), however, these are beyond the scope of this work.

6.11.2 Goodness-of-Fit of the Best-Fitting Models

Simply because a given model is favoured over another based on the In BF does not mean the best model
truly describes the data. We consider x2 to evaluate whether a best-fitting model does indeed describe the
data. However, the value of x? is subject to noise and is generally affected by the SNR of the lines-of-sight.
The high-SNR lines-of-sight tend to have larger x? (suggesting a bad fit) and low-SNR lines-of-sight (those
that resemble the noise) tend to have smaller x?, indicating a good fit. To derive the statistics, we consider
lines-of-sight with 2 < 5 as “good fits”, similar to what was done for Cygnus A modelling.

Figure 6.33 shows the X% of our three best-fitting models, namely 2RFUD, 3RFD and 2RFD. We find
38% of the fitted lines-of-sight with 2 < 5 in 2RFD, 46% in 3RFD and 50% in 2RUFD. Model 2RUFD
describes the majority of the lines-of-sight better than 3RFD and 2RFD. However, 50% is still a small fraction
of the fitted lines-of-sight. This indicates that Hydra A data require sophisticated modelling.
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Figure 6.32: Spatial distribution of model selection results between model 3RFD and 2RUFD. Blue: In favour of
3RFD. Red: In favour of 2RUFD. There is no spatial preference. The majority of lines-of-sight are concentrated across
the northern tail, as such, the analysis best represents the physics occurring in/near this tail than the southern tail.
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Figure 6.33: x? solutions of model 2RFD, 2RUFD and 3RFD fitted to lines-of-sight across Hydra A. We find that 38%
of the fitted lines-of-sight in 2RFD have x2 < 5, 50% in 2RUFD and 46% in 3RFD.
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Figure 6.34 shows the absolute difference in the X? of the three models; 2RFD, 3RFD and 2RUFD. The
blue points are in favour of 2RUFD (left) and 3RFD (middle and right). The red points, are in favour of
2RFD (left and middle) and 2RUFD (right). We find that 2RFD is disfavoured for over ~ 80% of the fitted
lines-of-sight against 2RUFD and 3RFD, and 2RUFD fits 57% of the lines-of-sight better than 3RFD.
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Figure 6.34: The difference in the x? of model 2RUFD, 2RFD and 3RFD fitted to lines-of-sight across Hydra A. Blue
points: In favour of 2RUFD (left) and 3RFD (middle and right). Red points: In favour of 2RFD (left and middle) and
2RUFD (right). 2RUFD fits 83% of the fitted lines-of-sight much better than 2RFD and 57% of the fitted lines-of-sight
better than 3RFD. 3RFD fits 82% of the lines-of-sight much better than 2RFD. 2RUFD describes the majority of the
fitted lines-of-sight better than 2RFD and 3RFD.

Figure 6.35 shows fitted lines-of-sight examples where 3RFD is favoured over 2RUFD. We show one
example from each of the four Faraday spectra classes.

Figure 6.36, on the other hand, shows example lines-of-sight whereby 2RUFD is favoured over 3RFD.

Figure 6.37 shows example lines-of-sight not well-produced by either model. We find that in the majority
of failed cases, 2RUFD tends to reproduce the oscillatory nature of the depolarisation curves. However, the
nulls are either offset or the depolarisation is overestimated. The models are insufficient, therefore, more

added components (likely representing a more realistic screen) would likely fit better.

6.11.3 Estimated Fitting Parameters of the Best-Fitting Models

In this section, we present the parameter estimates of 2RUFD and 3RFD for the fitted lines-of-sight with
x2 < 5 and fractional errors in each parameter of < 0.1. We indicate the fraction of the fitted lines-of-sight

satisfying these two conditions at the top of each plot.

6.11.3.1 Two Random-Uniform Depolarising Screens

Figure 6.38 shows the derived intrinsic fractional polarisation (left and middle plot) and their ratios (right)
for model 2RUFD. The “strong” component is polarised at 5% — 45% (left plot); the weaker at 1% — 30%
(middle plot). The two components have relatively similar strength, with ratios in the intrinsic fractional
polarisation ranging between 1 — 8 and the majority of ratios concentrated below 4.
Figure 6.39 shows the separation of the two components in Faraday space and the derived Faraday dis-
persions of 2RUFD. The components are separated by no more than 750 rad m~2, with the majority con-
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Figure 6.35: Example lines-of-sight in favour of model 3RFD over 2RUFD. Title (left column): Lines-of-sight location.
Title (second column): In BF. Top row: Single-peaked spectrum. Second row: Single-peaked with smaller peaks. Third
row: Blended double-peaked spectrum. Last row: Resolved double-peaked spectrum.
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Figure 6.36: Fitted example lines-of-sight with single-peaked spectra in favour of model 2RUFD over 3RFD. Title
(left column): Line-of-sight location. Title (second column): In BF. Top row: Single-peaked spectrum. Second row:

Single-peaked with smaller peaks. Third row: Blended double-peaked spectrum. Last row: Resolved double-peaked
spectrum.
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Figure 6.37: Example lines-of-sight with failed fits. Title (left column): Line-of-sight location. Title (second column):
In BF. Top row: Single-peaked spectrum. Second row: Single-peaked with smaller peaks. Third row: Blended double-
peaked spectrum. Last row: Resolved double-peaked spectrum. 2RUFD model is good at reproducing the oscillatory
nature of the depolarisation.
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Figure 6.38: The derived intrinsic fractional polarisation of model 2RUFD fitted to Hydra A wideband data. Left and
middle: Intrinsic fractional polarisation. Right: Ratios of the intrinsic fractional polarisation. The strong component is
5% — 45% polarised while the weaker component is 1% — 30% polarised. The ratios suggest that the components have
similar strength, with the majority of the ratios concentrated below 4 and a few cases with larger ratios going up to 8.

centrated between 500 rad m~2. The Faraday dispersions of a strong component go up to ~ 400 rad m—?2
and of a weak component go up to ~ 150 rad m—2.
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Figure 6.39: The derived components separation (left) and Faraday dispersion (middle and right) of model 2RUFD
fitted to Hydra A wideband data. The components are separated by no more than +750 rad m~2 and the dispersions
up to 400 rad m~2 for the strong component and 150 rad m~2 of the weaker component.

Figure 6.40 shows the derived unresolved uniform RM -difference of 2RUFD as fitted to Hydra A wide-
band data. The majority of the unresolved uniform RM -difference ranges between ~ 200 — 2000 rad m~—2,
with a few fitted lines-of-sight having a larger RM-difference of up to < 4500 rad m—2.

6.11.3.2 Three-Random Depolarising Screens

Figure 6.41 shows the derived intrinsic fractional polarisation of the three components in 3RFD (top row)
and the ratio of the intrinsic fractional polarisation (bottom row). We show fitted lines-of-sight with fractional
errors less than 0.1 and x2 < 5. The fraction of the fitted lines-of-sight that meet these two conditions are
indicated at the top of each plot. The intrinsic fractional polarisation of the strong component is mostly

< 40% polarised, the intermediate component is < 30% polarised and the weaker component is < 20%. The
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Figure 6.40: The derived RM -differences of model 2RUFD fitted to Hydra A lines-of-sight. The majority of the
unresolved RM -differences for both components range between ~ 200 — 2000 rad m~—2, with a few lines-of-sight
having larger RM -difference of up to < 4500 rad m~2.

strong component is a factor of 1 — 3 more polarised than the intermediate component and about a factor of
< 20 more polarised than the weak component for most of the fitted lines-of-sight.
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Figure 6.41: The derived intrinsic fractional polarisation (top) and ratios (bottom) of model 3RFD fitted to Hydra
A wideband data. The strong component is < 40% polarised, the intermediate component about << 30% polarised
and the weak component about < 20% polarised. The strong component is a factor of 1 — 3 more polarised than the
intermediate and < 20 than the weak component for the majority of the fitted lines-of-sight.

Figure 6.42 shows the separation of the three components in Faraday space. The strong and intermediate

component are separated by no more than £1000 rad m~2 for most of the fitted lines-of-sight. The strong
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and the weak component, as well as the intermediate and the weak component are separated by not more than
+2500 rad m—2.
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Figure 6.42: The derived components separation of model 3RFD fitted to Hydra A wideband data. The strong and
the intermediate component are separated by no more than #1000 rad m—2, both the strong and weak, as well as the
intermediate and weak are separated by no more than +£2500 rad m~2.

Figure 6.43 shows the derived Faraday dispersions of 3RFD fitted to Hydra A lines-of-sight. The dis-
persions of the strong component (left plot) are mostly < 500 rad m—2 with a few going up to 5000 rad

m~2. The dispersions of the intermediate component are mostly < 750 rad m~2 and dispersions of the weak

component are mostly < 300 rad m~2. Large dispersions are associated with relatively large fitting errors.

In general, 3RFD is associated with large fitting errors and x? > 5 compared to 2RUFD. This is evident
on the resulting fraction of fitted lines-of-sight at the top of each plot. 2RUFD describes ~ 50% of the fitted
lines-of-sight while 3RFD shows less than 50%.
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Figure 6.43: The derived Faraday dispersions of model 3RFD fitted to Hydra A wideband data. Typical dispersions
for the strong component (left) are < 500 rad m~2 and for the intermediate component of < 1000 rad m~?2 (middle)
and weak component of < 300 (right). However, there are a few large dispersions going up to ~ 5000 rad m~2 but
these are generally associated with large fitting errors.
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6.11.4 Model Fitting in Summary

In this section, we summarise the results of our fitting. Table 6.4 shows the In BF of our two best-fitting
models. The results are given in terms of the fraction of lines-of-sight that are best described by a particular
model over the other. As already mentioned, 2RFD is the most disfavoured, while 2RUFD is most favoured

(except for lines-of-sight with resolved double-peaked spectra).

Table 6.4: A fraction of lines-of-sight favouring by one model over the other based on the In BF

Faraday Class 2RUFD over 2RFD 3RFD over 2RFD 3RFD over 2RUFD
[%] [%] [%]
Single-peaked 76 85 47
Single-peaked + small peaks 87 86 37
blended double-peaked 89 83 32
resolved double-peaked 60 95 80

Table 6.5 shows the fraction of lines-of-sight with solutions having x? < 5.

Table 6.5: A fraction of lines-of-sight with solutions x2 < 5

Faraday Class 2RFD 2RUFD 3RFD
[%] [7%] [%]
Single-peaked 54 58 60
Single-peaked + small peaks 36 43 41
blended double-peaked 28 54 43
resolved double-peaked 35 35 35

Table 6.6 shows the difference in the x? for the three models. We find that although the models describe
a similar fraction of lines-of-sight according to x? < 5, 2RUFD and 3RFD best describe the data. 2RUFD
describes the data much better than 3RFD, particularly for the blended double-peaked spectra; this is not the

case for the resolved double-peaked spectra.

Table 6.6: A fraction lines-of-sight with the difference in x? greater than zero

Faraday Class 2RUFD over 2RFD 3RFD over 2RFD 3RFD over 2RUFD
[%] [%] [%]
Single-peaked 82 85 47
Single-peaked + small peaks 86 84 46
blended double-peaked 86 76 32
resolved double-peaked 65 90 75

The wideband data cannot be described by a single Faraday component but requires at least two com-

ponents. The wideband modelling suggests that unresolved uniform RM -differences are important to these
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data (2RUFD). Based on our selection criterion y2 < 5, we find that the models only describe a small fraction
(~ 50%) of the fitted lines-of-sight. These lines-of-sight only represent 20% of the total lines-of-sight across
the tails. Therefore, the results suggest that much more complicated models are needed to explain the data.

6.11.5 Reconciling the Estimated Parameters

In this section, we summarise the estimated fitted parameters for our two best-fitting models, namely
2RUFD and 3RFD. We also compare the derived parameters with those obtained from the high-frequency,
high-resolution fitting at 0.50”. We only present results of the lines-of-sight with x2 < 5 and fractional errors
in the intrinsic fraction polarisation, Faraday separation and Faraday dispersion of 0.1 and RM of 0.5.

Table 6.7 shows a range of the estimated parameters of 2RUFD to lines-of-sight across Hydra A radio
galaxy. The stronger component has larger Faraday dispersions, similar to those of Cygnus A but those of
Cygnus A are smaller than the dispersions of Hydra A. The components of Hydra A are largely separated
in Faraday space — with separations of up to 13x the width of the RMTF. For the case of Cygnus A, the
components are separated a maximum by 3x RMTF. The range of uniform R -difference in Hydra A go
up to < 4500 rad m~2, however, it is important to note that in Figure 6.40 RM -difference > 2000 rad m—?2
are few, thus less reliable.

Table 6.7: Estimated parameter range of model 2RUFD

Parameter | Single-peaked | Single-peaked + | Blended double-peaked | Resolved double-peaked
small peaks

D1 0.075 — 0.45 0.06 — 045 0.08 — 0.4 0.06 — 0.45

D2 0.02 — 0.32 0.02 — 0.25 0.03 — 0.26 0.02 — 0.25

o1 15 — 450 40 — 400 10 — 350 40 — 110

02 5—150 8 — 175 5—270 0.1 —230

|1 — o 20 — 2500 20 — 1200 60 — 2600 8 — 2000

A¢y 15 — 750 25 — 1500 50 — 1750 25 — 2100

Ao 10 — 1000 15 — 1550 25 — 2000 25 — 1500

Note: o, RM separation and A¢ are in units of rad m~2.

Figure 6.44 compares the intrinsic fractional polarisation derived from the wideband data modelling and
those from the high-frequency, high-resolution modelling. The left panel is the results of 2RUFD and the right
panel is the results of 3RFD. For the wideband modelling, we show the intrinsic fractional polarisation of the
strongest component. The estimated intrinsic fractional polarisation of the wideband data modelling are less
polarised compared to those at high-frequency modelling. This decrease in polarisation may be attributed to
the decrease in resolution from 0.5” to 1.5”.

Figure 6.45 compares the derived RM from the wideband data modelling with those from the high-
frequency, high-resolution modelling. The RM from wideband modelling is a weighted sum of the compo-
nents: (RMip1 + RMapa+...)/(p1+p2+...). The RM of 2RUFD and 3RFD are consistent with those
from the high-frequency modelling. However, the RM of 3RFD are associated with very large fitting errors;
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Table 6.8: Estimated parameter range of model 3RFD.

Parameter | Single-peaked | Single-peaked + | Blended double-peaked | Resolved double-peaked
small peaks
D1 0.06-04 0.08 - 0.5 0.125-0.4 0.075 —0.25
D2 0.01-04 0.025 - 0.2 0.025 — 0.32 0.04 —0.12
D3 0.005 —-0.175 | 0.075 —0.175 0.01 -0.1 0.02 — 0.08
o1 100 — 950 125 — 600 75 — 1500 140 — 820
02 60 — 1000 50 — 1000 50 — 1250 100 — 500
03 5 — 450 20 — 600 30 — 1100 75 — 205
|1 — @2 75 — 500 100 — 1000 10 — 800 115 — 1600
61 — sl | 50 — 2500 40 — 1500 10 — 1000 130 — 1750
|2 — @3] 10 — 1750 10 — 2500 30 — 1600 60 — 1600
Note: o and RM separation are in units of rad m 2.
2RUFD @ 1.50" vs 0.50" fits 3RFD @ 1.50" vs 0.50" fits
0.71 + Single-peaked 1.0 <+ Single-peaked
4 Single-peaked with smaller peaks o + 4 Single-peaked with smaller peaks
4 blended double-peaked 4 blended double-peaked
0.6 4 resolved double-peaked 4 resolved double-peaked
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Figure 6.44: A comparison of the estimated intrinsic fractional polarisation from the wideband data modelling with
those from the high-frequency, high-resolution modelling. The lines-of-sight shown have x? < 5 and the fractional
errors in the intrinsic fractional polarisation < 0.1. Left: 2RUFD. Right: 3RFD. The derived intrinsic fractional
polarisation from wideband modelling are small compared to those from high-frequency, high-resolution modelling.
The observed depolarisation can be attributed to a change in the beam resolution.
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that is why there are a few fitted lines-of-sight plotted.
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Figure 6.45: A comparison of the estimated intrinsic fractional polarisation from the wideband data modelling with
those from the high-frequency, high-resolution modelling. RM from wideband modelling is a weighted sum of the
components: (RMp; + RMsps +...)/(p1 +p2 + ... ). The lines-of-sight shown have y? < 5 and fractional errors
< 0.5. RM of 2RUFD and 3RFD are consistent with those of high-frequency modelling. However, the fitting solutions
3RFD is associated with large errors, hence only a few lines-of-sight remain.

Figure 6.46 compares the derived Faraday dispersions from wideband data modelling with those from
high-frequency, high-resolution modelling. The Faraday dispersions from the wideband modelling are those
of the strong component. The dispersions show no dependence on the Faraday classes and do not correlate.
The dispersions from high-frequency, high-resolution solutions are larger than those from wideband data
modelling, particularly for 2RUFD. We find that this is always true for all the components. Additionally,
the dispersions at higher frequencies range within narrower regions; between 100 — 400 rad m~—2, while for
the wideband data the dispersions range between 20 — 400 rad m~2 for 2RUFD and 75 — 5000 rad m—2
for 3RFD. The large dispersions > 2000 rad m~? are likely not physical. The range of Faraday dispersions
of the high-frequency modelling is consistent with those of 2RUFD, while ogqey is consistent with those of
3RFD.

An important question is whether the dispersions < 77 rad m~2 and separations < 180 rad m~2 are
real? It is not possible to know for certain if these are real or not with our data. We found a similar problem
with Cygnus A. We need to include the available L-band data to improve the resolution in Faraday space.
However, these lower-frequencies compromise the spatial resolution and since the observed structures are
mostly due to spatial fluctuations, we expect the situation to be further complicated. As such, the dispersions
and separations larger than these values can be trusted, while those smaller than this must be used with care.
One indication of the presence of unresolved components is in the observed Faraday spectra — either through

skewness or blended peaks.
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Figure 6.46: A comparison of the derived Faraday dispersions from wideband data modelling with those from the
high-frequency, high-resolution modelling. The dispersions from the wideband data modelling are those of the strong
component. The lines-of-sight shown have y? < 5 and fractional errors < 0.1. The dispersions seem independent of
the Faraday classes.

6.12 The overall physical picture

6.12.1 Large-Scale Magnetic Fields

We find RM distribution across the tails ordered on scales ranging between 2 kpc and ~ 30 kpc. We have
also shown that there exist field scales < 0.5 kpc. If we assume that these RM spatial scales correspond to
magnetic field scales, then we can estimate the magnetic field strength of each scale. We assume an average

3

electron density of ~ 0.04 cm™° across pathlength of 40 kpc (the radial distance estimated from the AGN

to end of the mapped tails, see Figure 6.13) and average temperature of 4 keV (see Figure 6.2). This density
and temperature results in the thermal gas pressure of ~ 5 x 1071 dyn cm~2.

Figure 6.47 shows the magnetic field strength as a function of spatial scale (left plot) and 5 -parameter
(Pi/Pr, right plot). We also show the minimum energy magnetic field strength range (10 — 70 pG, Taylor
et al. 1990) and the corresponding S in cyan colour. The magnetic fields at small-scales are dynamically

important and are most likely to over-pressure the tails.

6.12.2 Unresolved Random-Uniform Magnetic Fields

Our data are in favour of beam-depolarisation as a major contributor to the observed depolarisation.
The findings that are consistent with this picture are: i) the presence of double- and multiple-peaked Faraday
spectra whose spread is larger than o, ii) the preference of our wideband modelling towards multi-component
models, and iii) the ability of our high-frequency, high-resolution maps to reproduce the observed depolari-
sation structures. These observational evidence indicates the presence of small-scale fluctuations on scales
<0.50" — 3",

Imagine an array of cells of size d across a given pathlength, .. We assume that each cell has an equal

electron density, n; and equal field strength, B;, with different field orientation. The resulting RM distribu-
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Figure 6.47: Large-scale magnetic field strengths as a function of spatial scale. The different colour curves correspond
to different RM values. Cyan: A range of minimum energy magnetic field strengths in the tails and the corresponding
[-parameter (the ratio of magnetic to thermal pressure in the Faraday rotating gas). We assumed the average electron
density of 0.04 cm~3 and temperature of 4 keV across 40 kpc pathlength. The scales range between 0.5 — 30 kpc. The
field strengths at RM ~ 12000 rad m—2 are comparable to the minimum energy magnetic fields at larger scales and
larger towards small-scales.

tion will have a zero mean and dispersion of o = 812n;B;dv/N. We assume an average electron density of
~ 0.04 cm~3 across a pathlength I = 40 kpc. Figure 6.48 shows the estimated random (turbulent) magnetic
field strengths (left) and the corresponding (3-parameter (right) as a function of spatial scales. The spatial
scales range between 0.5 — 3 kpc. For the observed Faraday dispersions, the random magnetic field strengths
are < 10 pG. The random magnetic fields are not dynamically important.
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Figure 6.48: Estimated random magnetic field strengths as a function of spatial scales. The different colour curves
correspond to different Faraday dispersion values. We assume electron density at each spatial scale of 0.04 cm~2 and
temperature of 4 keV across a pathlength of 40 kpc. We show field estimates for spatial scales ranging from 0.05 kpc
to 3 kpc. We chose the lower limit arbitrarily, as we only know that there exists structure < 0.5 kpc. For the observed
Faraday dispersions, the random magnetic field strengths are < 10 pG. The random magnetic fields are not dynamically
important.

From 2RUFD, we derived unresolved uniform RM -differences that goes up to 2000 rad m~2. The
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corresponding uniform field strengths are the same as the red curve in Figure 6.47. Of importance are field
values below spatial scale 1 kpc, since these can present unresolved uniform RM -differences. We find that
within this region of the graph, the field strengths are larger than the minimum energy magnetic field and are

dynamically important.

6.12.3 Mixed Gas

The lack of correlation between Faraday dispersions and RM in Figure 6.15 shows that it is not possible
to rule out internal mixing for RM < 2000 rad m~2. The derived A¢ from our wideband modelling also
suggests a limit for uniform RM -difference is < 2500 rad m~2. Thus, our data are able to rule out mixing
for regions with RA > 2000 rad m~2. Internal mixing was originally ruled out by Taylor and Perley (1993),
using the argument that the observed depolarisation between 5— 15 GHz is too small to result from the “large”
Faraday RM . Thus, our physical picture is that the depolarisation in regions with RM < 2000 rad m~2, may
or may not be due to internal mixing. Using 2000 rad m—2 RM value as an upper limit to the contribution
from the internally mixed gas, we can estimate the internal electron density of the mixed gas. Taking a path
line across the tails to be ~ 15 kpc, and minimum energy magnetic fields in the tails of 17.5 pG (see Table 4
in Taylor et al. 1990), we estimate the internal electron density of 0.009 cm~3.

Our wideband modelling also suggested that a purely mixed gas alone (RUID) is not sufficient to describe
the situation in Hydra A, rather, there is always a requirement for a foreground Faraday rotating gas. So there
are two possible physical situations: the first is that of a mixed gas within the tails or boundary of the tails
responsible for RM < 2000 rad m~2 and foreground gas responsible for the rest of the RM and the Faraday
dispersions < 1000 rad m—2. The second scenario is that all the depolarisation (uniform and random) and
RM originate in a foreground gas. The first scenario implies that most of the depolarisation and RM across
the northern tail are internal as well as the inner and outer regions of the southern tail. We are in favour
of the latter scenario: unresolved fluctuations and large-scale magnetic fields in an external gas. Our data
have demonstrated that the fluctuations (both uniform and random) are important and are responsible for the

majority of the depolarisation and that there exists multiple unresolved R M -components.

6.12.4 RM-Components

Our wideband modelling indicates the presence of individual components with the beam. We find that the
derived components are always distributed about a mean RM . For Hydra A, the components are separated
by a maximum distance of ~ 2500 rad m~2 (for 2RUFD). These are largely spread across the Faraday
space compared to Cygnus A with maximum separation of 800 rad m~?2 between the components. These
separations are consistent with the derived RM -difference. This possibly implies a significant difference
in the RM values across the beam. Additionally, since the components are distributed about the mean, this
further implies that their RM values have different signs (both negative and positive). For regions with
RM values larger than 2500 rad m~2, an additional external, dominant and common screen is required. The
presence of large RM gradients is not far fetched — the RM and Faraday dispersions in Figure 6.13 clearly

indicate the presence of gradients. These gradients are most dominant across the southern tail and are most
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likely to be responsible for the discontinuities we observe across this tail.

We also find that for our best fitting 2RUFD, the derived Faraday dispersions of the individual compo-
nents is smaller than the spread of Faraday depths in Faraday space, especially for double- and multiple-
peaked spectra. This implies that there is a common depolarising screen in the foreground of the individual
components that is responsible for the global width in the Faraday spectra data.

The magnetic field structures within Hydra A cluster system are far from simple. We find that there
exists a wide range of spatial scales and field strengths. There is a field scale responsible for the large RM -
differences, a magnetic field component responsible for the individual Faraday dispersions (see Section 6.12.2
), another component responsible for a common mean RM (see Section 6.12.1) and another responsible for

Ogdev — the global depolarising gas.

6.12.5 Possible Locations of the Magnetic Fields

RM > 2000 rad m~2 most definitely originate in the external screen. However, it must be determined
where the screen is located. The only reasonable location is the ambient cluster. The shock due to the
expansion of the tails into the cluster occurs at a distance of 200 — 300 kpc from the cluster centre — too far
to have much influence on the region of the mapped source (< 30 kpc radius). The case in Hydra A is unlike
that of Cygnus A, where the cocoon-shock can equally account for the observed RM and depolarisation. The
RM < 2000 rad m~2 can originate in either a mixed gas or an external depolarising gas. Our data support
the latter.
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CHAPTER 7

Summary and Future Work

“When I (Lerato) look at Your heavens, the work of Your fingers, the moon and the stars, which You have
set in place, what is man that You are mindful of him, and the son of man that You care for him?”
Psalms 8:3-4

7.1 Our Wideband Study

In this dissertation, we have presented our wideband study of two extended, well-known radio galaxies,
namely Cygnus A and Hydra A. We observed these radio galaxies between the year 2014 to 2020, with the
VLA radio telescope. Our observations spanned the frequency coverage between 0.2 — 18 GHz for Cygnus
A and 1 — 12 GHz for Hydra A. We only present the frequency data between 2 — 18 GHz for Cygnus A and
2 — 12 GHz for Hydra A, so that we can obtain high spatial resolution while preserving the large bandwidth.

The two radio galaxies are of two different morphologies: Cygnus A is an FR IT and Hydra A an FR 1.
They are the most luminous radio galaxies known of their type and are embedded at the centre of CC dense
thermally emitting X-ray clusters. These radio galaxies are also associated with very large Faraday RM
ranging between —5000 and +6400 rad m~?2 in Cygnus A and —2000 and 411900 rad m~2 in Hydra A.
The RM distribution across the lobes show large gradients ranging between a few 100 rad m~2 arcsec ™! up
to a few 1000 rad m~2 arcsec™!. A decline in the degree of polarisation, referred to as the depolarisation,
between two 15 GHz and 5 GHz is observed.

This dissertation aimed to study the structure and origin of the magnetic fields responsible for the observed
large Faraday RM, large gradients and depolarisation and study the interplay between the ambient cluster
and the radio galaxies. The large Faraday rotations are indicative of large magnetic field strengths and dense
gas. The large gradients give information on the spatial structure of the magnetic fields. The depolarisation,
on the other hand, is indicative of either i) unresolved small-scale fluctuations (turbulence) in the magnetic
fields of the Faraday rotating gas or the synchrotron gas or ii) a mixing of thermal gas with radio synchrotron
emitting gas from the lobes/tails. Understanding magnetic fields in clusters is essential because magnetic
fields can affect the formation and evolution of the cluster and can also regulate heat conduction, trap or
accelerate cosmic particles and can ultimately influence the dynamics of the cluster.



7.2 Results

Below, we summarise significant findings from our wideband polarisation study of the two radio galaxies.
For a detailed summary of the results, we refer the reader to the end of each chapter. The summary is as
follows:

* The polarisation distribution across the lobes/tails show no spatial correlation with any spatial structure
in both radio galaxies. The polarisation distribution is smooth towards higher frequencies and gets
clumpier at small-scales — showing ~ 2 kpc-scales at lower frequencies.

» The degree of polarisation of both radio galaxies decreases across the lobes/tails with a decreasing
frequency. The inner regions of the lobes/tails (closer to the AGN) depolarise more rapidly than the
extreme regions.

« The individual lines-of-sight across the lobes/tails all depolarise with increasing A%. The depolarisation
also shows structure. For Cygnus A, we classified the depolarisation structure into smooth-decaying,
sinc-like and complex. Hydra A lines-of-sight are classified into smooth decaying, oscillatory and
complex decaying. Roughly 30% of the classifiable lines-of-sight across Cygnus A are smooth-decays,
12% are sinc-like and 58% are complex. For lines-of-sight across Hydra A, roughly 22% are smooth-
decay, 11% oscillatory and 67% are complex.

* We also find a wide range of structure in the Faraday spectra, ranging from a simple single-peaked
spectrum to a multiple-peaked spectrum. We classified the Faraday spectra into six categories: single-
peaked, single-peaked with smaller peaks, blended and resolved double-peaked spectra and blended
and resolved multiple-peaked spectra. We find that 40% of Cygnus A lines-of-sight are single-peaked
spectra, with only 10% for Hydra A. Thus, Hydra A spectra data are more structured than those of
Cygnus A.

» We also find a significant change in the degree of polarisation with decreasing resolution for both
sources. This result suggests that beam-depolarisation is essential to the data. The degree of polarisa-
tion does not always increase monotonically with the increasing beam-resolution — as is expected in the
presence of a simple randomly fluctuating screen. In most cases, the fractional polarisation changes
unpredictably with resolution. Such behaviour is indicative of the complex nature of the media respon-
sible for the depolarisation.

* Using high-frequency, high-resolution Faraday rotation maps, we were able to predict at least 2/3 of
data at low-frequency and low-resolution. These results indicate that most of the depolarisation and
depolarisation structure is attributed to unresolved fluctuations in the Faraday rotating screen.

» We convolved Cygnus A data from 0.75” to 1.5” and for Hydra A from 1.50” to 3”. We found a
significant change in the depolarisation pattern and Faraday spectra structure at these two different
resolutions. These results further strengthen the importance of beam-depolarisation in our data.

* We do not find any correlation between the observed Faraday RM and Faraday dispersions at higher
resolution. The lack of correlation suggests that the Faraday depolarisations are independent of the
Faraday rotations. This is another piece of evidence against the internal mixing of ambient thermal gas

with the lobes/tails emission. The gas causing the large Faraday rotations must be external.
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» We modelled our wideband data using simple analytical models. More specifically, we modelled only

four Faraday class spectra; namely, single-peaked, single-peaked with smaller peaks, blended and re-
solved double-peaked. Our wideband modelling first reveals the complexity in real-life data and the
limitation of the available analytical models. Using these ideal models, we show that the data for
both sources require at least two or more Faraday components. This multi-component requirement is
consistent with the evidence of beam-depolarisation noted above.
For Cygnus A, we find that the data are best described by three randomly depolarising Faraday com-
ponents (model 3RFD). In comparison, Hydra A data are better explained by two-components with
random fluctuations superimposed on unresolved uniform RM -differences. The wideband data mod-
elling cannot be explained by internal mixing for RM greater than 1000 rad m~2 for Cygnus A and
2000 rad m~2 for Hydra A; however we cannot rule out internal mixing for lower RM. Using these
RM limits, we estimate the electron density within Cygnus A lobes of 7 x 10~* cm™ at 65 puG and
L =25kpcand ~ 9 x 1072 cm™ at 18 pG and 15 kpc.

* Our data are consistent with unresolved fluctuations in the magnetised gas. The large RM are external
to the synchrotron emitting region. However, we do not know where the turbulent medium is located.
Possible locations are the cluster-core or the cocoon-shock for Cygnus A and the cluster-core for Hydra
A. These radio galaxies are embedded inside multiscaled magnetic fields ranging between a few 100

pc to ~ 1000 pc.

7.3 Recommendations for Future Observing

The following are recommendations for future observing and analysis:

* To address the location and whether there is any internal mixing, we need higher resolution to resolve
the small-scale fluctuations while maintaining the brightness sensitivity. To get a resolution of 0.3” at
2 GHz will require baselines longer than 105 km. This baseline is three times longer than the current
JVLA baseline at A-configuration. Such baselines are proposed for future instruments. For example,
the SKA1-mid array in South Africa will have a baseline of up to 150 km (allowing a resolution of
~ 0.3" at 1.4 GHz) and six times more sensitivity than the JVLA. The SKA phase 2, on the other hand,
is planned to have fifty times better sensitivity and ten times better spatial resolution (at 1.4 GHz) than
the JVLA. The New Generation of VLA (ngVLA) in the United States is planned to have ten times
better sensitivity than the JVLA and baselines thirty times longer than the current VLA, allowing sub-
arcseconds to a few milli-arcseconds resolutions. If we obtain higher resolution for resolving out
all foreground fluctuations, our need for modelling will be much reduced (although not eliminated).
Modelling would then only be necessary for lines-of-sight characterisation.

* In this dissertation, we have attempted to model a wide range of lines-of-sight at once. However, this
may not always be ideal, given the complexity in each line-of-sight. The first step into understanding
the data better may be to carry out a more detailed analysis of the individual lines-of-sight for specific
regions within the source. A further step would be to conduct an in-depth comparison of nearby lines-
of-sight to search for any spatial coherences.
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+ To improve our characterisation using wideband data modelling awaits better and more sophisticated
analytical models and simulations. The current models are insufficient to characterise these data more
appropriately due to their inherent assumptions, such as Gaussianity and non-spatial correlation. The
limitation of the current analytical models was particularly demonstrated with the Hydra A data. These
data will provide an excellent basis for testing new, more sophisticated models and simulations.

* We chose to study Cygnus A and Hydra A due to their high surface brightness, which allows high
signal-to-noise ratios. The sources are situated in dense environments. It is thus not surprising to see
large Faraday rotations and complex depolarisation structures. We recommend similar studies that
make use of a broad range of cluster samples.

* Another area of research (though highly technical) would be to develop strategies for classifying depo-
larisation structures and Faraday spectrum structure in an automated fashion. In this work, we classi-
fied the structures in the data manually by eye — which was both time consuming and subject to human
biases. Machine learning and deep learning methods may address these issues. Such an automated
classification is important for future work, as more such wideband studies are encouraged, and the
data are expected to increase significantly.

 Asitis now, very little can be learned from the heavily depolarised regions where no fits were possible.
There was not enough signal to conduct any meaningful model fitting. The possibility of probing
these regions awaits higher sensitivity (larger collecting area especially at high-frequencies) and higher
resolutions (longer baselines especially at low-frequencies) for resolving the turbulent screens.

» Another research area of scientific importance may be a detailed comparison of polarisation data with
other waveband data such as optical, infrared and X-ray, where available. The specifics of the method
for comparing these data still needs to be investigated or invented. We suggest a more obvious image-
comparing approach: searching for “spatial correlations” between polarisation maps with X-ray im-
ages. When comparing the small-scale structures, although the X-ray images have sufficient resolu-
tions, the images may not have good enough SNR for any meaningful comparison. On the other hand,
for large-scale — a few-kpc — spatial comparison may provide some insight. For example, one could
investigate whether the few-kpc RM structures and the depolarised regions have any relation to the
few-kpc X-ray structures (for example, the ribs in Cygnus A and the irregular structures close to the
radio structure in Hydra A). For optical and infrared, it could be that the sub-kpc arises from cool
plasma, in such cases, the gas will emit at these frequencies. The challenge is whether modern optical
or infrared telescopes have enough sensitivity to detect such faint emissions. We also believe that if
such gas is present, the chance of detecting it in Hydra A is higher than in Cygnus A due to the high
Galactic latitude of Hydra A (away from significant obscuring dust).igh Galactic lattitude of Hydra A
(away from significant obscuring of optical light by dust).

* In the future, it may also be possible to compare polarisation structures of these galaxies with results
from MHD simulations. Current MHD simulations are extremely limited in spatial resolution (a few-
Mpc) for studying a few kpc-scale structures present in these galaxies. At larger scales (several kpc),
existing (or future) MHD simulations can be used to estimate, for example, the magnitude and statistics

of RM structures in front of a cluster-centre radio galaxy.
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