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“That may be the most important thing to understand about
Humans. It is the unknown that defines our existence. We are
constantly searching, not just for answers to our questions but for
new questions. We are explorers. We explore our lives day by day,
and we explore the galaxy, trying to explore the boundaries of our
knowledge, and that is why I am here — not to conquer you with
weapons or with ideas, but to coexist and learn.”

— Capt. Benjamin Sisko,
Star Trek: Deep Space Nine
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Abstract

Abstract

This thesis concerns studies into the magnetic fields in the jets from active
galactic nuclei (AGN). Helical and toroidal magnetic fields are expected to
exist in AGN jets close to the jet base and to assist in the launching and
collimation of these structures, however if they can persist to the large
kiloparsec scales and whether they still affect the jet on those scales is
unknown. The magnetic fields of AGN jets are studied using Faraday rotation
measure, which is proportional to the line of sight magnetic field strength, a
transverse gradient in this value being an indicator of a toroidal magnetic field.
It has been predicted by the “Cosmic Battery” model that the direction of any
observed kiloparsec scale toroidal field component is such that an associated
outward electrical current is present in the jet. Multiwavelength observations
of 9 AGN are studied in this thesis. Of these 9 sources, 6 display significant
transverse RM gradients on kiloparsec scales, of which 5 indicate toroidal
fields with outward associated electrical currents, as predicted by the Cosmic
Battery. Furthermore, the magnetic field environments of the jets are analysed
as to how much the jets interact with their external medium. These effects can
be studied using spectropolarimetry, where the behaviour of fractional
polarization and polarization angle over a wide and continuous range of
wavelengths can show evidence of strong depolarization and other complex
magnetic field effects, some of which can be attributed to interactions with
external media. An in-depth analysis of Coma A using wide band observations
is presented here with accompanying Ha observations, showing regions of
significant depolarization spatially correlated with observed Ha. The Ha can
be used to estimate electron density, and in combination with the rotation
measure values, the magnetic field can be calculated directly. It is shown that
in a particular region, the depolarizing screen features a magnetic field
strength upward of 36 uG, indicating the Ha gas was mixing with the radio
lobe. In a similar vein, investigations into the radio galaxies 3C 382 and 3C 433
are also presented albeit without accompanying Ha data. However useful new
rotation measure maps are provided for these sources, of which none have
been published earlier, made using traditional y versus \?* fitting and rotation
measure synthesis. Some of the interesting features in these sources are fitted
for depolarization models to infer more complex underlying structure and
were compared with previous published data at higher resolutions.
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Chapter 1

Introduction

1.1 Active Galactic Nuclei

This section features an introduction to Active Galactic Nuclei and their jets.
The textbooks [Bottcher et al.| (2012) and Beckmann & Shrader| (2012) were
used as a basis for the following introduction.

1.1.1 A Brief History of Extragalactic Astronomy

Active Galactic Nuclei are some of the most luminous objects in the known
universe and are the subjects of intense research at all wavelengths due to
their high luminosity at all parts of the spectrum from radio waves all the way
to gamma rays. Historically the knowledge that there are such vast objects
external to our Galaxy is only relatively recent.

The concept of extragalactic astronomy was first discussed by English
astronomer Thomas Wright in 1750 and by the German philosopher Emannuel
Kant in 1755, who proposed that the many new nebulae that were being
discovered at the time were actually collections of stars external to our own
Galaxy, romantically dubbed Welteninseln—“Island Universes” by Kant. These
claims only slowly gathered support with the development of new telescopes
and the release of the Herschel catalogue with information gathered in the late
17" and early 18" centuries by William Herschel. Almost a century after
Wright and Kant’s hypotheses, the new 72 inch diameter Leviathan telescope
commissioned by Lord Rosse in Ireland in 1845 allowed astronomers to
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distinguish individual stars in these “nebulae” for the first time, which lent
further credence to Kant’s and Wrights’ ideas.

In the early 20" century, the mystery was close to being solved when Vesto
Slipher collected spectroscopic observations of a variety of objects and the
redshifts calculated for many of these objects predicted a relative velocity to
Earth that far exceeded the known value for the escape velocity of the Galaxy,
suggesting an extragalactic origin.

It was only in the 1920’s that the issue was finally resolved when Edwin
Hubble used observations of Cepheid stars in these distant nebulae with the
100” Mt. Wilson telescope to estimate their distances. Using measurements of
Cepheids in M31 and M33, Hubble could classify these as being truly
extragalactic objects due to their calculated distance of 285 kpc (Hubble
underestimated the distance by a factor of ~3). This opened the door for
extragalactic astronomy, allowing many more galaxies to be classified.

It was only in the 1940’s that research into active galaxies began, when Karl
Seyfert classified galaxies with especially luminous centres, whose spectra also
showed strong emission lines on top of stellar spectra. The Balmer lines
observed in some of these were broader than expected and highly redshifted
with observed widths of > 1000 km s~!, much wider than observed in any
other known objects at the time. The origin of these luminous regions with
unusual emission profiles remained a mystery, and at the time, they were
assumed to be due to a very densely populated region of stars or a hyper
massive star. Further observations showed that the luminosity came from a
compact region of ~ 100 pc that must contain a mass of at least 108M, for
many of these objects.

Later, in 1964, the theory that the centre of an AGN contained a black hole
that was actively accreting was put forward (Salpeter;1964). The existence of
black holes was not taken to be fact, and it was believed that such singularities
were merely hypothetical solutions to Einstein’s theories. The black hole
model for AGN was a powerful choice, as it explained the large energy output
from such a compact region. It is now widely believed that the centre of every
galaxy contains such a supermassive black hole, some of which are classified
as active while others are not. Our Galaxy, the Milky Way, also holds such a
black hole at its centre named Sagittarius A*, as was inferred by the orbits of
stars around a massive compact region no larger than 45 AU in the Galactic
centre (Ghez et al.|2008), the mass of which is estimated to be approximately

Evolution of the Magnetic Field Structure in 2 Sebastian Knuettel
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4 x 10°M,. The existence of a black hole through direct observations was only
demonstrated in 2019, using VLBI to observe the centre of M 87, a bright,
radio loud AGN located approximately 16.5 Mpc away. (Event Horizon
Telescope Collaboration/2019)

1.1.2 AGN Classification

Due to the large abundance and large variety in the appearance of observed
AGN, it is only natural that these be put into categories so they can be better
studied, with these categories ultimately being unified under one common
model explaining all the various AGN phenomena. Firstly, AGN can be
classified according to their radio luminosity under ‘radio-loud’ and
'radio-quiet’ AGN. These terms can be misleading as radio-quiet does not
necessarily mean radio silent, just that the ratio of optical to radio flux is quite
low. The radio-loudness is defined as (Kellermann et al.|1989)):

R = <f5GHZ> : (1.1)

f 2500 A

where f;qn, is the radio flux at 5 GHz and f,., 4 is the optical flux at 2500 A.
One has to be careful with this parameter, however, as measurements can
depend on the resolution of the instrument and whether just the core region is
considered or the entire galaxy. In the case of radio observations,
considerations must be taken of whether lobes are also included in the

measurements.

1.1.2.1 Radio Quiet AGN

Seyfert galaxies make up a large number of observed radio quiet AGN. These
are AGN that are identified by their optical line properties, and are generally
divided into two groups, Seyfert 1 and Seyfert 2 (Khachikian & Weedman
1974). Generally, Seyfert galaxies appear as spiral galaxies with very luminous
inner regions. The optical spectra of the cores of Seyfert 1 galaxies show broad
Balmer lines such as Ha, HS, Hy and H¢, and narrow ‘forbidden’ lines such as
the [O1II] or [OIII] lines, or [NII], [NeIII] and NelV, lines. A ‘forbidden’ line is
named such because the atomic transition probability to make such a spectral
line is quite low and was therefore not expected to be observed; however these

Evolution of the Magnetic Field Structure in 3 Sebastian Knuettel
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lines are observed due to the unique conditions present in astronomical objects
and environments, such as planetary nebula and AGN, in particular very low
densities. Seyfert 2 galaxies, on the other hand, show narrow Balmer and
forbidden lines, and usually also feature a less dominant AGN compared to the
host galaxy.

Other classifications include Narrow Line Seyfert 1 (NLS1) galaxies
(Osterbrock & Pogge||1985), which feature narrow Hj but broad Ha lines and
low luminosity AGN such as low-ionisation nuclear emission line regions
(LINER) (Heckman!1980), which have very faint core luminosities compared
to host galaxies, making them similar to Seyfet 2s although they have lower
luminosities and feature stronger forbidden lines. These low luminosity AGN
are believed to be the link between galactic nuclei such as the Milky Way’s
own Sgr A* and Seyfert Galaxies.

1.1.2.2 Radio Loud AGN

Radio Loud AGN can be very luminous at radio wavelengths. In most cases
radio loud AGN reside in elliptical galaxies while the radio quiet variety tend
to reside in spiral galaxies. Radio loud AGN often show impressive jet
structures which can extend far beyond their host galaxy. The jet structure and
luminosity, in particular, can be used to categorise these galaxies further as
either Fanaroff-Riley I or II type galaxies (Fanaroff & Riley||1974).

FRI radio galaxies typically have radio luminosities no higher than

Lr =10%ergs ' Hz !'sr ! at 175 MHz. These galaxies usually have jets which
have a more plume-like appearance, with the brightest features usually very
close to or indeed at the core of the host galaxy itself. It is believed that the
lower power of these jets results in a slower jet which moves through the
intergalactic medium creating these plumes over scales of many kiloparsecs
(De Young 1993). See an example of a typical FRI galaxy in Figure

FRII radio galaxies usually have higher radio luminosities and feature a more
energetic jet that terminates with bright hotspots, where the jet is believed to
impact the intergalactic medium with a resulting shock. These hotspots are
associated with lobes of trailing diffuse emission, which can form a cocoon
around the inner jet. The hotspots are usually the brightest features in the jets
and are located at large distances from the central core. An example is given
in Figure which shows the typical lobes and hotspot features of an FRII
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Figure 1.1: Original image of the radio jet of the FRI radio galaxy 3C31 at
5 GHz, with typical features labelled. Note the distinctive fluffy plume-like jets.
Image made using data calibrated in the making of this thesis.

radio galaxy.

The cores of such galaxies, where the central AGN is located, can often feature
optical emission line phenomena similar to those of Seyfert galaxies, allowing
for further classification according to the spectral line structure in the compact
nucleus. Narrow-line radio galaxies (NLRG) share the narrow emission line
properties associated with Seyfert 2 galaxies, similarly broad-line radio
galaxies (BLRG) feature the broad Balmer lines associated with Seyfert 1
galaxies, the only difference for the NLRG’s and BLRG’s being the strong radio
emission indicating the presence of a jet.

Blazars are another special subclass of radio loud quasars. These are very
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Hotspot —P\

Figure 1.2: Original image of the radio jet of the FRII radio galaxy 3C219 at
5 GHz, with typical features labelled. Note the narrow jet and hotspots with
accompanying lobes.

bright in the radio and are often unresolved on kiloparsec scales. Blazars emit
radiation at a wide range of wavelengths, from radio (Lister et al. 2018)) all the
way to high energy gamma rays and TeV energies as observed with VERITAS
(Very Energetic Radiation Imaging Telescope Array System) (Benbow &
VERITAS Collaboration/2012)), Fermi (Ghisellini et al.|2017), and other new
high energy telescopes. The radiation is also quite variable, with variations
over days or weeks observed, making extensive monitoring of such sources
very important in understanding their physics (Jorstad & Marscher|2016).
When observed using Very Long Baseline Interferometry (VLBI) on the
milliarcsecond/parsec scales, the individual components in the jet can be
resolved and are observed to move downstream along the jet over multiple
observations. The measured speeds of these components in the jets have been
calculated to be superluminal in many cases (Lister et al.|2018). This can be
easily explained as being due to the axis of a relativistic jet inclined at an angle
close to the line of sight, which would also explain the high luminosity at all
wavelengths, due to Doppler boosting in a jet pointing roughly at the observer.
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Blazars can again be divided into BL Lac objects and flat spectrum radio
quasars, FSRQ’s. FSRQ’s are distinguished by the presence of strong, broad
Balmer lines, while BL Lac objects typically have featureless spectra; however
this dividing line is not always clear cut and there are exceptions. Another
difference between FSRQs and BL Lac objects is the Eddington ratio of the
detected Balmer lines (Sbarrato et al.|2012), Ag4q a1, Where

L almer
Bal (1.2)

AEdd,Bal = ,
’ Lgaa

with usually Lpame: being the luminosity of the broad Balmer lines and Lgqq
being the Eddington luminosity of the objects. As a result the emission line
intensities are given in Eddington units allowing the spectra of objects of
different black hole masses to be compared. Values of A\gqqpa < 5 x 107 are
expected for BL Lac objects as they often show little to no Balmer emission and
AEdd,Bal > 5 X 107* for FSRQs.(Sbarrato et al.[2012)

Another class to consider are radiatively inefficient, radio-loud AGN, also
known as low-excitation radio galaxies, weak-line radio galaxies or ‘jet-mode’
objects. These are objects with active jets providing the radio emission
however have little evidence of a luminous accretion disk, torus, or emission
lines associated with the accretion onto a black hole. The dichotomy between
the conventional ‘Radiatively efficient’ AGN and these ‘Radiatively inefficient’
AGN is associated with the Eddington scaled accretion rate Lgqq = W\iw,
where objects with a total luminosity of only a few per cent or less of this
Eddington rate are considered radiatively inefficient. Objects with higher
luminosities above a certain value can support a standard radiatively efficient
accretion disk; this critical value will depend on the details of the accretion
disk model. This is the model put forward by |Ghisellini & Celotti (2001) and
Merloni & Heinz (2008). It has been put forward by Hardcastle et al.| (2007)
that this dichotomy may be due to the environment around these galaxies,
with the radiatively efficient AGN mainly residing in a relatively cool gaseous
medium and accreting it, while radiatively ineficient AGN tend to reside in

hotter IGM environments, accreting this hotter material more inefficiently.

1.1.2.3 A Unifying Model for AGN

An important topic in AGN research is whether the different phenomena in
AGN can be attributed to a common underlying set of processes with some
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small varying factors, or whether the different classes are intrinsically
different. There have been many attempts over the decades to unify various
groups of AGN. An early attempt by Rowan-Robinson| (1977) attempted to
unify the known Seyfert and radio galaxies. This attempt correctly assumed
that absorption by dust played an important role in the observed optical and
infra-red emission, however did not take into affect the beaming effects for the
radio loud AGN. A further step was taken by Blandford & Rees| (1978)), who
suggested that that an observed AGN is a blazar if the jet is closely aligned
with the line of sight, initiating the theory that orientation plays an important
role in observed radio jets.

A first complete picture, which is still widely accepted today is that of
Antonucci (1993) and discussed also in the review by Urry & Padovani (1995).
This scheme proposes the existence of two types of AGN, radio loud and radio
quiet, both sharing an common underlying structure— namely an actively
accreting supermassive black hole at the centre of the AGN, which may or may
not be launching an astrophysical jet, causing the radio loud/ quiet dichotomy;
as the jets are known to be powerful synchrotron radio emitters. The
remaining Seyfert 1/2, BLRG/NLRG or type 1/2 quasar dichotomy was
ascribed by |Antonucci| (1993) simply to orientation effects through the angle
of inclination of the black hole accretion disc to the observer, with the
existence of a dusty obscuring torus of material surrounding the accretion disc.
The region inside the dusty absorber, the broad line region, gives rise to the
observed broad Balmer lines, while an outer narrow line region contributes the
narrow Balmer lines. In type 1 AGN, like Seyfert 1 and BLRGs, both the
narrow and broad line regions contribute to the spectra, producing the
observed broad Balmer lines; in type 2 AGN, such as Seyfert 2s, the broad line
region is obscured by the dusty torus, meaning only the outer narrow line
region contributes, creating the observed narrow Balmer lines in the observed
spectra. This is outlined in the diagram in Figure which presents a
schematic of the expected inclination angles for various AGN types. The upper
half of this figure shows how inclination angle and total radio power affects
radio loud AGN, indicated by the presence of a jet in the upper half; the lower
half does not feature a radio jet and is therefore a representation of radio quiet
AGN.
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Figure 1.3: Diagram explaining unified model for AGN. The upper two quad-
rants are for radio loud and the bottom for radio quiet AGN. Features in the AGN
have been labelled. Figure adapted from Figure 4.16 in Beckmann & Shrader
(2012).

1.1.3 Physical Processes in AGN Jets

Extragalactic astrophysical jets can be defined as highly energetic,
well-collimated outflows from the compact central engines of AGN. The first
recorded observation of a jet was in 1918 from the elliptical galaxy M 87 by H.
D. Curtis, who described the observed feature as a “A curious straight ray
[that] lies in a gap in the nebulosity in p.a. 20°, apparently connected with the
nucleus by a thin line of matter” (Curtis 1918) what he detected was the
optical synchrotron emission from the jet in M 87. This discovery was not
properly understood and dismissed as a curiosity. It was not until later in the
20th century, with the advent of high resolution radio imaging and advances in
angular resolution and sensitivity in both the optical and radio, that these
features were more commonly observed and deemed worthy of further study.
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Figure 1.4: Montage of the FR-I radio galaxy M87, on scales from the outer
lobes to near the black hole. From left: (a) Scales of tens of kpc, showing the
present ejection direction and a more ancient one almost perpendicular to the
former; (b) kpc scale jet and inner lobes observed with the VLA; (c) The jet
contained within the host galaxy on VLBI images are shown; (d) innermost jet
observed with millimeter VLBI; (e) jet launching region near the SMBH. The
last four images show the striking effects of relativistic beaming, even with the
jet pointing at a modest 17° to our line-of-sight (Walker et al. 2018). Credit:
(a) NRAO, 90 cm VLA; (b) NRAO, 20 cm VLA; (c) NRAO: 20 cm VLBA (Cheung
et al.[2007); (d) NRAO, 7 mm VLBA (Walker et al.[2018), (e) 3 mm global VLBI
network (Kim et al.|2018). Image credit Blandford et al. (2019)

This led to the class of radio loud AGN and the various properties and
appearances their jets can have over a wide range of scales from sub parsec to
megaparsec. Jets can be studied over a range of scales covering a factor of
almost 10'° between the smallest and largest, as can be seen in Figure

Yet even after many years of research and intense debate on these objects
some very essential questions about them remain open, including:

1. How are the jets launched?
2. How are these immense structures collimated over such large distances?
3. What are the jets made of?

It may seem that with such fundamental questions still open, very little is
known about AGN jets, however a lot of research and many competing models
and theories exist addressing each of these questions.

Evolution of the Magnetic Field Structure in 10 Sebastian Knuettel
the Jet Outflows from Active Galaxies



1. INTRODUCTION 1.1 Active Galactic Nuclei

1.1.3.1 Jet Launching and Collimation

It is commonly agreed that the jets are launched from the vicinity of the
central engine of the AGN, fuelled by accretion onto the supermassive black
hole. The launching of the jet itself can be modelled according to two popular
mechanisms; either the jet is launched from a magnetized accretion disk
(Lynden-Bell 1969, [Lovelace| 1976, Blandford & Payne||1982) or from an
actively accreting and rotating black hole (Blandford & Znajek |1977). The
former, commonly known as the Blandford-Payne mechanism, assumes some
type of dynamo process within the accretion disk, which creates the necessary
poloidal magnetic field to accelerate the jet outwards, combined with the
rotation of the accretion disk to create a toroidal or helical field to collimate it.

The latter process, described by Blandford & Znajekl (1977), postulates that an
ambient magnetic field, frozen into the rotating plasma of the accretion disc
becomes stronger as the magnetic flux density increases as matter gets closer
to the event horizon. The large amount of magnetic flux threading the event
horizon coupled with the rotating black hole forms helical magnetic field
carried outward by the jet (consisting of charged particles) at high velocity.
The source of the ambient magnetic field could be simply the ambient
magnetic field of the ISM in the host galaxy being pulled into the black hole
and amplified to the high fluxes needed for jet the launching and collimation.
Alternatively, there could exist some dynamo producing poloidal magnetic
field in the accretion disk, which is amplified to the required levels as it is
transported inward, with the rotating black hole providing the source of the
toroidal component. Another possible source of the initial “seed field” is the
action of a “Cosmic Battery”, as in the simulations of Contopoulos et al.
(2018), which successfully provides poloidal magnetic fields that are amplified
close to the event horizon to launch and collimate an astrophysical jet. This
model is of particular interest as it provides a complete picture of the predicted
system of magnetic fields and associated currents in such a jet.

As these theorized processes occur on extremely small scales, currently
unresolvable by modern radio telescopes, it is necessary to employ highly
complex computer simulations of the jet close to the event horizon, which
create larger scale structures, which can then be compared to observation.
Three dimensional General Relativistic Magneto-Hydrodynamical (3D
GRMHD) simulations have successfully replicated the structures of jets using
magnetically launched and collimated jets by the Blandford-Znajek (McKinney
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2006) and Blandford-Payne (Tchekhovskoy & Bromberg 2016, Nakamura et al.
2018)) scenarios. More recently, simulations such as those of (Chatterjee et al.
(2019) have replicated the structure of the M87 jet over 5 orders of magnitude
in scale, successfully creating the paraboloidal and conical structure of the jet
observed using millimetre VLBI, with the spine and sheath structure of a fast
inner region and slower moving outer region observed in Kim et al. (2018)),
which the authors ascribe to mass loading and entrainment in the jet. The jet
was simulated with a rotating black hole entraining a poloidal magnetic field
from the accretion disk. These simulations also investigate how the jet
interacts with the ambient media and how this affects the jet morphology, with
various launching models and effects such as “toroidal kink instability” and
ambient media decelerating the jet, possibly creating the observed FR1/II
dichotomy (Tchekhovskoy & Bromberg|2016). In terms of jet collimation,
magnetic fields are believed to play a vital role, however Globus & Levinson
(2016) and [Levinson & Globus (2017) argue for a more hydrodynamical
approach with a strong wind from the accretion disk providing collimation on
the small scales using a semi-analytical model applied and compared to
observations of M87. On large scales, gas pressure is expected to provide
collimation, also shown in the simulations of Tchekhovskoy & Bromberg
(2016) with the backflow in the large scale lobes of FR1II galaxies collimating
the typically narrow jets observed in these sources.

In terms of the observed magnetic field of the jet, the expected toroidal
magnetic fields theorized and simulated (McKinney & Blandford 2009,
Broderick & McKinney||2010) should persist to observable scales and be
detected through observations of the Faraday rotation measure of the jet radio
emission (see Sections[1.1.6). These magnetic fields are believed to be
important in the jet launching process, and helical fields are used in
simulations to support the jet, however their effect on jet collimation is widely
debated. Observational evidence of helical fields has been reported however,
in the form of significant transverse rotation measure gradients across jets,
which indicate toroidal behaviour through the change in the line of sight
magnetic field across the jet(Laing 1981, /Asada et al.[2002), and have been
observed and catalogued (Gabuzda, Nagle & Roche| 2018, (Christodoulou et al.
2016). Evidence of toroidal and helical fields in the form of an RM gradient
was found in one of the highest resolution observations of a jet to date — the
RadioAstron observation of BL Lac by Gomez et al.| (2016)). This is consistent
with simulations, suggesting jets may be magnetically confined on small
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scales. However, hydrodynamical effects may also play a role on the scales
further from the central engine; as suggested for example, by the presence of
re-collimation shocks in the form of knots downstream in the jet of BL Lac
(Marscher et al. 2008, |Gomez et al.|[2016)).

In terms of kiloparsec scale jets, simulations of “magnetic tower” jets by (Gan
et al.| (2017) have shown how magnetically dominated jets featuring large
scale toroidal fields and associated currents can be affected by violent
intra-cluster weather. The cluster member 3C 465 and its wide angle tail
morphology are correctly reproduced in these simulations, supporting the view
that jets are electromagnetic structures and should be treated as such.

1.1.4 The Cosmic Battery

The “Cosmic Battery” or “Poynting-Robertson Battery” (Contopoulos &
Kazanas||1998, |Contopoulos et al.|2009) is an interesting model which may be
potentially able to unify the magnetic field structure in astrophysical jets on all
scales and provides a plausible source of a magnetic “seed” field in the region
near the jet base.

The process creating this starts with the Poynting-Robertson drag experienced
by the electrons and protons in the accretion disc. In the rest frame of the
accretion disc, the radiation from the vicinity of the nucleus appears slightly
anisotropic due to aberration. This gives rise to the aforementioned
Poynting-Robertson drag force, which for an electron is given by (Contopoulos
& Kazanas||1998):

Fpp = ———5——, (1.3)
cC C

where L is the luminosity of the source of the radiation, r is the distance from
the source of the radiation, o is the Thompson cross-section for an electron
and v, is the rotational velocity of the accretion disc. The protons will have a
vastly different value for their Thompson cross-section differing by a factor of
(m,/m.)”", making the force felt by the protons almost 10~% times that felt by
the electrons, so that it can safely be taken to be negligible. The electrons will
therefore effectively have slower rotational velocities relative to those of the
protons, which creates an azimuthal electrical current in the accretion disc.
Following Ampeére’s law, a poloidal magnetic field is produced, which will be

wound up by the rotation of the accretion disc, creating a helical magnetic
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field whose direction is by definition linked to the rotational direction of the
accretion disc.

(a) (b)

Near-axis jet component

w
/ Extended jet componen\

'

Accretion disk

4 E*\ g

Extended jet component

Figure 1.5: Schematic of the system of magnetic fields expected by the cosmic
battery model, note the direction of the fields components transverse to the jet
remains the same in both (a) and (b). Image credit: Contopoulos et al. (2009))

A consideration for magnetic fields in astrophysical jets is the need for the
magnetic field lines to close —the lines cannot simply extend outwards to
infinity. In the “Cosmic Battery” model this is considered. The poloidal field
created in the disc by the process previously outlined will have a return field
forming loops that are anchored in the disc. Now adding the rotation of the
disc, the field loop will be wound up creating nested helices, an inner helix
and an outer one, with this field structure present in both the jet and
counter-jet from the AGN.

The direction in which the field lines are wound up into a helix is also an
interesting prediction of this model. Typically the direction in which the helix
is wound up should have a random probability of being one way or the other
for all observed sources. In the “Cosmic Battery” scenario however, as the field
is wound up, the net direction of the field lines in the plane of the sky will be
the same, irrespective of the direction of rotation of the accretion disc or black
hole. In Figure this is shown visually, for example if the direction of
rotation of the accretion disc were to change (Figure (a) to (b) ) then the
direction of the poloidal field would also change and thereby the direction in
which the field is wound up would remain the same.
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This can also be thought of in terms of the electrical currents associated with
the helical fields. In the “Cosmic battery” model it is expected that the inner
helix will always feature a toroidal field with an associated electrical current in
the jet showing an inward (toward jet base) direction, and the outer helix
associated with the return field will have an associated outward electrical
current. This configuration of currents and fields is not too different from a
common coaxial cable, where a core wire carries a current in one direction
separated by an insulating sheath and then another layer of current carrying
metal in the opposite direction. Each of these layers would have its own
associated toroidal magnetic fields associated with the right hand grip rule.

Considering the location of the synchrotron emitting plasma in this regime
relative to the Faraday rotating medium, the Faraday rotation that is observed
is not necessarily internal. It is supposed that the Faraday rotating plasma is
close to the jet base and is located in a sheath layer further out in the jet
between the inward and outward current regions, making the observed
Faraday rotation external. Some internal Faraday rotation is not ruled out,
however this would give rise to significant depolarization and deviations from
the linear \? behaviour for the Faraday rotation which are not typically
substantial, although they are observed in some regions. Using a
Blandford-Znajek type jet as an example here, the helical magnetic field from
the cosmic battery process accreted onto the event horizon through the
accretion disk would be involved in launching and collimating the relativistic
jet plasma, which here is external to the jet, causing external Faraday rotation.
For the larger scale magnetic fields on kiloparsec scales, the observed Faraday
rotation is due to the return magnetic field from this process. This is located in
the outer layers around the jet and external to the synchrotron radiating
plasma in the jet. The idea that this magnetic field is in the outer layers of the
jet and more external is supported by the fact that often this field is difficult to
detect when intercluster effects are seen, making it difficult to discern Faraday
rotation gradients, and making gradients appear patchy and non monotonic
over large distances, as can be seen in some of the RM images presented in
Chapter

The direction of these fields can be inferred with detections of transverse
Faraday rotation measure (RM) gradients (see Section and Chapter [3)).
As the rotation measure is directly proportional to the line of sight magnetic
field component, the direction in which the values of RM increase will indicate
the direction of the toroidal magnetic field component. A vast amount of work
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has been done on the detection of significant transverse RM gradients
gradients on parsec scales, in the region closer to the jet base, using VLBI
measurements (e.g. |Asada et al.|[2002, Gabuzda et al.|2017, Motter &
Gabuzda 2017, |Gabuzda, Nagle & Roche 2018). In|Gabuzda, Nagle & Roche
(2018), in particular, a summary of all known significant transverse Faraday
rotation measure gradients is shown; at the time of publication 33 of 47
implied an inward current on parsec scales, and applying a binomial
probability distribution analysis indicates that there is only an approximately
0.4% likelihood that this asymmetry came about by chance, and that more
likely a physical effect is causing this bias towards inward currents.

On the larger scales therefore, it should be expected that the significant RM
gradients measured should preferentially imply toroidal/helical fields
corresponding to outward associated electrical currents. Results from such an
analysis for large scale RM gradients are presented in Chapter

Another consideration in this mechanism is existence of low-luminosity radio
loud AGN, also known as radiatively inefficient AGN. These are AGN which
appear not to have a bright accretion disk, yet have the bright radio emission
indicating a jet is present. The complete lack of an active accretion disk would
have a detrimental effect on the production of the currents and magnetic fields
theorized by the Cosmic Battery. However as accretion is also presumed to be
occurring in these radiatively inefficient AGN, albeit with warmer material and
at much lower accretion rates with respect to the black hole mass (Merloni &
Heinz 2008, Hardcastle et al.|[2007), it must be investigated whether such an
accretion process would result in such a system of currents and fields or
whether this model would only be applicable to radiatively efficient AGN with
high accretion rates.

A final consideration is the spin of the black hole in a Blandford-Znajek type
jet and how winding up of the magnetic field from the accretion disk is
affected by the spin of the black hole. The rotational direction of the accretion
disk and black hole spin are not coupled in any way. Recent simulations in
Contopoulos et al.| (2018) have shown how the Cosmic battery effect can make
all accretion disks change from SANE (Standard And Normal Evolution) to
MAD (Magnetically Arrested Disk) for a non-rotating and a rotating black
hole, affecting the radiation field around the black hole only. The rotation of
the black hole is not expected to affect the structure of the larger parsec to
kiloparsec scale jet magnetic field (Christodoulou et al.|2016)). The rotation of
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the black hole winding up a random magnetic field and creating a helical field
in the jet is another option, however the reported observed directional bias in
Faraday rotation gradients observed matches with the prediction of the Cosmic
Battery. A helical field due to the black hole rotation combined with a
Blandford-Znajek type jet would produce a random orientation of transverse
RM gradients, due to the random isotropic distribution of black hole spins,
inferring either inward or outward currents in the jets, which does not match
the observed preference for a particular orientation of the observed transverse
RM gradients favouring the Cosmic Battery model.

1.1.5 Synchrotron Radiation

The radio emission observed from AGN is in most cases synchrotron radiation.
This is radiation created by the relativistic electrons gyrating in a magnetic
field in the hot plasma in the jet. The following derivation is based on Rybicki
& Lightman| (1979, Chapter 6). Consider a relativistic particle of mass m and
charge ¢ moving in a magnetic field and the force acting upon it,

— (ym®) = q¥ x B, (1.4)

where 7 is the particle’s velocity, B is the magnetic field strength and v is the
Lorentz factor. No overall work is done by magnetic forces meaning |v| and v
are constant. Now,

m’yj: = qU X B. (1.5)
Letting i—f = a be the acceleration, isolating this and then reducing to scalar
terms,
. qusinaﬂ (1.6)
ym

where « is the angle between ¢ and B. Now the power P’ emitted by the
accelerating, relativistic charged particle in its own frame of reference is given
by Larmor’s formula:
po T (1.7)
6meged’
where ¢ is the permittivity of free space and c is the speed of light in a
vacuum. Now to relate this back to the power emitted in the observers frame,

some transformations have to be investigated first. If the energy d £’ is emitted
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in some time d¢’ in the rest frame, then in the observer’s frame,

dE = ~dFE’ (1.8a)
dt = ~ydt/ (1.8b)
Hence it follows,
dE’ dE
= — P =P 1.
a A (1.9)

This only leaves the acceleration term to transform into the observers frame.
Looking at the relationship in special relativity between a and «’,

ay = v*a; parallel to direction of motion (1.10a)

a, =~*a, perpendicular to direction of motion (1.10b)

As the particle is gyrating in circular motion around the magnetic field a;; = 0
and therefore we are left with simply, a’ = v?a. Now writing Larmor’s formula

in terms of the observer’s frame,

4.4 2
qga
P = - 1.11
6megcd ( )
and now subbing in the acceleration from Equation 1.6}
4.2 QBQ s 02
p-d4rvoema (1.12)

6megm2c?

This is the power radiated by one charge with a “pitch angle” « as it gyrates in
a magnetic field. For a collection of charges with an isotropic distribution of
velocities leaving a collection of all possible angles o« we can consider the

average angle,

in? adQ) 2
(sin?a) = fs”imo‘ =3 (1.13)
where d2 is the unit solid angle. Now the average power (P) can be written
as:
4.2,2 12
q*vv°B
P)=————. 1.1
() 9megm?2c3 (1.14)

1
m2?

Note how the power depends on meaning the synchrotron emission is
most likely dominated by electrons compared to the 1000 times more massive
protons. Now to investigate the spectrum and further properties of
synchrotron radiation we consider the relativistic motion of the charge.

Emission radiated from such a relativistic particle will be highly Doppler

Evolution of the Magnetic Field Structure in 18 Sebastian Knuettel
the Jet Outflows from Active Galaxies



1. INTRODUCTION 1.1 Active Galactic Nuclei

boosted in its forward direction towards the observer. The equation of motion

Figure 1.6: A figure showing the range of angles for which the synchrotron
radiation, emitted as cones of solid angle % would be Doppler boosted toward
an observer. Figure adapted from Figure 6.2 in Rybicki & Lightman| (1979).

(Equation [1.4) for the particle, gyrating with radius b can be rewritten as,

dv  quBsina  muv?

b = _ 1.15
" ’y b (1.15)
The radius b can be written,
h— — (1.16)
wp sin o
where wp = f/—ﬁ is the angular frequency of gyration for the particle in the

field. Recall now that the gyrating particle will be highly relativistic, therefore
radiation will be Doppler boosted toward the observer, making the radiation
appear as pulses much shorter than the overall period of gyration $Z.
Qualitatively this means the observed spectrum will be much broader than the
gyration period. Radiation will be observed as shown schematically in

Figure with radiation from cones of solid angle % boosted toward the
observer from the angle Af between points 1 and 2. Over the path length AS
and using the geometry shown we have,

v 2 (1.17)

wpsina vy’

AS = bAf =
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and in terms of the times ¢; and ¢, when the particle passes points 1 and 2
indicating the beginning and end of the pulse, setting AS = v(ty — t1),
2
to—t1 . ——— = At (1.18)
Ywp sin a
However, the observed pulse must be considered, which corresponds to the
arrival time of the photons emitted at 1 and 2, which will be called
ts — ti' = At*. This will differ by £2, the time taken for a photon to move

through AS. The arrival time width of the pulse will be,

AtA— 2 (1 _ “) (1.19)
’}/WB S1n « C

and since for the highly relativistic charges v > 1,

1
1— % 5 (1.20)
the pulse width becomes,
1
At = S (1.21)
Yiwp sin «

This differs from the gyration period by a factor of +®, meaning that the
expected spectrum will be broad, a feature of synchrotron radiation. Further
detailed analysis shows that most radiation from an electron is emitted at the
critical frequency w,,

We = 273w3 sin o (1.22)

Furthermore it can be shown that the power can be written using as:

P=["Pudw=c [ F <°") dw, (1.23)
0 0 We
where F(w/w,) is an unknown function. Setting » = 2 the integral can be
rewritten as:
P=w(, / F(x)dz. (1.24)
0

The integral [ F'(x)dx is unknown for now but as it has a non-dimensional
value a normalization can be set. The constant C; can be evaluated as P and

w, are known from Equations|1.12|and [1.22] The power as a function of

frequency can be written:

Bsina w
P(w) = ¢, L9 () , (1.25)
9megmc? We
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for the case when 5 ~ 1 for the highly relativistic case, C,, is a normalisation
constant.

It is often observed that a synchrotron spectrum can be very well
approximated using a power law such that:

P(w) xw™?, (1.26)

where s is the spectral index. This can come about if the particles energy
distribution (or Lorentz factors) also obey a power law such that:

N(E)dE = CEPdE, E;<E < FE, (1.27a)
or in terms Of Lorentz factors:

N(vy)dy = Cy~Pdy, <Y<Y (1.27b)

where N(FE)dFE represents a number density of particles with energies
between F and E + dFE and p is the particle distribution index. The value of C'
can depend on may factors such as the pitch angle «. The total power radiated
per unit volume and frequency can be written as the integral of N(vy)d~y
multiplied by the power for a single radiating particle using Equation and
then considering only the proportionalities,

72 V2 w
Pot(w)=C P(w)yPdy / F <> v Pdy. (1.28)
v

ga! 1 c

Using the substitution = = w/w,, and recalling that w, « +?;

Piot(w) oc w=P=1)/2 /aC2 F(x)z®P=3/2 dx (1.29)
The limits of integration, z; and x, correspond to the Lorentz factors, v; and v,
and depend on w. If the energy distribution of the particles is sufficiently wide
it can safely be approximated that z; =~ 0 and x> &~ oo making the integral
constant, yielding:

Prot(w) oc w™ P72, (1.30)

showing the synchrotron spectrum does indeed obey a power law, where the
spectral index s is now related to the particle distribution index p,

§ = (1.31)
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The lifetime of synchrotron emission processes can be calculated by dividing
the energy of the electrons by the rate at which the energy is emitted, namely

the power P,

E

Toynch = 5 (1.32a)

4.2, 21p2\ 1
o o (q" Y v*B

Tsynch = YMcC (97T60m203> (132b)
9 3.5
Teom © (1.32¢)

Tsynch = .
Y q4’7UQB2

From this it can be seen that the more energetic, high ~, particles will have
shorter lifetimes and, in an isolated region of relativistic particles, the
spectrum of the emission will steepen with time, as the higher energy particles
with higher frequency emission will lose their energy faster compared to lower
energy particles.

Therefore, a region with more energetic electrons will have a flatter spectrum.
Such a region in a a radio jet would occur near the jet base or at a knot or
hotspot in the jet where there is a continual supply of highly relativistic
electrons. A more diffuse region where there is no fresh supply of energised
material, such as the outer radio lobe in an FRII or in the more distant regions
in an FR1I, the spectrum will be steeper at higher frequencies and flatter at
lower frequencies, as only less energetic electrons will be contributing to the
spectrum making the spectrum more curved as the population of energetic
electrons reduces. This makes the synchrotron spectrum a useful tool in the
relative ageing of a radio emitting plasma, identifying regions of recently
emitted or re-accelerated material or outer diffuse regions that have been
there for some time.

Synchrotron radiation can also be highly linearly polarized. For example, a
single gyrating charge will produce elliptically polarized synchrotron
radiation. However in a distribution of particles with a smooth variation of
pitch angles, the elliptical component will be cancelled out as emission cones
will contribute from sides of the line of sight; thus the radiation will be linearly
polarized to some degree. The degree of linear polarization is given by:

P, (w) — P(w)
I(w) = , (1.33)
YR
where P, (w) and Pj(w) are the radiated powers per unit frequency in
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directions parallel and perpendicular to the projected magnetic field on the
plane of the sky. This has a theoretical upper limit of approximately 75%.

1.1.6 Faraday Rotation

Faraday rotation measure is a physical effect on the polarization angle of an
electromagnetic wave. This effect was discovered by Michael Faraday in 1845,
while investigating the effect magnetic forces have on light as it passes
through various substances, as he believed light to be an electromagnetic
phenomenon. When experimenting with polarized light as it passed through
glass containing lead traces and applying a magnetic field to the glass, an
observed polarization angle change was noted.

In terms of astrophysical plasmas, the following derivation of the Faraday
rotation measure is adapted from that in Chapter 8 of Rybicki & Lightman
(1979). We consider an electromagnetic wave propagating through a plasma
which has a uniform magnetic field. Assume a local magnetic field B,, which is
much stronger than the field strength in the electromagnetic wave that is
passing through. The equation of motion of an electron in the plasma is given
by:

m((i;t] = —¢F — SU X gg, (1.34)
where m is the electron mass, e is the electron charge, v is the electron velocity
and E is the electric field of the incident electromagnetic wave. Let us also
assume that the electromagnetic wave is circularly polarized and sinusoidal

such that,

E(t) = Ee ™" (6 Fi6), (1.35)
where € and vece, describe the orthogonal polarized components of the
electric field, the ‘—’ corresponds to right circular polarization and the ‘+’
corresponds to left circular polarization and w is the angular frequency of the
radiation. Now suppose, for simplicity, that the wave is propagating along the
direction of the local magnetic field.
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Combining Equations|1.34} [1.35|and [1.36] the velocity ¥(¢) can be shown to
be:

—1ie -

(t) = E(t), (1.37)

m (w £ wp)

where wp = % is the cyclotron frequency, the frequency at which the
electrons gyrate about the magnetic field lines. The remaining + indicates that
populations of electrons will experience different velocities in response to the
right and left circularly polarized components of the electric field of the

propagating wave.

We can use this to find the conductivity for each component,

j=0FE = —nev (1.38a)

: 2

— me —
E=——" _F 1.38b
7 m(w £ wp) (1.38b)
. 2

o= % (1.380)

w =+ wpg

where j is the current density, o is the conductivity, n is the charged particle
density and w, = \/fnizo is defined to be the plasma frequency. The different
conductivities imply different speeds of propagation through the plasma.
Connecting o to ¢,

o w?

GR’L:1_m:1_w(prB) (1.39)
where the R and L correspond to the‘+’ and ‘—’ cases in the denominator,
respectively. Therefore, considering a linearly polarized wave, comprised of a
right and left circularly polarized wave, the plane of polarization will not
remain constant as the wave propagates through the plasma and will rotate, as
the differently circularly polarized components will have different velocities.
This is Faraday rotation. For consistency it can be noted that for the case
where B, = 0 and thereby wp =0,e =1 — :—é, which is the case for

electromagnetic radiation in an unmagnetised plasma.

The phase angle ¢ through which the plane of polarization rotates while
traversing a distance d through the magnetised plasma is simply k - d where k
is the wave number (k = 2). If the wave number is not constant along the
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path, the phase angle rotated is

d
OR,L Z/ kg 1.ds, (1.40a)
0
where
w
Frp = B €R,L (1.40b)

In terms of the phase difference between the RCP and LCP components Af we
can write .
AG = / (kn — ky) ds. (1.41)
0

Now using Equation and substituting in for eg |,

w
kri = —
C

- ] (1.42)
_w(w:i:wg)] '

This can be simplified using the assumptions that w > w, and w > wp to

1—“}’%(1;“’3)

w? w

(1.43)

w
kR,L ~ —
&

Now to solve for kg — ki, the separate cases from Equation [1.43|are simply
subtracted from each other to give:

ne3B
ki — b, = — (1.44)
w=cmeg
and solving for Af:
3 d
A= [nB-ds (1.45)
m?egcw? Jo

where the magnetic field has been generalised such that a component along
the line of sight unit vector ds'is used for any uniform B-field in the plasma.
The particle density n has been kept in the integral as this can vary along the
line of sight. To relate this phase angle change A# to the change in
polarization angle Ay look at the example given in Figure here it becomes
clear that the change in polarization angle is simply half the phase difference,
Ax = 2%, Now substituting this into Equation and writing w in terms of

2
wavelength A,
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RCP LCP

_I_
|

®p - O,
RCP LCP -

Figure 1.7: Figure showing how LCP and RCP combine to give linear polariza-
tion angle. On top a linear polarization with no Faraday rotation is given, the
bottom figure has a delay in LCP due to Faraday rotation causing polarization
angle to change by Ay. Figure adapted from Figures 8.1(a) and (b) in Rybicki
& Lightman| (1979)

e3

d o
Ay /O n B - 43 A2 (1.46)

 8m2egm2c3
This shows the total effect a region of magneto ionic material will have on the
linear polarization of an electromagnetic wave as it passes through.

The change in the polarization angle will be proportional to the wavelength
squared A\? and can be written (Burn/1966),

X = Xo + RMM?, (1.47)

where y denotes the observed polarization angle at a wavelength A, x, is the
polarization angle of the radiation as it was emitted and RM is simply the
constants and integral related to the Faraday rotation from Equation [1.46
grouped together. Using Faraday rotation to investigate the magnetic field and
ionised environment along the line of sight is particularly advantageous in the
case of synchrotron radio emission from AGN jets. Not only can synchrotron
radiation be highly linearly polarized, it is also emitted over a wide range of
wavelengths, from metres to sub-millimetres, allowing multiwavelength
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observations to effectively fit polarization angle against wavelengths squared
to calculate RM. Further methods exploiting the Faraday rotation phenomenon
and how it is calculated using data from radio interferometers are discussed
later in Section
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Chapter 2

Radio Interferometry Methods and
Techniques

This Chapter deals with the practical aspects of radio astronomy and explains
the basic principles of how radio interferometers work and how observed data
are calibrated and imaged. Particular attention is also paid to the Stokes
parameters and how these are used to detect and measure polarization from
radio emission. This Chapter also explains methods for analysing polarization
information and extracting useful information on magnetic field effects along
the line of sight from the synchrotron radio sources using Faraday effects;
methods such as y versus \? fitting, rotation measure synthesis and QU fitting
are explained.

The radio interferometry methods use Thompson! (1999) and Thompson et al.
(2017) as a reference.

The polarization theory and calibration use |Rybicki & Lightman| (1979) and
Conway & Kronberg (1969) as a basis for their derivation.

28



2. RADIO INTERFEROMETRY METHODS AND
TECHNIQUES 2.1 Radio Interferometry basics

2.1 Radio Interferometry basics

2.1.1 The Radio Interferometer

The maximum angular resolution of a telescope, or any device with an
imaging aperture can be calculated using the Rayleigh criterion;

A
~1.22- 2.1
4 ) 2.1)

where ) is the observing wavelength and D is the diameter of the telescope. In
the case of optical telescopes with a typical diameter of ~ 1 m and observing
wavelengths of ~ 540 nm ( V Band), this gives a maximum theoretical
resolution of ~ 0.14”, ignoring any atmospheric effects, which greatly lower
the resolution. The long wavelengths used in radio telescopes drastically lower
the maximum theoretical resolution. Consider observations at a wavelength of
6 cm (~ 5 GHz) with a radio telescope with a dish of 100 m diameter.

Equation gives a resolution of ~ 150", and to enhance this would require
unfathomably large single dish telescopes with diameters of many kilometres
to achieve the same resolution as a typical optical telescope. This is where the
technique of interferometry is useful as a method to achieve much higher
resolutions by networking a number of radio antennas together so that the
effective diameter of the telescope is the maximum distance between two
antenna. To show how this principle works, consider a two element
interferometer such as the one in Figure

Each telescope will read a voltage that is directly proportional to the incident
electric field, F, from the incoming radiation, we will call these voltages v,
and v,. The displacement vector, gg, between the telescopes is called the
baseline —the distance between the two telescopes. The voltages read can be
defined as:

v; X E coswt (2.2a)
vg X Ecos (w(t — 7)) (2.2b)

where w is the angular frequency of the incoming radiation and 7 is the time
difference in the signals received by each telescope due to the different
positions of the telescopes creating a phase difference between the signals. We
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Incoming
Radiation

Bo

Figure 2.1: A diagram of a simple 2 element interferometer featuring two tele-
scopes labelled 1 and 2. Both are observing the same object but will receive the
signal at a slight time delay due to the difference in position of the antenna.

can write
By-§
r=20"% (2.3)
C

Where § is the unit vector in the direction of the incoming radiation and c is
the speed of light. Now the correlation between the two signals is a measure
of the similarities between the two signals as a function of the phase difference
between them. This is multiplying one signal by the complex conjugate of the
other and averaging over time, where the complex conjugate is denoted by

z* (x € Z The complex numbers) and the time average of a function is
denoted by (f (t)). Now writing the correlation of v; and v,:

% (coswt cos (w (t — 7)))

S
i
<

2 <cos2 wt cos wt + cos wt sin wT sin wt>

x E
x B
o E? (coswt <cos2 wt> + sinwt (coswt sin wt>>
x K

1
2 (COSWT X B + sinwT X O)

—~ —~ P s s
I~
[y
<

x E? coswr

Furthermore E? is proportional to I, the intensity, we can also write 7 in terms
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of the baseline as in Equation |2.3|and write w in terms of the wavelength \.

2mc By - §
(v1v3) o< I cos “rezo S) (2.4)
A ¢
(v1v3) o I cos (27r§ : §) (2.5)

Here B is the baseline vector converted to units of wavelengths. This
interference pattern that is produced will be quasi-sinusoidal with an
amplitude proportional to the intensity, with a frequency that will depend on
how the projected baseline length, B - 3, changes with time. This would be the
response to an unresolved point source in the sky. To describe more extended
emission this can be considered as a sum of point sources with varying
positions and intensities. Consider a point source located at a position vector @
on the plane of the sky from the phase centre of the telescope, which
corresponds to the direction of the §, writing the general response to a point
source now as:

(v1v3) o I(@) cos (27T§ (@ + §)) : (2.6)

then for an extended source considered as a sum of such point sources, the
correlation can be now written as an integral over a:

‘+OO

(vr3) ox [

—0o0

I(@)cos (27B - (@ + 3)) da. (2.7)

Now for clarity Equation can be re-written in complex exponential
notation when we consider the real part:

400 B oo A

(010 o / 1(@)e?B-@+9)qg (2.8)
=R +oo =N N —

(017 o 2B / [(@)e2 547 = 2By (B), (2.9)

—

where V(B) is the visibility function. Now it can be easily recognised that /(a)
and V (B) form a Fourier pair, where the inverse Fourier transform of the
visibility function, as read by the correlated voltages from the interferometer,
yields the source intensity on the plane of the sky.

V(B) = / 1(@)e?5 4z (2.10a)

(@) = / V(B)e 2B 4B (2.10b)
Considering that the field of view of a radio interferometer is very small

Evolution of the Magnetic Field Structure in 31 Sebastian Knuettel
the Jet Outflows from Active Galaxies



2. RADIO INTERFEROMETRY METHODS AND
TECHNIQUES 2.1 Radio Interferometry basics

compared to the whole celestial sphere we can assume that a is perpendicular
to 5and that B - @ ~ b - @, where b is the baseline vector B projected onto the
plane of the sky. The vectors @ and b can be converted into coordinates in two
dimensions, which are chosen to be in the North and East directions, so

b— (u,v), and @ — (x,y); rewriting Equations (a) and (b) therefore
yields:

V(u,v) = /I((i’)e%”(“x“y) dzdy (2.11a)

I(z,y) = / V(B)e~2mua+w) qydy, (2.11b)

where (u,v) represent the baseline distances in terms of North and East
displacement and (z, y) describes the coordinates on the sky, which are chosen
to be right ascension and declination. To build up visibility data, a network of
antennas with more than just two antennas is used so a large number of
baselines of varying length covering a variety of (u, v) coordinates is observed.
Furthermore, as most radio sources observed are assumed to be constant over
the course of a few hours or days a long observation in time can be used to
build up the coverage in (u, v) space, as the rotation of the Earth over the
course of a long observation will change the projected baseline length, b.

2.1.2 The Need for Calibration

The correlated data obtained from such an observation will need some
calibration to be of any use for imaging and extracting useful polarization
information, which will be covered later. In the case of the Very Large Array
(VLA), which was the primary instrument used for observation in this thesis,
the following basic steps are required.

The flux density calibration needs to be applied to the data, as the fluxes
initially obtained from the correlator are only relative and therefore a standard
set of calibrator sources is required. These are bright, relatively compact radio
sources with known fluxes across all bands that are regularly monitored
(Perley & Butler|2017). Typically a scheduled VLA observation will have at
least one scan of one or perhaps two of these sources. Commonly used sources
include 3C 286, 3C48 and 3C 138, which are also doubly useful as they also
serve as polarization angle calibrators. The amplitudes of the visibilities can be
set and converted to Janskys using these sources and transferred onto the
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phase calibrator, which will be used to calibrate the primary source being
observed.

X Unresolved Calibrator

Objects in close
proximity on the sky

6<15°

Radio
Interferometer

Target Source

Figure 2.2: A schematic diagram of a phase referencing observation with a radio
interferometer.

The amplitude and phase calibration is done most often using a phase
referencing technique with the VLA. The amplitudes and phases of the
measured visibilities will most likely be corrupted by a multitude of effects,
such as atmospheric and instrumental effects that cannot be removed from the
data. To improve the quality of the data, the observations of the desired target
object are interrupted by regular scans of a nearby, bright, compact or
point-like source which is called the phase calibrator. Ideally this source is at
least a few hundred milli-Janskys in intensity and within 10-15° of the target
source on the sky, with the smaller separations needed at higher observing
frequencies; a brief schematic is given in Figure The visibility of a point
source is well known in (u, v), with a constant phase and amplitude across all
baselines, allowing for the observer to correct the corrupted visibilities of the
known point source to appear more point-like and applying the same
corrections to the nearby target source. The duration and frequency of such
scans on the phase calibrator depend on the observing frequency, as at higher
frequencies (>20 GHz) the phases are more sensitive to change and therefore
require more regular scans approximately every 3 minutes. At lower observing
frequencies such as from 1-6 GHz, which are most commonly used in this
thesis, a scan time of 10-15 minutes on the target between calibrator scans
suffices. Furthermore, the correct amplitudes, in Janskys, determined earlier
using the flux density calibrator, can be transferred to the constant amplitudes

in the scans of the phase calibrator, which are well sampled in time; now the
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correct phases and amplitudes can be transferred to the target source by
interpolating between the calibrator scans onto the target scans.

The outlined calibration steps should suffice for archival, narrow-bandwidth
observations using the VLA. However in observations with the upgraded
Jansky VLA, some further steps are necessary to fully exploit the wideband
capabilities of the VLA.

A bandpass calibration is necessary. This is simply accounting for the fact that,
in a wideband receiver, some channels will be less sensitive than others,
especially near the edges of the observing band. To correct this, a single scan
of a bright calibrator source, such as the flux density calibrator, can be used to
correct for the lower gain near the edges and result in a smooth spectrum
which truly represents the data. This technique is historically more known for
use with spectral line data, however with the dawn of wideband radio
receivers and wideband spectro-polarimetric techniques such as rotation
measure synthesis and QU fitting, this step is vital to ensure as many
wavelengths as possible can be correctly sampled and imaged. A delay
calibration will also be necessary as this corrects for any instrumental delays
across a wide band, seen as slopes in the phase versus frequency. These are
again removed with scans of a bright unresolved calibrator used as a reference.

2.1.3 Imaging and Self-calibration

When the calibration steps described briefly above have been correctly
applied, the data can then be imaged. However when performing the inverse
Fourier transform to produce an image many sidelobes and symmetric
artefacts can be seen in the image. This is because an observation using an
interferometer can never truly completely sample the sky in the (u,v) plane.
The observed visibility function can be described as the product of the true
visibility multiplied by a gridding function such that:

‘/obs - Wrue (u, U) G(u, U) (212)

where V,,,; and V;,,. are the observed and true visibility functions, while the
gridding function, G, is valued 1 where data were obtained and 0 where no
(u,v) data were obtained making this function highly dependent on the
observation set up. The resulting inverse Fourier transform of this product can
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be described using Equation [2.11] as:
Tops(,y) = /Vtme (u,v) G(u, v)e 2T dudy = Lye * Gz, y) (2.13)

where the convolution theorem of Fourier transforms has been applied. Thus,
the observed source structure, /,,s(z,y) is the convolution of the true source
structure and the Fourier transform of the gridding function, called the dirty
beam, which is entirely dependent on the values of (u,v) at which
observations are made. This results in an observed source structure that
exhibits a high level of noise and symmetric patterns, known as side-lobes,
around the source, due to the incomplete sampling of the (u, v) plane. It is
therefore typically required that deconvolution is performed of the observed
image to extract the best possible estimate of the true source structure. The
most basic method of deconvolution of radio interferometer data is the CLEAN
algorithm (Hogbom|(1974), which operates in an iterative method on the data.

1. The visibility data are inverse Fourier transformed to display the image,
which is called the “dirty image”. An image of the point spread function
is made by inverse Fourier transforming the visibilities with zero phase
and unit amplitude, yielding the “dirty beam”.

2. The peak in the dirty image is located, which is assumed to be real

emission and not associated with sidelobes.

3. The dirty beam is multiplied by some gain factor (usually 0.1) and
subtracted from the image at the peak position located in step 2. This
removes the effects due to that peak of emission and some corresponding
sidelobes also.

4. The location and amplitude of the amount subtracted, commonly
referred to as a “CLEAN component”, are added to a model image, or
table of CLEAN components.

5. Steps 2—4 are repeated until no more discernible peaks can be found in
the image. It is common that the process is terminated when no
discernible peak is higher than 2 or 3 times the background RMS of the
image. The remaining image is called the “residual” image.

6. A Gaussian is fitted to the central peak of the dirty image and then
convolved with the model image corresponding to the CLEAN
components, with the residual image added, which may feature
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structures not well sampled by CLEAN or too faint to be CLEANed,
creating an image without any sidelobes.

This iterative process is quite successful at reconstructing the true source
structure and removing the sidelobes and, as the cleaning occurs, it is often
noted that fainter extended emission obscured by the sidelobes can be made
out. There are some limitations to CLEAN however, considering more extended
emission structure, where attempts have been made which have successfully
mitigated these limitations.

The CLEAN process assumes that the observed source structure is sampled well
by a collection of point sources. This works very well for compact radio sources
with little structure, however when source structure becomes more extended
the process cannot work as efficiently. A multi-scale CLEAN (Cornwell/[2008)
was devised, which cleans by using CLEAN components that are extended in
structure. This involves not only searching in the image for a peak but also
fitting this peak for some appropriately sized CLEAN component. Often this is
not as computationally expensive as it seems, as there is a finite list of CLEAN
component sizes ( 0, 1, 3-5 beamwidths for example), and a multi-scale
CLEAN can often save time, as it can CLEAN a structure in fewer iterations than
a traditional Hogbom CLEAN, especially when the source is quite extended.
This method also helps in reducing the effect of negative “bowls” of emission
which often feature in high resolution observations without shorter baselines
to better sample the large scale flux, leaving negative regions of emission
around extended structures. The multiscale CLEAN can help estimate and fill in
these regions by using the more extended CLEAN components.

A further advancement is the application of a multi-term multi-frequency
synthesis deconvolution technique, which makes use of wide bandwidths in
the cleaning process (Rau & Cornwell|2011)). This process makes use of all the
frequencies in a band in an effort to increase the (u,v) coverage and sensitivity
of the resulting image. It involves fitting a Taylor polynomial to the spectra of
amplitudes at each baseline during the CLEANing process, which works quite
well for the synchrotron radio emission, which follows a power law with
frequency. For example, if imaging in the wide band between 2 and 4 GHz
with this technique, an image at the central frequency, 3 GHz, will make use of
all the visibilities from 2 to 4 GHz. This creates a synergy, allowing the
resulting image to show the extended structures of the lower frequencies at
the higher resolutions of 4 GHz, provided the spectrum is well fitted by the
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Taylor polynomial. Multi-term multi-frequency synthesis also produces a
spectral index image in parallel to the imaging, which can be useful in
scientific analysis of the data, while the model image created can be used to
self calibrate across the whole available bandwidth using the polynomial fit.
When used in conjunction with a multi-scale CLEAN, this method can create
images from VLA data with unparalleled dynamic ranges.

Self-calibration is a method by which the amplitudes and phases of the
visibility data of the target object can be corrected further. This involves an
iterative process using deconvolution as an aid. The model image created in
step 4 of the CLEAN algorithm is used as an estimate of the true source
structure. First the phases are corrected in rough time intervals in the data
using this model, which slightly corrects the data, reducing the noise. This
allows a deeper CLEAN to be made in the next step allowing for an improved
model that can correct the phases on an even shorter time interval, iteratively
improving the dynamic range of the image. This procedure is repeated until
the phases are well corrected, at which point the amplitudes and phases can
be corrected in parallel, which reduces the noise further. The self-calibration is
particularly useful for polarization observations, as the process corrects the
visibility phases and amplitudes based on the Stokes I information, but solves
the polarized correlations also, which typically have a much lower signal to
noise ratio.

2.2 Polarization in Radio Interferometry

Observations using radio interferometers can be used to detect polarized
emission from astronomical objects and measure polarized intensity and
polarization angle if the observations are set up properly. The radio telescopes
are set up to measure different components of the incoming electric fields. For
example in circular feed telescopes the left and right circularly polarized
component of the incoming radio waves may be recorded separately, yielding
four possible correlations, with the right-right (RR) and left-left (LL)
correlations relating to the total intensity while the other correlations, LR and
RL can be used to calculate the Stokes parameters corresponding to the linear
polarization of the radiation (see Section [2.2.1).

The Stokes parameters can be used to measure the polarization properties of
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the radio emission such as polarized intensity, degree of polarization, and
polarization angle.

2.2.1 Stokes parameters and Polarized feeds in Radio

Interferometers

The oscillations of the electric field vector in a monochromatic electromagnetic
wave can be written in the plane perpendicular to the propagation as:

E, =& sin(wt — ¢1), E, = &sin (wt — ¢), (2.19)

where E, and £, are the amplitudes of the oscillations in the two mutually
perpendicular directions, w is the angular frequency of the monochromatic
radiation and ¢; and ¢, indicate the phases of these oscillating components.
This corresponds to an elliptically polarized wave, with the tip of the electric
field vector tracing out the shape of an ellipse on the (z,y) plane. Considering
an ellipse with its own principal axes z’ and 3/, which are at an angle x to the
z- and y-axes (see Figure [2.3)),

2 bg =1 (2.15)
we can set
E?,
—; = cos’wt = E, = +acoswt (2.16a)
a
E?,
b—g = sin? wt —FE, = £bsinwt (2.16b)

where now the electric vectors are described in terms of the principal axes of
the ellipse. Now re-parametrise a and b in terms of the amplitude £ and phase

B,
a = & cos B, b= &|sinfl, (2.17)

where —7/2 < 8 < 7/2. Now we can rewrite £,, and E,, using Equations[2.16|
and for a general elliptically polarized wave:

E, = &ycos 3 coswt, E, = —&)sin fsinwt (2.18)

where the signs are chosen to conform with the standard that for 0 < g < 7/2

the ellipse will be traced out in a clockwise manner as ¢ increases and in a

Evolution of the Magnetic Field Structure in 38 Sebastian Knuettel
the Jet Outflows from Active Galaxies



2. RADIO INTERFEROMETRY METHODS AND
TECHNIQUES 2.2 Polarization in Radio Interferometry

counter-clockwise manner for —7/2 < § < 0 when viewed by an observer
towards whom the wave is propagating. This is called right and left-handed
elliptically polarized radiation, respectively. For the cases when 5 = +7/2 or

3 = 0 the a or b term in Equation [2.17] will vanish, meaning the ellipse narrows
down to a simple line which represents a completely linearly polarized wave.
When g = +x /4, we get a = b and the wave becomes completely left or right
circularly polarized.

Figure 2.3: Diagram of the x and y electric field axes rotated through the angle
X to coincide with principal axes of the polarization ellipse

To connect this to the monochromatic wave in the x, y plane given in
Equation |2.14, all that is required is to rotate the electric field components in
Equation by the angle y to make the axes coincide; this transforms the
equations as:

E, =Ey cosx — Eysiny, (2.19a)
E, =E, siny + E, cos x, (2.19b)

which, when substituting in for £,/ and E,, from Equation yields,

E, = &y(cos [ cos x coswt + sin fsin x sin wt) (2.20a)
E, = &(cos Bsin y coswt — sin 5 cos y sin wt) (2.20b)

Grouping the coswt and sin wt terms between Equations and and
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equating yields:

&1 cos o1 = &y cos B cos y (2.21a)
&1 sin ¢ = &ysin [ sin (2.21b)
&y cos g = &y cos Bsin x (2.210)
Eysin g = —&ysin B cos x (2.21d)

Knowing the parameters &, &, ¢, ¢, means that &, § and x can be solved
for. In radio astronomy, this is usually done using the Stokes parameters for
monochromatic waves which are defined as:

[=&+82=¢ (2.22a)
Q=& — & = & cos2fcos 2y (2.22b)
U = 2E1E cos(p1 — ¢o) = EF cos 2B sin 2y (2.22¢)
V =2& & sin(¢p) — ¢o) = 83 sin 23, (2.22d)

where the final values are calculated by manipulating Equations [2.21|and
using simple trigonometric identities. Equations can be reduced further

to:
E=V1 (2.23a)
§in 28 — y (2.23b)
U
tan 2y = — (2.23¢)
70

This shows that the only parameters required to describe elliptically polarized
radiation are &, § and x. It also follows that for a purely elliptically polarized
wave that,

P=Q*+U*+V? (2.24)

meaning that the Stokes I can be interpreted as being the total energy flux or
intensity. The Stokes V' quantity relates to the circular polarization, with a
positive or negative value indicating right- or left circularly polarized waves
respectively; when V' = 0, implying that 8 = 0 (Equation [2.23b)), the result is
purely linearly polarized light. The Stokes ) and U parameters deal with
linear polarization and determine the angle y the ellipse makes with the
x-axis. To define the Stokes parameters as given by |Conway & Kronberg
(1969) we specify the axes as in Figure [2.4] where the A and B axes are
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aligned along North and East respectively, the C' and D axes are at 45° to the
A, B axes, and finally the right-circularly polarized component is increasing in

the counter-clockwise direction, measured from North through East. Now

RCP

45°
B =«

A
A

45°

Figure 2.4: How the axes and components of the electric field vector are set up

to define the Stokes parameters

rewriting the Stokes parameters as given in|Conway & Kronberg (1969) but

defining the direction of rotation and the axes to coincide with the IAU

standard,
I = (E3) + (Ep) = (EZ) + (E}) = (ER) + (E?) (2.25a)
Q= (E3) — (E3) (2.25b)
U= (EZ)—(E}) (2.25¢)
V =(E}) — (E3}). (2.25d)

Now, consider a sources with a polarized component £,,,; and an unpolarized

component E,,,, to the radiation, with >

Eunpol

Ea — unpo
TR
Eun ol

Ep= 2P
R
Eunpol

B — unpo
T2
Eun o

Ep =~

V2

Q2+ U? + V2
+ Epo1 cOS X (2.26a)
+ Epor sin x (2.26b)
+ Eporsin(45 — x) (2.26¢)
+ Epo1 cos(45 — x) (2.264)

This means that a feed designed to receive any of these components will detect
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the same amount of flux from the unpolarized component, which should be
: B2 : : .

proportional to —5**. Calculating the Stokes ) and U parameters given in

Equation using the expressions given in Equation we get:

Q = (<E121npol> + <E§ol> COSQ X) - (<E121npol> + <E§ol> SiHQ X)
Q = (Epq) cos 2x (2.27)

((Baupo) + (E2o) cos®(45 — X)) — ((EXpor) + (EBhy) sin?(45 — X))
(EZ,)sin 2 (2.28)

pol

U
U

Here the (Enp01Ep01) terms have disappeared as the polarized and unpolarized
components are uncorrelated and therefore the time average of their product
should be zero. It can be seen again that the polarization angle, v, is given by
tan 2y = U/Q, and the linearly polarized flux is (E2 ) = /Q® + U?. These
values for x and the amplitude (E? ) allow for the construction of a complex
number value to define the linear polarization,

P =Q +iU = mle*x, (2.29)

where m is the degree of linear polarization and [ is the total intensity. When
P is plotted in a complex polar coordinate plane, it will simply be a vector
with amplitude m/ and phase angle 2. We now wish to connect the Stokes
parameters and the correlator output in order to relate the polarized quantities
to measured values. In a circular feed array- as is the case with the VLA and
the Very Long Baseline Array (VLBA) — the left- and right-circularly polarized
components are recorded by separate feeds which can form four possible

correlations,
(LL*(u,v)) (2.302)
(RR*(u,v)) (2.30b)
(LR*(u,v)) (2.30¢)
(RL™(u,v)), (2.30d)

where the R and L represent the telescope responses to the right- and
left-circularly polarized components of the incoming radio emission and
(LL*(u,v)), for example, denotes correlation of the left circularly polarized
response of one antenna with the left-circularly polarized response of the
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second in a baseline pair. On inspection it is relatively easy to recognise that
the (LL*(u,v)) and (RR*(u,v)) correlations respectively correspond to the
2(E?%) and 2(E%) components in the definition of the Stokes parameters in
Equation [2.25}, solving for (LL*(u,v)) and (RR*(u,v)) using Equations
and yields:

(LL*(u,0)) =1~V (2.31)
(RR*(u,v))y =1+V. (2.32)

This indicates that the (LL*(u,v)) and (RR*(u,v)) correlations carry
information relating to the total intensity and the circular polarization, the
(LR*(u,v)) and (RL*(u,v)) must therefore be used to form the Stokes ) and
U which relate to the linear polarization. To do this the linearly polarized
electric field components £, and Ep can be written in terms of the circular

components Fr and E;:

E4 = Ercoswt + B coswt (2.33a)
Ep = Epsinwt — Ep sinwt. (2.33b)

Recall from Figure that angles are measured from North through East and
the right-circularly component rotates in this positive direction. For simplicity
x = 0 means the different circularly polarized components are in phase with
each other and both point North at ¢ = 0 (¢, = ¢, = 0). Now writing this in

complex form:

E4= (Er+ Ep)e™" (2.34a)
Ep = —i(Eg — Ep)e™", (2.34b)

where the real parts will return Equation Now writing £, and Eg in
terms of 4 and Eg:

1

Er =~ (Ea+iEp)e ™ (2.35a)

| — DN

EL = = (EA - ZEB) e*M (235b)

This allows us to write the correlation between R and L in terms of the
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linearly polarized components,

(RL*(u,v)) = 2(ERrET) (2.36a)
_ ; (Ea +iEp) (Ea+ iEx) (2.36b)
=Q+iE4sEp, (2.36¢)

because  (E% — E3) = (E3%) — (E3) = Q. Now recall Equationwhich is
of a similar form with the &, and &, terms equivalent to the £, and Ep terms
here. In Equation for the case where x = 0, the cosine term will go to
unity, leaving U = 2&,&, which in terms of £, and Ez means:

U =2(E Ep) = E4Ep. (2.37)
Subbing into Equation yields:
(RL*(u,v)) = Q + iU (2.38)

In a similar fashion it can be shown that (LR*(u,v)) = Q — iU. Writing all four
possible correlations in terms of the Stokes parameters:

(RR*(u,0)) = I+ V (2.392)
(LL*(u,v))y =1-V (2.39b)
(RL*(u,v)) = Q + iU (2.39¢)
(LR (u,v)) = Q —1iU. (2.39d)

The various Stokes parameters and polarization information can be calculated
from the observed correlations from the radio interferometer . The cross
correlations (RL*(u,v)) and (LR*(u,v)) are equal to the complex number P
for the linear polarization defined in Equation and its complex conjugate.

These correlations as initially recorded will not represent the true source
polarization, however, as instrumental effects must be considered and
calibrated for, as will be covered in the following section.

2.2.2 Polarization Calibration

To properly measure the polarization of an observed astrophysical object using

a radio interferometer, instrumental polarization effects often called “leakage”
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or “D—-terms” must be identified. These arise when observing as the individual
feeds each receiving a different polarization are not perfect. In the case of
circular feeds the L and R receivers may in fact measure some of each others
radiation, i.e some of the L polarization may be measured by the R and
vice-versa. A method to identify these “leakages” and subtract them from the
data will be outlined as follows and closely follows the method first presented
by Conway & Kronberg (1969). In the ideal case, the complex voltages
measured by the telescope in each individual feed are:

Vi =grEre” (2.40a)
Vi = grERre™, (2.40Db)

where the ¢’s are complex gains that are determined through the amplitude,
phase and self calibration of the data, the £, and E are the induced electric
fields in complex notation, and ¢ is the parallactic angle, that is, the angle
between the paths on the sky connecting the observed source to the zenith and
to the North celestial pole. This angle will change with time as the source
moves across the sky due to the Earth’s rotation, making this variable time
dependent. The parallactic angles play a very important role in calculating the
instrumental polarizations. To include the leakage terms, we introduce the D
terms as follows,

(2.41a)

VL =dJr {ELei(Zb + DLERe_iﬂ =L
R (2.41b)

VR =dJdr [ERB_M + DRELeiﬂ

these complex voltages are equivalent to the L and R in the correlations that
are produced.

Considering a simple two element interferometer with antennas 1 and 2
forming a single baseline, the four possible correlations of Equations (a)
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and (b) may be written as follows:

LiLy = gp1g;o B By’ 7%%) (2.42a)
RiRy = grigm Er Efye ™"~ %) (2.42b)
RiL; = grigis | EriEiye %) 4 Dy, By Epye ™ 979 4 Dy By E7pe’® =%
(2.420)
LiRy = giagis | Bua Eppe %) + Dy B Ejpe’ %) 4 Dy By Bje %]
(2.424)

where R, L,, for example, stands for the correlation between the left-circularly
polarized signal from antenna 1 with the right-circularly polarized signal from
antenna 2. From observations it is noted that the instrumental polarizations
typically fall in the range ~1-10%, making it safe to ignore terms of order D?.
The observed source polarizations of astronomical objects are also expected to
lie in a similar range, making it safe to ignore any DE; Fr and DERFE| terms
also. For the next step we take the approximation that Stokes V' ~ 0 which is

true for synchrotron radiation. This simplifies Equations [2.39al and |2.39b| to
(LL*(u,v)) =~ (RR*(u,v)) ~ I. Writing Equations in terms of the Stokes
and the complex polarized vector P:

LiLy = gragpple’ @) (2.43a)
Ry R} = grigpyle 177 (2.43b)
RiLy = grigy, [Pe @9 4 1 (Djle@=%) 4 Dpyel@ =) (2.430)
LyR} = gragh | P79 4+ T (Djpe@ =) 4 Dpje @ —9)| | (2.43d)

It is possible to simplify this further by specifying ¢; = ¢» = x, which holds
true for a connected element array, such as the VLA, where all the antennas
are close together and have almost identical parallactic angles:

LiLs = gragrs1 (2.442)
Ry RS = grigpo! (2.44b)
RiL3 = gri9rs {Pe_zix + 1 (DI + DRl)} (2.44¢)
LuRS = guaghy [P*e* + T (Digy + D1 (2.44d)
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Now it can be seen that the source polarization changes with time as the
antenna rotates, while the D terms do not change with time, as they are fixed
within the antenna. This makes it possible to solve for the D terms by
observing an unresolved source of known or unknown polarization for a
variety of parallactic angles over the course of the observing session, in order
to disentangle the terms and calculate both the source polarization and the
antenna leakage. For a graphical interpretation see Figure where as an
example the RL correlation is plotted in the complex plane. In the right panel
the ’X’s’ correspond to multiple observations at different values for x(¢)
showing that the RL vector is tracing a circle in the complex plane; the best fit
for this circle will yield the D terms which correspond to the location of the
centre of the circle. Repeating this for multiple interferometer baselines allows
then to solve for the D and Dy terms for each antenna. Conceptually this
makes sense, as when the parallactic angle of the telescope changes, the
polarization angle of the source observed will be expected to rotate
accordingly, but the instrumental polarization will remain fixed inside the
rotating frame of the antenna allowing the two components of source and
instrumental polarization to be disentangled given good parallactic angle
coverage. Similarly this step can also be completed using at least one scan of a

A A
Im Im

RL P

D terms]
Re ~S— Re

Figure 2.5: Figure showing an exaggerated schematic of how the RL or LR vec-
tor P behaves as the parallactic angle of the antenna changes, causing the target
polarization angle to rotate. The crosses indicate individual measurements of
the RL vector and the circle is the best fit to this data, used to estimate the
instrumental polarization D,/ which remains fixed.

bright calibrator source known to be completely unpolarized. In terms of
Figure this would simply be a single scan with |P| = 0; any measured
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polarization can only be associated with the D-terms and can be subtracted
from the data.

The final step in the polarization is the calibration of the electric vector
position angle (EVPA). For a VLA observation that is adequately scheduled and
has good solutions for its calibrators, this is quite straightforward; a scan of a
point source of known polarization angle is required. One or more scans of
polarization angle calibrators are required, typically either 3C 286 or 3C 138,
which are often also used as flux density calibrators. These sources have
known polarization angles for each frequency and are point-like at most VLA
configurations and observing frequencies. Otherwise a uv-range can be
selected to ignore baselines with large or small scale structure. Recall from
Equation how the RL correlated visibilities correspond to @ + iU, so
their phases should be 2y, where y is the polarization angle. Take for example
3C 286, whose polarization angle is known to be close to 33° across most of
the VLA observing bands. To calibrate the polarization angles, the phases of all
the phase and D-term corrected RL phases must be rotated to have an average
value of 66° across all baselines; similarly the L R phases are corrected to be
equal to —66°. These phase corrections can be then applied to all the data in
an observation and should then display the correct polarization angle when

imaged.

2.3 Analysis of Polarization Observations using

Faraday Effects
2.3.1 Calculating Faraday depth by fitting y against )2
The Faraday rotation caused by a magneto-ionic material is outlined earlier in

Section and Equations|1.47|and |1.46| where the polarization angle
changes linearly with wavelength squared. This allows for the calculation of

the RM by fitting the observed polarization angle y against the wavelength
squared \? with the best straight line fit to the data, yielding the RM as the
slope and the intrinsic synchrotron polarization angle y, as the intercept on
the y-axis. An example of such a fit is given in Figure showing a fit to a
region in IC4296. This method has proven to be extremely reliable, as in the
majority of cases the RM is dominated by a single component, meaning the
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Figure 2.6: Figure showing an example of a y versus \? fit for a region in
IC 4296. The fitted RM is -27rad m~2 and y, = 125°.

polarization angle behaves linearly with wavelength squared. This method
works best when a weighted least squares fit is applied to y and \? data, with
the data weighted according to the associated error in the measured
polarization angle.

In order to correctly characterise the errors in the rotation measures calculated
in this method, which is particularly important for the following analysis in
Chapter[3] we look at how the polarization angle and RM are calculated in
more detail. The polarization angle is calculated using the observed Stokes ()
and U parameters and recalling Section the polarization angle is given

by:

X = ;atan (g) . (2.45)

From this representation it can be seen that the error in polarization angle will
depend on the errors in the observed Stokes () and U, namely o and oy .
Following the treatment of Hovatta et al. (2012), the error in Y is given by:

ai = <§2§) 0622 + (g;;) 05 (2.46)
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The partial derivatives are:

oy 1 U

A _ - 7 2.

0Q 1@+ 17 @47
ox 1 @

X _ - 2.47b
00 1@+ 17 (2A470)

Now substituting this into Equation |2.46} this results in:
o+ @y (2.48)

QU

This gives a good estimate of the errors in the polarization angle, which
depend not only on the noise in ¢ and U but also in the amount of polarized
flux (P = v/Q? + U?), with regions with low levels of polarized flux having
higher associated errors. The noise in () and U is typically estimated using the
background RMS in images of Stokes ) and U, however the on-source errors
are typically higher than the background noise. To accommodate this, the
background ogrys and oprus can be multiplied by a factor of 1.8, which was
estimated using Monte Carlo simulations of VLBI observations with snapshot
u, v coverage in |[Hovatta et al.| (2012). In particular, this factor corresponds to
the case when the contribution to the () and U uncertainties due to
uncertainties in the polarization D-terms is negligible, which will be the case
for all but unusually bright source regions. This is an appropriate
approximation for all the images considered here. This was confirmed again in
Monte Carlo simulations in (Coughlan! (2014), who investigated the on-source
errors in images introduced by deconvolution. This study shows that on-source
errors in extended regions can be almost twice as high as the background
noise. The resulting values of x, o, and \? can then be used in a weighted least
squares fit. The unnormalised weight for each polarization angle measurement

is J% The data can then have a linear fit applied to solve for Equation [1.47

X

In a weighted linear least squares fit, a line of the form f(z) = ax + b is fitted
to a set of n data points {x1, z,...2,} and {y1, yo, . .. y,} with errors in y,
{01,09,...0,}, where the z data represents \? and y and o are the measured
polarization angle, y with associated 1o errors. The fitted slope a will be the
RM and the y-axis intercept b will be the intrinsic polarization angle x,. These
parameters are determined by minimizing the following equation:

n
X2 = wi(y; — ax; + b), (2.49)
i=1
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where \? is used in a statistical sense and does not represent polarization
angle, w; is the unnormalised weight for each data point ﬁ . The solutions

for the fit parameters which can be calculated numerically from the data are:

LW, Y YW — D TYiw; Y w;

- —RM (2.50a)
(X zaw)” — S afw; Y w;
W — 200,
h— Z TiYiW; a Z T;w; = Yo (250]3)
> TiWw;
The uncertainties in these fit parameters are given by:
00 = 2 — ARM (2.51a)
(X wqw;)” — X wfw; 3 w;
200,
oy = 2 T - = Axo (2.51b)
> 35? Sw; — (X ww;)

The derivations for the terms a and b and their associated error can be found
in standard statistical textbooks such as Barlow (1993)). The error in the fitted
RM can be taken in this case to be the error in the fit, which can often lead to
very accurate determinations of the RM if a wide range of \? is used. One
caveat that must be considered is the appearance of nm ambiguities in the
polarization angle, as often for high RM sources a polarization angle being
fitted may need to be rotated by nr to fit the data better. Such rotations can
sometimes be done in error, especially when the number of data points being
fitted in \? is low, resulting in artificially high or low RM’s. In order to ensure
the most reliable fit for the rotation measures, various small numbers of nr
rotations for the polarization angle measurements can be considered,
searching for the fit producing the lowest x? (again in a statistical sense). The
smoothness and plausibility of the resulting RM map must also be considered
when determining the appropriate number of nr rotations to allow for the
various frequencies used to obtain the RM fits. In practice, it is rare for
adjustments of more than +7 or +27 to be required.

2.3.2 Rotation Measure Synthesis and QU Fitting

The situation can however be a little more complex, as multiple RM’s and

polarized waves can be combined in a beam observed in an interferometer,
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which can lead to a multitude of effects on the spectrum of the polarized
intensity, causing depolarization (Burn/|1966), which is a decrease in fractional
polarization as the wavelength increases. It is this insight in [Burn| (1966) that
led to the coupling of polarized flux as a function of wavelength and polarized
flux as a function of Faraday depth (rotation measure) as a Fourier pair using
the “Faraday dispersion function”,

P()?) = / T F($)e N dg, (2.52)
where F'(¢) describes the distribution of polarized flux as a function of Faraday
depth (¢) along the line of sight and possesses units of Jy m? rad 3, which in
theory will identify many values of RM along the line of sight and also regions
extended in RM arising due to the mixing of the synchrotron plasma and
Faraday rotating medium, for example. Given the limitations of radio
telescopes at the time and the sparse sampling of \?, the expected linear
behaviour of y versus \? was accepted, and this incredible insight was not fully
utilised until the development of wide-band receivers in radio astronomy,
enabling observations over a wide range of \. Brentjens & de Bruyn| (2005))
outline a method to apply this approach and perform these calculations for
observations of the Perseus cluster using the Westerbork Synthesis Radio
Telescope (WSRT).

The following explanation of the rotation measure synthesis method is a
summary of their findings. The goal is to be able to use a Fourier transform to
solve for F'(¢), however some considerations and assumptions must be made.
Given physical measurements of P()), it is obvious that A? < 0 cannot be
measured, and not all values of \? can be measured. Given the setup of the
radio receiver or interference due to RFI, a weight function is introduced to
represent this, W (A\?), where W (A\?) = 1 for measured values and 0 elsewhere.
The omission of values for A < 0 can be made when we consider the function
of P(\?) to be Hermitian, i.e P(—\?) = P*()\?), and as a result F(¢) must be a
real-valued function. Now re-writing the previous equation to include the
weighting, we get:

Pos(A?) = W(A?) / T F(g)eYdg, (2.53)

— 00

Making the substitution A\?> = u, Brentjens & de Bruyn| (2005) define the

Evolution of the Magnetic Field Structure in 52 Sebastian Knuettel
the Jet Outflows from Active Galaxies



2. RADIO INTERFEROMETRY METHODS AND 2.3 Analysis of Polarization Observations
TECHNIQUES using Faraday Effects

rotation measure transfer function (RMTF) to be:

I ey W (um)e? 9> du

R(¢) = T (am)da (2.54a)
such that:
W (ur) = ( / o W(m)du> / ™ R(6)e*"do. (2.54b)

Substituting into Equation yields:

Pops(um) = (/+OO W(uw)du) /;Oo R(¢)e*™"d¢ x /+Oo F(¢)e* ™ d¢ (2.55)

Taking the Fourier transform of this yields:

JEZ Pops(um)e? ™ du

F(¢) x R(¢) = 5V () (2.56a)
Subsituting back for u = \?/7
F(@)x R6) = K [ P(0)e (2.56b)

This shows how the Fourier transform of the polarized flux as a function of
wavelength results in the polarized flux as a function of Faraday depth
convolved with the RMTF, which depends on how well or poorly sampled the
A\? plane is. Retrieving the flux as a function of Faraday depth is a useful tool,
as it can reveal multiple rotation measures or regions that are extended in
Faraday depth, indicating where multiple values of RM are combined within
the beam of the telescope, or where synchrotron emitting regions are mixed
with the Faraday rotating medium resulting in a continuous range of rotation
measures combined. One difficulty in this method is the fact that the produced
Faraday depth spectrum (F'(¢)) is convolved with the RMTF (R(¢)), which
introduces sidelobes and noise, as can be seen by a sample RMTF in

Figure This essentially puts limits on the sensitivity and resolution at
which RM’s can be determined. The largest possible Faraday depth that can be
detected ¢.,..x, the highest resolution that can be achieved d¢ and the largest
possible scale in Faraday depth ¢,,..scale that can be detected using this method
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Figure 2.7: Example of an RMTF function for a VLA observation of 3C 433 (see
Chapter [5) from 1-4 GHz with a 2 MHz minimum channel width.

are calculated in Brentjens & de Bruyn (2005) to be:

V3
Qsmax ~ W’ (2573)

2v/3
ANZ’
b

¢maxscale ~ /\T, (257C)

min

S ~ (2.57b)

where §\? is the smallest interval in A2, which in observing terms is the
smallest channel width in A\?, A)\? is the overall range in \? values, and A2 is
the smallest value of \? in the dataset. This method of using the Fourier pair of
polarized flux as a function of \? and as a function of Faraday depth bears a
striking resemblance to using radio interferometry and aperture synthesis to
make an image using the Fourier pair between observed flux as a function of
baseline coverage and as a function of sky coordinates, right ascension and
declination. Here the sparse \? coverage is an analogue to baseline coverage
where the largest possible Faraday depth observable is given by the shortest
spacing between )2, and the accuracy and resolution is the width of the main
peak in the RMTF, calculated from the longest separation between \? values,
which corresponds to the longest baselines in interferometry. It is therefore

intuitive to assume that traditional deconvolution can be applied, indeed the
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Figure 2.8: Example of a cleaned Faraday spectrum for a VLA observation of
3C 433 from 1-4 GHz, where the cleaned spectrum is given by the solid black
line, the dirty spectrum convolved with the RMTF is given in the green dashed
line and the locations and intensities of the “clean components” is given by the
blue bars.

CLEAN algorithm has been used on Faraday spectra to remove the effects of
sidelobes from the RMTF and make the peaks in the Faraday depth spectrum
more clear. This process, known as RMCLEAN (Heald et al.|2009) uses the
CLEAN algorithm on the one-dimensional Faraday depth spectra. An example
of the application of this method is given in Figure [2.8 where such an
RMCLEAN is performed, showing how the sidelobes in green from the dirty RM
synthesis have effectively been removed leaving only the clean, deconvolved
spectrum in black, with the location of the clean components as blue bars.

Another consideration is the uncertainty in the ¢,..x value. Brentjens &
de Bruyn| (2005) specify this to be related to the width and signal to noise
ratio of the peak in the Faraday spectrum by

_ FWHMgyyry

_ PWHMRMTE 2.5
¢~ T9 X SNR (2.58)

where FWHMgpyrr is the full width half maximum of the fit to the central
peak in the rotation measure transfer function; commonly this is the fitted
Gaussian used in the RMCLEAN, a process which will also increase the signal to

noise ratio of the spectrum.
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The structure of this Faraday spectrum and various features it can possess and
what physical phenomena these correspond to are described in detail in
Sokoloff et al.| (1998]), which describes various depolarization effects which
are summarized below.

1. Internal Faraday dispersion occurs when the Faraday rotating medium
is mixed with the synchrotron emitting region. Here the depolarization is
caused because a variety of RM’s are produced. Depending on where in
this region synchrotron radiation is emitted, it will experience a different
Faraday rotation, as the radiation will have a different amount of
magneto-ionic material to pass through; these rays with varying RM’s
then combine in an observing beam and interfere destructively to
depolarize the signal, an effect which increases with wavelength, but
may display some complex behaviour such as reverse depolarization in
parts. The rotation measures combining into the observing beam will
have a top-hat like distribution if a uniform Faraday rotating medium
with a uniform B-field is considered. Furthermore, knowing of the
Fourier relationship between polarized flux as a function of wavelength
squared (\?) and polarized flux as a function of Faraday depth (¢), the
top-hat like RM distribution should resemble a sinc function in the
observable polarized flux. Note, however that such a pattern in the RM
could also come about due to an ordered magnetic field external to the
synchrotron plasma. An unresolved gradient in the rotation measure
across the beam would cause a similar top-hat like function in ¢ space
and a sinc function pattern in the polarized flux spectrum:

sin(ARMA?)

P(A) ~ ARMAZ

(2.59)
where ARM is the gradient of RM values (|RM,,.x — RMpin|). A figure
showing a visualisation of such a structure as a spectrum in A\? and in
Faraday depth is given in Figure

2. External Faraday dispersion and rotation occur when the Faraday
rotating medium of magneto-ionic plasma is external to the synchrotron
plasma and along the line of sight to the observer. The dispersion can
occur due to the presence of a random magnetic field and/or clumpy
region of free electrons unresolved by the observing beam. This causes
slight variations in the RM, creating a Gaussian distribution of RM about
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Figure 2.9: Left panel:Schematic of a polarized spectrum for a region with
initial polarization py = 10% affected by a ARM of 150rad m—2, by an either
internal process or external, ordered, unresolved and twisted magnetic field.
Right panel: The corresponding spectrum on the Faraday depth axis showing
the gradient of RM values from -150 to 150.

some mean value, which is the RM associated with the magneto-ionic
material with some net electron density and line of sight magnetic field

component causing a linear y versus \? behaviour:
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Figure 2.10: Left panel:Schematic of a polarized spectrum for a region with
initial polarization p, = 10% affected by a ogy; of 30rad m=2 and RM = 0, by
an external process. Right panel: The corresponding spectrum on the Faraday
depth axis showing the corresponding Gaussian distribution of RM values.

P()\) ~ 622'(X0+RM)\2)6—20'%WI)\4’ (260)

where the first exponential term describes the basic single RM
component and polarized vector by combining Equations [2.29and [1.47]
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and the second term describes depolarization due to the Gaussian
distribution of Faraday depth about RM with a width of o). A schematic
of this for py = 10%, RM = 0rad m~2, and ory = 30rad m~2 is shown in
Figure with the polarized spectrum plotted on the left and the
Faraday depth spectrum on the right with a corresponding Gaussian of
width ogy. An RM value will simply change the position of the Gaussian.

If multiple unresolved RM components with or without dispersion terms exist,
these can simply be summed up. Any terms for internal dispersion, or due to
ordered magnetic fields, can be included as outlined in Equation [2.59

Using the terms in both the above regimes, a generalized model for fitting to
polarized spectra can be defined,

n
. . )2 _ 2 4
P(A) = poye o TRMGAT) o o727 AT 5
J=1

sin(ARMj)\Q)

ARM;\? (261

Here, multiple polarized components can be summed over, while also the
terms for the external screen depolarization and the ordered magnetic field or
internal depolarization can be set to unity to be ignored for a fit, or grouped to
be common to a set of single polarized components. Such fitting has been
performed in |O’Sullivan et al.| (2012)) and /Anderson et al. (2019) for example,
where the fitting is done to fractional Stokes () and U named ¢ and u, in order
to remove spectral index effects. Equation is split into the separate ¢ and
u components for fitting, where the complex exponential term will be
separated into sine and cosine terms with the external and/or internal
depolarizing terms being in common for each. Typically no more than 3
components are fitted and the number of depolarizing screens and
internal/ordered magnetic field depolarization terms are kept to a minimum in
an effort to not over-interpret the data being fitted.
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Chapter 3

Faraday RM gradients in Kiloparsec
Scale Radio Jets

To investigate the effects of the cosmic battery (Contopoulos & Kazanas 1998,
Contopoulos et al.[|2009) and whether it truly is the mechanism giving rise to
the magnetic field structure in astrophysical jets, we need to study the effects
such a field would have on jets at all possible scales. To briefly recap the
effects of the cosmic battery from Section this model predicts that, in the
large scale jets a toroidal field component with an associated outward
electrical current should dominate; this is the outer helical magnetic field
forming the “return field” for the loops of magnetic field rooted in the
accretion disc and wound up by its rotation. On small scales observable with
VLBI, a helical field with an associated inward electrical current is expected to
dominate, as has been shown in detailed studies(Gabuzda, Knuettel & Reardon
2015, Gabuzda, Nagle & Roche|2018). For the large scale jets no such detailed
study has been done, making the following study considered here vital in
investigating the effects of the possible cosmic battery mechanism. The
detection of the toroidal field components is done using observations of the
Faraday rotation measure (RM), which is proportional to the line of sight
magnetic field component and the electron density. Faraday rotation changes
the polarization angle as the polarized radiation passes through such a region.
The rotation measure is given by

e? LS
RM 7/ nB - di’ 3.1)
0

T Q2. 2.3
8megmzc
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where n, is the electron density, B is the magnetic field and d/'is a the unit
vector along the line of sight. The electron charge and mass, ¢ and m.,
permittivity of free space, ¢y, and speed of light ¢, are constants. The effect on
the observed polarization angle for a homogeneous source and uniform region
of Faraday rotation,

Xobs = Xo -+ RMA® (3.2)

shows a linear change in polarization angle with the wavelength squared,
where Y. is the observed polarization at wavelength A and yq is the intrinsic
polarization angle as emitted before being affected by RM. This intrinsic angle
is also useful in determining the magnetic field direction on the plane of the
sky, as this is perpendicular to the magnetic field in predominantly optically
thin regions.

Using multiwavelength polarization observations and fitting for y versus \?
will yield values for the RM, which traces the line of sight magnetic field and
electron density. A transverse gradient in the RM across the jet is an indicator
of such a toroidal magnetic field component, as it reflects a similar change in
the line of sight magnetic field across the jet as shown in Figure in
particular, a change in sign of the rotation measure from one end of the
gradient to the other can only be explained by a change in the line of sight
magnetic field component, not a change in electron density. Note, however,
that a gradient due to a helical field need not change in sign across the jet, as
the gradient may be dominated by values of one particular sign, depending on
the viewing angle.

The significance of a transverse RM gradient also plays a very important role,
as the gradient structure needs to be well defined given the errors in the
calculated RM values. A good way to characterize the significance is by using
the RM values and their associated 1o errors at the end points of the gradients,

RM; — RM
significance(o) = [RM; 2

- 9 (3-3)
/ARM? + ARM

where the RM values indicate the endpoint rotation measures of a purported
gradient and the ARM values are the associated errors. The significance will
simply be the total change in RM values across the gradient divided by the
errors at the end points added in quadrature.

Typically, for observations of jets the end points have the highest calculated
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Figure 3.1: Schematic of how a toroidal magnetic field component is detected
as a gradient in the observed RM.

error in the rotation measure making this a conservative estimate of
significance. The errors in the RM in the studies here are calculated from the
error in the fitted value for RM in the y versus )\? fits, from a weighted least
squares fit which is discussed in Section The errors being higher at the
end points corresponds to edges of the jet where the signal-to-noise ratio of
the polarized flux typically decreases and thus the error in the calculated
polarization angle increases as Ay oc P~*

The analysis of significant gradients can be made more robust when long
portions of the jet show transverse gradient structure. Here the significances of
multiple gradients can be plotted as a function of distance along the jet. This is
particularly helpful in identifying extended regions of high significance, while
also removing selection bias displayed results. This can be done quite
efficiently using PYTHON routines on rotation measure maps made from Stokes
() and U images rotated that the jet direction is horizontal so that RM
gradients can be calculated along columns of cells with their significances
found using Equation Such an analysis is presented for NGC 6251,

3C 465, A2142a, 5C 4.114, IC4296 and 3C 303 in the following sections. It
must be noted that these figures show the significance of gradients as a
function of distance along the jet and are sampled according to the cell (pixel)
size, which is much smaller then the beam size. Although the presence of
formally statistically significant RM gradients in a small number of cells
spanning much less than a beam width cannot be considered reliable evidence
for a real transverse RM gradient, an extended region with multiple adjacent
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cells showing > 30 detections spanning of the order of a beam-width or more
shows that the > 30 gradients are not isolated spurious results but actual
gradients present in the image.

A table outlining all the VLA data analysed in this study is laid out in Table
with project codes, observing dates and frequencies listed. The data were
calibrated and analysed using the software packages AIpPS and CASA. The
calibrated visibility data for 5C4.114, 5C4.152 and A2142a, were kindly
provided by A. Bonafede and F. Govoni (Bonafede et al.[|2010, Govoni et al.
2010).

3.1 Statistically Significant Results

The following section discusses statistically significant transverse Faraday
rotation measure gradients in kiloparsec scale AGN jets, and their implied
toroidal magnetic fields. These are sources for which transverse rotation
measure gradients have significances higher than 30, according to
Equation [3.3] Featured in this section are NGC 5251, 3C 465. A2142a,

5C 4.114, Coma A and IC4296.

3.1.1 NGC 6251

Results for this source have been published by Knuettel & Gabuzda (2019).

This is a bright FRI radio galaxy that is relatively nearby (z = 0.02471, Wegner
et al.| (2003)). The radio structure, and in particular, the rotation measure
distribution in this source were discussed in detail by Perley et al.| (1984)). In
particular, they noted a transverse RM gradient in the inner portion of the jet,
and suggested the possibility of a toroidal or helical magnetic field component
associated with the jet. It has been argued that the confinement of the jet may
be due to the surrounding X-ray environment. However [Mack et al.| (1997)
argue that the intergalactic medium is not dense enough to confine the hot
X-ray plasma in the vicinity of the jet, and that a magnetic process with forces
parallel to the jet may need to be present, making further analysis of the RM
gradients and their statistical significance a worthwhile endeavour.
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Table 3.1: Table outlining the VLA observations and data personally down-
loaded and calibrated from the VLA archive. v is the observing frequency. The
bandwidth is Av and ¢ is the total integration time on the source in hours.

Object Project v Av VLA Observing t
[MHz] [MHz] Config. Date [hrs]
Coma A VANB* 1413 25 A 1981 Mar 18 4.7
VANB“ 4885 50 B 1981 Jun 01 4.1
AB348 14940 100° C 1985 Aug 26 6.2

13B-083  994-2006 1 x 1024 B 2013 Dec 29 1.8
3C 465 AE61 4535/4665  50/50 BC 1989 Oct 01 4.6/4.6
AE61 4845/4965  50/50 BC 1989 Oct 01 4.6/4.6
AE61 8085/8335  50/50 BC 1989 Sep 20  4.3/4.3
AE61 8535/8785  50/50 BC 1989 Sep 20 4.3/4.3
12A-215  1000-2032 1 x 1024 B 2012 Aug 20 2.7
NGC 6251  PERLS¢ 1479.9 12.5  Mixed? 1979 Nov 05 12
PERLS 4885 50 Mixed? 1980 Mar31 10.5

PERL® 1370/ 1662 25 1980 Dec 05  6/6
13A-153  4488-6512 2 x 1024 2013 Dec 01 5.5
IC4296  15A-305¢ 1008-2032 1x1024 2015 Jul 11 0.7
3C 303 KRON / 4866.35 12.5 1981 Apr 20 1.2
AZ29 14939.9 100° 1986 Dec 08 1.1
3C 219 AC1499 1385 25 1986 Sep 06 7
AC1499 1665 25 1986 Sep 06 7

2008 Dec 11 4.6
2009 Apr 26 5.1
2006 Aug 04 1.5
2006 Aug 04 1.2
2003 Dec 23 3.3
2004 Apr 13 3.1

5C4.114 AB1299" 1365/1515 25
AB1311"  4535/4935 50
5C4.152  AF418"  4535/4935 50
AF418"  8085/8465 50
A2142A  AD485'  4535/4885 50
AD485"  8085/8465 50
@ Data previously published in van Breugel et al.| (1985).
b Data consist of two channels 50 MHz apart each with 50 MHz bandwidth. Central
frequency is given.
¢ Data previously published in [Perley et al. (1984).
4 Mixed configuration was a limited number of VLA antenna during the
commissioning phase of the instrument. The longest baseline corresponds to an A
configuration observation, however short baselines sensitive to large scale structures
are present also.
¢ Data previously published in |Grossova et al. (2019).
f Data previously published in Kronberg et al.| (2011)).
9 Data previously published in |Clarke et al.| (1992).
h Data previously published in Bonafede et al. (2010).
¢ Data previously published in|Govoni et al.| (2010).
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Figure 3.3: Left panel: A zoomed in image of the inner jet of NGC 6251 with
the same contour levels as in Figure showing the region with the transverse
RM gradients in the black rectangle. Right panel: A plot of the calculated
significance of the transverse RM gradients as a function of distance along the
jet for the region indicated by the black rectangle in the left panel.

For this analysis the original data published by Perley et al. (1984) were
downloaded from the VLA archive and calibrated using standard procedures in
AIpPs with 3C 286 used as the flux and polarization angle calibrator for each
dataset, and J1800+7828 (S5 1803+784) used as the phase calibrator and
the polarization leakage calibrator, due to its good parallactic angle coverage.
Since NGC 6251 is dominated by a strong unresolved core at the jet base,
using a carefully selected range of the longer baselines, the source will appear
point like over the course of a single scan. This allows the scans of NGC 6251
to be used in conjunction with the phase calibrator scans to correct the phases
and amplitudes of all the baselines and scans for NGC 6251. Baselines longer
than 20,000 wavelengths were selected from the NGC 6251 data for this self
phase-referencing. This process loses the absolute position information for the
source, however due to the age of the data (some of the observations were
taken during commissioning of the VLA), the determined position of NGC 6251
differs for each observation, making image alignment difficult. This process
aligns the bright radio core to the centre of the image making it easy to fit for
x versus A\? later in the RM analysis.

Images of Stokes () and U images were made using a common convolving
beam of 2”, and were then used to construct a rotation measure map using
procedures in PYTHON with a weighted least squares fitting algorithm for x
versus A\?. The RM mabp is given in Figure with the jet rotated by 26° in the
clockwise direction so that the inner part of the jet is horizontal. An
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accompanying y, map of the Faraday rotation measure corrected EVPAs is also
given. This map shows polarization angles perpendicular to the inner jet with
no unusual deviations, suggesting the RM and y, was calculated correctly. The
region with gradients is given with a box around it in Figure Using
automated PYTHON scripts the significances of a series of gradients at different
distances along the jet were calculated and plotted as a function of distance
along the jet. The right hand panel of Figure shows this plot with the 2 and
3 sigma levels given as horizontal lines, where the significances were
calculated using the end-point RM values as given in Equation There are
many regions in the jet showing significances above 3 sigma, making the
gradients less likely to be due to a random process such as turbulence and
more likely to be due to large—scale ordered structures in the line—of-sight
magnetic field or electron density. An integrated RM value for the Galactic
contribution to the RM was also subtracted from the map using the value of
—49 rad m~2 used in [Perley et al.| (1984)), which is the mean RM in the outer
region of the jet where the RM is constant across the decelerated jet, making
this a likely value for the RM due to any foreground magneto-ionic material
between NGC 6251 and the observer. A similar value of ~ —50 rad m~2 was
calculated for this outer region around the knot using LOFAR HBA

(110-190 MHz) observations and RM synthesis in Cantwell (2018); the stripes
and gradients observed using the VLA cannot be seen using LOFAR, as the
lower frequencies and resolutions have depolarized these structures within the

observing beam.

While there appear to be significant gradients with directions implying
outward electrical currents in that region, further out in the jet there appear to
be gradients in the opposite direction (see right hand panel in Figure [3.2)). The
RM structure in the jet appears like a positive “stripe” of RM at an angle of
~30° to the jet direction, which causes gradients in the RM 20-40” from the
core and apparently again at 50-75” from the core in an opposite direction,
this can be seen most clearly in the left panel of Figure 3.3

To supplement the analysis, another previously unpublished observation at
4.5-6.5 GHz was also downloaded from the VLA archive and calibrated using
standard procedures in CASA. Images of Stokes () and U were made using
128 MHz bandwidth bins. As with the older data, the () and U images were
used to make RM maps via y versus \? fitting in PYTHON. The resulting RM
map is given below in Figure As expected, due to the smaller range of \?
values used, the errors in the fitted RM’s are higher, meaning that a smaller
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Figure 3.4: Left panel: Rotation map of the inner region of the jet in NGC 6251
using the 4.5-6.5 GHz data, the rotation measure is given in the colour scale
with contours at 5.5 GHz overlaid with levels at 0.075, 0.106, 0.15, 0.21, 0.3,
0.43, 0.6 0.85, 1.2, 1.7, 2.4, 3.4, 4.8, 6.8, 9.6, 13.6, 19.2, 27.15, 38.4, 76.8,
153, 307.2mJybeam ™!, with a dashed negative contour at -0.075 mJy beam~!.
Right panel: Plot of the significances of transverse rotation measure gradients
against distance along the jet in the region indicated by the black rectangle in
the left panel. Horizontal lines at a significance of 20 and 3¢ are given in blue
and red, respectively.

area of the jet has accurate RM values. The values for the RM are very similar
to the values seen in Figures and and share similar features, including
the transverse gradient in the RM confirming the presence of this feature. The
region with transverse RM gradients in the opposite direction further does not
feature, however this is most likely due to the decreased sensitivity to Faraday
rotation measure in these observations. The significances of the gradients in
this dataset were tested in a similar manner to the previous observation. Only
some regions have gradients reaching above 3 sigma significances, as can be
seen in Figure where the significance of the transverse gradients is plotted
as a function of distance along the jet for the region inside the black box. The
overall decrease in significance compared to the older observations was to be
expected considering the higher errors in the fitted RMs. The persistence of
the gradient pattern with similar ranges in RM in the same region of the jet
shows that this transverse gradient is real and likely associated with a toroidal
or helical magnetic field component. The dominant direction of this gradient
indicates that the helical magnetic field will have an associated outward
electrical current, consistent with previous results.

It has been suggested that the RM gradient may be due to “Magnetic Draping”
(Dursi & Pfrommer |2008) from extragalactic magnetic fields. This is often
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seen in large scale lobes and jets (Guidetti et al.[|2011) or in galaxy clusters, in
the form of stripes of RM across the jet, and is due to the expansion or
movement of a “bubble”, such as a radio lobe, through a large scale magnetic
field, causing the field to drape around the “bubble”. While there does appear
to be a stripe in RM at an angle roughly 30° to the jet direction in NGC 6251 it
is difficult to ascribe this to some external magnetic field effect. While there is
a diffuse X-ray environment around the source, this is spherically distributed
around the host galaxy, which would imply any induced RM variations should
have the form of stripes directly across the jet rather than at an oblique angle.
There is also some X-ray emission along the jet, but this only features in the
first ~ 30” from the core (Figure 8. Evans et al. 2005) and again at the knot

~ 220" from the core. Furthermore, the lack of any RM variation in the region
of RM further out in the jet, outside of the influence of the diffuse thermal
X-ray emission from the host galaxy, makes an intergalactic or intracluster
effect less likely, as magnetic draping is usually seen in denser environments
and more towards jet termination points or the edges of large scale lobes.
Furthermore, the sign of the RM changes on either side of the stripe, meaning
the line of sight magnetic field is changing direction, which cannot be
attributed to a particle density effect from the thermal X-ray environment
alone. A magnetic field with a changing direction with respect to the
line-of-sight must be present around the jet to some extent. The origin of this
field is not entirely clear, however the high significance of the inner gradients
observed at multiple epochs lends credence to a local toroidal field around the
jet.

3.1.2 3C 465

The results presented here were published in the conference proceedings
proceedings by Knuettel et al. (2017). The wide-band VLA observations and
analysis into their RM structure are a further addition.

This is an AGN at redshift = = 0.0302 (Wegner et al.|[1999) with an impressive
jet structure. The radio source is classified as an FR1 radio galaxy with large
plumes seen in each of the jets, with the structure characteristic of a
“wide-angle-tail radio source” (Owen & Rudnick |1976). 3C 465 is the brightest
member of the A2634 cluster and is located close to the center of the group;

an interaction with the cluster environment may be the reason for the unusual
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bending in the jet. In Eilek et al.| (1984) the unusual morphology is discussed.
They conclude that a purely hydrodynamical reason for the shape is unlikely
and that an electromagnetic interaction between the jet and environment may
be occurring, in particular an electrical current carried in the jet and its
associated magnetic field may be interacting with the large scale magnetic
field in the cluster. More recently using a simulated “magnetic tower” jet,
which also features a nested helical magnetic field and associated electrical
current, Gan et al.| (2017) replicated the morphology of 3C 465 by simulating
such a jet affected by violent intra-cluster weather. While the magnetic tower
model is somewhat different from the “Cosmic battery” we are considering
here, it does present evidence for a magnetically dominated jet with a helical
or toroidal field in this case.

Observations of 3C 465 in the 4.5-5 and 8-9 GHz ranges were downloaded
from the VLA archive. These data were originally published by Eilek & Owen
(2002), whose rotation measure map shows a possible transverse RM gradient
across the Southern jet (see Figure 6. in Eilek & Owen|[2002). The data were
observed in 1989, with the 4.5-5 GHz data observed on October 1st and the
8-9 GHz data taken on September 20th, both in a mixed BC VLA
configuration. The data were calibrated using standard procedures in AIPS
with 3C 286 used as the flux density and polarization angle calibrator and
J2340+266 (B2 2337+26) as the phase calibrator. With its good parallactic
angle coverage J2340+266 served as the polarization leakage calibrator. The
uv data were tapered in the imaging process to have a common convolving
circular beam of 7” in the resulting Stokes ) and U images used to create the
rotation measure map, which was made by fitting y versus \? using a weighted
least-squares fitting algorithm in PYTHON. An integrated rotation measure for
this source, calculated in Taylor et al.| (2009) to be -47.5rad m~2, was
subtracted from the image shown in Figure A map of the intrinsic
polarization angle x, is calculated using the RM map is shown in Figure [3.6

Looking at the RM map of 3C 465 there is a preference for negative or less
positive RM values on the left hand side of the uppermost and lower part of
the eastern jet. The significance plot in Figure shows that there are many
regions along this jet where the transverse RM gradients have significances of
over 3o, particularly across the upper knot in the eastern jet and in the middle
of the lower plume of the jet. The change in sign of the RM from one side of
the jet to the other at these locations can only be explained by systematic
variations in the line of sight magnetic field. The direction of these gradients
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Figure 3.5: RM map of 3C 465 made using matched resolution archival VLA
data at 4-5 and 8-9 GHz, the Stokes I contours given are from the 4.5 GHz
data and are at 0.4, 0.5656, 0.8, 1.132, 1.6, 2.264, 3.2, 4.524, 6.4, 9.052,
12.8, 18.1, 25.6, 36.204, 51.2, 72.404, 102.4, 144.8, 204.8 mJy beam ! with a
dashed negative contour at -0.4 mJybeam~!. The Faraday rotation measure is
given in the colour scale and the common 7” convolving beam is given in the
bottom left hand corner.

implies the existence of a toroidal magnetic field with an associated outward
electrical current, as predicted by the cosmic battery. There is a region at

+27° 00" 40” with transverse RM gradients that increase in the opposite
direction, as indicated by negative significances in Figure however this RM
pattern is more likely due to the sudden bending in the jet in this region.

The strange “stripes” of RM in the North-Western jet are more puzzling. These
stripes are almost perpendicular to the direction into which the jet is deflected,
creating an undulating pattern of RM which changes from —125 — 50 rad m 2.

This is reminiscent of the patterns in the lobes of AGN jets presented in
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Figure 3.6: Map of the intrinsic polarization EVPA y, calculated using the RM
map in Figure the total intensity contours and beamsize used are identical
to the ones given in Figure|3.5

\Guidetti et al.| (2011)), however, as in the case of NGC 6251 discussed above,
they are not perpendicular to the jet direction. As the stripes are somewhat

perpendicular to the direction into which the jet is deflected, perhaps the
observed RM in this portion of the jet is due to an interaction between the jet
and an intra-cluster magnetic field or a change in jet morphology due to such
an interaction. Such oblique stripes are not observed in the lower region of the
Southern jet, where the gradients are reported. Only the high RM region at a
declination of +27° 00’ 40” where the jet is deflected shows an unusual RM
pattern. This however may be due more to a sudden change in jet direction
than draping effects.

Overall the intrinsic polarization angles are very smooth across the jets, with
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Figure 3.7: Left Panel: Rotation measure map of the Eastern jet of 3C 465 with
identical contours and resolutions as in Figure The dashed line indicates
the assumed path taken by the jet with RM gradient significances calculated
perpendicular to this line. Right Panel: Plot of the significances of RM gradi-
ents along the jet for the path traversed by the dashed black line. Horizontal
lines representing the +-2 and +3 ¢ levels are given in blue and red, respectively.
A negative significance implies an increasing direction of the RM gradient op-
posite to the positive one.

the angles generally aligned perpendicular to the jet direction, meaning the
magnetic field in the jet in the plane of the sky is aligned with the jet direction.
This smooth structure, indicates that there is no overall violent processes
affecting the jet shape, especially in the regions with significant transverse RM
gradients. This suggests that most of the RM pattern in the Eastern jet is due
to a toroidal magnetic field in the outer layer of the jet.

Further study of this source was clearly warranted. A wide band 1-2 GHz
observation in VLA B configuration was downloaded from the VLA archive and
calibrated using standard techniques in CASA. The frequencies and VLA
configuration used ensured a similar resolution as the previous results. For
these observations 3C 138 served as the primary flux calibrator and
polarization angle calibrator, the nearby unresolved source J2254+ 2445 was
used as the phase calibrator and polarization leakage calibrator, and the
bandpass was calculated using the bright source 3C 48. The capabilities of the
upgraded VLA allowed for extremely high dynamic range imaging and detailed
images of the twin jets could be made, using a multi-term multi-frequency
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Figure 3.8: Image made using the multi-term multi-frequency synthesis imaging
technique from 1-2 GHz, a restoring beam of 4.42 x 4.41” at a position angle of
-76°. The spectral index map used in the imaging process is given in the colour
scale.

synthesis imaging technique using a 3rd order Taylor polynomial (nterms=3),
to take into account the spectral change of the intensity across the 1-2 GHz
band. This method was also applied to provide an accurate model for
self-calibration of the data across the entire spectral range using two iterations
of phase-only self calibration and one iteration of amplitude and phase
self-calibration.

The Stokes I contours and spectral index map presented in Figure show
the source structure in great detail, better than any maps available in the
existing literature.

The self calibrated data were then imaged in Stokes ) and U in separate
channels 1 MHz in width for the central 54 channels of each 64 MHz spectral
window. The uv data were tapered and the final images smoothed also to
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ensure all the images had an identical 7” resolution and convolving beam,
corresponding to the approximate resolution of the images closer to 1 GHz.
The images were then cropped and re-gridded to have a cell-size of 17, to
speed up the RM synthesis process later. The Stokes ) and U images were
then exported as FITS files and passed to the pyrmsynth code where RM
synthesis followed by an RMCLEAN (Heald et al.|2009) of the data were
applied, in an effort to better resolve the peak Faraday depth.

The RM map of the peak Faraday depth ¢..x is rather patchy. The ¢,..x maps
for the lower jet and upper jet were synthesized separately for computing
efficiency and are reproduced in Figure Some of the features, such as the
stripes in the rotation measure can be made out in the upper jet although they
do not transition as smoothly as in the previous analysis. The region at a
declination of +27°00'00”, where gradients were previously found, does show
a prevalence for positive RM on the right hand side of the jet, while lower and
negative values are seen on the left, indicating some change in the line-of-sight
magnetic field across the jet here, however not recorded as smoothly. This
patchiness may be as a result of the similarly patchy distribution of polarized
flux at these lower frequencies, scattered among regions of little to no
significant measured polarization.

To summarize this source, there is strong indication of the existence of a
helical magnetic field with an associated outward electrical current as seen in
the 4-9 GHz data analysed, with large swathes of the lower jet featuring
significant transverse RM gradients. A follow up analysis using wide band
observations at 1-2 GHz at a similar resolution does not show the
characteristic RM features visible in the 4-9 GHz RM map as clearly, but does
provide some broad confirmation of these features.

3.1.3 A2142a

Results for this source have been published by |Christodoulou et al.| (2016), on
which the author of this thesis is a co-author. A brief study into the Faraday
rotation measure structure was done on the radio galaxy and cluster member
A2142a at redshift z = 0.091 (Struble & Rood|/[1999). The rotation measure
map for this source was first published in Govoni et al. (2010), where a
rotation measure gradient can be made out across the jet. Govoni et al.| (2010)
kindly provided the calibrated visibility data for this source for further
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Figure 3.9: ¢, maps of the upper (top panel) and lower (bottom panel) jets
in 3C465 made using RM synthesis given in the color scale. The given Stokes
I contours are for 1.5 GHz and start at 0.5 mJybeam~! and increase in factors
of v/2 to a highest level of 256 mJybeam~!, a dashed negative contour at -
0.5mJybeam~!. The common convolving circular beam of 7” for all the images
from the RM synthesis process and the contour map is given in the bottom left.
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Figure 3.10: Top panel: Rotation measure map of A2142A given in the
colour scale, Stokes I contours at 4.535GHz are overlaid with levels start-
ing at 0.1 mJybeam~! increasing in factors of 2 with the highest contour at
51.2mJybeam—1 a dashed negative contour at -0.1 mJybeam™! is given too.
A common convolving circular beam of 3” is used and is shown in the bottom
left corner. The black dashed rectangle indicates where transverse slices were
taken and tested for their significance. Bottom panel: A sample slice of the
significant transverse RM gradient taken along the path followed by the black
arrow.

investigation into the rotation measure gradient and whether it is statistically
significant. The data were observed using the VLA at 4.535 and 4.885 GHz in
B configuration on 23 December 2003, and at 8.085 and 8.465 GHz on 13
April 2004 in C configuration, ensuring the observations had a matched
resolution and uv coverage. Images of the Stokes I, () and U were made using
a standard CLEAN in AIPS, with a common circular convolving circular beam of
3”. The images were exported as FITS files, and a weighted least-squares fit of
x versus \? was performed using the Q and U images. The RM map was also
used to make a map of the intrinsic polarization angle.

The rotation measure map was reproduced correctly and can be seen in
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Figure 3.11: Plot of the significance (o) of transverse RM gradients as a function
of distance along the jet, inside the black dashed rectangle in Figure with
the x-axis starting where the first valid RM values are given in that figure. The
blue and red dashed lines indicate the 2 and 3 sigma levels respectively.
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Figure 3.12: Map of the intrinsic EVPA plotted as vectors for regions where the
RM was accurately calculated. The contours and convolving beam are identical
to those presented in the RM map in Figure [3.10]

Figure a significant transverse rotation measure gradient corresponding
to the path taken by the black arrow is shown below the RM map. The black
dashed rectangle around the portion of the rotation measure map with visible
gradients corresponds to the region where the significance of the transverse
gradients is plotted as a function of the distance along the jet in Figure [3.11]
The x, map reproduced in Figure shows that in general the intrinsic
electric field vectors are perpendicular to the jet, indicating that the intrinsic
magnetic field vectors in the plane of the sky follow the jet direction.
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As can be seen by the plot of the RM significance in Figure the occurrence
of a > 30 gradient is not a one off occurrence, with a region of significance
spanning several cells and a further large portion of the jet displaying
RM-gradient significances above 20, as well as a region further out in the jet
almost approaching 20. The direction of these RM gradients imply a toroidal
field with an associated outward electrical current. As this source is at redshift
z = 0.091, the gradients are at a distance of > 10kpc from the base of the jet.

3.1.4 5C4.114

The results presented here were published by |Gabuzda, Knuettel & Bonafede
(2015), on which the author of this thesis was a co—author.

This twin jet FRI radio galaxy is located in or behind the Coma cluster of
galaxies. No optical identifier has been located in the Coma cluster for this
galaxy making it most likely a background source further away with a redshift
z > 0.023 (Struble & Rood|1999), the redshift of the Coma cluster. The source
has an end-to-end angular size of ~ 15”. The data published here have been
previously calibrated and published in Bonafede et al.| (2010), which featured
a multi-wavelength observation of 5C 4.114 at 1.365, 1.516, 4.535 and

4.935 GHz using the VLA. The 1.365, 1.516 GHz data were observed in
December 2008 in the VLA A configuration and the 4.535 and 4.935 GHz data
were observed in April 2009 in the VLA B configuration, ensuring relatively
well matched uv coverage for the data. The purpose of the original
observation was to use integrated rotation measures of individual sources in or
behind the Coma cluster to probe the rotation measure and magnetic field
structure of the Coma cluster as a whole. On closer analysis of the rotation
measures of 5C 4.114, clear gradients can be made out by eye in both the
Northern and Southern jets.

Images of the Stokes 7, ) and U were made with a common convolving beam
of 1.3”. An RM map was made using these images and a y versus \? fitting
procedure in PYTHON. The map is reproduced here in Figure This map
clearly shoes the gradients in each jet. The Northern jet in particular shows a
striking transverse RM gradient. A map of the intrinsic polarization angle x, is
shown in Figure This shows how the intrinsic angles are aligned with the
jet directions near the jet base and the Southern jet as a whole, while being
perpendicular to the jet direction at the Northern hotspot where the highly
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Figure 3.13: Left panel: RM map of 5C 4.114 showing gradients in both the
Northern lobe and Southern jet, the RM is given in the colour scale with Stokes
I contours at 1.365 GHz with levels at -0.1, 0.1, 0.141, 0.2, 0.283, 0.4, 0.566,
0.8, 1.131, 1.6, 2.263, 3.2, 4.525, 6.4, 9.051 mJybeam™!, with the negative
contour dashed. The arrows indicate the path taken by the slices plotted on
the right. The common 1.3” convolving beam is given in the bottom left hand
corner of the figure. The dashed boxes indicate region in the jet along which
the significance of transverse gradients. was plotted for each transverse section
of cells. Right panels: The slices of RM values corresponding to the arrows
on the RM map are given. The RM values are plotted against distance in black
with the grey region specifying the 1o errors in the RM.

significant gradients are reported.

Figure shows plots of the significance of transverse RM gradients as a
function of distance along the jet for the regions enclosed by the dashed boxes
in Figure in the Northern and Southern jets. These plots show that the 3
sigma gradients in the jets shown in Figure are not isolated incidents and
there are multiple occurrences in sections along the jet. In the left panel of
Figure the Northern jet section shows gradients over 30, with a
maximum of 4.20, for a portion over an arcsecond in length along the jet, and
the significances never decrease to below 2 o. In the Southern jet section, a
small portion of the region does feature > 30 gradients with a maximum of
3.60 and a large portion of > 2¢ gradients.

The significant transverse gradients observed across both of the jets in
5C4.114 show evidence for toroidal or helical magnetic fields with associated
outward electrical currents.
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Figure 3.14: Map of the intrinsic polarization angle EVPA Y, plotted as vectors
over the 1.4 GHz contours, which are at the same levels as in Figure The
Xo values were calculated using the RM map shown.
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Figure 3.15: Plots of transverse gradient significance versus distance along the
jet for the regions in the dashed boxes in Figure in the Northern and South-
ern jets of 5C 4.114. The 2 and 3¢ significance levels of the gradients have been
plotted as blue and red dashed horizontal lines respectively in the plots.

Note that the RM gradients reported for this source do not encompass a
change in the sign of the RM. The presence of the Coma cluster and its
intra-cluster medium along the line of sight may be interacting with the
observed RM on larger scales, which was the focus of the initial analysis of the
data in [Bonafede et al. (2010), where the mean RM for each source and
fluctuations of the RM were used to infer the intra-cluster magnetic field. The
conclusions of that study however need not contradict the results from the
analysis of the RM gradients in 5C4.114 presented here. The observed RM
could be a combination of the effect of an ordered external magnetic field

Evolution of the Magnetic Field Structure in ~ 80 Sebastian Knuettel
the Jet Outflows from Active Galaxies



3. FARADAY RM GRADIENTS IN KILOPARSEC
SCALE RADIO JETS 3.1 Statistically Significant Results

close to the jet and a disordered magnetic field in the intra-cluster medium of
the Coma cluster. While quite often the latter dominates the RM structure
observed in kiloparsec scale AGN jets, making it difficult to discern transverse
gradients due to helical fields, in this case the former seems to dominate
especially in the Northern lobe.

3.1.5 ComaA

The results presented here were published by Knuettel et al.| (2017).

Coma A, also known as 3C277.3, is a hybrid FR I/1I radio galaxy at z = 0.0857
(Bridle et al.|1981), with a twin lobe structure. This classification is used due
to the unusual deflected jet in the Southern lobe giving it the appearance of an
FR 1, while the Northern lobe and hotspot are typical for an FRII. The
morphology and kinematics are discussed in detail in van Breugel et al.| (1985
and again in a detailed study of the Faraday screen surrounding this source in
Chapter [4] of this thesis. The polarization structure is also quite interesting, as
the lobes appear to be surrounded by a Faraday screen, seen in H «, causing
significant depolarization in parts of the Southern lobe. Upstream from this
depolarizing region the fractional polarization is quite high at the edges of the
jet (~30% at 15 GHz), a feature which can be indicative of a toroidal magnetic
field component. For the analysis of the rotation measure, older archival VLA
and modern wide-band 1-2 GHz VLA observations were calibrated and
analysed. The details of the observations used are outlined in Table The
older archival observations used were made at 1.4, 4.9 and 15 GHz in the A, B
and C VLA configurations, respectively, which ensured matched resolutions of
1.5-2". The initial calibration of the data was performed in AIPS using
standard procedures with 3C 286 serving as the flux and polarization angle
calibrator and the unresolved source 3C 287 used as the phase and
polarization leakage calibrator. The calibrated uv data were exported to CASA
for imaging with a multiscale CLEAN to better image the large scale lobes of
Coma A. Images of Stokes I, () and U were made and convolved with a
common 2” circular beam. The Stokes ) and U images were used to make a
rotation measure map by fitting y versus \? using a weighted least squares
fitting algorithm in PYTHON. In conjunction with this method, a map of the
intrinsic polarization angle x, was made to compare with previous

measurements and to ensure calculate rotation measures resulted in consistent
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Figure 3.16: RM map of Coma A made using matched resolution archival VLA
data at 1.4, 4.9 and 15 GHz. The Stokes I contours given are from the 1.4 GHz
data and start at 0.5 mJybeam ' and increase in factors of /2 up to a level of
90.5 mJy beam~! with a dashed negative contour at -0.5 mJy beam~'. The Fara-
day rotation measure is given in the colour scale. The common 2” convolving
beam is given in the bottom left hand corner.

and reasonable y values.

Looking at the RM map in Figure 3.16, made using matched resolution
observations at 1.4, 4.9 and 15 GHz, an RM gradient can be seen across the
upper part of the Southern jet. A slice of RM values corresponding to the black
line in Figure 3.16|is given in Figure the transverse gradient is close to
monotonic, especially considering the long distance covered by the gradient
and the likelihood of some any turbulences associated with any random
magnetic field components introduced by the jet and/or the Faraday screen
surrounding the lobes, as is discussed in detail in Chapter [4. The significance
of the transverse gradients was plotted as a function of distance along the jet,
for the region enclosed in the dashed black rectangle shown in Figure [3.18]
The upstream region has no significances plotted, as the RM in this region is
patchy and no clear gradient structure is visible. The region around the path
traced by the arrow shows an extended region of highly significant transverse
RM gradients with significances of > 30 spanning a region just under 5” in
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Figure 3.17: A slice of RM values and associated 1o errors in grey taken along
the same path traced by the arrow in Figure [3.16]
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Figure 3.18: Plots of transverse gradient significance versus distance along the
jet for the regions in the dashed box in Figure The 2 and 30 significance
levels of the gradients have been plotted as blue and red dashed horizontal lines
respectively in the plots.

length along the jet.

The calculated y, values, shown in Figure are smooth and are consistent
with those produced by model fitting at a slightly lower resolution for 2-4 GHz
data in Chapter [4}, Figure This is reassuring, given that only three
frequencies were used to produce the RM map, which could potentially be
subject to n7 ambiguities in the fitting.

The wide band observations from 1-2 GHz give continuous wavelength
coverage and 30% more coverage of \? compared to the older archival data,
allowing for a more accurate determination of the RM. The data will be shown
again in detail in Chapter [4 and were calibrated using standard procedures in
casA with 3C 286 used as the flux, phase, bandpass and leakage calibrator due
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Figure 3.19: Map of the intrinsic electric field vectors corrected for Faraday
rotation using the RM map in Figure The overlaid Stokes I contours at
1.4 GHz are identical to those in Figure|3.16
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Figure 3.20: RM map of Coma A made with Stokes / contours at 1.5 GHz at
contours 1, 1.414, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63, 32, 45.25, 64, 90.51,
128, 181.01 mJy beam~! with a dashed negative contour at -1 mJy beam~!. The
Faraday rotation measure is given in the colour scale. The common convolving
beam of 5” is displayed in the bottom left corner. The black arrow indicates the
path traced by the slice of RM values in Figure 3.21].
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Figure 3.21: A slice of RM values and associated 1o errors in grey taken along
the same path traced by the arrow in Figure [3.20].

to its proximity to Coma A. The RM map is displayed in Figure |3.20|and was
made by fitting 16 evenly spaced frequencies between 1 and 2 GHz with the uv
data tapered and images smoothed to ensure a common resolution and
convolving beam of 5”. The RM map was calculated using the rmfit task in
CASA. Not only is the gradient seen in both the broadband and the archival
data RM maps, made by fitting y vs A2, it is also visible in the RM maps made
using the QU model fitting procedure in Chapter 4. In each case ,the RM
gradient is statistically significant and also changes sign from positive to
negative, indicating a change in direction of the line of sight magnetic field.
This sign change could not be explained by a change in the electron density
alone. Coma A is not part of a cluster environment nor does our Galaxy affect
it much due to Coma As location very close to the Galactic pole (Galactic
latitude ~ 89.21° ); thus the value for Galactic RM is calculated to be quite low
at 4.3 & 2.3rad m~2 (Taylor et al.|2009).

This clear evidence for a toroidal magnetic field in the Southern jet of Coma A
implies an associated outward electrical current . This gradient could
potentially arise from the Faraday screen surrounding Coma A, however the
effects from this screen appear to be quite minimal in the region being
considered here, and only start to strongly depolarize and interact with the
lobe further downstream from the RM gradient region, as will be discussed in
Chapter
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3.1.6 1C4296

IC4296 (PKS 1333-33) is a bright FRI radio galaxy at redshift = = 0.01247
(Smith et al.|2000). The radio morphology is discussed in detail in Killeen

et al.| (1986), who present a rotation measure map made using data at 20 and
6 cm; while made using only two frequencies, the contour RM map presented
does show signs of gradients in the RM, manifest as contour lines parallel to
the jet direction. To verify this a more recent wide-band 1-2 GHz observation,
made using the VLA, was downloaded from the archive and calibrated using
standard procedures in cASA. The wide range of \? values and high resolution
made this dataset very suitable for RM mapping. These observations were first
published in Grossova et al. (2019), however without any analysis of the
polarization, and on inspection of the data from the VLA archive, the
observation was not set up for accurate polarization leakage calibration, which
is needed to correctly determine the polarization of the observed radio
emission. Fortunately, on the same day as the observation of IC 4296, a scan of
3C 147 was taken for a different experiment with the same receiver setup;
since this source is effectively depolarized at L-band, the polarization leakage
terms could be calculated for all but one of the antennas. This method of
transferring the polarization leakage terms is possible, as these have been
observed to be quite stable over time (Perley & Sault|2014)), with the changes
in antenna polarization being negligible over time scales of a few days. The
data for IC 4296 were calibrated using 3C 286 as the flux, bandpass and
polarization angle calibrator and J1316-3338 ( PKS 1313-333) as the phase
calibrator, with the scan of 3C 147 appended to the data and used for the
polarization leakage calibration. The data were split and self calibrated, and
an RM map was made by imaging each of the 64 MHz spectral windows in
Stokes () and U, some of which were lost due to RFI. Using images at 7
frequencies between 1 and 2 GHz, a very accurate RM map could be
constructed, presented in Figure This map shows RM values consistent
with those published in Killeen et al.| (1986)). The corrected intrinsic
polarization angle, x,, map matches too, with electric vectors aligned parallel
to the jet, as can be seen in Figure Looking at the RM maps in detail, RM
gradient like structures exist in both of the kiloparsec scale jets and these
gradients have significances over 3 sigma in some places. RM gradient
significance plots were also created in the same way as for the previous
sources using automated python routines. The boxes on the map indicate
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where this analysis was done with the increasing x-axis direction on the plot
being the outward jet direction. There is a surprising region featuring negative
significances close to the end of the plot in in Figure for the left jet (a),
indicating that the gradients are significant and monotonic in the opposite
direction; looking at the Stokes I contours and rotation measure structure for
this region, it can be seen that the total intensity decreases and increases in
this region along the jet, which is shown in a zoomed in image of the region in
Figure This suggests the rotation measure pattern here is due to the jet
morphology and the environment with which it is interacting with.

3.1.6.1 RM synthesis of IC 4296

The finely imaged data were also investigated using Faraday rotation measure
synthesis (Brentjens & de Bruyn||2005) using the pyrmsyth code in PYTHON;
this gives an insight into the behaviour of the Faraday rotation measure along
the line of sight, and whether the behaviour of the Faraday depth is more
complex than just being a single RM component (Faraday thin). Figure [3.26]
presents a rotation measure map made using the peak Faraday depth (¢peax) in
the Faraday spectra for each cell in the image and then blanking according to
the produced polarized flux image, with only values having >0.75mJy beam ™!
being shown. The overall structure of the RM is preserved, with the
aforementioned transverse RM gradients still intact and visible by eye.
Looking at the individual spectra of the Faraday depth, for example in

Figure one component in RM space clearly dominates, with some
extension to the left or right indicating perhaps some finer structure, which
however remains unclear given the comparatively sparse and incomplete
sampling of \?, leading to sidelobes in the rotation measure transfer function
(RMTF) and resulting Faraday spectra. The resolution is also limited by the
total bandwidth of the observation of 1-2 GHz; this, combined with the
channels lost to RFI corresponds to a maximum resolution of d¢ ~ 63rad m™
according to Equation The RMTF is plotted in the left panel of
Figure showing the sidelobes in the response of the RM-synthesis method
to a point source given the \? coverage available. An RMCLEAN (Heald et al.

2

2009) was also performed on the data to remove the effect of these sidelobes,
with some success, as can be seen in the right panel of Figure [3.25

Similar to the sample spectrum given in the right panel of Figure 3.25| the

spectra are all dominated by a single RM component indicated by the ¢, in
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Figure 3.22: RM map of IC4296 made using 7 frequencies between 1 and
2 GHz, the rotation measure is given in the colour scale and the Stokes [
contours at 1.488 GHz, a central frequency. The levels are at 1.1, 2.2, 4.4,
8.8, 17.6, 35.2, 70.4, 140.8, mJybeam™!, a galactic contribution to the RM of
—21.1rad m~? has been subtracted. The common convolving circular beam of
5” is given in the bottom left hand corner. In the upper left corner of the figure
is a plot of the significance of transverse gradients versus distance along the jet
for the left hand side of the jet enclosed in the black rectangle. Similarly in the
bottom right corner a plot of the significances versus distance along the jet for
the region of the jet enclosed in the rectangle on the right hand side.
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Figure 3.23: Map of the intrinsic polarization vectors corrected using the RM
map made in Figure The Stokes I contours shown are at the same fre-
quency and have the same levels as Figure The common 5” convolving
beam is given in grey in the bottom left hand corner.
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Figure 3.24: Zoomed in region of Southern jet intensity feature with contours
at close levels starting at 1.1 mJybeam ™' and increasing in factors of v/2. The
denser contours increase the clarity of the total intensity features.
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Figure 3.25: Left panel: The RMTF for the IC 4296 data in the 1-2 GHz range.
The FWHM of the central peak is 53 rad m~2, Right panel: Faraday depth spec-
trum for a region in the Southern jet in IC 4296, the basic ‘dirty’ synthesis is
given in the dashed green line, the CLEANed spectrum is given in the black solid
line while the RMCLEAN components are indicated by the blue vertical bars; the
peak and corresponding clean components are located at ¢, = —10.5rad m—2.

Figure A slight extension to the positive side of the spectrum is indicated
by the slightly asymmetrical shape of the final cleaned spectrum, however it
cannot be clearly distinguished as another RM component or extended
structure in F'(¢) given the lower resolution of the RM synthesis and the
remaining effect of the side lobes in the cLEANed Faraday depth spectrum.

The rotation measure map produced by this process bears a striking
resemblance to the one produced previously using the y versus \? fits in
Figure with the gradient structures still clearly visible. With only one
Faraday thin component most likely producing this RM it is safe to suppose
this is due to some magnetic field in the immediate vicinity of the jet with
some toroidal component.

Given its high rotation measures and a relatively low depolarization this
source is an ideal candidate to be studied in detail in Faraday depth as was
done for NGC 6251 by|Cantwell (2018) using LOFAR. Given its low
declination, the MWA or ASKAP may be good instruments for this. While such
observations may not resolve individual features spatially, the large scale lobes
seen in Killeen et al.| (1986) would be more prominent, and the fine spectral
imaging and wide range of data in A\ make RM synthesis and QU fitting a
promising approach.
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Figure 3.26: RM map of IC 4296 made using RM synthesis between 1 and 2 GHz
using a spectral resolution of 8 MHz with all the remaining data uncorrupted by
RFI, the rotation measure is given in the colour scale and the Stokes I contours
at 1.488 GHz, a central frequency. The levels are at 1.1, 2.2, 4.4, 8.8, 17.6,
35.2, 70.4, 140.8, 281.6, 563.2 mJy beam!, unlike in Figure [3.22] the Galactic
RM has not been subtracted.

3.2 Tentative and Negative Results

3.2.1 3C303

Results for this source have been published by Knuettel & Gabuzdal (2019)).

3C 303 is classified as an FRII radio galaxy and is located at a redshift of

z = 0.141(Eracleous & Halpern/2004). It features a prominent knotty jet
travelling westwards with a prominent hotspot at the end. The Eastern jet is
not as prominent and only displays more diffuse, unboosted lobe radiation; a
feature which can be associated with a hotspot and lies on the radio jet axis
can be made out at lower frequencies, as can be seen in the upper panel of
Figure in the 1.4 GHz contours. The environment surrounding 3C 303 is
expected to be rarified, and the line of sight to this radio galaxy passes through
little material from the Galactic plane since 3C 303 is located at a very high
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Figure 3.27: Top panel: Image of 3C 303 showing the RM in the colour scale
and the Stokes I contours at 1.4 GHz with levels of +0.5 to 256 mJy/beam
in steps of factors of v/2 with the negative contour dashed. The convolving
beam of 1.5” is displayed in the bottom left corner of the panel. Bottom Panel:
A zoomed in image showing the core and knotty inner jet of 3C 303. The
RM is given in the colour scale and the Stokes 1.4 GHz [ contours run from
4 to 256 mJybeam~! in steps of factors of v/2. The location of the previously
claimed gradient is marked by the black vertical line. The convolving beam of
1.5” is displayed in the top left corner of the panel.

Galactic latitude of ~ 90°. This makes it an ideal source for investigating
magnetic field effects local to the jet itself.

A transverse RM gradient across the kiloparsec scale jet of 3C 303 was reported
in Kronberg et al.| (2011). They attempt to use this transverse RM gradient to
calculate the associated electrical current from the inferred toroidal magnetic

field to be of order 10'85%05 A and travelling outward. Some uncertainty exists
however, as no uncertainties in the RM were presented and the RM map was
calculated using only two frequencies, 1.4 and 4.9 GHz. To confirm this result
and get a better insight into the rotation measure and its associated errors, the
original data for 1.4 and 4.9 GHz observed on the 20 April 1981 were
downloaded from the VLA archive and calibrated using Aips. 3C 286 served as
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Figure 3.28: Map of the intrinsic polarization angle, x, for 3C 303 plotted as
vectors, made using using the RM map produced in the top panel of Figure|3.27|
with the same convolving beam and overlaid Stokes I contours.

the flux density and polarization angle calibrator for the observation, while
J1419+5423 (0Q 530) served as the phase calibrator and D-term calibrator.

To extend the range of wavelengths and provide adequate data for the x versus
A2 fits, an archival observation at 15 GHz observed on 8 December 1986, at a
similar resolution, was also downloaded from the archive and calibrated. The
calibrator sources were the same ones as those used in the lower frequency
observations. As the rotation measure image produced in Kronberg et al.
(2011) was made using only two frequencies (1.4 GHz and 4.9 GHz), adding
the 15 GHz data gives a better insight into the errors in the y vs A\? fits and
therefore a better estimate of the error in the RM, while also providing a
longer range of \? values, which should provide a more accurate estimate of
the RM. The RM image was also corrected for Galactic Faraday rotation by
subtracting the integrated value of 18 + 2rad m~2 (Simard-Normandin et al.
1981) from the calculated RM, as was done in Kronberg et al.| (2011). The RM
map is presented in Figure together with a zoomed in region of the knot
labelled ‘E3’ in [Kronberg et al.| (2011)), where the purported transverse RM
gradient was first reported. A gradient is visible by eye across this knot at the
location of the black line through E3 in Figure A map of the Faraday
corrected intrinsic polarization angle y, is presented in Figure This
shows smooth angles aligned perpendicular to the jet, which reassures us that
the calculated RM values yield plausible results.
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Figure 3.29: Plot of the significance of transverse RM gradients in the E3 knot of

3C 303 with significance on the y-axis and distance along the jet on the x-axis.
The blue and red dashed lines represent the 2 and 3 sigma levels respectively.

The possible transverse RM gradients in the ‘E3’ knot region were analysed
and tested for their significance. This analysis is plotted in Figure [3.29] which
shows that the significances of transverse gradients in this region are no more
then 1.5¢. It is therefore difficult to associate these results with a toroidal
magnetic field component and associated outward electrical current, given the
relativlely low significance. The transverse RM gradient previously reported in
the vicinity of E3 cannot be accepted as statistically significant, and most likely
came about by chance. The overall appearance of the RM is quite patchy, as
can be seen in the upper panel of Figure with random variations in the
RM across the map, which are most likely also dominant in the vicinity of in
E3.

3.2.2 5C4.152

Results for this source have been published in |Christodoulou et al.| (2016), on
which the author of this thesis is a co-author.

This is an FRII radio galaxy which was previously analysed by Bonafede et al.
(2010). Transverse rotation measure gradients were visible by eye in both of
the lobes, however their statistical significance was unknown. There is no
known redshift for this source and, similarly to 5C4.114, this AGN is most
likely in the background of the Coma cluster and not a member. Bonafede

et al. (2010) kindly made the calibrated visibility data available for an analysis
into the RM structure of this source. These data included observations taken in
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Figure 3.30: Left Panel: RM map of 5C4.152 made using data from 4.535,

4.935 and 8.275 GHz. The Stokes I contours corresponding to 4.535 GHz start

at 0.1 mJybeam~! and increase in factors of 2 up to a level of 6.4 mJybeam".

A dashed negative contour is given at -0.1 mJy beam~!. The common 1.5” con-
volving beam is given in the bottom left hand corner. The black arrows indi-
cate the direction of possible transverse rotation measure gradients.The black
dashed boxes indicate the segments along the jet where plots of gradient signif-
icance as a function of distance alone the jet are plotted. Right Panel: Map of
the RM corrected, intrinsic polarization angle y, plotted as vectors with identi-
cal contours to the left panel.

August 2006 at 4.535, 4.935, 8.085 and 8.465 GHz. However, due to technical
issues during the observations the observing time was reduced, and in an
effort to improve the signal to noise ratio of the 8 GHz data the 8.085 and
8.465 GHz observations were averaged together in Bonafede et al.| (2010),
creating a single channel at 8.275 GHz. This procedure was followed for the
RM analysis presented here. Stokes /I, () and U with a common 1.5”
convolving beam were produced and y versus \? fitting was performed using a
weighted least squared fitting procedure in PYTHON.

The resulting rotation measure map is shown in Figure with the location
of possible gradients given by the solid black arrows. The typical end point RM
error values for gradients in this source were ~ 100 rad m~2. This value is
unfortunately quite high, due to the limited range of \? and the high level of
noise in the averaged 8,275 GHz images. The RM distribution is fairly patchy
with the gradients not appearing completely monotonic. Plots of the

significance of the RM gradients as a function of distance along the jet for each
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Figure 3.31: Top panel: Plot of transverse RM gradient significance as function
of distance along the jet for the region enclosed by the dashed black rectangle
in the Northern jet of 5C 4.152. The 20 and 3¢ levels are marked as blue and
red dashed horizontal lines. Bottom panel: Plot of transverse RM gradient
significance as function of distance along the jet for the region enclosed by the
dashed black rectangle in the Southern jet of 5C 4.152, with 20 and 3¢ levels
marked as in the top panel. Regions with no plotted points indicate that no
monotonic gradients were detected in that region.

of the dashed boxes in Figure are given in Figure In both the
Northern and Southern lobes the gradients are never above 20, with
significant gaps in the plots where gradients were not monotonic. The
direction of the reported gradient in the Northern jet corresponds to an
associated inward electrical current, while the Southern jet shows a gradient
implying an outward electrical current. It must be noted that due to the low
significances and patchiness of the rotation measure distribution, these cannot
be taken into serious consideration without further observations.
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Figure 3.32: Left panel: Image of 3C 219 showing the RM in the colour scale
and the Stokes I contours at 4.8 GHz with levels of 4+-0.075 to 38.4 mJy beam !
in steps of factors of /2 with the negative contour dashed. The arrow traces
the direction of the RM gradient. Right panel: A plot of RM versus transverse
jet distance plotted corresponding to the black arrow in the left panel.

3.2.3 3C219

Results for this source have been published in the conference proceedings by
Knuettel & Gabuzda (2019).

A prime example of a classical double, a morphologically regular FRII, 3C 219
is a twin lobed radio galaxy at redshift z = 0.1745 (Hewett & Wild||2010)), for
which an RM gradient was reported in |Clarke et al.| (1992). The possible
presence of a helical or toroidal magnetic field threading the jet was noted by
Clarke et al.| (1992), however this was not the focus of that paper, and the
possible transverse RM gradient was not fully analysed. The raw data at 1.3,
1.6 and 4.9 GHz observed on 6 September 1986 and used in |Clarke et al.
(1992) were downloaded from the VLA archive and calibrated using CASA.
The RM map was made using a common convolving beam of 5” and is shown
in Figure A Galactic contribution to the RM of -12.6 rad m~2 (Taylor

et al. 2009) was subtracted, in order to achieve a better insight into the RM
local to the radio source. A slice of RM values in the region of transverse RM
gradients reported in Clarke et al. (1992) taken at the position, indicated by
the path of the black arrow in the left panel, is given in the right panel.

The slice is not completely monotonic, most likely due to the more turbulent
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Figure 3.33: Map of the RM corrected Electric field vectors plotted. The con-
tours and convolving beam are identical to Figure (3.32
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Figure 3.34: Plot of transverse RM gradient significance as function of distance
along the jet for the region enclosed in the dashed rectangle in Figure (3.32
The 2 and 30 significance levels are given as blue and red dashed horizontal
lines. The connected points indicate contiguous gradients. The non detection
of points indicates the gradients were not monotonic within tolerances.
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nature of this more diffuse region of the radio lobe, but there is nevertheless a
trend in the RM across the jet in this region. The difference in the end point
RM values of the transverse gradient, when taking errors in the RM into
account is however highly significant ( ~ 14¢). In addition, the sign of the RM
changes from one end of the slice to the other, indicating a change in the line
of sight magnetic field component, and this cannot be explained by a change
in the electron density alone. The significances of the gradients are analysed in
detail by plotting the significance of the transverse gradients as a function of
distance along the jet for the region enclosed by the dashed black rectangle in
Figure and is shown in Figure The highly significant gradients are
few and isolated and indicate most likely spurious detections given the vast
majority of gradients are not completely monotonic as can be seen by the
example in the right panel of Figure Some random fluctuations in the
RM structure due to local patchiness and turbulence are not unexpected, and
it is possible that we are seeing the result of a transverse RM gradient due to a
toroidal field component with a random RM distribution superposed. The RM
structure in the rest of the radio lobes is rather patchy, with no indication of an
organised large scale magnetic field structure. All considered, this is regarded
only as a tentative transverse RM gradient, particularly given that it is
localized in only a very small region of the jet with the remainder of he jet
showing a turbulent and disorganised RM structure.

3.3 Summary of Results

This analysis into transverse RM gradients as evidence of toroidal magnetic
field components in jets and their associated currents has yielded some
support for the cosmic battery model proposed by Contopoulos et al.| (2009)).
A total of 6 sources with statistically significant transverse RM gradients on
kiloparsec scales were found, of which 5 imply outward associated electrical
currents. While this sample size is quite small it does suggest a bias toward
outward currents on larger scales. A simple binomial-distribution analysis
indicates that the probability of observing 5 out of 6 RM gradients implying
outward current by chance is about 9.4%. This probability is low enough to be
suggestive, but not conclusive.

Christodoulou et al. (2016) have considered a number of additional sources

displaying transverse RM gradients on large scales. In this publication a
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summary of known statistically significant and tentative transverse RM
gradients from a review of the literature is discussed. The analyses for A2142A
and 5C 4.152 presented above were part of that paper, and results of VLBI
observations at comparatively lower frequencies probing decaparsec scales
were considered also. The effects of the larger scale magnetic field are
expected to become more dominant at distances of around 10 — 20pc from the
jet base (Christodoulou et al.|2016)), making lower frequency VLBI
observations of sources with extended jets very suitable for such studies.

Large scale significant transverse RM gradients have been detected using VLBI,
for example in the jets of 3C 380 and Mrk 501 in Gabuzda, Cantwell &
Cawthorne| (2014) and Croke et al.| (2010)), respectively. In fact, reversals in
transverse RM gradient structures, where transverse RM gradients in opposite
directions can exist in different parts of the jet at different distances from the
jet base, have been observed in a number of sources. Mahmud et al.| (2013),
for example, detected reversals in transverse RM gradients in the BL Lac
objects 07164714 and 1749+701, with the inner transverse RM gradients
implying inward currents and the outer transverse RM gradient implying
outward currents. Another more recent example is the RM gradient reversal in
the jet of 09544408 reported by Gabuzda, Knuettel, Richardson, Kyprianou &
Spillane| (2018). This result is very significant, but preliminary, however has
been added to the list of significant results for now. These gradient structures
are indicators of regions in the jet where the dominance of the internal helical
magnetic field, associated with an inward current, and external field
associated with an outward current is changing. Christodoulou et al.
(2016)consider 8 individual sources displaying significant RM gradients, two
of which have been discussed in this thesis.

The work presented in this thesis has identified 3 new significant transverse
RM gradients in jets on kiloparsec scales, in NGC 6251, Coma A and IC 4296,
while also moving 3C 465 from a tentative to a statistically significant case.
Table presents an updated version of Table 1 of |Christodoulou et al.
(2016), including the new results in presented here. Fifteen jets now display
significant transverse RM gradients on large scales (greater than 10-20 pc). Of
these, only the two jets of IC 4296 show large scale transverse RM gradients
implying inward currents in kiloparsec scales, while all the others imply
outward currents.

To find the statistical significance of this dominance of outward electrical
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currents, a binomial probability distribution can be applied, as was done in
Gabuzda, Nagle & Roche (2018), where the dominance of inward currents on
parsec scales was demonstrated. The binomial probability distribution can be
used to determine how likely a certain outcome can come about by chance. In
the case of the large scale RM gradients, the likelihood that the dominance
transverse RM gradients supporting outward currents is given by (Gabuzda,
Nagle & Roche||2018, Equation 3.)

1 (Nin + Nout)!
Pchance = 7
2(Nin+N0ut) Njn!NOllt!

(3.4)

where NV, is the number of sources with transverse RM gradients implying
inward currents and N, is the number of sources with transverse gradients
implying outward currents. P..... is the probability that N;, and N, can
came about be chance, if the probability of a gradient indicating an inward or
outward current were 0.5, like a coin toss. Substituting N;, = 2 and N,,; = 13
from Table the resulting probability is Puance = 0.0032 = 0.32% showing
that this preference for outward currents is quite unlikely to have come about
by chance. This is a highly significant result and builds on the work of
Christodoulou et al.| (2016) and of (Gabuzda, Nagle & Roche| (2018) on the
parsec scales. This strongly supports a picture in which the dominant jet
currents are inward on parsec scales and outward on scales exceeding

10-20 pc, consistent with the predictions of the cosmic battery model of
(Contopoulos et al.|2009). In this picture, the jets of AGN are like giant
co-axial cables, carrying inward current close to the jet axis and outward
current in a more extended region surrounding the jet. This large statistical
analysis on all scales and distances along AGN jets helps build up a large
amount of evidence for the action of a cosmic battery in the hearts of all AGN.

Of the tentative results from the original list in Table 1 of |Christodoulou et al.
(2016) the significance of 3C 465 was confirmed, and the significance of

3C 303 result was brought into question, making it an unlikely candidate
without higher resolution and higher sensitivity observations. 5C 4.152 must
be kept in the tentative list without renewed observation with higher
sensitivity. The gradient in 3C 219 was brought into the tentative list based on
the report of a transverse RM gradient in a small portion of the Southern jet
and lobe. All of these tentative results could benefit massively from the
upcoming VLA Sky Survey results, which aim to release images of the

Northern sky at 2-4 GHz with polarization information, making renewed
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Table 3.2: Table summarizing the RM gradients and their associated electrical
currents for large scales, combining the results from Christodoulou et al. (2016))
and this thesis.

Object redshift | Associated Projected distance of | Reference
z Current gradient from core (kpc)

NGC 6251 0.02471 Out 12.5 K19, T
3C 465 0.0302 Out 24 K17, T
A2142A 0.091 Out 10 C16, T

5C 4.114 (N) | >0.023° Out® >1.5 G15, T
5C 4.114 (S) | >0.023° Out® >1.5 G15,T
Coma A 0.0857 Out 62 K17, T
IC4296 (N) | 0.01247 In® 11 T
IC4296 (S) | 0.01247 In® 11 T
3C 380 0.692 Out 0.07-0.21 Gl4a
0716+714 0.127 Out* 0.003-0.035 M13
1749+701 0.77 Out* 0.07-0.21 M13
Mrk 501 0.034 Out 0.02 C10
0923+392 0.695 Out* 0.02 G14b
2037+511 1.687 Out* 0.04 G14b
0954+408 1.25 Out* 0.25 G18

@ In these instances the significant gradients were detected in both jets of the large
scale source.

b Exact redshift not known, source is background to Coma cluster so redshift must
exceed z = 0.023

¢ Previously confirmed however significance brought into question in this analysis.

* RM gradients with associated inward currents were present closer to the jet base.
Reference key: T = This thesis, K19 = Knuettel & Gabuzdal (2019), K17= Knuettel
et al.| (2017)), C16 = |Christodoulou et al.| (2016), G14a =Gabuzda, Cantwell &
Cawthorne| (2014), M13 = Mahmud et al.| (2013), C10 = Croke et al.| (2010), G14b =
Gabuzda, Reichstein & O’Neill| (2014)), G18 = |Gabuzda, Knuettel, Richardson,
Kyprianou & Spillane (2018])

analysis of the rotation measures of these sources worthwhile, when these
survey data are released.
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Chapter 4

Estimating the magnetic field
strength in the Faraday screen
surrounding Coma A

This chapter deals with the magnetic field in a Faraday screen detected around
the radio galaxy Coma A, , this chapter is also published as an article in
Monthly Notices of the Royal Astronomy Society (Knuettel et al. 2019).

4.1 Introduction

The radio-emitting structures in the vicinity of supermassive black holes in the
centres of active galaxies display a large variety of morphological properties. It
is a long standing debate to what extent the differences between different
types of radio sources are due to intrinsic properties of the central engine
(‘nature’) or the properties of the interstellar and intergalactic medium (ISM
and IGM) surrounding the central engine and host galaxy (‘nurture’).
Investigating this ‘nature vs. nurture’ debate for nearby radio galaxies is vital
for understanding the properties and evolution of radio galaxies throughout
the Universe (e.g. Fabian/ 2012, Heckman & Best|2014, and references
therein).

Here a case is presented, where there are clear interactions between the radio
lobes and the surrounding gas in the nearby radio galaxy Coma A, which has
been the focus of studies at multiple wavelengths (van Breugel et al.|[1985,
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Bridle et al.|1981), Tadhunter et al.|2000, Morganti et al.|2002, Worrall et al.
2016)). In particular, a study of the combination of wide-band polarimetric
radio observations and deep H o images is presented. This combination
provides a powerful tool to investigate the interactions between the lobes and
their surrounding environment: the wide-band radio observations allow us to
investigate the polarization and magnetic field structure of the radio emitting
lobes and how this changes with wavelength, and the H o« measurements allow
estimation of the electron density in the shocked gas surrounding the lobes,
which in turn enables the calculation of the magnetic field strength in the gas
containing the free electrons using the effect of Faraday rotation.

4.1.1 ComaA

Coma A is a radio galaxy at redshift = = 0.0857 (Bridle et al.[|[1981)
corresponding to a comoving radial distance of 371.6 Mpc and angular scale of
1.659 kpc/” (Wright|2006) using the values of Hy = 67.74kms™ "Mpc ™,
Q= 0.3089, and Q5 = 0.6911 from the Planck 2015 results (Planck
Collaboration |2016)). The source has two distinct radio lobes and an angular
size of 45” in the north-south direction. Coma A is classified as a
Fanaroff-Riley II galaxy in Fanaroff & Riley (1974). The Northern lobe shows a
bright hotspot, and the Southern lobe has a bright plume expanding into a
lobe structure. This plume is at a deflected angle to the expected jet direction
due to a collision with a gas cloud, decelerating the jet and giving it the
features of an FR1I structure (van Breugel et al.|[1985). Due to this feature and
the fact that the power of this radio galaxy is lower that most FRII galaxies,
Coma A is on the border between FRI and II classification (Fanaroff & Riley
1974, Table 1). It was classified as an FRI for this reason in (Chiaberge et al.
(1999). It is an example of a hybrid morphology radio source (HyMoRS
Gopal-Krishna & Wiita 2000a, (Gawronski et al. 2006, de Gasperin/|2017).

Large scale arcs and filaments of H o emission have been observed
surrounding the radio lobes (Tadhunter et al.|2000), which closely match the
shape of the radio lobes of Coma A. The origin of this ionised gas is discussed
in depth in Tadhunter et al. (2000). The most likely cause for the ionisation is
the shock from the expanding radio lobes moving into a region of neutral gas
surrounding the host galaxy. The origin of the gas has been investigated with

HI absorption observations of Coma A. These show the presence of HI local to
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both lobes and suggest that a large scale gas disk surrounds the galaxy, into
which the radio lobes are expanding (Morganti et al.|2002). The origin of the
gas itself is most likely from a merger in the Coma A host galaxy as the
estimated mass of hydrogen is at least 10° M, suggesting at least one gas rich
galaxy was involved. The existence of such gas around the lobes is also
observed in the X-ray. In particular, (Worrall et al.|[2016, Figure 7) shows how
regions of diffuse X-rays in the local environment display an anti-correlation to
the H « filaments. They argue that the original group atmosphere has been
shock ionised and now surrounds the lobes, causing the extended X-rays and
the H « filaments.

In this chapter, new wide-band dual-polarization observations of Coma A using
the enhanced Karl J. Jansky VLA are presented as well as VLA observations.
These are used to investigate how the H a-emitting gas and radio lobes
interact, through an analysis of the Faraday rotation of the polarized radio
emission, together with RM synthesis and QU fitting.

4.1.2 Polarization and Faraday rotation

Radio galaxy lobes emit synchrotron radiation from relativistic electrons
accelerated by magnetic fields. The properties of synchrotron radiation are
presented in Section Faraday rotation is discussed in Section the
Stokes parameters are defined in Section |[2.2.1

It is commonly observed that the fractional polarization, p, tends to decrease
towards longer wavelengths, an effect known as depolarization. One of the
most common models associated with this phenomenon is external Faraday
dispersion (Sokoloff et al.|1998), where an external screen with free electrons
and a turbulent magnetic field depolarizes the signal within the observing
beam, due to the different resulting Faraday rotations occurring along
individual lines of sight within the beam. It is possible to fit models to
observed data with good )\? coverage in order to estimate the parameters of
the source polarization and turbulent screen, as is described in Section[2.3.2]
(e.g.|O’Sullivan et al.|2012). The model used in this analysis has a single RM
component and an external depolarizing screen, motivated in part by the
picture of a shell of ionized gas surrounding the lobes of Coma A:

D ()\) _ p0e21(X0+RMA2)e72U§MA4 (41)
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Here, p (1)) is the fractional polarization as a function of wavelength. The first
exponential term is the complex linear polarization (Equation with the
observed polarization angle defined as in Equation [1.47|(Burn/1966). The
second exponential term represents the depolarization by an external Faraday
screen where oy, is the standard deviation of the RM within the telescope
beam, due to the turbulent magnetic field in the ionized gas. Using
Equations. and the fractional Stokes ) and U parameters, ¢(\) and
u(\), are described as follows.

q(\) = pocos (2xo + 2RMA?) e~ (4.2a)
u(X) = posin (2xp + 2RMA?) e~ 27 (4.2b)

These equations can be fit to observed data by creating cubes of the ¢ and u
images from the wide band observations with matching resolutions. This
fitting yields calculated values of yo, RM, ogry, and pg for each pixel.

4.2 Observations and data reduction

4.2.1 Wide band VLA observations

The Karl G. Jansky Very Large Array (VLA) observations in L (994 — 2006 MHz)
and S (1988 — 4012 MHz) bands were taken on the 29 December 2013 and 27
September 2013 respectively, in the VLA B configuration. The flux, phase and
bandpass calibrations were done with regular scans of 3C 286, which is close
to Coma A, every 20 minutes. A summary can be seen in Table where v is
the starting frequency of the observing band and 15 is the final frequency. The
width of each channel in the wideband setup is Av. The date is the observing
date while ¢ is the total integration time on Coma A for that observation.

The wide band VLA data were flagged, calibrated, and imaged using the
Common Astronomy Software Applications package cAsA. The data were first
Hanning smoothed, which is a running mean across the spectral axis with a
triangle as a smoothing kernel. This isolates and narrows the RFI interference
peaks and removes Gibbs ringing, which produces artefacts in the spectrum
near sharp intensity transitions such as RFI peaks. The data were then flagged
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Figure 4.1: The 2-4 GHz data imaged using a multi-frequency synthesis method
with a reference frequency at 3 GHz in order to observe the most structure with
the best possible resolution. The contours are overlaid on the spectral index
map used in the imaging process. The convolving beam is 1.37” x 1.23” at
a position angle of -88.6°. The labelled features are: The Northern hotspot
(NH), core (C), knots (K1 and K2), and the Southern lobe (SL). The contours
in Stokes I are 0.2mJybeam~! x (1, 1.41, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63,
32, 45.25, 64)

Table 4.1: Table outlining the VLA observations of Coma A.

Configuration 1 Vs Av Date t
MHz MHz MHz hrs
VLA B 1988 4012 2 2013 Sep 27 1.75¢
VLA B 994 2006 1 2013 Dec 29 1.79

“ Due to an unknown error in the instrumental polarization calibration, only the
final two thirds of these scans had correct polarization calibration applied and
were useable for polarization measurements. The Stokes / data are unaffected.
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for RFI using the standard automated flagging procedures TFCrop and RFlag in
CASA.

To calibrate the instrumental polarization and correct for the polarization
angle, a polarized model for 3C 286 was used, as polarization angle and
fractional polarization are known for this source. This was done (using setjy
and polcal in cASA) because due to scheduling issues the parallactic angle
coverage for these observations was not sufficient to solve for the calibrator
polarization independently. Due to an unresolved issue with the polarization
leakage calibration, only two thirds of the scans of Coma A for the 2-4 GHz
data had stable amplitudes and phases for polarized correlations. This was
indicated by noisy and irregular values in the corrected amplitudes and phases
of the scans for 3C 286 adjacent to scans of Coma A. The 2-4 GHz data that
did not display stable polarized amplitudes and phases were not used in the
analysis.

The data were self calibrated over the full spectral range for each dataset using
a multi-term multi-frequency synthesis method for imaging (Rau & Cornwell
2011). This was done to reduce the noise level in the image, and the
wide-band image provided the most accurate model for self calibration.

For the model fitting, data cubes of () and U images were made by imaging the
data in discrete frequency bins of 8 MHz. A Clark (Clark/1980) clean was used
for each separate Stokes parameter this deconvolution process is a streamlined
version of the Hogbom CLEAN which works faster with larger image sizes. The
visibility data were tapered in the imaging process and the resulting images
smoothed all to the same beam size of 7” , which corresponded to the 1 GHz
image. This resulted in data cubes with 126 images along the spectral axis
from 1 to 2 GHz.

For the 2-4 GHz data, the instrumental polarization calibration was not ideal;
the quality of the per-channel instrumental polarization calibration was poor,
due to the small range of parallactic angle coverage for the polarization
leakage calibrator source. As a result significantly larger frequency bins were
used in the imaging process. This was done in an attempt to reduce the effects
of the Stokes ) and U values varying over each spectral window. The visibility
data were tapered and images smoothed so that all resulting images had an

identical 4.1” circular beam.

Cubes of Stokes () and U images were made with frequency bins of 128 MHz
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Table 4.2: Table outlining the archival VLA observations of Coma A.

Project v Av  Configuration Date t
MHz MHz hrs
VANB® 4885 50 VLA B 1981 Jun 01 4.1

AB348 14940 100° VLA C 1985 Aug 26 6.2

@ Data previously published in jvan Breugel et al. (1985)
b Data consist of two frequencies 50 MHz apart each with 50 MHz bandwidth.
Central frequency is given.

from 2 to 4 GHz. The resulting cubes have 16 evenly spaced images along the

frequency axis.

4.2.2 Archival VLA observations

To examine the behaviour at higher frequencies, and confirm the observed
polarization structure at lower frequencies, archival observations at 4.9 and

15 GHz were used. The archival data are also at a higher resolution than the
more recent wide-band observations. The raw data were downloaded from the
VLA archive and calibrated again. These observations were useful in localising
exact regions where depolarization occurs. A summary of the archival data
analysed is given in Table where v is the observing frequency. The width
of each channel in the setup is Av. The date is the observing date while ¢ is the
total integration time on Coma A for that observation.

In addition to confirming the results of the VLA observations, the archival VLA
data were used to investigate the polarization behaviour at higher frequencies
and resolutions, where higher fractional polarization was expected. These
were calibrated using the Astronomical Image Processing System (AIPS)
software package, where the flux density calibrator used was 3C 286, which
also served as the polarization angle calibrator and the phase calibrator was
3C 287; the parallactic angle coverage of this source was also used to
successfully determine the D-terms in order to correctly determine the source
polarization angles and fluxes.

The resulting visibility data were exported to CASA for imaging using a
multiscale CLEAN, in an effort to better capture the large scale lobes in the
deconvolution process and reduce the effects of “bowls” of negative emission
where the large scale flux is missing due to the longer baselines being used in
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these observations. Images of the polarized intensity were made with the
standard polarization bias correction applied in CASA (e.g. VLA memo 161,
(Leahy & Fernini/|1989) ). The fractional polarization images were made using
only Stokes I as a blanking factor, in this case a blanking limit of 1 mJy beam™!
in Stokes I was used. This was especially important for mapping the heavily
depolarized regions that are present even at high frequencies (4.9 and 15 GHz)

to get an estimate of the upper limit of fractional polarization in these regions.

4.2.3 Hao observations

The deep Ha image used in this analysis is taken from Tadhunter et al.| (2000),
and was observed with the William Herschel Telescope in January 1998. The
image is the result of a deep 2 x 900 second integration and has been
continuum subtracted to show the pure H o emission. Further details about
the observations and the calibration of this data can be found in Tadhunter

et al.| (2000).

4.3 QU model fitting procedure

To analyse the polarization and Faraday rotation properties of the lobes of
Coma A, the data were fitted with an external Faraday dispersion model, as
described in Section However, to initially identify regions with
significant polarization the cubes of Stokes () and U images were first
processed using RM synthesis (Brentjens & de Bruyn/2005). This was done
using the python implementation of pyrmsyntH}

The resulting total polarized flux image from the RM synthesis procedure was
used to make a mask for the ( and U cubes. Only regions where the polarized
flux in this image was greater than three times the noise level were included in
the ) and U cubes. This was done as initial inspections of model fits showed
that frequency-dependant instrumental polarization was contaminating the
data in regions of low signal to noise especially in the 2-4 GHz range. It must
also be noted that due to this instrumental polarization effect, the 1-2 GHz
and 2-4 GHz datasets were analysed and modelled independently.

http://mrbell.github.com/pyrmsynth
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Before the model fitting, the ) and U cubes were converted to fractional )
and U cubes (referred to as ¢ and u). This was done using model Stokes
images constructed from a spectral index map, which was made from the
multi-frequency synthesis imaging, and an image at the central frequency for
that band. This was done to avoid regions with negative Stokes [ arising from
dynamic range issues due to the brightness of Coma A and the narrow bands
used in making the cubes. This also limited the propagation of noise
fluctuations in the Stokes I images to the ¢ and « data.

The cubes were fit according to the model in Equations 4.2ajand |4.2b| A single

component RM model was used with a depolarization term from an external
screen, which is what was expected from the H o measurements and previous
publications indicating a gas shell surrounding the lobes. The fitting was done
for every unmasked pixel in the cubes using an “asexual genetic algorithm”
(Canto et al.2009), which is very efficient in converging to the global best-fit.
The best-fitting model values were quantified by minimizing the chi-squared
function for each fit in each pixel. The results of this fitting were values of yq,
RM, orum, and p, for each unmasked pixel. The pixels from the resulting maps
were also blanked according to the error in the model fit. For this the error in
the ory was a good discriminator between acceptable model fits and those
contaminated by any remaining residual leakage errors in the low polarization
regions.

4.4 Results

4.4.1 Radio structure of Coma A

In Figure a Stokes I contour map of Coma A is presented overlaid on the
spectral index map. This image was made from the 2—-4 GHz data and imaged
using the multi-term multi-frequency synthesis method centred on 3 GHz using
three Taylor terms in the CASA task tclean. The spectral index map, made using
only the 2-4 GHz data was cross checked with an inter-band spectral index
map made using the central frequencies from both the 1-2 GHz and 2-4 GHz
data (at a lower resolution of 4”), finding consistent values with the higher
resolution 2-4 GHz spectral index map. Additionally the values for spectral
index calculated for Coma A in [van Breugel et al.| (1985) using 1.4 and

4.9 GHz data agree with Figure also. The Northern hotspot, the knots K1
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Figure 4.2: Model fit for the 1-2 GHz data. This is in the upper north western
region of the Southern lobe, where the polarized flux is the highest. The bottom
left panel shows the individual fractional Stokes () and U fits. The upper left
panel shows how the fractional polarization changes with wavelength squared
(A\?). This is made using p = v/¢% + u?2 from the fit data in the panel below it.
Similarly for the top right panel the actual polarization angle data is plotted.
The line passing through is calculated from the fit data as y = 0.5 arctan (u/q),
not a linear fit. The bottom right panel simply plots the fractional Stokes @
and U against each other with model fitted data overlaid, the fitted line has
been extended in A\? to show the fit spiralling toward the origin due to the
depolarization. From this fitted region the fit values are: py = 0.15 £+ 0.001,
RM =39+ 0.1radm 2, ogy = 9.8+ 0.1radm ™2, yo = —8.5 & 0.2°.

and K2, which were first identified and named in Bridle et al. (1981), and the
Southern lobe have been labelled. The hotspot to the north is typical for an
FRII galaxy showing where the jet is impacting with the intergalactic medium.
The knot K1 shows the location where the jet is colliding with a gas cloud,
which can be identified in optical images(see right hand panel of Figure 8 in
Worrall et al.| (2016)) which is reproduced in Figure The K2 knot and
diffuse lobe are due to the deceleration of the jet after the deflection of ~ 30°
from the radio axis on the plane of the sky. The core has a relatively flat
spectrum of o ~ —0.1, while outer features all have oo ~ —0.7 or less, showing
a steeper spectrum typical of optically thin synchrotron emission and older
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Figure 4.3: Model fit data for the 2-4 GHz data. This is for a region just to the
south west of the H « filament in the Southern lobe. Note the strong depolar-
ization. The graph panels are displayed in an identical manner as in Figure
From this fitted region the fit values are: p, = 0.22+0.03, RM = —88+7rad m 2,
orm = 54 £ Tradm™2, Xo = —69 £ 4°.

regions of the jet emission.

4.4.2 QU model fitting

The model fitting showed that a single component RM and external
depolarizing random screen provided an excellent fit to the data (Figures 4.2
and [4.3). The images of the calculated fitting parameters, RM, oru, po, and xo

can be seen in Figures[4.4] and

4.4.2.1 Northern lobe

The Northern hotspot did not have detectable polarization (< 0.4%) in the
1-2 GHz range making the model fits poor. This is most likely due to
depolarization from large RM variations in addition to intrinsic differences in
polarization angle within the 7” beam across the complex hotspot structure.
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Figure 4.4: These are the RM (left) and ory; (right) images produced from the
model fitting of the 1-2 GHz data. Due to the low resolution used, images of the
fractional polarization at zero wavelength (py) and intrinsic polarization angle
(xo) are not included. Note that the blue ‘«’ is the location for which the data in
Figure [4.2| are plotted. For the Stokes I contours, a 1-2 GHz image made using
a multi-frequency synthesis technique is used. The uv data were tapered and
the image smoothed to the same 7” resolution as the images used in the model
fit. The central frequency is given in the top right corner of the images. The
contours are given at the levels of 1 mJybeam~! x (1, 2, 4, 8, 16, 32, 64, 128,
256)

The fractional polarization for the hotspot was also low in the 2-4 GHz
observation where only some polarization is seen to the immediate east and
west of the hotspot (ranging from ~ 2% to 4%). The centre of the hotspot has
been blanked due to high error in the fits and low polarization. To confirm
this, the archival dataset at 4.9 GHz (Figure (a) ) was used as a reference.
The polarized intensity at the exact hotpot is too faint to detect (< 1%), only
to the North and South of the hotspot is polarization reliably measured with
values ranging between 2% and 9%, this confirms the results for the wideband
2-4 GHz observations. The 15 GHz observations at a similar resolution show
some polarization (Figure [4.9|(b)) for the hotspot at around 15%, however this
frequency corresponds to a \? value of 4 x 10~*m? which is close to zero
wavelength. This indicates there is strong depolarization in the hotspot region.
Note also that the lower 4” resolution used in the wide band 2-4 GHz
observations may also lead to additional depolarization.

The Northern lobe as a whole shows a patchy polarization distribution,
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Figure 4.5: These are the RM (top left) and ogry (top right) images produced
from the model fitting procedure for the 2-4 GHz data. The images of the frac-
tional polarization at zero wavelength (py) and intrinsic polarization angle ()
are given on the bottom left and bottom right respectively. The images were
blanked according to the errors in ogy; as this parameter had the highest errors
and was a good indicator of the general quality of a fit for a depolarization
model. The Stokes I contours are from a 2-4 GHz image made using a multi-
frequency synthesis method using a central frequency of 3 GHz. The image was
tapered and smoothed to the same 4.1” resolution as images used in model fit.
The contours are given at the levels 1.4 mJybeam™! x (-1, 1, 1.41, 2, 2.83, 4,
5.66, 8, 11.31, 16, 22.63, 32, 45.25, 64) with the negative contour dashed.
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Figure 4.6: Left panel: X-ray data with radio contours overlaid showing where
the jet is deflected at K1. Right panel: A high resolution Hubble telescope
image showing the gas cloud which is being impacted by the radio jet and
deflecting it. Image credit: Worrall et al. (2016)

presumably due to Faraday depolarization from the H « emitting gas, as the
polarized emission is strongly anti-correlated with the H o emission

(Figures (b) and (b)). The RM distribution is shown in the histogram in
the top panel of Figure MWith a mean (median) RM of 34.9 (24.9) rad m—2
and standard deviation (median absolute deviation) of 39 (22.6) rad m—2. The
high depolarization in the Northern hotspot and lobe as a whole can be
interpreted as an example of the Laing—Garrington effect (Garrington et al.
1988, |Laing||1988), which implies that the Northern jet is receding relative to
the observer and the Southern, more strongly polarized jet is approaching.
The fat projected shape of the lobes is also consistent with an orientation
significantly inclined to the plane of the sky. One caveat to this is that the
Southern jet, having been deflected by the collision in K1, has altered its
orientation significantly relative to the inner radio axis.

4.4.2.2 Southern lobe

The polarization data for the Southern lobe agrees very well with the model in
the 1-2 GHz range, as can be seen, for example, in Figure (The data
corresponds to the location indicated by the asterisk in Figure [4.4)). At this
pixel location, py = 0.15 £ 0.001, RM = 3.9 4+ 0.1rad m "2,

orm = 9.8 £0.1radm™?, and yy, = —8.5 + 0.2°. The model fit parameters from
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Figure 4.7: Histograms of the RM distribution in the lobes of Coma A taken
from the RM image made for the S-Band model fit results. The top panel is the
histogram of the RM distribution across the Northern lobe. The bottom panel
shows the RM distribution in the Southern lobe, the blue histogram represents
the part of the jet before the depolarizing H « filament; the red histogram rep-
resents the RM values after the filament and including the RM feature to the
east.

the 2-4 GHz data, at the same location, are py = 0.33 & 0.03,
RM =12+ 4radm™?, ogy = 25.6 £ 6radm ™2 and yo = —14 + 3°.

This shows the value of the higher resolution data at 2-4 GHz (4” beamsize)
which more robustly probes the underlying Faraday rotation variations across
the lobes. In particular, the higher value of p, indicates that most of the RM
structure has been resolved in this region, as the fractional polarization at

15 GHz in this region is ~0.35 (Figure (a)). Considering that the model of
a Faraday depolarizing screen fits well to the data, the difference in the RM
and ogryvalues between 1-2 GHz and 2—-4 GHz can be ascribed to resolution
dependent effects for an inhomogeneous Faraday screen produced by the
patchy distribution of H « across the lobes.

Looking at the fractional polarization images for the higher resolution archival
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observations at 4.9 GHz and 15 GHz, there are two regions of appreciably low
fractional polarization. Firstly there is a region of low polarization along the
centre of the jet in the region after the knot K2. The fractional polarization at
15 GHz varies from ~ 14% in the centre to over 30% on either side of this
region. This may be due to entrainment of the external medium into the jet
after deceleration following the collision with K1 (van Breugel et al.|[1985]) or
wavelength-independent depolarization due to the jet magnetic field
orientation being roughly orthogonal to the magnetic field orientation in the
surrounding lobe. However, a toroidal or helical field in the jet giving high
fractional polarization at the edges may be another explanation for this
feature, which is discussed in Chapter [3| where the significant transverse RM
gradient across the Southern lobe in both the archival and wide-band VLA data

are presented.

The second feature is a ‘trough’ in polarized flux in a band transverse to the
Southern lobe, visible in both the 4.9 GHz and 15 GHz fractional polarization
images ( Figure (a) and (a)). At 15 GHz, the fractional polarization in
the ‘trough’ is estimated to be < 3%. What is interesting about this feature is
how the lack of polarized emission in this ‘trough’ correlates with a large
filament of Ha emission. Figures [4.8|(b) and [4.9|(b) show images of the
polarized flux and Ha emission for both frequencies. This indicates that a
random magnetic field component coupled with a high electron density within
a beamwidth in this ‘trough’ is causing very significant depolarization, even at
15 GHz. An estimate of the magnetic field and depolarization in this region is

made in Section

The maps of the various parameters from the model fitting in Figures [4.4] and
do not have a high enough resolution to show the ‘trough’, however, the
parameters change drastically downstream in the jet after this feature. This
can be seen in the histogram plots of the RMs for these regions (see bottom
panel of Figure [4.7). Upstream from the filament the mean (median) RM is
8.4 (7.7) rad m—2 with standard deviation (median absolute deviation from the
median) of 10 (4.9) rad m—2, whereas after the filament, the RM has a mean
(median) value of -83.3 (-90.3) rad m~2 and much higher standard deviation
(median absolute deviation) of 75.4 (40.3) rad m—2. The region after this
filament also has a larger amount of Faraday depolarization, as can be seen
from the data and model fit in Figure The large depolarization of

orM = 54 + Trad m ™2, is typical for this region and can explain why only a
small part of this region is detected in the 1-2 GHz data (Figure [4.4). The
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Figure 4.8: (a) 1.4” resolution 4.9 GHz image of Coma A from the VLA archival
data. The colour image is the de-biased fractional polarization where the correspond-
ing Stokes I intensity is greater than 1 mJybeam~'at 4.9 GHz and the contours are
the total Stokes I at that same frequency. The contours are given at the levels of
0.25mJybeam~! x (-1, 1, 1.41, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63, 32, 45.25, 64,
90.51) with the negative contour dashed. (b) Image of Coma A showing polarized flux
density in Jybeam ™! as purple contours with levels at 0.45 mJybeam~! x (1, 1.5, 2, 3,
4,5, 6). Stokes I contours are given in black at 27.5 mJybeam~! x (0.008, 0.2, 0.6)
which corresponds to 0.8, 20 and 60 percent of the peak value. The deep H « image is
given in greyscale.
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Figure 4.9: (a) 2” resolution 15 GHz image of Coma A from the VLA archival data. The
colour image is the debiased fractional polarization at 15 GHz displaying only values
where the corresponding Stokes I value is greater than 1 mJybeam~!. The contours
are the total Stokes I at that same frequency. The contours are given at the levels
of 0.45mJybeam~! x (-1, 1, 1.41, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63, 32) with
the negative contour dashed. (b) Image of Coma A showing polarized flux density at
15 GHz in Jybeam ™" as purple contours with levels at 0.4 mJybeam~! x (1, 1.5, 2, 3, 4,
5, 6, 7). Stokes I contours at the same frequency are given in black at 0.2 mJy beam—!
x (-1, 1, 8, 32) with the negative contour dashed. The deep H«a image is given in
greyscale.
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systematically higher values of og), after the filament can also be seen in the
map of ogy values in Figure 4.5

This drastic change in the RM downstream from the jet in the Southern lobe is
an indicator that the jet/lobe has undergone a significant change in
morphology or has interacted with external media. The presence of the Ho
filament suggests the latter, especially as this behaviour is not mirrored in the
Northern lobe. The evidence provided by Morganti et al.| (2002) that the lobe
is expanding into a disk of neutral gas and ionising it, creating the filaments
observed, is a viable explanation for the depolarizing ‘trough’ feature.
However, a potential complication to any models where there is a giant gas
disk perpendicular to the radio jet axis (e.g. |Gopal-Krishna & Wiital (2000b)),
is the likely large inclination of the radio jet axis with respect to the line of
sight (as evidenced by the fat-double shape of the lobes, and the
Laing-Garrington effect). This would imply that any Ha filament related to
this disk material is most likely behind the Southern lobe, unless the Southern
jet has a large deflection back into some of this disk material. Further
observations of the complex gas dynamics in this system are warranted.

4.4.3 Estimation of magnetic field strengths

The depolarization by the H o gas makes it challenging to detect the polarized
emission. However, in some regions where there are reliable RM, ogy;, and Ha
values, an estimate of the magnetic field strength within the ionised gas shell
can be made. The strong anti—correlation between the H o emission and the
polarization (Figures [4.8/(b) and [4.9|(b)) is highly indicative that the Faraday
rotation (and depolarization) is mainly occurring in the H o emitting shell
around Coma A, as opposed to the extended hot X-ray emitting gas that is also
likely present (Worrall et al.[[2016). Therefore, this makes a combination of an
estimate of the electron density from the H « data, and the Faraday rotation
information from the radio data a powerful tool in directly calculating the
magnetic field strengths in this region. Here the method outlined by
McClure-Griffiths et al.| (2010)) is followed in an effort to calculate the
magnetic field strengths using Ho measurements and Faraday rotation
measure. The electron density is related to the H o emission through the
emission measure, M

EM = 2.75 (T/10°K) " Iyo = n3fL (4.3)
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where 7' is the temperature of the gaseous region in Kelvin, Iy, is the Ha
intensity in Rayleighs (1 Rayleigh = 5.7 x10~® ergcm 2 s ! arcsec 2 at H o),
ny is the particle number density in cm™3, f is a filling factor between 0 and 1,
and L is the line of sight depth of the gaseous region in parsecs. Now using the
Faraday rotation measure and solving for the average values:

RM = 0.81 / ne (1) Bydi (4.4a)
(B)) = 1.235% (4.4b)

Now writing the column electron density in terms of the emission measure,
EM, and assuming that the medium is fully ionised, so that ny = n,,

(RM) V'f
VEM L

The ogry; parameter from Section can be used to estimate the strength of

(B) =1235 (4.5)

the turbulent magnetic field component in the depolarizing shell of ionized
gas. This can be calculated by considering the ionized gas as a collection of
cells, each with their own Faraday depth and coherent magnetic field, which
when combined along the line of sight gives a turbulent depolarizing screen.
Using the definition of ory; given in Burn| (1966), the diameter of such a cell,
d, can be estimated as has been done in van Breugel et al. (1984):

ORM — 0-81ne<Brand> V dL (46)

Similarly to Equation this can be written in terms of the emission measure

URM\/7
EMd

as:

(Brand) = 1.235 (4.7)

In Equation |4.6|all values except B;.ng and d can be estimated directly from the
data. A range of values for the turbulent cellsize can be estimated for each
region using reasonable upper limits for B,,q and d. The lower limit for the
cellsize occurs when the value for the magnetic field strength is at maximum
within each cell; a reasonable estimate for the maximum magnetic field is the
equipartition field strength of the radio lobe in that region. This assumes the
H « gas is completely mixed with the outer region of the lobe and depolarizes
the signal, as well as disordering the direction of any magnetic field in the lobe
in that region, but maintaining the same field strength in each of the cells of
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diameter d. The upper limit for d can be taken to be half of the observing beam
for the highest resolution observation of Coma A that shows depolarization.
van Breugel et al.| (1985) have estimated the upper limit for d using this
method to be 300 pc for all regions in Coma A, which yields the smallest
possible Bi.,q for the given depolarization.

For all of the magnetic field calculations in Coma A it was assumed

T =1 x 10*K, L = 3.5kpc. The value used for f assumes full ionisation in the
gas and is difficult to quantify. the value f = 1 would yield the highest possible
magnetic field value, but this filling factor is not physically plausible. The
temperature used here has been estimated in van Breugel et al.| (1985) and a
value of 10*K also ensures the gas is almost completely ionised, making the
assumption that ny = n. a safe one. The thickness of the shell, L, was
estimated by measuring the thickness of the projected shell in the H o image as
seen in the filament of H « gas in the north east of the Northern lobe

(Figure (b)). It must also be noted that the small Galactic contribution to
the RM of 2.3 & 1.3rad m~2 (Taylor et al.2009) can be safely ignored due to
the location of Coma A being very close to the Galactic pole, indicating little to
no interference in the Faraday rotation from the local Galactic medium and
making it safe to assume the vast majority of Faraday rotating medium is

located in the immediate vicinity of Coma A.

4.4.3.1 Magnetic field strength in Faraday screen of Northern lobe

The Northern hotspot region shows bright H o emission and some of the
2-4 GHz polarization data for that region, particularly in the north western
region of the hotspot, are reliable for fitting (see Figure [4.5)). Values of
RM ~ 30rad m 2, ogy ~ 30rad m™2, and

25 larcsec™? =

I = 1.4 x 107 ergem™ 24.6 Rayleigh were used to estimate
the magnetic field in the gas. The emission measure can be calculated from the
Ha intensity and temperature to be 67.65 pccm™°. This led to a value of

<B||> = 0.07/f uG for the ordered magnetic field in the ionised shell. The
random component can be estimated to be Bng > 0.27+/f G using the lower
limit to the depolarizing cellsize of d < 300 pc. The smallest possible value for
the cellsize d is estimated to be d ~ 0.008 pc when the maximum possible
magnetic field is assumed to be the equipartition estimate of 54 uG (Table 4. in

van Breugel et al.|[1985) for that region.

Evolution of the Magnetic Field Structure in 123 Sebastian Knuettel
the Jet Outflows from Active Galaxies



4. ESTIMATING THE MAGNETIC FIELD
STRENGTH IN THE FARADAY SCREEN
SURROUNDING COMA A 4.4 Results

The archival data can also be useful for estimating RM and ogy;, as the higher
polarization fraction and range in A\? can give better estimates for the magnetic
field strengths. Using the high frequency end of the 2-4 GHz data and the

4.9 GHz and 15 GHz archival datasets, a simple linear fit of the polarization
angles was used to estimate the RM. To estimate oy, the fractional
polarization for the same hotspot region averaged over a 2” beamsize was fit
with the exponential part of the depolarization model (Equation 4.1)), namely:

p(\) = poefz"l%ﬂw’\4 4.8)

This method gave RM ~ 180rad m 2 and ogy ~ 176 rad m ™2, which are
significantly higher but may better describe the hotspot environment due to
the improved resolution.

Using the rotation measure values and the same value for Iy, the magnetic
field strengths were calculated to be: <BH> = 0.45/f uG and

(Brand) > 1.63+/f uG. These values are almost an order of magnitude different
from the earlier attempt, however the higher frequency data shows more
reliable polarization structure. These estimates may be broadly consistent with
other studies (e.g. Laing et al.[[2008, Guidetti et al.| 2010, Bonafede et al.
2010) that commonly infer field strengths of 1 to 10 xG in the hot X-ray
emitting gas phase that pervades the ambient intracluster/intragroup medium
surrounding radio galaxies. In the case of Coma A, Worrall et al.| (2016) argue
that faint X-ray emission from thermal gas is also present, indicating a weak

group atmosphere.

The random and uniform line-of-sight magnetic field strength estimates of
O(1) uG suggest little or no mixing is occurring between the lobe and the
surrounding gas near the Northern hotspot. However, as the exact size of the
depolarizing cellsize is unknown, the random magnetic field strength cannot
be precisely estimated. In|[Mao et al.| (2008) and Gaensler| (2005) a cell size of
~ 90 pc is used for the Small and Large Magellanic Clouds. This value falls
within the range of values estimated for d and if the conditions in the Coma A
H « region are similar to the interstellar medium in the SMC and LMC the
resulting turbulent magnetic field can be estimated as 0.5 4G for the 2—4 GHz
results and 3 uG for the results including the archival data at higher
frequencies and resolution.
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4.4.3.2 Magnetic field strength in Faraday screen of Southern lobe

Another interesting region to probe is the depolarizing ‘trough’ feature
transverse to the Southern lobe discussed in Section It is difficult to
estimate RM and oy in this region as even at 15 GHz this region has no
significant polarization. As the RM changes significantly in the jet downstream
from this ‘trough’, this H « filament may be causing this. Using a typical RM
value for the downstream region, RM ~ —80rad m 2. The H « intensity is
measured to be 23.9 Rayleigh; using Equation this gives an emission
measure of 65.7 pccm %, With a shell depth of 3.5 kpc, an estimate for the
line-of-sight, coherent, magnetic field was calculated to be: <B||> =0.31v/fuG.

Using the 15 GHz archival data, an estimate of ory; can be made from the
turbulent depolarization model. Assuming that the fractional polarization in
regions upstream and downstream from the ‘trough’ are very close to the
intrinsic value at 15 GHz, this implies that p;5cqn, =~ po =~ 0.3 for these regions.
This is a safe assumption as the model fitting has shown that ogy; is very low
in the inner lobe compared to the ‘trough’ region. It is also assumed that the
‘trough’ region should have the same intrinsic polarization at zero wavelength
as the regions on either side if not for strong depolarization by the H « gas.
The fractional polarization in the ‘trough’ region at 15 GHz can be estimated to
be less than 3% polarized (p(A\) < 0.03 ). This extremely high depolarization is
indicative of internal depolarization, where the Faraday screen of H « gas is
mixed with the synchrotron emitting plasma. The lower external
depolarization in other parts of the jet, such as upstream in the Southern lobe
being an example of external depolarization, is seen in the model fits in

Figure If the screen is spherically symmetric around the lobes than the
depolarization should be uniform, if it is external. The nature of the intense
depolarization in the Southern filament is therefore puzzling, but internal
depolarization by mixing of the Ha gas and radio lobe is an elegant and simple
way to explain this.

The following is an effort to calculate the magnetic field in this region using
some constraints and an estimation of the filling factor f for this region.
Assuming the H o emitting medium is mixed with the radio lobe, the filling
factor f in this region that would correspond to the pressures in these two
media being balanced can be estimated. This pressure balance can be
calculated by equating the magnetic pressure in the lobe from equipartition
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with the thermal pressure of the H « gas.

3 B?
ankT =4

2 St (49

where ny is the particle density in cm 3, k is Boltzman’s constant, 71" is
temperature in Kelvin and B is the magnetic field strength in Gauss. Using
Equation 4.3|an expression for the filling factor can be derived such that:

14472 10*EMAT?

BT , (4.10)

where EM is the emission measure from Equation [4.3]in pccm™°, B is the field
strength in ;G and L is the length of the gaseous medium along the line of
sight in parsecs. Using equipartition B, ~ 301G (van Breugel et al.[[1985)) and
measured values for EM in the trough with temperature 7" and filament depth
L chosen the same as before, this yields a value of f = 1 x 107° for the volume
filling factor of the gas, if it is mixed with the lobe in this region as suggested
by the intense depolarization. This estimated value of f is physically plausible,
and can be used to calculate the lower limit for the random magnetic field
strength in the depolarizing region in the southern lobe. The lower limit is
achieved by taking the upper limit for the depolarizing cell size d in the region.
Subbing into Equation 4.7| using the upper limit of d = 300pc gives a magnetic
field strength of 75 nG, however this can increase dramatically if a smaller
depolarizing cell size is considered, which may be possible as a highly
turbulent field could be expected in a shock ionised gas mixed with a deflected
radio jet. A turbulent cell of diameter 0.1 pc or less would result in a magnetic
field strength of O(1) uG or higher. Using the lower limit for such a
depolarizing cellsize with d ~ 10~ pc (van Breugel et al.[1985)), the maximum
possible magnetic field strength in this region is almost 130 uG, over 4 times
the equipartition field strength. This is however not completely implausible as
such a high field strength could arise from the compression of a region of
magnetic fields due to shocks. A mixing of this higher electron density medium
will therefore only require a lower than equipartition magnetic field to
depolarize the signal when mixed with the lobe, and allow the two to be in
pressure equilibrium. However the possibility that the filament is external to
the lobe is still a possibility and that a weaker ~ 1 uG field coupled with the
high electron density is causing this. One consideration though is the lack of
this effect in the Northern hotspot, where the bow shock showing H « emission
causes strong depolarization, however not as intensely as in the southern
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region (the 15 GHz fractional polarization in the Southern region is roughly
3%, while the Northern hotspot has approximately 10-15% fractional
polarization). The jet deflection and deceleration most likely has a more
important part to play here, and adds another level of complexity in
attempting to understand the physics of the Coma A jet and its interaction
with the external medium.

In general, there are several potential reasons for the high depolarization. It
may be due to a complex interaction between the lobe and the H « filament,
where mixing between the filament and the lobe has occurred or the
shock-ionisation of the filament mixed with the lobe has compressed it to
result in such a high magnetic field strength. Furthermore this filament is
spatially correlated with a decrease in the total intensity which can be seen in
the contours in Figures and [4.9|(a), and in jvan Breugel et al, (1985);
Figure 5. It is difficult to explain what is causing this decrease as a dense
obstacle should ordinarily compress and enhance the synchrotron emission.
However, one possibility given by van Breugel et al. (1985) is that the
interaction significantly increases the relative amount of the line-of-sight
magnetic field component with respect to the perpendicular component at this
location in the lobe. This would have the dual effect of decreasing the
observed synchrotron emission and increasing internal Faraday rotation (and
depolarization) at this location. This could be an effect from the mixing of the
H o gas with the lobe where the magnetic field in the lobe is randomised
further, compared with the more ordered field upstream, creating the increase
in ratio of line-of-sight magnetic field to perpendicular, particularly if the
deflected jet axis lies on the plane of the sky. This appears plausible as the
magnitude of the RM is at its highest downstream of the filament, indicating a
stronger line of sight magnetic field component and the depolarization is very
high in the filament region with oy > 2700 rad m 2.

Another possibility is that there is mass entrainment in the jet, shown by the
region of low polarization along the jet centre in the Southern lobe, and
material has been ‘dumped’ in the transverse ‘trough’ region, which was
proposed by van Breugel et al.| (1985). This however is not an explanation for
the high levels of H « emission in the ‘trough’/filament as no such emission is
seen along the centre of the jet. The H « filaments also extend along the entire
eastern side of Coma A including the Northern lobe, where there is no
evidence of mass entrainment. Therefore, the most plausible scenario is that
the H « gas shell is close to but external to the radio lobes, except in the
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‘trough’ region of the Southern lobe, where the H « gas is mixing with the lobe
plasma.

If the filling factor for the gas in and around the Northern hotspot is similar to
the value estimated for the Southern filament, f = 10~°, this would give
magnetic field estimates of <B||> = 1.4nG and (Byang) > 5.21nG. However, it is
impossible to know if the filling factor for the gas in the Southern filament,
which is presumed to be significantly interacting with the lobe medium, is
similar to the filling factor for the gas in the North, which is assumed to be
external to the lobe. If the filling factor of the gas is independent of whether
the gas is mixed with the lobe of not, then this f value can be used for the
magnetic field calculations in the Northern hotspot and lobe also.

4.5 Summary

An analysis was performed of the radio polarization structure of the twin lobed
radio galaxy Coma A, using new wideband VLA observations from 1-4 GHz
and also high resolution archival VLA observations at 1.4, 4.9 and 15 GHz.
Large variations in the degree of polarization were seen across the lobes and in
conjunction with deep Ha imaging, a strong anti-correlation between observed
polarized flux and H o was seen. The large scale arcs and filaments of Ha were
consistent with the picture that the radio lobes were expanding into a region
of gas, such as a large scale gas disk, placed in the IGM by recent merger
activity in the Coma A host galaxy.

It was found that the polarization structure of the lobes matched a scenario
where a Faraday screen of ionised gas is hugging the lobes, causing significant
depolarization in places with significant diffuse Ha. Employing QU model
fitting on the wideband data allowed for fitting of the depolarization and
showed the spectra agreed well for a situation with a Faraday screen around
the source, and to calculate the rotation measure and depolarization
accurately. In particularly a strong depolarizing transverse “trough” of
depolarization is aligned very well with a strong Ha filament. Using estimates
of the depolarization in this region and the fluxes of the Ha direct calculations
of the magnetic field strengths in the Southern lobe could be made.

For the large scale Southern lobe using the results from the QU fitting, the
magnetic field strengths in the Faraday screen of Ha gas around the lobe were
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estimated to be < 1 uG. The region of intense depolarization spatially
correllated with a Ha filament is strong evidence that the Ha gas is mixing
with the radio-plasma of the lobes, which in turn causes the significant
depolarization. When this “mixing” between the radio plasma and Ha gas is
presumed estimates of the filling factor and magnetic field can be made with a
lower limit of roughly 0.075 G but with an upper limit of the same order field
strength as the lobe itself. This is interesting, as such interactions provide
more evidence of the complex ways jets interact with the environment around
them, providing some “feedback” on the local environment; this can both
inhibit star formation in galaxies by removing cold gas from the environment
and also modify the evolution of radio galaxies aiding in creating the diverse
“Zoo” of radio galaxy morphologies.
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Chapter 5

Faraday Rotation Measure study of
the magnetic field environments of
3C 433 and 3C 382

In an effort to replicate the detailed multiwavelegth analysis of Coma A done
previously, further wideband observations of Radio Loud AGN with interesting
structures were obtained using the VLA in the 1-2 and 2-4 GHz ranges. Both
3C 433 and 3C 382 were observed. These are bright radio galaxies with
impressive and unusual features in the radio Stokes I and polarization images
available in the literature (e.g. van Breugel et al. 1983, Black et al.|1992)). The
original aims of these observations were to enable a detailed analysis into the
polarization and Faraday depth structure of these galaxies, exploiting the
wideband capabilities of the upgraded VLA, and in conjunction with
information on the X-ray, Ho and HI environments from literature try to
ascertain if the lobes of these galaxies are being affected by external media, or
vice versa. The VLA observations are outlined in Table [5.1]

Deep Ha observations using the Gran Telescopio Canarias (GTC) were
intended to be used in conjunction with the radio polarization observations, in
an effort to match regions with depolarization to regions of Ha emission. In
addition, HI spectral line observations were taken as part of the L-band
observations, where a segment of the bandwidth was dedicated to narrow
channel spectral line observations, in order to identify regions with neutral
hydrogen. These observations have been taken, however due to time
constraints on behalf of our optical and spectral line collaborator, they are not
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5. FARADAY ROTATION MEASURE STUDY OF
THE MAGNETIC FIELD ENVIRONMENTS OF 5.1 Rotation Measure mapping and
3C 433 AND 3C 382 Polarization Model Fitting Procedure

Table 5.1: Table outlining the VLA observations of 3C 433 and 3C 382. All
observations were done in the VLA B configuration and were part of the same
project, 17B-016.

Source Name V1 Vo Av Date t
MHz MHz MHz hrs

1008 1968 1 2017 Oct 24 1.3

3C 433

1988 4012 2 2017 Sep19 1.3
3C 382 1008 1968 1 2017 Sep 20 1.3
1988 4012 1 2013 Sep 17 1.3

calibrated and available for analysis as part of this thesis. Our intention is to
include them in a final analysis for publication.

5.1 Rotation Measure mapping and Polarization

Model Fitting Procedure

To better understand the rotation measures of these AGN at higher resolutions,
rotation measure maps were made using the S-band data only, to investigate
the RM, intrinsic polarization angle, and fractional polarization at a higher
resolution. This is essentially the same procedure as was done to the wideband
observations of NGC 6251, Coma A and IC 4296 in Chapter 3| Using a
frequency bin width of 128 MHz, 16 images were made in Stokes [, () and U
between 2 and 4 GHz, with the visibility data tapered and images smoothed to
a common resolution. The rotation measure maps were made by fitting the
data for y versus \? using the cASA task rmfit. The maps were blanked when
the error in the polarization angle was more than 3 degrees, and furthermore
RM values were blanked if the associated error in the RM from the fitting
exceeded a specified value. This also resulted in the calculation of the intrinsic
polarization angles y,. For each source a de-biased fractional polarization map
was also made, using images of the polarized intensity made with the standard
polarisation bias correction applied in CASA (e.g. VLA memo 161, (Leahy &
Ferninil|1989) ). This allows the fractional polarization map to be blanked
using Stokes I, allowing regions which may feature significant depolarization
within the lobes to be identified, as was done using the high resolution
archival data for Coma A in Chapter [4}

Given the large range of \? values and the high spectral resolution of the data,
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results from the calibrated data using rotation measure synthesis (Brentjens &
de Bruyn 2005) across the entire 1-4 GHz range can provide insight into the
distribution of the Faraday depth along the line of sight. Images in /, @) and U
were made using a fine spectral resolution of 2 MHz bandwidth per image for
the 1-2 GHz data and 8 MHz for the 2-4 GHz data. The visibility data had an
appropriate uv taper applied and the resulting images were all smoothed to a
common convolving beam. The rotation measure synthesis was performed
using the PYTHON routine pyrmsynth ﬂ An RMCLEAN (Heald et al.|2009) was
also performed on the data in order to deconvolve the true Faraday spectrum
from the data, given the inherently incomplete sampling of \2.

Polarization model fits (O’Sullivan et al.|2012) were also performed for
various features in the sources, using the image data created for the RM
synthesis process. Features such as the hotspots, the various knots and also
regions in the extended, more diffuse parts of the jets could have their
polarization spectra modelled and analysed in detail. This was done by
extracting spectra of Stokes I, ) and U using PYTHON routines, including
background root-mean-squared values for each Stokes parameter from the
image, to estimate the errors of the fluxes. The fractional ¢ = % and u = %
were calculated and fitted as part of this procedure, in order to remove the
effects of spectral index from the data. The data were fitted according to
Equation for various numbers of components and Faraday screens. The
spectra were then fitted for various models using a PYTHON implementation of
multinest using Bayesian methods for converging on the best fit using existing
cod This is a similar method to that used in /Anderson et al. (2019), where
fits were done on unresolved blazar spectra using Australia Telescope Compact
Array (ATCA) data. The best fit was determined by the fit which had the
lowest Bayesian information criterion (BIC) but also used relatively few free
parameters for fitting, so as to not over-interpret any small fluctuations in the

spectra.

5.2 3C433

3C 433 is a radio galaxy at red shift, = = 0.1016 (Hewitt & Burbidge |1991).
The structure and morphology are discussed in detail in van Breugel et al.

!https://github.com/mrbell/pyrmsynth
2https://github.com/crpurcell/RM-tools
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(1983), with some interesting conclusions as to the origin of the unusual jet
shape, suggesting a possible merger event having occurred with the host
galaxy changing the orientation of the jet, or a precessing jet. Looking at the
radio intensity contour map in Figure the Southern jet has the typical
appearance of an FRII radio jet, with a large bright lobe and hotspot toward
the jet termination point. The Northern, fainter jet has a more complex
appearance similar to a faint FR 1 like radio jet. However on both the Northern
and Southern jets, large trails of diffuse emission are seen to the East and West
of the Northern and Southern jets, respectively; this is particularly prominent
in the Northern jet, with a “wing” of emission featuring a bright knot with a
slightly higher spectral index. This peculiar morphology has labelled 3C 433 as
a Hybrid Morphology Radio Source (HYMORS) (Miller & Brandt/2009), and
‘X’ or ‘Z’ shaped radio galaxy (XRG/ZRG)(Gopal-Krishna et al.|2012), whose
unusual appearance has been attributed to the jet propagating into an off-axis
super-disk of neutral gas (Gopal-Krishna & Wiita|2000b) around the host
galaxy, most likely originating from a merger event between the host galaxy
and another, a theory common to the origin of the circumgalactic gas in Coma
A (Morganti et al.[[2002). Further evidence of a recent merger is that there is a
reported UV excess in the host galaxy (Wills et al.|2002]), which is evidence of
recent star formation, most likely due to the merger. The interacting galaxy
has not been clearly identified, however two galaxies are located 10” to the
North-East from the 3C 433 host galaxy, one of which, named 2MASX
J21234458+2504272 has a very close redshift of z = 0.102 (Hernan-Caballero
et al.2016) and a similar angular size, making this a likely companion for

3C 433. The other galaxy to the North, as well as another galaxy ~17
projected kpc to the South-West, have an unclear nature as to their
relationship with 3C 433.

Another possible origin for the appearance of this source is that due to a
merger event in the host, a reorientation of the jet axis has occurred, which
creates the ‘wings’ of emission indicative of previous locations of the jet, as
proposed in van Breugel et al. (1983). There are many possibilities and
theories which could explain this morphology, however the environment
around the radio galaxy is likely to play an important role.

Gopal-Krishna et al.| (2012) use 3C 433 as an example of a possible jet-shell
interaction, where a recent merger in the galaxy has expelled large scale shells
of gas. The powerful FRII jet bores through the shell, however some jet
material is deflected by the shell, whose rotation causes the trailing wings in
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opposite directions. This is supported by multiwavelength studies, in
particular the presence of cold denser gas surrounding the lobes in 3C 433,
especially in the Southern lobe. This would provide an explanation for the
unusual shape of the jet and lobe structure, indicating the jet has been
contorted and slowed down by the cold, dense surrounding medium. The
presence of atomic hydrogen around the source was first reported in [Mirabel
(1989); indeed, the Southern lobe and hotspot show evidence of HI
absorption, as can be seen in more detail in Morganti et al.| (2003), with an
estimated 5x 1080, mass of neutral gas surrounding the Southern lobe and
located over a projected distance of 60 kpc from the host galaxy. Furthermore,
evidence of interaction between this neutral gas and the highly energetic lobe
plasma can be seen in the images of diffuse X-ray emission around the
Southern lobe, also seen in Figure 1.(a) of Miller & Brandt (2009).

Previously published radio images of this source include maps at 1.48 and
4.885, and 8.4 GHz in van Breugel et al. (1983) and Black et al.| (1992)
respectively, the latter providing some insight into the polarization structure as
the integrated RM of ~ —70rad m—2 (Simard-Normandin et al.|1981, Taylor

et al. ) 2009) will only affect the polarization angle slightly at 8.4 GHz
corresponding to 0.00127 m? in wavelength squared and about 5° of rotation.

The wideband VLA observations at L. (1-2 GHz) and S (2-4 GHz) bands
analysed here give an almost continuous coverage in wavelength from 30 to
7.5 cm. Such observations over a wide wavelength range and with a well
sampled spectral axis allow for the employment of modern polarization
analysis techniques such as RM synthesis (Brentjens & de Bruyn/2005) and QU
model fitting (O’Sullivan et al. ' 2012). This enables not only accurate
determination of the Faraday rotation measures, but also the distribution of
the Faraday depth along the line of sight and whether synchrotron emitting
components of different polarization angle, fraction and rotation measure are
combining together within the observing beam. These tools are useful for
investigating how the synchrotron emitting lobe plasma is interacting with the
presumed external, dense gaseous medium on scales smaller then the
interferometer can resolve at such wavelengths.
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Figure 5.1: Spectral index and contour map of 3C 433 made using a multi-term
multifrequency synthesis technique. The image has been made using super-
uniform weighting to ensure the best possible resolution, the convolving beam
is 1.91 x 1.65” at 0.4°. The spectral index map is given in the colour scale with
the values blanked if the error in the calculated spectral index exceeds 0.15,
Stokes I contours at 3 GHz are given, with levels starting at 0.6 mJy beam ™! and
increasing by factors of v/2, with a peak of 126.3 mJybeam™! in the Southern
hotspot feature.

5.2.1 Observations and data reduction

The observations of 3C 433 were taken in 2017, with the S-Band data observed
on 19 September 2017, and the L-band data on 24 October 2017, with a total
integration time of approximately 1.3 hours per observation. The flux density
calibrator was 3C 286 which also acted as the bandpass and polarization angle
calibrator. The phase calibrator was the nearby source J2115+2933 (

B2 2113+29), which also acted as the polarization leakage calibrator due to
its low polarization and the sufficient parallactic angle coverage during the
observation. Both the datasets were calibrated using standard procedures in
CASA with the RFI flagged using the tfcrop and rflag flagging modes in CASA.
The 3C 433 data were binned into 8 MHz channels for S-Band and 2 MHz
channels for L-Band and over 30 seconds in time, in an effort to speed up the
imaging and self calibration. The data were self calibrated with three
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iterations of phase only calibration and one iteration of phase and amplitude
calibration. The self calibration was done across the whole band using a
multi-term multi-frequency synthesis method. This method produces an image
with high resolution and dynamic range, with an accompanying spectral index
map, presented in Figure for the 2-4 GHz S band data.

To analyse the rotation measure maps at a higher resolution, the S-band data
were imaged in 128 MHz bins in Stokes /, () and U, with the visibility data
tapered and all images smoothed to a common convolving beam of

3.02 x 2.61” at 4°. These images were used to fit for y versus \2, to produce
RM and y, maps of 3C 433, shown in Figure [5.2]and [5.3|(left panel). The
values were blanked again according to the error in the calculated RM, with
values having RM errors higher than 15 rad m~2 being blanked. The fractional
polarization map at 3 GHz is shown in Figure [5.3|(right panel) which bridges
the gap between known 20cm and 6cm images from van Breugel et al.| (1983).

To analyse the polarization data using RM synthesis and QU fitting, cubes of
the Stokes I, ) and U data were made. The L band data were imaged in

2 MHz channels and the S band data were imaged in 8 MHz channels, as
polarization model fits and rotation measure synthesis are done in \? space,
making narrow imaging channels at higher frequencies less necessary. The
data were imaged with a uv-taper on the visibility data to ensure a similar
resolution showing emission at similar scales from 1-4 GHz, with the final
images smoothed to a common restoring beam of 6.4 x 5.4” at an angle of 2.7°,
ensuring the extracted spectra of I, (), U were consistent.

5.2.2 Results

The results of the polarization analysis into 3C 433 show the polarization
structure over a wide bandwidth for the source, especially in the 1-4 GHz
ranges, of which little has been published. Rotation measure mapping using x
versus \? shows the RM structure at a high resolution, while RM synthesis and
QU fitting exploit the entire bandwidth available in an effort to look at more
subtle effects in the Faraday depth.
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5.2.2.1 Rotation measure mapping

Figure shows a rotation measure map of 3C 433 made using the 2-4 GHz
data only, to provide a rotation measure image with a higher resolution. The
calculated rotation measure map and intrinsic polarization angle map are
presented in Figures and respectively with a resolution of 3.02 x 2.61”
at 4°, with the RM shown in colour scale in the first and the intrinsic
polarization angles plotted as vectors in the second. A central frequency of

3 GHz was chosen for the overlaid Stokes / contours. Such rotation measure
maps of this source have not been published previously in literature, making
these and the following analyses useful tools in the continuing efforts to
analyse the polarization structures of such hybrid sources.

The overall structure of the rotation measure is quite patchy. The Southern
lobe features slightly higher values on the Eastern side and an unusual “ridge”
where the values change quite suddenly from West to East in the centre just
above the hotspot. This ridge has a lower overall polarization, as can be seen
in Figure with a long filament of low polarization (< 5%) tracing the ridge.
This low polarization may be leading to the ridge in the RM values, however
the large spectral range and precise measurement of the RM make this less
likely. Comparing with the high resolution Stokes / map in Figure the
ridge is aligned with the lower intensity region that bisects the Southern lobe
parallel to the left edge of the lobe, in a position angle of ~ 30° from North.
Similar features have been observed in broadband radio-polarimetric
observations of Fornax A in Anderson et al. (2018]), with their origins likely
being an interaction between the radio lobe and the external medium; this is
quite likely given the known presence of a diffuse X-ray environment in the

Southern lobe of 3C 433 and the presence of dense neutral gas.

The Northern jet has a similar patchy structure with the RM having slightly
different alternating values for each of the knots of the jet that are unresolved
in the total intensity here. The extension to the East shows no particular
structure in the RM, only the knot in this extension features a slightly higher
RM than the rest of the Northern jet.

The intrinsic polarization angle distribution could also be calculated from the
RM mapping process, this map is given in Figure The direction of the
vectors is consistent with those in the high frequency maps in Black et al.
(1992) where the effects of Faraday rotation are expected to be minimal as
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Figure 5.2: Rotation measure map and contour map of 3C 433 made by fit-
ting polarization angle y versus \? for 16 frequencies between 2 and 4 GHz.
The common convolving beam is 3.02 x 2.61” at 4°. The RM map is given in
the colour scale with the values blanked if the error in the calculated rotation
measure exceeds 3rad m—2, Stokes I contours at 3 GHz are given, with levels
starting at 1.25 mJybeam~! and increasing by factors of /2, with a negative
contour given at -1.25 mJy beam !

with a wavelength squared of 3.6 cm? = 0.001296 m?, an extreme value of
~ —90rad m~? gives a change in polarization angle of only RMA? ~ —7°.

The results from the rotation measure synthesis using the entire spectral range
give supporting and encouraging results also. The synthesis was performed
over a range of ¢ from -1000 to 1000 rad m~2 with a 6¢ of 0.2rad m~2 to
produce the figures and plots shown here. A plot of the rotation measure
transfer function (RMTF) is given in Figure [5.4} this is equivalent to the “Dirty
Beam” in synthesis imaging deconvolution.

The RMCLEAN reduced the effects of the sidelobes greatly. In Figure[5.5, F'(¢)
is plotted with the CLEANed spectrum in black, the dirty spectrum in dashed
green, and the clean components from the deconvolution shown as blue
vertical bars. The fitted Gaussian to the RMTF has a FWHM of 44 rad m~2,
which is close to the maximum theoretical resolution of 42 rad m~2. The error
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Figure 5.3: Top: The intrinsic polarization angle x, is shown in the vectors,
this map was made parallel to the RM map in in Figure [5.2l The convolving
beam is 3.02 x 2.61” at 4°. The Stokes I contours at 3 GHz are also given,
with levels starting at 1.25mJybeam ! and increasing be factors of /2, with
a negative contour given at -1.25mJybeam~!. Bottom: Debiased fractional
polarization map of 3C 433 at 3 GHz. Values are plotted for which the Stokes
> 2.5mJybeam~!. The contours and common convolving beam are identical to
the top panel.
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Figure 5.4: The RMTF for the 3C 433 data in the 1-4 GHz range. The FWHM
of the central peak is 42 rad m—2

in the ¢p..x Was determined by Brentjens & de Bruyn (2005) to be the FWHM
of the central peak in the RMTF divided by twice the signal to noise ratio of
the peak. In this case, having a deconvolved spectrum will increase the
signal-to-noise ratio and reduce the error in the ¢,..x RM value. As the
produced ¢,.,x map only includes points whose signal to noise radio exceeds
50 the maximum error in the ¢, is given by

A¢pea = WHMiyre — dMradm™® _ 4 4 19q 1 2, This is the estimated maximum

20 10
error for all peak Faraday depth values given in Figure|5.19

The map of ¢,eax of F(¢) in Figure gives values and RM structures very
similar to those produced in the y versus \? fitting procedure made using the
2-4 GHz data only, with the ‘ridge’ in the southern lobe preserved. However,
the map made using the RM synthesis has an inherently lower resolution, as
the resolution of these images is limited to the resolution of the lowest
frequency close to 1 GHz.

Plots of the spectra of F'(¢) for various regions in Figure are plotted in
Figure the spectra show that the RM structure in most regions is
dominated by a single Faraday-thin component, however the deconvolution
reveals some possible structure near this single component. Given the limited
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Figure 5.5: F'(¢) for a high polarized intensity region in the Southern lobe, the
dirty rotation measure synthesis spectrum is plotted in dashed green, the de-
convolved clean spectrum is plotted in black with the clean components plotted
as vertical blue bars.

resolution in F(¢), with a fitted Gaussian of FWHM 44 rad m~2, which is close
to the maximum theoretical resolution of 42 rad m—2, the extended structure in
¢ is hard to verify. This is a situation where QU model fitting can help give a
more detailed view of the polarization data.

5.2.2.2 QU model fitting

Model fitting of individual regions in the source can be advantageous, as it
may reveal more subtle effects in the Faraday depth, such as multiple
unresolved polarized components or extended structure in the RM, which may
not be well resolved given the maximum resolution of the rotation measure
synthesis. The best quality fit can infer the existence of structure, while also
retrieving valuable measures of the overall depolarization by external screens,
whose existence is implied by the presence of hydrogen external to the lobe.
Strong depolarization could be evidence of mixing between the gas-shell and
the radio jet as the synchrotron emitting plasma mixing with the Faraday
rotating medium would cause much stronger internal depolarization.
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Figure 5.6: Rotation measure map featuring the ¢, RM value from the calcu-
lated F'(¢) for each cell in the map using a frequency range of 1-4 GHz. Plotted
are RM values for which the total polarized flux exceeds 5o. The contours over-
laid are for the L band data using a multi-frequency synthesis method centred
on 1.4875 GHz and a tapered resolution of 6.4x5.4” at angle of 2.7 degrees ,the
same as the ¢,.,x map. Levels start at 1.25 mJy/beam and increase in factors of
2 with a negative contour at -1.25 mJy/beam

Figure 5.9/ shows a model fit to a region around the Southern hotspot, which is
labelled ‘SH’ in Figure |5.6, The plotted fractional polarization shows a “bow
shape” with the fractional polarization decreasing towards both long and short
A2, This is a clear indicator that more than a simple single RM component with
some external depolarization is present, as was the case for the lobes of

Coma A in Chapter [4] Both internal and external depolarization models were
tested, but the model that best described the data with the least number of
variables was a model with two polarized components and a common external
depolarizing screen. The parameters of these components are laid out in

Table When the screen depolarization term is independently calculated
for each component, the RM and y, values for each component are quite
similar to the case with a common depolarization term for each component;
only the p, values differ by a few percent. This two component model fit for a
common Faraday screen is given in Figure As the plots for the model with
individual depolarization terms for each component and those for a model
with a common depolarization term are indistinguishable by eye, given that
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Figure 5.7: Plots of the RMCLEANed Faraday spectra for various regions in
3C 433, the location of clean components with intensities given as blue ver-
tical lines . Top left: The distribution of Faraday depth along the line of sight

for the Southern Hotspot which peaks at —74 4 1 rad m—2. Top right: Polarized

flux versus Faraday depth for the Northern knot peaking at —72 4+ 2rad m—2.

Bottom Left: Similar plot as previous, but for the higher intensity knot feature
in the North-Eastern extension with ¢, = —60 + 2rad m~2. Bottom Right:
The Faraday spectrum for the high RM region in the upper left section of the
Southern lobe with ¢pe. = —48 £ 3rad m—2.

the fitting parameters from Table are very similar only the plot for the
model with a common depolarization term is shown.

From a physical standpoint this model makes sense, given our previous
knowledge of 3C 433. Looking at the hotspot in the high resolution 8.4 GHz
polarization maps in Black et al.| (1992)) and reproduced in Figure two
individual features can be made out in the Southern hotspot region, labelled
S4 and S5 in Figure Given the inferred presence of a considerable amount
of neutral gas (Morganti et al.|2003) and diffuse X-ray emission, probably
from excited gas (Miller & Brandt|2009) surrounding the Southern lobe, it is
safe to assume a screen depolarization term will be affecting all the
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Figure 5.8: Maps of 3C 433 taken from Black et al. (1992) Left panel: A
greyscale 0.25” high resolution map of 3C 433 with features labelled. The red
box indicates the frame of the right panel, the blue ellipse is the beamsize of the
wideband polarization data used in this study. Right Panel: The Southern lobe
and hotspot of 3C 433 featuring the Stokes / contours and polarization vectors
at 8.4 GHz which is taken from Black et al.| (1992), note the locations of the ‘S4’
and ‘S5’ components. the contour levels stated in Black et al. (1992) are (-3, 3,
6, 10, 15, 20, 30, 40, 50, 60, 80, 100) x15 uJybeam~!. The blue ellipse is the
convolving beam and resolution of the wide-band polarimetric data, showing
how these features would be unresolved at the lower resolution.
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Table 5.2: Table outlining the QU fitting parameters for a 2 component fit with
common Burn depolarization term to the 3C 433 Southern hotspot region and
for 2 component fit with individual depolarization terms.

Model type Comp Do X0 RM ORM
no. % B radm—2 radm2
2 RM components, 1 88+02 39+£1 -79.4+0.3 5.5+0.2
Common oy 2  62+£03 -54+1 -70.4+0.4 5.5+0.2
2 RM components, 1 109+03 45+1 -78.1+0.2 6.2+0.1
Individual ogy 2  87+03 -11+1 -72.540.2 6.4+0.2

polarization measurements and fits in any region in the Southern lobe.

The polarization angles are also quite consistent with the plotted angles in
Figure when comparing with the model for a common depolarization term.
Looking at the upper S4 component with the polarization vectors aligned
roughly vertically, this most likely corresponds to the second component with
Xo2 = —5°, while the S5 component with angles almost perpendicular to the
edge of the lobe corresponds to the component with yy; = 39°. However since
the images are uncorrected for Faraday rotation, the angles may differ by a
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Figure 5.9: Summary of model fit for the Southern hotspot of 3C 433 for a
model with 2 RM components with a common depolarization term.Top Left:
Plot of the fractional polarization versus the wavelength squared with the cal-
culated fractional polarization for the model fit overlaid as a solid black line.
Bottom Left: Plots of the observed fractional Stokes () (blue) and Stokes U
(red) against wavelength squared with the calculated model fits overlaid. Top
Right: Plot of the measured polarization angles against wavelength squared in
black with the calculated model fit overlaid in red. Bottom Right: Plot of the
fractional Stokes () versus U with fit overlaid, the color of the points from red
to blue indicates the observed frequency from 1-4 GHz

few degrees. Having access to previously published images of the source
structure at high resolutions in the literature provides an interesting
proof-of-concept for the QU fitting, as it can distinguish unresolved features
spectrally. Unfortunately, the fractional polarization and rotation measures of
the individual knots in the high resolution data are not given, however the
overall rotation measures of the hotspot region agree with those from the map
in Figure The fractional polarizations at 1.2” and 4.9 GHz in van Breugel
et al. (1983) show a very high (> 40%) fractional polarization just to the right
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Figure 5.10: Stokes I contours and polarization vectors at 8.4 GHz from Figure
21 in Black et al.| (1992) with the convolving beam for the 1-4 GHz model fit
data overlaid showing how the individual component here may become unre-
solved.

of the hot spot, which can be seen in the map at 3 GHz in Figure with
lower ~ 10% values associated with the regions where the S4 and S5
components are located, indicating that the models fits are most likely probing
these regions.

The depolarization is not as extreme as anticipated with ogry = 5.5 rad m—2

and there is no strong evidence for an internal depolarization process which
means that the Southern hotspot is not mixing as strongly as anticipated with
the external gas and may be merely pushing it away and causing some of the
jet to deflect to the West as the jet moves through the shell. This contrasts with
the results for Coma A, where strong depolarization is noted where the jet
interacts with the ionised Ha shell. However there the jet has decelerated
significantly after a collision and subsequent jet deflection with a gas cloud,
and a slower jet may be more likely to mix into the medium rather than force
it out of the way.

Looking at the upstream region of the Southern lobe with high intensity
(labelled ‘SL’ in Figure |5.6)), the polarization spectra show some significant
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depolarization from, ~ 25% at 4 GHz to ~ 13% at 1 GHz at the 6.4x5.4”
resolution used for all the images, with the spectrum plotted in Figure|5.11
The structure of the depolarization however does not fit well for a simple
single RM component with screen depolarization. The unusual kink in the
fractional polarization spectrum makes the appearance differ from the
exponential decay expected for a single component, indicating that more likely
a more complex structure is obscured within the observing beam, which is not
unexpected given the knotty structure of this region shown at higher
frequencies and resolutions.

At the resolution probed, this region is best fit by a 2 component RM model,
however a more complex model cannot be ruled out. The images in Black

et al.| (1992), reproduced in Figure do show two overall peaks in the
Stokes I map at 8.4 GHz, named S1 and S2, making a two component fit a
logical option. Again as with the Southern hotspot fits, both independent
screen depolarization terms and a common one were fitted, as well as internal
depolarization regimes for completeness. The best fit was one for a common
depolarization term with the first term having py; = 0.112 4+ 0.001,

o1 = 38.6 = 0.004°, RM; = —55.17 £ 0.01 rad m~2, and the second term having
po2 = 0.312 4 0.001, o2 = 157.9 £ 0.004°, RM, = —66.83 4= 0.01 rad m~2, both
with a common depolarizing screen term of ory = 7.0 & 0.01 rad m—2. This is
plotted in Figure The fitted RM values are rather high for this region,
and do not appear in the rotation measure maps of Figure and
however little is known of the possible RM structure on smaller scales. The
high fitted fractional polarization of 31.2% agrees with the high expected
values from previous observations (van Breugel et al.|[1983)) of that region
which predict even higher fractional polarizations of almost 40%, which are
not recorded in the low resolution data, although they can be made out in the
fractional polarization map at 3 GHz with a better resolution of just under 3”.
Comparing with the angles in Figure the polarization angles do not
appear to match up well: only S2 shows angles similar to the fitted

Xo2 = 157.9° with the S1 component not having consistent angles. One caveat
may be that the individual features may have become slightly extended in the
1-4 GHz beam, or the scales probed at 1-4 GHz may include much more large
scale lobe emission that may be invisible to the 8.4 GHz data and may be
introduced into the fits, confusing the results.

The wing of diffuse emission to the right of the Southern lobe is also of
interest, as it featured high polarization in the previously published higher
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Figure 5.11: Summary of model fit for the upper region in the Southern lobe
of 3C 433 for a model with 2 RM components with a common depolarization
term. The plot layout in each panel is identical to that of Figure 5.9

resolution maps at 1.48, 4.5 and 8.3 GHz (van Breugel et al. 1983, Black et al.
1992). This region is fit very well with just a single polarized component, with
some external depolarization. The fitted parameters are py = 0.464 + 0.001,

Xo = 142.940.1°, RM = —72.23 £ 0.02rad m~2, ogy = 4.66 £ 0.02rad m~2 and
the fit to the data is plotted in Figure for the region labelled ‘SW’ in

Figure

Similarly, the wing to the left of the Northern jet also shows a more single
component dominated structure. Looking at the ‘knot’ or high intensity feature
in this wing, labelled ‘NK’ in Figure (5.6 a single component fit describes the
data best with pg = 0.187 £ 0.001, xo = 138.9 +0.1°,

RM = —62.08 & 0.03rad m~2, ogy = 4.08 & 0.04rad m~2. A plot of the fit is
given in Figure [5.13| In the higher resolution maps, it can be seen that the
knot region is dominated by a single feature in Stokes / (see labelled feature
N5 in Figure making a single RM with a depolarization term the most
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Figure 5.12: Summary of model fit for a region with high fractional polarization
in the Eastern wing of the Southern lobe of 3C 433 for a model with 1RM
component with a depolarization term. The plot layout for each panel is the
same as that for Figure

plausible option for the observed polarized spectrum from 1-4 GHz. It must be
noted, however, that the values for this region in the fractional polarization
spectrum are rather noisy, making a fit with more components and terms
speculative, with a risk of over-interpreting what may just be noise or residual
calibration error in the data, a further reason why a single component fit is a
good conservative estimate. The RM is slightly less negative in this region in
general, as can be seen in Figure where the values rise to around -55
to-60 rad m~2, compared to the values of ~ —70rad m~—2 which are common
throughout the rest of the Northern and Southern lobes.

As was noted above, the Ha and HI observations originally intended to be
included in this project are not yet calibrated and available for analysis. The
new HI observations were designed to have a lower resolution than the
observations of Morganti et al.| (2003)) allowing us to probe the large scale HI
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Figure 5.13: Summary of model fit for the knot in the North-Eastern wing of
emission in 3C 433 for a model with 1RM component with a depolarization
term. The plot layout for each panel is the same as that for Figure |5.9

environment, if it is present. The Ha emission (if it was detected), could be
utilised to estimate the electron density in the depolarizing screen of neutral
and ionised gas, and, using the ory and RM values, to directly calculate the
magnetic field strengths in the ionised region surrounding the lobes, as was
done successfully with Coma A. However a brief review can be done of
existing data for other wavelengths. A map of the Ha structure of 3C 433 is
published in Baum et al.| (1988), where no large scale optical emission line
flux is visible; only a dominant nuclear feature and an elongation to the
North-West and South-East is visible from the host galaxy which the authors
describe as being offset to the radio jet by ~ 35°. However considering the age
of the data, more recent observations with modern optical telescopes could be

more sensitive to further extended emission.
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5.3 3C 382

This is a twin lobed radio galaxy at redshift = = 0.05787 (Eracleous & Halpern
2004), which corresponds to a projected distance of approx 1.13 kpc/”. With a
total angular size of this source of ~ 175” from hotspot to hotspot, this
corresponds to a projected size of at least 200 kpc. An initial analysis and
detailed maps of radio intensity are presented in Strom et al. (1978) at 1.4
and 4.8 GHz, Leahy & Perley (1991) at 1.4 GHz and Black et al.| (1992)) at

8.4 GHz, with polarization vectors overlaid.

Here, new wideband observations made with the VLA in the L (1-2 GHz) and
S (2-4 GHz) bands are presented. Using these wide bands it is possible to
create a Stokes [ image with a very high dynamic range and accompanying
spectral index map. This was done for both the 1-2 GHz data and the 2-4 GHz
data for which images are presented in Figures|5.14|and |5.15|showing the

small scale structure in and inner jet in the former, and the large scale lobes
and diffuse emission in the latter.

The narrow jet can be made out in the Northern lobe, and the jet can also be
seen close to the core on the Northern side, indicating that this jet is facing
more towards the observer and is Doppler boosted, appearing brighter. A
distinct knot can also be made out in the Northern lobe, where the narrow jet
appears to be making a deflection of roughly 20° to the South of its original
direction. In the S band spectral index map (Figure [5.14), the inner jet and its
knots can be made out from their slightly flatter spectra, compared to the
surrounding lobe medium. This is less visible in the 1-2 GHz map in
Figure|5.15|where, most likely due to the lower resolution, the observing beam
is incorporating some lobe flux making the spectrum appear steeper. The
Northern lobe shows an unusual “S” shape, with an arch of higher intensity
flux and higher fractional polarization tracing a path from the hotspot to the
knot in the Northern lobe along the Southern edge of the lobe. A further faint
arch of emission tracing the Northern edge of the lobe from the knot can also
be made out. This high fractional polarization and the detailed polarization
structure can be seen in the maps published in Strom et al.| (1978)), Leahy &
Perley (1991) and Black et al.| (1992) , as well as here, in Figure The
compact feature seen to the North-West of the Northern lobe is a background
source, and is not associated with the radio emission from 3C 382 ( NED cross
ID SSTSL2 J183502.13+324221.9 in IR, unknown redshift and most likely a
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Figure 5.14: Map of 3C 382 at 3 GHz made using a multi-term multi-frequency
synthesis imaging method for the 2-4 GHz, S band data. The spectral index
is given in the colour scale with the Stokes / contours at 3 GHz overlaid, the
levels start at 0.25 mJy beam~" and increase in factors of v/2 up to a maximum
level of 128 mJybeam ™!, a negative dashed contour at —0.25 mJybeam~!. The
convolving beam is 2.24 x 1.88” with a beam position angle of 8.9°.

distant AGN due to high radio emission with spectral index, oo ~ —0.3). VLBI
monitoring of 3C 382 by the MOJAVE programme shows that within the
unresolved VLA core, a jet structure towards the North-East can be seen, with
the jet following the same direction as on the large scales; in the most recent
image, shown here in Figure the counter jet can also be made out.

3C 382 has been named a member of the cluster UGCI 447 (also known as
ZwCl 1831.2+3154) by Zwicky et al.| (1963) and was associated with that
group again in |Strom et al.| (1978). However no exact red shift is known for
this group, while it is known for 3C 382. In an optical analysis by Roche & |
(2000), they suggest a barred spiral galaxy which lies just to the South of
the Northern hotspot, approximately 85” at position angle of 67° ( NED cross

ID 2MASX J18350968+3242162), is interacting with the 3C 382 host, and
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Figure 5.15: Map of 3C 382 at 1.5GHz made using a multi-term multi-
frequency synthesis imageing method for the 1-2 GHz, S band data. The spec-
tral index is given in the colour scale with the Stokes I contours at 1.5 GHz
overlaid, the levels start at 0.5mJybeam~' and increase in factors of /2
up to a maximum level of 256 mJybeam~!, a negative dashed contour at
—0.5mJybeam~!. The convolving beam is 4.61 x 3.83” with a beam position
angle of -1.1°.

mention a trail of optical emission connecting the two galaxies. However, this
connection is not visible in the images reproduced in that publication.
also mention that this galaxy may be the cause of the deflection
in the jet, somehow attributing the location of the barred spiral with the
deflecting knot however this spiral galaxy is actually located close to the
Northern hotspot. While a connection and interaction between these two
galaxies would be an interesting explanation for the 3C 382 radio structure,
the evidence is only speculative.

In the Southern lobe, no narrow jet can be made out, however a prominent
hotspot indicates the terminating point of the jet. Black et al. (1992) point out
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Figure 5.16: Parsec scale Stokes / contour map of 3C 382 at 15 GHz publicly
available from the MOJAVE program (Lister et al.[2018).

a region of low polarization which bends towards the hotspot at the Northern
end of the Southern lobe, which may be an indicator of an obscured jet. An
unusual arc of more intense radio emission and high linear polarization,
reminiscent of the arc in the Northern lobe, can be seen around the hotspot
feature, however the orientation does not seem to hug the lobe along the jet
direction. It is tempting to associate these rings in both lobes with precession
of the radio jets, possibly due to interaction with the aforementioned
neighbouring spiral galaxy, however there is no concrete evidence to support
this.

There is also more diffuse radio emission associated with the Southern lobe,
trailing off to the East from the Southern lobe, which is more prominent at
lower frequencies and has a steeper spectral index indicating that this is older
diffuse emission from the radio lobe.

3C 382 is also a known X-ray emitter, whose strong nuclear X-ray emission has
been monitored using multiple instruments such as XMM-Newton and NuSTAR
by Ursini et al.| (2018), who interestingly compare the X-ray emission to that of
a radio quiet Seyfert galaxy, hinting at a common emission mechanism.
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5.3.1 Observations and data reduction

The observations of 3C 382 in the 1-2 and 2-4 GHz bands were observed in
VLA B configuration on the 20th and 17th of September 2017, respectively.
3C 286 served as the primary flux density calibrator, bandpass and
polarization angle calibrator. The phase calibrator was the unresolved source
J1753+42848 ( B2 1751428 ) which was observed with a sufficient parallactic
angle coverage to allow this source to serve as the polarization leakage
calibrator. As with 3C 433, 3C 382 was calibrated using standard routines in
CASA, with RFI identified and flagged using the automated routines tfcrop and

rflag, as well as some manual flagging.

The calibrated data were then subjected to three iterations of phase
self—calibration and one iteration of amplitude and phase self-calibration. The
self calibration was done across the whole band using a multi-term
multi-frequency synthesis technique (Rau & Cornwell|2011)) with nterms=3,
which produced a continuous model of source structure across the spectrum
with a high dynamic range and good resolution, as well as good sampling of
the large scale structure. The resulting high dynamic range Stokes I images

with accompanying spectral index maps are shown in Figures|5.15/and |5.14,
For the S-band 2-4 GHz data it must be noted that the uv coverage used

undersamples the shorter baselines significantly, as can be seen by the lack of
large scale emission seen in Figure which is present in Figure This
means care must be taken when interpreting results of the QU model fitting
and RM synthesis, especially for regions which show more extended emission.
Measurements closer to 4 GHz particularly may not be correctly sampling the
polarized flux, as large scale polarized (or depolarized) emission may not be
incorporated into the data.

To calculate and present the rotation measures at the best resolution available,
the higher resolution 2-4 GHz data were imaged in Stokes /,Q and U in 16
separate 128 MHz bins, averaging over each spectral window. The visibility
data were tapered in the imaging process and the final images smoothed to
have the same convolving beam of 3.5 x 3” with a zero degree position angle.
The final RM map was produced with blanking applied such that polarization
angles with errors greater than 3° were omitted from fits, any subsequently
calculated RM values with errors from the fitting greater than 5rad m—2 were
omitted from the final map. The final map is shown in Figure [5.17] with
intensity contours for 3 GHz at matched resolution overlaid. The fractional

Evolution of the Magnetic Field Structure in 155 Sebastian Knuettel
the Jet Outflows from Active Galaxies



5. FARADAY ROTATION MEASURE STUDY OF
THE MAGNETIC FIELD ENVIRONMENTS OF
3C 433 AND 3C 382 5.33C 382

polarization map at 3 GHz was made using the de-biased linear polarization
intensity, so the blanking factor used for the fractional polarization was the
Stokes I, in an effort to highlight any depolarized regions in the jet-lobe
structures.

To analyse the data along the whole 1-4 GHz spectral range using RM
synthesis and QU model fitting, the data were imaged in Stokes I, ) and U in
discreet bins of 4 MHz for the 1-2 GHz data and 8 MHz for the 2-4 GHz data,
ensuring the \? space was well sampled, and that the images all had a
sufficient dynamic range. The data were cleaned using a Clark CLEAN and the
visibility data were weighted and tapered, and the images smoothed to ensure
all images shared the same resolution and a convolving beam of 7.1 x 5.8”,
with a beam position angle at 7.4°.

5.3.2 Rotation measure Mapping

The higher resolution RM map is given in Figure|5.17, with the intrinsic
polarization angle and 3 GHz fractional polarization map given in Figure[5.18]
Overall, the rotation measure is patchy, with higher rotation measures
calculated for the receding jet and lobe structures.

As with 3C 433, this RM mapping process was used to calculate the intrinsic
polarization angle y,, plotted in Figure This map agrees quite well with
the polarization angle distribution at 8.4 GHz in Black et al. (1992) indicating
the reliability of the calculated rotation measures. The intrinsic polarization
angle is perpendicular to the edges of the lobes, as can be seen at the Southern
side of the Northern lobe and around the Western end and around the ring
feature in the Southern lobe. Inside the Southern lobe, the polarization angle
is aligned with the direction from the core to the Southern hotspot, where the
radio jet would most likely be found.

A de-biased fractional polarization map at 3 GHz is also given in Figure|5.18
This highlights the detailed polarization structure of the jet. The polarization
map was made by de-biasing the polarized intensity map using standard
methods in CASA (Leahy & Fernini|1989); The fractional polarization is plotted
for all areas with Stokes I flux above 2 mJybeam~!. Comparing this with the
Xo map, the vectors are aligned perpendicular to the jet at the edges of the
lobes, where there is a high > 30% polarization, meaning the associated
magnetic field follows the edges of the lobes. Black et al. (1992) proposed that
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Figure 5.17: RM map of 3C 382 made using data from 16 frequencies from 2-
4 GHz (S band), the rotation measure is given in the colour scale with intensity
contours overlaid, which are for 3 GHz and created using the multi-term multi-
frequency synthesis imaging technique. The levels start at 0.5 mJy beam~! and
increase in factors of /2 with a maximum level of 256 mJybeam~!, a dashed
negative contour at -0.5mJybeam~! is given also. The common convolving
beam for all the images is 3 x 3.5” at 0°.

the region of low fractional polarization tracing a curved path through the
Southern lobe towards the hotspot is the outline of the obscured radio jet
within the lobe. The change in direction and curl of this possible jet towards
the hotspot is interesting, as the direction into which the “jet” is bent coincides
with the trailing diffuse emission from the lobe out towards the South-East,
possible evidence of some intergalactic or intracluster weather or wind

impacting the source.

The rotation measure synthesis was again performed using the pyrmsynth
PYTHON routine, with an RMCLEAN also performed to reduce the sidelobes
resulting from convolution of the Faraday depth spectrum F'(¢) with the
RMTF. The resulting map of the peak RM value ¢,..x is presented in
Figure|5.19, The FWHM of the RMTF corresponds to the maximum theoretical
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Figure 5.18: Top: Map of the intrinsic polarization angle y, plotted as vectors,
as this map was made in parallel to the RM map the resolution is identical at
3.5 x 3” at 0°, the contours and their levels are identical to those in Figure
Bottom: De-biased fractional polarization map for 3C 382 at 3 GHz, fractional
polarization is plotted for all areas where Stokes I is > 2 mJy beam~!, the Stokes
I contours are identical to the top panel.
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resolution of 42rad m~2. The ¢« map was made using peaks with > 3¢
signal to noise ratio meaning the maximum errors in the values in Figure|5.19
are ;2 ~ 7radm2. The F(¢) functions for some regions are presented in
Figure showing how within the limits of the resolution in ¢, the Faraday
depth is dominated by single components in ¢.
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Figure 5.19: Map of the ¢,..« RM value for the lobes of 3C 382 made using data
from 1-4 GHz using a channel width of 4 MHz from 1-2 GHz and 8 MHz from
2-4 GHz. The Stokes I contours shown were made using a map made using a
multi frequency synthesis technique in the 1-2 GHz range with a uv taper to en-
sure a common resolution to the RM map. The levels start at 0.75 mJy beam™!
and increase in factors of 2, with the highest contour at 192 mJybeam~!. The
common convolving beam for all the images is 7.1 x 5.8”, with a beam position
angle at 7.4°

Looking at the map of ¢,..x the RM shows some structure over the entire jet,
with RM values agreeing with the higher resolution map in Figure There
is a gradient in the rotation measure from one end of the jet to the other,
which now appears smoother, due to the lower resolution and the larger scales
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Figure 5.20: A selection of plots of the Faraday spectra of 3C 382 from the
RM synthesis. The green dashed lines correspond to the dirty spectra, the solid
black line corresponds to the cleaned spectrum and the blue bars represents
the clean components.Top Left: F'(¢) for the Northern hotspot in 3C 382, the
Ppeax = 126 = 1rad m~2.Top Right: The F'(¢) for the knot in the Northern lobe
where the jet changes direction with ¢pc.c = 1224+ 2rad m—2. Bottom Left: The
RMTF calculated and used in the synthesis process. Bottom Right: The F(¢)
for the Southern hotspot with a calculated ¢ca = 141 + 3rad m 2.

sampled by the 1-2 GHz data. Overall, the magnitude of the RM changes from
120 to 140 rad m~? from the Eastern to the Western hotspot. This may be
related to the fact that the Eastern jet is approaching and the Western jet is
receding, and therefore there is more foreground intergalactic medium that
could be supplying the magneto-ionic material amplifying the rotation

measure.

5.3.3 QU Model fitting

To investigate the spectral behaviour of the polarization, it is an interesting to
use QU model fitting for various regions along the jet structure, to analyse
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Figure 5.21: Summary of model fit for the knot in the Northern hotspot of
3C 382 for a model with 1RM component with a depolarization term. The plot
layout for each panel is the same as that for Figure 5.9

whether multiple unresolved components or extended structure in Faraday
depth, that could be identified with internal Faraday dispersion in the spectra
can be detected. The Stokes I, ( and U images made for the RM synthesis
were used for this analysis also.

Fitting for the Northern hotspot shows that this region exhibits very low
depolarization, and fits for a single RM component with a depolarizing screen
work quite well, as can be seen in Figure The fractional polarization
spectrum shows little variation apart from some minor fluctuations which are
most likely instrumental effects from imperfect calibration and not due to a
physical effect in the source. The fitted parameters are: p, = 0.1 £ 0.0002,
RM = 125.94+0.03radm=2, xo = 63.7 £ 0.07°, ogy = 0.9 £ 0.2rad m—2. The
RM value is in good agreement with the result from the RM synthesis.

The core also shows an interesting spectrum with reverse depolarization. The

fractional polarization at 1 GHz is approximately 2.5% and decreases towards
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zero at 4 GHz. This is a strong indicator that a more complex structure in
polarization is present within the unresolved core. This complex structure
could be multiple polarized components interacting with each other, or an
internal Faraday dispersion process or ordered magnetic field causing an
unresolved gradient of the RM values, both of which result in reverse
depolarization. The best fit model to the data has 2 polarized components
with individual depolarization terms. It is difficult to ascribe this affect to an
RM gradient, as the full pattern of a sinc function cannot be made out clearly,
with an increase towards zero wavelength in the fractional polarization, as in
Figure The best fit parameters to the data are py; = 0.023 4 0.002,

o1 = 174 4+ 2°, RM; = 136.5 + 0.3radm~2, ogyy = 0.8 = 0.9rad m~2 for the
first component, and pg, = 0.022 & 0.002, yo2 = 83 &£ 2°,

RM;2 = 125.3 £ 0.8radm~2, opye = 9.6 + 0.9rad m~2 for the second
component. Looking at the fit to the core in Figure there are some
appreciable small scale fluctuations in the data however these need not be
over-interpreted at such low fractional polarizations, where noise across the
band can be expected, as was the case in Coma A, most likely due to an
imperfect D-term calibration. Care must be taken with over interpreting the
data at higher frequencies as some large scale polarized flux may be absent
from the data given the lack of short baselines in the 2-4 GHz data. The model
fit results are difficult to reconcile with observations at high frequencies and
resolutions with the VLA, as the figures in Black et al.| (1992) show no resolved
structure or polarization in the core. While multiple knots and features are
visible in the VLBI images of 3C 382 at 15 GHz (Figure the source shows
little to no polarization here, with an upper limit of 0.6% polarization quoted
for this epoch in the MOJAVE databaseE] (Lister et al.|2018).

The Southern hotspot shows slightly more complex structure, with the
expected higher depolarization. The high frequency end, toward 4 GHz, shows
some fluctuation, which was not as prevalent in the spectrum for the Northern
hotspot. However this may be due to an instrumental effect, or due to missing
large scale flux from the lack of short baselines at the higher frequencies, and
should not be over-interpreted in the fitting . A single component fit does give
a good fit of the longer wavelength data with p, = 0.08 4= 0.0005,

RM = 140.2 & 0.1radm™2, xg = 61.8 & 0.3°, ogy = 3.4 £ 0.2rad m—2, plotted in
Figure The p, value calculated here lies in the range calculated for the

6 cm WSRT observation of |Strom et al. (1978)), who calculated the fractional

3http://www.physics.purdue.edu/astro/MOJAVE/allsources.html
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Figure 5.22: Summary of model fit for the core of 3C 382 for a model with 2
RM components with independent depolarization terms. The plot layout for
each panel is the same as that for Figure|5.9

polarization in the region of the hotspot to be ~ 10%.

The single component nature of the polarization model with an external
Faraday screen fits the data well and the observed gradient in the RM from one
hotspot to the other suggests this RM is very likely due to the surrounding
inter galactic medium. Both the magnitude of the RM and the depolarizing
term ogy are higher in the Southern hotspot with RM ~ 140 and

orMm = 3.4rad m—2

, which is associated with the counter-jet facing away from
the observer, so that more Faraday rotating medium and depolarizing Faraday
screen material are present in the foreground of this structure. If the unusual
bump at higher frequencies of ~ 1.5% in the Southern hotspot is due to a real
effect, then more intense depolarization is inferred, making ogy = 3.4rad m—2
a good lower limit. This makes the lobes of 3C 382 a clear example of the

Laing-Garrington effect. (Garrington et al.[[1988), |Laing||1988).

It is also noteworthy that according to the coordinates and values of the
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Figure 5.23: Summary of model fit for the Southern hotspot of 3C 382 for a
model with 1RM component with a depolarization term. The plot layout for
each panel is the same as that for Figure|5.9

integrated rotation measures from Taylor et al. (2009), the individual lobes

2 and

are ascribed separate integrated rotation measures of 109 + 9rad m~
122.8 & 6rad m~? for the Northern and Southern lobes respectively. This
difference in RM could be due to a Galactic foreground effect, and a sudden
change in the Galactic foreground magnetic field could be occurring. However,
from investigating the rotation measure map and seeing that this gradient lies
exactly along the jet axis, the gradient is more likely due to asymmetry in the
projection of the lobes. A common Galactic or IGM associated Faraday depth
of ~ 100rad m~2 is likely present, as the RM of the Northern lobe should be
lower and closer to zero, since it has the least amount of Faraday rotating
material in front of it local to the source. The lower Galactic latitude of 17.44°
for 3C 382 suggests more Galactic material in the foreground is likely causing

this contributed ~ 100 rad m~? of integrated RM.

This considerable change in RM is indicative of some kind of group
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environment around the source effecting the rotation measure, which is likely
given rise to the trailing diffuse emission to the South-East. No such trail of
emission can be seen in the North, however the Northern lobe does appear
more elongated to the South-East in the 1-2 GHz image, with a steep spectral
index in Figure Recall though, that the deflection of the Northern jet to
the East will cause any tailing emission to appear less pronounced, which may
be at work here also. This may be due to some intra-cluster or intergalactic
effect, or to the purported interaction with the spiral galaxy to the North-East
(Roche & Eales|[2000), or simply due to the possible motion of 3C 382 to the
North-West. However, due to the increase in the magnitude of RM across the
source, the first two options are more likely.

The inclination of this jet to the observer is likely considerable, as the AGN is
classified as a broad line radio galaxy (BLRG), indicating a close viewing angle
to the host AGN allowing for the broad emission lines to be observed, and the
jet is observable on VLBI scales (see Figure[5.16)). The deflection of the jet in
the North however, confuses this somewhat, making an exact inclination
estimate difficult from the RM data alone.

As was the case for 3C 433, deep Ha and HI observations taken as part of this
project are not yet calibrated and available for analysis. Looking at the
literature, there is little evidence for large scale ionised emission. The X-ray
image data published previously for this source do not indicate any large scale
diffuse emission. Hodges-Kluck et al.| (2010) note that no diffuse emission was
detected in CHANDRA data, only a strong nuclear component. A small amount
of diffuse emission is detected about of 20-30” around the core in|Gliozzi et al.
(2007) which was presumed to be thermal blackbody or bremsstrahlung. This
may suggest some population of material around the galaxy; however this was
not detected at the distances from the core where the lobes are found. This
hints at a fairly rarified environment surrounding 3C 382, however some IGM
is likely to exist local to the source, given the asymmetry in the RM
distribution across the lobes.

5.4 Summary

Presented here is an analysis of the polarization structure of 3C 433 and
3C 382, previously unknown and unpublished high resolution rotation
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measure and intrinsic polarization angle maps in the 2-4 GHz range, and an in
depth Faraday depth analysis using rotation measure synthesis at 1-4 GHz,
creating the first known kpc scale RM maps for these sources to date.
Depolarization model fits were obtained for unresolved and extended features
in order to probe and understand the structure in detail.

3C 433 shows relatively low depolarization across the 1-4 GHz bands, which is
surprising considering the known HI and X-ray environments published
previously. This indicates that little mixing or violent interaction is occurring
on the scales probed in this study, however the low polarization troughs seen
at higher frequencies and resolutions may be evidence of some interaction
with the group atmosphere, which may be causing the contorted X or Z shape
of the radio jets and lobes.

3C 382 also shows relatively low depolarization, however this source is a
prime example of the Laing-Garrington effect, with the receding jet showing
more depolarization and an amplified RM, indicating the presence of some
group atmosphere, however rarified it may be. The RM asymmetry shows a
gradient in the RM from end to end, from 120 — 140 rad m—2. Polarization
model fits show that the hotspot has a relatively simple structure with a single
RM component dominating, while the core has a more complex structure with
2 components; however this cannot be confirmed with known VLBI or high
resolution VLA observations.

The B—configuration S-band observations of these objects show the potential
power of the VLA sky survey (VLASS), which aims to map the Northern sky
using 2-4 GHz observations in the same VLA B configuration. The S-band
polarization data displayed here show the possibilities of the data products
from this survey.
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Chapter 6
Conclusions

This thesis has dealt in depth with the magnetic fields in AGN jets on

kiloparsec scales, using a variety of approaches:

1. A search for statistically significant transverse RM gradients across AGN
jets on kiloparsec scales, taken to be an indicator of toroidal
magnetic-field component, has been carried out as part of this thesis.
This has led to the detection of 8 statistically significant transverse RM
gradients on kiloparsec scales. The effects of the “cosmic battery”, a
process in the accretion disk of a black hole that has been supposed to
provide the source helical magnetic field needed to launch and collimate
astrophysical jets on parsec scales have been investigated. This model
makes the very specific prediction that the toroidal magnetic field on
parsec and kiloparsec scales should be associated with inward and
outward currents, respectively.

2. Another feature of these jets is the interaction between large scale AGN
jets and their surrounding media and how this affects the observed
polarization and rotation measure. This has been studied using
polarization and RM mapping, rotation measure synthesis, QU fitting
and a joint analysis with optical data. This analysis has helped provide
evidence for the possible origins of the the wide variety of jet
morphologies observed in three sources in detail, and enabled estimation
of the magnetic field in the vicinity of Coma A.
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6.1 Magnetic fields in AGN jets on large scales:
The Cosmic Battery

It is believed that a helical magnetic field should be produced at the jet base by
the combination of rotation and outflow, but it was initially thought impossible
to detect kiloparsec—scale toroidal fields because the RM distribution would be
dominated by a turbulent component. For this reason, searches for transverse
RM gradients indicating the presence of a toroidal magnetic field component
initially focused on parsec scales observable with VLBI, and about 50 AGN jets
with transverse RM gradients have been detected to date (Gabuzda, Nagle &
Roche |2018). The results presented in this thesis show that the toroidal field
component of the initially helical magnetic field can persist on to the larger
kiloparsec scales. The cosmic battery (Contopoulos et al.[|2009) is a method by
which the seed field that ultimately produces these helical fields can be
generated by currents in the accretion disk. The model predicts that helical
fields with associated inward electrical currents should dominate on small
scales observable with VLBI, which has been the focus of intense study and
now has been proven to be the case (Gabuzda, Nagle & Roche 2018).The
model also predicts that toroidal fields with associated outward electrical
currents are should dominate on kiloparsec scales, but this possibility was
virtually unstudied until the work carried out in this thesis. A large scale study
considered together with results for the small and intermediate scales probed
with VLBI helps paint a whole picture of the system of electrical currents and
fields in the jets of AGN.

In this thesis 9 objects were studied in total, and of these 6 featured strong
evidence for the existence of toroidal magnetic fields in their jet structure. This
was done through an in-depth study of the Faraday rotation measure and in
particular transverse gradients in the rotation measure that were statistically
significant. In two cases the, the transverse RM gradients were detected across
both jets, bringing the total number of cases detected to 8. The direction of
these gradients plays a very important role also, of the 8 significant results 6
showed gradients that indicated a toroidal magnetic field component with an
associated outward electrical current in the jet, as is predicted for the system
of magnetic fields associated with the cosmic battery. The sources NGC 6251,
3C465, Coma A, A2142a, 5C4.114 all show evidence of large scale toroidal
fields in their jets. NGC 6251 shows a highly significant gradient which
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changes sign across the jet when an integrated RM value has been subtracted,
highly indicative of a toroidal field. 3C 465 shows significant RM gradients in a
large portion of its Eastern jet with significant gradients spanning swathes of
the jet ,10’s of arcseconds in length. Coma A shows an impressive RM gradient
that can be seen in high resolution archival data as well as in more recent
wideband VLA observations, albeit at a lower resolution. A2142a and 5C4.114
were found to have significant transverse gradients in their jets with the latter
featuring significant gradients in both of its kiloparsec scale jets. Only IC 4296
shows toroidal fields with associated inward current. It is interesting that this
object has a known dense atmosphere surrounding it, observed in the X-ray,
which may be affecting the observed magnetic field structure.

The remaining sources 3C 303, 5C4.152 and 3C 219 showed some tentative
evidence of transverse RM gradients however these gradients proved not to be
significant and/or monotonic enough to be trustworthy. 3C 303 features a
gradient in one knot in the jet that had been reported previously, albeit
without a robust statistical analysis of the errors in the RM and with an RM
map made with data for only 2 frequencies. When the original data were
calibrated again and a third frequency at a similar resolution was added, the
transverse RM gradient was visible by eye, but had a maximum significance of
only 1.50, too low to be considered a true physical gradient and more likely a
spurious detection. 5C4.152 shows evidence of gradients in both of its jets,
however the significance of the transverse RM gradients is too low (1.5-1.7¢
at most) due to a combination of high noise in the data, observation over a
relatively short span of wavelengths, and the possibility that this is simply a
spurious result. 3C 219 has a gradient across a small portion of its Southern
lobe that is quite significant however the RM values are substantially not
monotonic within allowed tolerances and the gradient features in only a very
small portion of the jet.

Taken on their own these results would be only suggestive concerning a
predominance of outward jet currents on kiloparsec scales. However, when
added to the data initially compiled by Christodoulou et al. (2016) for
transverse RM gradients on scales greater than 10-20 parsec, they provide a
convincing demonstration that the dominant currents are outward on
kiloparsec scales with the probability of the presence for outward currents
being spurious being only 0.3%.

Future work in this field is especially interesting in the Square Kilometre Array
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(SKA) era given the development of new arrays in the southern hemisphere
such as MeerKAT and ASKAP, as well as SKA itself. These telescopes will make
detailed, high dynamic range maps at the centimetre wavelengths probed by
the VLA. Surveys could also play an important role; the upcoming VLA sky
survey (VLASS) aims to map the entire Northern sky using the S-band 2-4 GHz
range and produce maps of the polarized emission and Faraday rotation of the
bright individual sources with arcsecond scale resolution. This allows for the
identification of many more rotation measure gradients, perhaps even utilising
machine learning to do so. Similar surveys of the Southern sky creates even
more opportunity for detection of evidence for helical magnetic fields in jets
and the possibility that these jets form characteristic global patterns. The main
aim of this would be to considerably increase the sample size of objects
featuring evidence for toroidal/ helical magnetic fields in their jets and if the
preference for outward electrical currents in the jets remains.

6.2 The interplay between external gas and the
lobes of the radio galaxy Coma A

A comprehensive broadband radio polarization and Faraday rotation study of
the nearby radio galaxy Coma A was presented in this thesis. Broadband VLA
observations in the 1-2 GHz and 2-4 GHz ranges were analysed using RM
synthesis and QU-model fitting. Large variations in the observed degree of
polarization were observed over the radio galaxy, which is indicative of
Faraday depolarization. Large variations in the RM were also observed across
the Southern lobe, indicating a substantial change in the morphology of the jet
and lobe. In conjunction with this, higher resolution archival observations at
4.9 and 15 GHz were also analysed, along with deep H a observations showing
strong spatial correlation with the depolarized regions and the H « emission.

An external Faraday depolarizing screen inferred in this analysis is consistent
with the broadband polarization data across most of the radio lobes. Due to
the clear anti-correlation between the polarized emission and H «, this
external Faraday screen is identified as the ionised gas seen in H «v arcs and
filaments surrounding the radio lobes. The H « emission is most likely caused
by shock-ionisation of a gas disk (seen in neutral hydrogen) by the expanding
radio lobes.
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The H « image in combination with the Faraday rotation and depolarization
results was used to estimate the magnetic field strength in this ionised gas
surrounding the lobe. Magnetic field strengths of < 1 uG were derived in the
H « gas across most of the radio lobes, consistent with expectations for the
magnetisation of gas in the local intergalactic medium. However, one
particular H « filament that cuts across the southern lobe is clearly associated
with a strong depolarization ‘trough’, this can be associated with internal
Faraday depolarization, where the radio plasma mixes with the ionised Ha
gas. One caveat is the volume filing factor of the ionised gas which is difficult
to directly calculate and can only be either estimated from literature or
calculated when pressure equilibrium with the radio lobe is assumed, which
was done for the strongly depolarizing southern filament. Using this method a
lower limit of 0.075 uG is calculated with a possible upper limit being of the
order of the radio lobe field strength. This is one of the clearest direct
observational examples of internal Faraday depolarization in the lobe of a
radio galaxy. This adds to the complex ways that radio jets and lobes can
interact with their environment, providing another means of “feedback” on
local gas, which can both inhibit further star formation activity and
substantially modify the evolution of radio galaxies.

6.3 Rotation measure analysis of 3C433 and

3C 382 using wideband observations

In light of the successful study of the radio galaxy Coma A, further study into
two further AGN was carried out. Wideband VLA observations of 3C433 and
3C 382 were taken in the L and S bands from 1-4 GHz and a similar analysis
was performed. Detailed maps of the rotation measure were not previously
published for these sources. Using the wideband capabilities of the VLA, new
methods for investigating the polarized emission from these jets could be used,
such as rotation measure synthesis and QU model fitting. The former yield
accurate rotation measure values along with information about how extended
the unresolved flux was in Faraday depth and whether unresolved structures
could be made out using the Faraday spectra. The latter allowed for an even
more detailed view of unresolved structures, allowing for identification of
possible multiple polarized components and internal or external Faraday
dispersion.
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3C 433 is an example of an X’ or “Z’ shaped radio galaxy and is a hybrid
morphology radio source (HYMORS) with antisymmetric wings of radio
emission from each of its jets. The Southern jet is much brighter and typical of
an FRII with a hotspot and lobe, however a contorted jet structure within the
lobe has been proposed. The Northern jet is much fainter and more like an
FRI, however the jet does terminate in a dim hotspot. The polarization
structure of 3C 433 showed that most of the extended structure was
dominated by single component, Faraday thin emission with surprisingly low
depolarization, especially at the Southern hotspot where X-ray emission and
HI had been detected previously. The model fits for the hotspot reveal a two
component polarization structure with a common depolarization screen; the
individual components can be made out in older archival observations
published previously, and the common depolarization screen term may be due
to a gas shell proposed to be surrounding the source (Gopal-Krishna et al.
2012). This large scale shell of gas is theorized to have been emitted after
merger activity in the 3C 433 host, with the radio jets moving though it and
the rotating shell causing the observed antisymmetric wings. Indeed this was
also proposed earlier, as the unusual appearance of the Southern jet has been
ascribed to it corkscrewing into a dense IGM (van Breugel et al.|1983)).

The radio galaxy 3C 382 has a typical FRII structure with two large lobes and
hotspots. The inner jet can be seen within the Northern lobe, with a visible
knot where the jet deflects by ~ 20°. The jet terminates at a bright hotspot.
The polarization structure of the Northern lobe is quite detailed, with arcs of
highly polarized (> 30% at 20cm) emission hugging the Southern edge of the
lobe, and with the inferred intrinsic magnetic field hugging the lobe also. The
Southern lobe features a hotspot and arc of high intensity emission forming a
ring with the hotspot, which also has a high fractional polarization. There is a
trail of diffuse emission out to the South-East, however this is not mirrored as
much in the Northern lobe. Some elongation of the lobe to the left can be seen
in the 20 cm images, however not as extreme as in the Southern lobe. As this
is the lobe associated with the counter-jet, no narrow jet can be made out,
however an arc of low fraction polarization is traced through the northern end
of this lobe to the hotspot, which might indicate the presence of an obscured
jet as suggested by Black et al.| (1992).

Rotation measure maps were produced by traditional y versus \? fitting and
rotation measure synthesis to investigate the detailed Faraday structure. The
map of the peak rotation measure ¢, from the RM-synthesis showed a
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gradient along the jet from one hotspot to the other, with the magnitude of the
RM increasing toward the end of the counter jet. This is most likely a feature
of the Laing-Garrington effect, where the larger volume of magneto-ionic
material along the line of sight to the counter jet amplifies the rotation
measure considerably by ~ 25rad m~2 from end to end. QU model fits of both
the hotspots showed a single component with the Northern hotspot having a
depolarization of almost zero, while the Southern hotspot featured a
depolarization term of ogy = 3.2rad m—2. A group environment of some kind
probably exists here, but has yet to be observed at other wavelengths.

The analysis of the 2-4 GHz S-band observations in the VLA B configuration of
these objects shows the potential of the VLA Sky Survey (VLASS), which will
map the Northern sky using 2—4 GHz observations in the VLA B configuration.

Further work in the area of the interactions between radio lobes and their
external media, as was done with Coma A, 3C433 and 3C 382, could include
more extensive deep X-ray images, as well as continuing the ongoing work on
the H o images of the latter two sources. Another possibility is to investigate
the neutral hydrogen in the form of H1. The new eROSITA X-ray telescope will
provide information on large scale low resolution environments in galaxy
clusters and AGN environments, while deep CHANDRA observations can offer
information on the high resolution X-ray features seen in AGN jet cores and
knots. The consideration of spectral line and high energy emission information
is highly useful in investigating the environments around AGN.

A further new frontier in radio astronomical imaging of AGN is in the low
frequency regime observed using LOFAR from 10-230 MHz. These
low-frequency observations can reveal diffuse steep spectrum emission from
jets, including polarization information (O’Sullivan et al.|2018). Long baseline
interferometry with LOFAR is also possible, with arcsecond and even
subarcsecond resolution images of AGN jets (Harris et al.[2019) achievable
with the international LOFAR telescope, allowing for the first time comparable
resolutions of high frequency VLA and low frequency LOFAR observations.
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